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Editorial on the Research Topic
Anti-inflammatory Immunopharmacology in the Prevention and Treatment
of Major Chronic Diseases

Background

Chronic diseases (CDs) are defined by the World Health Organization (WHO) as non-
communicable diseases resulting from combined actions of genetic, environmental and
behavioural factors; they are of long duration and generally slow in progression (https://
www.who.int/news-room/fact-sheets/detail/noncommunicable-diseases). = CDs such as
cardiovascular and cerebrovascular diseases, cancer and diabetes are significant contributors
to death and disability worldwide. A systematic analysis for the Global Burden of Disease
(GBD) Study 2015 revealed that ischemic heart disease, stroke and diabetes were the leading
causes for years of life lost (GBD 2015 Mortality and Causes of Death Collaborators, 2016). A
more recent study by the GBD 2019 Diseases and Injuries Collaborators, 2020 showed that in
2019, CDs were responsible for significantly increased years lived with disability, and ischemic
heart disease and stroke were the top causes of disability-adjusted life-years for individuals aged
50 years and over. Using a dynamic micro-simulation model to analyze the sociodemographic
factors, health behaviours, and chronic diseases and geriatric conditions of individuals >35 years
of age to project multi-morbidity in the older population in the United Kingdom in 2035,
Kingston et al., 2018 found that there would be an approximately 200% increase in cancer
incidence and a 120% increase in diabetes incidence for the population aged >65 years of age in
2035. This data plus the fact that the global population is rapidly aging call for efforts to develop
more effective interventions to prevent and treat CDs.

Inflammation has long been recognized as playing a key role in the pathogenesis of CDs
(Pawelec et al., 2014; Furman et al., 2019). Inflammation is an evolutionarily conserved self-healing
process involving immune and non-immune cells to eliminate pathogens and promote tissue repair
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and recovery. Environmental, genetic and lifestyle factors can dysregulate
a normal inflammatory response, leading to chronic inflammation and
eventually CDs. Despite the recognition of a close link between chronic
inflammation and CDs, the mechanisms of CD pathogenesis remain to be
fully understood, and more therapeutic approaches are needed.
Against the backdrop described above, this Research Topic aimed
to disseminate up-to-date knowledge of anti-inflammatory
immunopharmacology in the prevention and treatment of CDs.

Articles published in the Research Topic

A total of 11 articles on basic research, clinical research or review
of literature were published in this Research Topic, covering a variety
of areas of anti-inflammatory immunopharmacology in the
prevention and management of CDs.

Multiple sclerosis (MS), a chronic inflammatory autoimmune
disease, is characterized by demyelination and neurodegeneration
restricted to the central nervous system. There’s currently no cure
for MS and treatments focus on controlling the condition and
improving the symptoms (Hauser & Cree, 2020). In a search for
anti-inflammatory molecules as therapeutic agents, Li et al. developed
a recombinant flagellin protein, namely FLaAN/C, from the bacterium
Legionella pneumophila and tested its therapeutic efficacy in mice with
experimental autoimmune encephalomyelitis (EAE). They reported
that FLaAN/C reduced EAE severity and repressed inflammatory cell
FLaAN/C
inhibited reactive oxygen species production, upregulated anti-

infiltration and demyelination. administration also
inflammatory cytokines, ie., CD206, IL-10 and Arginase-1 from
microglia/macrophages, and reduced levels of serum pro-
inflammatory cytokines, e.g., IL-13 and TNF-a in EAE mice.
Furthermore, it was demonstrated that FLaAN/C attenuated EAE
by blocking NF-kB nuclear translocation and inhibiting NLRP3-
mediated neuronal pyroptosis. This study may lead to the
development of a novel therapeutic approach for MS.

Herbal medicine using botanical products represents an
alternative, effective option for chronic disease care (Kim et al,
2018). Yang et al. explored the therapeutic potential of celastrol, an
active compound extracted from Tripterygium wilfordii, in a rat model
of osteoarthritis (OA). In cultured rat chondrocytes, celastrol was
found to inhibit matrix degradation and downregulate IL-1f induced
expression of inflammatory mediators, i.e., cyclooxygenase-2, IL-6 and
prostaglandin E2. Cartilage tissues from OA patients and OA rats were
shown to produce a substantially higher level of toll-like receptor 2
(TLR2), an essential player in inflammation. Celastrol treatment
resulted in decreased osteophyte formation and bone resorption,
and prevented disease progression in OA rats. Examination of
mechanism of action demonstrated that celastrol abolished the up-
regulatory effect of IL-1f on TLR2 in cultured chondrocytes and
lowered TLR2 levels in OA rats, suggesting celastrol exerts its anti-
inflammatory activity by suppressing TLR2. Vaccarin, a flavonoid
glycoside extracted from Vaccariae semen, possesses endothelial
protective activity, with the mechanism not being fully understood.
Li et al. reported that vaccarin protected against endothelial
inflammatory injury in type 2 diabetes mice by targeting the miR-
570-3p/HDACI pathway. They discovered that the aorta of diabetic
mice had decreased miR-570-3p and elevated HDACI, both of which
were reversed by vaccarin, leading to the alleviation of aortic
inflammatory injury.
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In a clinical study, Hu et al. looked into cellular heterogeneity and
immunogenicity of chondrocytes in OA patients. They performed
bioinformatics analysis of single-cell RNA sequencing data established
using samples from 10 OA patients, and identified subtypes of
chondrocytes. profiles,
chondrocytes from OA patients were divided into 8 subgroups:
cartilage progenitor cells, effector chondrocytes (ECs), fibrocartilage
(FCs),
chondrocytes,  prehypertrophic
chondrocytes and regulatory chondrocytes. Functional analyses
revealed that these subtypes of chondrocytes played different roles
in OA pathogenesis, with ECs and FCs possessing strong
immunogenicity and being associated with disease severity.
Furthermore, 6 genes highly expressed in ECs and FCs,
i.e, CHRDL2, DSC2, COL1A1, COL14Al, IFI27, and THY1 were
found to be valuable biomarkers for early diagnosis of OA.
Additionally, findings of this study may help drive more

According to the gene expression

chondrocytes homeostatic chondrocytes, hypertrophic

chondrocytes,  proliferative

personalized care for patients with OA.

Several review articles were published in this Research Topic. Liu et al.
addressed the Research Topic in cancer chemo-immunotherapy. The
long-term anticancer immune activity of chemotherapy is often restricted
by the immunosuppressive tumor microenvironment. These authors
presented the current knowledge of immunogenic regulatory function
of chemotherapeutic agents (CTAs) and illustrated the strategies to
Finally, the
suggested more research to better understand the mechanisms

improve CTA immunomodulatory effect. authors
underlying the immunomodulatory effects of chemotherapy and
identify biomarkers that can be applied to guide immunogenic
chemotherapy. In another review paper, Xie et al. summarized the
studies of traditional Chinese therapy (TCT) in treating sleep
disorders, and concluded that the current literature supported that
TCT was effective in relieving anxiety, lowering depression and
improving sleep by inhibiting inflammatory reactions. They proposed
TCT for the management of sleep disorders caused by COVID-19.

In summary, this Research Topic primarily offers information on
mechanisms of CDs that may help improve early diagnosis and
promote precision treatment, as well as exploration of biomolecules
for disease treatment that could lead to the development of novel
therapeutic agents for CDs.
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Objectives: Osteoarthritis (OA) is a joint disease characterized by degeneration
of joint cartilage and is a significant cause of severe joint pain, physical disability,
and impaired quality of life in the aging population. Celastrol, a Chinese herbal
medicine, has attracted wide interests because of its anti-inflammatory effects
on a variety of diseases. This study aimed to investigate the effect of celastrol on
OA as well as the mechanisms in vivo and in vitro.

Methods: A rat knee OA model was established using “medial collateral
ligament transection (MCLT) + partial meniscectomy (pMMT)". Eight weeks
after surgery, the OA rats started to receive intra-articular injection of celastrol
(1 mg/kg) once a week. Safranin O-fast green (S&F) and hematoxylin and eosin
(H&E) staining were used to estimate histopathological changes. Micro-CT was
used to evaluate bone volume of the subchondral bone of the knee joint.
Chondrocytes were isolated from the knee cartilage of rats and OA patients.
Enzyme linked immunosorbent assay (ELISA), Western Blot (WB), Polymerase
Chain Reaction (PCR), and Immunohistochemistry (IHC) were used to detect
the expression of inflammatory factors and stromal proteins, respectively.

Results: We found that celastrol treatment significantly delayed the progression
of cartilage damage with a significant reduction in osteophyte formation and
bone resorption in OA rat model. In IL-1B-stimulated rat chondrocytes, celastrol
significantly suppressed the production of inflammatory factors such as
cyclooxygenase-2 (COX2), interleukin-6 (IL-6), and prostaglandin E2 (PEG2),
and reduced IL-1B-induced matrix degradation by down-regulating the
expression of matrix metalloproteinase 13 (MMP13). In addition, we found
that toll-like receptor 2 (TLR2) was up-regulated in OA patients and rat knee
OA models, while celastrol inhibited TLR2 signal and its downstream nuclear
factor-kappa B (NF-kB) phosphorylation.

Conclusion: In summary, celastrol may improve OA by inhibiting the TLR2/NF-
kB signaling pathway, which provides innovative strategies for the treatment
of OA.
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Introduction

Osteoarthritis (OA) is a chronic joint disorder, which has
become a great burden on individuals affected, health care system
and broader socio-economic costs (Martel-Pelletier et al., 2016;
Hunter and Bierma-Zeinstra, 2019). The main symptoms of OA
include joint pain, swelling, deformity and progressive joint
activity disorder, which eventually leads to severe limitation of
movement and decreased quality of life. Clinically, multiple
joints can be involved in OA, especially knee joint, followed
by hand and hip (Prieto-Alhambra et al.,, 2014; Turkiewicz et al.,
2014). There are several risk factors that could lead to OA
including heredity, environment, dislocation of the knee joint,
biomechanical change of joint, overactivity, weight-bearing
exercise, metabolic syndrome, and inflammation (Valdes and
Spector, 2011; Berenbaum et al., 2018; Bortoluzzi et al., 2018;
Cooper et al, 2018; Alberton et al, 2019). Accordingly, the
pathogenesis of OA is polyfactorial, with age and obesity
being the most influential factors (Hindy et al., 2019; Driban
etal., 2020; Hart et al., 2020), both of which are associated with an
abnormal inflammatory innate immune response that leads to
OA progression (Kalaitzoglou et al., 2017).

Innate immunity participates in the development of OA by
inducing a low-grade inflammatory response through damage-
associated molecular patterns (DAMPs) and promoting synovitis
and cartilage degradation through pattern-acting recognition
receptors (Liu-Bryan, 2013). Accordingly, as the core class of
pattern recognition receptors (PRRs) in the inflammation
scenario, toll-like receptors (TLRs) recognize multiple DAMPs
leading to the activation of inflammatory pathways such as
nuclear factor-kappa B (NF-«xB) and mitogen-activated protein
kinase (MAPK) pathways, with subsequent release of cytokines,
chemokines, and proteases (Miller et al, 2019). Release of
inflammatory mediates, for example interleukin-6 (IL-6),
tumor necrosis factor-a (TNF-a) and nitric oxide (NO), as
well as chondrocytic mediators, including prostaglandin E2
(PGE2) and matrix metalloproteinases (MMPs), promoted
chondrocyte apoptosis and extracellular matrix (ECM)
degradation (Goldring and Goldring, 2007; Liu-Bryan and
Terkeltaub, 2015). Notably, toll-like receptor 2 (TLR2) is
considered necessary in the early stage of inflammation
(Abdollahi-Roodsaz et al., 2008). In the progression of OA,
DAMPs/TLR2 is a key pathway to the catabolism and
anabolism of cartilage ECM(Kim et al, 2006; Hwang et al.,
2015; Hwang et al, 2019). Several studies have shown that
TLR2-mediated immune responses regulate cytokine gene
expression by activating NF-«xB, while inhibition of TLR-2/
NF-kB  signaling reduces the expression of multiple
inflammatory cytokines (Arya et al., 2021; Lee et al, 2022).
These findings enlighten us to examine whether TLR-2/NF-«xB
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play a role in activation of the innate immune system by
mediating cytokine release and ultimately delay OA progression.

The medical treatment of OA has been no substantial
progress for a long time with given the major challenges such
as repair and regeneration of cartilage or bone loss (Magbool
etal., 2021). Up to date, physical exercise and weight loss remain
the cornerstones of OA treatment. In the initial stage of OA, non-
steroidal anti-inflammatory drugs (NSAIDs) are widely used to
relieve pain. Although symptoms can be alleviated, the
progression of OA cannot be delayed. Short-term (6 weeks)
treatment with 10 mg prednisolone is effective and safe for
patients with sudden onset of hand OA (Kroon et al, 2019).
However, long-term usageof glucocorticoids can generate
numerous adverse effects. Moreover, oral drugs have non-
negligible side effects, such as the potential risk of damaging
digestive and cardiovascular system (McAlindon et al., 2014;
Bindu et al., 2020).

Celastrol, an active compound extracted from root bark of
Tripterygium wilfordii, mainly distributed and cultivated in
Asian  countries, showssignificant immunosuppressive
properties (Zhang et al., 2021). The anti-inflammatory
effect of celastrol has been well attested in autoimmune
arthritis (An et al., 2020; Cascao et al., 2020). As a valuable
inhibitor of NF-kB signaling pathway, celastrol shows anti-
inflammatory and bone protective effects in the adjuvant-
induced arthritis model (Cascao et al., 2020). Moreover, it has
been found that celastrol plays a cardioprotective role in
rheumatoid arthritis by inhibiting autophagy mediated by
TLR2/HMGBI1 signaling pathway (Lu et al, 2021).
Compared with autoimmune arthritis, OA is mainly
characterized by chronic, relatively low-grade inflammation.
To date, few studies have examined the treatment of OA by
celastrol comprehensively and thoroughly. Furthermore,
whether celastrol can improve low-grade inflammation by
inhibiting DAMPs-PRRs signaling has not been studied.
Nor has the possible link between celastrol and chronic
inflammation been explored in OA treatment.

This study aimed to evaluate the therapeutic effects of
celastrol on OA and explore the molecular mechanism of
celastrol in the treatment of OA.

Methods
Ethics statement

Human control samples were collected from amputees.
Human OA cartilage samples were collected from OA patients

during total knee arthroplasty. The protocols for collecting and
analyzing human articular cartilage was approved by the Ethical
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FIGURE 1

Celastrol alleviated the progression of OA in rat model. (A)
Timeline for depicting overall the design of the study. (B) Knee joint
diameter of the affected limbs of rats before surgery and 16 weeks
after surgery; n = 6. (C) Representative macroscopic
appearance of femoral condyles and tibial plateau showed joint
damage (red arrow). (D) H&E and S&F staining of medial
compartment cartilage and subchondral bone of knee joints; n =5
(scale bar: 200 pm). (E) H&E staining of synovial membrane of the
medial compartment; n = 5 (scale bar: 100 pm). (F—H) Quantitative
analysis of cartilage degeneration score, subchondral bone
damage score and synovitis inflammation score in three groups,
n = 5. All data represent mean + S.E.M.*p < 0.05, **p < 0.01, ***p <
0.001 and ****p < 0.0001.

Committee of Nanjing Drum Tower Hospital Clinical College of
Traditional Chinese and Western Medicine (2020-156-01). All
experimental procedures followed the guidelines of the
Declaration of Helsinki (World Medical, 2013). All animal
operation, treatment and post-processing were performed in
strict accordance with the guidance of the Professional
Animal Care and Use Committee of Nanjing Drum Tower
Hospital Clinical College of Traditional Chinese and Western
Medicine (2020AE02042).

Frontiers in Pharmacology

10.3389/fphar.2022.963506

TABLE 1 The primers of genes.

Name Primer list

rTLR2-F 5'- TCACTGTTCTCCAATCTCACAA -3'
rTLR2-R 5'-CAGCCCAGCAAAATCTATTCTC -3'
NFKB-F 5/-GTTCGATGCTGATGAAGACTTG -3
NFKB-R 5'-AAACTCTGAGTTGTCGACAGAT -3
rMMP13-F 5'- AGCTCCAAAGGCTACAACTTAT-3'
rMMPI13-R 5'- GTCTTCATCTCCTGGACCATAG-3'
rCOX2-F 5'- ATCAGAACCGCATTGCCTCT-3/
rCOX2-R 5'- GCCAGCAATCTGTCTGGTGA-3
rGAPDH-F 5'- AACTCCCATTCTTCCACCTTTG-3'
rGAPDH-R 5/- CTCTTGCTCTCAGTATCCTTGC-3'
hTLR2-F 5-CTTCACTCAGGAGCAGCAAGCA-3'
hTLR2-R 5/-ACACCAGTGCTGTCCTGTGACA-3'
hGAPDH-F 5"-TCAGTGGTGGACCTGACCTG-3'
hGAPDH-R 5/-TGCTGTAGCCAAATTCGTTG-3'

Rat model and treatment

The male Sprague-Dawley (SD) rats (6-week-old) were
acquired from the Animal Center of Nanjing Medical
University (Jiangsu, China). The rats were randomized into
three groups (n = 18): sham operation group, OA group, and
OA with celastrol treatment group. Rats in OA and celastrol
treatment groups received “medial collateral ligament
transection (MCLT) + partial meniscectomy (pMMT)” and
rats in sham operation group underwent sham surgery. After
surgery, OA rats in the celastrol treatment group were injected
with 1 mg/kg celastrol (Sigma-Aldrich, Darmstadt, Germany)
intra-articularly per week, and rats in the OA group were injected
with normal saline. This treatment started 8 weeks after surgery
and continued for 8weeks until the rats were sacrificed
(Figure 1A).

OA severity assessment

The maximum length of coronal plane of rat knee joint was
taken as the diameter of the knee joint, and measured with
vernier caliper (the distance from the medial condyle of the
femur to the lateral condyle plus the thickness of swollen joint
synovium).

Micro-computed tomography
The knee joints of rat were harvested and fixed in 4% PFA at
8 weeks post-injections. The microstructure of the joints was

analyzed by micro-CT scanner (mCT80; Scanco Medical AG).
The voltage of the scanner was set as 70 kV, the current was
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114 pA, and the resolution was 15.6um per pixel. 3D
reconstruction images were obtained using Scanco Medical
software. Total bone volume (BV), total bone volume/total
tissue volume (BV/TV), trabecular number (TB.N), thickness
(TB.TH) and separation (TB.SP) were also analyzed. Table 1.

Molecular modeling

All procedures were performed with Maestro (version 9.0.111,
Schrodinger, LLC, New York, NY). The structure of celastrol was
optimized to predict its protonation state and form stereoisomers.
The protein structure of TLR2 was obtained from https://www.
resb.org/(PDB DOI: 10.2210/pdb  1FYW/pdb).
Preparation Wizard was used to remove water molecules and

Protein

heteroatom groups and add hydrogen. The grid-enclosing box was
placed on the celastrol’s docking region, and the glide module was
used to dock the compounds using the default parameters.

Cell culture

Rat cartilages were isolated from the knee, shoulder, elbow
and femur of newborn SD rats (within 24 h). Human cartilages
collected from OA patients (51-64 years old;
4) during total knee
replacement surgeries. For primary chondrocyte culture, fresh

were

Kellgren-Lawrence grade IV; n =

cartilages were washed with phosphate-buffered saline (PBS)
under sterile conditions. Then, the cartilages were cut into
1 mm® pieces and digested with 0.2% collagenase II in
DMEM/F12 at 37°C After the
chondrocytes were seeded and cultured in culturing dishes at
37°C and 5% CO,. Primary chondrocytes were identified by
immunofluorescence (Supplementary Figure S1).

overnight. filtration,

Cell viability assay

In order to evaluate the cytotoxicity of celastrol to chondrocytes,
the cell counting kit -8 (CCK-8) assay (Dojindo Co., Kumamoto,
Japan) was used according to manufacturer’s protocol. The same
density of rat chondrocytes (rCHs) was seeded in 96-well plate and
then treated with celastrol (0.1-2 uM) for 24 h. After washed with
PBS, the rCHs in each well were incubated with 10% CCK-8 solution
at 37°C for 2h. The absorbance was measured at 450 nm by a
microplate reader (Thermo Scientific, Logan, UT, USA).

Quantitative real-time polymerase chain
reaction

Total RNA was extracted from rCHs using TRIzol reagents
(Vazyme, China). The HiScript Reverse Transcriptase Kit
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(Vazyme, China) was used to convert RNA into cDNA. PCR
was performed with standard procedure. The primers used are
listed in Table 1.

Western blot analysis

RIPA lysis buffer with 1 mM protein phosphatase inhibitor
was added into rCHs for protein extraction. The lysate was
collected and centrifuged for 10 min at 12,000 r/min at 4°C. A
BCA protein assay kit (Thermo Scientific) was used to determine
the concentration of protein. The proteins were separated by 10%
SDS-polyacrylamide gels, and then transferred onto PVDF
membranes (Bio-Rad, Hercules, CA, USA). The block solution
was the TBS (Tris-HCL Buffer Solution) containing bovine serum
albumin (0.5%) (BSA, Sigma-Aldrich, Darmstadt, Germany) and
Tween-20 (0.1%) (Bio Froxx, China). The
membranes were blocked with block solution for 1h at room

Guangzhou,

temperature, incubated with antibodies against matrix
metalloproteinase 13 (MMP13, 1:1000, GTX100665, GeneTex,
CA, USA), CollagenII (1:1000, ab34712, Abcam, Cambridge,
UK), cyclooxygenase-2 (COX2, 1:1000, #12282, Cell Signaling
Technology, Danvers, USA), TLR2 (1:1000, #29071, SAB,
Nanjing, China), p-NF-kB (1:1000, #3033T, Cell Signaling
Technology, Danvers, USA), NF-kB (1:1000, #8242T, Cell
Signaling Technology, Danvers, USA) at 4°C overnight. Next,
the TBST was used to wash membranes and the membranes
incubated with horseradish peroxidase-conjugated secondary
antibodies for 1h. The ChemiDocXRS + Imaging System
(Tanon, Shanghai, China) was used to detect the signals. The
protein bands were quantitatively analyzed by Image].

Histopathologic analysis

The affected knee joints were collected after the SD rats were
sacrificed. The knee joints were fixed in 4% PFA for 24h and
decalcified with 10% EDTA for 2 months. After decalcification, the
knee joints were embedded in paraffin and continuously sectioned
at 5 um. The tissue sections were stained with safranin O-fast green
(S&F) and hematoxylin and eosin (H&E). Cartilage degeneration
and subchondral bone damage were evaluated according to the
international scoring system of the OA Research Association, and
the severity of synovitis was graded using a scoring system as
previously described (Gerwin et al., 2010).

Enzyme linked immunosorbent assay

Chondrocytes seeded in 12-well plates, and

supernatants were collected after IL-1f treatment with or

were

without celastrol for 24 h. According to the manufacturer’s
protocol, levels of IL-6 and PGE2 were estimated using
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Celastrol reduced osteophyte formation and bone resorption induced by MCLT+pMMT in vivo. (A) Representative uCT images of frontal, lateral
and coronal views of the knee joints from different groups (scale bar: 1 mm). (B) Representative three-dimensional uCT images of subchondral bone
and sagittal views of medial compartment subchondral bone (scale bar: 1 mm). (C) Quantitative analysis of BV, BV/TV, Tb.N Tb.Th and Tb. Sp, n = 6. All

data represent mean + S.E.M. *p < 0.05, **p < 0.01 and ***p < 0.001.

commercial ELISA kit (Multi Sciences, Hangzhou, China), with
OD values measured at 450 and 570 nm.

Immunohistochemical staining

The tissue sections were dewaxed in xylene solution, and then 3%
hydrogen peroxide was used to inhibit the activity of endogenous
peroxidase. The slices were incubated with 0.4% pepsin (Sigma-
Aldrich) in 1 mM hydrochloric acid at 37°C for 1h for antigen
repair. The block solution was the PBS solution containing 5% BSA.
After blocking with block solution at 37°C for 30 min, the slices were
incubated with the primary antibodies against MMP13 (1:1000,
GTX100665, GeneTex, CA, USA), CollagenII (1:1000, ab34712,
Abcam, Cambridge, UK), TLR2 (1:1000, #29071, SAB, Nanjing,
China) at 4°C overnight, and finally with a HRP-conjugated
secondary antibody at room temperature for 1h. Then, the slices

Frontiers in Pharmacology

12

were washed with PBS and developed, and sealed after the re-staining
with methyl green (0.2%). The positive cells were counted by Image].

Cell immunofluorescence

The cells were seed in 48-well plates. After IL-1B (10 ng/ml)
treatment with or without celastrol (0.025, 0.0.05 and 0.1 uyM) for
24 h, the cells were washed with PBS, fixed in 4% PFA for 20 min, and
permeabilized with 0.4%Triton-100X for 10 min. The block solution
was the PBS solution containing BSA (0.5%) and Tween-20 (0.1%).
After blocking with block solution at room temperature for 1 h, the cells
were incubated with primary antibody at 4°C overnight and washed
with PBS. Then the cells were incubated with FITC-conjugated
secondary antibodies at room temperature for 1h, stained with
Hoechst33258 for 10 min, and observed with a microscope. The

average fluorescence intensity was measured by Image].
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FIGURE 3

Celastrol inhibited IL-1p-induced inflammatory mediators in rat
chondrocytes. (A) Rat chondrocytes viability for 24 h treated with
celastrol at different concentrations examined by CCK-8 kit. (B) The
mMRNA levels of COX2 in rat chondrocytes were assayed by real-

time PCR. (C) Representative Western blot results for COX2 in rat
chondrocytes treated as indicated. (D) Quantification of Western blot
data from (C). (E,F) Levels of PGE2 and IL-6 were assayed by ELISA. All
data represent mean + S.E.M.*p < 0.05, **p < 0.01, ***p < 0.001 and
**xkp < 0.0001. All experiments were repeated 3 times.

Statistical analysis

All data are expressed as the Means + Sem. Statistical
significance between multiple groups was determined by one-
way analysis of variance (ANOVA) and Tukey test was conducted
post hoc test using GraphPad Prism 8. T-test was used to analyze
statistical difference between two independent groups. Differences
were considered statistically significant when p < 0.05.

Results

Celastrol alleviated the progression of OA
in rat model

We performed surgery to remove the medial meniscus from
the right knee of 6-week-old rats to induce OA progression. Eight
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weeks after surgery, the rats received right articular joint
injections of saline or 1mg/kg celastrol once a week for
8 weeks (Figure 1A). We measured the 5-min walking
distance and times reared within 5min at Week 16, and
found that celastrol improved the walking ability of rats with
OA (Supplementary Figures S2A,B). Then, we observed the
lateral view of affected limbs in general, and found that the
right knee joint stiffness in full extension was improved in OA
group after celastrol treatment (Supplementary Figure S2C).
Moreover, we assessed the degree of joint swelling by the
maximal coronal diameter of the right knee joint with vernier
caliper at week 16, and found that celastrol ameliorated joint
swelling compared to OA group (Figure 1B, Supplementary
Figure S2D). In addition, celastrol group showed a smooth
surface in the posterior portion of the medial tibial plateau
and medial femoral condyle, while severe rough surface was
observed in OA group (red arrows), suggesting celastrol could
alleviate bone wear (Figure 1C). H&E and S&F staining
performed in joint section displayed significant damage to the
cartilage surfaces, loss of proteoglycans, and thinning articular in
OA group, and improved cartilage integrity in celastrol group
(Figure 1D). Blinded OARSI scoring was used to measure the
severity of OA, and celastrol group had significantly lower
cartilage degeneration score and subchondral bone damage
score compared to OA group (Figures 1F,G). Moreover, H&E
staining and synovial membrane inflammation score indicated
the presence of synovial hypercellularity and thickening in the
OA group, whereas celastrol treatment alleviated synovitis
(Figures 1E,H).

Celastrol reduced osteophyte formation
and bone resorption induced by
“MCLT+pMMT" in vivo

In OA joints, osteophyte formation developed as a
characteristic structural change of OA, which was found in
(uCT)
Remarkably,

micro-computed after
“MCLT+pMMT” group
presented less osteophyte (red arrows) formation compared to

tomography analysis

treatment. celastrol
OA group (Figure 2A). Meanwhile, subchondral bone resorption
followed by increased bone remodeling played an important role
in the pathogenesis of OA. To investigate the effects of celastrol
on the subchondral bone remodeling of OA, we reconstructed
the tibian plateau subchondral bone and analyzed the
“MCLT+pMMT”
induced bone resorption, as shown by the increased osteolysis

microstructure  parameters. significantly
in subchondral bone of the tibia. And celastrol treatment reduced
bone loss and increased bone mass in subchondral bone
(Figure 2B). BV of tibial plateau subchondral bone was
significantly lower in the OA group than the sham and
celastrol groups (Figure 2C). In addition, BV/TV and Tb.N

were decreased, and Tb. Sp was increased in OA group, which
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FIGURE 4

Celastrol inhibited matrix degradation in rat chondrocytes. (A) Representative immunofluorescence staining for Collagen Il in rat chondrocytes
(green: Collagen Il, blue: DAPI, scale bar:100 pm). (B) Quantification of the immunohistochemical staining data from A. (C) The mRNA levels of
MMP13 in rCHs were assayed by real-time PCR. (D) Representative Western blot results for MMP13 in rCHs treated as indicated. (E) Quantification of
Western blot data from D. (F) Immunohistochemical staining for Collagenll and MMP13 in the affected joint cartilage of rats from different
groups (scale bar:50 pym). All data represent mean + S.E.M.*p < 0.05, **p < 0.01 and ***p < 0.001. All experiments were repeated 3 times.

strongly revealed the suppressed bone destruction effect of
celastrol.

Celastrol inhibited IL-13-induced
inflammatory mediators in rat
chondrocytes

To assess the cytotoxicity of celastrol on chondrocytes, we
treated rCHs with different concentrations (0.1-2 uM) of
celastrol for 24 h. Celastrol treatment (0.1 uM, 24 h) had no
significant cytotoxic effect on rCHs and even slightly
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promoted the However, high

concentrations (0.5, 1.5 and 2 pM) of celastrol treatment

proliferation of rCHs.

had a dose-dependent cytotoxic effect in terms of cell
viability (Figure 3A). Referring to CCK8 analysis, celastrol
was divided into low, medium and high dose groups according
to different (0.025, 0.05, 0.1 uM). We
examined IL-1fB-induced inflammatory cytokines and found

concentrations

that the increased COX2 expression and PGE2 levels were
significantly alleviated after celastrol treatment (Figures
3B-E). Besides, elevated IL-6 levels induced by IL-1p were
also decreased significantly with the treatment of celastrol
(Figure 3F).

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.963506

Yang et al.

HC OA

H&E

S&F

TLR2 |-

o
O
m

Tir2

w

*k

=
@

S
FS

Ctrl IL-18

N

== 130 kDa
== 100 kDa

poctn | s —_ 0.

TLR2

e
w

-
e
Y

Relative mRNA level
S,
o

Relative density protein/B-actin

4
o

0 ctrl
ctrl LB

T
L1

FIGURE 5

The expression of TLR2 was up-regulated in OA patients and

in human chondrocytes treated with IL-1p. (A) H&E and S&F
staining of healthy control and OA patients (scale bar: 200 um). (B)
Immunohistochemical staining for TLR2 in healthy control

and human OA samples. (C) The mRNA levels of TLR2 in hCHs
treated with or without IL-1p (10 ng/ml) were assayed by real-time
PCR. (D) Representative Western blot results for TLR2 in hCHs
treated with or without IL-1p (10 ng/ml). (E) Quantification of
Western blot data from (D). All data represent mean + S.EE.M.*p <
0.05, **p < 0.01. All experiments were repeated 3 times.

Celastrol inhibited matrix degradation in
rat chondrocytes

As Collagen II was the major ECM component, IL-1p
inhibited the synthesis of matrix collagen and induced
downregulation of COL2A1 in IL-1B group. Fluorescence
analysis showed a markedly higher density of Collagen II in
rCHs in “IL-1B+celastrol group” than in IL-1P group with a celastrol
dose-dependant manner (Figures 4A,B). OA affected joints are
mainly characterized by the degradation of cartilage extracellular
matrix, and especially matrix metalloproteinasel3 (MMP13) is the
most effective collagen II degrading enzyme. The Western blot and
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real-time PCR analysis of rCHs stimulated with IL-1p showed that
the expression of MMP13 was significantly decreased by celastrol
treatment in a dose-dependent manner (Figures 4C-E). Similar to
the results in vitro, immunohistochemical staining of rat cartilage
with OA showed that the expression of MMP13 was significantly
by the
immunohistochemistry revealed the loss of Collagen II was
alleviated by celastrol treatment (Figure 4F). Altogether, celastrol
promoted ECM anabolism via down-regulating the expression of

rescued celastrol treatment. Moreover,

catabolic factors and affecting Collagen II deposition in pathological
chondrocytes.

The expression of TLR2 was up-regulated
in OA patients and in vitro model of human
chondrocytes

As the pathogenesis of OA is associated with abnormal TLRs-
mediated innate immune-inflammatory responses, we analyzed
the expression of TLRs in degenerative meniscus cells of OA
patients (Supplementary Figure S3) (Jiang et al, 2021). Among
these, the expression of TLR2 and TLR4 was much higher than the
others, especially TLR2. We further collected cartilage from OA
patients and healthy cartilage to evaluate cartilage wear and
TLR2 expression. H&E and S&F staining showed that the
cartilage surface of OA patients was seriously damaged.
Chondrocytes were disorderly arranged, and the tide line was
distorted (Figure 5A). Compared with healthy control, the
expression of TLR2 increased in OA patients (Figure 5B). To
further verify these results, we stimulated human chondrocytes
(hCHs) with IL-1p to establish a model of OA in vitro. We
validated that the mRNA level of TLR2 was significantly up-
regulated in vitro model (Figure 5C). Moreover, we found that the
protein level of TLR2 also significantly increased (Figures 5D,E).

Celastrol inhibited TLR2-triggered signals
in rat chondrocytes

Docking simulation analysis of celastrol docked to TLR2 by
maestro software showed that TLR2 could interact with celastrol
(Figures 6A,B). To further investigate the effect of celastrol on
TLR2-triggered signals, we first measured the TLR2 expression of
rCHs with IL-1f stimulation (Figures 6C-E). As we can see
TLR2 expression significantly increased under IL-1p stimulation,
and decreased after celastrol treatment. With the activation of the
TLR2 signaling pathway, the downstream NF-kB and NF-«B
phosphorylation was subsequently induced to activate. Western
blot and real-time PCR analysis showed that the IL-1f-
stimulated NF-kB  and  NF-«B
phosphorylation expression was significantly inhibited after

increasement in

celastrol treatment in rCHs (Figures 6F-I). In vivo, compared
with OA group we also found the decrease in TLR2 expression in
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Celastrol inhibited TLR2-triggered signals in rat chondrocytes. (A,B) Interaction diagrams of celastrol docked to TLR2 using Maestro software.
(C,F) The mRNA levels of TLR2 and NF-«kB in rat chondrocytes were assayed by real-time PCR. (D,G) Western blot results for TLR2, p-NF-«xB and NF-
kB in rat chondrocytes with or without celastrol. (E,H,l) Quantification of Western blot data from D and G. (J) Immunohistochemical staining for
TLR2 in the affected joint cartilage of rats from different groups (scale bar: 50 pm). All data represent mean + S.E.M. *p < 0.05, **p < 0.01, ***p <

0.001 and ****p < 0.0001. All experiments were repeated 3 times.

the “OA+celastrol” group in the cartilage (Figure 6]). Thus, we
concluded that celastrol attenuated inflammation and matrix
degradation via regulating TLR2-dependent pathway.

Discussion

For a long time, OA was known as a degenerative disease of
joints, characterized by articular cartilage degeneration, ECM
degradation, bone loss and synovitis. (Bultink and Lems, 2013).
Recently, OA has been considered a multifactorial disease rather
than a degenerative one, in which low-grade, chronic
inflammation plays a crucial role. (Robinson et al, 2016).
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Previous studies suggested that low-grade inflammation
mediated by especially TLRs,
contributed to cartilage damage and osteoporosis during OA
development (Miller et al., 2019; Saxena et al., 2021). Despite
many studies that attempted to delay cartilage degeneration, no
effective treatment has yet focused on the roles of innate
immunity (Hochberg et al,, 2012). Our work demonstrate that
celastrol can improve various pathological changes of OA by

innate immune system,

inhibiting innate immunity and provide an “entry point” for
treatment.

Recent studies have revealed that TLRs are closely related to
OA. Stimulation of TLRs ultimately activated transcription
factors such as NF-«kB and activator protein 1 (AP1), leading

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.963506

Yang et al.

TLR2 = Inflammatory ECM

Cellm embran e — response degeneratlon

i H‘\W\‘\ ”‘W\W ‘\\\\”ﬁﬁf{ i W H‘H‘\\HWJ\‘H”\‘\\W\”H”J 1l JJW\‘\”J\‘\”JU\‘ u

H\ \W\”J
Aﬁg}» /\

Celastrol

TIRAR 1 ngg

COX2

NP8 7 1 |

MMP13

Nucleus

\ /

FIGURE 7

A schematic diagram of the proposed mechanism of celastrol

on TLR2/NF-kB signals in rat chondrocytes. Celastrol treatment
negatively regulated TLR2 activation and NF-xB phosphorylation
in IL-1B-induced chondrocytes, thereby inhibiting

inflammation and matrix degradation.

to initiate an inflammatory transcription program (Scanzello
et al., 2008). Among all the functional TLRs in human, TLR1-
TLR7 and TLR9 have been detected in the synovium of OA
patients (Scanzello and Goldring, 2012), and the up regulation
of TLR2 and TLR4 can be found in human knee lesions (Liu-
Bryan, 2013). In the innate immune response, human articular
chondrocytes express TLRs. Among all TLRs, TLR2 and
TLR4 are the main regulators of innate immunity activated
in OA (Barreto et al., 2017; Hamasaki et al., 2020; Korotkyi
2020; Korotkyi et al., 2021). Compared to TLR4,
TLR2 plays a crucial role in the early stage of innate

et al,

immune response, and the effect of controlling the initial
inflammatory response in the joint cavity is critical for the
prognosis of OA (Abdollahi-Roodsaz et al., 2008; Wojdasiewicz
et al,, 2014). In this study, we focused on TLR2 and confirmed
that the expression of TLR2 was up-regulated in chondrocytes of
both OA patients and OA model rats. Our results suggest that
cartilage protection can be achieved by inhibiting TLR2. In
addition inhibition of TLR2 may suppress osteoclastic bone
resorption, thereby improving osteoporosis (Wallimann et al.,
2021). NF-kB is a crucial regulator of innate immunity (Chen
etal, 2018) and is considered to be an important regulator of TLR
induced response (Carmody and Chen, 2007). Aberrant NF-«kB
regulation is involved in the development of OA and OP(Chen
et al., 2020). Therefore, inhibition of the TLR2/NF-kB signaling
pathway may be critical to the treatment of OA.

Celastrol is widely used to treat autoimmune and
inflammatory diseases such as rheumatoid arthritis (RA),
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systemic lupus erythematosus, and nephropathy. As a
quinone methyl triterpene, celastrol was extracted from the
root of Trypterygium wilfordii, which has attracted extensive
attention because of its anti-inflammatory and anti-cancer
effects (Sethi et al., 2007; Kim et al., 2009). Recent studies
validated that Tripterygium wilfordii (TW) and its extracts
have regulatory effects on innate immune cells including
macrophages and neutrophils, as well as a variety of innate
immune molecules including cytokines, adhesion molecules,
PRR and complement molecules (Li et al., 2019). A related
study found that celastrol could promote autophagy in vitro
2020).
Although celatrol has a powerful anti-inflammatory effect,

and in vivo to protect chondrocyte (Feng et al,

few studies have examined whether such effects are brought
out by inhibiting innate immunity, especially TLR2, which has
only been reported in multiple sclerosis and RA (Abdin and
Hasby, 2014; Lu et al., 2021). Furthermore, whether celastrol
can regulate TLRs-mediated innate immunity in OA has never
been investigated to the best of our knowledge. Moreover, a
growing number of studies have observed numerous adverse
effects associated with oral TW, especially hepatotoxicity,
which has hindered its widespread use in clinical practice
2020). As
polyglycosides tablet, its efficacy and toxicity are difficult to

(Song et al, for Tripterygium wilfordii
depict because of its complex components, thus greatly
limiting its clinical application. Therefore, in order to
effects,

injection to observe whether local

reduce drug side we adopted intra-articular
administration of
celastrol could inhibit the innate immunity and delay the
progression of OA.

Our results showed that celastrol not only significantly
inhibited the expression of inflammatory factors such as
COX2, IL-6, and PEG2 but also suppressed the expression
of MMP13 and degradation of Collagenll in vitro. In vivo the
results showed that the joint wear and tear was significantly
reduced in celastrol treated group compared with OA
group. All these results suggest that celastrol has an
excellent protective effect on the cartilage of OA in rats. In
addition, our study showed the inhibitory effect of celastrol on
bone resorption. Knee joints in OA group showed significant
bone loss based on a significant decrease in bone volume and
BV/TV, a decrease in Tb.N, and an in Tb.

Sp. Therefore, our therapeutic goal is not simply to relieve

increase

pain, but more importantly to inhibit articular cartilage
All
above results indicate that celastrol can protect cartilage
and inhibit OP of subchondral bone, which makes it a
potential drug for OA treatment.

destruction and osteoporosis of subchondral bone.

IL-1p is a vital pro-inflammatory factor in the development
of OA, which can induce chondrocyte inflammation and
catabolism independently, and can also act on articular
cartilage and other components in combination with other
mediators. As a damage factor, IL-1B induces the release of
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inflammatory mediators (Kobayashi et al., 2005). These
inflammatory mediators aggravate cartilage destruction by
activating MMPs and inhibiting the synthesis of collagen
and glycoaminoglycan (GAG) (Scanzello et al.,, 2008; Nair
etal., 2012; Gomez et al., 2015). Therefore, IL-1p is often used
to establish OA models in vitro (Dunn et al., 2014; Wang et al,,
2021). We simulated the inflammatory microenvironment of
OA in vitro and found that IL-1p up-regulated the expression
of TLR2 and NF-kB in chondrocytes. Further results showed
that celastrol inhibited IL-1B-induced upregulation of
TLR2 and NF-kB in chondrocytes to reduce inflammation
and extracellular matrix degradation.

In summary, we demonstrated that the TLR2/NF-kB
signaling pathway involved in early OA and might be a
potential therapeutic target for slowing or altering the
progression of OA. Celastrol showed anti-inflammatory and
chondroprotective effects both in vivo and in vitro by down
regulating the TLR2/NF-«B pathway, effectively inhibiting the
release of inflammatory factors, cartilage degradation and
bone loss, indicating that celastrol had a therapeutic effect
on OA (Figure 7). Our study provides a new possible
therapeutic approach for OA treatment, which could be
further verified by future studies.
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Vaccarin is a flavonoid glycoside, which has a variety of pharmacological properties
and plays a protective role in diabetes and its complications, but its mechanism is
unclear. In this study, we aim to investigate whether histone deacetylase 1(HDACY), a
gene that plays a pivotal role in regulating eukaryotic gene expression, is the target of
miR-570-3p in diabetic vascular endothelium, and the potential molecular
mechanism of vaccarin regulating endothelial inflammatory injury through miR-
570-3p/HDACL pathway. The HFD and streptozotocin (STZ) induced diabetes mice
model, a classical type 2 diabetic model, was established. The aorta of diabetic mice
displayed a decrease of miR-570-3p, the elevation of HDACL, and inflammatory
injury, which were alleviated by vaccarin. Next, we employed the role of vaccarin in
regulating endothelial cells miR-570-3p and HDAC1 under hyperglycemia
conditions in vitro. We discovered that overexpression of HDAC1 counteracted
the inhibitory effect of vaccarin on inflammatory injury in human umbilical vein
endothelial cells (HUVECs). Manipulation of miRNA levels in HUVECs was achieved
by transfecting cells with miR-570-3p mimic and inhibitor. Overexpression of miR-
570-3p could decrease the expression of downstream components of
HDACL1 including TNF-q, IL-1B, and malondialdehyde, while increasing GSH-Px
activity in HUVECs under hyperglycemic conditions. Nevertheless, such
phenomenon was completely reversed by miR-570-3p inhibitor, and
administration of miR-570-3p inhibitor could block the inhibition of vaccarin on
HDAC1 and inflammatory injury. Luciferase reporter assay confirmed the 3’- UTR of
the HDAC1 gene was a direct target of miR-570-3p. In summary, our findings
suggest that vaccarin alleviates endothelial inflammatory injury in diabetes by
mediating miR-570-3p/HDAC1 pathway. Our study provides a new pathogenic
link between deregulation of miRNA expression in the vascular endothelium of
diabetes and inflammatory injury and provides new ideas, insights, and choices for
the scope of application and medicinal value of vaccarin and some potential
biomarkers or targets in diabetic endothelial dysfunction and vascular complications.
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Introduction

Diabetes is a metabolic disease characterized by
hyperglycemia due to insulin secretion defects and/or insulin
dysfunction (American Diabetes 2014). The incidence rate of
diabetes worldwide has increased rapidly in recent years, and it
can cause a variety of chronic complications, such as
cardiovascular, ophthalmic, nephrotic, and nervous system
diseases. It seriously threatens diabetic patients’ health and
quality of life. Among them, diabetic angiopathy is one of the
most common and serious complications of diabetes, and it is
also the main cause of death in patients with type 2 diabetes
mellitus (T2DM) (Kannel and McGee 1979; Ostergard and
Nyholm et al, 2006). The initial step that leads to T2DM
vascular complications is dysfunction and damage of
endothelial endothelial apoptosis,
inflammation, or anti-angiogenesis induced by hyperglycemia
(Yi and Gao 2019).

Endothelial cells are simple squamous cells arranged on the

cells, including cell

surface of the vascular lumen. They are the interface between
circulating blood and vascular intima. Endothelial cells are very
important to maintaining a healthy vascular system and are very
sensitive the changes in blood glucose levels (Dhananjayan and
Koundinya et al.,, 2016; Vanhoutte and Shimokawa et al., 2017).
Under normal circumstances, endothelial cells remain static and
regulate vascular tension. In the development of T2DM,
hyperglycemia will lead to endothelial cell dysfunction,
resulting in endothelial dysfunction (Roberts and Porter
2013). Endothelial dysfunction is the critical first step to the
development of diabetic vascular complications, with increased
inflammation as a major manifestation (Wu and Jiang et al,
2018). Thus, targeting inflammation is an effective strategy to
attenuate diabetes-induced endothelial injury. To date, a causal
relationship between inflammation and diabetic angiopathy has
been widely accepted, however, the cellular and molecular
mechanisms are still not well defined. Nowadays, several
inflammation markers are considered to be associated with
diabetes (Tang and Wang et al., 2017), such as interleukin-1p
(IL-1B) and tumor necrosis factor-a (TNF-a) (Wu and Jiang
etal., 2018). Therefore, it is of interest to identify the new factors
that may contribute to the pathogenesis (Tang and Wang et al.,
2017) and progression of diabetic angiopathy. There is mounting
evidence showing that microRNAs (miRNAs) can potentially
play a role as biomarkers or intervention targets for endothelial
inflammation.

MiRNA (18-23 nt) is a small endogenous non-coding RNA,
which participates in post-transcriptional regulation of gene
(Cheng and Chen et 2019).  The
complementary sites of mature miRNA in 3'UTR bind to the
target mRNA, which will lead to the reduction of target mRNA
stability and translation (Booton and Lindsay 2014). The
abnormal regulation of miRNAs in T2DM has been well

al.,

expression

confirmed, but its functional role has been rarely studied. We
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have previously reported that histone deacetylase 1 (HDACI) is
significantly dysregulated in hyperglycemic mouse models and
high glucose (HG)-treated endothelial cells (Sun, Cai et al., 2017;
Zhu, Lei et al,, 2018; Liu, Sun et al., 2020). Using miRNA target
prediction sites TargetScan and Miranda (Betel, Koppal et al.,
2010; Xie, Cai et al., 2015), we examined a variety of miRNAs and
identified miR-570-3p as a potentially novel candidate that may
regulate HDACI. MiR-570-3p has been previously reported in
terms of cell proliferation and inflammation (Baker, Vuppusetty
et al., 2018), but has not been studied in the context of HG-
induced inflammatory injury in endothelial cells.

Vaccarin (VAC), a flavonoid monomer which contains
twelve phenolic hydroxyl groups (Figure 1), is extracted from
Vaccaria segetalis seeds (Hou et al., 2020; Hou et al., 2020).
Vaccarin has a wide range of biological effects, including
endothelial cell injury prevention, angiogenesis promotion,
wound healing, and liver protection (Sun, Yu et al, 2021).
Previous studies have shown that vaccarin can participate in
FGF-2 mediated fibroblast growth factor receptor 1 (FGFR-1)
induced angiogenesis in vitro and in vivo (Sun, Cai et al., 2017).
In addition, vaccarin can reduce hydrogen peroxide-induced
damage to human EAehy926 endothelial cells by inhibiting
the Notch signal (Xie, Cai et al,, 2015; Qiu, Du et al, 2016).
Recently, it was found that vaccarin can inhibit vascular
endothelial dysfunction through ROS/AMPK/miRNA-34a/
eNOS signaling pathway through the intervention of the
HMEC-1 endothelial dysfunction model induced by HG
in vitro (Xu, Liu et al, 2019). However, the mechanism of
vaccarin on HG-induced inflammatory injury in endothelial
cells has not been determined. Therefore, this study reported
for the first time that vaccarin inhibited HDACI by regulating
miR-570-3p to reduce inflammatory injury.

Materials and methods
Cell culture and treatments

Human umbilical vein endothelial cells (HUVECs) were
provided by the U533 Institute of the French National
Institute of Health Medicine (Paris, French) and were cultured
in DMEM (HyClone, St. Louis, MO, United States) containing
5 mM glucose, 10% FBS (Lonsera, Shuangru Biotech, Shanghai,
China), and 100 U/L penicillin and 100 pg/ml streptomycin
(Gibco, Carlsbad, CA, United States). The cells were cultured
at 37°C in a humidified incubator of 5% CO, and 95% air. After
reaching 70% confluence (Xu, Liu et al,, 2019), HUVEC cells
were exposed to HG (35 mM) for 24h, then to 5 uM vaccarin or
20 uM metformin (Raj, Natarajan et al., 2021) (Solarbio, Beijing,
China) 16 h. Vaccarin was purchased from Shanghai Shifeng
China) (Sun, Yu et al, 2021),
purity >98%, the molecular formula is C;H350;9, and

Technology (Shanghai,

molecular mass is 726.63 g/mol.
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FIGURE 1
Chemical structure of vaccarin.

Transfection of miRNA mimics and
inhibitors

The miR-570-3p mimics, miR-570-3p inhibitor, and
corresponding negative controls were synthesized by Gene
Pharma (Shanghai, China) and transfected by Lipofectamine”
2000 (Invitrogen, Carlsbad, CA) and cells were exposed to HG
(35 mM). The final concentration of the mimics and inhibitor
was 50 and 100 nM. The primer sequences for miR-570-3p
inhibitor: 5'- GCA AAG GUA AUU GCU GUU UUC G-3’
(Forward); miR-570-3p mimic: 5-CGA AAA CAG CAA UUA
CCU UUG C-3’ (Forward), 5'-AAA GGU AAU UGC UGU
UUU CGU U-3" (Reverse); miRNA-NC inhibitor: 5'- CAG
UAC UUU UGU GUA CAA -3’ (Forward); and miRNA-NC
mimic: 5'- UUC UCC GAA CGU GUC ACG UTT -3
(Forward), 5'- ACG UGA CAC GUU CGG AGA ATT -3’
(Reverse).

Transfection of small interference RNA
(siRNA)

The HDAC1 siRNA and

controls were synthesized by Gene Pharma (Shanghai,

corresponding negative

China) and transfected by Lipofectamine” 2000 (Invitrogen,
Carlsbad, CA) and cells were exposed to HG (35 mM).
The final 50nM. The siRNA
sequences that targeted HDAC1 were as follows: 5'- GCC
GGU CAU GUC CAA AGU ATT -3’ (Forward), 5'- UAC
UUU GGA CAU GAC CGG CTT -3’ (Reverse); and siRNA-
NC: 5- UUC UCC GAA CGU GUC ACG UTT -3

concentration was
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(Forward), 5- ACG UGA CAC GUU CGG AGA ATT -3
(Reverse).

Transfection of plasmids

The pcDNA3.1-HDACI1 plasmids
pcDNA3.1 were synthesized according to the plasmid
synthesis method (Wang, Liu et al.,, 2013). The HUVEC cells
were transfected with Lipofectamine” 2000 (Invitrogen, Carlsbad,

and empty vector

CA). The cells were subjected to subsequent operations after
transfection for 6 h.

Real-time quantitative PCR (RT-gPCR)

Total RNA was extracted using Trizol reagent (Cwbio, Beijing,
China). MiRNA was extracted using the miRNA Purification Kit
(Cwbio, Beijing, China). RNA (1 pg) and miRNA (1 ug) were used
to generate cCDNA separately using Hifair” III first Strand cDNA
Synthesis SuperMix Kit (YESEN, Shanghai, China) and miRNA
cDNA Synthesis Kit (Cwbio, Beijing, China). The RT-qPCR was
performed by using Hieff UNICON" qPCR SYBR Green Master
Mix (YESEN, Shanghai, China) and miRNA qPCR Assay Kit
(Cwbio, Beijing, China). 2 ~AACT was used to show the fold change.

Western blotting

After cell and tissue lysis, the protein concentration was
quantified by using the dioctylic acid (BCA) protein detection kit
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(Beyotime, Shanghai, China), then the protein was denatured at
100 °C for 7 min, and finally stored at -80 “C. Protein lysate was
resolved on Tris-glycine SDS-PAGE gels, then electrotransferred
onto a PVDF membrane. Antibodies against HDAC1 (1:1000,
mouse) (Cell Signaling Technology, Beverly, United States),
TNF-a (1:1000, rabbit) (ABclonal, Wuhan, China), IL-1p (1:
1000, Rabbit) (ABclonal, Wuhan, China), B-actin (1:5000,
mouse) (Proteintech, Wuhan, China)
overnight at 4 °C. Secondary antibodies, anti-rabbit (1:2000)
(1:2000) (Cwbio,
incubated for 1h at room temperature (Ai, Li et al, 2021).

were incubated

and anti-mouse Beijing, China) were
The blots were visualized by a chemiluminescence detection
system (Millipore Darmstadt, Burlingtun, MA, United States).
Image] (National Institutes of Health, Bethesda, MD,
United States) and Image Lab (Bio-Rad, Hercules, CA,
United States) were used to semi-quantify bands (Xu, Liu

et al., 2019).

Luciferase reporter assays

A partial HDAC1 mRNA 3'-UTR containing the miR-570-
3p target site was constructed into a pGL-3-promoter vector
(Promega, Madison, WI). The reporter was co-transfected with a
renilla luciferase plasmid driven by a constitutive promoter
reporter into cells. Firefly and renilla luciferase luminescence
was measured using a Dual-Luciferase reporter kit (Beyotime,
Shanghai, China) as the manufacturer’s recommendations.
Firefly/renilla ratio was calculated to normalize for variations

in transfection efficiencies.

Determination of indicators related to
oxidative stress

The content of malondialdehyde (MDA) was detected by
the thiobarbituric acid method, and the activity of glutathione
(GSH-Px)
Kits were purchased from Nanjing jiancheng (Nanjing,
China).

peroxidase was determined by colorimetry.

Animal models and treatments

Experiments were performed on 6 to 8 weeks-old C57BL/6]
mice purchased from the Model Animal Research Center of
Nanjing University (Nanjing, China). The mice were housed in a
light-dark cycle of 12 h in a temperature and humidity-controlled
room and treated with free access to clean food and water. The
mice were randomly divided into three groups (n = 10). One
group was treated with a normal diet (14.7 kJ/g, 13% of energy as
fat) until the experiments finished (Xu, Liu et al., 2019). The other
two groups were fed with an HFD (21.8 k]/kg, 60% energy as fat,
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D12492, Research Diets, New Brunswick, NJ, United States) for
4 weeks. After 4 weeks of HFD, fasting for 12h overnight,
streptozotocin (STZ) (Sigma, St. Louis, MO, United States)
(120 mg/kg, ip) was injected intraperitoneally to form T2DM.
After successful modeling, the three groups of mice received
intragastric gavage of either vehicle or vaccarin (1 mg/kg, ig)
every day for 6 weeks. Terminal experiments were performed
after mice were anesthetized (2-5% isoflurane). The entire aorta
was isolated and used for immunohistochemistry, RT-qPCR,
western blotting, and vascular function. All protocols were
approved by the Experimental Animal Care and Use
Committee of Jiangnan University (JN.
No020210915c0600129 [339]). The experimental procedures
were carried out according to the Guide for the Care and Use
of Laboratory Animals published by the US National Institute of
Health (NTH publication, eighth edition, 2011) (Xu, Liu et al,,
2019).

Oral glucose tolerance test (OGTT) and
insulin tolerance test (ITT)

Mice were fasted for 12 h, then received glucose (2 g/kg, ig) to
examine oral glucose tolerance. And mice were fasted for 6 h,
then received insulin (0.75 units/kg, ip) to examine insulin
tolerance. Blood glucose was measured in veinal blood at 0,
15, 30, 60, and 90 min using a blood glucometer.

Determination of triglyceride (TG), low-
density lipoprotein (LDL), non-esterified
fatty acids (NEFA), alanine transaminase
(ALT), and aspartate transaminase (AST)

The contents of serum TG, LDL, NEFA, ALT, and AST were
detected according to the methods in the corresponding kit
(Nanjing Jiancheng).

Histopathological evaluation

Aortic tissue was fixed with 4% paraformaldehyde and
embedded in paraffin. The sections were stained with
hematoxylin-eosin (H&E) (Solarbio, Beijing, China) (Sun, Yu
et al,, 2021) and then observed by optical microscope (Nikon,
Japan).

Immunohistochemistry
Aortic sections were de-paraffinized with xylene, followed

by antigen retrieval by heating in citrate buffer (10 mM). The
experiment was performed by SP Rabbit and Mouse HRP Kit
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Vaccarin can significantly improve the physiological state and blood glucose level of T2DM mice. (A). The weight of the mice at the terminal of

the experiment. (The first 5 weeks were the modeling period and the last 6 weeks were the administration period.) (B). Weekly weight changes after
the start of the experiment. (C). Fasting blood glucose. After 6 weeks of treatment, fasting blood glucose was tested in the mice. (D). Weekly changes
of fasting blood glucose after successful modeling. (E). Oral glucose tolerance test (OGTT). (F). Area under the curve (AUC) level of OGTT. (G).
Insulin tolerance test (ITT). (H). Area under the curve (AUC) level of ITT. (I-M). Content of serum TG, LDL, NEFA, ALT and AST. Values are mean + SEM.
n = 3-6 in each group. *p < 0.05, **p < 0.01, ***p < 0.001 vs. Control; *p < 0.05, #**p < 0.01, ***p < 0.001 vs. MOD.

(Cwbio, Beijing, China) (Tan, Jiang et al., 2022). Sections were
probed with appropriate primary antibodies. TNF-a
antibody (ABclonal, Wuhan, China), and IL-1p antibody
(ABclonal, Wuhan, China) were used at a 1:100 dilution

followed by a  biotinylated secondary antibody,
streptavidin ~ peroxidase  solution, DAB  peroxidase
substrate, and hematoxylin counterstain or by an

AlexaFluor 647-conjugated anti-mouse IgG (1:500) as the
secondary antibody.

Statistical analysis

All results were defined as mean + SEM from at least three
independent experiments. t-test was used for the comparisons
between the two groups. For multiple group comparisons,
statistical analysis was performed by ANOVA followed by

Frontiers in Pharmacology

25

Dunnett’s test. Differences with p value <0.05 were regarded
as significant (Xu, Liu et al,, 2019).

Results

Vaccarin can significantly improve the
physiological state and blood glucose
level of T2DM mice

With the development of T2DM, significantly lower levels
of body weight were observed in T2DM mice, but the body
weight increased slightly after vaccarin treatment (Figures 2A,
B). Fasting blood glucose levels in the vaccarin-treated group
decreased steadily and continuously compared with the model
group (Figures 2C, D), suggesting that vaccarin partly
controlled the elevation of blood glucose in T2DM mice.
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Vaccarin improved aortic inflammatory injury in T2DM mice. (A). Representative photomicrographs of aortic tissue with H&E (200X, 1000X).
(B—D). The effects of vaccarin on the TNF-a mRNA, IL-1p mRNA, and HDAC1 mRNA expression in aortic tissue in comparison with T2DM mice. (E-H).
Western blotting analysis of HDAC1, TNF-a, and IL-1p protein expression levels in aortic tissue. Gray value of western blotting. (I). Representative
photomicrographs of aortic tissue with immunohistochemical staining for TNF-a and IL-1p (200X). (3). Content of serum MDA. (K). Activity of
serum GSH-Px. Values are mean + SEM. n = 3 in each group. *p < 0.05, **p < 0.01, ***p < 0.001 vs. Control; “p < 0.05, **p < 0.01, **#p < 0.001

vs. MOD.

The results of the OGTT showed that blood glucose level after
oral administration of glucose was significantly lower in the
vaccarin intervention group than that of the T2DM mice. The
results of the ITT showed that insulin resistance appeared in
T2DM mice, which could be alleviated by vaccarin (Figures
2E-H). Both the OGTT and ITT results demonstrated that
vaccarin not only improved glucose tolerance but also restored
the impaired insulin sensitivity in T2DM mice. Compared with
the control group, serum levels of lipid metabolism-related
indicators TG, LDL, NEFA, ALT, and AST were increased in
T2DM mice, while they had improved significantly upon
administering vaccarin (Figures 2I-M). These findings
suggested that vaccarin could alleviate glycolipid metabolism
disorder to a certain extent in T2DM mice.

Frontiers in Pharmacology

Vaccarin improved aortic inflammatory
injury in T2DM mice

H&E staining showed that the tunica media of T2DM mice
was thickened, which could be alleviated by vaccarin
(Figure 3A). The mRNA and protein expressions of TNF-a
and IL-1p in the aorta of T2DM mice increased significantly
(Figures 3B, C, E-G), suggesting that the aorta of T2DM mice
had an inflammatory injury. IHC staining displayed the same
results (Figure 3I). Furthermore, the production of MDA
increased while the activity of GSH-Px decreased (Figures
3], K). However, these disorders were alleviated after vaccarin
treatment (Figures 3B-K). It indicated that vaccarin had a
remarkable effect on aortic inflammatory injury in T2DM

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.956247

Li et al.
A B
2.5
<
2 S 20
EY £S5
£5 £ § 157 e
25 $5 o
Q'_E Q‘.E 1.0
38 a8
'-E'- 4 059
0.0-
A
R SR >
x X*
(Y (Y
RS
D E
34 2.5+
$ £
= £ = 201
a ‘é’az- &9
£8 o £ 8"
S6 A TG
POk i T o 1.0
3 2 1 g‘ (<]
Nl ‘G_L":.
E A0 0.5
0~ 0.0-
A
L ¢ € € L ¢ ¢
x X XA )té
(Y O <} O
N R

FIGURE 4

10.3389/fphar.2022.956247

C
TNF-a
IL-1B
w— wne wue w | 3-actin
O (< <O
AR 2
E F
F G
2.0 e 120
3
5 1.5 .
o ‘D - ## #
E Hkek ‘fﬁ E% 80 * T
E 1.0 == z a
£ SE 4o
i 3
=
0_
e ¢ €L €
QS’ Q‘(‘g Q‘e Q‘O

Vaccarin attenuated HG-induced inflammatory injury in HUVEC cells. (A,B). The effects of vaccarin or metformin on the TNF-a mRNA and IL-1f
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***p < 0.001 vs. NG; #p < 0.05, #*#p < 0.01, *##p < 0.001 vs. HG.

mice. Beyond that, vaccarin could inhibit the abnormally
elevated HDACLI in the aorta of T2DM mice, which was
consistent with the previous research results (Figures
3D, E, H).

Vaccarin attenuated HG-induced
inflammatory injury in HUVEC cells

TNF-a, IL-13 mRNA, and protein levels in HUVEC cells
induced by HG increased significantly (Figures 4A-E). In
addition, it was found that the production of MDA increased
and the activity of GSH-Px decreased in HG-induced HUVEC
cells, vaccarin treatment could reverse these phenomena (Figures
4F, G), indicating that vaccarin could also play an anti-
inflammatory role in vitro. Metformin (MET) had been widely
proven to relieve inflammatory injury in T2DM(Karam and
Radwan 2019; Raj, Natarajan et al., 2021; Wang, Wang et al,,
2022). Therefore, we used metformin as a positive control to
compare the effects of vaccarin and found that the effect of
vaccarin on the inflammatory injury was similar to that of
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metformin (Figures 4A-G). These phenomena aroused our
interest and led us to further study the mechanism of vaccarin
reducing HG-induced inflammatory injury.

Vaccarin alleviated HG-induced
inflammatory injury in HUVEC cells by
inhibiting HDAC1 expression

Consistent with the results of in vivo experiments,

vaccarin  could reverse the increased level of
HDAC1 induced by HG in vitro (Figures 5A-C). To
investigate the role of HDACI in HG-induced

inflammatory injury, the silence of HDACI was made by
transfection of HDAC1 siRNA (si-HDAC1). The effect of
si-HDAC1 was similar to that of vaccarin, so there was
reason to suspect that vaccarin functioned through HDACI
(Figures 5D-]). Overexpression of HDAC1 was made by
transfection of pcDNA3.1-HDAC1 (Figure 5K, L). We
found that HDACI counteracted the inhibitory effects of
vaccarin on TNF-a and IL-1p induced by HG in HUVEC
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Vaccarin alleviated HG-induced inflammatory injury in HUVEC cells by inhibiting HDAC1 expression. (A). The effects of vaccarin on

HDAC1 mRNA expression in HG-induced HUVEC cells. (B,C). Western blotting analysis of HDACL1 protein expression levels in HG-induced HUVEC
cells. Gray value of western blotting. (D—F). The expression of HDAC1 mRNA, TNF-a mRNA, and IL-1p mRNA in HUVEC cells transfected with siRNA
NC or HDAC1 siRNA. (G-J). Western blotting analysis of HDAC1, TNF-a, and IL-1p protein expression levels in HUVEC cells transfected with
siRNA NC or HDAC1 siRNA. Gray value of western blotting. (K). The expression of HDAC1 mRNA in HUVEC cells transfected with pcDNA3.1-HDACL.
(L). Western blotting analysis of Flag protein expression levels in HUVEC cells transfected with pcDNA3.1-HDACL. (M,N). The effects of vaccarin on
TNF-a mRNA and IL-1p mRNA expression in HUVEC cells transfected with pcDNA3.1 or pcDNA3.1-HDACL. (O—-Q). Western blotting analysis of TNF-
aand IL-1p protein expression levels in HUVEC cells transfected with pcDNA3.1 or pcDNA3.1-HDACL. Gray value of western blotting. (R). Content of
MDA. (S). Activity of GSH-Px. Values are mean + SEM. n = 3in each group. *p < 0.05, **p < 0.01, ***p < 0.001vs. NG; “p < 0.05, #p < 0.01, “*#p < 0.001

vs. HG.

cells (Figure 5M-Q). Meanwhile, the overexpression of

Vaccarin inhibited the HG-induced

decrease of miR-570-3p in vitro

HDACI also reversed the effects of vaccarin on mitigating
MDA production and GSH-Px activity (Figure 5R, S). These

results demonstrated that vaccarin alleviates the HG-induced Then we focused on miRNA to further inquire about the

inflammatory injury by decreasing the expression of HDACI. upstream regulatory of HDACI (Figure 6A). The results of RT-

Frontiers in Pharmacology frontiersin.org

28


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.956247

Li et al.

10.3389/fphar.2022.956247

A
50 ‘3“33‘5‘ 128
E 101 105 108 101 14
: o1
g 54 58 59 60 - 58 51 54
g 35 28 2 27 » , p ; p
; T Iﬁﬁ I’.‘Iﬁ:‘zﬂ EI A T Iiﬁii E“}Iuiiluiii12
242m FGF2 .
473  SIRT1 I {
S73MEEE FOXO1 . I I I {
1145 HDAC1 . I {
1G5 PTEN . I
fr—
1000 o
B C D E
1.5 1.5 1.5+
< < £
4 . zZ . . . 2
£ _ e _ miR-570-3p binding site °
85 8 S HDAC1 3'UTR gc
= = Hkk - ©
23S 35 (=
(%) [x) h—JT) Hekk
2 5 22 (5] o So
5 e & 2™ HDAC1 wt 5 +UUUAGAUUGGUUCUGUUUUUCGUACCU=3 5 8 0.5
x x \ Il Il -
€ 5 miR-570-3p CGUUUCCAUUAACGACAAAAGC 5 %
0.0- 0.0- ¥ o
\ M
‘\0 Q‘G vg; &5" \‘90 \\v@ NC  mimic
x [ X
L <) P
&
FIGURE 6

Vaccarin inhibited the HG-induced decrease of miR-570-3p in vitro. (A). Upset graph is used to represent overlapping sets of elements for
miRNAs. (B—C). The effects of vaccarin on the expression of miR-570-3p miRNA in HG-induced HUVEC cells and aortic tissue. (D). Complementary
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group. *p < 0.05, **p < 0.01, ***p < 0.001 vs. NG or Control; *p < 0.05, **p < 0.01, ***p < 0.001 vs. HG or MOD.

qPCR further confirmed that the level of miR-570-3p in HUVEC
cells was suppressed in the HG group, while increasing after
vaccarin treatment (Figure 6B). This trend was also proved in the
aorta of T2DM mice (Figure 6C). The binding sites of
HDAC1 and miR-570-3p were predicted by TargetScan
(Figure 6D). The dual-luciferase reporter system was used to
confirm the binding of miR-570-3p with the HDAC1 mRNA.
Luciferase reporter vectors carrying the wild-type 3'-UTR of
HDACI were transfected into HUVEC cells. It was observed that
miR-570-3p mimic significantly suppressed the luciferase activity
in the cells transfected with the luciferase vectors carrying the
wild-type 3’-UTR of HDACI, indicating that HDACI is a
potential target of miR-570-3p (Figure 6E).

Overexpression of miR-570-3p inhibited
HDAC1 expression and inflammatory
injury in HUVEC cells

We further investigated the potential role of miR-570-3p in
inflammatory injury. Through the application of miR-570-3p
mimics, the expression of miR-570-3p in HUVEC cells was
significantly increased (Figure 7A). The overexpression of miR-
570-3p led to the inhibition of HDACI at the mRNA and protein
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levels (Figures 7B, E, F). Simultaneously, the application of miR-
570-3p mimics also inhibited TNF-a and IL-1f, decreased MDA
production, and increased GSH-Px activity (Figures 7C-E, G, J),
thus alleviating the degree of inflammatory injury. From these
phenomena, the overexpression of miR-570-3p had similar
anti-inflammatory effects as vaccarin. Hence, we have reason
to suspect that vaccarin plays an anti-inflammatory role
through miR-570-3p.

Vaccarin inhibited the expression of
HDAC1 and inflammatory injury by up-
regulating miR-570-3p

To determine whether vaccarin exerts anti-inflammatory effects
through miR-570-3p, we transfected HUVEC cells with miR-570-3p
inhibitor. The expression of miR-570-3p in HUVEC cells was
significantly reduced after transfection, and the up-regulation of
miR-570-3p by vaccarin was also observably offset (Figure 8A). In
the meantime, the inhibition of vaccarin on HDAC1, TNF-a, and
IL-1p was counteracted because of the application of miR-570-3p
inhibitor (Figures 8B-H). It played a similar role in MDA
production and GSH-Px activity (Figures 81, J). It indicated that
vaccarin will not play the role of anti-inflammatory in the absence of
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miR-570-3p, and proved that vaccarin can inhibit the expression of
HDACI and inflammatory injury by upregulating miR-570-3p.

Effect of vaccarin on the inflammatory
injury when co-transfected with miR-570-
3p mimics and pcDNA3.1-HDAC1

Finally, we studied the effects of vaccarin on inflammatory
injury in HUVEC cells co-transfected with miR-570-3p mimics
and pcDNA3.1-HDACI. After co-transfection, the anti-
inflammatory effects of vaccarin were inhibited, reversing the
effect of vaccarin after transfection of miR-570-3p mimics alone.
In contrast, the remission effect of vaccarin on inflammatory
injury increased after co-transfection compared with pcDNA3.1-
HDACI alone (Figures 9A-G).
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Discussion

Diabetic angiopathy develops in over half of diabetic patients,
which is a severe threat to public health. Endothelial dysfunction is a
critical early event in the pathogenesis of diabetic vascular
complications  (Jiang, Wu et al, 2020). Therefore, the
improvement and treatment of endothelial dysfunction are of
great significance for the prevention of vascular complications in
patients with diabetes. Evidence has shown that hyperglycemia
promotes inflammation and oxidative stress owing to endothelial
dysfunction (Basta, Lazzerini et al, 2005; Hulsmans and Holvoet
2010; Mittal, Siddiqui et al., 2014; Sharma, Rizky et al,, 2017). Thus,
the improvement of anti-inflammation function may be
beneficial to endothelial dysfunction. Recently, mounting
attention has been paid to traditional Chinese medicines
due to their therapeutic effects on diabetes and its
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Vaccarin inhibited the expression of HDAC1 and inflammatory injury by up-regulating miR-570-3p. (A). The effects of vaccarin on the
expression of miR-570-3p miRNA in HUVEC cells transfected with miR-570-3p NC or miR-570-3p inhibitor. (B=D). The effects of vaccarin on the
expression of HDAC1 mRNA, TNF-a mRNA, and IL-1 mRNA in HUVEC cells transfected with miR-570-3p NC or miR-570-3p inhibitor. (E—H).
Western blotting analysis of HDAC1, TNF-a, and IL-1p protein expression levels in HUVEC cells transfected with miR-570-3p NC or miR-570-3p
inhibitor. Gray value of western blotting. (I). Content of MDA. (J). Activity of GSH-Px. Values are mean + SEM. n = 3 in each group. *p < 0.05, **p <

0.01, ***p < 0.001.

complications such as macrovascular disease (Zhang, Xu et al,,
2020). Vaccarin is an active monomer of saponaria vaccaria,
an ancient Chinese medicine. Previous studies have proved
that vaccarin shows the potential function in a variety of
complications caused by diabetes, including macrovascular
disease (Xie, Cai et al., 2015; Qiu, Du et al., 2016; Sun, Cai
etal, 2017; Zhu, Lei et al., 2018; Lei, Gong et al., 2019; Xu, Liu
et al., 2019; Hou, Cai et al., 2020; Hou, Qi et al., 2020; Liu, Sun
et al., 2020; Sun, Yu et al., 2021). However, the effect of
vaccarin on alleviating endothelial inflammatory injury in
T2DM and the molecular mechanism has
elucidated. In this study, we aim to further investigate the
effect of vaccarin on vascular disease in T2DM and to further

not been

clarify its pharmacological effects.
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First of all, vaccarin effectively reduced the blood glucose of
T2DM mice (Figures 2C, D), improved glucose tolerance
(Figures 2E, F), insulin tolerance (Figures 2G, H), a disorder
of glucose and lipid metabolism, and physiological conditions of
T2DM mice (Figures 2I-M), and also had a good effect on
alleviating the inflammatory injury in the aorta of T2DM
mice (Figures 3B-K). In the HG-induced HUVEC cells,
vaccarin had a similar effect in vitro (Figures 4A-G).

Histone deacetylases (HDACs) remove histone acetylation
marks, resulting in compaction of chromatin structure and
transcriptional repression. HDACs operate by direct association
with DNA binding factors, and by incorporation into large
multifunctional repressor complexes. HDACs form a large
family, of which Class I HDACs(LeBoeuf, Terrell et al., 2010),
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Effect of vaccarin on the inflammatory injury when co-transfected with miR-570-3p mimic and pcDNA3.1-HDACL. (A,B). The effects of vaccarin

on the expression of TNF-a mRNA and IL-1p mRNA in HUVEC cells transfected with miR-570-3p NC or miR-570-3p mimics or pcDNA3.1 or
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including HDACI, show the strongest histone deacetylase activity
(Haberland, Montgomery et al., 2009; LeBoeuf, Terrell et al., 2010).
There are relevant studies on the relationship between HDACI and
inflammation. For example, down-regulation of HDACI can restore
myocardial injury in septic mice to a certain extent (Nong, Qin et al,,
2022), and ellagic acid can alleviate rheumatoid arthritis in rats by
inhibiting HDACI (Song, Wu et al., 2021), and HDACI can control
the metabolism of intestinal epithelial cells by regulating the supply
of acetyl groups, resulting in impaired response to oxidative stress,
AMPK kinase activation and mitochondrial biogenesis (Gonneaud,
Turgeon et al, 2015). Our study found that the expression of
HDACI was significantly increased in the aorta of T2DM mice
as well as HG-induced HUVEC cells (Figures 3D, E, H, Figures
5A-C). Supplementary vaccarin or HDACI siRNA inhibited the
expression of HDACI and alleviated inflammatory injury (Figures
5A-]). Overexpression of HDACI had offset the inhibitory effects of
vaccarin on inflammatory injury in HG-induced HUVEC cells
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(Figure 5M-S). These results indicated that vaccarin suppressed
inflammatory injury by inhibiting HDACI.

In recent years, the role of miRNA in biological physiological,
and pathological processes has gradually become clear, especially in
the field of chronic diseases such as diabetes. Studies have found that
miRNA-34a, miRNA-24, miRNA-181c, miRNA-29b, miRNA-200a,
miRNA-383, and other miRNAs play a role in inflammation (Li,
Kim et al,, 2016; Lo, Yang et al,, 2018; Shen, Li et al., 2018; Cheng,
Chen et al., 2019; Zhang, Cai et al., 2019; Hu, Gong et al., 2020), thus
participating in the occurrence of endothelial dysfunction in
diabetes. To study the exact mechanism of vaccarin in regulating
HDACI, databases were used to screen the possible miRNA targets
(Figure 6A). We found that the 3' UTR of HDAC1’s mRNA was a
potential target of miR-570-3p which declined in the aorta of T2DM
mice and HG-induced HUVEC cells, while increased with
supplementary vaccarin (Figures 6B, C). The binding of miR-
570-3p with the 3' UTR of HDACI’s mRNA was confirmed by
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the dual-luciferase reporter system (Figures 6D, E). From a
phenomenal point of view, miR-570-3p mimic and vaccarin had
similar effects on inflammatory injury (Figures 7A-]). Giving miR-
570-3p inhibitor offset the inhibition of vaccarin on HDACI and
inflammatory injury in HUVEC cells (Figures 8A-]). Finally, we co-
transfected miR-570-3p mimic and pcDNA3.1-HDACI to study the
role of vaccarin in this case (Figures 9A-G). These results indicated
that vaccarin alleviates diabetic inflammatory injury by mediating
the miR-570-3p/HDACI pathway.

In brief, vaccarin alleviates inflammatory injury by
restoring miR-570-3p/HDAC1 in HUVEC cells stimulated
by HG. Based on these results, we propose a novel
mechanism by which vaccarin protects endothelial function,
which may provide a novel treatment strategy for vascular
complications in T2DM. Our findings provide new insights
into the protective role of vaccarin in diabetic endothelial
dysfunction, suggesting that miR-570-3p and HDACI may
serve as biomarkers of vascular endothelial inflammatory
injury and potential therapeutic targets. We provide evidence
that under diabetic conditions, overexpression of miR-570-3p
endothelial by
HDACI expression and endothelial inflammatory injury,

alleviates dysfunction reducing
thereby reducing endothelial dysfunction. In conclusion, our
outcomes show that vaccarin can reduce inflammatory injury

by upregulating miR-570-3p thus inhibiting the increase of
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HDACI in the aorta of T2DM mice and HG-treated HUVEC
cells (Figure 10), which provides new ideas, insights, and
choices for the scope of application and medicinal value of
vaccarin and some potential biomarkers or targets in diabetic
endothelial dysfunction and vascular complications. Of course,
this experiment also has shortcomings. We need to achieve the
inhibition and overexpression of miR-570-3p and HDACI in
vivo in order to further verify these conclusions.
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Pharmacological properties,
molecular mechanisms and
therapeutic potential of
ginsenoside Rg3 as an
antioxidant and
anti-inflammatory agent

Jing Wang®?#, Li Zeng?, Ying Zhang®, Wenxiu Qi?,

Ziyuan Wang?, Lin Tian', Daqging Zhao?, Qibiao Wu?**,
Xiangyan Li** and Tan Wang'*

Department of Respiratory, The Affiliated Hospital to Changchun University of Chinese Medicine,
Changchun, China, State Key Laboratory of Quality Research in Chinese Medicines, Faculty of
Chinese Medicine, Macau University of Science and Technology, Macau, China, Jilin Ginseng

Academy, Changchun University of Chinese Medicine, Changchun, China, “Guangdong-Hong Kong-
Macao Joint Laboratory for Contaminants Exposure and Health, Guangzhou, China

Inflammation and oxidative stress lead to various acute or chronic diseases,
including pneumonia, liver and kidney injury, cardiovascular and
cerebrovascular diseases, metabolic diseases, and cancer. Ginseng is a well-
known and widely used ethnic medicine in Asian countries, and ginsenoside
Rg3isasaponinisolated from Panax ginseng C. A. Meyer, Panax notoginseng, or
Panax quinquefolius L. This compound has a wide range of pharmacological
properties, including antioxidant and anti-inflammatory activities, which have
been evaluated in disease models of inflammation and oxidative stress. Rg3 can
attenuate lung inflammation, prevent liver and kidney function damage,
mitigate neuroinflammation, prevent  cerebral  and myocardial
ischemia—reperfusion injury, and improve hypertension and diabetes
symptoms. The multitarget, multipathway mechanisms of action of Rg3 have
been gradually deciphered. This review summarizes the existing knowledge on
the anti-inflammatory and antioxidant effects and underlying molecular
mechanisms of ginsenoside Rg3, suggesting that ginsenoside Rg3 may be a
promising candidate drug for the treatment of diseases with inflammatory and
oxidative stress conditions.

KEYWORDS

ginsenoside Rg3, oxidative stress, inflammation, molecular mechanism, therapeutic
effect
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1 Introduction

Ginseng, the root of Panax ginseng C.A. Meyer, has been used
for 2000 years in ethnomedicine in Asia to treat various diseases
(Lee et al., 2020a). The roots, leaves, and fruits of ginseng plants
have been extensively used as herbal medicines. The antioxidant
activity of ginseng is exploited to treat cardiovascular diseases
(Hyun et al, 2022). Interestingly, red ginseng has better
antioxidant activity and is used to treat neurodegenerative
diseases, gastroenteritis, liver damage, diabetes, and aging (Lee
et al,, 2017a). The Rg3 content of fresh ginseng is relatively low,
and the content in ginseng after processing or enzymatic
transformation accounts for 0.37-1.13% of the total saponins
(Chang et al., 2009; Kim et al., 2013). Red ginseng has undergone
steaming treatment. During this process, some ginsenosides with
lower polarity are produced. The Rg3 content increases with
increasing steaming batches. After nine steam cycles, the
Rg3 content in the total saponins was 15-18% (Lee et al,
2012a; Jeong et al., 2017). According to the same process used
to make red ginseng roots, Chen et al. steamed ginseng leaves,
and Rg3 increased 8.6-fold (Chen et al., 2020). These findings
suggest that Rg3 is one of the primary ginsenosides in red
ginseng.

This work aimed to understand how Rg3 regulates oxidative
stress and inflammation to elicit pharmacological effects and to
review the literature on the therapeutic use of Rg3 based on
antioxidant and anti-inflammatory effects. We briefly introduced
the biological functions of Rg3 in response to inflammation and
oxidative stress. We then summarized the effects of Rg3 on

10.3389/fphar.2022.975784

neurological disorders, cardiovascular diseases, cancer, lung
diseases, diabetes, and digestive system diseases (Figure 1).

2 Methodology

A literature search was performed in PubMed from August
1998 to January 2022, and the last search date was 30 April 2022.
The search term was “Ginsenoside Rg3”. A secondary search was
conducted by screening the list of articles that met the inclusion
criteria. The keywords were inflammation, oxidative stress,
antioxidant, and anti-inflammatory. The obtained articles were
screened, irrelevant studies were excluded, and eligible articles
were sorted and classified. Finally, we organized the tables, wrote
the text, and made figures to summarize the application of
Rg3 antioxidant and anti-inflammatory effects.

3 Overview of oxidative stress and
inflammation

Reactive oxygen species (ROS), including superoxide,
(H,0,),
necessary for cell growth, differentiation, responses to external

hydroxyl radicals, and hydrogen peroxide are
stimuli, and other processes. ROS are primarily produced in the
the and the
dinucleotide (NADPH)
oxidase system. In addition to mitochondria, cytochrome

P450 2E1 (CYP2EL), (COX-2),

mitochondria through respiratory  chain

nicotinamide adenine phosphate

cyclooxygenase-2 and

[

Liver injury

Diabetes

Acute lung injury Non-alcoholic steatohepatitis Diabeti hropath
Acute exacerbation of COPD Hepatic fibrosis LEDCHCIEPIODAY
Asthma Nephrotoxicity
Neurodegeneration Vascular inflammation
Neurotoxicity Atherosclerosis
Alzheimer’s disease . . ) Hypertension
Parkinson’s disease Anti-angiogenesis Myocardial infarction
Cerebral ischemia Cardiotoxicity

FIGURE 1

Overview of the potential therapeutic effects of Rg3 on different organ systems.
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lipoxygenases in the plasma membrane and cytosol produce
ROS. ROS
dismutase (SOD), catalase (CAT), glutathione peroxidase

are subsequently eliminated by superoxide
(GSH-px), and nonenzymatic scavenging factors, such as
glutathione (GSH)

homeostasis (Ramos-Tovar and Muriel, 2020). In response to

and vitamin C, to maintain redox
ROS accumulation, peroxidase production activates the NF-E2-
related factor 2 (Nrf2)/heme oxygenase 1 (HO-1) pathway
(Kobayashi and Yamamoto, 2005). Lipid oxidation produces
toxic metabolic compounds, hydroperoxides, and hydroxides;
they aggravate the formation of atherosclerosis and liver injury.
Malondialdehyde (MDA) is an end product of lipid oxidation
used as a biomarker for assessing oxidative damage (Ayala et al.,
2014; Silva et al., 2022). Nitric oxide synthase (NOS) catalyzes the
production of nitric oxide (NO) and citrulline using oxygen and
L-arginine as substrates. There are three isoforms of NOS.
Endothelial NOS (eNOS) and neuronal NOS (nNOS) are
expressed in the normal state. NO produced by eNOS is
critical for maintaining vascular homeostasis (Balligand et al.,
2009). Inducible NOS (iNOS) is induced after injury (Brown,
2007). iNOS-derived NO reacts with superoxide anions to form
peroxynitrite, leading to oxidative stress related to inflammatory
neurodegeneration, endothelial dysfunction, and liver and
kidney injury (Jaeschke et al., 2002; Landmesser et al., 2003;
Heemskerk et al., 2009; Incalza et al., 2018).

Oxidative stress and inflammation occur concomitantly. The
accumulation of ROS can induce inflammation. In turn, the
In the
inflammatory response, inflammatory factors activate Toll-like
(TLR)
macrophages, and inflammatory mediators are released in

inflammatory response triggers oxidative stress.

receptor signaling receptors in neutrophils and
large quantities. This process leads to oxygen consumption,
which is produced through the NADPH pathway, and the
accumulation of oxygen free radicals causes oxidative stress
(Furman et al., 2019). When cells are damaged by oxidative
stress, ROS accumulate in large quantities and activate TLR
receptors in Kupffer cells and macrophages, thus increasing
proinflammatory mediators such as the release of interleukin-
1B (IL-1p) and IL-6 (Yoon et al., 2015; Ramos-Tovar and Muriel,

2020).

4 Antioxidant and anti-inflammatory
effects and molecular mechanisms
of Rg3

In response to oxidative stress, Rg3 inhibits ROS
accumulation and MDA content, improves mitochondrial
function, and increases the activity of antioxidant enzymes,
including SOD, GSH, GSH-px, and CAT, to promote oxygen
free radical metabolism. Rg3 responds to oxidative stress by
regulating Nrf2/HO-1 and sirtuin 1 (SIRT1) (Xing et al., 2017;
Kee and Hong, 2019; Ren et al., 2021). Rg3 inhibits iNOS and NO
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release to reduce peroxynitrite formation; interestingly, it
promotes eNOS-derived NO to protect vascular endothelial
cells (Singh et al.,, 2018).

In lipopolysaccharide (LPS)-mediated inflammation models,
Rg3 decreased the expression of COX-2 and prostaglandin E2
(PGE2) and the secretion of tumor necrosis factor-a (TNF-a), IL-
1P, and IL-6 (Shin et al., 2013; Lee et al., 2017b; Kee and Hong,
2019). Inhibitory NLRP3 inflammasome activation and NLRP3-
apoptosis-associated speck-like protein (ASC) interaction were
observed in an LPS-induced mouse model after treatment with
Rg3 (Kang et al, 2018; Shi et al., 2020). The mechanisms of
response to inflammation relate to inhibition of the nuclear
(NF-xB) pathway,
myeloid differentiation primary response 88 (MyD88) and

factor-kB including upstream TLR4/
downstream COX-2 expression (Kang et al., 2018; Candelario-
Jalil et al., 2022). Rg3 upregulates SIRT1 to inhibit the NF-«xB
pathway, contributing to anti-inflammatory activity (Ren et al.,
2021). Downregulation of the phosphatidylinositol-3-kinase
(PI3K)/Akt and p38 mitogen-activated protein kinase (MAPK)
pathways by Rg3 suppressed inflammation directly or by
crosstalk with the NF-xB pathway (Hou et al, 2017; Yang
et al., 2018; Kee and Hong, 2019).

4.1 Pulmonary diseases

Inflammation is present in various pulmonary diseases.
Persistent inflammation in the airway and lung tissue is
involved in the pathogenesis of chronic lung diseases such as
chronic obstructive pulmonary disease (COPD), asthma, and
pulmonary fibrosis (Racanelli et al., 2018). Acute lung disease is
often accompanied by acute inflammation, including acute lung
injury (ALI), pneumonia, and acute exacerbation of COPD
(AECOPD) (Robb et al, 2016). Inflammation promotes the
accumulation of oxidative stress products. These findings
suggest that anti-inflammation is a critical step in pulmonary
disease treatment (Domej et al., 2014). In animal models of
chemical-induced ALI, Rg3 inhibited cytokines and increased the
content of antioxidant enzymes (SOD, CAT, and GSH) to reduce
pulmonary inflammation and neutrophil infiltration (Wang
et al,, 2016; Yang et al,, 2018). The anti-inflammatory effect of
Rg3 was also observed in the AECOPD mouse model, and these
effects were related to the inhibition of the PI3K/Akt pathway
(Yang et al., 2018; Guan et al., 2020). In an airway inflammation
model stimulated by Asian sand dust, upregulation of mucin
(MUC)5AC and MUC5B
significantly, mucus

stimulates mucus secretion;

cross-linking exacerbates pulmonary
disease (Dunican et al, 2021). Rg3 decreased mucin gene
expression through the NF-xB pathway (Shin et al, 2021).
Regarding asthma, Rg3 inhibited p65 phosphorylation, and
COX-2 inhibited the secretion of chemokine ligands, ILs, and
TNF-a. Rg3 exerts its antioxidant effect through the Nrf2/HO-

1 pathway to decrease ROS generation. Anti-inflammatory and
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TABLE 1 Summary of Rg3 in pulmonary diseases.

Diseases Model Treatment

ALI Male SD rats injected 5, 10, and 20 mg/kg
subcutaneously with 60 mg/kg Rg3 via tail vein
omethoate

ALI RAW264.7 cells stimulated with 25, 50, or 100 ug/mL Rg3
2 ug/mL LPS
C57BL/6 mice and MerTK ™/~ 10, 20, and 30 mg/kg
C57BL/6 mice with 10 ug LPS Rg3 intraperitoneally
intranasally

AECOPD BEAS-2B cells with cigarette smoke 10, 20 and 40 uM 20

(S)-Rg3

BALB/c mice exposured to cigarette 10, 20, 40 mg/kg 20 (S)-
smoke for 14 weeks then infected Rg3 intragastrically
with non-typeable Haemophilus
inflenza

Airway BEAS-2B cells stimulated with 50 or 50 pg/mL Rg3

inflammatory 100 pg/mL of Asian sand dust

disease for 48 h

Asthma 10 ng/mL IL-1p induced A549 cells 900 nM Rg3
Human asthmatic airway epithelial 50 uM Rg3
tissues

Asthma BEAS-2B cells with 10 ng/mL IL-4/ 3, 10 and 30 uM Rg3

10.3389/fphar.2022.975784

TNF-a

Female BALB/c mice with
intraperitoneal injection of 50 ug
ovalbumin

Intraperitoneal injection
of 10 mg/kg Rg3

Outcome Mechanism Ref
MDA |, SODT, CATT, GSHT, Improved lung inflammation Wang
MPO|, TNF-a| and neutrophil infiltration by et al.
antioxidant function (2016)
MPO|, TNF-a|, IL-18|, IL-6], IL-  Decreased MerTK to mediated ~ Yang
10T, TGF-B|, PI3K/Akt/mTOR|, activation of PI3K/Akt/mTOR et al.
p-MerTKT pathway (2018)
Neutrophil migration|, IL-6, Reduced the migration of Guan
p-PI3K|, p-Akt| neutrophils through et al.
downregulation of PI3K/Akt (2020)
pathway
MUCS5AC|, MUCS5B|, NF-xB| Inhibited mucin gene Shin et al.
expression and protein (2021)
through NF-kB pathway
COX-2|, IL-4], TNF-a], eotaxin|,  Inhibited NF-kB p65 activity =~ Lee et al.
p-p65] for anti-inflammatory effect (2016)
Fotaxin|, Eotaxin-2|, TNF-a|, IL-  Inhibited the oxidative stress Huang
5|, IL-4], IL-13], IL-6], and IFN-  and inflammation via Nrf2/ et al.
y1, COX-2|, ICAM-1|, Nrf2T, HO-  HO-1 pathway (2021)

17, MDA, GSHT, ROS|

ALL acute lung injury; SD, rat, Sprague-Dawley rat; MerTK, mer tyrosine kinase; LPS, lipopolysaccharide; MDA, malondialdehyde; SOD, superoxide dismutase; CAT, catalase; GSH,
glutathione; MPO, myeloperoxidase; TNF-a, tumor necrosis factor-a; IL, interleukin; TGF-p, transforming growth factor-p; PI3K/Akt/mTOR, phosphatidylinositol-3-kinase/Akt/
mammalian target of rapamycin; AECOPD, acute exacerbation chronic obstructive pulmonary disease; MUC, mucin; NF-kB, nuclear factor-kB; COX-2, cyclooxygenase-2; IFN-y,
interferon-y; ICAM-1, intercellular adhesion molecule-1; Nrf2, NF-E2-related factor 2; HO-1, heme oxygenase 1; ROS, reactive oxygen species.

antioxidant effects have been used to treat asthma models in vitro
and in vivo (Lee et al,, 2016; Huang et al,, 2021). In summary,
Rg3 exerts anti-inflammatory effects to alleviate lung damage
(Table 1).

4.2 Liver and kidney injury

Several studies have demonstrated that Rg3 downregulates
abnormally elevated alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) to improve liver function in
models of drug-induced or inflammation-mediated liver injury
(Kang et al., 2007; Zhou et al., 2018). In addition, Rg3 alleviated
acetaminophen-mediated liver tissue apoptosis by activating the
PI3K/Akt pathway (Zhou et al,, 2018). In a mouse model of
acetaminophen-mediated/induced liver injury, Rg3 reduced
GSH consumption and inhibited CYP2E1 overexpression to
combat oxidative stress and hepatotoxicity (Zhou et al., 2018;
Gao et al., 2021). Rg3 decreased thiobarbituric acid (TBA) and
iNOS to mitigate oxidative damage in the livers and kidneys of
LPS-treated rats (Kang et al., 2007). Rg3 also protected against
acute injury caused by
Chemotherapy containing

liver and kidney function

chemotherapeutic agents. cis-
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platinum (DDP) causes liver and kidney damage, and several
studies found that Rg3 treatment significantly protected against
hepatotoxicity and nephrotoxicity. ALT, AST, blood urea
nitrogen (BUN), and creatinine (CRE), which represent liver
and kidney function, decreased after treatment with Rg3 in a
DDP-induced mouse model (Lee et al., 2012b). Upregulation of
GSH, GSH-Px, and SOD enhanced antioxidant capacity and
reduced ROS generation and MDA content (Lee et al., 2012b;
Zhang et al,, 2021). Rg3 downregulates p53 and caspase-3 to
inhibit apoptosis of kidney cells (Park et al., 2015; Zhang et al.,
2021). For liver fibrosis, Rg3 decreased NF-kB to inhibit hepatic
inflammation and fibrosis distribution
steatohepatitis mouse model (Lee et al, 2020b).
thioacetamide (TAA)-induced hepatic fibrosis mouse model,

in a nonalcoholic
In a

Rg3 reduced inflammation-mediated autophagy and increased
SOD, CAT, and GSH levels to improve liver function and
attenuate fibrosis (Liu et al., 2020) (Table 2).

4.3 Neurological disorders

When neurons suffer oxidative stress, ROS cooperate with
mitochondrial Ca®* to increase the permeability of the
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TABLE 2 Summary of Rg3 on liver and kidney injury.

Diseases Model Treatment

Liver injury Male ICR mice with injection

of 250 mg/kg acetaminophen

10 and 20 mg/kg
20(R)-Rg3 for
7 days orally

C57BL/6] mice with
intragastric 350 mg/kg
acetaminophen

Oral 5, 10, and
20 mg/kg Rg3

Liver injury

Male Wistar rats with
5 mg/kg LPS

Liver and kidney injury 5 or 10 mg/kg
20(S)-Rg3 for

15 days orally

LLC-RK1 cells, 10-50 uM Rg3
NCTC1469 cells and CT-26

cells

Colon cancer and DDP-
induced hepatotoxicity
and nephrotoxicity

CT26 cells tumor-bearing nude 5 or 10 mg/kg Rg3

mice
DDP-induced LLC-PKI1 cells with 50, 100 and
nephrotoxicity 25 uM DDP 250 uM Rg3
DDP-induced HK-2 and HepG2 cells with 1, 2 and 4 uM
nephrotoxicity 4 uM DDP 20(R)-Rg3

ICR mice with 20 mg/kg DDP 10 and 20 mg/kg

20(R)-Rg3

Nonalcoholic THP-1, HepG2, stellate cells, 0.01, 0.1, 1 and
steatohepatitis and hepatic LX2 cells with 10 pg/mL Rg3

TGF-B, LPS or palmitate

C57BL/6] mice with a
methionine- and choline-
deficient L-amino acid diet for
6 weeks

Oral 15 and
30 mg/kg Rg3

Hepatic fibrosis HSC-T6 and LO2 cells with LPS 16 uM Rg3
ICR mice with intraperitoneal 5 and 10 mg/kg
injection TAA 150 mg/kg Rg3 orally

4 weeks or 50 mg/kg TAA for
10 weeks

ICR, institute of cancer research; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TNF-a, tumor necrosis factor-a; IL, interleukin; GSH, glutathione; MDA,

10.3389/fphar.2022.975784

Outcome Mechanism Ref
ALT|, AST|, TNF-a|, IL-1B|, GSHT, Inhibited the overexpression of Zhou
MDA |, CYP2E1], 4- CYP2EI against oxidative stress, et al.
hydroxynonenal |, Bax|, Bcl-2T, inhibited NF-kB to reduce (2018)
PI3K/AktT, IKKa|, IKKB|, NF-xB|  inflammatory infiltration
ALT], AST|, LDH|, alkaline Inhibited oxidative stress, Gao et al.
phosphatase|, GSHT, GSH-pxT, inflammatory reaction and (2021)
MDA|, IL-1a|, IL-1B|, IL-5], IL-6|,  apoptosis through NLRP3
CCL3|, CCL5], CCL11|, TNF-a],
caspase-1], NLRP3|
AST|, ALT|, CRE|, NO, /NO; |, Inhibited NF-kB p65 to mitigate Kang
TBA|, NF-kB|, COX-2], iNOS/, liver and kidney injury et al.
HO-17 (2007)
BUN|, CRE|, ALT|, AST|, MDA|, Enhanced the sensitivity of Lee et al.
GSHT, GSH-PxT, SODT, ROS/, cisplatin, and ameliorate the (2012b)
Nrf2|, HO-1| kidney and liver damage against
oxidative stress
JNK|, p53], caspase-3] Inhibited inflammation and Park et al.
apoptosis through downregulation ~ (2015)
of JNK and p53
BUN|, CRE|, MDA|, CATT, SODT, Downregulated NF-kB to improve = Zhang
GSHT, ROS|, iNOS|, COX-2|, p53|, oxidative stress against kidney et al.
NF-kB| damage (2021)
a-SMA|, collagen1|, IL-1f|, TNF- Decreased NF-kB for distribution Lee et al.
al, p-NF-kB| of hepatic inflammation and (2020b)
fibrosis
ALT], AST|, SODT, CATT, GSHT, Reduced inflammation-mediated ~ Liu et al.
MDA|, TGF-B1], a-SMA|, p62], autophagy via upregulation of (2020)

ATG5], ATG7|, LC3b/LC3al, PI3K/
Akt/mTORT

PI3K/Akt/mTOR

malondialdehyde; CYP2E1, cytochrome P450 2E1; Bax, Bcl-2-associated X; Bcl-2, B-cell lymphoma-2; PI3K, phosphatidylinositol-3-kinase; IKK, inhibitory kappa kinase; NF-«B, nuclear
factor-kB; LDH, lactate dehydrogenase; GSH-px, glutathione peroxidase; CCL, chemokine (C-C motif) ligand; LPS, lipopolysaccharide; NO, nitric oxide; CRE, creatinine; TBA,

thiobarbituric acid; COX-2, cyclooxygenase-2; iNOS, inducible nitric oxide synthase; HO-1, heme oxygenase 1; DDP, cis-platinum; BUN, blood urea nitrogen; SOD, superoxide dismutase;
ROS, reactive oxygen species; Nrf2, NF-E2-related factor 2; JNK, c-Jun N-terminal kinases; CAT, catalase; a-SMA, a-smooth muscle actin; TGF-p, transforming growth factor-p; TAA,

thioacetamide; ATG, autophagy-related; LC3, light chain 3; mTOR, mammalian.

mitochondrial  transition (MPTP),

leads to

pore
swelling. This

resulting  in
process cellular
inflammation, senescence, and apoptosis (Zhao et al., 2022).

mitochondrial

In an H,0,-induced mitochondrial suspension from the rat
forebrain, 20(S)-Rg3 provided neuroprotection and inhibited
mitochondrial swelling through suppression of ROS (Tian
et al, 2009). Rg3 inhibited IL-6, IL-8, and monocyte
chemotactic protein 1 (MCP-1) and ameliorated cellular
senescence via inactivation of NF-kB and p38 in H,0,-treated
human astrocyte CRT cells (Hou et al,, 2017). The antioxidant
effect of Rg3 mitigated neurotoxic effects associated with the
prevention and treatment of neurodegeneration. Rg3 protected
cortical cells from glutamate-induced nerve damage by
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enhancing SOD and GSH-px (Kim et al., 1998). Trimethyltin
chloride-induced neurotoxicity of ICR mice promoted oxidative
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stress, inflammation, hippocampal neuron loss, and astrocytic
activation in the mouse brain, which generates a clinical
syndrome characterized by amnesia and complex seizures.
Rg3 and Rh2 improved neurotoxicity via upregulation of
PI3K/Akt and suppression of extracellular signal-regulated
kinase (ERK) (Hou et al, 2018). In a mouse model of
by LPS,  20(S)-
Rg3 suppressed iNOS and COX-2 to attenuate inflammatory
activation of the brain (Park et al., 2012).

Cognitive and memory impairments are closely associated

systemic  inflammation = mediated

with Alzheimer’s disease (AD). Chronic neuroinflammation of
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the entorhinal cortex and hippocampus leads to memory
impairments (Lukiw and Bazan, 2000). The inhibition of
COX-2 caused by Rg3 ameliorated LPS-induced learning and
memory impairments in rats (Lee et al., 2013). Pathologically, the
accumulation of abnormally folded amyloid- (Ap) and neuronal
fiber aggregation lead to early cognitive impairment in AD.
Rg3 reduced the neurotoxicity of Ap42-treated BV-2
microglial cells. The mechanism suggested that Rg3 inhibited
NEF-xB p65 nuclear translocation to reduce the release of
inflammatory factors and upregulated scavenger receptor type
A (SRA) (Joo et al,, 2008); this membrane protein recognizes
pathological products and activates microglia to clear necrotic
neurons (Bairamian et al., 2022). Bairamian et al. reported that
Rg3 reduced ROS and A deposition in a Caenorhabditis elegans
model of AD (Tangrodchanapong et al.,, 2020). In addition, an
in vitro study confirmed that regulation of inflammatory factors
by Rg3 restored M2 activation and promoted AP uptake in
microglia and neuronal cells (Ahn et al,, 2021). In summary,
Rg3 increases AP uptake to improve memory and cognitive
function, the
inflammatory factors through NF-kB and COX-2.

Parkinson’s disease (PD) is a neurodegenerative disorder

which is associated with inhibition of

with a decreased number of nigrostriatal neurons. Loss of
nigrostriatal dopamine and a-synuclein aggregation correlates
with the severity of PD. In a transgenic Caenorhabditis elegans
model of PD, Rg3 suppressed apoptosis and enhanced
antioxidant enzymes to prolong lifespan (Chalorak et al,
2021). Another study reported that Rg3 prolonged the latency
of rotenone-induced PD mice through evaluation of pole,
rotarod, and open field tests. The mice showed improved
motor function and dopamine content in the striatum,
suggesting that Rg3 enhances the expression of glutamate
cysteine ligase (GCL) (Han et al., 2021), which catalyzes GSH
synthesis to prevent oxidative damage and ROS generation
(Forman et al, 2009). To sum up, Rg3 increases peroxidase
activity to promote dopamine secretion and slow PD
progression.

Cerebral ischemia is a common disease with severe

consequences. The excessive accumulation of cytokines
increases the adhesion of leukocytes to blood vessels, leading
to  endothelial
ischemia-reperfusion (I/R) injury (Candelario-Jalil et al,
2022). Rg3 attenuated IL-1B, IL-6, TNF-a, and ROS
generation in a middle cerebral artery occlusion (MCAO) rat
model. The mechanism suggests that Rg3 inhibits TLR4/
MyD88 and SIRT1 to protect the brain from ischemic injury
(Cheng et al., 2019).

Accelerated chronic inflammation and aging of nucleus

damage and  aggravating  cerebral

pulposus cells (NPCs) lead to intervertebral disk degeneration
(IDD) (Heathfield et al., 2008; Li et al., 2017). In TNF-a-treated
NPCs, Rg3 improved oxidative stress status and extracellular
matrix (ECM) metabolism by inhibiting NF-«B p65 activation in
a dose-dependent manner (Chen et al., 2019). Spinal cord injury
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is a destructive spinal cord lesion that is more severe than IDD.
20(S)-Rg3 promoted the recovery of motor function and
attenuated iNOS and COX-2 in a spinal cord injury rat
model. (Kim et al., 2017).

In conclusion, Rg3 has a strong neuroprotective effect. When
neurons are stimulated by peroxide, Rg3 scavenges free radicals,
protects mitochondrial function, inhibits inflammatory factors,
suppresses cell senescence. When neurons are exposed to toxic
substances, Rg3 increases peroxidase activity to detoxify and
activate PI3K/Akt to prevent apoptosis. The development of
neurodegenerative and chronic diseases, including AD, PD,
and stroke, is often accompanied by oxidative stress and
inflammation (Zhao et al., 2022). These studies suggest that
Rg3 inhibits COX-2,
mitochondrial dysfunction and enhances peroxidase activity

cytokines, ROS generation, and
and microglial polarization to exert therapeutic effects on

neurological disorders (Table 3).

4.4 Cardiovascular diseases

In the early pathological processes of hypertension and

atherosclerosis, chronic vascular inflammation and toxic
metabolic compounds of lipid oxidation lead to vascular
endothelial dysfunction and lipid deposition (Dasagrandhi
et al.,, 2022). This process is accompanied by upregulation of
vascular cell adhesion molecule-1 (VCAM-1) and intercellular
adhesion molecule-1 (ICAM-1), and oxidized lipids and
adhesion molecules mutually promote the plaque formation
of (Blankenberg et 2003;
Malekmohammad et al, 2019). In the presence of various
(e.g, LPS, NODI agonist, or ox-LDL),
Rg3 downregulates ICAM-1 and VCAM-1 to inhibit
endothelial dysfunction, which is related to anti-inflammatory
action by the NF-kB pathway (Cho et al., 2014; Lee et al., 2020¢;
Geng et al, 2020). Rg3 inhibited THP-1-cell adhesion into
(HUVECs) by

suppressing the NF-kB pathway in vitro (Cho et al., 2014).

process atherosclerosis al.,

inducers

human umbilical vein endothelial cells
Oral Rg3 restrained the formation of atherosclerosis and
the
peroxisome proliferator-activated receptor y (PPARy)/focal
adhesion kinase (FAK) (Geng et al., 2020).

NO is a significant factor in maintaining vascular

inflammation in ApoE”" mice via regulation of

homeostasis. Rg3 promoted NO release to increase thoracic
aortic relaxation in rats, which had a therapeutic effect on
hypertension (Kim et al, 1999; Nagar et al, 2016). The
mechanism is related to the activation of eNOS or iNOS. Kim
et al. suggested that iINOS was upregulated by NF-kB activation.
Low-dose Rg3 promoted macrophage proinflammatory
responses, including upregulation of IL-1 and TNF and NO
release (Kim et al,, 2003). Another study found that the activation
and phosphorylation of eNOS mediated Rg3 treatment of

hypertension. Rg3 activated estrogen receptor (ER)-dependent
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TABLE 3 Summary of Rg3 in neurological disorders.

Diseases

Neurodegeneration

Neuroprotection

Brain aging

Neuroinflammation

Neurotoxicity

Learning and
memory impairments

Neurodegeneration

AD

AD

PD

PD

Cerebral ischemia

IDD

Spinal cord injury

Model

Mixed cortical cells exposed
to 50 uM glutamate

forl5 min, which were from
old fetal SD rats

50 uM CaCl, or 3 mM
H,0, induced
mitochondrial suspension
from rat forebrain

35 uM H,0, induced
human astrocytic CRT cells;
150 uM H,O, induced
primary rat astrocytes

C57BL/6 mice
intraperitoneally injected
with LPS (3 mg/kg)

Primary rat astrocytes
cultured with 1 pmol/L
trimethyltin chloride

ICR mice intraperitoneal
injection of 2 mg/kg
trimethyltin chloride

Adult male SD rats with
microinjection of 50 pg LPS
into the lateral ventricles

5 ug/mL Ap42 induced BV-
2 microglial cells

50 ng/mL induced TNF-a
Neuro-2a neuroblastoma
cells

Transgenic Caenditis
elegans model of AD

20 ng/mL IFN-y induced
Neuro-2a murine
neuroblastoma and
HMO6 human microglial
cells

6-hydroxydopamine
induced transgenic
Caenorhabditis elegans
model of PD

C57BL/6] male mice
intragastric administration
with 30 mg/kg rotenone for
6 weeks

1 mmol/L CoCl, induced
PCI12 cells

MCAO rat model

10 ng/mL TNF-a induced
NPCs cells

Rats underwent
laminectomy with spinal
cord compression injury

Treatment

0.1 and 1 uM Rg3

2-16 uM 20(S)-Rg3

5 and 10 pg/mL Rg3

20, and 30 mg/kg 20(S)-
Rg3 orally

5 pg/mL Rg3

20 mg/kg/day

Rg3 injected
intraperitoneally for
28 days

10, 20 and 50 mg/kg
Rg3 intraperitoneally for
21 days

10 pg/mL Rg3

20 pg/mL Rg3

50 uM Rg3

5 ug/mL Rg3

0.5, 1, 5, and 10 uM Rg3

5, 10, or 20 mg/kg
Rg3 intragastrically for
6 weeks

20 pg/mL Rg3
10 mg/kg Rg3 injected

from the tail vein

25,50 and 100 pg/mL Rg3

Orally 10 or 30 mg/kg/
day 20(S)-Rg3 for 14 days

Outcome

LDH|, SODT, H,0,],
GSH-px], MDA/,
Nitrite|, Ca®* influx|

Mitochondria
swelling|, ROS|

P53], P21, IL-6], IL-8],
MCP-1|, NF-xB], p38]

TNF-al, IL-1B], IL-6],
iNOS|, COX-2]

SODT, GSH-px[, MDA,
IL-1a/B}, IL-6], TNF-al,
AktT, ERK|, cleaved
caspase-3|

Memory impairment|

TNF-al, IL-1B], COX-2|

IL-1B), IL-6], MCP-1],
MIP-1], TNF-a], iNOS],
NE-kB p65], SRAT

A deposit|, ROS|

IL-6], TNF-a/, iNOS],
ArglT, IL-10T, SRAT

Dopaminergic neuronsT,
a-Synuclein |, caspase-9],
Cat-27, Sod-31

DopamineT, ROS|, GCLT

ROS |, mitochondrial
membraneT, IL-1B|, TNF-
al, IL-6, TLR4/MyD88 |,
NF-«B p65], SIRT1T

ROS|, MDA, SODT,
GSHT, ECM metabolismT
(MMP3T, ADAMTS5T,
Aggrecan| and
COL2A1]), NF-kB p65|

Bax/, Bcl-2], iNOS],
COX-2|, TNF-a, IL-1B,
IL-6], Tbal |

10.3389/fphar.2022.975784

Mechanism

Antioxidation on suppression
of extensive neuronal death

Inhibited the opening of MPTP
by free radical scavenging
action

Decreased senescence by
suppressing NF-kB and
p38 activation

Suppressed iNOS and COX-2 to
attenuate microglia
inflammation activation

Improved the oxidative stress
and neuroinflammation
through upregulation of PI3K/
Akt and suppression of ERK

Decreased inflammatory
mediators and COX-2 to repair
the memory impairment

Attenuated the inflammatory of
microglia and neuroblastoma
through suppression of NF-xB
p65 nuclear translocation

Enhanced AP uptake through
M2 microglial activation

Suppressed apoptosis and
enhanced antioxidant enzymes

Improved motor function of PD
mice through GCL

Inhibited TLR4/MyD88 and
activited SIRT1 to protected the
brain from ischemic injury

Improved oxidative stress, ECM
metabolism and cell cycle
through inhibiting NF-kB p65

Promoted the recovery of motor
function, reduced neuronal
apoptosis and the activation of
microglia via Ibal

Ref

Kim et al. (1998)

Tian et al. (2009)

Hou et al. (2017)

Park et al. (2012)

Hou et al. (2018)

Lee et al. (2013)

Joo et al. (2008)

Tangrodchanapong
et al. (2020)

Ahn et al. (2021)

Chalorak et al. (2021)

Han et al. (2021)

Cheng et al. (2019)

Chen et al. (2019)

Kim et al. (2017)

SD, rat, Sprague-Dawley rat; LDH, lactate dehydrogenase; SOD, superoxide dismutase; GSH-px, glutathione peroxidase; MDA, malondialdehyde; ROS, reactive oxygen species; MPTP,
mitochondrial transition pore; IL, interleukin; MCP-1, monocyte chemotactic protein 1; NF-kB, nuclear factor-kB; LPS, lipopolysaccharide; TNF-a, tumor necrosis factor-o; iNOS,

inducible nitric oxide synthase; COX-2, cyclooxygenase-2; ICR, institute of cancer research; ERK, extracellular signal-regulated kinase; MIP-1, macrophage inflammatory protein-1; SRA,
scavenger receptor type A; AD, Alzheimer’s disease; IFN-y, interferon-y; Argl, PD, Parkinson’s disease; GCL, glutamate cysteine ligase; MCAO, middle cerebral artery occlusion; TLR4/
MyD88, Toll-like receptor 4/myeloid differentiation primary response 88; SIRT1, sirtuin 1; IDD, intervertebral disk degeneration; ECM, extracellular matrix; MMP, matrix

metalloproteinases.
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PI3K and AMP-activated protein kinase (AMPK) pathways to
upregulate eNOS in endothelial cells (Hien et al., 2010). These
studies suggest that Rg3 regulates vasodilatation by increasing the
release of NO in hypertension.

Ginseng invigorates vitality in ethnic medicine, which is
related to the regulation of heart function. Rg3 improved
cardiac function and myocardial damage in rats with
myocardial I/R surgery (Wang et al, 2015a; Zhang et al,
2016). In the treatment of myocardial injury, Rg3 reduced the
secretion of IL-6, IL-1B, and TNF-qa, inhibited lactic acid
accumulation, improved the oxidative stress state, including
upregulation of SOD content and downregulation of ROS
accumulation, indicating that Rg3 is a SIRT1 agonist that
downregulates the NF-kB pathway (Li et al., 2020a; Tu et al,
2020). Li et al. developed Rg3-loaded ROS-responsive polymeric
nanoparticles, which have a lower therapeutic dose (Li et al.,
2020a). In addition, Rg3 enhanced B-cell lymphoma-2 (Bcl-2)
and inhibited p53, Bcl-2-associated X (Bax) and caspase-3 to
resist apoptosis of cardiomyocytes in vitro and in SD rats with
myocardial I/R surgery in vivo (Wang et al., 2015a; Zhang et al,
20165 Li et al., 2020a). Upregulation of Akt/eNOS for NO release
by Rg3 protected against myocardial injury (Wang et al., 2015a).
For hypertrophic cardiomyopathy, Rg3 alleviated oxidative
stress, inflammation, and fibrosis via SIRT1/NF-kB in rats
undergoing transverse aortic coarctation (TAC) surgery (Ren
et al, 2021). Rg3 improved heart function and aortic ring
endothelial function in adriamycin (ADM)-treated rats. The
mechanism involved the activation of Nrf2/HO-1 to reduce
ROS and increase eNOS levels (Wang et al., 2015b). The
beneficial effects of Rg3 on cardiovascular disease are
summarized in Table 4.

4.5 Diabetes and diabetic complications

Diabetes is a metabolic disease with increasing incidence
worldwide. Oxidative stress promotes metabolic dysfunction and
complications in diabetes (Bhatti et al., 2022). Rg3 exerts its
therapeutic effect in the treatment of diabetes, diabetic
nephropathy (DN), and dyslipidemia. In streptozotocin (STZ)-
induced diabetes models, Rg3 reduced fasting blood glucose
(FBG) and glycosylated protein (Kang et al.,, 2008; Li et al,
2021). iNOS, COX-2, and NF-kB p65 were decreased after
Rg3 intervention (Kang et al.,, 2008; Kim et al., 2014). iNOS-
derived overproduction of NO leads to the development of
diabetes (Bahadoran et al, 2020). The NF-xB signaling
cascade is the initial event in response to oxidative stress in
diabetes (Archuleta et al., 2009). A study showed that
Rg3 decreased urine protein associated with DN in a rat
model via inhibition of NF-kB p65 (Zhou et al, 2020).
Another study found that 20(S)-Rg3 ameliorated renal
histopathological injury and dyslipidemia through the MAPK
and NF-«B pathways in C57BL/6 mice with an intraperitoneal
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injection of STZ and a high-fat diet (HFD). At the same time,
20(S)-Rg3 improved oxidative stress status by diminishing the
overproduction of MDA and enhancing serum SOD (Zhou et al.,
2020). Guo et al. found that 20(S)-Rg3 skewed macrophages to
the M2 phenotype and decreased the expression of TNF-a, IL-6,
IL-10, and transforming growth factor-p (TGF-P) to mitigate
atherosclerosis in diabetic apoE™~ mice (Guo et al., 2018). For
diabetic complications, inhibition of the apoptotic signaling
pathway can protect renal tissue in DN. Rg3 protected renal
tubular epithelial cells from apoptosis in vitro (Zhou et al., 2020).
Li et al. suggested that Rg3 reduced Bax and cleaved caspase3 and
enhanced the expression of Bcl-2 and Bcl-XL to inhibit apoptosis
in the kidneys of DN mice (Li et al, 2021). In addition,
Rg3 improved erectile function by upregulating SOD and
protected nerve fibers from apoptosis in diabetic rats (Liu
et al, 2015). These studies suggest that Rg3 is useful in

treating diabetes and complications, attributable to its
antioxidant, anti-inflammatory and anti-apoptosis effects
(Table 5).

4.6 Cancer

Rg3-rich extracts of ginseng upregulated NO production
to activate an immune response in LPS-treated Raw
264.7 cells and inhibited the proliferation of HUVECs
(Lee et al., 2009). Interestingly, Kim et al. observed that

Rg3 inhibited the differentiation and migration of
endothelial progenitor cells through suppression of
vascular endothelial growth factor (VEGF)/Akt/eNOS

signaling, suggesting an antiangiogenic effect (Kim et al,
2012). However, the study did not detect the release of NO. In
addition, a red ginseng preparation with Rg3-fortified
facilitated NO release for the proliferation of splenocytes
and inhibition of tumor growth in lung cancer tumor-bearing
mice (Park et al., 2011). These findings suggest that the
promotion of NO release by Rg3 inhibits angiogenesis and
tumor proliferation; however, the synthesis pathway of NO
production requires further study.

Oxidative stress status and tumor therapy need to be analysed
from two aspects. ROS accumulation in tumor tissue induces
tumor cell apoptosis (e.g., ferroptosis) (Liang et al., 2019). On the
other hand, free radicals derived from tumor cells promote DNA
damage and mutation to cause tumorigenesis and tumor
metastasis (Prasad et al., 2017). Graphene oxide nanoparticle-
loaded Rg3 promoted apoptosis and enhanced ROS generation to
enhance photodynamic therapy of osteosarcoma (Lu et al., 2021).
Rg3 nanoparticles (Rg3-NPs) promoted apoptosis and improved
oxidative stress states against Ehrlich solid tumor growth in mice
(El-Banna et al, 2022). Regarding tumorigenesis, abnormal
expression of COX-2 and proinflammatory cytokines is
associated with skin carcinogenesis (Moon et al.,, 2020). The
topical application of Rg3 inhibited COX-2 and decreased skin
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TABLE 4 Summary of Rg3 on cardiovascular diseases.

Diseases

Vascular
inflammation

Vascular
inflammation

Atherosclerosis

Hypertension

Hypertension

Hypertension

Myocardial I/R
injury

Myocardial I/R

injury

Myocardial I/R
injury

Myocardial I/R
injury

Myocardial
hypertrophy

ADM induced
cardiotoxicity

Model

HUVECs cells with the
NODI1 agonist

HUVECs with 1 pg/mL LPS
stimulation and THP-1
macrophage cells

Male C57BL/6 mice with
20 mg/kg LPS

200 pug/mL ox-LDL
stimulated HUVECs, THP-1
cells

ApoE™" mice fed a high-fat
diets

Thoracic aortas isolated from
male SD rats

Thoracic aortas of SD rats

Raw264.7 cells
ECV 304 cells

Endothelium-intact aortic
rings from thoracic aortas of
SD rats

SD rats with myocardial I/R
surgery

1 mM CaCl, induced primary
neonatal rat cardiomyocytes

Male SD rats with myocardial
I/R surgery

Male SD rats with myocardial
I/R surgery

HIC2 cells

Male SD rats with myocardial
I/R surgery

SD rats with transverse aortic
coarctation surgery

Human cardiomyocytes
AC16 and HCM cells cultured
with 200 nM Angiotensin |l

SD rats intraperitoneal
injection of 15 mg/kg ADM

CMEC cells isolated from
neonatal rats with 1 pM ADM

Treatment

10 ug/mL Rg3

1, 10, 20 and 50 pM
of Rg3

20 mg/mL Rg3

15 and 30 uM Rg3

15 and 30 mg/kg
Rg3 orally

0.1 ug/mL Rg3

100 mg/kg Rg3 orally for
5 days

10 pg/mL Rg3
1, 3 and 10 pg/mL Rg3
10 ug/mL Rg3

Intraperitoneal injection
60 mg/kg Rg3

10 uM Rg3

5 or 20 mg/kg
Rg3 intragastrically

2.5 mg/kg Rg3-NPs
injected into the heart

10 nM Rg3-NPs

30 mg/kg Rg3
intragastrically for 7 days

30 mg/kg/day,
intragastrically Rg3 for
14 days

10, 20 and 40 pM Rg3

Rg3 intraperitoneal
injection 10, 20, 40 mg/kg

Rg3 10 uM

Outcome

NOD1], miR-139-5pT, fibronectin|,
N-cadherin|, VE-cadherin|, smooth
muscle-22a |, NF-kB|, IkBaT, p65
(nucleus) |

ICAM-1|, VCAM-1], IxBa]

VCAM-1|, ICAM-1|, MMP-2,
MMP-9], NF-kB|, MCP-1, IL-6], a-
SMAT, CD68|, PPARYT, FAK|

NOT, cGMPT, K' channelsT

iNOST, NOT, NF-«xBT, IxBa/|,
p-IkBaT, p65 (nucleus)T, IL-17,
TNF-al

NOT, eNOST, p-eNOST, AktT, JNKT,
p381, AMPKT, calmodulin-dependent
protein kinase IIT

LDH/CK|, SODT, caspase-3,
caspase-9 |, Bcl-2/BaxT, p-eNOST,
NOT, p-Akt]

Caspase-3|, P53], Bax|, Bcl-2T, TNF-
al, IL-1B|

CK/|, CK-MB|, LDH|, FOXO3aT,
SIRT1T, PPARYy; Antioxidant: ROS|,
SODT, MDA/, Nrfl], Nif2], HO-11,
SOD1T; Anti-inflammatory: C-
reactive protein|, IL-6], IL-1B|, TNF-
alT, p65 NFxk, p-IKBa|

Anti-fibrosis: TGF-B|, p-Smad2/
Smad2|, MMP2|, MMP9|

LDH|, CK-MB|, cardiac troponin I,
TNF-al, IL-1B], IL-6], TL-10T,
SIRT1T, p-p65/p65|

Anti-fibrosis: myosin heavy chain|,
collagen I|, TGF-B1]

Inflammasome: NLRP3 |, ASC|,
caspase-1]

Antioxidant: MDA |, SODT, HO-1T,
Nrf27

SIRT1T, NF-kB|

ICAM-1|, TGE-|, TIMP-1|, VEGE],
LDH/, ROS|, MDA], eNOST,
endothelin-1], SODT, Nrf2T, HO-1T,
Keapl]

10.3389/fphar.2022.975784

Mechanism

Inhibited inflammation and

epithelial-mesenchymal transition

through miR-139/NF-«B axis

Inhibited leukocyte adhesion into
vascular wall and NF-kB pathway

Upregulated PPARY to repress
FAK and inflammation

Increased endothelium derived

NO production for relaxation of

aortic rings

Activated NF-kB pathway to
release iNOS for vasodilation

Activated eNOS through PI3K
and AMPK pathway

Upregulated Akt/eNOS to
reduced rat myocardial injury;
Upregulated Bcl-2/Bax ratio to
resist apoptosis

Ameliorated cardiac function

through antioxidant and anti-
apoptosis

Increased FOXO3a/

SIRT1 pathway to response to
myocardial I/R injury

Activated SIRT1 to inhibit the
inflammatory response of
myocardial infarction rats

Alleviate oxidative stress,
inflammation and fibrosis via
SIRT1/NF-kB pathway

Activated Nrf2/HO-1 to improve

cardiac function and aortic ring
endothelial function

Ref

Lee et al.
(2020¢)

Cho et al.
(2014)

Geng
et al.
(2020)

Kim et al.
(1999)

Kim et al.
(2003)

Hien et al.
(2010)

Wang
et al.
(2015a)

Zhang
et al.
(2016)

Li et al.
(2020a)

Tu et al.
(2020)

Ren et al.
(2021)

Wang
et al.
(2015b)

NOD1,nucleotide-binding oligomerization domain 1; NF-kB, nuclear factor-kB; IkB, inhibitor of NF-kB; LPS, lipopolysaccharide; ICAM-1, intercellular adhesion molecule-1; VCAM-1,
vascular cell adhesion molecule-1; MMP, matrix metalloproteinases; MCP-1, monocyte chemotactic protein 1; IL, interleukin; a-SMA, a-smooth muscle actin; PPARy, peroxisome
proliferator-activated receptor-y; FAK, focal adhesion kinase; SD, rat, Sprague-Dawley rat; NO, nitric oxide; cGMP’ 3',5’-cyclic guanosine monophosphate; iNOS, inducible nitric oxide

synthase; eNOS, endothelial nitric oxide synthase; TNF-a, tumor necrosis factor-o; JNK, c-Jun N-terminal kinases; AMPK, AMP-activated protein kinase; I/R, ischemia-reperfusion; LDH,
lactate dehydrogenase; CK, creatine kinase; SOD, superoxide dismutase; Bcl-2, B-cell lymphoma-2; Bax, Bcl-2-associated X; NP, nucleus pulposus; ROS, reactive oxygen species; MDA,
malondialdehyde; FOXO3a, Forkhead box O 3a; SIRT1, sirtuin 1; Nrf2, NF-E2-related factor 2; HO-1, heme oxygenase 1; TGF-p, transforming growth factor-p; ASC, apoptosis-associated
speck-like protein; ADM, adriamycin; TIMP-1, tissue inhibitor of metalloproteinases 1; VEGF, vascular endothelial growth factor; Keapl, Kelch-like ECH-associated protein 1.
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TABLE 5 Summary of Rg3 on diabetes and diabetic complications.

Diseases

Diabetes

DN

Diabetes and DN

DN

Progress of
atherosclerosis in
diabetes

Diabetes and
erectile function

Model

Islets isolated from BALB/c mice
pancreas with high glucose
concentration (16.7 mmol/L)

C57BL/6 mice with intraperitoneal
injection of 100 mg/kg STZ and
combined HFD

Wistar rats with 50 mg/kg STZ
injected intraperitoneally

NRK-52E cells with palmitic acid

SD rats with intraperitoneal injection

of 60 mg/kg STZ injected and
combined HFD

THP-1 cells with 100 ng/mL phorbol-

12-myristate-13 acetate and the bone

marrow cells isolated from mice with

20 ng/mL macrophage colony-
stimulating factor

ApoE™" mice 50 mg/kg STZ injected
intraperitoneally

SD rats 60 mg/kg STZ injected
intraperitoneally

Treatment

4 mmol/L Rg3 for 24,
48,and 72 h

10 and 20 mg/kg
20(R)- Rg3 for
8 weeks orally

Orally 5, 10, and
20 mg/kg/day
20(S)-Rg3

25 and 50 uyM
20(S)-Rg3

10 mg/kg/day 20(S)-
Rg3 for 12 weeks

25 uM 20(S)-Rg3

Intragastric
10 mg/kg 20(S)-Rg3

Intragastric 10 and
100 mg/kg Rg3 for

3 months

10.3389/fphar.2022.975784

Outcome Mechanism Ref
NOJ, iNOS|, PARP| Enhanced islet cell functionand ~ Kim
attenuated apoptosis through et al.
inhibiting iNOS and PARP (2014)
FBG], blood lipids|, SODT, MDA |, Inhibited MAPK and NF-kB Li et al.
HO-17, TNF-a], IL-1BT, p-JNK], pathways to prevent DN (2021)
p-ERK], p-p38], p-p65], cleaved
caspase-3, 8/, Bcl-27, Bc-XLT
Serum glucose|, TBA|, glycosylated ~ Improved the renal nitrosative ~ Kang
protein|, NF-kB p65], COX-2], stress of diabetes rats through et al.
iNOS|, 3-nitrotyrosine protein|, NF-kB pathway (2008)
N-methyl-p-aspartate |
Urine protein|, TGF-p1], NF-«xB Inhibited NF-kB p65 to protect ~ Zhou
p65], TNF-a] the renal tubular epithelial cell et al.
from apoptosis (2020)
Blood glucose|, blood lipids|, TNF-  Skewed macrophages to the Guo
al,IL-6],IL-10T, TGF-BT, PPARy|, M2 phenotype to mitigate et al.
iNOS|, arginase-17, CD86], atherosclerosis in diabetic (2018)
CD2067 ApoE™" mice
Cleaved caspase-3], Bcl-27, Bcl-xIT, Improved erectile function Liu et al.
PECAM-1T, a-SMAT, through antioxidant effect (2015)

SODT, MDA |

NO, nitric oxide; iNOS, inducible nitric oxide synthase; PARP, poly (ADP-ribose) polymerase; DN, diabetic nephropathy; STZ, streptozotocin; HFD, high-fat diet; FBG, fasting blood
glucose; SOD, superoxide dismutase; MDA, malondialdehyde; HO-1, heme oxygenase 1; TNF-a, tumor necrosis factor-a; IL, interleukin; JNK, c-Jun N-terminal kinases; ERK, extracellular
signal-regulated kinase; Bcl-2, B-cell lymphoma-2; MAPK, mitogen-activated protein kinase; NF-kB, nuclear factor-kB; TBA, thiobarbituric acid; COX-2, cyclooxygenase-2; SD, rat,
Sprague-Dawley rat; TGF-p, transforming growth factor-f; PPARy, peroxisome proliferator-activated receptor-y; a-SMA, a-smooth muscle actin.

carcinogenesis through the downregulation of the transcription
factors NF-xB and activator protein-1 (AP-1) (Keum et al., 2003).

4.7 Other oxidative stress-related diseases

The aging process is accompanied by impairment of free

and  oxidative  stress  damage
2019). Rg3
biogenesis and enhances antioxidation to reduce ROS against
cell senescence (Hong et al, 2020). Reduction of ROS by

Rg3 protected keratinocytes from ultraviolet irradiation (Lim

radical ~ scavenging

(Papaconstantinou, increases mitochondrial

et al, 2014). In a D-galactose-induced aging mouse model,
Rg3 inhibited CYP2E1 and MDA to protect against aging-
related hepatic and renal dysfunction (Li et al, 2020Db).
Rg3 protected the gastric mucosa and inhibited gastric ulcer
formation. Rg3 reduced iNOS-reducing NO release and the
accumulation of free radicals in gastric mucosa mediated by
alcohol; Rg3 also promoted the expression of epidermal growth
factor (EGF) for epithelial proliferation and tissue repair (Zhang
etal,, 2019). Nanoparticles loaded with Rg3 could increase gastric
ulcer treatment efficacy (Cao et al, 2022). Rg3 improved
and downregulated ROS by

mitochondrial ~ biogenesis
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activating SIRT1 in TNF-a-treated chondrocytes, which could
serve as an adjunct therapy for arthritis (Ma et al, 2021).
Rg3 attenuated aluminum-induced osteoporosis by enhancing
GSH and SOD activity (Song et al., 2020). Cyclophosphamide is
an alkylating agent used to treat hematologic malignancies;
however, it is associated with bone marrow
Rg3
oxidative stress states in vivo (Zhang et al., 2008). In TNF-a-
treated human chondrocytes, Rg3 inhibited mitochondrial ROS
production and enhanced ATP content, which has potential as a

toxicity.
inhibited CP-induced DNA damage by improving

therapeutic remedy for muscle weakness and atrophy (Lee et al.,
2019). Several studies found that Rg3 inhibited the release of
inflammatory factors and downregulated VEGF expression
during wound healing, which is a potential treatment for
hypertrophic scars (Cheng et al,, 2013; Cheng et al., 2014; Ma
et al., 2020).

5 Overview of the therapeutic
potential of ginsenoside Rg3

Rg3 has potent antioxidant and anti-inflammatory effects,
indicating that it might have a potential therapeutic role in acute
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FIGURE 2

Summary of Rg3 against different diseases with antioxidant and anti-inflammatory effects.

organ injuries such as acute lung injury, acute liver and kidney
injury, etc. Rg3 alleviates inflammatory infiltration of lung tissue
and inhibits IL release in lung tissue in mouse and rat models of
ALI (Yang et al, 2018). In an OVA-induced asthma mouse
model, Rg3 ameliorates goblet cell hyperplasia and eosinophil
infiltration (Huang et al, 2021). For liver and kidney injury
caused by external factors, Rg3 significantly improves liver
function, mainly by inhibiting the abnormal elevation of
aminotransferases and overexpression of CYP2E1; meanwhile,
Rg3 improves acetaminophen-induced focal centrilobular
necrosis and pericentral venous degeneration of liver tissue
(Zhou et al.,, 2018; Gao et al., 2021). In addition, Rg3 inhibits
the expression of a-SMA and collagen I during the fibrosis
process of nonalcoholic steatohepatitis and hepatic fibrosis
(Lee et al, 2020b; Liu et al, 2020). In DDP-mediated
nephrotoxicity, Rg3 increases kidney tissue GSH expression,
inhibits MDA levels, and downregulates serum BUN and CRE
to protect renal function (Lee et al., 2012b; Zhang et al., 2021).

Rg3 can improve cardiac function, reduce markers of cardiac
damage, suppress neurocyte aging, and reduce memory
impairment in rats (Lee et al, 2013; Hou et al, 2017),
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indicating that Rg3 might also have the potential to become a
promising therapeutic agent for chronic diseases, including
cardiovascular diseases, cerebrovascular diseases, diabetes and
cancers, etc. Rg3 enhanced AP uptake through M2 microglial
activation in AD (Ahn et al,, 2021). Rg3 prolonged the latency of
rotenone-induced PD mice through evaluation of pole, rotarod,
and open field tests (Han et al, 2021). The above effects can
improve neurological damage, memory deterioration and
cognitive impairment, which alleviates the progression of
neurodegenerative  diseases. In  cardiovascular diseases,
vascular inflammation and lipid accumulation are reduced
after Rg3 intervention (Lee et al, 2020c; Geng et al., 2020).
Several studies concluded that Rg3 activated eNOS for
vasodilation in the treatment of hypertension (Kim et al,
2003; Hien et al., 2010). Rg3 enhanced left ventricular ejection
fraction (EF%) to improve cardiac function in rats with
myocardial I/R  surgery. Rg3 ameliorated myocardial
infarction-related serum markers, including creatine kinase
(CK), CK-MB, and lactate dehydrogenase (LDH) (Wang et al,,
2015a; Zhang et al., 2016). In metabolic diseases, Rg3 reduces

FBG, glycosylated protein and blood lipids in diabetic rats (Kang
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et al,, 2008; Li et al,, 2021). Rg3 improves CRE and urine protein
elevation in DN mice by increasing antioxidant activity and reducing
renal inflammation (Zhou et al., 2020; Li et al., 2021). Rg3 inhibited
the proliferation and metastasis of various cancer cells, such as liver
cancer cells, intestinal cancer cells, osteosarcoma cells, etc. (Sun et al.,
2017). Either Rg3 alone or Rg3 in combination with DDP
suppressed the growth of colon tumor in nude mice (Lee et al.,
2012b). Treatment with Rg3 decreased the tumor size of Ehrlich
solid tumor in mice (El-Banna et al,, 2022).

In summary, increasing evidence has shown that Rg3 has
therapeutic potential for the treatment of acute organ injuries
and chronic diseases, which is worthy of further research.

6 Discussion

The antioxidant and anti-inflammatory effects of Rg3 have been
attributed to 1) antioxidant properties, including inhibition of ROS
accumulation, promotion of peroxidase activity, and reduction of
MDA content; 2) anti-inflammatory properties, inhibition of TNE-
a, interleukins, chemokine ligands, suppression of NLRP3 formation
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and COX-2 expression; 3) regulation of apoptosis: downregulating
the expression of p53, caspases and Bax/Bcl-2 ratio to protect tissue
injury and apoptosis; and 4) regulation of NOS, inhibition of
iNOS to reduce oxidative stress and upregulation of eNOS to
protect vascular endothelial function. These antioxidant and anti-
inflammatory activities of Rg3 help to maintain or improve organ
functions, such as reducing neuroinflammation, attenuating
neurotoxicity, protecting myocardial, hepatic and renal functions
(Figure 2).

These effects are related to several potential mechanisms of
action: (Lee et al, 2020a): inhibition of the NF-kB pathway
decreases downstream COX-2 to ameliorate inflammation and
oxidative stress; (Hyun et al., 2022); the PI3K/Akt pathway
regulates the process of inflammation and apoptosis; and (Lee
et al,, 2017a) upregulation of the Nrf2/HO-1 pathway is an
important pathway to reduce oxidative stress. Therefore, the
key mechanism of action of Rg3 is shown in Figure 3. However,
the content of these studies tends to be homogeneous, and there
is a lack of Rg3 target screening based on high-throughput
methods. In the future, we look forward to clinical research to
explore the antioxidant activity of Rg3 and in-depth research into
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the critical targets of Rg3 antioxidant and anti-inflammatory
activity.

7 Conclusion

Increasing evidence supports that ginsenoside Rg3 has
remarkable anti-inflammatory and antioxidant effects on
animal and cell models with various diseases, such as
pulmonary, neurological, cardiovascular, metabolic diseases,
cancer, and liver and kidney injury, and the multitarget and
multipathway molecular mechanisms of action of Rg3 have been
gradually deciphered. Rg3 may be a promising candidate drug for
the treatment of diseases with inflammatory and oxidative stress

conditions and is worthy of further research and development.
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Background: Osteoarthritis (OA) has placed a heavy burden to the economy
and humanistics. To explore the biological functions and markers of
chondrocytes contributes significantly to the accurate diagnosis and
targeted treatment of OA.

Methods: We systematically analyzed the immunogenicity and biological
function of varied chondrocytes at single cell resolution, and identified the
chondrocyte subtypes and biomarkers involved in the development of OA,
which are verified in the bulk sequencing cohort.

Results: Based on previous study, we defined eight subtypes of chondrocytes
with different biological functions, finding out that effector chondrocytes (ECs)
and fibrocartilage chondrocytes (FCs) may promote the development of OA.
Compared with other chondrocytes, ECs and FCs show stronger
immunogenicity. FCs mainly affects the degeneration of cartilage caused by
fibrous degeneration, while ECs mainly exerts immune function and causes
tissues inflammation. In addition, the canonical gene markers of EC and FC
assist with the prediction of OA, which has been verified in Bulk RNA sequencing
data from two GEO datasets.

Conclusion: In summary, this study provides a new perspective for the
exploration of cellular heterogeneity and pathophysiology in OA and will
make contribution to the accurate diagnosis and targeted treatment of OA.

KEYWORDS

single-cell RNA sequencing (scRNA-seq), osteoarthritis, heterogeneity,
immunogenicity, bulk RNA sequencing

frontiersin.org
52


https://www.frontiersin.org/articles/10.3389/fphar.2022.1004766/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1004766/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1004766/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1004766/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1004766/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1004766/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2022.1004766&domain=pdf&date_stamp=2022-09-29
mailto:junlusuper@163.com
https://doi.org/10.3389/fphar.2022.1004766
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2022.1004766

Hu et al.

Introduction

Osteoarthritis (OA) is one of the most prevalent chronic joint
diseases and a leading cause of progressive joint dysfunction
(Edwards et al., 2015). On a global scale, OA has placed a heavy
burden to the economy and humanistics and is expected to
become the major cause of disability in patients aged over
40 years by 2040 (Thomas et al., 2014; Xie et al,, 2016). The
primary feature of OA is the impairment of articular cartilage
homeostasis, which is followed by cartilage degradation and
synovitis (Goldring and Otero, 2011; Jin et al., 2015; Wang
and Chen, 2016). The articular cartilage is a physiologically
of
chondrocytes (Jiang and Tuan, 2015). Current evidence

non-self-renewing  seavascular  tissue  composed
strongly supports that chondrocytes are involved in the
pathology of OA owing to its specific phenotypes (Jiang and
Tuan, 2015). However, there remains no chondrocytes-targeting
prediction and treatment strategies for OA by now. In this
context, it is essential to research the role of chondrocytes in
immunoregulation and their pathophysiological changes during
the progression of OA. Most of the existing studies were
concentrating on the repair of cartilage tissues through stem
cell transplantation (Johnson et al, 2012; Trounson and
McDonald, 2015). Nevertheless, the results are limited due to
the largely unknown information including the detailed subtypes
of chondrocytes and their effects on OA, and the lack of
biomarkers available to predict OA progression.

Chondrocytes are derived from the differentiation of condensed
mesenchymal stem cells (MSCs) and then form articular cartilage,
whose fibrocartilage matrix is composed of proteoglycan and
collagen that are produced by chondrocytes (Chaly et al., 2015;
Baboolal et al, 2016). In previous research, chondrocytes were
subclassified by their developmental origin, site, morphology and
molecular function according to experience. The first three subtypes
proliferative  chondrocytes  (ProCs),  prehypertrophic
chondrocytes (preHTCs) and hypertrophic chondrocytes (HTCs)
(St-Jacques et al., 1999; Saito et al., 2010; Prein et al., 2016). ProCs are
cells located to the proliferative zone; preHTCs can induce cell

are

differentiation toward hypertrophy; and HTCs are capable of
regulating the mineralization of cartilage matrix. Recently, two
new subtypes of chondrocytes have been identified: senescent
cells (SNCs) and cartilage progenitor cells (CPCs) (Koelling et al.,
2009; Jiang and Tuan, 2015; Worthley et al., 2015; Childs et al., 2017;
Jeon et al, 2017). SNCs feature senescence-associated secretory
phenotype (SASP), which is beneficial for the development of
OA (Jeon et al, 2017); CPCs express stem cell surface markers
and can differentiate along multiple lineages, with the self-renewal
capacity to maintain the repair of cartilage tissues (Koelling et al.,
2009; Jiang and Tuan, 2015). While in most cases, such experience-
based classification is not accurate, and there are limited markers
which are available to recognize and differentiate these subtypes. As
a consequence, it is difficult to carry out relevant studies. By the
march of high-throughput tissue

sequencing  technique,
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heterogeneity has been studied at the molecular level and the
sub-classification of chondrocytes in Human OA holds
enormous promise for research.

The traditional Bulk RNA-sequencing technique determines
the average expression of a gene in each cell at the tissue level,
which fails to help study the cartilage tissue heterogeneity at the
cellular level. The emergence of single-cell RNA sequencing
(scRNA-seq) technique has compensated for the deficiency as
it can provide transcriptome data of single cells. Ji et al. (2019)
preliminarily made a profile showing the heterogeneity of
chondrocytes in OA based on the scRNA-seq technique.
Based on their research, we identified the sutypes of
chondrocytes involved in OA progression and explored their
immunogenicity via further bioinformatics analysis. In the
meantime, we integrated the scRNA-seq data and the Bulk
RNA-seq data from GEO to validate the performance of
different cell subtypes and gene markers in diagnosis of OA.
Findings of our study further reveal the biological properties of
chondrocytes in OA and provide new ideas for the precision
diagnosis and targeted therapy of OA.

Materials and methods
Data source

scRNA-seq matrix was obtained from the GSE104782 dataset
uploaded by Ji et al. (2019) and the detailed information could be
found in their study. Patient information was obtained from their
Supplementary Material, including 1,600 chondrocytes samples
from 10 OA patients. Severity score of each cell was calculated as
described in their study (a lower severity score indicates a higher
degree of disease severity).

Bulk RNA-seq data from two GEO datasets, GSE51588
(Chou et al., 2013) (GPL13497; OA, n = 40; Normal, n = 10)
and GSE114007 (Fisch et al., 2018) (GPL18573; OA, n = 18;
Normal, n = 18), were downloaded as validation data.

Quality control, clustering analysis and
sub-classification

The scRNA-seq data were processed for quality control,
clustering and identification of marker genes using the R
package Seurat (Version 3.0.1) (Butler et al, 2018). The
PercentageFeatureSet  function was wused to examine
mitochondrial genes, and cells with mitochondrial gene >5%
and gene number >5,000 or <500 were excluded. Normalization
was fulfilled using the NormalizeData and ScaleData functions of
Seurat. PCA was performed to identify the main cell clusters with
the appropriate PC number using the FindClusters function,
which were visualized by 2D UMAP. Eventually, 1,343 cells were

included for further analysis.
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The FindAllMarkers function was applied to identify marker
genes of each cell cluster with the “biomed” (Likelihood-ratio
test), following logFC >0.25 and expression >25%. Chondrocyte
type was identified according to the markers described by Ji et al.
(2019) GO analysis (Chen et al., 2009) was performed using the
ToppGene, and the GO terms with p < 0.05 were displayed. DO
analysis (Yu et al, 2012) was conducted using the package
“Clusterprofiler” with the significance threshold set as p <
0.05. Single-cell trajectory analysis was performed using the
package “monocle” in marker genes (Trapnell et al, 2014)
and the results were visualized in a 2D diagram.

Copy number variation estimation

R package “inferCNV” was applied to estimate the copy
number variation (CNV) of each cell type (Patel et al,, 2014). We
used all cell types as the reference background and set “denoised”.
Finally, we use a threshold of 0.1 to detect CN'V. For more details,
please refer to the original article (Patel et al., 2014).

Cell-cell communication analysis

Python package “CellphoneDB” (Vento-Tormo et al., 2018)
was used to recognize the ligand-receptor interactions between
cell clusters with a value of p < 0.01 set at significance. R package
“Cellchat” was applied to infer the biological pathways involved
in the cell-cell interactions (Jin et al., 2021).

Functional enrichment analysis

ssGSEA was used to estimate the immune pathway activity of
chondrocytes, with the background gene set obtained from the
previous literature (Liang et al., 2020).

GSVA and GSEA were performed using the KEGG gene set
downloaded from the MSigDB database (http://www.gsea-
msigdb.org/gsea/msigdb/). The differential gene sets between
cell clusters were explored using the R package “GSVA” with
the default parameters.

GSEA was performed to analyze the enrichment of the gene
sets with a value of p < 0.05 for cut-off.

Bulk RNA-seq data validation

ssGSEA was performed to estimate the abundance of
chondrocytes in the two independent datasets with Bulk RNA-
seq data based on corresponding gene markers. PCA was
conducted to evaluate the ability of cell clusters to differentiate
OA tissues from normal tissues. ROC curve was generated to
explore the diagnostic performance of the gene markers.
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TF-mRNA-miRNA regulatory network
establishment

Upstream TF and miRNA of gene markers were predicted
through the Enrichr (https://maayanlab.cloud/Enrichr/) database
(p < 0.05). mRNA-TF pairs were predicted via TRANSFAC and
JASPAR algorithms (Kuleshov et al, 2016), and miRNA-mRNA
pairs were predicted through the mirTarBase of Enrichr. Following
a TF-mRNA-miRNA regulatory network was
established and visualized by Cytoscape. Python package “scenic”

intersection,

was used to identify specific TF of each cell cluster to validate the
network. We generated transcription factor activities using default
parameters and identified possible TF by a threshold of 10.

Statistical analysis

Between-group comparison was performed using the Wilcoxon
test. Correlation analysis was completed with the Spearman method
and the result was displayed in a network. Without special
statement, p < 0.05 was considered as statistically significant.

Results

scRNA-seq profile of chondrocytes in
human osteoarthritis

scRNA-seq was performed in the GSE104782 dataset.
Following quality control for the transcriptome data of the
total 1,600 (500<=gene number<=5,000),
1,343 chondrocytes were obtained for further analysis
S1A).
approximation and projection (UMAP) was used to cluster

chondrocytes

(Supplementary  Figure Uniform  manifold
the 1,343 chondrocytes into 8 clusters of known cell lineages,
with 10 set as the appropriate number of principal components
(PCs). According to the canonical gene markers, the 8 cell
clusters were annotated as: cartilage progenitor cells (CPCs),

effector chondrocytes (ECs), fibrocartilage chondrocytes (FCs),

homeostatic chondrocytes (HomCs), hypertrophic
chondrocytes  (HTCs),  prehypertrophic  chondrocytes
(preHTCs), proliferative  chondrocytes  (ProCs) and
regulatory  chondrocytes  (RegCs)  (Figures 1A,B,

Supplementary Table S1). Further functional annotation for
the gene markers revealed that ECs were actively secreted and
associated with cell activation and lymphocyte activation
$2);  FCs
angiogenesis and blood vessel development (Figure 1C) and
highly expressed fibroblast markers COL1A1 and COL14A1
(Figure 1B). Additionally, canonical gene markers of the

(Supplementary  Table were involved in

8 clusters were processed for Disease Ontology (DO)
analysis, and most of them were in relation to bone diseases
and inflammation (Supplementary Figure S2; Supplementary
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cell cluster (Z-score normalized) and the representative GO terms (right); (D) Differentiation trajectory of each cell cluster (distinguished by color) in
OA tissue; (E) The Box plots showing the Severity score of the 8 cell clusters (upper) and the Heatmap showing the difference represented by p
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Table S3). Moreover, the pseudotime analysis as implemented
by R package “monocle” revealed that FCs, HTCs and preHTCs
were mainly located at the start point of the trajectory, while
ProCs were majorly present at the end point. RegCs and ECs
were distributed along the trajectory (Figure 1D). The results
indicated that the 8 cell clusters were functionally different. FCs
may participate in the initial fiber degeneration, while RegCs
and ECs may play a regulatory role during the whole process of
arthritis. Further analysis into the clinical significance of the
8 cell clusters was conducted with the Hospital for Special
Surgery (HSS) scoring system and OA grading, the results of
which demonstrated that ECs and FCs were associated with a
higher disease severity than other cell clusters, suggesting
their potential role in promoting progression of OA
(Figure 1E). Therefore, we focused on ECs and FCs in
subsequent analysis.
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Copy number variation in each cell cluster

CNV was analyzed in individual cell clusters using the
package “inferCNV” and was found much more prevalent in
ECs than in FCs (Figure 2).

Effector chondrocytes and fibrocartilage
chondrocytes exhibit strong
immunogenicity

Single sample GSEA (GSEA) algorithm was adopted to assess
immune activity in each cell clusters, and the enrichment of
13 immune-related pathways was displayed in a Heatmap
(Figure 3A). It was found that ECs and FCs, especially ECs,
had higher enrichment scores of the HLA and MHC
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class1 pathways than other cell clusters, demonstrating that ECs
and FCs possessed stronger immunogenicity (Figures 3B,C).
Moreover, the expression of MHC genes was examined. The
result revealed that CD74, CD80, CD86, HLA-DPA1 and HLA-
DRA exhibited high expression in a small number of ECs and
FCs (Figure 3D). These findings indicated that ECs and FCs may
have some functions as immune cells during the progression
of OA.

Interactions of effector chondrocytes and
fibrocartilage chondrocytes with other
cell clusters

Ligand-receptor interactions among the 8 cell clusters were
CellPhoneDB.
communications were demonstrated among the 8 cell clusters

explored using the Extensive  cell-cell
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(Figure 4A) and the detailed ligand-receptor interactions were
revealed in Supplementary Table S4. We noted that ProCs had
the most extensive interactions with other cell groups, followed
by ECs (Figure 4B). Further analysis found that ECs and FCs
highly expressed HLA-C and communicated with other cell
groups via receptor FAM3C (Figure 4C). The result implied
that ECs and FCs exhibited much stronger immunogenicity than

other cell groups and they were involved in the
immunoregulation. Notably, ECs also highly expressed
CD55 and chemokine CCL3 while less TNF, and

corresponding receptors were widely present in each cell
groups. Therefore, ECs may play a more vital role in the
immunoregulation. addition, FCs mainly expressed
COL1A1, COL6A3, FGF1 and FGF2 and communicated with
other cell types via corresponding receptors, suggesting their role
in fibrillogenesis and protein secretion (Figure 4C). This is in

In

agreement with our previous finding. Subsequently, the specific
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expression of marker genes.

pathways involved in the cell-cell communications were explored
(Figure 4D). It was found that ECs communicated with preHTCs
and FCs mainly via the CCL signaling pathway (Figure 4E).
Additionally, ECs could also communicate with CPCs, HTCs and
ProCs through the CXCL signaling pathway (Figure 4F). FCs
communicated with HTCs predominantly through the EGF
signaling pathway (Figure 4G) and with ProCs, RegCs and
ECs via the VEGF signaling pathway (Figure 4H). In all, the
results collectively indicated that ECs mainly play an
immunoregulatory role in the cartilage microenvironment
while FCs are the main participants in fibrillogenesis.
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Fibrocartilage chondrocytes have
stronger immunogenicity and effector
chondrocytes have higher metabolic
activity

In the context of the difference in immunocompetence
between FCs and ECs, the functional difference between the
two cell groups was further investigated via GSVA and KEGG
analyses. The enriched KEGG pathways of the two cell groups
were displayed in the Heatmap (Figure 5A). It was found that
ECs had higher activity in regulating chemokine signal
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Cell-cell interactions. (A) The network showing the overall interactions between the 8 cell clusters (the thickness of the lines represents the
number of receptor-ligand pairs); (B) The Scatter plot showing the number of interactions between the 8 cell clusters (the X-axis represents the
number of outgoing interactions and the Y-axis represents the number of incoming interactions); (C) The point diagram showing the specific
receptor-ligand interactions between ECs/FCs and other cell clusters (p value is represented by the circle size, and the mean expression of
genes in ECs and FCs are represented by color); (D) The Heatmap showing the activity of signaling pathways involved in the interactions between the
8 cell clusters (left, outgoing signals; right, incoming signals); (E) ECs communicate with preHTCs and FCs through the CCL signaling pathway; (F)
ECs communicate with CPCs, HTCs, HomCs and ProCs through the CXCL signaling pathway; (G) FCs communicate with HTCs through the EGF
signaling pathway; (H) FCs communicate with ProCs through the VEGF signaling pathway.

transduction, Toll-like receptor and other signaling pathways,
while FCs exhibited stronger metabolic activity involved in
amino acid, ribose and glucose metabolisms (Figure 5B).
GSEA revealed enhanced activity of Toll-like receptor, JAK/
STAT and chemokine signaling pathways in ECs (Figure 5C)
while augumented amino acid, ribose and glucose metabolisms in
FCs, together with active glycolysis and gluconeogenesis
(Figure 5D). The detailed results in

were shown
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Supplementary Table S5. The above results illustrated that
ECs have stronger immunogenicity than FCs and they
participate in immunoregulation via regulating multiple
signaling pathways. In the meantime, FCs show stronger
catabolic function and have higher levels of amino acid
metabolism and protein transportation involved in glycolysis
and gluconeogenesis. All these findings are consistent with the
previous report.
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Canonical gene markers of effector
chondrocytes and fibrocartilage
chondrocytes are predictors for the
severity of Osteoarthritis

We had proved that ECs and FCs actively participated in
the development of OA. Then, the clinical significance of
their canonical gene markers (ECs: CHRDL2, DSC2; FCs:
COL1A1, COL14A1, IF127, THY1) was explored. PCA was
firstly performed to confirm the strong correlation of ECs and
FCs with their canonical gene markers. The results showed
that the 8 cell clusters were distributed along PCl
(Figure 6A), and consistently, expression of the canonical
gene markers of ECs and FCs also changed along PCl
(Figure 6B).
expressing the canonical markers, samples were sub-
the high-
according to the median expression of marker genes. We

Following exclusion of the samples not

classified into and low-expression groups
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found that samples expressing more marker genes had a
higher degree of disease severity (Figure 6C), suggesting
that these marker genes of ECs and FCs may accurately
predict the disease status of OA.

Bulk RNA-seq analysis

Bulk RNA-seq data from two independent datasets,
GSE51588 and GSE114007, were used to validate the role
of ECs and FCs in OA development. ssGSEA algorithm was
firstly applied to estimate the enrichment score of each cell
cluster in samples based on the gene markers (Figures 7A,E).
Then, correlation analysis was conducted and showed that
FCs were positively associated with CPCs and preHTCs,
while ECs showed weak correlations with other cell
clusters (Figures 7B,F). It is noteworthy that FCs were
significantly associated with most cell groups in both
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Clinical significance of marker genes of ECs and FCs. (A) PCA plots showing the distribution of the 8 cell clusters based on their marker genes;
(B) Expression pattern of canonical marker genes along PC1; (C) The box plots showing the association between the Severity score and expression of

gene markers (red for high expression and blue for low expression).

GSE51588 and GSE114007, suggesting that FCs more actively
communicate with other cells than ECs. Moreover, PCA
demonstrated that the enrichment score of each cell
cluster could well differentiate OA samples from healthy
samples (Figures 7C,G). ECs and FCs had remarkably
increased OA than
healthy samples (Figures 7D,H). All these results showed
that the ECs and FCs may promote the development of OA

enrichment scores in samples

and could be used as predictors for OA disease severity with
high accuracy.
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Validation of the diagnostic performance
of gene markers of effector chondrocytes
and fibrocartilage chondrocytes in
osteoarthritis

The diagnostic performance of the gene markers of ECs and FCs
(CHRDL2, DSC2, COL1A1, COL14Al, IFI27, THY1) in OA was
further analyzed in the GSE51588 and GSE114007. Significantly up-
regulated expression of the gene markers was found in OA samples
(Figures 8A,C). In addition, ROC curves showed that all the 6 gene
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Chondrocytes profile in Bulk-seq data. (A) The Heatmap showing the relative abundance of the 8 cell clusters between OA and normal tissues in

the GSE51588 dataset; (B) The network showing the significant associations between the 8 cell clusters in the GSE51588 dataset (the dot size

represents the total enrichment score of chondrocytes and the clusters are distinguished by color; (C) PCA plot of chondrocytes based on

enrichment scores in the GSE51588 dataset; (D) The box plots showing the relative abundance of the 8 cell clusters in OA and normal tissues in

the GSE51588 dataset (*p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant); (E) The Heatmap showing the relative abundance of the 8 cell clusters

between OA and normal tissues in the GSE114007 dataset; (F) The network showing the significant associations between the 8 cell clusters in the
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FIGURE 7 (Continued)

GSE114007 dataset (the dot size represents the total enrichment score of chondrocytes and the clusters are distinguished by color; (G) PCA plot

of chondrocytes based on enrichment scores in the GSE114007 dataset; (H) The box plots showing the relative abundance of the 8 cell clusters in OA
and normal tissues in the GSE114007 dataset (*p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant).

markers could well predict OA in the GSE51588 and GSE114007 (all THY1) was constructed to reveal the underlying mechanism by
AUC>0.6) (Figures 8B,D). which the gene markers regulate OA progression. Upstream miRNA
and TF of the gene markers were searched from the Enrichr

database. Combining the miRNA-mRNA and TF-mRNA pairs, a

Tra nscription factor (FC) -mRNA-miRNA TF-mRNA-miRNA regulatory network was correspondingly
regulatory network established, including 4 TFs, 87 miRNAs and 6 mRNAs
(Figure 9A). Most of the gene markers were found to be

A TF-mRNA-miRNA regulatory network of the gene markers regulated by both IRF8 and TFAP2A. Subsequently, TFs specific

of ECs and FCs (CHRDL2, DSC2, COL1A1, COL14Al, IFI27, to ECs and FCs were inferred using the Scenic. IRF8 was specific to
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Diagnostic performance of canonical gene markers. (A) The box plots showing the expression difference between OA and normal tissues in
expression of canonical gene markers in the GSE51888 dataset (*p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant); (B) ROC curve of the gene
markers in the GSE51888 dataset; (C) The box plots showing the expression difference between OA and normal tissues in expression of canonical
gene markers in the GSE114007 dataset (*p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant); (D) ROC curve of the gene markers in the
GSE114007 dataset.
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(C) NFY8, (TFAP2A), and (ZFX) regulon activity).
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ECs and had higher transcriptional activity in ECs and FCs than in
other cell clusters (Figure 9B). We also found that NFYB, TEAP2A
and ZFX were specific to FCs and also exhibited stronger
transcriptional activity in FCs than ECs (Figures 9C-E). Notably,
TFAP2A had high transcriptional activity in almost all cell clusters
(Figure 9D), suggesting its potential role in OA development.

Conclusion

This study identified two subtypes of chondrocytes that advance
the progression of OA, including ECs and FCs, with the former
mainly responsible for cartilage degradation via affecting fiber
degeneration while the latter for tissue inflammation via
functions as immune cells. This finding provides new insight into
the cellular heterogeneity and pathophysiology of OA. Moreover,
their canonical gene markers, including CHRDL2, DSC2, COL1Al,
COL14Al, IFI27, and THY1, can help for early diagnosis and
precision treatment of OA.

Discussion

OA is the most common age-associated chronic degenerative
disease of articular cartilage and regarded as the leading cause of
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disability (Abusarah et al., 2017). Currently, arthroplasty is used as
an effective approach to treat symptomatic end-stage OA, but it is
limited in clinical application due to the dissatisfied outcome, limited
longevity of prosthesis, and high economic burden (Glyn-Jones
et al, 2015). Under the background of aging population and
increasing economic burden, more attention has been paid to the
early detection and treatment of OA (Schnitzer et al,, 2015; Pan et al.,
2016). The emergence of biomarkers helps for diagnosis of OA and
formulation of new treatment strategies. However, markers specific
to chondrocytes are limited given the heterogeneity of chondrocytes,
which prompts us to identify the role of chondrocytes in
pathogenesis of OA. In the present study, we used scRNA-seq
technique to study the heterogeneity of chondrocytes in OA and
revealed their immunogenicity and interactions among different cell
types. In addition, we identified new biomarkers available to predict
OA and validated their performance using the Bulk RNA-seq
technique. Our findings are conducive to further studying the
heterogeneity and biological functions of chondrocytes in OA
and provide new targets for early diagnosis and treatment of OA.

Due to the highly complicated heterogeneity of chondrocytes
in OA, we focused on the subtypes of chondrocytes that potentiate
OA development. We found that ECs and FCs had a significant
effect in promoting OA development. Functional analysis revealed
that ECs exhibited stronger immunocompetence and secretion
activity, while FCs had higher property of fibroblasts. All these
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results suggested that ECs may participate in the activation of
immune cells and the synthesis of proteoglycan during OA
progression, and FCs may be involved in fiber degeneration.
Research found that CNV was abundant in MHC and TCR
genes, which potentiated the ability of the immune system to
recognize genetic variants, indicating that CNV might be an
important mechanism that boosts immune diversity (Bailey
et al, 2002; Nguyen et al.,, 2006; Olsson and Holmdahl, 2012).
Similarly, our study found that ECs had a higher prevalence of
CNV than FCs, suggesting their higher immune diversity and
stronger chromosomal heterogeneity.

In general cases, OA is considered non-inflammatory but can
manifest inflammatory phenotypes. Increasing studies has also noted
that chronic low-grade inflammation can result in symptoms and
disease progression (Sokolove and Lepus, 2013; Rhoads et al., 2017).
Our study revealed that ECs and FCs had the highest activity of MHC
and HLA pathways than other cell groups and highly expressed
MHC genes. In the meantime, ECs and FCs actively communicated
with other cell groups. These results demonstrated that FCs and ECs
had stronger immunogenicity as compared to other cell types (Blais
et al, 2011; Calis et al., 2013; Rossjohn et al., 2015). Interestingly, we
found that ECs communicated with other cells mainly via CD55,
which indicated that ECs potentiated OA development mainly
through regulating the complement system of innate immunity
(Hamann et al, 1999; Manferdini et al,, 2016). Additionally, ECs
had higher levels of CCL3 and TNF, showing their active
participation in antigen-presentation and chemokine signaling
pathway (Kalliolias and Ivashkiv, 2016; Jordan et al, 2018).
Moreover, further analysis showed that ECs communicated with
other cell types mainly via CCL and CXCL, which also indicated that
ECs mediated the inflammation and immune cell recruitment in OA
(Raghu et al., 2017; Ding et al,, 2020). Furthermore, ECs exhibited
stronger activity in regulating multiple signaling pathways including
Toll-like receptor, JAK/STAT and chemokine signaling pathways. All
these results implied that ECs are more potent in immunoregulation
and advance inflammation and disease progression in OA, consistent
with the previous report (Ji et al., 2019).

It is a fact that metabolic activities, including catabolism and
anabolism, are essential to maintain the optimal cartilage function
and promote cartilage tissue self-repair (Zhang et al., 2015). During
the development of OA, glycolysis gradually becomes the main
approach of metabolism, causing damages to the normal anabolic
process of extracellular matrix (ECM) (Suurmond et al., 2015; Zhang
etal, 2015; Hui et al,, 2016). In the present study, FCs, compared to
ECs, exhibited stronger metabolic activity in amino acid, ribose and
glucose metabolisms and had active glycolysis and gluconeogenesis.
In the meantime, they were found to actively communicate with
other chondrocytes via the FGF family members, COL1Al and
COL6A3, showing a strong capability to secret fibers and their
participation in cartilage tissue repair (Katoh, 2016; Xie et al., 2020).
Moreover, the role of FCs in regulating fibrillogenesis was also
proved by the participation of EGF and VEGF pathways in their
interactions with other cell types (Schultz et al, 1991; Apte et al,
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2019). It has been established that active glycolysis and
of

proteoglycan, which then impedes the self-repair of cartilage tissue.

gluconeogenesis may result in  synthesis abnormal

Collectively, our study demonstrated that ECs and FCs are
important players during the progression of OA. More specifically,
FCs mainly affect fiber degeneration and cartilage tissue repair to
induce cartilage degradation, while ECs mainly play a role as
immune cells via regulating inflammation and multiple signaling
pathways, leading to joint tissue inflammation. In further steps, we
also used Bulk RNA-seq data to validate the performance of ECs
and FCs in predicting OA severity as well as the performance of
their gene markers including CHRDL2, DSC2, COLI1AL,
COLI14A1, TFI27, and THY1, which showed high expression in
OA samples. Since the gene markers studied here are specific to
OA, they can be used as flow cytometry markers with higher
effectiveness than traditional markers and thus are highly valuable
in early diagnosis and precision treatment of OA.

One of the limitations is the retrospective design of the study,
and the sub-classification of chondrocytes requires further validation
through in vivo and ex vivo experiments. In addition, the biological
functions of ECs and FCs deserve further exploration. Furthermore,
a larger-scale clinical cohort study is also on demand to investigate
the performance of ECs, FCs and their canonical gene markers in

early diagnosis of OA.
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Jiaotong University, Xi‘an, China, 2Shaanxi University of Chinese Medicine, Xian yang, China, *National
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Since the outbreak of Coronavirus disease (COVID-19) in 2019, it has spread
rapidly across the globe. Sleep disorders caused by COVID-19 have become a
major concern for COVID-19 patients and recovered patients. So far, there’'s no
effective therapy on this. Traditional Chinese therapy (TCT) has a great effect on
sleep disorders, with rare side effects and no obvious withdrawal symptoms.
The cholinergic anti-inflammatory pathway, a neuroregulatory pathway in the
central nervous system that uses cholinergic neurons and neurotransmitters to
suppress inflammatory responses, has been reported to be associated with
sleep disorders and psychiatric symptoms. Many studies have shown that TCT
activates the cholinergic anti-inflammatory pathway (CAP), inhibits
inflammation, and relieves associated symptoms. Therefore, we believe that
TCT may be a potential therapeutic strategy to alleviate sleep disorders induced
by COVID-19 through CAP. In this review, we analyzed the relationship between
cytokine storm induced by Coronavirus and sleep disorders, explained the
influence of CAP on sleep disorders, discussed the TCT's effect on CAP, and
summarized the treatment effect of TCT on sleep disorders. Based on these
practical researches and theoretical basis, we propose potential strategies to
effectively improve the sleep disorders caused by COVID-19.

Abbreviations: ACh, acetylcholine; ARDS, acute respiratory distress syndrome; AD: Alzheimer's
disease; a7/nAChR, a 7 nicotinic acetylcholine receptor; CAP, cholinergic anti-inflammatory
pathway; COVID-19, coronavirus disease 2019; CRP, C-reactive protein; EA, electroacupuncture;
EAED, ethyl acetate extract of dandelion; ICU, intensive care unit; IL, interleukin; LPS,
lipopolysaccharide; NHD, hypnotic decoction; NREM, non-rapid eye movements; PCPA, para-
chlorophenylalanine; PPT, pedunculopontine tegmental; PSQI, pittsburgh sleep quality index;
PTSD, post-traumatic stress disorder; SARS, severe acute respiratory syndrome; taVNS,
transcutaneous auricular vagal nerve stimulation; TCT, traditional Chinese therapy; TMPRSS2,
recombinant transmembrane protease, serine 2; TNF, tumor necrosis factor
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1 Introduction

An outbreak of pneumonia was caused by a novel
coronavirus in Wuhan, Hubei Province province, China, at
the end of 2019. Since then, the novel coronavirus has spread
rapidly to different countries and regions and has evolved into
a major international public health emergency. Clinically, the
symptoms of the Coronavirus disease (COVID-19) in
2019 range from asymptomatic to mild symptoms such as
fever, fatigue, and cough to severe acute respiratory distress
syndrome (ARDS) (Chen et al.,, 2020; Kwenandar et al., 2020
Zhou et al.,, 2021). In addition, the COVID-19 pandemic has
led to an epidemic of mental illnesses, such as insomnia,
depression and anxiety, and symptoms of post-traumatic
stress (Guo et al, 2020; Akinci and Melek Basar, 2021;
Huang et al, 2021). Recently, a systematic review of
10 studies using the Pittsburgh Sleep Quality Index (PSQI)
questionnaire to assess sleep quality found that about a
quarter of COVID-19 survivors was diagnosed with sleep
disorders (Cheng et al, 2021a). Sleep disorders were the
most common neuropsychiatric symptoms in patients
14-182 days after recovery from COVID-19 (Ding and Yao,
2020). The severity of COVID-19 was closely related to the
intensity of the virus and the body’s inflammatory responses
(Mehta et 2020).
inflammatory response, known as namely, the “cytokine

al., In severe cases, an excessive
storm,” occurs due to the release of high levels of
proinflammatory cytokines and chemokines produced by
inflammatory cells. Cytokine storms can lead to multiple
organ failures and even death (Channappanavar and
Perlman, 2017). While many drugs are effective in relieving
symptoms associated with COVID-19 (Polack et al., 2020;
Doroftei et al., 2021), there have been relatively rare evidence-
based assessments and interventions for mental health
disorders (Lai et al., 2020).

Traditional Chinese therapy has been used in epidemic
treatment for thousands of years. From smallpox and ancient
plagues to avian influenza, Middle East Respiratory Syndrome
(MERS), and Severe Acute Respiratory Syndrome (SARS),
Chinese have extensive experience in treating infections
with Traditional Chinese therapy (TCT) (Chen and
Nakamura, 2004; Hsu et al., 2006; Lin et al., 2017).
Traditional Chinese therapy includes acupuncture, massage,
Chinese herbal medicine, ear acupuncture, moxibustion and
so on. The common treatment options of TCT including
acupuncture, Chinese herbal medicine and taVNS have
been summarized in this paper to reveal the most
promising three treatment methods. Acupuncture, Chinese

herbal medicine, and transcutaneous auricular vagal nerve
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(taTNS)
complementary treatments for sleep disorders, and with
great effect (Lu et al,, 2022; Luan et al, 2022). As a result,
TCT has the potential to treat sleep disorders and psychiatric
symptoms caused by COVID-19.

The cholinergic anti-inflammatory pathway (CAP)

stimulation have also been explored as

represents a neurological mechanism that suppresses
inflammatory responses and was first discovered by
Tracey KJ in 2000. They found that parasympathetic
nervous system activity affects circulating tumor necrosis
factor (TNF) concentrations and shock response to
endotoxemia, a so-called “cholinergic anti-inflammatory
pathway” (Qin et al., 2017). Activation of CAP is also
considered a therapeutic strategy for respiratory diseases
(Lv et al,, 2022) and has the potential to be a promising
therapeutic intervention for COVID-19 infection. The active
ingredient in Chinese herbal medicine has been reported to
inhibit proinflammatory cytokines and prevent cytokine
storms (Dai et al., 2021; Yang et al., 2022). In addition,
The World Health Organization (WHO) recommends
acupuncture for 16 inflammatory diseases, and some
clinical practice guidelines recommend acupuncture for
multiple inflammatory diseases (Yang et al., 2016a; Wang
2018a). TaVNS,

acupuncture, stimulate the auricle branch of the vagus

et al., derived from Chinese ear
nerve to activate CAP, which helps reduce inflammation.
Several clinical and laboratory studies have also found that
taVNS significantly improve and relieve inflammatory
2020; Go 2022a).

a high potential treating

reactions (Baptista et al., et al.,
TCT has

inflammatory response symptoms caused by the novel

Therefore, for
coronavirus. In this review, we aim to analyze and
summarize if TCT will be a promising strategy for the
treatment of treating sleep disorders caused by COVID-19.

2 Methodology

The keywords “sleep disorders” was searched in PubMed
and web of science from 1986 to 2022. A secondary search was
conducted by screening the list of articles that met the
The COVID-19,
cholinergic  anti-inflammatory  pathway, acupuncture,
taVNS and Chinese herbal medicine. The obtained articles
were screened, and irrelevant title or abstract was excluded.

inclusion criteria. keywords  were

Finally, we organized the tables, drew the figures and wrote the
text to summarize the traditional Chinese therapy in treating
sleep disorders caused by COVID-19 through the cholinergic
anti-inflammatory pathway.
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TABLE 1 Summary of the different neurological symptoms induced by the COVID-19.

Authors Country Sample
and publication year size
Jing Guo, 2020 (Guo et al., 2020) China 2993
Chaolin Huang, 2020 (Huang et al.,, 2021)  China 1733
Tuba Akinci, 2020 (Akinci and Melek Beylikduzu 189
Basar, 2021)
Zijun Xu, 2021 (Xu et al., 2021) China 1456
Philip Cheng, 2021 (Cheng et al., 2021b) America 208
Wenning Fu, 2020 (Fu et al., 2020) China 1242
Xiushi Ding, 2020 (Ding and Yao, 2020) China 150
Kai Liu, 2020 (Liu et al., 2020a) China 51
Luisa Weiner, 2020 (Weiner et al., 2020) China 120
Greg ] Elder, 2020 (Elder et al., 2020) England 60
Ligia Passos, 2020 (Passos et al., 2020) Portugal and 550
Brazil
Lorenzo Tarsitani, 2021 (Tarsitani et al., Italian 115
2021)
David T Arnold, 2021 (Arnold et al, 2021)  England 110

COVID-19, coronavirus disease 2019.

3 The relationship between cytokines
storm and sleep disorders caused by
COVID-19

storm is immune

Cytokines
overreaction to infection. As the novel coronavirus enters the

essentially an system
lungs, its S-protein specifically recognizes the host angiotensin-
converting enzyme 2 receptor in alveolar epithelial type II cells.
Upon binding, the host serine protease TMPRSS2 breaks down
the S protein, allowing the virus to fuse with the cell membrane,
and then the novel coronavirus enters the host cell (Wan et al.,
2020). The host activates an immune response to clear the virus.
In the early stages, virus infection causes the absorption and
activation of various inflammatory cells in the lungs, releasing
large amounts of cytokines and inflammatory chemokines. The
TNF-a and IL-1f and other early active cytokines are rapidly
secreted and peak within a few hours. Subsequently, anti-
cytokines regulate  the
inflammatory response, allowing the body to eliminate
harmful
However, when the pro-inflammatory balance is disrupted,

inflammatory are secreted to

stimuli while maintaining cellular homeostasis.

early reactive cytokines can further trigger the activation and
release of a range of cytokines such as IL-2, IL-6, IL-8, IL-12, and
inflammatory chemokines, leading to “cascading” effects and the
uncontrolled inflammatory responses (Mehta et al.,, 2020). A
retrospective multicenter study involving 150 COVID-19
that “cytokines
syndrome” may be associated with COVID-19 mortality
(Koralnik and Tyler, 2020). Meanwhile, elevated levels of

patients  suggests virus-activated storm

Frontiers in Pharmacology

Follow-up Experienced
time neurological symptoms
NA Insomnia, depression, post-Traumatic stress symptoms, mental
Health Problems
6 months Sleep difficulties, anxiety and depression
NA Insomnia, anxiety and depression
2 months Post-traumatic stress disorder, sleep disorders, anxiety and
depressive symptoms
1 year Anxiety and depressive symptoms
NA Stress disorder, sleep disorders
2 months Anxiety, depressive symptoms
5 days Anxiety and sleep disorders
6 months Sleep disorders and depressive symptoms
8 months Anxiety, sleep disorders, and depressive symptoms
NA Anxiety and depressive symptoms
3 months Post-traumatic stress disorder
4 weeks Insomnia
serum IL-2, TNF-a, IL-7, granulocyte colony-stimulating
factor, and interferon-gamma-induced protein 10 were

69

correlated with the severity of COVID-19 (Mehta et al., 2020).
Plasma levels of IL-2, IL-7, TNF-a, and other pro-inflammatory
cytokines were elevated in COVID-19 patients, and levels of
various inflammatory cytokines were higher in (ICU) patients
than in non-ICU patients (Huang et al., 2020). Clinical studies
have found that severe COVID-19 patients often experience this
cytokine storm. Not only can it lead to acute lung injury, but it
can also progress to multiple organs, including the central
nervous system and peripheral nervous system organs
(Gimeno et al., 2009; Koralnik and Tyler, 2020). Table 1
summarized the different neurological symptoms induced by
COVID-19. COVID-19 patients experienced many different
neurological symptoms during their illness, such as headaches,
post-traumatic stress disorder (PTSD), sleep disorders, and
depressive symptoms (Arnold et al., 2021; Xu et al, 2021). A
previous study found that blocking the biological effects of the
cytokines IL-1 and TNF can reduce the amount of non-REM
sleep or NREM sleep rebound after sleep deprivation. On the
other hand, increasing the supply of these cytokines promoted
and inhibits NREM sleep volume and intensity. These findings
suggested that both IL-1 and TNF are involved in the
homeostatic regulation of sleep (Krueger and Majde, 1995;
Zhang et al,, 2020). In addition, anti-inflammatory cytokines
IL-4, IL-10, and IL-13 were reported to reduce NREM sleep
amount in rabbits (Kushikata et al., 1999; Kubota et al., 2000;
Opp, 2005), while anti-inflammatory cytokines IFN-y, IL-2, IL-6,
and IL-15 promoted NREM sleep in animal models (Kubota
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FIGURE 1

The molecular mechanisms of the CAP. The central nervous
system releases ACh through efferent vagal endings and binds to
a7nAChR on various inflammatory cells, inhibiting the release of
pro-inflammatory factors.

et al,, 2001a; Kubota et al., 2001b; Hogan et al., 2003). A clinical
study found circulating levels of IL-1, TNF, and IL-6 peak during
sleep or early morning (Lange et al., 2010; Chavan et al., 2017).
Studies have shown that injecting healthy volunteers with IL-6
prolongs the NREM phase, leading to subjective fatigue and
elevated CRP levels (Ranjbaran et al., 2007). In summary, high
levels of inflammatory cytokines could lead to sleep disorders
during COVID-19.

4 The anti-inflammatory mechanism
of the cholinergic anti-inflammatory
pathway

CAP is a neuroregulatory pathway in the central nervous system
that uses cholinergic neurons and neurotransmitters to suppress
systemic inflammatory responses. It releases acetylcholine through
the vented ending of efferent vagal endings and binds to a7 nicotinic
acetylcholine receptor (a7nAChR) on macrophages and other
immune cells, inhibiting macrophage activation and inhibiting
the release of pro-inflammatory factors such as TNF-a, IL-1B,
IL-6 (Pavlov et al, 2003; Pavlov and Tracey, 2015). The
a7nAChR plays a key role in regulating immune responses and
oxidative stress in the central and peripheral nervous systems (Ren
et al, 2017), participating in processes of learning, memory
consolidation, movement, and attention (Fucile et al., 2003; Park
et al,, 2007). a7nAChR agonist PHA-543613 reduces inflammatory
damage and enhances anti-inflammatory factors and antioxidant
enzymes (Xue et al., 2019). Furthermore, when the vagus nerve is
electrically stimulated, the axon terminals secrete large amounts of
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ACh, further activating anti-inflammatory pathways in various
inflammatory cells (Go et al., 2022b). Experimental results show
that stimulation of the distal vagus nerve transection can prevent the
elevation of liver and blood TNF caused by septic shock (Song et al.,
2008). In addition, an animal model found that electrical stimulation
of the vagus

neurotransmitter

nerve and administration of cholinergic
inhibited

inflammatory factor TNF-a and reduced inflammatory responses,

acetylcholine levels of pro-
which were exacerbated by vagotomy (Bonaz et al., 2016). Vagus
nerve stimulation (VNS) also significantly reduced levels of pro-
inflammatory cytokines IL-6 and IL-1p, as well as the proportion of
stimulated by

In

mice
2016).
stimulating the vagus nerve or activating a7nAChR effectively

microglia and macrophages in

lipopolysaccharides (Meneses et al, summary,
inhibits the development of inflammation, and Figure 1 depicted
the molecular mechanisms by which CAP attenuates inflammation.

Recently, activation of CAP has also been considered a strategy
for the treatment of respiratory diseases (Yamada and Ichinose,
2018). The a7nAChR has been shown to activate lung resident
immune cells such as alveolar macrophages, epithelial cells, and
activated neutrophils, as well as slow local inflammatory responses
and reduce lung injury. In the mice model of acute lung injury, VNS
prevents lung injury by lung injury autonomic nervous system
imbalance and activating a7nAChR through CAP (dos Santos
et al,, 2011; Yang et al, 2014; Liu et al,, 2017a). A cohort clinical
study reported the role of a7nAChR in regulating inflammatory
response and oxidative stress in the chronic sleep deprivation model.
Stimulation of a7nAChR contributes to adverse reactions caused by
sleep deprivation. a7nAChR as a biomarker of hippocampal
inflammation and oxidative stress after chronic sleep deprivation
(Xue et al., 2019). Therefore, targeting CAP with VNS may be a
promising treatment for lung injury and sleep disorders caused by
COVID-19.

5 The effect of cholinergic anti-
inflammatory pathway on sleep
disorders

The CAP pathway is an important component of the
cholinergic system that connects the nervous system to the
immune system and acts as an anti-inflammatory agent
through the ACh and vagus nerve (Liu et al, 2015). The
cholinergic system has been reported to regulate sleep cycles
(Jasper and Tessier, 1971). Studies have shown that acetylcholine
plays an important role in wakefulness and breathing in people
with sleep apnea (Otuyama et al.,, 2013). Meng et al. (2021) also
found that daytime sleepiness and high blood pressure are
associated with sympathetic-vagus nerve imbalance, which
may be associated with decreased plasma ACh level. A clinical
trial found that short sleepers responded significantly less to ACh
forearm blood flow response than normal sleepers (Stockelman
etal,, 2021). Another study showed that ozone-induced abnormal
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TABLE 2 Summary of TCT's effect on CAP and their advantages and limitations.

Types of Operational Representative

TCT principle method

Acupuncture Stimulate the specific Zusanli (ST36); Hegu (LI4);
position of the human Shenting (GV24); Baihui (GV20)
body

TaVNS Stimulate the auricular Non-invasive taVNS
branch of vagus nerve

Chinese herbal ~ Oral administration Berberine; Dandelion; Chinese

medicine (Chinese medicine medicine Formula (albizzia bark,

Formula and Chinese
patent medicine)

nocturnal vine, lily, and Lanzhi);
Chinese patent medicine (Coptis
Chinensis and cinnamon)

The effect
on CAP[ref]

Strengths Limitations

Stimulating vagus nerve of auricle or ~ Easy; safe; less ~ Improper operation is easy

cutaneous branch inhibits toxic; side to cause infection
inflammatory mediators produced — effects

by macrophages (da Silva and

Dorsher, 2014)

TaVNS can increase efferent vagus ~ Convenient; Need professional guide
nerve excitability by stimulating easy; non-

auricular points in the conchal traumatic

region and increase the ACh release

and activate CAP (Andersson and

Tracey, 2012; Pavlov and Tracey,

2012; Kaczmarczyk et al., 2017)

Inhibiting the activity of Efficient; Need the guidance of a
acetylcholinesterase and increasing — multitarget; professional doctor; there is

the level of ACh and the expression  safe
of a7nAChR, thus regulating CAP

and inhibiting inflammation (Li

et al,, 2016; Wang et al., 2018b;

Wang et al., 2019; Zhao et al., 2020;

Yang et al., 2021)

a high demand for the
purity of the medicine

TaVNS, transcutaneous auricular vagal stimulation; ACh, acetylcholine; CAP, cholinergic anti-inflammatory pathway.

sleep loss is associated with decreased ACh levels in the medial
preoptic region rats (Alfaro-Rodriguez and Gonzalez-Pifa, 2005).
Dexzopicclone is one of the most commonly used sleeping drugs in
the clinic. It has a sedative, hypnotic effect and partially suppresses
pedunculopontine tegmental (PPT) neurons by enhancing gamma-
aminobutyric acid. One study reported inhibition of dextran, which
reduced the release of the PPT-neuron terminals ACh in the pontine
reticular formation and promoted sleep (Hambrecht-Wiedbusch
et al,, 2010). Cao Q Neurotransmitter test showed that saponins
promoted sleep by increasing levels of acetylcholine, acetylcholine
laterodorsal tegmental, and acetylcholine in PPT in mice (Cao et al,,
2016). Studies have shown that cholinergic neuronal antagonists can
block the activation of a7nAChR and increase the wakefulness-
associated state induced by cholinergic stimulation (Zant et al.,
2016). Nyctinastic herbs decoction (NHD) can prolong para-
chlorophenylalanine (PCPA)-induced insomnia in mice, sleep
duration, sleep quality, and depressive state was improved, and
the mechanism was that the level of ACh attenuated the insomnia
effect of PCPA (Yang et al., 2021). These results suggest that ACH
levels play a significant role in sleep disturbance.

6 The effect of traditional Chinese
therapy on cholinergic anti-
inflammatory pathway

Some studies have found that a7nAChR plays a key role in
the pathophysiology of sleep disorders and may represent a
target for the treatment and control of sleep disorders (Saint-
Mleux et al., 2004; Xue et al., 2019). TCT has been used in
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China for more than 2000 years to treat insomnia, such as
acupuncture, taVNS, and Chinese herbal medicine (Sarris,
2012). However, the underlying biological mechanisms are
largely unknown. Some studies have shown that they can
affect CAP, suppress inflammation, and may have sleep
2020b; Liu et al., 2021). Table 2
summarized the impact of the three most common TCT

relief (Liu et al.,

effects on CAP and their advantages and disadvantages.

6.1 Acupuncture

Acupuncture is one of the most popular complementary and
alternative therapies. The efficacy of acupuncture in the treatment
of inflammatory diseases has been widely reported (Li et al., 2007;
Liu et al., 2022). Its anti-inflammatory effect is mainly achieved by
activating the vagus nerve (Liu et al, 2013; Yu, 2022). It is
performed by anatomically stimulating acupuncture points near
the vagus nerve or its cutaneous branches in the ear, mastoid, and
occipital regions (da Silva and Dorsher, 2014) and can be operated
by manual or electrical stimulation (electroacupuncture) at
different acupoints. In recent years, acupuncture has been
widely recognized worldwide for its anti-inflammatory effects
mediated by CAP. Acupuncture of the ear branch, which is
mainly located in the stud and dorsal part of ear branch the
ear, has been proven to directly affect vagus nerve activity or
regulate the parasympathetic nerve (Nosadini et al.,, 1986; Gao
et al., 2008; Imai et al., 2008; Imai et al., 2009; La Marca et al.,
2010). Previous studies have found that the protective effects of
electroacupuncture on the intestinal barrier are primarily associated
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with CAP and the reduction of inflammatory cytokines (Borovikova
et al, 2000; Baek et al, 2005). In addition, acupuncture has a
neuroregulatory effect on the plant nervous system and can play a
role in regulating the balance of the autonomic nervous system
clinically. In a mouse model of endotoxemia, Borovikova et al.
found that stimulation of the vagus nerve by electroacupuncture
inhibits inflammatory mediators produced by macrophages in a
concentration-dependent manner (Li et al,, 2015). In animal models
of arthritis, electroacupuncture inhibits the production of
inflammatory cytokines such as IL-1, IL-6, IL-8, and TNF
through choline and reduces inflammatory pain (Cai et al., 2019;
Zhou et al,, 2019). Auricular acupuncture and electroacupuncture
“Zusanli” (ST36) inhibited the expression of the pro-inflammatory
factors TNF-a and IL-6 in rat models of endotoxemia through the
cholinergic anti-inflammatory pathway (Zhao et al, 2012). In
addition, electroacupuncture ST36 increased local acetylcholine
transferase, promotes ACh transcription and synthesis, inhibits
NF-kB expression in lung tissue, and stimulates local CAP in the
lung. In another study of LPS-induced systemic infections in
animals, ST36 electroacupuncture activated the vagus nerve
pathway that connects the spleen, reducing the production of
TNF in the spleen (Lim et al, 2016).
electroacupuncture at ST36 acupoint in the hindlimb can

Low-intensity

effectively reduce persistent systemic inflammation (Liu
2020c).  Studies that
electroacupuncture  “Hegu” muscarinic

have also shown
(L14)

acetylcholine receptor signals in the brain through somatic

et al,

activates

afferent, and then activates the efferent vagus nerve and
splenic nerve, exerting an anti-inflammatory effect, reducing
TNF, IL-1B, and IL-6 levels and improving survival rate in
endotoxemia model rats (Song et al., 2012). In ischemic stroke,
seven consecutive days of electroacupuncture on GV20 and
GV24 also increase the expression of a7nAChR in hippocampal
neurons and decreased the levels of proinflammatory cytokines
TNF-a and IL-1P, leading to impaired learning and memory
impairment (Liu et al., 2017b). These results suggested that
acupuncture’s CAP-mediated anti-inflammatory effects may
improve neurological symptoms and may be an effective
treatment for sleep disorders caused by COVID-19.

It is worth noting that the anti-inflammatory effect of
electroacupuncture is related to acupoint selection, stimulation
intensity, body condition, etc. To optimize the stimulation
the

worth

parameters and improve efficacy and safety of

acupuncture therapy, it is clinical research to
investigate the stimulation intensity of electroacupuncture in

driving different autonomic nerve pathways.

6.2 Transcutaneous auricular vagal
stimulation

TaVNS comes from ear acupuncture. The ear is thought to be
directly or indirectly connected to 12 meridians (six yang and six
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yin) (Round et al, 2013). Neuroanatomical evidence
confirmed that the outer ear is the only region of the body
where the vagus nerve sensory endings are located (Peuker and
Filler, 2002). Recent clinical and animal experiments have
shown that percutaneous auricular point vagus nerve
stimulation can increase the excitability of efferent vagus
nerve excitability, and increase the ACh release and CAP
activation by stimulating the cochlea region. ACh binding
to a7nAChR resulted in reduced secretion of inflammatory
cytokines TNF, IL-1p, and IL-6 (Andersson and Tracey, 2012;
Pavlov and Tracey, 2012; Kaczmarczyk et al., 2017). One study
found that taVNS inhibited the expression of TNF-a, IL-1p,
IL-6, and NF-kB p65 in endotoxemia rat serum through
a7nAChR-mediated CAP (Jiang et al, 2018). The results
implied that taVNS are a novel neurostimulation therapy
with immunomodulatory and anti-inflammatory effects that
may be beneficial for sleep disorders caused by inflammation
caused by COVID-19.

6.3 Chinese herbal medicine

A large number of Chinese herbal medicine preparations
for the treatment of lung diseases have an excellent effect.
Activation of CAP is a theoretical basis for traditional
Chinese treatment of COVID-19 infection. Berberine is an
acetylcholinesterase inhibitor whose main active ingredient
is derived from the Chinese herbal medicine Coptis
(Cho et 2006).
neuroprotective effect by inhibiting acetylcholinesterase

Chinensis al, Berberine has a
activity, increasing ACh levels and a7nAChR expression,
thus
improving abnormal stress and
function (Li et al., 2016; Wang et al., 2019).

Jiao-Tai-Wan contains two kinds of Chinese herbal

regulating CAP, suppressing inflammation, and

oxidative cholinergic

medicine: Coptis Chinensis and cinnamon. The Coptis
Chinensis alkaloid is the most important component in
Coptis Chinensis, possessing a variety of medicinal values.
Studies
antioxidant, cardiac, neuroprotective, and spasmodic effects
(Ji and Shen, 2011; Park et al, 2012; Li et al, 2019).
Cinnamon’s main active ingredient is cinnamon, which has

have shown that berberine has antibacterial,

anti-inflammatory, antioxidant, and neuroprotective effects
(Yang et al., 2016b). Another study has found that Jiao-Tai-
Wan activates the cholinergic pathway and improves
cognitive function by reducing acetylcholinesterase activity
and increasing acetylcholinesterase content (Wang et al,
2018b).

Pharmacological studies have shown that dandelions have
antimicrobial, antiviral, anticancer, antioxidant, anti-inflammatory,
and anti-allergic effects (He et al,, 2011; Ovadje et al,, 2011; Ovadje
et al, 2012; Qian et al, 2014; Wang, 2014; Ma et al,, 2015; Ovadje
et al,, 2016; Jedrejek et al., 2017; Rehman et al., 2017; Ding and Wen,
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The effect of multiple TCT on CAP. Acupuncture and taVNS stimulating in ear branch can activate CAP and the reduce inflammatory cytokines;
Auricular acupuncture and electroacupuncture “Zusanli” (ST36) increased the activity of local acetylcholine transferase, promoted the transcription
and synthesis of ACh, inhibiting the expression of NF-kB in lung tissue and stimulating the CAP in the lung; Moreover, electroacupuncture
ST36 activated the vagus nerve pathway connected to the spleen and reduced the production of TNF in the spleen; Electroacupuncture "Hegu”

(L14) activates muscarinic acetylcholine receptor signals in the brain, and then activates the efferent vagus nerve and splenic nerve to activate CAP;
Electroacupuncture at “Baihui" (GV20) and “Shenting” (GV24) increase the expression of a7nAChR in hippocampal neurons; The chinese medcine
Jiao-Tai-Wan reduced the activity of acetylcholinesterase (AChE) and increase the content of ACh. The ultimate effect of TCT is to activate CAP to
reduce the production of inflammatory factors in effector organs to inhibit inflammation.

2018; Liu et al, 2018; Rahmat and Damon, 2018). Extract from
Dandelion: ethyl acetate extract (EAED). Experimental results of
precontraction of the tracheal ring in mice induced by high K + and
ACH stimulation showed that EAED could inhibit the high
concentration of Ca2+ caused by high potassium and
acetylcholine. Improve airway hyperresponsiveness and reduce
airway inflammation (Zhao et al., 2020). In addition, in an in vivo
study, EAED effectively reduced ACh-induced respiratory resistance
in healthy and asthmatic mice.

NHD is a traditional Chinese medicine prescription
composed of albizzia bark, nocturnal vine, lily, and Lanzhi. A
study of insomnia rodents induced by PCPA found that NHD
has a good sedative effect in reducing exercise distance,
prolonging sleep time, improving sleep quality, and improving
depression, as. NHD effectively inhibits CNS excitability and
relieves PCPA-induced insomnia by reducing dopamine,
noradrenaline, and ACh levels (Yang et al, 2021). Figure 2
summarized the effect of multiple TCT on CAP.

7 The effect of traditional chinese
therapy on sleep disorders

For patients with sleep disorders of different severity, the
best treatment is individualized therapy tailored to each

Frontiers in Pharmacology

patient’s symptoms which could implement appropriate
physical therapy or external treatment. TCT may be an
alternative treatment for this problem. A large meta-
analysis on the effects of TCT concluded that acupuncture
and taVNS therapy could relieve anxiety and alleviate sleep
disturbance, and even lower depression level (Wang et al,
2022). Acupuncture and Chinese herbal medicine are most
commonly used in the treatment of depression-related
insomnia. Studies have verified their efficacy and safety in
treating insomnia (Wang et al., 2006; Song, 2007; Liu and
Wan, 2010; Huo et al., 2013). Two systematic studies showed
that TCT had fewer adverse reactions to insomnia than
Western medicine (Yang et al, 2019; Lin et al, 2021).
However, there are still some limitations in the studies
related to poor methodology in Chinese herbal medicine,
such as complex chemical compositions and unclear
efficacy that might be the result of the comprehensive
action of all drug ingredients, which to some extent restrict
clear conclusions. In addition, many other TCT treatments
have also improved sleep disorders (Cho et al., 2013; Bergdahl
et al., 2017; Karadag et al., 2017; Li et al., 2018; Meng et al.,
2018; Jiao et al., 2020; Hu et al., 2021; Jiang et al., 2021; Jiang
et al,, 2022a; Jiang et al,, 2022b). Table 3 summarizes the
effects of most TCT treatments on sleep disorders under
different conditions. These studies showed that TCT
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TABLE 3 Summary for the effect of TCT on the sleep disorders.

Species
and disease model

Human, patients In intensive
care unit

Huamn, sleep disorders

Mice, chronic sleep deprivation

Human, insomnia

Human, cancer

Human, insomnia

Human, perimenopausal
insomnia

Human, insomnia

Human, nursing home residents
with sleep disorders and
psychological distress

Human, insomnia

Symptoms

Depression, anxiety,
relaxation and disorders

related with sleep and stress

Insomnia

Sleep or wakefulness
disorder

Insomnia

Cancer-related fatigue,
anxiety, and poor sleep
quality

Insomnia, anxiety,
depression
Insomnia

Insomnia

Poor sleep quality and
psychological distress

Insomnia

TCT methods

Lavender essential oil

Thermosensitive moxibustion

Traitional medicinal herb (Dendrobium
nobile Lindl extract)

Acupuncture

Traditional Chinese medicine exercise
therapy (Tai Chi, Ba Duan Jin, the classics of
tendon changing, Six Healing Sounds, and
Wu Qin Xi)

Chinese patent medicine (Xiao Yao San)

Auricular intradermal needling combined
with erjian (HX 6,7i) bloodletting

Auricular Acupuncture

Acupressure

Transcutaneous Vagus Nerve Stimulation at

10.3389/fphar.2022.1009527

Follow-  Impact on sleep

up time  disorders[ref]

15 days Alleviated patients’ stress and improved
their sleep quality (Karadag et al., 2017)

15 days Improved their sleep quality (Li et al., 2018)

2 weeks Might be used to prevent and treat sleep or
wakefulness disorder (Jiang et al., 2022a)

12 weeks Might adjust the emotional brain regions in
adult insomnia patients, resulting in an
improvement in sleep (Jiang et al., 2022b)

NA Strengthened the body and relaxed the
mind, which is of significance in promoting
sleep disorders (Jiang et al., 2021)

NA Beneficial for improving sleep quality and
relieving anxiety (Hu et al., 2021)

4 weeks Improved the sleep quality of patients with
perimenopausal sleep disorders (Meng
et al.,, 2018)

NA Appeared to be effective for treating
insomnia (Bergdahl et al., 2017)

1 month Improved sleep quality, reduces
psychological distress (Cho et al., 2013)

4 weeks TaVNS relieved insomnia, alleviated fatigue

Auricular Concha

possesses a great effect on sleep disorders treatment, so it
should be extremely informative for sleep disorders induced
by COVID-19 in the future.

In summary, high-quality sleep contributes to a strong
immune system, so it is possible to resist virus invasion and
kill the invaded viruses and promote the recovery of physical
function. Therefore, it is worth discussing whether TCT is
necessary for the treatment of the patient sleep distress. Our
review firstly analyzes the reasons for the sleep disorders
the that
inflammation was the main reason leading to sleep distress

caused by novel coronavirus and found
in patients. And we reviewed the mechanisms of three
common traditional Chinese in inhibiting inflammation
through CAP and relieving the sleep or symptoms. We,
therefore, propose that TCT may be a potential strategy to
take for the treatment of sleep problems due to inflammation

caused by COVID-19.
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Changgang Sun®**
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Laboratory of Quality Research in Chinese Medicine, Macau University of Science and Technology,
Macau, Macau SAR, China, ®Department of Experimental Research Center, China Academy of Chinese
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Harnessing the broad immunostimulatory capabilities of chemotherapy in
combination  with  immune checkpoint inhibitors has improved
immunotherapy  outcomes in patients  with cancer. Certain
chemotherapeutic  agents can  extensively modify the  tumor
microenvironment (TME), resulting in the reprogramming of local immune
responses. Although chemotherapeutic agents with an enhanced generation
of potent anti-tumor immune responses have been tested in preclinical animal
models and clinical trials, this strategy has not yet shown substantial therapeutic
efficacy in selected difficult-to-treat cancer types. In addition, the efficacy of
chemotherapeutic agent-based monotherapy in eliciting a long-term anti-
tumor immune response is restricted by the immunosuppressive TME. To
enhance the immunomodulatory effect of chemotherapy, researchers have
made many attempts, mainly focusing on improving the targeted distribution of
chemotherapeutic agents and designing combination therapies. Here, we
focused on the mechanisms of the anti-tumor immune response to
chemotherapeutic agents and enumerated the attempts to advance the use

Abbreviations: ADC, antibody-drug conjugate; ADCs, Antibody-drug conjugates; APC, antigen-
presenting cell; BCMA, B-cell maturation antigen; CTL, cytotoxic T lymphocyte; CTX,
cyclophosphamide; DAMP, damage-associated molecular pattern; DC, dendritic cell; ER,
endoplasmic reticulum; elF2a, eukaryotic translation initiation factor 2 alpha; GSH, glutathione;
ICD, immunogenic cell death; ISR, integrated stress response; MMAE, monomethyl auristatin E;
MMAF, monomethyl auristatin F; MDSCs, myeloid-derived suppressor cells; MHC, major
histocompatibility complex; MMP, matrix metalloproteinases; NOX2, NADPH oxidase 2; OXA,
Oxaliplatin; OVs, oncolytic viruses; ROS, reactive oxygen species; TAA, tumor-associated antigen;
TAMs, tumor-associated macrophages; TEMs, Tie2-expressing macrophages; Tregs, regulatory
T cells; TME, tumor microenvironment; UPR, unfolded protein response.
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of chemo-immunotherapy. Furthermore, we have listed the important
considerations in designing combinations of these drugs to maximize
efficacy and improve treatment response rates in patients with cancer.

KEYWORDS

chemotherapeutic agents, combinatorial regimens, immunogenic cell death, tumor
immune microenvironment, cancer therapy

Introduction

After years of intensive research to utilize the power of
cytotoxic responses to fight cancer, we are witnessing a
revolution in cancer therapy that harnesses the tumor
recognition and destruction capabilities of the immune
system (Principe et al., 2022). Conventional chemotherapy
works by blocking the cell cycle and inducing apoptosis, which
led to the development of multiple cytotoxic agents with non-
specific targets, such as the synthesis of nucleic acids or
2008). The effects of
chemotherapeutic agents on the immune system have been

proteins  (Zitvogel et al,
neglected because of the use of cell culture and immune-
deficient animal models (Galluzzi et al., 2020a). Recently, an
abundance of preclinical literature has demonstrated that the
of

chemotherapeutic agents, including platinum-based drugs,

immunomodulatory efficacy conventional

anthracyclines, mitoxantrone, and taxanes, was much

higher in immunocompetent mouse models than in their
2016).
Further studies found that the activation of the immune

immunodeficient counterparts (Zitvogel et al.,
system by chemotherapeutic agents leads to a two-pronged
tumor eradication process: first, chemotherapeutic agents rely
on cytotoxicity to directly destroy tumor cells (Casares et al.,
2005);

produced by effector lymphocytes, such as cytotoxic T

and second, the anti-tumor immune response
lymphocytes (CTLs), by secreting cytotoxic molecules and
expressing ligands (Fas/TRAIL) that can bind to cell death
receptors (Minute et al., 2020). This provides a partial
understanding of the use of chemotherapeutic agents to
potentiate therapeutic responses to immunotherapy and
reprogram the tumor immune microenvironment.

The rise of immunotherapy has shifted public attention to a
new field of immunomodulatory anti-tumor therapy. The
improved clinical benefits brought by chemo-immunotherapy
have further changed the long-held belief that chemotherapeutic
agents are immunosuppressive (Galluzzi et al., 2020b). Hence, it
is vital to identify the biological mechanisms underlying
chemotherapy-induced immune stimulation and the key
factors that can improve the efficacy of immunotherapy.
There is increasing evidence that both dose and treatment
the
immunomodulatory effects of chemotherapeutic agents (Wu
and Waxman, 2018; Fares et al., 2020; Lai et al, 2021).
However, further preclinical research on chemotherapeutic

interval are indispensable variables for effective
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agents at appropriate doses and treatment intervals has
resulted in moderate anti-tumor immune responses and
unsatisfactory results. Most drugs have difficulty producing
durable immune efficacy because of their poor stability and
off-target distribution in wvivo and because of tumor
heterogeneity the persistently

microenvironment. To overcome these restrictive factors and

and immunosuppressive
improve overall anti-tumor efficacy, combinatorial regimens of
chemotherapeutic agents, including immunotherapy agents,
have been tested in clinical trials (Pfirschke et al., 2016). The
intersection between chemotherapy and immunotherapy has
been under evaluation for a long time, and several FDA-
approved chemo-immunotherapy regimens have demonstrated
significant advantages in real-world clinical applications.
Therapies to obtain selective chemotherapy mediated by
(e.g. antibody-drug
conjugates (ADCs; e.g., TDM-1, brentuximab vedotin) have

nanoformulations nab-paclitaxel) or
been recently designed to achieve targeted distribution and
local accumulation of anti-tumor drugs, showing significant
the immunogenicity of the
microenvironment (TME) (Goldberg, 2015; Gu and Mooney,
2016; Coats et al., 2019).

In this review, we first summarized the immunomodulatory

alterations  in tumor

effects of chemotherapeutic agents, with a particular emphasis on
immunogenicity and immuno-adjuvant effects. Additionally, we
described the main factors affecting the immunomodulatory
effects of chemotherapeutic agents and how the drugs can be
used in new combinations to maximize treatment outcomes and
improve response rates. Finally, we outlined some key
considerations in the design of combinatorial regimens of
chemotherapeutic agents to increase the application of chemo-
immunotherapy in the future.

Multiple immunoregulatory mechanisms
of chemotherapeutic agents

The ability of chemotherapeutic agents to drive adaptive
three

immunogenicity, adjuvanticity, and microenvironmental

immunity  depends  on main  parameters:
conditions, all of which dramatically influence neoplastic
cells to develop potentially immunogenic mutations or
susceptibility, the

priming and effector phases of the immunological response

immune ultimately blocking both

(Figure 1).
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FIGURE 1

Overview of the immunostimulatory properties of chemotherapeutic agents. Immunogenic effects: When tumor cells are exposed to
chemotherapeutic agents, TAA, TSA, and DAMPs released by dying tumor cells are engulfed by immature DCs, which promote APC maturation.
Archived antigen-bearing APCs then migrate to the tumor-draining lymph node, where they cross-prime to T cells. Subsequently, antigen-specific
T cells undergo clonal expansion. Activated T cells then recognize tumor cells and mediate the cytotoxic killing of tumor cells. Immuno-
adjuvant effects: Chemotherapeutic agents can activate immune effector cells, including natural killer (NK) cells and dendritic cells (DCs), and
promote the infiltration of cytotoxic T cells. The immunoinhibitory microenvironment is then transformed into an immunostimulatory
microenvironment upon the depletion of immunosuppressive cells, including Treg cells, M2 macrophages, and MDSCs. Chemotherapeutic agents
and their corresponding immunomodulatory effects are shown in the text boxes with arrows. TAA, tumor-associated antigen; TSA, tumor specific
antigen; DAMP, damage-associated molecular pattern; DC, dendritic cell; APC, antigen-presenting cell; NK, natural killer cell; MDSC, myeloid-
derived suppressor cells; Treg, regulatory T cell; MHC, major histocompatibility complex; TCR, T cell receptor; CRT,calreticulin; HMGBL, high-
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mobility group box 1.

Immunogenic regulation of
chemotherapeutic agents

Eliciting immunogenic cell death

Various cytotoxic chemotherapy agents, such as anthracyclines,
platinum-based drugs, mitoxantrone, oxaliplatin, and taxanes, that
block cell cycle progression and induce apoptosis have been
demonstrated to potentiate immunogenic cell death (ICD)
(Casares et al, 2005; Kopecka et al, 2018; Li C et al, 2020;
Tesniere et al, 2010; Fucikova et al., 2022). As a form of
regulated cell death, ICD is amenable to activating the cellular
stress response that promotes the spatiotemporally coordinated
production and localization of damage-associated molecular
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patterns (DAMPs) from dying cells in immunocompetent hosts
(Kroemer et al, 2022). DAMPs can be recognized by inherent
pattern recognition receptors, such as Toll-like receptors and Nod-
like receptors, on dendritic cells (DCs), which attract these cells to
the tumor cells and ultimately promote tumor-associated antigen
(TAA) presentation. Subsequently, antigen-presenting cells (APCs)
represented by DCs, could migrate to the draining lymph nodes and
present antigens to CTLs, killing tumor cells presenting the major
histocompatibility complex (MHC). This event then triggers
immune memory in a favorable environment with high levels of
co-stimulatory signals and cytokines.

Howener, the release of DAMPs from dying cancer cells
occurs during a failed intracellular stress response, and the
kinetics and intensity of DAMP release can be determined
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through the cellular response driven by the initiating stressor
(Clement et al., 2021). An increasing amount of research has
confirmed that cells succumbing to intracellular stress can
initiate an adaptive immune response associated with
immunological memory. In contrast to chemotherapeutic
agents that do not elicit ICD, most ICD inducers efficiently
stimulate integrated stress responses (ISRs) (Costa-Mattioli and
Walter, 2020). As a result, defects in various mechanisms
associated with maintaining cellular homeostasis could
influence the strength of the immune response.

ISR, a multi-pronged molecular mechanism for maintaining
cellular homeostasis, is an adaptive signaling pathway activated
by various forms of cellular stress, such as endoplasmic reticulum
(ER) stress and the unfolded protein response (UPR) (Hetz et al.,
2020; Kohli et al., 2021). One of the core molecules modulating
ISR is eukaryotic translation initiation factor 2 alpha (elF2a),
whose phosphorylation is regulated by elF2a kinase (EIF2AK1-
4) (Bezu et al, 2018). Cisplatin was previously defined as
incapable of triggering ICD because it does not promote the
kinase-dependent phosphorylation of eIF2a or exposure of ER
chaperones on the cell surface (Tesniere et al., 2010). This can be
corrected by administering drugs, such as digoxin, tetracycline,
that stimulate the ER stress response (Michaud et al., 2014; Xiang
etal, 2020). In addition, non-phosphorylated eIF2a (eIF2aS51A)
has been shown to inhibit the activation of anthracycline-driven
autophagy, further demonstrating the central role of ISR in
chemotherapy-induced ICD (Martins et al, 2011). This
that of the

chemotherapeutic agent-induced ICD is ISR associated with

implies one mechanisms  underlying

cellular stress.

Enhancing the antigenicity of cancer cells

While there is ample evidence that chemotherapy increases
the immunogenicity of cancer cells via ICD, little is known about
the chemotherapy-induced enhancement of antigenicity. In
contrast to ICD, the phenotypic changes in tumor cells upon
exposure to non-lethal/sublethal doses of chemotherapeutic
agents are mainly manifested into enhanced antigenicity,
making tumors more sensitive to CTL-mediated killing
(Hodge et al., 2013). The chemotherapy-induced enhancement
of tumor antigenicity is mainly associated with the upregulation
of major histocompatibility complex (MHC) expression and the
emergence of tumor neoantigens or TAA. Many commonly used
cytotoxic agents, such as topotecan, mitoxantrone, gemcitabine,
and cisplatin, have been found to upregulate the expression of
antigen-presenting machinery (Grabosch et al., 2019; Li et al,
2021; Zhou et al., 2021). In addition, some chemotherapy drugs,
such as docetaxel, cisplatin and 5-fluorouracil, can also promote
the expression of TAA and tumor-specific antigen (TSA) and
enhance antigenicity (Coral et al., 2002; Correale et al., 2003;
Spehner et al., 2020). Furthermore, immune responses of CD4"
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T cells against tumor-associated antigens were observed

following oxaliplatin  treatment in chemotherapy-naive
patients with mCRC (colorectal cancer) (Galaine et al., 2019).
Therefore, anti-tumor T-cell responses stand out as key elements
for the long-term efficacy of chemotherapy upon treatment

discontinuation.

Immuno-adjuvant effects of
chemotherapeutic agents

The immune microenvironment in which cancer cells reside
is a major determinant of their ability to trigger adaptive immune
responses, even in the presence of sufficient antigenicity and
immunogenicity (Belli et al,, 2018). The immuno-adjuvant effects
of the chemotherapeutic agents discussed in this review may
principally rely on the recruitment and activation of
immunologic effector cells to reverse the effect of an
immunosuppressive microenvironment.

Promoting dendritic cell-mediated
antigen presentation

DCs have become the core initiator and regulator cells
associated with anti-cancer immunity, owing to their highly
complex antigen presentation mechanism. However, the
abnormal evolution of tumors interferes with the mechanism
of DC maturation and antigen processing in tumors, resulting in
immunosuppressive effects (Murphy and Murphy, 2022). An
the of
chemotherapeutic agents in modulating DCs at low doses,

increasing amount of evidence supports role
particularly in promoting their maturation (Pfannenstiel et al.,
2010; Wanderley et al., 2018) and antigen presentation capability
(Shurin et al., 2009; Zhang et al, 2021). Antigen cross-
presentation is a prerequisite for the induction of an effective
anti-tumor immune response, and its immunomodulatory
be by

chemotherapy. McDonnell AM et al. demonstrates that

potency  can improved apoptosis-inducing
gemcitabine-induced tumor cell apoptosis can increase the
incidence of nuclear antigen cross-presentation in vivo, which
is associated with an increased proportion of CTLs (McDonnell
et al,, 2015a; McDonnell et al., 2015b). Other drugs such as
cyclophosphamide (CTX) act by altering DC biology, especially
by changing DC subsets (Nakahara et al., 2010; Fumet et al.,

2020).

Trafficking and infiltration of immune
effector cells

In addition, one potentially important biological response
to chemotherapy is the ability to initiate T cell influx into the
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TME. Activated immune cells could enter the bloodstream
and initiate T cell influx into the TME. In vivo treatment of
tumor-bearing mice showed that doxorubicin, paclitaxel
significantly increased the number of CD4" and CD8*
T cells, which may be related to the expression of IFN-y
and granase B (Tsuda et al, 2007; Alizadeh et al., 2014;
Heeren et al., 2019). Recent studies have shown that
cisplatin can promote the production of the chemokine
CCL20 and the pro-inflammatory cytokine IL-1f in tumor
sites, leading to the synthesis and activation of ILC3 (Bruchard
et al.,, 2022). ILC3 promotes the production of chemokine
CXCL10 in tumors, which is associated with the generation of
CD4" and CD8" T lymphocytes (Goc et al., 2021). It has been
observed that partial chemotherapeutic agents activate NK
cell-mediated anti-tumor immune responses, depending on
the release of cytokines (Markasz et al., 2007; Garofalo et al.,
2021). Chemotherapeutic agents also affect the composition of
tumor-infiltrating lymphocytes (TILs), and it has been proven
that the composition ratio between TILs and infiltrating cells
is related to the efficacy of immunotherapy (Farhood et al.,
2019; Saleh and Elkord, 2019). In metastatic colon cancer,
multi-drug chemotherapy regimens, including FOLFOX (5-
FU, folinic acid, and oxaliplatin) and FOLFIRI (5-FU, folinic
acid, and irinotecan), significantly altered the composition
ratio of peripheral blood lymphocytes (Maeda et al., 2011; Che
et al.,, 2021). This change is mainly manifested by an increase
in the CD8/Foxp3 TIL ratio, which can effectively predict and
improve the recurrence-free and overall survival of patients.
These data suggest that the immune adjuvant effect of
chemotherapeutic agents runs through all stages of the
cancer immune cycle and plays a role in continuous anti-

tumor immune regulation.

Depletion of immunosuppressive cells

Immunosuppressive cells, represented by myeloid-derived
suppressor cells (MDSCs), regulatory T cells (Tregs), and tumor-
associated macrophages (TAMs), are key influencing factors of
immune escape and immunotherapy resistance and play a major
role in the anti-tumor immune response (Tie et al, 2022).
Interestingly, some chemotherapeutic agents have been shown
to deplete immunosuppressive cell populations, thus remodeling
the immune cell landscape to mount an efficient anti-tumor
immune response.

The absolute or relative depletion of Treg cells, especially
during tumor infiltration, is associated with the (re)induction of
protective anti-cancer immunity, indicating a shift from silent or
ineffective immune responses to open or effective ones (Ikegawa
and Matsuoka, 2021; Nishikawa and Koyama, 2021). Previous
studies on CTX-induced Treg cell depletion have obtained
favorable results, confirming that CTX can mediate multiple
mechanisms to selectively deplete Treg cells and further improve
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the effectiveness of immunotherapy by increasing the activation
of autoreactive T cells (Laheurte et al., 2020). Cytokines such as
IFN, IL-6, and CXCL10 play a role in CTX-mediated restoration
of Treg homeostasis. CTX-induced Treg depletion and the
expression of related cytokines have been shown to be directly
or indirectly regulated by IFN regulatory factor (IRF)-1
(Buccione et al, 2018). In addition to CTX, many other
chemotherapeutic agents selectively target Tregs. For example,
patients with NSCLC who received four cycles of docetaxel
chemotherapy presented fewer peripheral Tregs than at

baseline, similar to that observed with cisplatin and
vinorelbine (Roselli et al., 2013; Li et al., 2014).
Recent studies have shown that several aspects of

macrophage biology are affected by chemotherapy. Some
chemotherapeutic agents, such as CTX and doxorubicin, can
activate macrophages by enhancing the secretion of GM-CSF to
generate anti-tumor immune responses in mouse models of
breast cancer or further potentiating Thl responses that can
enhance the tumoricidal effects of macrophages (Machiels et al.,
2001; Li T et al.,, 2020). In addition to promoting macrophage
activation, chemotherapeutic drugs can also induce macrophage
polarization. For example, paclitaxel promoted the repolarization
of TAMs from an M2-like to an M1-like phenotype (Wanderley
etal,, 2018). However, studies have similarly shown that a taxane-
based chemotherapy regimen can enhance the recruitment of
Tie2-expressing macrophages (TEMs) in breast cancer, promote
tumor cell entry into circulation, and lead to metastasis
(Karagiannis et al., 2017). Thus, the mechanism underlying
the impact of chemotherapeutic agents on macrophage
biology is still unclear but is most likely dependent on
microenvironmental factors.

The same phenomenon can be observed with cytotoxic
agents against MDSCs since many chemotherapeutic agents
can selectively inhibit MDSC differentiation. Cisplatin has
been shown to inhibit the conversion of monocyte precursors
to inhibitory M-MDSCs through the regulation of the STAT3-
COX-2
immunosuppression and improving the overall response

signaling axis, overcoming M-MDSC-mediated
rate to cancer immunotherapy (Van Wigcheren et al,
2021). Oxaliplatin is also known to selectively deplete
MDSCs, Mo-MDSCs, the
expression of the immunosuppressive functional mediators
argininase 1 (ARG1) and NADPH oxidase 2 (NOX2) (Kim
and Kim, 2019). However, it appears that different drug

especially by decreasing

combinations affect the immunomodulatory effects of
chemotherapeutic drugs. Both 5-FU and gemcitabine are
anti-metabolic chemotherapeutic agents that inhibit the
proliferation of MDSCs by inhibiting thymidylate synthase
and cytidine deaminase (Vincent et al., 2010). Interestingly,
this effect was only maintained with oxaliplatin alone, and the
blocking effect of MDSCs was discontinued when 5-FU was
combined with irinotecan (Kanterman et al., 2014; Li et al,,
2022). Given the effects  of

complex  regulatory
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Limiting factors affecting the immunoregulatory effects of chemotherapeutic agents. Chemotherapeutic agents can induce the expression of
negative immune checkpoints, especially PD-L1. PD-L1 associates with the PD-1 receptor on effector T cells, blunting anti-tumor immune responses
and facilitating immune escape. Furthermore, chemotherapeutic agents target rapidly proliferating immune cells, resulting in off-target side effects.
The dense network of the extracellular matrix hinders the spread of chemotherapeutic agents in tumors. In addition, there is high interstitial fluid
pressure in tumor tissues, which prevents the extravasation of chemotherapeutic agents from the blood vessels. MHC, major histocompatibility
complex; TCR, T cell receptor; TNF, tumor necrosis factor; DC, dendritic cell.

chemotherapeutic agents on MDSCs, this is an important area
worthy of further research.

Challenges with immunoregulatory
chemotherapeutic agents to be as
successful as monotherapies

As mentioned above, various chemotherapeutic agents can alter
the crosstalk between cancer and the immune system at multiple
levels. This alteration may inhibit or kill cancer cells in an
immunogenic or immuno-adjuvant-modulated manner, affect
different leukocyte populations, or affect systemic physiological
responses. However, it is often difficult to overcome the
complexity and compensatory evolution of tumors, resulting in
limited anti-tumor immune effects. Through a review of relevant
studies, we have listed several key factors affecting the clinical

application of chemotherapy in the following sections (Figure 2).
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Substantial barriers that hinder the penetration
of chemotherapeutic agents

Emerging evidence suggests that the TME imposes biological
barriers that hinder effective cancer therapy (Binnewies et al.,
2018). The structures of these biological barriers are highly
irregular and are mainly characterized by a highly disordered
vascular network, the absence of a lymphatic network, and high
interstitial fluid pressure (Heldin et al., 2004; Jain et al., 2007). In
addition, the abundant expression of extracellular matrix
proteins and the proliferation of interstitial tissue in the TME
constitute the mechanical barrier in cancer, resulting in
insufficient tumor infiltration and obstructed blood circulation
after the intravenous injection of chemotherapeutic agents
(Casazza et al., 2014). Previous experiments have shown that
gaps between vascular endothelial cells rarely occur in tumors in
mouse models and in tumors from patients with cancer; this
associated with the insufficient

phenomenon is always

extravasation of chemotherapeutic agents (Golombek et al,
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2018). This observation suggests that trans-endothelial pathways
play the of
chemotherapeutic agents into tumors (Sindhwani et al., 2020).

an integral role in precise infiltration
To promote more efficient cancer chemotherapy in the clinic,
various nanoscale drug delivery systems have been explored to
achieve tumor-targeted delivery of chemotherapeutic agents.
These drug delivery systems can be used to enhance the
tissue-specific distribution of chemotherapeutic agents, activate
immune cells, and amplify anti-tumor immune responses (Saeed
et al, 2019; Wang W. et al,, 2020). However, the improvement
effect of traditional nanomedicine is still limited owing to the
metabolic environment in tumor tissue, such as hypoxia and
inflammation, which negatively affect the intratumoral immune

activation effect of chemotherapeutic agents.

Immune resistance to chemotherapeutic agents

During tumor-host co-evolution, robust immunosuppressive
circuits established in the TME hamper the ability of
chemotherapeutics to drive anti-tumor immunomodulatory
effects. Consequently, it is crucial to maintain the function of
chemotherapeutic agents within the immunosuppressive TME.
Although cisplatin, paclitaxel, and 5-fluorouracil promoted the
clonal expansion of tumor-specific CD8" T cells, an inadequate
magnitude of an immune response was eventually manifested,
owing to the increased expression of microenvironment-related
IDO (Munn and Mellor, 2016). Additionally, oxaliplatin has been
shown to suppress T-cell responses by promoting PD-LI
expression on DCs and reducing the expression of the co-
CD80/CD86 (Tel et 2012).
Subsequent trials have also revealed that the combination of

stimulatory molecules al,,
5-FU and oxaliplatin decreased the expression of immune
checkpoints PD-L1 and PD-L2 on the surface of DCs,
promoting DC maturation in tumor-bearing mice (Hong
et al, 2018). Notably, the perturbation of multiple factors in
the immune system drives the expression of these negative
regulatory pathways, making chemotherapy monotherapy
insufficient to reverse the effects of an immunosuppressive
addition to the of
immunosuppressive microenvironment-related factors, the

activation of unknown immune-related signaling pathways

microenvironment. In influence

during treatment is also a key factor that inhibits the anti-
tumor efficacy of chemotherapeutic drugs. Recent studies have
shown that cessation of immunogenic chemotherapy may
the of the
microenvironment and the immune escape of tumor cells,

provoke restoration immunosuppressive
which could accelerate the malignant progression of tumors.
Gemcitabine, a standard chemotherapy regimen for advanced
pancreatic ductal carcinoma, induces the infiltration of pro-
inflammatory macrophages into the liver and activates
cytotoxic T cells. However, Bellomo et al. experimentally
observed that after cessation of the standard chemotherapy
regimen, tumor cells recruited growth- and arrest-specific 6

(Gas6)-expressing neutrophils to the liver through the
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secretion of CXCL1 and CXCL2, resulting in liver metastases
(Bellomo et al., 2022).

Off-target immunosuppressive side effects of
chemotherapeutics

Many  chemotherapeutic =~ agents  have  notable
immunosuppressive side effects. These effects occur either
directly by inhibiting or killing effector cells, characterized by
rapid proliferation, or indirectly by inducing anergy or immune
paralysis (Zitvogel et al., 2008). The off-target effects of
chemotherapeutic agents on the immune system are extensive
and could affect their therapeutic efficacy (Medzhitov and
Janeway, 2002). This applies to CTX, which primarily impairs
the proliferation of peripheral T cells and hinders their effector
functions. In addition, post-transplant CTX alters immune
signatures and leads to impaired T cell reconstitution in
allogeneic hematopoietic stem cell transplant by increasing
Treg while reducing naive T cells (Zhao et al., 2022). Current
research suggests that the number and function of immune-
infiltrating effector cells are closely related to the efficacy and
prognosis (Denkert et al., 2018; Paijens et al., 2021); similarly, the
depletion of non-targeted immune cells affects the anti-tumor
effect of chemotherapy. Clinically, owing to myelosuppression
and its related immunosuppressive adverse effects, the maximum
tolerated dose of chemotherapeutic agents is rarely used for the
routine treatment of patients with cancer. However, it has also
been suggested that the recovery phase from chemotherapy-
induced lymphopenia can serve as an important window to
enhance the anti-tumor immune response, providing a
reasonable and feasible theoretical support for the application
of chemotherapy followed by immunotherapy (Williams et al.,
2007; Moschella et al., 2011). Hence, the role of transient
immunosuppression in long-term immune responses and
immune memory needs to be further demonstrated.

To generate a strong and durable anti-tumor immune
response, it is necessary to modify the chemotherapeutic
agents themselves or design a more efficient combination
regimen. This can be done by changing the distribution of the
chemotherapeutic drug in the body or using a combination of
drugs that can better target the tumors of interest, activating the
anti-tumor immune response, improving the immune response
rate, and reducing the incidence of non-target immune-related
side effects.

Attempts to improve the
immunomodulatory effect of
chemotherapeutic agents
Antibody-drug conjugates

ADCs were originally designed to exploit the exquisite
specificity of antibodies to deliver targeted and potent
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chemotherapeutics. ADCs undergo a complex sequence of drug
internalization procedures that often require intracellular
processing and eventual payload release (Drago et al., 2021).
Emerging evidence suggests that the payloads act as the
workhorse of ADCs, exerting tumor-Kkilling effects through
complex interactions between ADCs and various components
of the tumor immune microenvironment. A variety of cytotoxic
drugs and their derivatives were used in the design of ADC drugs,
which are mainly divided into the following categories:
microtubule inhibitors/stability disruptors, such as auristatin
auristatin  F [MMAF] or
monomethyl auristatin E [MMAE]); Mayden derivatives
(DM1/DM4); and calicheamicin and its derivatives that act on
DNA grooves or breaks in the double helix. Some ADC payloads,
such as MMAF/MMAE, auristatins, pyrrolobenzodiazepines,

derivatives  (monomethyl

and anthracycline T-PNU, have been identified as potent
substances that could promote DC maturation and activate
antigenic responses (Muller et al., 2014a; D’Amico et al,
2019). Additional that  cytotoxic
chemotherapeutics, MMAE,
maytansinoid, are commonly used as ADC payloads to

studies have shown

such as dolastatin, and
stimulate CD8" effector cell migration to experimental tumors
grown in mice (Muller et al., 2014b).

Several experiments have confirmed the immunomodulatory
effects of the payload-based ADCs. For example, brentuximab
vedotin (SGN-35) comprises an anti-CD30 antibody conjugated
to veMMAE

Immunohistochemical analysis of Hodgkin’s lymphoma tumor

via a  protease-cleavable linker.
samples from patients treated with SGN-35 revealed significant
changes in the number of intra-tumoral CD8" effector T cells
(Theurich et al., 2013). Furthermore, when used alone or in
combination with an anti-PD-L1 antibody, ADCs that target
EphA2 molecules in combination with a tubulin payload could
induce ICD, showing a strong ability to induce CD8" T-cell
infiltration (Muller et al., 2015; Agostinetto et al., 2022). These
studies provide evidence that ADC-destabilizing drugs stimulate
the cancer immunity cycle. Recently, the FDA-approved drug
belantamab mafodotin (GSK2857916), an ADC that targets
B-cell maturation antigen (BCMA) in multiple myeloma cells
using MMAF as a payload, induced ICD in BCMA-expressing
cancer cells and promoted DC activation in vivo (Yu et al., 2020).
In a syngeneic mouse model, GSK2857916 was shown to induce
ICD, promoting the intratumoral enrichment of TILs and T cell-
dependent anti-tumor activity (Montes de Oca et al., 2021). To
further optimize the targeted immunomodulatory effects of
ADCs, researchers have screened potential targets of ADCs
that are not just limited to malignant cells. Based on this, a
CD25-targeted pyrrolobenzodiazepine dimer-based ADC was
investigated for its ability to deplete Tregs and eradicate
established tumors (Zammarchi et al., 2020).

In addition to ADC monotherapy, numerous ongoing or
completed clinical trials have demonstrated the clinical efficacy
of ADC combined with chemotherapy (Table 1), which showed
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good efficacy and safety in hematologic tumors and breast
there the
development of this type of drug. For example, the selection

cancer. However, are many challenges in
of potential targets, improvement of potential toxicity caused by
off-target effects, and development of cytotoxic drugs with other

mechanisms of action require numerous experiments to verify.

Nanosized drug delivery systems based on
the tumor microenvironment

Owing to the negative role of the TME in compromising the
therapeutic response of various cancer therapies, therapeutic
modalities targeting the TME appear to enhance the overall
response rate of patients to cancer treatment (Tang et al,
2021).
prerequisite

Nano-drug delivery systems, which provide a
the ~ TME-targeted of
chemotherapeutic agents, are a promising strategy to address

for delivery
these challenges, because of their adequate circulation time,
increased intratumoral accumulation and retention, efficient
uptake by tumor cells, and precise release at tumor tissues
(Weber and Mule, 2015; Abdou et al., 2020). Depending on
the particular metabolic characteristics of the TME, such as
hypoxia, acidic pH, overexpressed enzymes (e.g., matrix
metalloproteinases 2 and 9 [MMP-2 and-9], hyaluronidase,
legumain, or cathepsin B), reactive oxygen species (ROS), or
glutathione (GSH), different responsive nanomaterials have been
developed. These nanomaterials were initially applied to load
chemotherapeutic agents and achieve intratumoral local delivery.
Generally, these nanoparticles remain intact in the blood
circulation to protect their payloads from degradation or
leakage until they are activated by the TME (Zhou et al,
2020). The loaded chemotherapeutic agents are subsequently
released into local tumor tissues, focusing on the modulation of
immune-related molecules that normalize immune responses
and induce ICD to restore the ability of CTLs to eradicate
tumor cells.

Wang et al. developed an ROS-responsive hydrogel loaded
with gemcitabine that showed significant therapeutic efficacy
against both primary tumors and distant metastases. In response
to ROS signaling in the TME, the released gemcitabine reduced
the percentage of immunosuppressive cells, including MDSCs
and M2 macrophages, while increasing PD-L1 expression in
cancer cells, T cells, macrophages, and DCs. In turn, this
increased PD-L1 expression synergizes with the effect of anti-
PD-LI antibodies to improve immunotherapy effect (Wang et al.,
2018). A pH-responsive nanoparticle co-loaded with the ICD
inducer doxorubicin was designed to induce potent ICD in
cancer cells while synergistically limiting the production of
immunosuppressive kynurenine by binding to alkylated
NLG919 (an inhibitor of indoleamine 2,3-dioxygenase 1).
Moreover, the introduction of pH-responsive nanoparticles
could enable deep intratumoral penetration of therapeutic
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TABLE 1 Clinical trials on combination regimens of ADC and chemotherapy in cancers.

Drugs Comibinations Phase Status Cancer References
Gemtuzumab Ozogamicin Mitoxantrone + Etoposide I Recruiting Acute Myeloid Leukemia NCT03839446
CPX-351(Liposome-encapsulated I Recruiting Acute Myeloid Leukemia NCT03904251
Daunorubicin-Cytarabine)
Tretinoin + Arsenic Trioxide I Recruiting Acute Promyelocytic Leukemia NCT01409161
Fludarabine + high-dose cytarabine + I Recruiting Acute Myeloid Leukemia/High-Risk NCT00801489
filgrastim-sndz + idarubicin Myelodysplastic Syndrome
Brentuximab vedotin Bendamustine I Recruiting Follicular Lymphoma NCT04587687
CHEP (Cyclophosphamide + Doxorubicin +  II Recruiting Peripheral T-cell Lymphomas NCT05006664
Etoposide + Prednisone tablet)
CHP (Cyclophosphamide + Doxorubicin + I Recruiting Peripheral T-cell Lymphoma NCT04569032
Prednisone tablet)
Lenalidomide + rituximab I Recruiting Diffuse Large B-cell Lymphoma NCT04404283
Doxorubicin + vinblastine + dacarbazine 111 Not yet Hodgkin Lymphoma NCT04685616
recruiting
Pralatrexate + cyclophosphamide + I Recruiting NK T-cell Leukemia/Lymphoma NCT03719105
Doxorubicin + Prednisone
Ado-trastuzumabemtansine  Atezolizumab + paclitaxel + trastuzumab + I Recruiting Neoplasm Metastasis NCT00781612
(T-DM1) docetaxel
Methotrexate + hydrocortisone + cytarabine  II Recruiting Acute Lymphoblastic Leukemia NCT03913559
Inotuzumab ozogamicin mBFM (Cyclophosphamide + cytarabine + I Recruiting B-Lymphoblastic Lymphoma or Relapsed or NCT02981628
mercaptopurine + leucovorin calcium + Refractory CD22 Positive B Acute
vincristine) Lymphoblastic Leukemia
Etoposide + Doxorubicin + Vincristine + I Recruiting B-cell Acute Lymphoblastic Leukemia NCT03991884
Prednisoneand Cyclophosphamide
Polatuzumab Vedotin Rituximab + Ifosfamide + Carboplatin + I Recruiting Diffuse Large B-Cell Lymphoma NCT04665765
Etoposide (PolaR-ICE)
Sacituzumab govitecanhziy ~ Pembrolizumab + Carboplatin/Cisplatin I Recruiting Non-small Cell Lung Cancer NCT05186974
Cyclophosphamide + N-803+PD-L1 t-haNK  I/II Recruiting Advanced Triple Negative Breast Cancer NCT04927884

This table is according to https://clinicaltrials.gov/

agents and effectively neutralize low pH levels, reversing the
immunosuppressive effect of the TME (Zhu et al, 2020).
Furthermore, Koo AN et al. developed GSH-responsive core-
shell nanoparticles carrying docetaxel for selective delivery in
These
coordination polymer core-shell nanoparticles are cleaved by

tumor-bearing  mice. self-assembled  nanoscale
GSH in tumor cells, releasing docetaxel, and leading to T-cell
priming and anti-tumor effects (Koo et al., 2012). However,
complex nanosystems face hinderance such as possible
interactions between different components and overall
stability, which may also limit the immunomodulatory effects
of chemotherapeutic drugs. Therefore, it is necessary to
determine the best combination scheme to ensure that the

targeted effects of chemotherapy drugs are maintained.

Chemotherapy combined with PD-L1/PD-
1 inhibitors

Since the early 2010s, many immunotherapies based on
immune checkpoint inhibition have been developed, especially
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antibodies targeting the PD-1/PD-L1 pathway, thereby changing
the status quo of cancer treatment. Tumors respond poorly to
immunotherapy despite their revolutionary efficacy, which can
be explained by exhibiting a loss of lymphocyte infiltration (NK,
CDS8, Th1), the so-called “cold tumors.“(Fumet et al., 2020) As an
immune adjuvant, chemotherapy can increase the number of
TILs, reverse the cold immune environment, and reduce the
enrichment of immunosuppressive cells, significantly improving
the response rate to immune checkpoint inhibitors (Park et al.,
2020). Moreover, several chemotherapeutic agents, such as
cisplatin, oxaliplatin, doxorubicin, and paclitaxel, can also
enhance the expression of immune checkpoints, mostly PD-L1
(Ng et al., 2018). In this context, the expression of PD-L1 on
cancer cells can associate with the PD-1 receptor on effector
T cells, reducing anti-tumor immune responses and facilitating
immune escape (Li et al., 2021).

Harnessing the broad immunostimulatory capabilities of
chemotherapeutic agents in combination with immune
checkpoint inhibitors has shown great promise with improved
clinical outcomes. The FDA has already approved combinations

of chemotherapy and PD-L1/PD-1 therapy (Gandhi et al., 2018;
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TABLE 2 Clinical trials on neoadjuvant immuno-chemotherapy in cancer.

Drugs

Pembrolizumab

Atezolizumab

Nivolumab

Durvalumab

Neoadjuvant
chemotherapy

Paclitaxel + Cisplatin

Cisplatin+5-FU
Gemcitabine + Cisplatin

Folfirinox (Oxaliplatin + Leucovorin +
Irinotecan+5-Fluorouracil)

Nab-paclitaxel + doxorubicin +
Cyclophosphamide + Carboplatin +
Paclitaxel

Decitabine + dose-dense AC + paclitaxel (or
paclitaxel plus carboplatin)

mFOLFOX6

paclitaxel + carboplatin

cisplatin + gemcitabine
Carboplatin + Etoposide

cisplatin/carboplatin + pemetrexed (for non-
squamous only)

cisplatin/carboplatin + gemcitabine (for
squamous only)

carboplatin + paclitaxel

paclitaxel + carboplatin + cabiralizumab

cisplatin/carboplatin + pemetrexed (for non-
squamous only)

cisplatin/carboplatin + gemcitabine (for
squamous only)

carboplatin + paclitaxel

paclitaxel + carboplatin

Paclitaxel + Doxorubicin +
Cyclophosphamide + Paclitaxel/Docetaxel

pemetrexed + cisplatin/carboplatin

Paclitaxel + Carboplatin
Gemcitabine + Cisplatin

Gemcitabine + Carboplatin

paclitaxel + epirubicin + cyclophosphamide

Gemcitabine + Cisplatin

Carboplatin + nab-paclitaxel + anlotinib
Docetaxel + oxaliplatin + S-1

FLOT (flurouroacil + leucovorin +
oxaliplatin + docetaxel)

carboplatin + paclitaxel
cisplatin + gemcitabine
pemetrexed + cisplatin

pemetrexed + carboplatin

Phase Status

I

I
11
I

I

/1L
1I

I

I

I/11

11

I
I

I

I

/11

1I

11
I
11

111

Not yet
recruiting

Recruiting
Recruiting

Not yet
recruiting

Completed

Recruiting

Recruiting

Completed

Not yet
recruiting

Not yet
recruiting

Recruiting

Recruiting

Recruiting

Recruiting
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Cancer

Esophageal Squamous Cell Carcinoma

EGJ Adenocarcinoma

Cisplatin-eligible Muscle-invasive Bladder Cancer (MIBC)

Pancreatic Ductal Adenocarcinoma

Triple Negative Breast Cancer

Locally Advanced HER2- Breast Cancer

Gastroesophageal Junction (GEJ) and Stomach
Adenocarcinoma

Advanced-Stage Ovarian Cancer

Bladder Cancer

Limited-Stage Small Cell Lung Cancer

Previously Untreated Locally Advanced Resectable Stage II,

IIIA, or Select IIIB Non-Small Cell Lung Cancer

Triple Negative Breast Cancer

Surgically Removable Early Stage Non-small Cell Lung
Cancer

Non Small Cell Lung Cancer

Inflammatory Breast Cancer (IBC)

Mesothelioma

Ovarian Cancer

Urothelial Carcinoma

Cancer

Luminal B HER2(-) or Triple Negative Breast Cancers
Biliary Tract Neoplasms

Gallbladder Cancer

Cholangiocarcinoma

Stage III Non-Small-Cell Lung Cancer

Gastric or Gastroesophageal Junction Adenocarcinoma

Gastric and Gastroesophageal Junction Cancer

Non-small Cell Lung Cance
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NCT04162015

NCT03899610
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Horn et al., 2018; Schmid et al., 2018). Numerous phase III trials
are currently underway for various cancer types that will alter the
face of oncology for multiple indications. Our review has focused
on the administration sequence and dosing schedule of combined
immunochemotherapy.

Immunochemotherapy combinations currently comprise
adjuvant standard-of-care chemotherapy regimens being
added to but the in this

combination have not been optimized. With the deepening of

immunotherapy, elements
the clinical application of chemotherapy combined with Immune
checkpoint inhibitors, more studies began to focus on practical
clinical issues such as the schedule, interval, and cycle of the
combination therapy to obtain better clinical benefits (Principe
et al., 2022; Leonetti et al., 2019). Studies have shown that
neoadjuvant chemotherapy plays an important role in cancer
treatment, and a large number of clinical trials are currently

the of of
regimens in neoadjuvant therapy

underway to evaluate mechanism action
immunochemotherapy
(Table 2). In addition, increasing attention has been given to
the sequence of administering anti-PD-1 antibodies and
chemotherapeutic recent study
that anti-PD-

L1 treatment could exert a better immunomodulatory effect in

agents. A phase II

demonstrated chemotherapy  prior to
the neoadjuvant treatment of locally advanced esophageal
squamous cell carcinoma (Fukuoka et al., 2019). Although this
study is still ongoing, the current results suggest that delaying
toripalimab administration to day 3 in immuno-chemotherapy
may achieve higher pCR rates than administering both agents on
the same day. This conclusion requires further large-sample
clinical trials for verification.

With these general considerations related to drug scheduling,
researchers should further investigate the different doses and
lengths of drug-free periods required for various drugs and
cancer types to improve the efficacy of immunogenic
This  would further the
combination dynamics of different and
immunotherapy drugs for different cancer types.

chemotherapy. standardize

chemotherapy

Chemotherapy combined with oncolytic
virus therapy

Oncolytic viruses (OVs) comprise a novel immune anti-
tumor therapy that can target tumor cells and replicate within
them, thereby killing tumor cells (Martin and Bell, 2018). OV,
including adenovirus, parvovirus, reovirus, coxsackie virus, and
HSV, can promote the expression of DAMPs to induce ICD. The
synergistic combination of OVs and chemotherapeutic agents
can compensate for the current situation wherein the inability of
chemotherapeutic agents to induce ICD is the limiting factor.
This combination has a significantly improved efficacy in
enhancing the stimulation of an anti-tumor immune response
compared with single-drug treatment (Habiba et al., 2020). For
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example, the combination of ONYX-015 and cisplatin
significantly improved OS in a tumor xenograft model,
showing superior efficacy to cisplatin monotherapy (Khuri
et al, 2000). In addition, combination therapy with the
HSV-1 the

accumulation of antigen-specific CD8" T cells in the tumor

oncolytic and  mitoxantrone  increased
(Workenhe et al.,, 2013). Several clinical trials employing OV's
in association with chemotherapeutic agents in various tumor
types have been performed or are ongoing (Table 3). In a phase
I/IT trial of intravenous carboplatin/paclitaxel plus reovirus
showed good objective responses and inhibition of tumor
progression in cancer of the head and neck (Karapanagiotou
etal,,2012). ONCOS-102 (previously known as CGTG-102) is an
adenovirus equipped with GM-CSF. In a phase I trial, the safety
and recommended dose of the oncolytic adenovirus ONCOS-102
combined with low-dose oral CTX for advanced cancer was
investigated (Ranki et al., 2016). In a subsequent next phase I/II
clinical trial, the safety and clinical efficacy of chemotherapy
combined with ONCOS-102 in the treatment of malignant
pleural mesothelioma were further evaluated (Kuryk et al.,
2016). Therefore, chemotherapy combined with OV seems to
provide a new therapeutic strategy for targeting the immune
microenvironment since combining the two can better exert anti-
tumor immune regulation.

Chemotherapy combined with cellular
stress inducers

The mechanisms through which chemotherapeutic agents
induce ICD are complex, diverse, and mainly related to
cellular stress responses, manifested through ER stress,
induction of autophagy, and ATP release (Zhou et al,
2021; Radogna and Diederich, 2018). Owing to tumor
heterogeneity and the influence of the physicochemical
the
adjuvanticity of chemotherapy compromises the ability of

properties of chemotherapeutic drugs, restricted

dying cells to activate anti-tumor adaptive immunity.

Recently, several cellular stress inducers have been
discovered and used synergistically with chemotherapeutic
agents to improve the overall response rate of ICD. As a
representative cardiac glycoside, digoxin can potentially
induce characteristic biomarkers of ICD, such as CRT
exposure, ATP secretion, and HMGBI1 release (Menger
et al, 2012). When combined with cisplatin, a significant
percentage of tumor-free mice were revaccinated with live
tumor cells in mouse models (Xiang et al., 2020). This
experimental result was confirmed to depend on the
immune Likewise,

activation of anti-tumor responses.

statins have great calreticulin

exposure on the tumor cell surface and enhance cellular

potential to promote

signaling associated with ER stress. In addition, statins can
promote the activation and recruitment of APCs and tumor-
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TABLE 3 Clinical trials on combination regimens of OVs and chemotherapy in cancer.

Drugs
TG6002

LOAd703
Enadenotucirev

TBI-1401(HF10)

rQNestin34.5v.2

Talimogene laherparepvec

OH2 oncolytic virus

olvimulogene nanivacirepvec(Olvi-Vec)

Pelareorep
JX-594 (Pexa-Vec)

Reovirus Serotype 3—Dearing Strain
(REOLYSIN®)

Reovirus Serotype 3—Dearing Strain
(REOLYSIN®)

Reovirus Serotype 3—Dearing Strain
(REOLYSIN®)

oncolytic measles virus encoding
thyroidal sodium iodide symporter
(MV-NIS)

Comibinations

5-flucytosine

gemcitabine/nab-paclitaxel/atezolizumab
Capecitabine + Radiotherapy

Gemcitabine + Nab-paclitaxel or TS-1

Cyclophosphamide

Paclitaxel

LP002 + Cisplatin + Fluorouracil

Platinum chemotherapy: carboplatin
(preferred) or cisplatin

paclitaxel + avelumab
Irinotecan

chemotherapy(Gemcitabine/Irinotecan/
Leucovorin+5-fluorouracil) +pembrolizumab

Carboplatin + Paclitaxel

Irinotecan/Fluorouracil/Leucovorin
(FOLFIRI)+bevacizumab

pegylated liposomal doxorubicin/gemcitabine/
topotecan/paclitaxel + bevacizumab

10.3389/fphar.2022.1035954

DNX2401 Temozolomide

Oncolytic Reovirus (Reolysin NSC # Paclitaxel

729,968)

CGTG-102 low-dose metronomic cyclophosphamide
CGTG-102 Pemetrexed/cisplatin (carboplatin)/

Cyclophosphamide

This table is according to https://clinicaltrials.gov/

specific CD8" T cells in tumor tissues and draining lymph
nodes, further enhancing the sensitivity of immune effector
cells to ICD-related markers (Kwon et al., 2021). This effect
was shown to be significantly improved after combined
treatment with cisplatin. Moreover, chemotherapy-induced
autophagy is required for the trafficking of T lymphocytes and
dendritic cells. Oxaliplatin (OXA) has been experimentally
shown to activate immunomodulatory responses by activating
autophagy-dependent ATP release (Martins et al., 2012). On
this basis, Wang et al. used the autophagy inducer
Thiostrepton in combination with OXA and observed the
shrinkage of TC1 NSCLC and MCA205 fibrosarcoma cells in
an immunoactive C57BL/6 mouse model, which was
dependent on the activation of T lymphocytes (Wang Y.
et al., 2020). However, further preclinical studies focusing
on the complete and dynamic biological mechanisms that
account for cellular stress inducers are needed to facilitate the
development of additional cell stress inducers. This would
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Phase Status Cancer References
/1 Recruiting Glioblastoma NCT03294486
Brain Cancer
/11 Recruiting Pancreatic Cancer NCT02705196
I Recruiting Locally Advanced Rectal Cancer NCT03916510
I Active, not Pancreatic Cancer Stage III/IV. ~ NCT03252808
recruiting
I Recruiting Brain Tumor NCT03152318
/11 Active, not Breast Cancer NCT02779855
recruiting
I Recruiting Digestive System Neoplasms NCT04755543
1T Not yet Ovarian Cancer NCT05281471
recruiting
I Recruiting Breast Cancer Metastatic NCT04215146
jrats Completed Colorectal Carcinoma NCT01394939
I Completed Pancreatic Adenocarcinoma NCT02620423
I Completed Carcinoma, Non-small Cell NCT00861627
Lung
I Completed KRAS Mutant Metastatic NCT01274624
Colorectal Cancer
11 Recruiting Ovarian Carcinoma NCT02364713
1 Completed Glioblastoma Multiforme
Recurrent Tumor NCT01956734
1I Completed ovarian epithelial, fallopian NCT01199263
tube, or primary peritoneal
cancer
I Completed Malignant Solid Tumour NCT01598129
/11 Active, not Unresectable Malignant Pleural ~ NCT02879669
recruiting Mesothelioma

enable clinicians to strategically combine chemotherapy to
induce immunogenic cellular stress.

Conclusion

As traditional anti-cancer agents, chemotherapeutic agents
have exhibited significant benefits to patients with cancer.
Although
mounting

long considered immunosuppressive, there is

evidence to support the selection of
chemotherapeutic agents with immunostimulatory properties
as effective anti-cancer therapies. However, despite multiple
mechanisms, the critical role of chemotherapeutics in
determining the overall efficacy of cancer treatment remains
unclear. With an improved understanding of the association of
immunology and tumor biology at the molecular level,
immunogenic cell death emerges as one of several crucial

mechanisms by which chemotherapeutics elicit tumor-targeted
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immune responses. Prospective preclinical results and
preliminary clinical findings suggest that the integrated stress
response induced by chemotherapeutic agents may be key to
their long-term immunomodulatory effects. Further research
and exploration of the mechanisms underlying the
immunomodulatory effects of chemotherapy are required.
Accumulating  clinical data indicate the potency of
chemotherapeutics in combination with other anti-cancer
When

chemotherapeutic agents with immunotherapies or designing

drugs, particularly immunotherapy. combining
suitable delivery systems for chemotherapeutic drugs, such as
nano-targeted delivery and ADCs, one should consider the
relative merits of the constituent drugs in terms of their
targets, pharmacokinetics, and safety. In addition, we also
need to consider the administration sequence, time interval,
and dose of the combination therapy. Lastly, biomarkers that
can identify responses to combinatorial regimens of
chemotherapeutic agents remain unknown. Recently, liquid
biopsy, owing to its ability to monitor the immune landscape
of the TME dynamically, appears to be useful for guiding
immunogenic chemotherapy and providing a real-time
Overall,
agents  are

biomarker screening combinatorial

approach.

regimens of chemotherapeutic promising

therapeutic platforms for optimizing combinatorial cancer
treatments.
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The number of patients with allergic asthma is rising yearly, and hormonal drugs,
such as dexamethasone, have unique advantages and certain limitations. In the
treatment of allergic diseases especially allergic asthma, increasing the
percentage or the function of immunosuppressive cells, such as Treg cells,
may achieve a good effect. On the basis of good clinical results, we found that
Guominkang (GMK) especially high-concentration GMK can achieve a similar
effect with dexamethasone in controlling the symptoms of allergic asthma and
inhibiting inflammation of allergic asthma. In our study, GMK can inhibit the
recruitment of inflammatory cells, decrease mucus production, and reduce
airway resistance. Besides, GMK can reconstruct the cellular immune balance of
Th1/2 and Treg/Thl7 cells. Metabolome results show that DL-glutamine,
L-pyroglutamic acid, prostaglandin bl, prostaglandin e2, and 34-
dihydroxyhydrocinnamic acid are the metabolic biomarkers and are
associated with Th1/2 and Treg/Th17 cell balance. GMK can also change the
gut microbiota in the allergic asthma mouse model. The genus_Muriculum,
genus_(Clostridium) GCA900066575, genus_klebsiella, genus_Desulfovibrio,
genus_Rikenellaceae RC9 gut group, family_Chitinophagaceae,
family_Nocardioidaceae, and genus_Corynebacterium are gut microbiota
biomarkers treated by GMK. Among these biomarkers, genus_Muriculum is
the gut microbiota biomarker associated with Th1/2 and Treg/Th17 cell balance.
Interestingly, we first found that DL-glutamine, L-pyroglutamic acid,
prostaglandin b1, prostaglandin e2, and 3,4-dihydroxyhydrocinnamic acid are
all associated with genus_Muriculum. GMK will be a new strategy for the
treatment of eosinophilic asthma, and biomarkers will also be a new
research direction.
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Introduction

Asthma is a chronic inflammatory disease with high incidence
rate, which can cause more than 250000 deaths every year (Fahy,
2015). Epidemiological studies showed that environmental risk
factors (such as respiratory viral infections (Busse et al., 2010) and
air pollutants (Peden, 2005)) and increasing urbanized lifestyles
(including reduced exposure to microbes or their products
(Braun-Fahrldnder et al, 2002)) are factors inducing allergic
asthma. Among the various forms of asthma (e.g, caused by
allergens, air pollution, exercise, aspirin, and cold), allergic asthma
is the most prevalent and can be induced by allergens, such as peanut,
house dust mite (HDM), pollen, and animal dander. Inhaled
corticosteroids (ICS) and long acting 3 Agonists are the basic
treatment of asthma, which can effectively control the symptoms
of allergic asthma. However, these therapies are not suitable for all
patients with allergic asthma because some patients develop severe
asthma. Severe asthma is characterized as difficulty in drug control,
recurrent attacks, and chronic airflow obstruction (Lloyd and
Hawrylowicz, 2009). Acute exacerbation of allergic asthma has a
huge impact on both adults and children. At the same time, it brings a
huge economic burden to patients with allergic asthma and
endangers public health. According to the regularly revised global
Asthma Initiative, few drugs are suitable for new biological agents or
treatment schemes such as allergen specific immunotherapy (Duan
et al, 2004; Sakaguchi et al., 2008).

Allergic asthma is predominantly divided into two inflammatory
subtypes caused by T helper (Th) cells, i.e., Th2-high and Th2-low.
The Th2-high subtype are associated with Th2 subtype cytokines
such as IL (interleukin)-4, IL-5, and IL-13, and are characterized
by airway eosinophilic infiltration. In allergic asthma, airway
eosinophilia and goblet cell metaplasia are predominantly induced
by IL-5 and IL-13, respectively (Finkelman et al., 2010; Chung, 2015).
IL-4 has a certain correlation with sensitization and IgE production.
IL-5 participates in eosinophil survival, and IL-13 affects the
development and reorganization of airway hyperresponsiveness
(AHR) 2020). Studies have shown that the
pathogenesis of airway inflammation in allergic asthma is related
to the imbalance of Th1/Th2 cells, and the main reason for the
excessive differentiation of Th2 cells is the insufficient differentiation

(Sun et al,

of Thl cells. An important strategy for the treatment of allergic
asthma is to induce allergen immune tolerance (Heffler et al., 2019).

Current treatments based on glucocorticoid inhalation can only
control Th2-driven eosinophil inflammation but cannot induce
immune tolerance (Dhami et al, 2017). Foxp3+ Treg cells are
critical for maintaining immune homeostasis in allergic asthma,
and can inhibit inflammatory response (Joetham et al, 2007).
Treg cells are a type of CD4" T cell subpopulation, and the
transcription factor Forkhead Box 3 (FOXP3), as a specific Treg
cell maker, is essential to their function (Bullens et al., 2006;
Finkelman et al, 2010). FOXP3 is the key to the differentiation of
Treg cells. If FOXP3 gene is mutated, abnormal Treg cells will be
produced. They lack regulatory function (Berker et al, 2017;
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Asayama et al, 2020). For patients with allergic asthma, the
imbalance of Treg and Th cells in the process of allergic reaction
has a certain impact on the development of asthma (Lee et al., 2009).
IL-10 and TGF-B play an irreplaceable role in the regulation of
allergic asthma. TGF-p can induce Foxp3 expression and Treg cell
differentiation. IL-10 is also critical for the effective suppression of
allergic reactions in the lung (Kudo et al, 2012). Recent studies
showed that the IL-17A produced by Th17 cells promotes allergen-
induced AHR through direct effects on airway smooth muscle (Gavin
et al, 2007). The elevated levels of IL-17A are found in serum,
sputum, and bronchoalveolar lavage (BAL) of patients with allergic
asthma, and the concentrations of IL-17A are positively correlated
with asthma severity at these sites (Baatjes et al, 2015; Zhao and
Wang, 2018). Recent studies have shown that both Treg and
Thl7 cells have the ability to redifferentiate and belong to an
unstable population (Tortola et al, 2019). Some treatment
schemes are aimed at improving the symptoms of allergy and
asthma. They all start from stimulating the proliferation of Treg
cells to increase the number of Treg cells or restore the function of
Treg cells (Hori et al., 2003). Therefore, increasing studies focused on
stimulating Treg cell proliferation or inhibiting Th17 cell
redifferentiation and changing the differentiation level of Treg or
Th17 cells to rebuild the balance of Th17/Treg cells, which is
correlated with asthma severity (Fontenot et al., 2003; Lin et al., 2007).

In the past few years, the combination of hormone therapy, such
as ICS, with other medications, including a long-acting f2-agonist or
a leukotriene modifier, is the first choice to treat allergic asthma, but
not all patients achieve asthma control (Durrant and Metzger, 2010).
A new drug that can induce immune tolerance and is expected to
inhibit the recurrence of asthma is urgently needed. GMK is a drug
prescribed by academician Qi Wang after many years of clinical
experience and has achieved good clinical effect in treating allergic
disease. In this study, we try to clarify the mechanism of GMK in
treating eosinophilic asthma.

Materials and methods
Mice

Female BALB/c mice (age: 6-8 weeks old) were obtained
from Beijing Vital River Laboratory Animal Technology Co.
Ltd., Beijing, China. These mice were housed in pathogen-free
conditions. All animal procedures were approved by Beijing
University of Chinese Medicine Animal Care and Use
Committee and conducted in accordance with AAALAC
and TACUC guidelines.

Preparation of GMK

The four components of GMK used in our experiment are: Wu-
Mei (Mume Fructus) 20 g, Chan-Tui (Cicadae Periostracum) 10 g,
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FIGURE 1

GMK can alleviate inflammation of eosinophilic asthma in BALB/c mice model. (A) Flow chart of eosinophilic asthma model construction in
BALB/c mice. (B) Allergens airway hyperresponsiveness assessment by non-invasive methods. Mice (n = 4-5/group) were sensitized and challenged
with OVA. a, p < 0.05 vs. Control; aa, p < 0.01 vs. Control; aaa, p < 0.001 vs. Control. b, p < 0.05 vs. GMK(H); bb, p < 0.01 vs. GMK(H); bbb, p < 0.001 vs.
GMK(H). ¢, p < 0.05 vs. GMK(M); cc, p < 0.01 vs. GMK(M); ccc, p < 0.001 vs. GMK(M). d, p < 0.05 vs. GMK (L); dd, p < 0.01 vs. GMK(L); ddd, p <
0.001vs. GMK(L); e, p < 0.05 vs. DEX; ee, p < 0.01vs. DEX; eee, p < 0.001 vs. DEX. (C) HE staining and inflammation score of lung tissue. (D) Typical PAS
staining and the related corresponding score of lung tissue. (E) Specific OVA-IgE antibody detection in serum, eosinophil count in bronchoalveolar
lavage fluid (BALF), IL-5 and IL-13 cytokines detection in BALF (n = 5-6/group). The experiments repeated 2—-3 times in this study. *p < 0.05, **p <
0.01, ***p < 0.001.
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FIGURE 2

Th1, Th2 cells and their related cytokines and gene detection. (A) Thl and Th2 cells related cytokines detection in BALF and the IL-4 and IFN-y
MRNA expression in lung tissue analyzed by real-time RT-PCR. (B,C) Flow cytometry detection of Thl and Th2 cells in spleen tissue, results was all
represent as mean+SEM (n = 5-6/group). CD3*CD4" cells were gated, then IFN-y+ cells were gated for Thl cells. CD3*CD4" cells were gated, then
IL-4* cells were gated for Th2 cells. The experiments repeated 3 times in this study. *p < 0.05, **p < 0.01, ***p < 0.001.

Fang-feng (Saposhnikoviae radix) 10 g, Ling-zhi (Ganoderma) 10 g,
Shou-Wuteng (Caulis Polygoni Multiflori) 15 g, Tian-ma (Gastrodia
elata Blume) 10g, they were named by Pharmacopoeia of China
(2020). After soaked in deionized water for 30 min. The
final concentration of the drug were GMK(H) group:19.5 g/kg/d,
GMK(M) group: 9.75 g/kg/d, GMK(L) group:4.875 g/kg/d. More
details can be found in references (Wu et al, 2019). DEX
(Dexamethasone) was given 1 mg/kg/d, and it was dissolved in
saline solution. The drug of GMK and DEX were given according
to Figure 1A, GMK were given from day 14 to day 25, DEX was given
from day 21 to day 25, they were all given once a day.

Construction of eosinophilic asthma
mouse model, administration of GMK, and
detection of airway resistance

The eosinophilic asthma mouse model was induced by
ovalbumin (OVA). Mice were sensitized on days 0 and 14 by
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intraperitoneal injection with 2mg OVA (Sigma-Aldrich,
Cat#A5503) and 2mg Alum Adjuvant (Invitrogen, Cat#77161)
dissolved in PBS. Mice inhaled 1%ova for 30 min from day 21 to
day 25. BAL fluid (BALF) was collected 24 h after the last challenge.

On day 26, after challenge for 5 days, 0, 6.25, 12.5, 25, and 50 mg/
ml methacholine (Sigma, Cat#A2251) was used to detect the
enhanced pause (Penh) value. The airway resistance experiment
was carried through the noninvasive measurement of airway hyper-
responsiveness by whole-body plethysmography (WBP-4MR, TOW,
China) as described previously (Li et al., 2009). The Penh ratio was
used to represent the Penh measured (using methacholine divided by
the mean Penh over a 5-min interval using PBS).

Hematoxylin and eosin and periodic
acid—schiff staining of lung tissue

Lung tissues were fixed in 4% paraformaldehyde,
embedded into paraffin, and cut into 4 um prepared
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FIGURE 3

Treg, Th17 cells and their related cytokines and mRNA detection. (A) Treg and Th17 cells related cytokines detection in BALF. (B,C) Percentage
detection of Treg and Th17 cells in spleen tissue. (D) The Foxp3 and RORyt mRNA relative expression in the lung tissue analyzed by real-time RT-PCR,
results was represent as mean+SEM (n = 5-6/group). CD3*CD4" cells were gated, then CD25*Foxp3* cells were gated for Treg cells. CD3*CD4*
cells were gated, then IL-17" cells were gated for Th17 cells. The experiments repeated 3 times in this study.*p < 0.05, **p < 0.01, ***p < 0.001.

sections. Lung tissues were stained by HE staining for
cell infiltration detection or PAS for mucus production. As
mentioned earlier, inflammatory cells and goblet cells were
scored in at least three different areas of each lung section
(Buzney et al., 2016).

Percentage of Thl, Th2, Treg and
Thl7 cells and cytokines in BALF and
specific OVA-IgE detection in Serum

Collecting spleen tissue and prepareing it into single cell
suspension. Pay attention to the aseptic operation. For flow
cytometry, cells were stimulated in complete RPMI containing
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2ul cocktail A (BD, Cat#550583) for 4 Construction of
eosinophilic asthma mouse h, after blocked by Fc-receptor
blocker (BD, Cat#513141) in 37°C for 40Construction of
eosinophilic asthma mouse min, washed, and resuspended
in 1 x PBS, and stained with FVS780 (BD, Cat#565388) to
discriminate viable cells. The eBioscience Fix/Perm (Cat#00-
5523-00) and BD Fix/Perm (Cat#554714) buffer kits were used
to fix and permeabilize the cells. The intracellular staining
Foxp3  (eBioscience, Cat#17-5773-82), IFN-y (BD,
Cat#557735), 1L-4 (BD, Cat# 562915), or IL-17A (BD,
Cat#564169) were used. Finally, we analyzed the data by
the LSR Fortessa cell analyzer and Diva software (BD).
Multi-cytokine detection containing IL-4, IFN-y, IL-5, IL-13,
TGF-p, IL-6, IL-10, and IL17A was performed in accordance
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with  the premixed AimPlex™ multiplex-assay kits
(Cat#T2C0710709 and Cat#B111206). OV A-specific IgE in the
serum was detected in accordance with the protocol (Cayman,
Cat#500840).

Detection of IFN-y, IL-4, Foxp3, and RORyt
MRNA levels by real-time PCR

\The transcription factors of IFN-y, IL-4, FOXP3, and
RORyt in lung tissue were detected, and the total RNA from
the tissues was extracted by TRIzol (Invitrogen)
cDNA
was synthesized by reverse transcription by using the first-
strand cDNA synthesis kit (Servicebio, G3330) in accordance
with the manufacturer’s instructions and used for real-time

in

accordance with the manufacturer’s instructions.

PCR assay performed in 1x SYBR green qPCR master mix
(Servicebio, G3320) together with 0.2 mM forward and
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reverse primers. The amount of mRNA of the indicated
genes after normalization of B-actin mRNA. The primers
of GAPDH, Foxp3, RORyt, IFN-y and IL-4 genes were as
described as in a previous study (Zhou et al., 2022).

Untargeted plasma metabolomics
detection and analysis

In this study, UHPLC (1290 Infinity LC, Agilent
Technologies) and quadrupole time-of-flight (AB Sciex
TripleTOF 6,600) in Shanghai Applied Protein Technology
Co., Ltd. were used to perform LC-MS/MS analysis. The
orthogonal partial least-squares discriminant analysis was
used to perform multivariate data analysis, and VIP >1 and
p value <0.05 were used to screen metabolites’ significant
changes. The Pearson correlation analysis with R package was
used to determine the correlation between variables.
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(Continued). Untargeted metabolomics of plasma detection treated by GMK. (A) OPLS-DA score plots derived from UPLC-Q-TOF/MS in
positive and negative ionization modes. (B) Volcano map in positive mode and negative mode. (C) The hierarchical cluster analysis of different
metabolites between GMK and model group under positive and negative modes. (D) Enriched KEGG pathways based on significant different

Gut microbiota detection and analysis

The 16S rDNA amplicon sequencing was used to
detect gut microbiota after extracting the total genome
DNA by the CTAB/SDS method (Bansal et al., 2018).
Sequencing libraries were generated using the NEB
Next®Ultra™DNA Library Prep Kit for Illumina (NEB,
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United States) following the manufacturer’s
recommendations, and index codes were added. The library
was sequenced on the Mlumina Miseq/

HiSeq2500 platform. STAMP software was used to confirm
the difference in abundance value, and LEfSe was used to
conduct quantitative analysis of biomarkers in different
groups.
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TABLE 1 Differentiated plasma metabolites between model and GMK groups.

Name ESI
Erucamide +
L-pyroglutamic acid +
DL-glutamine +
2-methylbutyryl-L-carnitine +
Pirinixic acid aminothiazole +
Cytosine +

N-acetyltryptophan -
Glutamine -
1,5-anhydro-d-sorbitol -
Dihydro-4,4-dimethyl-2,3-furandione
L-Galactono-1,4-lactone
Pc(18:1e/9-hode)

Prostaglandin e2 -
Prostaglandin bl -
Pantothenate -
1h-indole-3-propanoic acid -
Pseudouridine -
Sm d34:1
3,4-dihydroxyhydrocinnamic acid
D-Quinovose

N-acetylcytidine

Palmitic acid

Correlation analysis of differential plasma
metabolites and differential gut
microbiota with Thl, Th2, Treg and

Thl7 cells in eosinophilic asthma

The Pearson correlation analysis with R package was performed
to determine the correlation of variables, such as differential plasma
metabolites; differential gut microbiota; Th1, Th2, Treg and Th17 cell
percentages; specific OVA-IgE antibody; Penh value (Methacholine:
12.5, 25, and 50 mg/ml); and eosinophilic number in BALF.

Statistical analysis

Use SPSS 20.0 software for statistical analysis of data. Data
are presented as means + SEM. Analysis of variance (ANOVA)
with the Bonferroni correction for post hoc comparisons was
used to test group differences, and the rank sum test was used for
percentage analysis. p < 0.05 was considered statistically
significant. The Pearson correlation analysis was used to
the metabolites and
differential gut microbiota with Th1/2 and Treg/Th17 cells.

analyze correlation of differential
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VIP Fold Change p value
10.05189 3374263664 0.000125
3.846949 0.830618952 0.004358
2412555 0.832989231 0.005224
1.272464 0799934156 0.011032
1.030683 1.77173329 0.02643
1.239749 0.849232667 0.03137
1.779763 1.402748814 0.001626
3.114074 0760124438 0.004224
2.085506 1.391837849 0.006918
1.167511 078160733 0.007372
1.725859 0.684250598 0.013781
2.2884 1.885403306 0.013944
3.424605 0.130341353 0.014098
1.169405 0.514396644 0.014977
1.852229 0.745324355 0.017882
1.479907 0595061082 0.01828
1.240415 0.78508799 0.030125
2.112093 1.383823251 0.031022
1.449743 0689174528 0.036569
1.304085 1.279815081 0.039916
1.363898 0.736552224 0.047463
15.57049 0.78886185 0.049912
Results

GMK plays a certain role in relieving
allergic inflammation in eosinophilic
asthmatic mouse model

The allergic asthma model in BALB/c mice with
eosinophil infiltration was constructed as shown in
1A. The Penh value,
resistance, indicated that GMK could significantly decrease
the Penh value. The high-concentration GMK, GMK(H) had
effect, the group,

i.e., Dexamethasone (DEX) group, had the best effect

Figure which reflected airway

good whereas positive  drug
(Figure 1B). The same effect could be seen in Figures 1C,D.
GMK especially the (GMK(H)) group could achieve improved
effect, whereas DEX had the best effect in inhibiting allergic
inflammation, infiltration
10) 1D).

Interestingly, in the detection of specific OVA-IgE, IL-5,

such as inflammatory cell

(Figure and mucus production (Figure
and IL-13 antibodies and eosinophilic number (Figure 1E),
DEX had the best effect, and compared with the middle- and

low-concentration GMK, GMK(H) had the best effect.

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.978421

Zhou et al.

Prostaglandin e2 DL-glutamine

400000 400000 - 1100000

. i
8000001

L-pyroglutamic acid

3000004 o° 3500004 1000000 co00d ° 5 .
100000
900000
200000 300000 . 400004
T
L]

10.3389/fphar.2022.978421

Th17(%) Joses
Treg(%) -0.05
Th1(%)
Th2(%)
Methacholine(12.5mg/ml)

l—0.94

Methacholine(25mg/mi)
Methacholine(50mg/ml)
OVA-IgE

Eos number

Prostaglandin bl 3 4-dihydroxyhydrocinnamic acid

80000 150000

* *

* L] 50000
100000 250000} . 00004
. 700000

C e )

0- 200000~ 600000 -— 0=
I

Model GMK Model GMK il Cic Madéll 'GMK Model GMK

FIGURE 5

Correlation analysis between differential metabolites and Th1/2, Treg/Th17 cells balance treated by GMK in eosinophilic asthma. (A) Pearson
correlation analysis between differential metabolites and Th1/2, Treg/Th17 immune balance, Penh value, OVA-IgE antibody and eosinophil number
in BALF compared between GMK(H) and model group. (B) Metabolic biomarkers closely related to Th1/2 and Treg/Th17 cell balance in eosinophilic

asthma (n = 7/group). *p < 0.05, **p < 0.01, ***p < 0.001.

GMK can reconstruct Th1l/2 cellular
balance in eosinophilic asthma

The Th1/2 cell balance was destroyed in the eosinophilic
asthma model but reconstructed after GMK treatment
especially in the GMK(H) group (Figures 2B,C). The
cytokines of IL-4 and IFN-y in serum and the mRNA
expression levels of IL-4 and IFN-y in lung tissue had the
same effect (Figure 2A). Surprisingly, DEX did not have the
same effect and could decrease Th2 cell percentage and
related cytokines, such as IL-4 and IFN-y mRNA
expression, but can not increase Thl cell percentage
and the related cytokine and mRNA expression, such as
IFN-y.

Treg/Th17 cellular immune balance is
reconstructed after GMK treatment

The allergic asthma model group showed a significant
decrease in the percentage of Treg cells. In contrast, the

Frontiers in Pharmacology

percentage of Treg cells increased significantly in the GMK
groups, especially in the GMK (H) group (Figures 3B,C).
Interestingly, GMK groups especially the GMK(H)
group had decreased Thl7 cell detection. The mRNA
expression of Foxp3 and RORyt in lung tissue is
consistent with the detection results of Treg and
Th17 cells in Figure 3D. The cytokine detection result
showed that GMK treatment decreased IL-17A and IL-6
levels and increased IL-10 and TGF-p levels (Figure 3A).
DEX also achieved the same effect as GMK(H) in the
detection.

Plasma metabolites were changed after
GMK treatment

We studied the plasma metabolism after GMK treatment
to explore the mechanism of GMK on immune balance
reconstruction in eosinophilic asthma. As shown in
Figure 4A, metabolites were detected in the positive (POS)
and negative (NEG) modes (i.e., 0.3 < Q*=0.368 < 0.5 in POS
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FIGURE 6

Gut microbiota Biomarker detection after GMK treated. (A) Principal coordinate analysis (PCoA) of gut microbiota in GMK treated group and
eosinophilic asthma model group; (B) The top 10 gut microbiota at genus level between GMK treated group and model group; (C) Lefse analysis of
differential gut microbiota between GMK treated group and model group (LDA >2 was used); (D) STAMP analysis of differential gut microbiota
between GMK(H) treated group and model group (p < 0.05 was used), n = 7/group.

mode and 0.3 < Q* = 0.387 < 0.5 in NEG mode), which
indicated that the model was stable. A total of 5,058 and
4,387 metabolites in the POS and NEG modes, respectively,
were detected. Six of these metabolites were significantly
expressed in POS mode and 16 were significantly expressed
in NEG mode (Table 1). Differential metabolites with FC >
1.5 or FC < 0.67 and p value <0.05 were visualized using a
volcano graph in Figure 4B. The results of the hierarchical
6 and
16 metabolites in POS and NEG modes respectively are
shown in Figure 4C. In the KEGG pathway analysis, most
differential
metabolism and D-glutamine and D-glutamate metabolism

clustering analysis of differential metabolites,

metabolites were enriched to pyrimidine

pathway (Figure 4D).
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Biomarkers associated with Th1/2 cell or
Treg/Th17 cellular immune balance at the
metabolic and gut microbiota levels

The Pearson correlation analysis was used to analyze the
correlation and further explore the immune mechanism of GMK
in treating eosinophilic asthma at the metabolic level (Figures
5A,B). The plasma metabolites in the GMK(H) and eosinophilic
asthma mice model groups were detected. Among the differential
metabolites, DL-glutamine, L-pyroglutamic acid, prostaglandin
b1, prostaglandin e2 and 3,4-dihydroxyhydrocinnamic acid were
the metabolic biomarkers, they were all connected to OVA-IgE,
Penh value (Mch:12.5,25,50 mg/ml), Eos number, Th1/2 and
Treg/Th17 cell balance.
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Correlation analysis between gut microbiota and Th1/2, Treg/Th17 cell balance in eosinophilic asthma. (A) Correlation analysis between
differential microbiota and Th1,Th2, Treg and Th17 cell percentage, Penh value, OVA-IgE antibody and eosinophil number in BALF. (B) Correlation
analysis of diffenential metabolites and gut microbiota biomarker treated by GMK (n = 5-6/group).

GMK was treated by intragastric administration to further
investigate whether GMK could change gut microbiota, and
16S rDNA amplicon sequencing analysis was performed in the
study. The gut microbiota was separated significantly
(Figure 6A) and the top 10 relative abundance at genus
level (Figure 6B). The LDA Effect Size (LEfSe) and STAMP
analyses were used to examine the differential gut microbiota
between GMKand model groups. LDA value >2 was used in
the LEfSe analysis, and p value <0.05 was used in STAMP

analysis. Genus_Muriculum, genus_(Clostridium)
GCA900066575, genus_klebsiella, genus_Desulfovibrio,
genus_Rikenellaceae RC9 gut group,
family_Chitinophagaceae,  family_Nocardioidaceae, and

genus_ Corynebacterium were gut microbiota biomarkers
after GMK treatment as shown in Figures 6C,D.
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The Pearson correlation analysis was used in this study to
investigate whether gut microbiota changes were related to the
reconstruction of immune balance. The genus_ (Clostridium)
GCA900066575,  genus_Desulfovibrio,
genus_ Rikenellaceae RC9 gut group were all associated with
Thl cells, and genus_Desulfovibrio was associated with Th2 cells.
These cells in the Thl/2 cell balance.
Genus_Muriculum and genus_klebsiella were associated with Treg

genus_Muriculum, and

were important

cells, and genus_Desulfovibrio and genus_Muriculum related to
Th17 cells. These cells were essential in the Treg/Thl7 immune
balance. Among them, genus_Muriculum is the biomarker based on
the OVA-IgE, Penh value (Mch:12.5, 25, 50 mg/ml), Eos number,
Thl, Th2, Treg and Th17 cell percentage, which indicated that
genus_Muriculum is the gut microbiota biomarker interrelated to
Th1/2 and Treg/Th17 cell balance (Figure 7A).
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Gut microbiota and plasma metabolites play essential roles in
GMK Genus_(Clostridium)GCA900066575
associated with pantothenate, genus_ Desulfovibrio was associated

treatment. was
with prostaglandin e2, and genus_Muriculum was associated with
prostaglandin e2, prostaglandin b1, L-pyroglutamic acid, glutamine,
DL-glutamine, dihydro-4,4-dimethyl-2,3-furandione, 34-
dihydroxyhydrocinnamic 1,5-anhydro-d-sorbitol.
Genus_klebsiella was associated with pseudouridine, prostaglandin
acid, DL-glutamine, 34-
1,5-anhydro-d-sorbitol.
RC9 gut group was

acid, and

€2, pantothenate, L-pyroglutamic

dihydroxyhydrocinnamic ~ acid, and

Genus_Rikenellaceae associated  with
prostaglandin bl (Figure 7B). Very interesting, the metabolites
biomarker of prostaglandin €2, prostaglandin bl, L-pyroglutamic
acid, DL-glutamine, 3,4-dihydroxyhydrocinnamic acid are all

associated with genus_Muriculum.

Discussion

Many studies have proved that the inflammation induced
by a variety of Th cells, including Th1, Th2, Th9, Th17 and
Th22 cells and their specific cytokines, has a certain
correlation with the onset and development of allergic
Th2 cells in the
pathogenesis of allergic inflammation due to an imbalance
of Th1/Th2 response (Hartl et al., 2007). More and more
studies have shown that the root causes of Th2 response

asthma. should not be neglected

enhancement and allergic asthma are insufficient
differentiation and functional defects of Treg cells. One
study (Hanania, 2008) reported that patients with allergic
asthma have fewer Treg cells in the peripheral blood than
nonasthma normal ones. Another study proved that young
patients with asthma and ICS treatment have fewer Treg cells
in the lungs than normal ones, but this treatment fails to
suppress pulmonary Th2 responses (Sun et al., 2021). Treg
cells have an immuno suppressive function and are
predominantly adjusted to the Foxp3 gene (Kim et al,
2022). Th17 cells have a certain correlation with the
pathogenesis of asthma. This cell regulates eosinophil and
neutrophil inflammation. (Maggi et al., 2021). Therefore,
Thl, Th2, Treg, and Thl17 cells play critical roles in
maintaining homeostasis. immune
caused by Th2 or Thl7
differentiation of Treg cells, or increasing the numbers of
Th1 and Treg cells to rebuild the immune balance of Th1/2 or

Treg/Th17 cells are new strategies to treat allergic asthma.

immune Reducing

response cells, promoting

GMK, which regulates body constitution, is a classic
prescription in the field of allergy field for academician Qi
Wang. Regulating body constitution in allergic asthma disease
means regulating immune homeostasis in patients with allergic
asthma. GMK plays a role in reducing Ag-specific IgE, Ag-
induced T-cell proliferation, and mast cell histamine release in
treating allergic rhinitis (Zhou et al., 2018). Eosinophilia is a
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hallmark of allergic airway inflammation, and eosinophils can
participate in many immune processes, such as Ag presentation
and release of stored proinflammatory mediators (e.g., cytokines,
chemokines, reactive oxygen species, lipid mediators, and
granule proteins) (Heul et al,, 2019). In the present study, an
allergic asthma mouse model predominantly infiltrated by
with OVA
successfully constructed. GMK has a critical role in inhibiting

eosinophils and aluminum hydroxide is
eosinophil infiltration by reducing the eosinophil number and
inhibiting related cytokines, such as IL-5 and IL-13. Imbalances
in Th1/2 and Treg/Th17 cells exist in the allergic asthma model.
The role of GMK in regulating immune balance is first evaluated.
GMK can inhibit eosinophilic asthma by decreasing eosinophil
number, decreasing inflammation index, and reducing airway
resistance. GMK can also make the immune balance of Th1/
2 and Treg/Th17 cells normal. GMK has the same function of
DEX in suppressing allergic asthma and has unique advantages in
immune balance reconstruction especially in increasing the
percentage of Thl cells. This result may be related to the way
the model is constructed and needs to be validated in
combination with clinical practice.

In the plasma metabolism detection, DL-glutamine,
bl, 3,4-
dihydroxyhydrocinnamic acid are initially identified as

L-pyroglutamic  acid, prostaglandin and

biomarkers associated with Th1/2 and Treg/Th17 immune
balance on the basis of reducing eosinophil number, inhibiting

Ag-specific IgE antibody, and reducing inflammation
induction. Glutamine can suppress allergic airway
inflammation  through the upregulation of MAPK

phosphatase-1, which is consistent with our results (Kim
et al, 2022). ILC2s predominantly participate in the
physiopathology of allergic diseases especially eosinophilic
asthma (Maggi et al., 2021). Prostaglandin E2 can inhibit
the production of IL-5 and IL-13 and the amplification of
ILC2 in vitro (Zhou et al., 2018). At present, there is no report
that prostaglandin bl and 3,4-dihydroxyhydrocinnamic acid
are involved in the treatment of allergic asthma. They may be a
new strategy for the treatment of allergic asthma. While until
now, there are few study focus on the relationship between gut
microbiota and plasma metabolites, and the relationship
between gut microbiota, plasma metabolites and
the function of T cells, they will be a new research
direction for us.

Intestinal microbiota can affect the immune response and
physiology of allergic asthma, and also affect the activity and
number of T cell subsets including Thl, Th2, Th17 and
effector/memory T lymphocytes (Heul et al., 2019). Study
shows Klebsiella/Bifidobacterium in early life is correlate with
later development in paediatric allergy (Low et al., 2017).
Genus_ Corynebacterium in the nasopharynx (NP) impacts
severity of lower respiratory infection and risk of asthma
development (Teo et al,, 2015). T lymphocyte activation is

dependent on glutamine, which is essential nutrient in the
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activation of naive T cells (Carr et al., 2010). Prostaglandin e2
(PGE2) can regulate immune response, such as it can
modulate local attraction and degranulation of mast cells
(Hu et al., 1995; Weller et al., 2007), it plays essential role in
activation and migration of DC cells (Kalinski et al., 1998), it
can also inhibit activation and expansion of naive T cells
(Muthuswamy et al., 2010). Moreover, PGE2 can influence
Th1 and Th2 response (Betz and Fox, 1991; Kapsenberg et al.,
1999), differentiation of Treg and Th17 cells (Muthuswamy
et al., 2008; Boniface et al., 2009), which is important in
allergic asthma. All these results is consistent with our results
and can support our preliminary conclusions, while it still
need further experimental verification in the future study.
The oral administration of Clostridium can reduce OVA-
induced allergic airway inflammation in a mouse model,
whereas it is only associated with airway resistance and
Thl cells in our study (Juan et al., 2017). At present, we
focus our research on the biomarkers of genus_Muriculum,
genus_klebsiella, and genus_Desulfovibrio.
Genus_Desulfovibrio may influence Treg/Th17 balance in
ulcerative colitis (Cui et al, 2018). Interestingly, DL-
bl,
prostaglandin e2, and 3,4-dihydroxyhydrocinnamic acid

glutamine, L-pyroglutamic acid, prostaglandin
are associated with genus_Muriculum; prostaglandin e2 is
associated with genus_Desulfovibrio; and DL-glutamine,
L-pyroglutamic acid, prostaglandin bl, prostaglandin e2,
and 3,4-dihydroxyhydrocinnamic acid are associated with
genus_klebsiella. The above results are studied, and they may
be a new strategy to treat allergic asthma. While, until now
there the

L-pyroglutamic acid, prostaglandin bl, prostaglandin e2,

are none research about DL-glutamine,
and 3,4-dihydroxyhydrocinnamic acid associated with

genus_Muriculum. 1,5-anhydro-d-sorbitol is associated
with Treg/Th17 cell balance in allergic asthma mouse
model (Zhou et al., 2022). There are none research based
on the penh value associated them. Our future research will
be conducted on the above basis. Given the limitations, in the
future study, it should be combined with clinical results.
Besides that, the research will also focus on other allergic
asthma model like neutrophilic asthma induce by HDM or

other inducer.
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Affiliated Hospital of Nanjing University of Chinese Medicine, Jiangsu Province Hospital of Chinese
Medicine, Nanjing, China

Objectives: This meta-analysis aimed at evaluating the effectiveness and safety
of Chinese medicine (TCM), which nourished gi, promoted blood circulation,
and expelled phlegm (YQHXZT), in treating carotid atherosclerosis (CAS) from
an immunological perspective.

Background: The incidence of CAS has been increasing and tends to be
younger. Although western medicine is effective, there are some limitations.
TCM has certain advantages over the multichannel and multitarget treatment
strategies in slowing down the process of CAS. However, there is no
comprehensive review in this field.

Methods: Nine databases were searched from January, 2012, to September,
2022. After applying the inclusion and exclusion criteria to the RCTs, research
quality evaluation and data extraction were conducted, and a meta-analysis of
the articles was performed. The GRADE was used to assess the quality of the
evidence.

Results: Fourteen RCTs involving 1,191 patients were identified. The results
indicated that the experimental group was more effective in improving carotid
intima-media thickness (CIMT)[SMD = -0.97, 95%CI(-.30,-0.65), p < 0.00001],
reducing carotid plaque area [SMD = -1.98, 95%CI(-3.06,-0.89), p = 0.0003],
lowering hs-CRP [SMD = -1.33, 95%CI(-1.59,-1.06), p < 0.00001] and LDL-C
levels [SMD = -0.60, 95%CI(-0.83,-0.38), p < 0.00001]. Moreover, the
experimental group was superior to peak systolic blood flow velocity (PSV)
[SMD = -0.37, 95%CI(-0.59,-0.16), p = 0.0007], clinical efficacy [RR = 1.64, 95%
Cl (1.39, 1.94), p < 0.00001] and plaque area efficacy [RR = 1.36, 95% CI (1.22,

Abbreviations: YQHXZT, nourishing qi, promoting blood circulation, and expelling phlegm; CAS,
carotid arteriosclerosis; AS, arteriosclerosis; RCTs, Randomized controlled trials; TCM, Traditional
Chinese medicine.
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1.52), p < 0.0001]. The adverse reactions were not statistically significant in the
two groups [RD = -0.01, 95% CI (-0.04.0.01), p = 0.17]. The results of grade
evaluation suggested that the outcome indicators LDL-C, hs-CRP, plaque area
efficacy, PSV, and adverse events were moderate. CIMT, plaque reduction area,
and TCM clinical efficacy were low-quality.

Conclusion: The combination of YQHXZT can alleviate the process of CAS by
inhibiting the thickening of CIMT, reducing plaque area and lowering hs-CRP
and LDL-C levels. The mechanism may possibly be related to reducing lipid
deposition and inhibiting the inflammatory response. Besides, the combination
did not increase the risk of adverse effects. However, more well-designed RCTs
are needed in the future.

Systematic review registration: CRD42022360529, https://www.crd.york.ac.

uk/prospero/
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1 Introduction

Atherosclerosis-related diseases such as ischemic heart
diseases and strokes have a high morbidity and mortality rate
as well as a poor prognosis (Libby, 2021), putting a heavy physical
and financial burden on patients (Humphries et al, 2018).
Atherosclerosis (AS), as a high-risk factor and a major
pathological basis for cardiovascular and cerebrovascular events
(Prandoni et al.,, 2017), has become more prominent in modern
decades as people’s living standards have enhanced, and the
prevalence is expected to rise by 18% by 2030 (Valanti et al,
2021). AS is commonly classified as Carotid atherosclerosis
(CAS), Coronary
atherosclerosis, and so on, depending on the location of the

sclerosis atherosclerosis, lower limb
lesion. The carotid artery is one of the most commonly
involved sites of systemic AS and is frequently used as a
window into and assessment of the body’s large middle arteries,
which can provide a general picture of systemic AS. According to
studies, AS in the extracranial segment of the carotid artery is
associated with the onset of cerebral infarction in 20%-25% of
patients (Chen et al., 2019). Previous investigation (Karatas et al.,
2016) has confirmed that the occurrence of AS is closely related to
the inflammatory response mediated by inflammatory factors in
the body, suggesting that the occurrence and progression of
cerebral infarction may be related to the overexpression of
inflammatory factors, dyslipidemia, and other factors. There is
a critical need to address CAS prevention and treatment strategies.

In recent decades, both domestic and international
researchers have identified AS a chronic inflammatory
disease (Zhu et al., 2018). There is widespread agreement
that inflammation plays a role in the development of AS
(Geovanini and Libby, 2018). A growing number of clinical
studies have attempted new anti-AS treatments based on anti-
inflammation and immune regulation. Western medicine has
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had some success with lipid regulation, anti-inflammation,
and anti-platelet aggregation. Nevertheless, there are some
drawbacks to clinical application (Pang et al., 2017), such as
muscle aches and pains, liver and kidney toxicity, increased
transaminases (Backes et al., 2017), high drug production
costs, the single target of the action, and so on (Li et al,
2020). As a result, research into CAS treatment is still a long
way off. Traditional Chinese medicine (TCM) has been
actively participating in the treatment of CAS in Asia and
has demonstrated a definite curative effect with fewer side
effects (Sun et al., 2021). TCM can affect multiple aspects of
the occurrence and development of diseases from a holistic
standpoint. TCM’s prevention and treatment of AS via
immune inflammation-related pathways is a hot topic in
current research. Extensive studies have discovered that qi
deficiency and phlegm stasis are the most common types of
evidence in CAS patients. The treatment of CAS primarily
focuses on activating blood, resolving stasis, expelling phlegm,
and benefiting qi (Wu et al., 2017), which shares similarities
with western medicine in terms of lipid regulation and anti-
inflammation. Randomized controlled trials (RCTs) on the
clinical efficacy of AS have confirmed that Chinese medicines
can reduce the size of CAS plaques and slow down the
progression of CAS. However, few writers have drawn on
any systematic study. The majority of RCTs were restricted to
individual clinical observation and examination of a specific
prescription. Most of the recommendations were self-
recommended and based on empirical evidence, which was
relatively weak. The safety and efficacy of these medications
were not yet supported by scientific evidence due to the wide
variety of Chinese medications, inconsistent dosage forms and
doses, and some effective active ingredients of Chinese
medications  that had not

undergone  thorough

pharmacological mechanisms of action studies. Given this,
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#1 "Carotid atherosclerosis" [MeSH Terms];

#2 ((((Carotid atherosclerosisiMeSH Terms]) OR (“Carotid Artery Diseases”[Mesh]))
OR (Carotid Artery Disorder)) OR (Internal Carotid Artery Diseases)) OR (Common
Carotid Artery Diseases);

#3 #1 or #2;

#4 "Medicine, Chinese Traditional"[Mesh];

#5 ((("Medicine, Chinese Traditional"[Mesh]) OR (Zhong Yi Xue)) OR (Traditional
Chinese Medicine)) OR (Chung I Hsueh);

#6 #4 or #5

#7 (((((Carotid atherosclerosisyMeSH Terms]) OR ("Carotid Artery Diseases"[Mesh]))
OR (Carotid Artery Disorder)) OR (Internal Carotid Artery Diseases)) OR (Common
Carotid Artery Diseases)) AND (((("Medicine, Chinese Traditional"[Mesh]) OR (Zhong
Yi Xue)) OR (Traditional Chinese Medicine)) OR (Chung I Hsueh));

#8 randomized controlled trial[Publication Type] OR randomized[Title/Abstract] OR
placebo[Title/Abstract];

#9 #7 and #8

FIGURE 1
Search strategy.

to aid the development of better clinical judgments, we
thoroughly assessed the efficacy and safety of the YQHXZT
treatment for CAS in this work.

2 Methods
2.1 Protocol and registration

The International Prospective Register of Systematic

Reviews has received the protocol for this study
(PROSPERO, CRD42022360529). The Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) (Moher et al, 2009) served as
the foundation for this meta-analysis (Supplementary
Table S1).

2.2 Search strategy

We looked through PubMed, Embase, Cochrane Library,
Web of Science, Medline, CNKI, VIP, Wan Fang, and CBM.
The period of retrieval, which was only applicable to Chinese
and English literature, ran from 1 January 2012, through
1 September 2022. The search was conducted using a
combination of subject terms and free words. The Chinese
search terms included “carotid artery atherosclerosis,” “qi
deficiency and phlegm stasis,” “benefit qi and resolve
” “activate blood circulation and resolve blood
English
atherosclerosis,”

phlegm,

stasis,” etc. search terms included “carotid

“carotid “traditional

» o«

artery disease,”
randomized controlled trial,” “RCT,”
etc., For unified management, the retrieved papers were
loaded XOo.
illustrated the precise search approach using PubMed as

Chinese medicine,

into Endnote Figure 1

an example.
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3 Eligibility criteria
3.1 Types of studies

A clinical randomized controlled trial (RCT), whether
blinded or with allocation concealment.

3.2 Types of participants

Participants who met the Western diagnostic criteria for CAS as
well as the Chinese medical evidence of Qi deficiency and phlegm
stasis were tested. Gender, race, and disease duration were not
limited, and the underlying disease was stable. The Diagnostic
Criteria for Neurological Disorders served as the foundation for
western medical diagnosis (Bai, 2009). The carotid ultrasound
findings were consistent with the Vascular Ultrasound Guidelines’
relevant diagnostic criteria. Intima-media thickening was defined as
IMT 1.0 mm; limited IMT 1.5 mm, projecting into the lumen, or
limited IMT thickening above 50% of the peripheral IMT was defined
as AS plaque formation. TCM diagnosis was based on “Guidelines for
Clinical Research on New Chinese Medicines” and “National
Standard of the People’s Republic of China-Chinese Medicine
Clinical Diagnosis and Treatment Terminology, Evidence and
Marks Part,” which were related to Qi deficiency and phlegm
stasis. Headache, weakness, dizziness, chest tightness, shortness of
breath, dullness, heaviness, and limb numbness are the most
common symptoms. Palpitations, insomnia, pale mouth, fatigue,
distention, poor appetite, localized tingling, pale or purplish face, pale
or cyanotic lips, and cold limbs are secondary symptoms. Pale tongue
with tooth marks or purple with petechiae, a thin, white, or slippery
coating. The pulse can be slick or tight. If more than two of the
primary symptoms listed above are present, or if one primary
symptom coexists with two secondary symptoms, the diagnosis
may be made by consulting the tongue and pulse signs.

3.3 Types of interventions

Both groups received standard basic therapies like hypotension
and glucose reduction. Chinese medicine compound preparations
(water decoction and granules only) were used in the test group,
whereas lipid-regulating medications like atorvastatin and
rosuvastatin were given to the control group.

3.4 Types of outcome measures

Carotid plaque morphological changes [carotid intima-
media thickness (CIMT), plaque area], serum hypersensitive
C-reactive protein (hs-CRP), and low-density lipoprotein
(LDL-C) were the primary outcome indicators.
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The effectiveness of TCM symptoms, the effectiveness of
plaque area reduction, carotid hemodynamic parameters (peak
systolic flow velocity, PSV), and the incidence of adverse events
were all secondary outcome indicators.

3.5 Efficacy determination criteria

The book “Diagnostic and efficacy criteria for common
diseases” should be read (Sun, 2010). Apparently effective: a
50% reduction in the size of the AS plaque. Effective: 20%-50%
reduction in the size of the AS plaque. Ineffective: The area of the
AS plaque was reduced by 20%.

According to the Guidelines for Clinical Research on New
Chinese Medicines, clinical efficacy was classified into four levels
of clinical control, apparently effective, effective, and ineffective,
and symptoms were graded and scored as three for severe, two for
moderate, one for mild, and 0 for asymptomatic. The total
effective rate was determined by adding clinical control +
apparently effective + effective. Clinical control: complete or
partial disappearance of clinical symptoms and signs, as well as a
95% reduction in symptom score; apparently effective: significant
improvement in clinical symptoms and signs, and a 70%
reduction in symptom score; effective: improvement in clinical
symptoms and signs, and a 30% reduction in symptom score;
ineffective: no significant improvement in clinical symptoms and
signs, or even aggravation, and a symptom score reduction of less
than 30%. (pre-treatment points—post-treatment points)/pre-
treatment points x 100% is the calculation formula.

3.6 Exclusion criteria

However, we excluded studies that had the following

characteristics: non-clinical studies (animal cell
experiments, systematic reviews, reviews, and empirical and
medical cases); other therapies such as acupuncture and
acupressure were also present in the intervention; outcome
indicators did not include the outcome indicators observed in
this study; inconsistent evidence patterns; inconsistent dosage
forms; duplicate publications; lack of full text available; and

tiny sample size.

3.7 Study selection

Two authors worked independently to screen the literature (Jia
Li and Yuying Du). First, remove any duplicates. After scanning the
study titles and abstracts to eliminate those that did not meet the
criteria, a secondary screening was conducted using the inclusion
and exclusion criteria after reading the full text of any studies whose
status was unclear during the initial screening. In the event of a
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disagreement, a third assessor (Fuming Liu) joined the conversation
and assisted with the decision.

3.8 Data extraction

The data extraction included broad details about the included
studies, like the authors and the year of publication, as well as
fundamental details of the studies, such as sample size and mean
age; interventions and course; components of the risk of bias
evaluation; and outcome indicators.

3.9 Quality assessment

Selection bias (random sequence generation and allocation
concealment), implementation bias (blinding of the researchers
and subjects), measurement bias (blinded evaluation of the study
results), follow-up bias (completeness of outcome data),
reporting bias (selective reporting of research results), and
other biases. Each of the aforementioned entries can be
categorized as either “low risk,” “unclear,” or “high risk,” with

any discrepancies resolved by consulting with a third assessor.

3.10 Data synthesis and statistical analysis

A meta-analysis was performed using Review Manager
5.3 and Stata 12.1 software. Heterogeneity was analyzed using
the X2 test (test level a = 0.10), and if the heterogeneity between
studies was more acceptable (p > 0.10 and I 2 < 50%), a fixed
effects model was selected for calculation; otherwise, a random-
effects model was chosen. Standardized mean difference (SMD)
for continuous variables and the risk ratio (RR) for dichotomous
data with 95% confidence intervals (Cl) were used. The level of
the meta-analysis was set at a = 0.05. When significant
heterogeneity existed, subgroup analysis or sensitivity analysis
was performed to find the source of heterogeneity, or only
descriptive analysis was performed, depending on the data
available. The publication bias was checked by funnel plots
and Begg’s test if the number of trials was sufficient. When
heterogeneity was detected, a sensitivity analysis was conducted
to assess the stability of the results by excluding individual studies
one by one. Subgroup analysis was performed to explore the
sources of heterogeneity.

Quality of evidence grade evaluation
The GRADE profiler 3.6 was applied to evaluate the outcome

indicators, and the evidence levels were provided as high,
moderate, low, and very low.
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Records identified through Additional records identified
database searching through sources
(n=596) (n=0)

| |

Records after duplicates removed Records excluded(n=473):
(n=553) Irrelevant literatures(n=55)
Case records(n=83)
l Revierws(n=149)
——  The dosage form did not comply
Records screened(n=553) with(n=49)

l animal or cellular experiments(n=137)

Full-text articles excluded(n=66):
Full-text articles assessed for —  Non-RCTs (n=12)
eligibility(n=80) Confounded with other interventions
(n=21)
The TCM evidence type did not match.
(n=29)

Studies included in qualitative The sample size was too small. (n=4)

synthesis (meta-analysis)(n=14)

FIGURE 2
Flow diagram of the studies selection process.

TABLE 1 Basic characteristics of the included studies.

Study Sample Mean age (years, Interventions Treatment Ending
size X +s) (weeks) indicators
(T/C)
T C T C
Wu et al. (2018) 121 (62/59) 62.4 + 3.7 61.9 + 3.5 con + Yigi huatan huoxue formula  Atorvastatin 24 weeks [0]0]6]6]6)]
Zhu (2018) 110 (55/55) 58.24 £2.96 59.52+2.08 con + Yiqi huatan tongluo Rosuvastatin 24 weeks [0]©]6]6]6)}
decoction
Wang et al. (2019) 61 (31/30) 87.81 £434 89.10 £2.63 con + Yiqi huoxue huatan tongluo  Atorvastatin 12 weeks [0]6]6)]
formula
Zhang and Guo 87 (44/43) 5343 £8.17 52.45+7.69 con + Yiqi huatan huoxue formula  Simvastatin 24 weeks OOEOG®E®
(2015)
Cao and Wang. 120 (60/60) 57.5 55.6 con + Yigi huatan huoxue formula Rosuvastatin =~ 24 weeks [@]©]6]6]6)}
(2013)
Jiang (2019) 72 (36/36) 59.45 + 57.97 + con + Xuemai shutong formula Atorvastatin 12 weeks [@]0]06]6]6)}
9.879 8.765
Huangetal. (2012) 124 (64/60) 59.32+7.77 5727 +9.93 con + Liujun danshen granules Atorvastatin =~ 12 weeks [@]G]
Dong (2013) 60 (30/30) 8393 +548 82.03+6.74 con + Yiqi huatan huoxue formula ~ Simvastatin 24 weeks [@]0]6]6)
Zhang and Ye 60 (30/30) 49.74 + 6.81  49.16 + 6.37  con + Jiawei ditan formula Atorvastatin 2 weeks OOEOE®
(2020)
Hai (2017) 60 (30/30) 63.25+9.15 62.15 + con + Jingling granules Atorvastatin 8 weeks [©]6]0]6]6)}
10.80
Zhao et al. (2012) 76 (38/38) 66.4 +11.8 664 + 11.8  con + Yigi huoxue huatan tongluo  Fluvastatin 16 weeks [0]6]0]6]6]6)}
decoction
Zheng (2019) 80 (40/40) 74.96 545 7524 +5.63 con + Yiqi huoxue huatan tongluo  Simvastatin 12 weeks @]
formula
Niu (2017) 80 (40/40) 52.49 +7.65 53.45+8.15 con + Yiqi huatan huoxue formula  Simvastatin 24 weeks [0]8]6]6}
Chen (2020) 80 (40/40) 61.58 £ 8.86 59.68 +£9.32 con + Buyang huanwu decoction Atorvastatin 8 weeks @®EO

Notes: T, intervention groups; C, control groups; con, control groups; OPSV; @ CIMT; @ Carotid plaque area; @ Clinical efficacy of Chinese medicine; ®Plaque size efficacy; ® LDL-C;
(@®hs-CRP; ®Incidence of adverse reactions.
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Random sequence generation (selection bias) _:I
Allocation concealment (selection hias) | |
Blinding of participants and personnel (performance hias) | |
Blinding of outcome assessment (detection hias) | |
Incomplete outcome data (attrition bias) _:l
Selective reporting (reporting bias) —
Other hias - |
:U% 255% 5[%% ?5:% 1UD%=
| .LUW risk of hias DUnclearrisk of hias .High risk of hias |

FIGURE 3

Risk-of-bias graph.

4 Results
4.1 Literature search

A total of 596 studies were retrieved in the original screening.
Forty-three duplicates were excluded, 473 of which were
excluded after scanning the titles and abstracts. Moreover,
sixty-six studies were further excluded after intensive full-text
rescreening, and fourteen studies finally remained, all of which
were in Chinese. The screening flow chart is shown in Figure 2.

4.2 Study characteristics and quality
assessment

Fourteen studies were included in this study, involving
1,191 patients, 600 in the treatment group and 591 in the
control group, with a sample size of 30-64 cases in the
individual studies. The treatment group was the control group
with the addition of the YQHXZT formula. The control group
was Western medicine for lipid regulation. The duration of
treatment lasted from 2 to 24 weeks. The basic characteristics
of the 14 studies are detailed in Table 1.

4.3 Literature bias and quality assessment

The quality of the included RCT's is shown in Figure 3. For
the 14 included studies, all mentioned a randomized method of
grouping, among which nine studies (Huang et al., 2012; Cao and
Wang, 2013; Dong, 2013; Zhang and Guo, 2015; Zhu, 2018; Jiang,
2019; Wang et al., 2019; Chen, 2020; Zhang et al., 2020) described
randomization methods in detail, such as the use of random
number tables and the use of software randomized grouping,
which was considered “low risk”; the rest of the studies only
covered “randomization” without specifying the scheme. None of
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the studies mentioned assignment sequence hiding and blinding.
There was no explicit description of blinding outcome raters. All
studies included a balanced population at baseline with good data
completeness. Pre-designed outcomes were reported in all
studies, perceiving a low risk of selective reporting bias. Other
biases were not found in all included studies. Two studies (Huang
et al,, 2012; Dong, 2013)were supported by government funding
programs, had no conflicts of interest, and were otherwise
assessed as “low risk” of bias; the source of the other bias for
the remaining trials was unclear. The risk of bias for each study is
shown in Figure 3.

5 Results of meta-analysis
5.1 Primary outcomes

5.1.1 Morphological changes of carotid artery
plaques

5.1.1.1The thickness of the middle lining of the carotid
artery (CIMT)

Pooled data from the thirteen studies (Huang et al., 2012;
Zhao et al., 2012; Cao and Wang, 2013; Dong, 2013; Zhang and
Guo, 2015; Hai, 2017; Niu, 2017; Wu et al,, 2018; Zhu, 2018;
Jiang, 2019; Zheng, 2019; Chen, 2020; Zhang et al, 2020)
reporting the CIMT showed that YQHXZT formula clearly
decreased the thickness of carotid medial intima as an
adjuvant or monotherapy for CAS compared with the contrast
group [SMD = -0.97, 95%CI (-1.30, —0.65), p < 0.00001; p for
heterogeneity = 0.00001, I° = 85% > 50%; Figure 4]. The
heterogeneity between studies was high, and the random
effect model was selected for analysis. The Stata software was
used for sensitivity analysis of the study, and no significant
studies affecting the stability of the results were found (Figure 5).

The high heterogeneity was possibly related to the duration
of treatment between studies. A meta-regression analysis of the
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Std. Mean Difference

IV, Random. 95% CI

10.3389/fphar.2022.1059737

Std. Mean Difference
IV, Random. 95% CI

Experimental Control
Study or Subgrou Mean SD Total Mean SD Total Weight
Fenglin Chen 2020 138 0.04 40 145 005 40 76%
Genliang Niu 2017 1.02 012 40 1.21 0N 40 75%
Guoying Zhang 2015 1.03 013 41 122 014 40 76%
Jun Zhao 2012 066 027 38 087 025 38 78%
Lin Huang 2012 0.84 011 64 087 012 B0 8.3%
Peng Hai 2017 085 002 30 099 006 30 61%
Qingyang Zhao 2019 085 007 40 092 016 40 79%
Ruijuan Zhang 2020 116 013 30 122 012 30 75%
Shaoping Zhu 2018 078 051 55 121 042 55  81%
Xiaoling Cao 2013 079 048 60 117 036 60 82%
Yanping Dong 2013 0.89 0.11 30 091 014 30 75%
Yatao Wu 2018 074 051 62 118 034 59 82%
Yuru Jiang 2019 128 02 31 138 026 31 76%
Total (95% Cl) 561 553 100.0%

Heterogeneity: Tau®= 0.30; Chi®*= 79.00, df=12 {P < 0.00001), F= 85%
Test for overall effect: Z=5.84 (P < 0.00001)

FIGURE 4
Forest plot for CIMT.
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FIGURE 5
CIMT sensitivity analysis.

duration of treatment was performed using Stata 12.1 software to
find sources of heterogeneity. Three of the included studies had a
treatment duration of <12 weeks and the remaining trials had a
treatment duration of 12-24 weeks. The studies were divided into
two groups according to treatment duration, and meta-
regression was performed with the group (treatment duration)
variable as a covariate, resulting in p = 0.101 > 0.05 and Adj
R-squared = 17.43%, suggesting that the effect of treatment
duration on heterogeneity was less likely and considered to be

Frontiers in Pharmacology

possibly related to the instrument used for measurement, the

measurement researcher’s manipulation, measurement error,

and other factors.

5.1.1.2 Carotid plaque area

116

Seven RCTs (Zhao et al., 2012; Cao and Wang, 2013; Zhang and
Guo, 2015; Niu, 2017; Hai, 2017; Wu et al,, 2018; Zhu, 2018) in the
included studies reported carotid plaque area as an outcome
indicator. Meta-analysis indicated that the addition of YQHXZT
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Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgrou Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Genliang Niu 2017 64.43 1112 40 72.86 12.61 40 14.5% -0.70 [1.15,-0.25] -
Guoying Zhang 2015 64.47 1113 41 7281 1263 40 14.5% -0.69 [-1.14,-0.25] -
Jun Zhao 2012 436 147 38 444 119 38 14.5% -0.07 [0.52, 0.38] T
Peng Hai 2017 86.2 8.16 30 1102 7.36 30 13.8% -3.05 [13.81,-2.29] =
Shaoping Zhu 2018 47 042 55 546 023 55 14.4% -2.23[2.71,-1.75) -
Xiaoling Cao 2013 467 038 60 552 018 B0 14.4% -2.84[-3.35,-2.33) =
Yatao Wu 2018 423 0.3 62 548 026 59 14.0% -4.37 [15.03,-3.70] s
Total (95% CI) 326 322 100.0% -1.98 [-3.06, -0.89] <>
Heterogeneity: Tau?= 2.06; Chi*= 185.45, df= 6 (P =< 0.00001); F= 97% _1f0 5 ] 5 1’0

Test for overall effect: Z= 3.58 (P = 0.0003)

FIGURE 6
Forest plot for carotid plaque area.

TABLE 2 Meta-regression analysis.

Favours [experimental] Favours [control]

Factors Regression coefficient Coefficient standard error t-value p-value
Duration of treatment -0.62 1.41 -0.44 0.68
Sample size -2.04 0.94 -2.17 0.08
Experimental Control Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% Cl IV, Fixed, 95% Cl

Fenglin Chen 2020 2.89 067 40 344 055 40 32.5% -0.89 [-1.35,-0.43] -

Jun Zhao 2012 323 085 38 481 087 38 246% -1.71[2.24,-1.19] D

Ruijuan Zhang 2020 693 075 30 808 185 30 207% -1.50[-2.07,-0.92] ——

Yuru Jiang 2018 1.34 0.41 31 1.94 045 31 222% -1.38 [-1.93,-0.82] —

Total (95% Cl) 139 139 100.0% -1.33 [-1.59, -1.06] L 2

Heterogeneity: Chi*= 5.90, df= 3 (P = 0.12); *= 49% g - 0 : P

Testfor overall effect: Z=9.90 (P =< 0.00001)

FIGURE 7
Forest plot for hs-CRP.

formula could significant further reduce the carotid plaque area
[SMD = -1.98, 95%CI (-3.06, —0.89), p = 0.0003; p for heterogeneity
p < 000001, P = 97% > 50%; Figure 6]. Excluding each of the
included studies one by one, no studies were found that significantly
affected the stability of the results.

The reasons for the high heterogeneity were possibly related
to factors such as duration of treatment and sample size across
studies. A meta-regression analysis was performed using Stata
12.1 software to find sources of heterogeneity in terms of
duration of treatment and sample size. A meta-regression was
performed with the variables of group (duration of treatment
(>12 weeks, <12 weeks)
(>100 cases, <100 cases)) as covariates, and the results

and sample size

suggested that the factors of duration of treatment and sample
size did not have a significant effect on heterogeneity (Table 2),
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and it was considered that they might be related to factors such as
the instrument used to measure it, the operation of the researcher
who measured it, and measurement error.

5.1.1.3 Inflammatory factors— hs-CRP

Four RCTs (Zhao et al., 2012; Jiang, 2019; Chen, 2020; Zhang
et al, 2020) conducted hs-CRP as an inflammatory factor
outcome. Meta-analysis revealed that the addition of
YQHXZT formula was more likely to reduce hs-CRP levels
[SMD = -1.33.95% CI (~1.59, —-1.06), p < 0.00001, P for
heterogeneity = 0.12, I = 49% < 50%, Figure 7).

5.1.1.4 Lipid levels— LDL-C

Twelve RCTs (Huang et al., 2012; Zhao et al., 2012; Cao and
Wang, 2013; Dong, 2013; Zhang and Guo, 2015; Hai, 2017; Niu,
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FIGURE 9
Forest plot for LDL-C subgroup analysis.

2017; Zhu, 2018; Jiang, 2019; Wang et al., 2019; Chen, 2020;
Zhang et al., 2020) compared LDL-C levels before and after
treatment in the two groups. From the data in Figure 8, it is
apparent that the addition of the YQHXZT formula was
clearly more effective in reducing LDL-C levels [SMD =
-0.60.95%CI(-0.83,-0.38),p < 0.00001; P for heterogeneity =
0.0007, I = 66% > 50%]. The results were analyzed by
excluding each included study one by one, and no studies
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were found that significantly affected the stability of the
results. The source of heterogeneity was possibly related to
the sample size and a subgroup analysis was performed.
Sample size >100, subgroup results showed that P for
heterogeneity = 0.91, I’ = 0% < 50%, p < 0.00001; sample
size<100, subgroup results showed that P for heterogeneity =
0.08, I’ = 42% < 50%, p < 0.00001, Figure 9. The heterogeneity
of both subgroups was acceptable.
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FIGURE 11
Forest plot for clinical efficacy of Chinese medicine.

5.2 Secondary outcome indicators

5.2.1 Carotid flow indicators——Peak systolic
blood flow velocity

Four RCTs (Zhang and Guo, 2015; Niu, 2017; Wu et al,,
2018; Zhang et al., 2020)used PSV as an outcome indicator. As
Figure 10 showed, there was a significant difference between
the two groups [SMD = -0.37, 95%CI(-0.59,-0.16),p =
0.0007; p for heterogeneity = 0.49 > 0.1; I’ = 0% < 50%].
The experimental group was better at improving PSV.

5.2.2 Efficacy indicators
5.2.2.1 Clinical efficacy of Chinese medicine

Six RCT's (Zhao et al., 2012; Dong, 2013; Hai, 2017; Jiang, 2019;
Wang et al., 2019; Chen, 2020) in the included studies used the
clinical efficacy of TCM as an outcome indicator. Meta-analysis
showed that the addition of YQHXZT formula was significantly
more effective in improving the clinical outcome of TCM [RR =
1.49, 95%CI(1.17.1.89), p = 0.001,P for heterogeneity = 0.003, I* =
73% > 50%, Figure 11]. Excluding each included study one by one,
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the heterogeneity was found to be reduced after removing the study
by Fenglin Chen (Chen, 2020), F = 43%, RR = 1.64, 95%CI (1.39,
1.94), p < 0.00001, the difference between the two groups was
statistically significant (Figure 12).

5.2.2.2 Plaque area efficacy

Three RCTs (Cao and Wang, 2013; Wu et al.,, 2018; Zhu,
2018) reported plaque area efficacy. The results of the meta-
analysis were shown in Figure 13. The addition of the YQHXZT
formula was superior to the control group in improving plaque
[RR = 136, 95%CI(1.22.1.52), p < 0.0001, P for
heterogeneity = 1.00, I = 0%].

size

5.2.2.3 Safety indicators—Incidence of adverse reactions

There were ten RCTs (Zhao et al., 2012; Cao and Wang, 2013;
Dong, 2013; Zhang and Guo, 2015; Hai, 2017; Wu et al., 2018; Zhu,
2018; Jiang, 2019; Wang et al,, 2019; Zhang et al., 2020) reporting
incidence of adverse reactions as a safety indicator. Ruijuan Zhang
(Zhang et al, 2020) reported adverse reactions dominated by
nausea, rash, and liver function impairment in both groups, eight
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Graph of Begg's test results.

cases in the western medicine group and two cases in the trial
group. Jun Zhao (Zhao et al., 2012) reported two cases of increased
glutathione transaminase in each of the two groups, which
returned to normal after discontinuation of the drug. There
was no heterogeneity between the study results (° = 0%) and a
fixed effects model was used to calculate the combined statistic,
which showed that the difference in the rate of adverse reactions
between the experimental and control groups was not
statistically significant [RD = -0.01, 95% CI (-0.04.0.01), p =
0.17, Figure 14].

5.2.2.4 Publication bias

The funnel plot showed a symmetric distribution of trials on
either side of the funnel, and Begg’s test (p = 0.990 > 0.05) was
consistent with the funnel plot, indicating that the results were
reliable in this meta-analysis (Figures 15, 16).
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5.3 Grade assessment

The evidence quality of outcomes was graded by using the
GRADE system. The table below demonstrated that the outcome
indicators PSV, LDL-C, plaque area efficacy, hs-CRP, and
incidence of adverse events were moderate-quality evidence.
The outcome indicators for CIMT, plaque area reduction, and
clinical efficacy of TCM were of low-quality evidence. Relegation
factors were mainly the absence of allocation protocol
concealment and blinding and the high heterogeneity between
studies (Table 3).

6 Discussion

The pathogenesis of AS is very complex. Inflammatory
reactions not only run through all stages of the development
of AS but also are closely related to the occurrence of various
complications. The theory of immune inflammation has become
a new breakthrough in the prevention and treatment of AS. The
prevention and treatment of AS based on anti-inflammation and
immune regulation have broad prospects and great potential. As
one of the main blood supply vessels to the brain, the carotid
artery plays an important role during AS. One study reported
that the incidence of cerebral infarction in patients with greater
than 70% carotid stenosis was approximately 13% (Zhang et al.,
2020). There is no record of CAS in the Chinese medical
literature. Based on its pathological nature, location, and
clinical symptoms, it can be classified under the categories of
“pulse paralysis”, “vertigo”, and “stroke.” Chinese medicine has
recognized for thousands of years that the “veins” are the
channels through which blood flows, and their physiological
characteristics are similar to those of the “blood vessels” in
Western medicine. In TCM, a qi deficiency is the root cause
of the disease, and qi and blood are mutually beneficial. If qi is
deficient, the blood is unable to move, and the blood is easily
blocked and becomes stagnant. In addition, since the blood and
fluid are of the same origin, when the arteries are blocked, the
fluid stops, and the phlegm grows, the phlegm stagnates and
adheres to the arteries, which turns into plaques over time and
aggravates the progress of AS. In view of pathological factors such
as phlegm, stasis, and turbidity, TCM clinically uses methods
such as resolving phlegm, invigorating blood, and eliminating
stasis to treat AS-related diseases (Jin et al., 2020). Statins are
common clinical lipid-regulating drugs that can effectively
improve lipid levels and plaque thickness and number in
patients with CAS and reduce the incidence of adverse
cardiovascular and cerebrovascular events (Liu et al.,, 2018).
However, recently, investigators have examined the effects of
western medicine alone are limited (Li, 2018), with shortcomings
such as long duration, easy drug resistance, and side effects. In
recent decades, TCM has received increasing attention due to its
therapeutic effect and prospective future (Zhang et al., 2022).
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TABLE 3 Evaluation of GRADE evidence quality.
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Outcome 95%CI Risk Inconsistency Indirectness Imprecision Publication Upgrade Quality

indicators of bias bias quality

CIMT SMD -0.97 serious®  serious®@ No No Undetected None Low
(~1.30, —0.65)

Carotid plaque area SMD -1.98 serious®  serious@ No No Undetected None Low
(-3.06, —0.89)

hs-CRP SMD -1.33 serious®  No No No Undetected None Moderate
(-1.59, —1.06)

LDL-C SMD -0.60 serious®  No No No Undetected None Moderate
(~0.83, —0.38)

PSV SMD -0.37 serious®  No No No Undetected None Moderate
(~0.59, ~0.16)

Clinical efficacy of Chinese  RR 1.49 (1.17, 1.89) serious®®  serious@ No No Undetected None Low

medicine

Plaque area efficacy RR 1.36 (1.22, 1.52)  serious® No No No Undetected None Moderate

Incidence of adverse RD -0.01 serious®  No No No Undetected None Moderate

reactions (=0.04.0.01)

SMD, is the standardized mean difference; RR, is the relative risk; @ absence of allocation concealment and blinding; @ the p value of the heterogeneity test was <0.1, and I? >50%.

Previous research has established that the treatment of CAS using
the YQHXZT method can effectively reduce intima-media
thickness and plaque area, improve arterial stenosis, and
enhance blood flow velocity (Chen and Zhang, 2017).

This study was based on Cochrane systematic evaluation
principles to systematically evaluate the efficacy and safety of
the combination of the YQHXZT method with western
medicine in the treatment of CAS, and to evaluate the
quality of evidence for the outcome indicators of the
included studies by Grade profiler 3.6. As can be seen from
above, the experimental group was more effective in improving
CIMT [SMD = -0.97, 95%CI (-1.30, —0.65), p < 0.00001],
reducing carotid plaque area [SMD -1.98, 95%
CI(-3.06,-0.89),p 0.0003], lowering hs-CRP levels
[SMD = —1.33, 95%CI(~1.59,~1.06),p < 0.00001] and LDL-C
levels [SMD = —0.60, 95%CI(~0.83,-0.38), p < 0.00001]than the
control group. Moreover, the experimental group was superior
to PSV [SMD = -0.37, 95%CI(-0.59,-0.16), p = 0.0007]. In terms
of clinical efficacy, the Chinese medicine clinical efficacy [RR =
1.64, 95%CI(1.39.1.94), p < 0.00001] and improvement of
plaque area efficacy [RR = 1.36, 95% CI (1.22, 1.52), p <
0.0001] were both better in the experimental group. The

incidence of adverse reactions was not statistically significant
in the two groups [RD = -0.01, 95% CI (-0.04.0.01), p = 0.17].
The results of this review, combined with the grade evaluation,
suggested that the outcome indicators LDL-C, hs-CRP, plaque
area efficacy, PSV, and incidence of adverse events were
indicators CIMT,
plaque reduction area, and TCM clinical efficacy were low-

moderate evidence, and the outcome

quality evidence.

AS is a chronic vascular inflammatory response caused by
the accumulation of LDL-C and is higher in patients with CAS.
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Within a certain range, the risk of AS increases logarithmically
with higher LDL-C (Chen, 2020). The protein components of
LDL particles in the body stimulate T lymphocytes to produce
pro-inflammatory cytokines, which aggregate inflammatory
factors such as CRP, IL-6, and monocyte chemoattractant
protein-1, causing macrophages to phagocytose oxidized LDL
and convert it into foam cells, which accumulate and eventually
lead to the formation of AS (Beverly and Budoff, 2020). The
vascular inflammatory response plays a key role in the
pathogenesis of AS (Nie et al., 2020), influencing plaque
formation, progression, and stability. Hs-CRP is a sensitive
inflammatory  factor vascular

reflecting inflammatory

mechanisms, which can be involved in related gene
regulation and is closely related to the formation and
breakdown of AS (Chen et al., 2021a). Hs-CRP can induce
inflammatory and adhesion factors and make them accumulate
under the vascular endo cortex, promote the formation of foam
cells, and promote interstitial degradation and vascular smooth
muscle cell apoptosis by activating the inflammatory pathway.
This increases the risk of AS and plaque rupture. Tigkiropoulos
et al. (Tigkiropoulos et al., 2019)demonstrated that PSV could
be used to assess the degree of arterial stenosis. Studies
suggested that every 0.1 mm thickening of the IMT increased
the risk of infarction by 10%-15% and stroke by 13%-18%,
especially in unstable plaques, which were more likely to
dislodge and lead to stroke (Liu et al., 2020). Research has
confirmed Chinese medicine’s effectiveness as an effective
means of treating cardiovascular diseases (Hao et al., 2017).
For example, Huangjing can play a role by regulating lipid
metabolism, reducing inflammation, and improving oxidative
stress (Chen et al.,, 2021b). Data from several studies suggest

that increasingly Chinese medicine prescriptions, including
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FIGURE 17

Mechanism of YQHXZY in improving CAS.

Chinese patent medicine, classical prescription decoction, self-
made prescription, etc., have been confirmed to regulate
immune inflammation and antioxidant in a variety of ways
(Tang et al, 2022). According to the composition and
compatibility effect of the prescription, the most common is
to benefit gi, promote blood circulation, and eliminate phlegm.
The main pathways involved include Nf-kB pathway, the
MAPKs pathway, the Toll-like receptor pathway, the
inflammatory body pathway, etc (Figure 17). More attention
has been paid to the first two pathways, whose mechanisms may
be mainly by inhibiting NF-kB protein phosphorylation or NF-
kB p65 gene expression and can also be combined with the
MAPKs pathway to regulate the expression of related
inflammatory cytokines to play an anti-inflammatory role.
For example, berberine, the main compound of Huanglian,
can lower blood lipid, antioxidation, anti-inflammation, and
protect vascular endothelium (Xu et al, 2019) by
downregulating the serum inflammatory factor levels,
inhibiting  MAPK phosphorylation, inhibiting NF-kBp65
mRNA expression (Feng et al., 2017).

In terms of publication bias, the funnel plot and Begg’s test
were used to prove that there was no obvious publication bias
in this study, and that the study results were reliable. In clinical
work, it was found that AS was often combined with other
diseases at the same time. According to the existing literature
reports, TCM could also improve some symptoms and
indicators of concomitant diseases, but its efficacy still
needs further standardized study. This study, combined
with grade evaluation, provides an evidence-based basis for
clinical treatment direction. Compared with the control
group, the YQHXZT
comprehensive and safer, which was worthy of further

formula was more

clinical promotion.
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7 Conclusion

This study has shown that the combination of the YQHXZT
method could inhibit carotid intimal thickening, reduce plaque
area, lower LDL-C and hs-CRP levels, and improve clinical
efficacy. At the same time, the combination of YQHXZT
methods has not found a significant increase in the risk of
adverse reactions. Overall, this study probably strengthens the
idea that the combination of Chinese medicine and western
medicine can slow down the CAS process and improve the
prognosis of the disease by inhibiting the inflammatory
response and regulating lipid metabolism. That provides new
attempts for the treatment of CAS in the future.

8 Limitation

However, this study also had some limitations: @ Some of
the included studies did not describe the stochastic method in
detail. No trial mentioned allocation concealment and
blinding, and selection bias may have occurred. The
included studies were Chinese studies with insufficient
research dimensions. @ Mostly limited to the observation
and analysis of a prescription, should focus on some good
curative effects of YQHXZT by TCM fixed prescription or
Chinese patent medicine. Therefore, in the future, we should
pay attention to the improvement of methodology and carry
out multicenter, large sample, high-quality, long-course
double-blind RCT with Chinese medicine characteristics for
verification. At the same time, the basic research on the
treatment of CAS with TCM was relatively weak, and the
research on the mechanism of action of drugs needed to be
more in-depth and clearer (Yang et al., 2020).
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Novel recombinant protein
flagellin A N/C attenuates
experimental autoimmune
encephalomyelitis by
suppressing the ROS/NF-xB/
NLRP3 signaling pathway

Li Li*?', Shihua Deng®?', Mingquan Liu*?!, Min Yang*?!, Jin Li*?,
Teng Liu'?, Ting Zhang™?, Yangyang Zhao'?, Miao He'?,
Dongming Wu®?* and Ying Xu'?*

Clinical Medical College and the First Affiliated Hospital of Chengdu Medical College, Chengdu, China,
2Sichuan Clinical Research Center for Geriatrics, The First Affiliated Hospital, Chengdu Medical
College, Chengdu, China

Multiple sclerosis (MS) is a chronic inflammatory autoimmune disease
characterized by demyelination and neurodegeneration, for which traditional
treatment offers limited relief. Microglial/macrophage modulation plays a
critical role in the pathogenesis of MS. Oxygen free radical accumulation
can induce axonal and nerve cell damage, and further promote MS
development. We created a new recombinant protein based on flagellin
from Legionella pneumophila named flagellin A with linked C- and
N-terminal ends (FLaAN/C), which is an independent intellectual property of
our team. We previously showed that FLaAN/C might mitigate radiation-
induced damage by inhibiting inflammatory responses and oxidative stress.
However, whether FLaAN/C protects against MS remains unknown. Here, we
investigated the anti-inflammatory effects of FLaAN/C on mice with
experimental  autoimmune  encephalomyelitis  (EAE)  induced by
oligodendrocyte glycoprotein peptide 35-55 (MOG35-55). The mice were
injected intraperitoneally with FLaAN/C after the onset of clinical symptoms,
then clinical behavior scores and changes in body weight were recorded daily.
The spinal lumbar spine in model mice was enlarged and accompanied by
inflammatory cellinfiltration and demyelination that were reversed by FLaAN/C.

Abbreviations: ASC, anti-apoptosis-associated speck-like protein containing a CARD; CASP1,
caspase-1 CAT,; catalase CD, cluster of differentiation; CNS, central nervous system; COX2,
cyclooxygenase 2; DHE, dihydroethidium; EAE, experimental autoimmune encephalomyelitis;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GSDMD, gasdermin D; IBAl, ionized
calcium-binding adapter molecule 1; IFN, interferon; Ig, immunoglobulin; IL, interleukin; iNOS,
inducible nitric oxide synthase; LDH, lactate dehydrogenase; LFB, Luxol fast blue stain; MBP,
myelin basic protein; MDA, malondialdehyde; MS, multiple sclerosis; MOG, myelin oligodendrocyte
glycoprotein; NLRP3, NLR family pyrin domain containing 3; NF, nuclear factor; p, phosphorylated;
PBS, phosphate-buffered saline; ROS, reactive oxygen species; SOD, superoxide dismutase; Th, T
helper; TNF, tumor necrosis factor; WT, wild-type.
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FLaAN/C also induced microglia/macrophages to generate less pro-
inflammatory (CD86, iNOS, and TNF-a), and more anti-inflammatory
(CD206, IL-10, and Arginase-1) cytokines. These findings suggesting that
FLaAN/C  promoted microglial/macrophages polarization from the
inflammatory M1 to the anti-inflammatory M2 phenotype. Moreover, FLaAN/
C inhibited release of the inflammatory cytokines, TNF-a, IL-8, IL-6, IL-17, and
IFN-y. These results indicated that the anti-inflammatory effect of FLaAN/C was
associated with the inhibited generation of reactive oxygen species. FLaAN/C
downregulated the expression of phosphorylated NF-xB-p65 and prevented
downstream NLRP3 inflammasome-mediated pyroptosis. Collectively, these
results indicated that FLaAN/C prevents pyroptosis by inhibiting the ROS/NF-
kB/NLRP3 signaling pathway, and promotes the microglial/macrophage M1/
M2 polarization that significantly alleviated inflammation in mouse models of
EAE. Our findings suggested that FLaAN/C could be a promising candidate for

MS therapy.

KEYWORDS

FlaAN/C, experimental autoimmune encephalomyelitis, reactive oxygen species, ROS/
NF-kB/NLRP3 pathway, pyroptosis

Introduction

Multiple sclerosis (MS) is a chronic inflammatory
autoimmune disease of the central nervous system (CNS) that
is characterized by multiple lesions, remission, recurrence, and
other features (Yong, 2022). The main pathologies are
inflammatory cell infiltration, axon loss or damage, white
matter demyelination, and chronic neuroinflammation
(Correale et al,, 2017). Multiple sclerosis is more prevalent in
younger individuals, but often continues to progress to advanced
stages, leading to severe neurological deficits and loss of the
ability to work (Dobson and Giovannoni, 2019). The most
prevalent drugs to treat MS comprise glucocorticoids,
corticosteroids, intravenous immunoglobulins, interferons, and
immunosuppressants such as natalizumab and azathioprine.
However, their effects are limited, and long-term use is
associated with serious side effects and complications that
confer an additional burden on patients (Luna et al., 2020).
Therefore, innovative drugs that could delay the onset, or halt the
progression of MS are essential.

The pathological mechanisms and treatment of MS have
been investigated using mature mouse models of experimental
autoimmune encephalomyelitis (EAE) that simulates the key
of human MS (Bolton and Smith, 2018).

Lymphocytes, macrophages and dendritic cells, are involved in

features

the pathogenesis of MS, and are thought to form lesions via
different and interacting mechanisms (Jolivel et al., 2013; Wang
et al., 2019; Schafflick et al., 2020). Among these immunocytes,
infiltrating microglia/macrophages are major effectors of
inflammation and demyelination in MS and EAE (Hao et al,
2021; Lyu et al., 2021). In response to various stimuli, activated
microglia/macrophages undergo significant morphological and
functional exhibit  two

changes  and phenotypes,
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ie, inflammatory M1 and anti-inflammatory M2 that
respectively release pro- and anti-inflammatory cytokines (Lyu
et al,, 2021). The upregulated M1-like phenotype secretes classic
inflammatory mediators, such as tumor necrosis factor-alpha
(TNF-a) and interleukin-12 (IL-12), and also inducible nitric
oxide synthase (iNOS) during the early stages of disease
development. These pro-inflammatory factors damage the
integrity of myelin and promote its destruction. The M2-like
phenotype notably upregulates anti-inflammatory mediators
such as arginase-1 (Arg-1), interleukin-10 (IL-10), and CD206
(Leuti et al.,, 2021). Considering the different role of Mland
M2 phenotype of microglia/macrophages in inflammatory
response, regulating the transformation of M1 phenotype to
M2 phenotype might be helpful for MS. Therefore, new drugs
are needed that could promote the polarization of microglia/
macrophages from pro-to the anti-inflammatory phenotype and
thus be an effective strategy for treating EAE. Activated microglia
and infiltrated macrophages are particularly enriched around
white matter lesions in the central nervous system. These
macrophages can produce a large amount of reactive oxygen
(ROS) and nitrogen (RNS) species that damage the numerous
axons and oligodendrocytes associated with the clinical course of
MS (Pegoretti et al., 2020; Yin et al., 2022). Activated microglia/
macrophages can activate the complement pathway, produce
pro-inflammatory cytokines, release excitatory amino acids, and
produce free radicals (Zhang J. et al., 2022).

Excessive ROS production exerts deleterious effects on lipids,
proteins, and nucleic acids, leading to impaired cell function
(Chen Y. et al., 2022). Under physiological conditions, ROS/RNS
are cleared by antioxidant defense enzymes such as superoxide
dismutase (SOD), catalase (CAT) and peroxidase and non-
enzymatic compounds. Under pathological conditions, levels
of ROS/RNS are elevated during inflammatory processes.
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These cause mitochondrial respiratory chain dysfunction and
overstimulated glutamate NMDA receptors, which lead to low
activities of oxidative scavengers such as cytosolic SOD and CAT,
and significantly increased levels of lipid peroxide products, such
as malondialdehyde (MDA) and 4-hydroxynonenal (4HNE)
(Chen X. et al, 2022; Xue et al, 2022). Lipid peroxidation
might be the main factor in free radical-mediated central
nervous system damage. When excessive ROS cannot be
the ROS
metabolites can lead to protein and lipid peroxidation and
DNA alkylation, which are also closely related to the
occurrence of MS (Devanney et al., 2020)

neutralized by antioxidant defense system,

The nuclear factor kappa B (NF-kB) is a family of
transcription factors that regulate the expression many genes
involved in cell death, inflammation, proliferation, and
differentiation (Wang et al, 2022). Activation of NF-kB
correlates with immune-associated genes that are upregulated
in the serum, brain, and spinal cord of patients who have MS
compared with healthy individuals (Soltanmoradi et al., 2021).
Moreover, increased levels of NF-kB are associated with the
course of MS (Jie et al.,, 2021). After organismal injury, excessive
ROS accumulation results in binding to pattern recognition
receptors, which might act as initiating signals to regulate NF-
kB translocation to the nucleus and activate the NOD-like
receptor (NLRP3)
inflammasome, thus inducing IL-13 and IL-18 secretion, and

family pyrin domain containing 3
inflammation (Peng et al., 2020). The NLRP3 inflammasomes are
large protein complexes consisting of NLRP3, ASC, and caspase-
1 (He et al,, 2022). It is the most extensively studied type of
inflammasome in the CNS and has been assessed in microglia
(Chu et al, 2019). Moreover, NLRP3-associated pyroptosis
protein is expressed in astrocytes, microglia, and neurons in
EAE models (Hou et al., 2020; Zhang Q. et al., 2022; Song et al.,
2022).  Studies that  the activation
NLRP3  inflammasomes the production of
inflammatory cytokines and thus promotes the migration of
immunocyte to the CNS in the EAE model of MS (Braga
et al,, 2019; Zhang Q. et al, 2022). These findings suggested
that NLRP3 inflammasomes are associated with MS progress.

have  shown

induces

Therefore, blocking the NLRP3 signaling pathway and pyroptosis
can reduce neuroinflammation and thus alleviate disease
progression.

We developed a novel recombinant globular protein
flagellin A from Legionella pneumophila flagella (FLaAN/C).
This biological agent is now an independent intellectual
property owned by our team. It was designed by linking the
C- and N-terminal ends of the flagellin to facilitate the
reduction of flagellin’s side effects. In our previous studies,
FLaAN/C regulates cell functions important for radiation
protection by regulating the expression of multiple cytokines,
and regulates the inflammatory response by inhibiting NF-«xB
signaling pathway. For example, FLaAN/C inhibits caspase-1-
dependent pyroptosis by reducing NLRP3 inflammasome
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activity, and thus effectively mitigate radiation-induced
intestinal injury (Wu et al, 2018). It significantly reduces
radiation-induced pathology and improves the survival of
mice after whole-body irradiation compared with controls.
In addition, FLaAN/C upregulates miR-142a-3p, inhibits
IRAK1/NF-xB signaling pathway in intestinal cells, thereby
alleviating radiation-induced pyroptosis (Liu et al, 2022).
Therefore, FLaAN/C inhibits inflammatory responses and
oxidative stress. However, the role of FLaAN/C in the
of
remained unknown.

regulation inflammasome-associated neuroimmunity

We aimed to determine the anti-demyelinating and anti-
neuroinflammatory effects of FLaAN/C and its effects in an EAE
mouse model. We also investigated the effects of FLaAN/C on
NF-kB/
NLRP3 signaling pathway. Our findings provided evidence for
FLaAN/C as a new candidate therapeutic for MS.

microglial/macrophage polarization and

Materials and methods

Establishment of the EAE model

The Animal Policy and Welfare Committee of Chengdu
Medical College approved all animal experiments (Approval
ID: 2,021,711). Seven-week-old female C57/BL6 mice (weight,
18-21g) (GemPharmatech Co., Ltd., Chengdu, China) and
Nirp3~~ mice on a C57BL/6 (Weishanglide Biotechnology Co.,
Ltd., Beijing, China) were raised at the Animal Experimental
Center of Chengdu Medical College. We established the EAE
model as described (Yu et al., 2020). Briefly, 100 pl of Complete
Freund’s Adjuvant (CFA; Chondrex, Woodinville, WA,
United States) was ultrasonically emulsified with 400 ug of
Mycobacterium tuberculosis H37Ra (BD Biosciences, San Jose,
CA, United States). Thereafter, 200 pg of myelin oligodendrocyte
glycoprotein 35-55 (MOG35-55) peptide (Hooke Laboratories,
Lawrence, MA, United States) mixed with 100 pl of PBS and the
the
and on post-

emulsion, was subcutaneously injected into mice

1). On that
immunization day 3, 300ng of pertussis toxin (PTX; List

(immunization ~day day
Biological Laboratories Inc., Campbell, CA, United States) was
injected i.p. (Figure 1A).

FLaAN/C treatment

The preparation of the FLaAN/C recombinant protein was
carried out by BGI Genomics (Shenzhen, China). Detailed
preparation process for the FLaAN/C recombinant protein is
provided in the supplementary material. The mice were
randomly assigned to receive phosphate buffered saline
(PBS; control n = 6), MOG + PBS (n = 6), or MOG +
FLaAN/C (0.5, 1.0 and 1.5 mg/kg injected intraperitoneally
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FIGURE 1

FLaAN/C reduces symptoms in EAE mice. (A) Study procedure. (B) Weight-versus-time curves of all experimental groups. (C) Clinical behavior
scores for typical symptoms of EAE. (D) LFB staining showing demyelination in the spinal cord and the demyelination scores (The arrows present
myelin injury and loss, scale bars:50 pm). (E) Immunofluorescence staining of MBP in the spinal cord (The arrows present myelin injury and loss, scale
bars:100 pm). (F)Western bloting of MBP protein expression of the spinal cord. (G) Representative images show behavioral symptoms of EAE
mice in each group (Black arrows present limp tail or hind limb paralysis). Paraffin sections of spinal cord tissue used for immunofluorescence
staining. Data are shown as means + SD (n = 6 per group). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, #p < 0.05, **p < 0.01, “#p < 0.001,
##itin < 0.0001. * vs. Control group; # vs. MOG group.
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(i.p.) daily from post-immunization day (p.i.d) 12 until p.i.d.
30; n = 6 each). On p.i.d. 30, all mice from each group were
euthanized and spinal cord and blood were collected. The
FLaAN/C treatment concentration was based on our pre-
experiment: high-dose (10 mg/kg) single administration and
low-dose (0.25 mg/kg) multiple administration. The pre-
experiment results showed that the high dose (10 mg/kg)
single administration exceeded the tolerance range of mice,
and the mice died. Low-dose multiple administrations
(0.25 mg/kg) had no significant therapeutic effect on EAE
mice. In addition, clinical dosing regimens usually choose
low-dose multiple administration. In this study, to better
simulate clinical medication, we first determined the
concentration gradient of FLaAN/C (0.5, 1.0, 1.5 mg/kg),
and then screened the optimal treatment concentration of
FLaAN/C (1.5 mg/kg). Therefore, we finally chose FLaAN/C
(1.5 mg/kg) for subsequent experiments.

Body weight and behavioral assessment

We weighed the mice daily and scored their clinical behavior
from 0-5 according to the respective criteria for EAE: 0, no
clinical symptoms; 1, the tail tension disappeared or the gait was
awkward; 2, weakness in hind limbs; 3, paralysis of hind limbs; 4,
paralysis of hind limbs and weakness in anterior limbs; 5, near-
death state (Yu et al., 2020; Zilkha-Falb et al., 2020; Kim et al.,
2021; Cai et al., 2022).

Measurement of anti-oxidant activity

We measured SOD (S0101S), MDA (S0131S), and CAT
(S0051) activities in mouse serum using the respective kits
(Beyotime Biotechnology, Shanghai, China) as described by
the manufacturer.

Cytokine quantitation

Serum levels of the inflammatory cytokines TNF-a, IL-10, IL-
8, IL-17, IFN-y, IL-6, IL-1B, and IL-18 in mice were determined
using enzyme-linked immunoassay (ELISA) kits (MIBIO
China) as described by the

Biotechnology, shanghai,

manufacturer.

Assays of caspase-1 activity

We evaluated caspase-1 activity in mouse spinal cord tissue

using caspase-1  activity (C1102;

Biotechnology).

assay kit

Beyotime
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Western bloting

Proteins were extracted from crushed spinal cord tissue
by whole-cell lysis or using a nucleocytoplasmic protein
extraction kit (KeyGEN BioTECH, Nanjing, China), and
then centrifuged at 4°C (13,000 x g) for 15min. Protein
concentrations were determined in supernatants using
BCA protein assay kits (Beyotime Biotechnology). The
proteins (40 pug) were resolved by sodium dodecyl sulfate-
(SDS-PAGE), then
transferred to PVDF membranes. Nonspecific antigen

polyacrylamide gel electrophoresis
binding on the membranes was blocked by incubation 1h
at room temperature with 5% skimmed milk. Thereafter, the
membranes were incubated overnight at 4°C with the
following primary antibodies diluted 1:1000: GAPDH
(10494-1-AP), TNF-a (17590-1-AP), CD86 (13395-1-AP),
CD206 (18704-1-AP), Arginase-1 (16001-1-AP), IL-10
(D13A11), MBP (10458-1-AP), iNOS (22226-1-AP),
nuclear factor of kappa light polypeptide gene enhancer in
B-cells inhibitor, alpha IxkBa (10268-1-AP), ASC 67494-1-
Ig), IL-18 (10663-1-AP), lamin B1 (12987-1-AP), and NF-
kB-p65 (10745-1-AP) all from Proteintech Group Inc.,
Rosemont, IL, United States), NLRP3 (ab270449), caspase-
1 p20 (abl179515), IL-1P (ab216995), gasdermin D -N
(GSDMD-N; ab219800), phosphorylated

(ab133462), and NF-kB-p-p65 (ab194726) (all
Abcam, Cambridge, UK). The membranes were incubated
in  1:8000-diluted horseradish  peroxidase-conjugated
secondary antibodies (SA00001-2; Proteintech) at 37°C for
1.5h. Bands were visualized using a chemiluminescence
(Merck  Millipore,
Burlington, MA, United States) and quantified using
Quantity 5.2 (Bio-Rad Laboratories Inc., Hercules, CA,
United States). Relative immunoreactivity was calculated

p-IkBa
from

horseradish  peroxidase substrate

according to gray values and normalized to that of the
reference protein (GAPDH) using Image] (National
Institutes of Health [NIH], Bethesda, MD, United States).

Staining with hematoxylin and eosin (HE)
and luxol fast blue (LFB)

We detected inflammatory cell infiltration of spinal cord
tissue by staining with HE. Formalin-fixed, paraffin-embedded
samples were stained with LFB using a kit (Solebo Biotech,
Beijing, China). Six mice in each group were scored for
inflammation and demyelination according to the following
criteria. For inflammation: 0 = non-inflammatory cells; 1 = a
small amount of scattered inflammatory cells; 2 = organization of
inflammatory infiltrates around blood vessels; 3 = extensive
perivascular cuffing with extension into parenchyma. For
rare foci; 2 = several

demyelination: 0 = none; 1 =
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TABLE 1 Primer sequence information.

Gene Forward primer (5'F0223")
Caspl CATCCTGTCAGGGGCTCACTTTTC
Gsdmd CGATGGGAACATTCAGGGCAGAG
11 CAAGAGCTTCAGGCAGGCAGTATC
118 GGCTGCCATGTCAGAAGACTCTTG
110 CACTGCTATGCTGCCTGCTCTTAC
118 CATGGGTGAAGGCTACTGTTGGC
Tnfa TCTACTGAACTTCGGGGTGATCGG
Ifny AGGAACTGGCAAAAGGATGGTGAC
17 GCCAAGGACTTCCTCCAGAATGTG
16 CTTGGGACTGATGCTGGTGACAAC

demyelination areas; 3 = large areas of demyelination (Yu et al,,
2020; Kim et al., 2021; Cai et al., 2022).

Immunofluorescence staining

Paraffin blocks of spinal cord and brain tissue were cut into
5-um thick sections, dewaxed with a graded ethanol series, and
sealed with 5% fetal bovine serum for 30 min. The sections
were incubated overnight at 4°C with the following primary
antibodies (1:300): MBP (10458-1-AP), CD11b (abl211),
4HNE (ab48506), 3NT (5411, Millipore), NLRP3
(ab270449), ASC (67494-1-Ig), and NF-kB (10745-1-AP).
The sections were washed with PBS, then incubated with
anti-Cy3 goat anti-rabbit IgG (H + L, A0516) or FITC goat
anti-mouse IgG (H + L, A0568; Beyotime Biotechnology)
secondary antibodies (1:200) at room temperature for 2 h.
Then, the nuclei were stained with DAPI (1:10,000) for 8 min.
Random images were photographed with a fluorescence
microscope at x40 magnification.

Nuclear and cytoplasmic protein
extraction

Nuclear and cytoplasmic proteins were extracted using a kit
(P0027; Beyotime Biotechnology), then analyzed by western
blotting.

Co-immunoprecipitation

Lysed spinal cord tissue were shaken slowly with primary
then
immunoprecipitated using protein A + G agarose (P2055-10 ml;

antibody  overnight at 4°C, complexes  were

Beyotime Biotechnology) as described by the manufacturer.
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Reverse primer (5'F0223")

CTATCAGCAGTGGGCATCTGTAGC
ACACATTCATGGAGGCACTGGAAC
AGGTCCACGGGAAAGACACAGG
AGTGAAGTCGGCCAAAGTTGTCTG
TGGGAAGTGGGTGCAGTTATTGTC
GCTTCATTGCCGGTGGAAATTCC
GTGGTTTGTGAGTGTGAGGGTCTG
GTTGTTGCTGATGGCCTGATTGTC
TGGAACGGTTGAGGTAGTCTGAGG
AGGTCTGTTGGGAGTGGTATCCTC

Quantitation of oxidative stress

Levels of ROS were detected by staining spinal cord and brain tissue
with dihydroethidium (DHE) (S0063, Molecular Probe; Solarbio, Beijing,
China). Paraffin slices were dewaxed and dehydrated in a graded ethanol
series and washed with PBS (pH 7.4). Nonspecific antigen binding was
blocked with 5% fetal bovine serum for 40 min, then stained with
5 mmol/L DHE in PBS for 30 min. Random images of brain or spinal
cord sections were acquired using an XI 71 fluorescence microscope
(Olympus, Tokyo, Japan) at x20 magnification. The intensity of emitted
fluorescence was analyzed using Image.

Reverse transcription-quantitative
polymerase chain reaction (RT-qPCR)

Total RNA extracted from mouse spinal cord tissue using a kit
(Solarbio) was reverse transcribed into cDNA using iScript cDNA
synthesis kit (BioRad Laboratories Inc., Hercules, CA, United States).
The mRNA levels of II-8, TNF-a, II-6, II-10, II-1f3, II-18, II-17, IFN-y,
caspase-1, and GSDMD were determined by qPCR using SYBR Green
SuperMix (Bio-Rad Laboratories Inc). Expression relative to that of
the internal reference B-actin (Actb) was calculated using the 27 44"
method. Table 1 shows the synthesized primers (Shenggong,
Shanghai, China) and the sequences are shown in Table 1.

Statistical analysis

All experiments were repeated independently three times. All
data were statistically analyzed using Prism7.0 (GraphPad
Software Inc., San Diego, CA, United States). Pairs of groups
were compared using two-tailed Student t-tests, and three or
more groups were compared using a one-way ANOVA. Data are
expressed as means + SD, and values with p < 0.05 were
considered statistically significant.
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FIGURE 2
FLaAN/C shifted M1to M2 phenotype in spinal cord of mice with EAE. The mice were euthanized on post-immunization day 30. The spinal cord
tissue of each group of mice were isolated and embedded in paraffin.Immunofluorescence was used to detect the colocalization of CD11b with
M1 markers (iNOS and CD86) and M2 markers (Arginase-1 and CD206) in spinal cord tissue. The representative images show the expression levels of
CD86" (A), INOS™ (B), CD206+(D) and Arginase-1* (E) in CD11b" cells (scale bars: 50 pm). (C) The protein expression levels of iNOS, CD86 and
TNF-a in the spinal cord of each group was detected by western bloting. (F) The protein expression levels of Arginase-1, CD206 and IL-10 in the
spinal cord of each group were detected by western bloting. Data are shown as means + SD (n = 6 per group). *p < 0.05, **p < 0.01, ***p < 0.001; *p <
0.05, #p < 0.01, ##p < 0.001. * vs. Control group; * vs. MOG group
Results (Figure 1B). Furthermore, clinical scores were assessed as the

FLaAN/C delayed EAE peak and relieved
symptoms

To assess the therapeutic effects of FLaAN/C on EAE
severity, mice were injected daily with PBS or with FLaAN/C
at doses of 0.5,1.0, or 1.5 mg/kg/day/i.p, from day 12 post first
immunization until the end of the study at day 30 (Figure 1A).
Daily weight changes and clinical behavioral scores were
recorded. More body weight was lost by the MOG-treated,
than control mice, but FLaAN/C dose-dependently improved
this. The results showed that FLaAN/C treatment significantly
delayed the detrimental effects of EAE on body weight
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area under the curve (AUC). The clinical scores were higher in
the MOG-treated mice than the control mice and FLaAN/C (0.5,
1.0, and 1.5 mg/kg/day) significantly reduced clinical score in a
dose-dependent manner (Figure 1C). These data indicated that
the best concentration for FLaAN/C was 1.5 mg/kg and we
selected this concentration in subsequent experiments. Spinal
cord demyelination was more severe in mice with MOG, than
that in mice given PBS (Figure 1D), and FLaAN/C (1.5 mg/kg)
treatment significantly attenuated this phenomenon. Similarly,
IF staining and western bloting showed that FLaAN/C
significantly increased MBP in MOG mice
(Figure 1 E and F). At the same time, we also found that
MOG mice showed severe clinical symptoms with loose tails

expression
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and completely paralyzed hind limbs, while EAE mice treated
with FLaAN/C showed only weak and drooping tails (Figure 1G).
These results indicated that FLaAN/C prevented myelin loss
associated with EAE progression.

FLaAN/C shifted the M1 to the
M2 phenotype in spinal cord of mice
with EAE

The polarization of microglia/macrophages play key roles in the
response to inflammation. To evaluate the effect of FLaAN/C on the
polarization of microglia/macrophages in spinal cord of mice with
EAE, we used immunofluorescence to detect the colocalization of
CD11b with M1 markers (iNOS and CD86) and M2 markers
(Arginase-1 and CD206) in spinal cord tissue to analyze the
microglia/macrophages phenotype. The results showed that the
coexpression of CD86 and CDI1lb was dramatically lower in
FLaAN/C-treated mice with EAE than in the PBS-treated EAE
mice (Figure 2A), and FLaAN/C treatment markedly decreased
the foci of iINOS'CD11b* in the EAE mouse spinal cord
compared to those of PBS-treated mice with EAE (Figure 2B).
Consistent with the immunofluorescence staining results, the
western bloting datas showed that the protein levels of
M1 phenotypic markers (iINOS, TNF-a, and CD86) were
significantly increased in the MOG group compared with the
control group, whereas the protein expression levels of iNOS,
TNF-a, and CD86 were significantly decreased in the MOG +
FLaAN/C group (Figure 2C). In addition, the of
CD206'CD11b" and Arginase-1"CD11b" were significantly
increased in spinal cord of FLaAN/C-treated MOG mice
compared with the MOG mice treated with PBS (Figures 2D,E).
Besides, protein levels of the M2 phenotype markers (IL-10, Arginase-
1, and CD206) were substantially increased in the FLaAN/C-treated
MOG mice compared with PBS-treated MOG mice (Figure 2F).
These results indicated that the anti-inflammatory effect of FLaAN/C
in the spinal cord may be related to its regulation of microglia/

foci

macrophage phenotype.

FLaAN/C suppressed immune cell
infiltration and proinflammatory cytokine
production in spinal cord of EAE mice

Considering the important role of inflammatory cytokines in
the development of EAE, we evaluated the anti-inflammatory
effect of FLaAN/C. Our results showed that MOG significantly
increased the number of inflammatory cells and inflammation
scores in the spinal cord, however, FLaAN/C noticeably reduced
both of these effects (Figure 1A). We also evaluated the levels of
several cytokines by qRT-PCR in the spinal cord and found that
the mRNA levels of pro-inflammatory cytokines IL-6, IL-8 and
TNF-a were markedly increased in the spinal cord of MOG mice,
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while that of the anti-inflammatory cytokine IL-10 was
decreased. Meanwhile, FLaAN/C reduced the mRNA levels of
IL-6, IL-8 and TNF-a, and increased that of IL-10 (Figures
3B-E). In addition, we quantified the IL-6, IL-8, TNF-a and
IL-10 levels in serum by ELISA assay and found that IL-6, IL-8
and TNF-a levels in serum were increased in MOG mice, and
FLaAN/C reduced their upregulation. However, the expression
level of IL-10 showed the opposite trend (Figures 3F-I).
Furthermore, we quantified the IL-18, IL-1f, IFN-y and IL-17
levels by qRT-PCR and ELISA assay, and found that MOG
significantly upregulated the levels of IL-18, IL-1f, IFN-y and
IL-17, while FLaAN/C remarkably reduced the expression of
them (Figure 3J-Q). These results convincingly demonstrated the
anti-inflammatory effect of FLaAN/C.

FLaAN/C significantly inhibited oxidative
stress in EAE mice

To clarify whether FLaAN/C exerts its anti-inflammatory effect
through an antioxidant effect, we used DHE staining to evaluate the
levels of ROS in the spinal cord. The results showed that ROS levels
were significantly increased in MOG mice compared with the mice in
control group, while FLaAN/C effectively inhibited ROS production
(Figure 4A). Expression levels of superoxide dismutase (SOD) and
catalase (CAT) antioxidant enzyme system mainly reflect the ability
to physiologically remove oxygen free radicals. In addition, 3-
nitrotyrosine(3-NT), 4-hydroxynonenal (4HNE),
malondialdehyde (MDA) are metabolites of oxidative stress and
their expression levels mainly reflect the state of oxidative stress.
In this study, we found that the levels of 3-NT, 4HNE, and MDA in
MOG mice were reduced by FLaAN/C treatment (Figures 4B-D).
Additionally, FLaAN/C can effectively increase the expression of SOD
and CAT in MOG mice (Figures 4E,F).

and

FLaAN/C inhibited NF-«xB activation and
prevented IkBa degradation and
phosphorylation in EAE mice

The transcription factor NF-kB is associated with the
development of several neuroinflammatory diseases and its
activation is the initiation signal for NLRP3 inflammasome (Cai
et al,, 2022). Thus, we detected the expression levels of NF-«kB-related
proteins in spinal cord tissue. Western bloting showed that the
expression of p-IkBa, p-NF-kB, and NF-kB were significantly
upregulated in the spinal cord of MOG mice, while IxkBa
expression was downregulated. Furthermore, FLaAN/C reversed
these effects. Similarly, in the FLaAN/C-treated MOG group, the
expression level of IkBa was significantly improved, while the
expression of p-IxBa was significantly reduced (Figure 5A).
Immunofluorescence staining revealed that the number of cells
with activated p65 also increased in the MOG group. However,
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FLaAN/C inhibited NF-kB activation in mice with EAE. (A) Proteins levels of p-IkBa, IkBa, NF-kB-p65, and NF-kB-p-p65 in mouse spinal cord. (B)
Representative immunofluorescence images of p65 in paraffin section of spinal cord tissue (scale bars:50 ym). Data are shown as means + SD (n =
6 per group). *p < 0.05, **p < 0.01, ***p < 0.001; #p < 0.05, **p < 0.01, **#p < 0.001. * vs. Control group; * vs. MOG group
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NLRP3 inflammasome mediated pyroptosis plays an important role in the pathogenesis of EAE (A) Identification of Nirp3 knockout (KO) mice
(B) Clinical behavioral scores and the area under the curve (AUC). (C) H&E staining was performed on paraffin-embedded mouse spinal cord sections
(scale bars: 100 pm). (D) LFB staining was performed on paraffin-embedded mouse spinal cord sections (The arrows present myelin injury and loss,
scale bars:50 pm). (E) Immunofluorescence staining of MBP in the spinal cord (The arrows present myelin injury and loss, scale bars:100 um). (F)
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FIGURE 6 (Continued)
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Evaluation of MBP protein expression in spinal cord by western blotting. (G—J) Serum inflammatory factor levels of IL-8 (G), IL-6 (H), TNF-a (),

and IL-10 (J) are detected using ELISA. (K) Caspase-1 activity in mouse spinal cord was detected using the kit. (L) The protein levels of pyroptosis
markers assessed using western blotting in spinal cord tissue. (M) Detection of NLRP3 and ASC complex formation in spinal cord by co-
immunoprecipitation. (N) Representative image of co-localized NLRP3 and ASC with immunofluorescence staining in spinal cord tissue (scale
bars: 50 pm). Paraffin sections of spinal cord tissue used for immunofluorescence staining. Data are shown as means + SD (n = 6 per group). “-" for
“Nlrp3~/~" represents wild type mice and “+" for “Nlrp3~~" represents Nlrp3 knockout mice. *p < 0.05, **p < 0.01, ***p < 0.001; *p < 0.05, **p < 0.01,

###p < 0.001.* vs. WT group; # vs. WT + MOG group
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are shown as means + SD (n = 6 per group). *p < 0.05, **p < 0.01, ***p < 0.001; *p < 0.05, *p < 0.01, **p < 0.001. * vs. Control group; # vs. MOG

group.

this phenomenon was reversed by FLaAN/C treatment (Figure 5B).
These results indicates that FLaAN/C suppresses the NF-kB pathway.

NLRP3-mediated pyroptosis promoted
EAE development and progression

The NLRP3 inflammasome plays a key role in innate
immunity responses and inflammatory events, and is involved
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in the occurrence and progression of MS. In this study, we
evaluated the role of NLRP3-mediated pyroptosis in the
progression of EAE. First, we genetically identified Nlrp3-KO
mice and screened for NIrp3~~ homozygotes for subsequent
experiments (Figure 6A). Then, we found that Nlrp3”/-MOG
mice had significantly fewer signs of disease and correspondingly
lower clinical scores than WT-MOG mice (Figure 6B). At the
same time, the results of HE staining showed that MOG
significantly increased the number of inflammatory cells in
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the spinal cord and the inflammation score, while Nlrp3”"-MOG
mice were significantly reduced both effects (Figure 6C).
Furthermore, LFB staining revealed a lower level of spinal
cord demyelination in NIrp3”-MOG mice compared with
WT-MOG mice (Figure 6D). Similarly, IF staining and
western bloting showed that the protein levels of MBP were
significantly lower in WT-MOG mice than in Nlrp3”~-MOG
mice (Figures 6E,F). Furthermore, we detected the levels of
inflammatory cytokines in the serum of mice by ELISA assay
and found that the levels of pro-inflammatory cytokines TNF-a,
IL-6, and IL-8 were significantly increased in WT-MOG mice,
while the level of anti-inflammatory cytokine IL-10 was
decreased (Figures 6G-J). Next, we detected the activity of
caspase-1. The activity of caspase-1 in Nlrp3”'-MOG mice
was lower than that in WT-MOG mice (Figure 6 K). Western
bloting results showed that the protein levels of caspase-1 p20,
GSDMD-N, IL-18 and IL-1p were increased in WT-MOG mice,
but the expression levels of these proteins were significantly
decreased in Nlrp3”’-MOG mice (Figure 6L). Additionally,
co-immunoprecipitation analysis revealed more abundant
NLRP3-ASC complexes in the spinal cord of WT-MOG mice
6M).  This by
immunofluorescence staining, which showed that more cells
were positive for both NLRP3 and ASC in the WT-MOG
group (Figure 6N). Overall, these results showed that NLRP3-
mediated pyroptosis plays an important role in the occurrence

(Figure finding ~ was  confirmed

and development of EAE.

FLaAN/C attenuated NLRP3-mediated
pyroptosis in EAE mice

Considering the important role of NLRP3-mediated
pyroptosis in EAE, we further explored whether FLaAN/C
suppresses inflammatory responses in EAE mice by inhibiting
NLRP3-mediated pyroptosis. We evaluated the protein levels of
the NLRP3 inflammasome complex in the spinal cord by western
blotting. And the results showed that the protein expression
levels of caspase-1 p20, GSDMD-N, IL-18 and IL-1p in FLaAN/
C-treated MOG mice were significantly lower than those in
MOG mice (Figure 7A). The same trend was observed for the
mRNA levels of caspase-1 and GSDMD detected by RT-qPCR
(Figures 7B,C). Furthermore, FLaAN/C significantly decreased
the activity of Caspase-1 in the spinal cord of MOG mice
(Figure 7D). Next, co-immunoprecipitation assays revealed
that the NLRP3-ASC complex was decreased in FLaAN/
C-treated MOG mice (Figure 7E). Since NLRP3 and ASC are
closely associated with the activation of NLRP3 signaling
pathway, we further detected the expression levels of ASC and
NLRP3 in the spinal cord. Immunofluorescence staining
confirmed that FLaAN/C markedly decreased the foci of
CD11b+NLRP3* and CD11b"ASC" in the MOG mice (Figures
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7F,G). Altogether, these findings showed that FLaAN/C inhibited
NLRP3 mediated pyroptosis.

Discussion

Multiple sclerosis is a prevalent autoimmune inflammatory
demyelinating disease of the CNS that significantly affects the
quality of life of patients (Zilkha-Falb et al., 2020). Although
there are many drugs available to treat MS, they are not entirely
effective. Therefore, the pathogenesis of MS needs to be
understood from several perspectives to generate more useful
and comprehensive information that will help to improve and
optimize of treatment options. Cascade neuroinflammation is a
cause of MS, and once the CNS inflammatory response spreads, it
can lead to severe and permanent neuronal damage (Zilkha-Falb
et al., 2020). Therefore, inflammation control is the main goal of
early disease treatment.

Extensive activation of microglia/macrophages is a crucial
factor in mediating neuroinflammatory damage to the CNS.
Microglia/macrophages comprise M1 and M2 phenotypes.
Surface markers of microglia/macrophages recognized by
antibodies that assess their activation, comprise CDI11b,
ionized calcium-binding adaptor molecule 1 (IBA1), CD68,
and glycoprotein F4/80. M1 macrophages/microglia secrete
the proinflammatory cytokines, IL-1p, IL-6, TNF-q, as well as
CD16/32 (Fc gamma III and II receptors, respectively), and
(iNOS), the
M2 phenotype is generally characterized by upregulated
Arginase-1, IL-10, CD206, and CD163 (Cutolo et al., 2019).
The  phenotypes  of
MI1 phenotype and M2 phenotype. M1 and M2 can play
different roles in MS through their secreted cytokines (Jackle
et al, 2020). Accordingly, regulating the polarization of

inducible nitric oxide synthase whereas

microglia/macrophages  include

microglia/macrophages from the pro-to the anti-inflammatory
phenotype might help to treat inflammatory diseases of the CNS.
For example, interleukin one receptor associated kinase M
(IRAK-M) EAE by
downregulating the TLR4-MyD88 signaling pathway, which

significantly ~ improves onset
finally leads to differentiation to the M2 phenotype in
microglia (Liu et al, 2019; Jackle et al, 2020). Homeobox
protein MSX-3 (MSX3) drives microglia polarization to the
M2 phenotype and promotes oligodendrocyte precursor
maturation and remyelination, thus preventing experimental
EAE progression (Yu et al, 2015). We found that FLaAN/C
promoted the shift of microglia/macrophages to an anti-
inflammatory phenotype, as indicated by a lower abundance
of the M1 marker CD86 and a higher abundance of the
M2 marker CD206, accompanied by decreased iNOS and
TNF-a secretion, and enhanced IL-10 and Arginase-1 release.
Our results indicated that FLaAN/C treatment promoted the
of from Ml to

polarization microglia/macrophages
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M2 phenotype, thereby attenuating the inflammatory response in
the spinal cord of EAE mice.

The CNS is highly vulnerable to oxidative stress due to high
energy demand, mitochondrial activity, and polyunsaturated
fatty acids. Hence, these features increase CNS susceptibility to
typical neurodegenerative hallmarks linked with oxidative
stress, which might cause CNS dysfunction in patients with
MS (Steudler et al., 2022). Novel fatty acid-binding protein five
and seven inhibitors ameliorate glial cell injury in EAE by
decreasing oxidative stress levels (Cheng et al, 2021).
Consistent with these findings, the present study showed
that FLaAN/C might prevent ROS accumulation by
downregulating 3NT, 4HNE, and MDA levels in EAE mice,
while increasing SOD and CAT expression levels. Reactive
oxygen species not only mediate oxidative stress but also
promote the NF-kB signaling pathway which is widely
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involved in the occurrence of MS (Gutiérrez-Miranda et al.,
2020; Lei et al, 2020). Furthermore, paricalcitol inhibits
neuroinflammation and moderates MOG35-55-induced EAE
progression by modulating NF-«B signaling both in vitro and in
vivo (Zhang et al., 2020). Current approaches to treating MS,
such as IFN-B and glatiramer acetate, significantly inhibit NF-
kB activity (Zhao et al., 2018). Our results have consistently
showed that FLaAN/C decreases the nuclear expression of NF-
kB subunit p65 and the numbers of cells expressing activated
NF-xB in mice with EAE.

Pyroptosis is an inflammatory cell death process that is
activated by the NLRP3 inflammasome via a classical pathway.
Emerging evidence suggests that NLRP3-mediated pyroptosis
is functioning in the CNS of patients with MS and in mice with
EAE (Khan et al., 2018). Moreover, the NLRP3 inflammasome
is regulated by upstream components such as NF-«kB and ROS

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.956402

Li et al.

(Yin et al., 2020). Pattern recognition receptors binding to
their corresponding ligands, such as ROS, are the first signal to

mediate translocation to the nucleus, thus initiating
downstream NLRP3, Pro-IL-1B, and Pro-IL-
18 transcription, and upregulating the expression of

relevant inflammatory factors (Zhang et al., 2018; Li et al.,
2021). The NF-kB/NLRP3 signaling pathway plays important
roles in inflammatory diseases of the nervous system. For
instance, Baicalin exerts neuroprotective effects by inhibiting
activation of the GSK3B/NF-kB/NLRP3 signaling pathway in a
rat model of depression (Zhang et al., 2018). We found that the
NF-kB/NLRP3 signaling pathway is also involved in the
occurrence of EAE. Demyelination and inflammatory cell
Nirp3™”—-MOG  mice.
Moreover, Nlrp3”~-MOG mice have decreased activation

infiltration were alleviated in
and protein levels of caspase-1 p20 and GSDMD-N, as well
as significantly reduced pyroptosis-related indicators, such as
caspase-1 activation, and IL-18 and IL-1p levels. Similarly,
FLaAN/C significantly decreased caspase-1 activation and
inhibited the protein expression of IL-18, IL-1f3, pro-
caspase-1 p20 and GSDMD-N. Furthermore, FLaAN/C
significantly inhibited the colocalization of NLRP3 and ASC
and inhibited the activation of NLRP3 inflammasome. These
results suggested that the therapeutic effects of FLaAN/C are
exerted by inhibiting NLRP3 inflammasome-mediated
pyroptosis.

In conclusion, we previously constructed the recombinant
FLaAN/C protein to alleviate post-radiation side effects
through anti-inflammatory and antioxidant effects. Here,
our results showed that FLaAN/C attenuates inflammatory
response in mice by facilitating microglia/macrophages
polarization from the M1 phenotype to the M2 phenotype
and inhibiting the ROS/NF-kB/NLRP3 signaling pathway, and
thus alleviates EAE (Figure 8). Our findings provide new
evidence of the potential of FLaAN/C as a drug for

treating MS.
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Obesity-induced metabolic syndrome is a rapidly growing conundrum,
reaching epidemic proportions globally. Chronic inflammation in obese
adipose tissue plays a key role in metabolic syndrome with a series of local
and systemic effects such as inflammatory cell infiltration and inflammatory
cytokine secretion. Adipose tissue macrophages (ATM), as one of the main
regulators in this process, are particularly crucial for pharmacological studies on
obesity-related metabolic syndrome. Ponatinib, a multi-targeted tyrosine
kinase inhibitor originally used to treat leukemia, has recently been found to
improve dyslipidemia and atherosclerosis, suggesting that it may have profound
effect on metabolic syndrome, although the mechanisms underlying have not
yet been revealed. Here we discovered that ponatinib significantly improved
insulin sensitivity in leptin deficient obese mice. In addition to that, ponatinib
treatment remarkably ameliorated high fat diet-induced hyperlipidemia and
inhibited ectopic lipid deposition in the liver. Interestingly, although ponatinib
did not reduce but increase the weight of white adipose tissue (WAT), it
remarkably suppressed the inflammatory response in WAT and preserved its
function. Mechanistically, we showed that ponatinib had no direct effect on
hepatocyte or adipocyte but attenuated free fatty acid (FFA) induced
macrophage transformation from pro-inflammatory to anti-inflammatory
phenotype.  Moreover, adipocytes co-cultured with  FFA-treated
macrophages exhibited insulin  resistance, while pre-treat these
macrophages with ponatinib can ameliorate this process. These results
suggested that the beneficial effects of ponatinib on metabolic disorders are
achieved by inhibiting the inflammatory phenotypic transformation of ATMs,
thereby maintaining the physiological function of adipose tissue under
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excessive obesity. The data here not only revealed the novel therapeutic

function of ponatinib, but also provided a theoretical

basis for the

application of multi-target tyrosine kinase inhibitors in metabolic diseases.

KEYWORDS

ponatinib, adipose tissue macrophages, obesity, metabolic dysfunction, tyrosine

kinase inhibitors
Introduction

Obesity, especially visceral obesity, can lead to a series of
systemic disorders such as hyperlipidemia, hyperglycemia and
hypertension which are classified as metabolic syndromes (MS).
Obesity-induced MS acts as one of the primary risk factors of
coronary artery disease (CAD), stroke, cancer, non-alcoholic
fatty liver disease (NAFLD) and type 2 diabetes mellitus
(T2DM) and is therefore considered to be one of the major
health problems in the modern world (Van Gaal et al., 2006). In
dealing with obesity and the metabolic disorders, exercise and
diet changes could bring great benefits, but it is difficult to persist
in the long run. At present, a variety of pharmacological
interventions are used in MS by increasing insulin sensitivity/
secretion, regulating blood lipids and suppressing appetite.
Although these drugs have proved to be beneficial for MS,
there is still an urgent unmet need for more effective
pharmacological intervention with less side-effect for obesity-
related metabolic disorders (Kusminski et al., 2016).

Growing evidence has suggested that the dysfunction of
white adipose tissue (WAT) is one of the earliest and most
profound pathological changes in visceral obesity (Kahn et al.,
2019). In the physiological state, adipose tissue plays a central
role in regulating metabolic homeostasis by severing as a nutrient
depository as well as an endocrine organ of multiple adipokines
cytokines. WAT s
accompanied by a shift in adipokines secretion profile, which

and During obesity, dysfunctional
typically shows a reduction in anti-inflammatory factors such as
adiponectin and interleukin-10 (IL-10), while an elevation in
pro-inflammatory cytokines such as TNFa, interleukin- 1 (IL-
1B), IL-6 and IL-18. The impaired lipid storage function and
abnormal inflammatory cytokine secretion of obese WAT
together promote metabolic dysfunction (Tilg and Moschen,
2006; Burhans et al, 2018). In this process, adipose tissue
macrophages (ATMs) play an indispensable role due to their
high plasticity in response to the microenvironment changes
(Kratz et al., 2014; McNelis and Olefsky, 2014). In the context of
hypoxia and chronic inflammation, cytokines, chemokines and
damage-associated molecular pattern (DAMP) such as free fatty
acids (FFAs) released by adipocyte necrosis together promote the
monocyte infiltration and pro-inflammatory M1 macrophages
polarization. M1 macrophages surround apoptotic adipocytes to
form a ‘crown-like’ structure (CLS) (Cinti et al., 2005), which will
lead to the overproduction of pro-inflammatory mediators and
ultimately destroy the metabolic function of adipose tissue and
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the systematic insulin sensitivity. Therefore, the methods to block
the obesity-related WAT inflammation and ATM activation
would be beneficial for obesity and MS (Kusminski et al., 2016).
Ponatinib (Iclusig™; ARIAD Pharmaceuticals) is a multi-
targeted tyrosine-kinase inhibitor approved by the US Food and
Drug Administration (FDA) for patients with chronic myeloid
leukemia and Philadelphia  chromosome-positive
lymphoblastic leukemia (O'Hare et al., 2009; Frankfurt and
Licht, 2013).
ponatinib can

acute

Interestingly, recent studies revealed that
improve dyslipidemia and atherosclerotic
plaque formation in apolipoprotein E-deficient (ApoE™") mice
(Pouwer et al.,, 2018), suggesting that ponatinib may play a
pivotal role in the regulation of metabolic disorders. However,
the mechanisms to explain the effects of ponatinib on MS are not
clear. Here, we observed that ponatinib is effective to ameliorate
high-fat diet (HFD)-induced hyperlipidemia and NAFLD in
leptin-deficient obesity mice model. Moreover, we provided
evidence that inhibition of ATMs transformation from anti-
inflammatory to pro-inflammatory phenotype underlies the

beneficial effects of ponatinib on MS.

Materials and methods
Reagents

Ponatinib was purchased from Selleck (Houston, TX,
United States). Antibodies against insulin receptor-beta; phospho-
insulin receptor-beta (Tyr1150/1151); insulin receptor substrate-1;
phospho-insulin receptor substrate-1 (Ser636/639); Akt; phosphor-
Akt (Ser 473) were purchased from Cell Signaling Technology
(Danvers, MA, United States). Antibody against F4/80 was
obtained from Servicebio Biotechnology (Wuhan, China). Alexa
Fluor®-700 anti-mouse CD38 antibody was obtained from
eBioscience (San Diego, CA, United States). Isobutyl-methyl-
xanthine (IBMX), dexamethasone, palmitic acid, oleic acid and
Oil Red-O were obtained from Sigma-Aldrich (St. Louis, MO,
United States). Culture medium, and fetal bovine serum (FBS)
were obtained from Gibco (Carlsbad, CA, United States). Insulin
was purchased from Novo Nordisk (Copenhagen, Denmark).
(M-CSF1) was
China).
Sodium Oleate, Sodium palmitate were purchased from Sigma-
Aldrich (St. Louis, MO, United States). DNA ladder, Nucleic Acid
Dye and agarose were purchased from Genstar (Beijing, China).

Macrophage colony-stimulating  factor 1

purchased from Novoprotein Scientific (Shanghai,
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Animal study

All animal experimental procedures were performed in
accordance with the policy of the Sun Yat-Sen University Animal
Care and Use Committee and conformed to the Guidelines for the
ethical review of laboratory animal welfare People’s Republic of
China National Standard GB/T 35,892-2018. Mice were housed
under specific pathogen-free conditions with 12/12h light/dark
cycle and had ad Ilibitum access to water and food. Different
groups were allocated in a randomized manner and investigators
were blinded to the allocation of different groups when doing
outcome evaluations. Sample size was determined by pilot
experiments and exact n-numbers were shown in the respective
figure legend. All mouse tissue samples used in this study were
collected after euthanasia by intraperitoneal injection of an overdose
of sodium pentobarbital (200 mg/kg).

6-week-old male ob/ob mice and its lean littermates with a
genetic background of C57BL/6] were procured from Cyagen
Biosciences (Santa Clara, CA, United States). After 2 weeks of
adaptation, the ob/ob mice and lean mice were divided into four
groups randomly with five animals per group. The drug
intervention groups (lean + ponatinib and ob/ob + ponatinib)
were treated with ponatinib (5 mg/kg made in 25 mM citrate
buffer (pH 2.75)] via intragastric administration for 8 weeks,
while the control groups were treated with vehicle (citrate buffer).
Body weight was measured weekly. After treatment for 8 weeks,
fasting blood glucose levels, random blood glucose levels, oral
glucose tolerance test (GTT) and insulin tolerance test (ITT)
were measured with glucometer. At the end of the experiment,
the mice after an overnight fast were euthanized and the blood,
liver and adipose tissue samples were collected for subsequent
testing.

Glucose and insulin tolerance test

GTT and ITT were performed as previously described (Guo
et al., 2020). In brief, GTT and ITT were examined in mice fasted
for 12 and 6 h, respectively. Mice were intraperitoneal
administration with 1 g/kg glucose (made in 0.9% NaCl) for
GTT, while 0.75 U/kg human insulin (made in 0.9% NaCl) was
intraperitoneally injected into mice for ITT. Blood glucose were
monitored with a glucometer at 0, 15, 30, 60, 120 min. The blood
glucose change over time curve was drawn and calculate the area
(AUC) under the curve using the GraphPad Prism 8.0
(GraphPad Software, La Jolla, CA, United States).

Histology and immunohistochemistry
staining

Four% paraformaldehyde-fixed paraffin-embedded murine
tissues were subjected to hematoxylin and eosin (H&E) staining
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to observe the histological changes in the tissues. Liver sections
were embedded in OTGC, sliced (7 um) under freezing conditions
and applied for Oil Red-O staining for assessment of lipid
deposition.

For immunohistochemistry staining, paraffin sections were
deparaffinized, rehydrated, antigen retrieved by immersed in
0.01 M citrate buffer, blocked and then incubated with anti-
F4/80 at 1:1000 overnight at 4°C. After washed three times by
PBS, sections were tested using Real Envision Detection kit
(Dako, Glostrup, Denmark) according to the manufacturer’s
instructions.

Biochemistry analysis and hepatic lipid
analyses

Blood was collected from the Retro-orbital bleeding under
terminal anesthesia. Samples were centrifuged at 1000 x g for
20 min and then supernatants were collected. Insulin in serum
was performed by enzyme-linked immunosorbent assay (ELISA)
(RayBiotech, Norcross, GA, United States). Serum lipids, including
serum total cholesterol (TC), triglyceride (TG), high-density
lipoprotein cholesterol (HDL-C) and low-density lipoprotein
cholesterol (LDL-C), were detected by analytical auto analyzer
(Mindray, Shenzhen, China). Commercial kits (Applygen, Beijing,
China) were used to measure liver tissue triglyceride (TG) and total
cholesterol (TC) according to the manufacturer’s protocol.

Cell culture and cell differentiation

Human normal hepatocyte LO2 and mouse embryonic
fibroblast 3T3-L1 were purchased from Procell Life Science
and Technology Co. Ltd. All cell lines were maintained in
standard medium containing Dulbecco’s modified Eagle’s
medium (DMEM), 10% fetal serum (FBS),1%
penicillin-streptomycin at 37°C in 5% CO2.

bovine

3T3-L1 adipocytes was differentiated as previously described
(Qi et al, 2019). 3T3-L1 preadipocytes were cultured to
confluence (day 0) and disposed in differentiating medium
containing Isobutyl-methyl-xanthine (IBMX) (0.5 mmol/L),
dexamethasone (1 pmol/L) and insulin (10 pg/ml) for 2 days.
The medium was renewed to differentiation-maintenance
medium comprising 10 pug/ml insulin for 2 days. Thereafter,
the medium was changed to a standard medium and replaced
every 2 days. At day 8-12, mature adipocytes can be identified by
60% Oil Red-O solution or used in subsequent experiments.

For lipid droplet deposition experiment in LO2, cells were
treated with FFA mixture for 24 h. Afterward, lipid droplet
located in these cells were stained with Oil Red-O solution as
previously described (Guo et al., 2020).

BMDMs isolation and differentiation were performed as
previously described (Pineda-Torra et al., 2015). In short, 8-
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week-old mice were anesthetized and sacrificed. The abdomen
and hind legs of mice were sterilized with 75% ethanol. The mice
were cut an incision in the middle line of the abdomen, exposed
the hind legs, and removed all muscle tissue from the bone using
scissors. The femur and tibia were separated at the knee joint of
the mouse. Bone marrow was then flushed by the medium
(RPMI1640). The bone marrow cells were pipetted up and
down to become single—cell suspension. The cells were
centrifuged at 500 x g for 5min and then supernatants were
removed. The sediment was resuspended using a complete
medium containing macrophage colony stimulating factor-1
(M-CSF1) (20 ng/ml) and the cells were plated as needed and
cultured at 37°C in 5% CO,. Fresh complete medium was
replaced every 3 days and non-adherent cells were removed.
After 7 days, fully differentiated macrophages were obtained.

Co-culture of 3T3 and bone marrow-
derived macrophages cells

3T3-L1 adipocytes and BMDMs were seeded into 6-well
plates respectively and differentiated according to the method
in the previous section. On the eighth day, the matured BMDM:s
was digested and transferred into polycarbonate membrane
inserts (Corning, NY, United States), and treated with
corresponding reagents such as ponatinib and FFA for 48 h.
On the 10th day, the polycarbonate membrane inserts with
treated BMDMs were transferred into 6-well plates and co-
cultured with mature 3T3 adipocytes. After 24 h, the lysate of
3T3 adipocytes was collected and proceeded.

Preparation of free fatty acid mixture
solution

A mixture solution of FFA was prepared as previously
described (Lim et al, 2017). Firstly, Sodium Oleate and
Sodium Palmitate were prepared as 10 mM stock solutions
separately. Subsequently, to prepare the working solution of
the FFA mixture, the Palmitate, Oleate and fatty-acid-free
bovine serum albumin (BSA) solutions were mixed and
diluted with cell culture medium, and then the pH value was
adjusted to 7.1 with hydrochloric acid. The final concentration of
each component in the FFA solution was 0.66 mM Oleate,
0.33mM Palmitate and 1% BSA. Accordingly, 1% BSA
solution was used as blank control.

Quantitative real time-PCR analysis
To determine mRNA levels, total RNA was isolated from

liver tissue, adipose tissue, 3T3-L1 or BMDM cells by using
TRIzol reagent according to manufacturer’s instructions. RNA
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(2 pg) was reverse transcribed into cDNA using the QuantiTect
Reverse Transcription Kit (Qiagen, Hilden, Germany). Real-time
PCR was performed using SYBR Green PCR Master Mix
(Invitrogen, Carlsbad, CA, United States) on a CFX96 Real-
Time PCR Detection System (Bio-Rad, Hercules, CA,
United States) or a LightCycle480 II Real-Time PCR
Detection System (Roche, Basel, Switzerland). The sequence-
specific primers for the genes are listed in Supplementary Table
S1. The fold change in expression of each gene was calculated
using the 27T method, with glyceraldehyde-3-phosphate
dehydrogenase as an internal control.

Agarose gel electrophoresis

The PCR-amplified products
separated on 3% agarose gel in Tris-acetate-EDTA (TAE)

were electrophoretically
buffer (1x). Agarose gels were stained with Nucleic Acid Dye
and visualized under UV light from the Gel Record System
(ChemiDoc XRS+, Bio-Rad, Hercules, CA, United States).

Flow cytometry analysis

Flow cytometry analysis was performed as previously described
(Jablonski et al., 2015). We use FFA mixture to stimulate
differentiated and mature macrophages for 24 h, and then use
trypsin to prepare a single cell suspension for fluorescence-
activated cell sorting (FACS) staining. After centrifuged at 500x g
for 5min the supernatants were removed, then the cells were
resuspended with 50 pL of Fc receptor blocker and incubate at
room temperature for 20 min. Afterward, cells were incubated with
anti-mouse CD38 antibody at room temperature for 20 min. After
the antibody incubation, the cells were diluted with 400 uL PBS and
analyzed on a flow cytometer (CytoFLEX-S, Beckman Coulter, Inc.,
CA, United States) according to the manufacturer’s instructions.

Western blot

Western blotting was performed as previously described
(Huang et al, 2014). Briefly, cells were lysed in lysis buffer
which were added with phosphatase inhibitors and protease.
Proteins were quantified by the Bradford assay (Thermo Fisher
Scientific, Waltham, MA, United States). The proteins were
fractionated on a 10%SDS-PAGE gel and then transferred onto
polyvinylidene difluoride membranes. The membranes were
incubated with different primary antibodies overnight at 4°C
and subsequently incubated with Peroxidase-conjugated
secondary antibodies. Enhanced chemiluminescence reagents
(Merck Millipore, Darmstadt, Germany) were used to visualize
the blots according to manufacturer’s protocol. ImageJ4.1 software

was used to quantify the immunoreactive bands.
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Statistical analyses

All data are expressed as the mean + standard error of the
mean (SEM). Statistical analysis was performed using SPSS
16.0 software (SPSS Inc., Chicago, IL, United States) and
unpaired two-tailed Student’s t-test or one-way analysis of
(ANOVA)
comparisons post hoc test with a 95% confidence interval.

variance followed by Bonferroni’s multiple

Correlation analyses were performed using the Pearson
correlation test. p < 0.05 was considered statistically significant.

Results

Ponatinib improved insulin sensitivity in
obese mice

To clarify the potential effect of ponatinib on metabolic
disorders during obesity, ponatinib was orally administered to
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leptin-deficient (ob/ob) mice and the control mice (lean) once-
daily for 8 weeks (Figure 1A). As expected, body weight and
weight gain of ob/ob mice were significantly higher than those
of lean mice, but ponatinib treatment had no effect on body
weight in both two groups (Figure 1B). Both the fasting and the
random blood glucose levels in ob/ob mice were increased
compared with the lean mice at 16 weeks (Figures 1C,D).
Ponatinib did not affect the fasting glucose level in ob/ob
mice and control mice (Figure 1C). However, the random
blood glucose level of ob/ob mice was significantly reduced
after ponatinib administration (Figure 1D). Evidently, ob/ob
mice at 16 weeks have higher fasting serum insulin level and
homeostasis model assessment of insulin resistance (HOMA-
IR) value compared with lean mice, ponatinib treatment
partially restored these abnormal increases. (Figures 1E,F).
Moreover, ponatinib ameliorated glucose tolerance and
insulin sensitivity in ob/ob mice as determined by
intraperitoneal glucose tolerance test (GTT) and insulin

tolerance test (ITT) (Figures 1G-J).

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1040999

Lin et al.

10.3389/fphar.2022.1040999

A T leantvehicle D3 lean+ponatinib |

- General photo

Fi= lean+vehicle T3 lean+ponatinib

s

== ob/ob+vehicleE ob/ob+ponatinib
4

Oil red

*kk

P

Liver weigh (g)

200uM

[=] icle =3

5
4 Q|
ea. 3
€79 <
H E 2 5
@
»~= +
1 c
|
0 |
10mm
e
B 3 lean+vehicle 3 lean+ponatinib =
== oblob+vehicle B ob/ob+ponatinib \

15

lean+ponatinib

Serum TG
(mmoliL)

0.0

W ob/ob+vehicle Bl ob/ob+ponatinib
20

#

Oil red o area (%)
0 P
*
4
4

C = leansvehicle I3 lean+ponatinib
. ob/ob+vehicle Bl ob/ob+ponatinib
20

4

Serum HDL-C
(mmol/L)
:

=
m ob/ob+vehicleEE ob/ob+ponatinib

25
wsek

TC in liver (umol/g)

D = leantvehicle £ lean+ponatinib
mm oblob+vehicle B oblob+ponatinib
2.5

Serum LDL-C
(mmoliL)

s

H

| = tean+vehicle =1 lean+ponatinib
W ob/ob+vehicle Bl ob/ob+ponatinib
80,

Hxk
60:

0.

20 ’I‘|

FIGURE 2

TG in liver (umol/g)

Ponatinib improved lipid ectopic deposition in ob/ob mice (A—-D) Serum TC (A), TG (B), HDL (C), LDL (D) of ob/ob mice and lean mice treated

with or without ponatinib. n = 5. (E) Representative images of liver, HE and Oil Red O staining of livers tissues from ob/ob mice and lean mice with or
without ponatinib. n = 5. Scale bar,10 mm, 200 pm. (F) Liver weight in ob/ob mice and control mice treated with ponatinib or vehicle. n = 5. (G)
Quantification of oil red area from (E) (H-1) Liver TC (H), TG (I) levels in ob/ob mice or lean mice administrated with ponatinib or vehicle. n = 5.
Statistical comparisons were performed with one-way ANOVA (A-D) (F-1) followed by Bonferroni's multiple comparisons post hoc test. Data
represent mean + SEM. **p < 0.01, ***p < 0.001 vs. lean + vehicle. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. ob/ob + vehicle.

Ponatinib reduced serum lipid levels and
hepatic lipid deposition in ob/ob mice

At 16 weeks of age, ob/ob mice exhibited higher levels of
serum total cholesterol (TC), high density lipid cholesterol
(HDL-C), and low density lipid cholesterol (LDL-C)
compared with lean mice. Ponatinib intervention significantly
reduced serum TG, TC, HDL-C, and LDL-C in ob/ob mice
(Figures 2A-D). Histological analysis using HE and Oil Red-O
staining revealed greater lipid accumulation in livers of ob/ob
mice than lean mice (Figure 2E). Consistently, ob/ob mice
exhibited increased liver weight (Figure 2F) and elevated TG
and TC levels in the liver (Figures 2F-I). Ponatinib treatment
obviously reduced liver lipid accumulation, liver weight, and
lowered liver TC levels of ob/ob mice (Figures 2E-H) However,
ponatinib had no effect on liver TG levels of ob/ob mice
(Figure 2I).
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Ponatinib protects the function of obese
adipose tissue and suppresses
inflammation

Although the liver weight of ob/ob mice in ponatinib group
was significantly lower than that in vehicle group, we
surprisingly found that the visceral white adipose tissue
(WAT) weight of ob/ob mice after ponatinib treatment was
not reduced but increased compared to the vehicle group
(Figures 3A,B). Thus, we assessed the morphology of these
WAT by HE staining (Figure 3C). We found that the size of
adipocytes in ponatinib treated group tended to be larger than
that in the vehicle group (Figure 3D). Studies have shown that
the size distribution of adipocytes in obese individuals, especially
the increase of small adipocytes, is not only highly correlated
with type 2 diabetes, but also reflects the dysfunctions in adipose
storage and inflammation (McLaughlin et al., 2007; McLaughlin
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et al., 2010; Fang et al., 2015). To this end, we investigated the
infiltration of macrophages and the severity of inflammation in
obese WAT of this model. We observed that the intervention of
ponatinib could not only significantly reduce the infiltration of
macrophages in obese WAT, but also reduce the amount of
“crown like” structure (Figures 4A-C). Consistently, several
pro-inflammatory cytokines such as IL-13, TNF-qa, IL-18, IL-
6, and resistin were remarkably decreased after ponatinib
4D-H).
significantly increased the level of adiponectin in obese WAT

treatment  (Figures Moreover, ponatinib also
(Figure 4I), but there were no significant differences in other
anti-inflammatory cytokines such as IL-10 and IL-1RA (Figures
4],K). There was no change in macrophage infiltration and
inflammatory cytokine levels in the liver of ob/ob mice after

ponatinib treatment (Figures 5A-E).

Ponatinib had no effect on the metabolic
phenotype of hepatocytes and adipocytes

In order to further study the specific regulation of

ponatinib on obesity-related metabolic disorders, we

conducted a series of in vitro experiments. Firstly, we
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exposed human fetal hepatocyte line, LO2 (Hu et al., 2013),
to a mixture of free fatty acids (palmitic acid, oleic acid and
BSA) for 24 h to induce lipid drop disposition. By Oil Red-O
staining, we observed that there is a higher degree of lipid
droplet deposition under culturing with FFA compared to
BSA, but ponatinib had no significant effect on the lipid
deposition in these cells (Figures 6A,B). Secondly, we used
the classic IBMX-Dex-insulin triple induction method to
drive the differentiation of preadipocyte line, 3T3-L1, into
adipocytes. However, we did not observe any significant
change in the differentiation ratio of adipocytes by
ponatinib (Figures 6C,D). Finally, we examined the effect
of ponatinib on insulin sensitivity of 3T3-L1 adipocytes.
Western blot results showed that ponatinib did not change
the phosphorylation levels of insulin receptor-beta (p-IRp,
Tyr1150/1151), insulin receptor substrate-1 (IRS1, Ser636/
639) and Akt (Ser473) in adipocytes under the stimulation of
insulin (Figures 6E-H).

These results showed that the effects of ponatinib on the
metabolic properties of ob/ob mice cannot be reproduced in
the individual hepatocyte or adipocyte cell lines in vitro. We
then analyzed the expression profile from the Genotype-
Tissue Expression Project (GTEx, version8) to check the
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FIGURE 4

Ponatinib inhibited macrophage infiltration and cytokine expression in adipose tissue (A) Representative image of F4/80 immunostaining of
visceral adipose sections of ob/ob mice in ponatinib group and control group. n = 5. Scale bar, 100 ym and 200 uym (B) Quantification of relative
macrophage from (A) n = 5 (C) Quantitative analysis of crown-like structures from (A) n = 5. (D—K) mRNA levels of gene associated with inflammatory
response in visceral adipose tissue of ob/ob mice treated with ponatinib or vehicle. n = 4. Statistical comparisons were performed with unpaired
two-tailed Student's t-test (B—K). Data represent mean + SEM. n.s. p > 0.05, *p < 0.05, ***p < 0.001 vs. ob/ob + vehicle.

expression profile of ponatinib targets in WAT, liver and
skeletal muscle (Lonsdale et al., 2013). As the data showed,
about one-third of the 30 major targets of ponatinib were
expressed in adipose tissue, but not in liver or skeletal muscle
(Figure 6I). Given that there is a range of ponatinib targets
expressed in adipose tissue, we were wondering why does
ponatinib have no effect on insulin sensitivity in adipocytes
cultured in vitro? Considering that macrophage is a crucial
type of cell in regulating adipose tissue function, we next
isolated mouse bone marrow-derived macrophages (BMDM)
and compared its expression of ponatinib targets with adipose,
liver and skeletal muscle tissue by RT-PCR. Consistent with
the previous study (Lowell, 2004), we confirmed the
expression of Abll, Fgr, Hck, Lyn, and Csflr gene in
BMDM; Furthermore, except of Fgfrl, which was expressed
in adipose tissue, the rest of these targets could hardly be
detect in adipose, liver or skeletal muscle tissues by RT-PCR,
ie., CT value > 35. (Figure 6J; Supplementary Table S2).
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Ponatinib blocked free fatty acid-induced
inflammatory activation of macrophages

In view of the expression pattern of ponatinib’s high affinity
targets in macrophages, we speculated whether the inflammatory
activation of ATMs in obesity would be regulated by ponatinib. FFA,
one of the major damages associated molecular patterns (DAMP)
released by apoptotic adipocytes in obese adipose tissue, acts as a
crucial stimulus in the inflammatory phenotype transformation of
ATMs. Therefore, we analyzed the distribution of CD38, a murine
M1 macrophage marker (Jablonski et al., 2015), in BMDM cultured
with FFA. As showed by flow cytometry analysis, most of the naive
BMDMs transformed into CD38 positive M1 macrophages under
FFA stimulation, while the expression intensity of CD38 and the
proportion of M1 macrophages decreased significantly under the
intervention of ponatinib (Figures 7A-C). Furthermore, we analyzed
the expression of inflammatory factors in FFA treated BMDMs.
QPCR results showed that the expression levels of IL-1f, TNF-q, IL-
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FIGURE 5

Ob/ob mice and lean mice had similar macrophage infiltration and inflammatory factor levels in liver with or without ponatinib. (A)
Representative image of F4/80 immunostaining of liver sections of ob/ob mice and lean mice administrated with ponatinib or vehicle. n = 5. (B)
Relative macrophage area of each group from (A) n = 5. (C—E) IL-1p, IL-6, and IL-10 mRNA transcription from liver of ob/ob mice and lean mice
treated with or without ponatinib measured by gPCR. n = 5. Statistical comparisons were performed with one-way ANOVA (B-D) followed by
Bonferroni's multiple comparisons post hoc test. Data represent mean + SEM.

18, IL-6 and resistin in FFA treated group were significantly higher
than those in BSA group, ponatinib treatment significantly blocked
the effects of FFA (Figures 7D-H). In addition, ponatinib also
reversed the inhibition of IL-10 by FFA (Figure 7I).

Ponatinib protected insulin sensitivity of
adipocytes co-cultured with
macrophages

As the
phenotype transformation of macrophages, we are curious

ponatinib  hinders FFA-induced inflammatory
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whether ponatinib can improve the insulin sensitivity of adipose
tissue through this function. So we then designed the following co-
culture experiments of BMDMs and 3T3-L1 cells (Figure 8A). On
one hand, we used FFA to induce the inflammatory phenotype of
BMDMs on the eighth day of differentiation, with or without
ponatinib. On the other, 3T3-L1 cells were used to differentiate
into adipocyte. These two types of cells were then co-cultured at the
10th day for 24 h, and the insulin sensitivity of 3T3-L1 adipocytes
was assessed by western blot. Results showed that FFA activated
BMDMs co-culture impaired adipocyte insulin sensitivity, in which
the phosphorylation levels of IRB(Tyr1150/1151), IRS1(Ser636/639)
and Akt (Ser473) under the stimulation of insulin were significantly
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FIGURE 6

°

The metabolic profile of hepatocytes and adipocytes was not directly affected by ponatinib. (A) Representative Oil Red O staining of LO2 cells
administrated with ponatinib or vehicle after FFA or BSA stimulation for 24 h n = 6. Scale bar, 20 pm (B) Quantitative analysis of oil red area of
LO2 cells in (A). Statistical comparisons were performed with one-way ANOVA followed by Bonferroni's multiple comparisons post hoc test. Data
represent mean + SEM, ***p < 0.001vs. BSA + vehical; n.s. p > 0.05 vs. FFA + Vehicle. (C) Representative Oil Red O staining of 3T3-L1 adipocytes
treated with ponatinib or vehicle. n = 6. Scale bar, 200 pm (D) Quantitative analysis of oil red area of 3T3-L1 adipocytes in (C). n = 6. Statistical
comparisons were performed with unpaired two-tailed Student's t-test, Data represent mean + SEM, n. s. p > 0.05 vs. Vehicle. (E) Representative
western blot showing levels of total and phosphorylation of IR-B (Tyr1150/1151), IRS1(Ser636/639), AKT (Ser473) of 3T3-L1 adipocytes in response to
insulin stimulation for 30 min with or without ponatinib treatment. n = 4. (F=H) Quantification of phosphorylation of IR-p (Tyr1150/1151), IRS1
(Ser636/639), AKT (Ser473) expression level in (E). n = 4. Statistical comparisons were performed with one-way ANOVA followed by Bonferroni's
multiple comparisons post hoc test. Data represent mean + SEM, ***p < 0.001 vs. Vehical; n.s. p > 0.05 vs. Vehicle + Insulin. (I) The expression profile
of ponatinib’s high-affinity targets in liver, skeletal muscle and omentum adipose from Genotype-Tissue Expression (GTEx) Project. Color scale
indicates mean TPM (transcripts per million) value. (J) Representative electropherogram of one of six mice gPCR products to verify FGR, HCK, Lyn,
CSFR, Fyn, FGFR, and ABL mRNA expression levels in BMDM, visceral fat, liver, and skeletal muscle.

lower than those cultured alone. In contrast, ponatinib weakened the
activation of BMDM by FFA, thereby preserving the response of
adipocytes to insulin signals under co-culture, which is reflected in
the restored phosphorylation level of IRB, IRS1 and Akt
(Figures 8B-E).

Discussion

Although the association between obesity and impaired
insulin sensitivity has long been recognized, there are still
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subgroups of obese individuals whose insulin sensitivity is
preserved (Appleton et al.,, 2013). These insulin-sensitive and
insulin-resistant obese individuals have no significant difference
in BMI, but WAT of the latter one has undergone severe adipose
tissue remodeling. Adipose tissue remodeling refers to the
dramatic the and
microenvironment of adipose tissue triggered by excess
calories, including hypoxia, fibrosis, and accumulation of pro-
inflammatory macrophages (Vishvanath and Gupta, 2019).
Similarly, A series of animal studies also showed that the
expansion of “healthy” adipose tissue does not impair

changes in cellular  composition
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Ponatinib attenuated FFA induced Inflammatory phenotypic transformation of macrophages. (A) Flow cytometry analysis of the distribution of
CD38 in BMDM cultured with FFA or BSA after treated with ponatinib or vehicle. (B) Representative overlayed histogram in (A) (C) Analysis of
CD38 positive M1 macrophage ratio after FFA treatment in (A) n = 6. (D—1) mRNA levels of gene associated with inflammatory response in FFA treated
BMDMs with or without ponatinib. n = 4. Statistical comparisons were performed with unpaired two-tailed Student's t-test (C) or one-way
ANOVA (D-1) followed by Bonferroni's multiple comparisons post hoc test. Data represent mean + SEM, **p < 0.01, ***p < 0.001 vs. BSA + DMSO.

#p < 0.05, **p < 0.01, ***p < 0.001 vs.FFA + DMSO.

systemic insulin sensitivity. Slc2a4, Adipoq, mitoNEET, and
Tnmd transgenic mice had an equal or even higher degree of
obesity than their littermates, but their metabolic profile is
healthier (Shepherd et al., 1993; Kim et al., 2007; Kusminski
etal,, 2012; Senol-Cosar et al., 2016). In our study, even if it failed
to reduce the weight of obese mice or the mass of visceral adipose,
ponatinib significantly attenuated the infiltration of macrophages
and reduced pro-inflammatory cytokines in obese adipose tissue,
and improved hepatic steatosis, hyperlipidemia and insulin
resistance.

Leptin-deficient ob/ob mice are widely used in metabolic
studies as a classic obese model. However, leptin seems to play a
dual role in non-alcoholic fatty liver disease (NAFLD). It can
prevent liver steatosis in the initial stage of NAFLD, but when the
NAFLD progresses, it acts as a pro-inflammatory factor to
promote non-alcoholic hepatitis (NASH) (Polyzos et al,
2015). In addition, although ob/ob mice can spontaneously
form NAFLD under normal diet, the data showed that it is
failed to further develop into typical hepatitis or hepatic fibrosis
(Trak-Smayra et al,, 2011). Unfortunately, this study could not
further explore the effect of ponatinib on NASH due to the
limitations of the ob/ob mouse model. For further study, high-fat
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diet (HFD) or methionine choline deficiency (MCD) models
could be appropriate options (Soret et al., 2020).

Ponatinib is an orally active tyrosine kinase inhibitor that was
originally designed to conquer the resistance mutations of BCR-
ABL leukemia (O’Hare et al., 2009), but subsequent studies have
shown that it has at least 30 high affinity targets (IC50 < 10 nm)
(O’Hare et al., 2009). Due to these additional targets, recent
growing evidence have indicated that ponatinib could exert
benefits in the intervention of non-cancer diseases such as
pulmonary hypertension, pulmonary fibrosis and cerebral
cavernous malformations (Qu et al.,, 2015; Kang et al., 2016;
Choi et al., 2018).

Here, ponatinib shows an inhibitory function in
MI macrophage polarization and adipose inflammation,
however, the individual effects of each target of ponatinib are
intriguing. In the high-affinity target spectrum of ponatinib,
Csflr undoubtedly plays a crucial role in the survival,
proliferation and differentiation of myeloid cells, in addition,
Fgr, Hck, Abl, and Lyn are also highly expressed in macrophages
(Figure 6]) (Lowell, 2004; Tan et al.,, 2019). A recent study has
shown that Fgr expression is up-regulated in macrophages of

obese adipose tissue, and bone marrow Fgr deletion can inhibit
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FIGURE 8

Insulin sensitivity of adipocytes co-cultured with macrophages was protected by ponatinib. (A) Schematic diagram of experimental design for
studying the effect of ponatinib in insulin sensitivity of adipocytes co-cultured with macrophages. (B) Representative western blot showing levels of
total and phosphorylation of IR-p (Tyr1150/1151), IRS1(Ser636/639), AKT (Ser473) of adipocytes co-cultured with macrophages in response to insulin
for 30 min with or without ponatinib treatment. n = 4. (C—E) Quantification of phosphorylation of IR-p (Tyr1150/1151), IRS1(Ser636/639), AKT
(Ser473) expression level in (B) n = 4. Statistical comparisons were carried out with one-way