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Editorial on the Research Topic

Current challenges in inflammation and pain biology: The role of natural

and synthetic compounds

Inflammation and pain are complex physiological responses which can evolve to

chronic disorders. They involve an intricate network of molecules and receptors (Chen

et al., 2018; Yam et al., 2018), often making their management, a clinical challenge. The

discovery and development of natural and synthetic compounds with analgesic and/or

anti-inflammatory activities have highly contributed to halt or attenuate different types of

painful and inflammatory diseases (Atanasov et al., 2021; Beck et al., 2022). Their side

effects, of special concern in chronic pathologies, prompted an increasing number of non-

clinical and clinical studies aiming at evaluating the effectiveness and safety of novel

natural and synthetic products for treating inflammation and pain. However, the costs

involved in developing and implementing new therapies and the several challenges

encountered including low selectivity, high incidence of adverse effects and/or

unfavourable pharmacokinetics properties of drug candidates have been major

setbacks in the field (Tautermann, 2020). These, highlight the need for novel studies

focused on the discovery and development of analgesic and anti-inflammatory drugs. This

Research Topic brings together senior researchers, clinicians, and researchers, to share

science and hopes to treat inflammatory and painful disorders.

Eight articles were published in the Current Challenges in Inflammation and Pain

Biology: The Role of Natural and Synthetic Compounds Research Topic; these have been

viewed more than 12,000 times. The articles published in this collection provided new

information on diverse pathologies, including nephropathy, dermatitis, rheumatoid
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arthritis (RA), cerebral ischemia, diabetes, osteogenesis, and

neuropathic and abdominal pain. They also explored novel

therapeutic strategies for these diseases such as synthetic and

natural compounds, as well as the effects of laser

photobiomodulation.

Two of the articles were reviews, and one, a mini-review. The

review by Campos et al. discussed the importance of the

endocannabinoid system in chronic neuropathic pain and the

evidence for the use of cannabinoids to treat this disorder. Shang

et al. revised the different inflammatory pathways involved in

cerebral ischemia and highlighted the potential of major classes

of natural compounds in containing damage caused by

inflammation in this pathology. The mini-review by

Decraecker et al. focused on the physiological roles of

proteases and on the emerging use of protease inhibitors as

therapies for visceral hypersensitivity and inflammatory bowel

disease.

Five original articles were also published in this Research

Topic. By using in vivo and in vitro models, Liu et al.

demonstrated that inhibition of NLRP3 inflammasome

activation by the natural compound methyl gallate ameliorates

hyperuricemia nephropathy. Methyl gallate diminished uric acid

production, promoted uric acid excretion, and reduced mouse

renal injury. These effects were associated with the ability of the

compound to inhibit NLRP3 oligomerization and assembly by

impairing reactive oxygen species production by mouse bone

marrow-derived macrophages and peripheral blood

mononuclear cells (PBMCs) from healthy subjects and

patients with gout.

In another very interesting study, Ramirez-Perez et al.

demonstrated the effects of ST2825, a synthetic inhibitor of

MyD88 dimerization, on PBMCs from RA patients who were

naive for therapy with disease-modifying anti-rheumatic drugs.

Analysis of RNA-sequencing data indicated that the in vitro

incubation of ST2825 down-regulates different genes such as

those involved in the complement and matrix metalloproteinases

pathways, and chemokine signalling in RA PBMCs. They also

suggested ST2825 can potentially modulate these genes in

synovial cells of arthritic patients, and highlighted the

compound as an emerging therapeutic strategy for RA.

In a report by Li et al., the role of CB2R was investigated in an

in vivomodel of psoriatic dermatitis induced by imiquimod. The

authors found increased CB2R protein expression in the

epidermis of human psoriatic skin lesions. Then, they used

the synthetic CB2R agonist JWH-133 and CB2R knockout

and wild type mice to demonstrate that CB2R is an important

target for the management of psoriasis-associated itch and

inflammation. Proliferation and prolongation of nerve fibres

paralleled to high expression of nerve growth factor were

observed in psoriatic skin lesions. CB2R deficiency resulted in

exacerbated pruritus due to increased expression of pro-

inflammatory cytokines and accumulation of CD4+ T cells in

the inflamed skin. Also, a higher proportion of splenic Th17/Treg

cells were noted in mice lacking of CB2R. In contrast, treatment

with JWH-133 protected against the disorder, an effect largely

prevented by the CBR2 antagonist AM-630.

Ding et al. assessed the anti-diabetic actions of astilbin, a

natural occurring flavonoid. It was found that this compound

ameliorates type-1 diabetes in NOD mice, reducing

hyperglycemia and preventing weight loss. This effect was

associated with less infiltration of CD4+ T cells in the

pancreas. TNFα and IFNγ release by CD4+ T cells was

markedly impaired by astilbin. At molecular level, the effects

of this flavonoid on CD4+ T cells were due to PPARγ activation

and downstream down-regulation of STAT3, NF-κB, Akt,

p38 MAPK, and mTOR, in addition to increased expression

of SOCS3 and PTEN.

Finally, in vitro irradiation of laser photobiomodulation at

808 nm was found to affect the proliferation, growth and

differentiation factors, mineralization, and extracellular

matrix remodeling genes in human dental pulp stem cells

stimulated with lipopolysaccharide (da Rocha et al.). PAR2-

PAR4 genes were up-regulated whilst PAR-1 was down-

regulated by the laser therapy. The laser irradiation also

markedly attenuated the gene expression of the matrix

metalloproteinases 8 and 9, in addition to those of TNFα,
bone morphogenetic proteins 1, 4 and 7, and growth factors

including FGF1, GDF10, IGF2, TGFβ1 and VEGFB.

Furthermore, genes for receptors (vitamin D receptor, FGF

receptor) and proteins such as those from the Smad family

(Smad 1 and 4) were down-regulated by the therapy. These

findings indicate the potential of the laser therapy at infrared

wavelength to prevent bone resorption and inflammation, and

therefore, protect dental structures.

Despite the need for continuing searching for new

therapeutic options, the studies published in this Research

Topic present novel therapeutic approaches which might

represent future forms of control/cure of inflammation and

pain. Therefore, we would like to thank all the authors for

their efforts to elucidate mechanisms of action of such

therapies, as well as the reviewers who provided important

contributions to the published manuscripts.
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Despite the importance of pain as a warning physiological system, chronic neuropathic
pain is frequently caused by damage in the nervous system, followed by persistence
over a long period, even in the absence of dangerous stimuli or after healing of injuries.
Chronic neuropathic pain affects hundreds of millions of adults worldwide, creating
a direct impact on quality of life. This pathology has been extensively characterized
concerning its cellular and molecular mechanisms, and the endocannabinoid system
(eCS) is widely recognized as pivotal in the development of chronic neuropathic pain.
Scientific evidence has supported that phyto-, synthetic and endocannabinoids are
efficient for pain management, while strong data arise from the therapeutic use of
Cannabis-derived products. The use of medicinal Cannabis products is directed toward
not only relieving symptoms of chronic pain, but also improving several aspects of
patients’ welfare. Here, we review the involvement of eCS, along with other cellular and
molecular elements, in chronic neuropathic pain pathology and how this system can be
targeted for pain management.

Keywords: neuropathic pain, endocannabinoid, cannabidiol, THC, cannabis

CHRONIC NEUROPATHIC PAIN

Chronic pain is classified by the International Association for the Study of Pain (IASP) as a pain
that lasts more than 3 months, even after its primary cause is cured (Raja et al., 2020). One of
the main types of chronic ache is neuropathic pain, that occurs when pain is caused by a lesion
or disease of the somatosensory nervous system (Raja et al., 2020). Chronic neuropathic pain

Abbreviations: 2-AG, 2-arachidonoylglycerol; AEA, anandamide; ASR-9, aggregated 9-factor symptom relief; ATP,
adenosine triphosphate; cAMP, cyclic adenosine monophosphate; CB1R, cannabinoid receptor type 1; CB2R, cannabinoid
receptor type 2; CBC, cannabichromene; CBD, cannabidiol; CBDV, cannabidivarin; CBN, cannabinol; CNS, central nervous
system; COX-2, cyclooxygenase-2; CYP, cytochrome p450; DRG, dorsal root ganglia; EAAT2, excitatory amino acid
transporter 2; eCBs, endocannabinoids; eCS, endocannabinoid system; eEPSC, evoked excitatory postsynaptic currents;
FAAH, fatty acid amino hydrolase; GABA, γ-aminobutyric acid; IASP, International Association for the Study of Pain;
IL-17, interleukin 17; IL-1β, interleukin 1β; IL-6, interleukin 6; MAGL, monoacylglycerol lipase; NF-κb, nuclear factor κ

B; P2X4 - P2X purinoceptor 4; p38 MAPK, p38 mitogen-activated protein kinase; PDQ7, Pain Detect Questionnaire 7;
PEA, palmitoylethanolamide; PNS, peripheral nervous system; THCV, 19-tetrahydrocannabivarin; TNF-α, tumor necrosis
factor-α; TRP, transient receptor potential; TRPA1, transient receptor potential subfamily A member 1; TRPM8, transient
receptor potential subfamily M member 8; TRPV1, transient receptor potential subfamily V member 1; 19-THC, 19-
tetrahydrocannabinol.
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has several causes, such as the use of medicines (chemotherapy
drugs, for example), metabolic diseases (such as diabetic
neuropathy), demyelinating diseases (for instance, multiple
sclerosis) and mechanical injuries (Meacham et al., 2017; Alles
and Smith, 2018). The epidemiology of this disease varies
across the globe, but it is estimated that 7–10% of all adults
worldwide suffer from chronic neuropathic pain (van Hecke
et al., 2014; Mücke et al., 2018). The main symptoms consist
of spontaneous burning pain, numbness, and hyperalgesia
(increased pain perception of noxious stimuli) and allodynia
(pain hypersensitivity to normally innocuous stimuli) (Rani Sagar
et al., 2012; Meacham et al., 2017; Alles and Smith, 2018). Patients
may also experience social and economic consequences, since it is
highly uncomfortable to conduct routine tasks while feeling pain.
The physical and social impairment, along with the daily pain,
can occasionally lead to depression (Knaster et al., 2012; Radat
et al., 2013; Pitcher et al., 2019).

Physiological pain pathways include the peripheral and central
nervous system (PNS and CNS, respectively), and the pain matrix
revealed by neuroimaging in the last two decades is formed by
central areas responsible for the process of pain (Legrain et al.,
2011; Figure 1). Here, we focus on the plasticity in the spinal
cord, particularly in the dorsal horn, due to its key role as a central
integrator of afferent sensory information, besides being a region
where significant part of pain processing occurs (Rani Sagar et al.,
2012; West et al., 2015; Alles and Smith, 2018).

ANATOMICAL, CELLULAR, AND
MOLECULAR ELEMENTS OF PAIN
PROCESSING IN THE SPINAL CORD

The spinal cord is protected by the vertebral column and it
is involved in motor and sensory processing, in addition to
integrating the body with the brain through different pathways.
Anatomically, the spinal cord is divided into an external white
matter and an internal gray matter. The latter is subdivided in
10 laminae going from dorsal to ventral spinal cord, which differ
from each other based on inputs received and neuron types
(Rexed, 1952).

The dorsal horn consists of laminae I to VI, and receives
information mostly from sensory neurons located in the dorsal
root ganglia (DRG). The DRG neurons transduce mechanical,
thermal or nociceptive information and can be classified as Aδ,
C, or Aβ fibers (Rexed, 1952; Le Pichon and Chesler, 2014; Alles
and Smith, 2018). Lamina I receives noxious, mechanical and
thermal inputs from Aδ and C fibers. Lamina II consists of two
zones: the outer zone, which receives inputs from C fibers, and
the inner zone, receiving information from Aδ and C fibers. Aδ

and Aβ fibers connect with other neurons in Laminae III to V
carrying tactile and pressure information. Lamina VI receives
sensory information from muscle spindles, consisting mostly
of propriospinal neurons (Figure 1). All laminae have a high
number of inhibitory GABAergic and glycinergic interneurons
that help modulate sensory inputs. Also, it is important to
highlight that most of the laminae in the dorsal horn make
connections with neurons from different brain regions through

ascendant and descendant pathways (West et al., 2015; Alles and
Smith, 2018; Figure 1).

The synapses between Aδ, Aβ, and C fibers and spinal cord
neurons are excitatory, having glutamate as neurotransmitter
(West et al., 2015; Alles and Smith, 2018). Glutamate release from
sensory fibres is regulated by inhibitory interneurons present
in all laminae of the dorsal horn through γ-aminobutyric acid
(GABA) or glycine release, modulating noxious transmission
(West et al., 2015). The sensory information travels through
different pathways, such as the spinothalamic tract, to different
brain areas known as pain matrix, which includes the thalamus,
the anterior cingulate cortex, the periaqueductal gray matter,
the amygdala and others (D’Mello and Dickenson, 2008; Cohen
and Mao, 2014; Colloca et al., 2017; Figure 1). Pain modulation
is a top-down process: after information processing in higher
brain centers, neurons that form the descendant pathways make
synapses in the dorsal horn, releasing serotonin, GABA and
glycine (D’Mello and Dickenson, 2008; Ossipov et al., 2010; West
et al., 2015; Colloca et al., 2017; Figure 1).

ENDOCANNABINOID SYSTEM IN
PHYSIOLOGICAL PAIN PROCESSING

The endocannabinoid system (eCS) main components are the
G protein-coupled cannabinoid receptors CB1 (CB1R) and CB2
(CB2R), the endocannabinoids (eCBs) for example anandamide
(AEA) and 2-arachidonoylglycerol (2-AG), and the enzymes
involved in their metabolism, such as fatty acid amino hydrolase
(FAAH) and monoacylglycerol lipase (MAGL), responsible for
the degradation of AEA and 2-AG, respectively (Howlett
et al., 2002; Figure 2). The eCS is an on-demand system and
heterogeneously present in different structures of the CNS and
PNS, including important regions of pain processing, such as the
DRGs, spinal cord, thalamus, amygdala and others (Tsou et al.,
1998; Farquhar-Smith et al., 2000; Katona et al., 2001; Starowicz
and Finn, 2017; Finn et al., 2021; Figure 1).

In relation to pain modulation in the dorsal spinal cord,
the eCS acts as a regulator of the synaptic transmission in
the DRGs. CB1R is expressed in the presynaptic sensory fibers
of trigeminal ganglion and dorsal root ganglion, besides the
nerve endings of primary sensory neurons in dermis, whose
afferent fibers conduct nociception (Salio et al., 2002; Price et al.,
2003; Veress et al., 2013; Zou and Kumar, 2018). Following
the release of neurotransmitters, glutamatergic receptors are
activated in the postsynaptic terminal, inducing Ca2+ influx
and its increased concentration inside the cell. Therefore,
higher levels of intracellular Ca2+ promotes activation of
enzymes responsible for eCBs synthesis, mostly AEA and 2-
AG, which are then released into the synaptic cleft and bind
to CBRs in the presynaptic terminal. CBR activity induces
blockade of voltage-gated Ca2+ channels presynaptically and
inhibits adenylate cyclase, decreasing levels of cAMP and
triggering the signaling cascade involved in synaptic plasticity,
besides modulating sensory transmission through this feedback
mechanism in the dorsal horn (Shen et al., 1996; Mecha et al.,
2015; Figure 2A). This was demonstrated by the development
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FIGURE 1 | Pain anatomical pathways and CB1R expression. Ascending pain pathways (in red) are carried from the body periphery through sensory neurons of
dorsal root ganglia (DRG) that synapse mainly with laminaes I to III in the dorsal spinal cord. Projection neurons make connections with brain areas such as thalamus
and cortex. The descending pathways (in blue), responsible for pain modulation, involve areas such as the periaqueductal gray matter and amygdala, ending in the
dorsal spinal cord. The CB1R distribution is heterogeneous in pain pathway areas, being more concentrated in regions such as cortex and Central Amygdala (CeA).
LA, lateral amygdala; CeA, central amygdala; BlA, basolateral amigdala.

of thermal hyperalgesia and blockage of inhibition of evoked
excitatory postsynaptic currents (eEPSC) in laminae II neurons in
mice after administration of CB1R antagonists (Richardson et al.,
1997; Yang et al., 2016).

Another important component associated with the eCS is
the transient receptor potential family (TRP). The TRP cation
channel subfamily V member 1 (TRPV1) has a relevant role in
nociceptive transduction in the PNS since it is activated, opening
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a Ca2+ channel and increasing this ion concentration inside the
neurons, by heat, acidic substances and capsaicin, besides being
expressed in the soma and nerve terminals of sensory neurons
from DRG (Caterina et al., 1999; Immke and Gavva, 2006; Lauria
et al., 2006). The TRP cation channel subfamily M member
8 (TRPM8) and subfamily A member 1 (TRPA1) also act as
nociceptors and they are activated by menthol/cold temperatures
and noxious cold/pungent compounds, respectively (Storozhuk
and Zholos, 2018). Although TRPV1 and TRPM8 were not
initially considered eCS-related receptors, they are directly
influenced by different endocannabinoids, such as AEA, since this
molecule is an agonist for the former and antagonist for the latter
(Zygmunt et al., 1999; De Petrocellis et al., 2007; Figure 2A).

Clinical evidence for the role of the eCS in pain management
was reported based on a serendipitous case of a Scottish patient
(Habib et al., 2019). Authors described the clinical data from a
woman submitted to orthopedic surgery, a procedure recognized
for being associated with severe pain, with no need for analgesics.
The same patient also had a long clinical history of cuts and burns
without any sensation of pain. Genetic investigation revealed a
deletion in the gene responsible for FAAH transcription, which
led to reduced degradation and higher levels of AEA in peripheral
blood and probably other organs.

The major eCS components are also present in glial cells,
such as astrocytes and microglia, even though CB2R is more
expressed than CB1R in microglia, as also shown in other
immunological cells, such as lymphocytes and neutrophils (Hegyi
et al., 2009; Greineisen and Turner, 2010; Maccarrone et al.,
2015). In astrocytes, CB1R-mediated signaling promotes increase
of intracellular Ca2+ levels, while activation of microglial CB2R
maintains the resting state or anti-inflammatory polarity of this
cell type (Greineisen and Turner, 2010; Mecha et al., 2015;
Figure 2A).

CELLULAR AND MOLECULAR
CHANGES IN THE SPINAL CORD
ASSOCIATED WITH CHRONIC
NEUROPATHIC PAIN

The nervous system is plastic, with the ability to change and
readapt in response to environmental stimuli. In this context,
maladaptive plasticity processes can result in malfunction of the
nervous system physiology (Kuner and Flor, 2017; Meacham
et al., 2017). For instance, hyperalgesia is related to neuronal
hyperexcitability triggered by cytokines and inflammatory
mediators released in the periphery or in the spinal cord (Colloca
et al., 2017; Kuner and Flor, 2017; Meacham et al., 2017).
This is followed by a decrease of GABA- and glycine-mediated
neurotransmission, caused not only by the reduction of their
release, but also because of inhibitory interneurons apoptosis
(Moore et al., 2002; Janssen et al., 2011; Foster et al., 2015).
The decrease of GABA-mediated signaling reduces presynaptic
inhibition, especially in Lamina II, which allows Aβ fibers to
communicate with neurons in Lamina I, therefore contributing
for allodynia (Alles and Smith, 2018).

The central sensitization of the spinal cord, which is the
increased responsiveness of nociceptive neurons in the CNS
when compared to normal threshold, may occur for several
reasons, one of them being the dysfunction of glutamate signaling
(Meacham et al., 2017). The expression of glutamate transporters
is downregulated after PNS injury, increasing the availability
of glutamate to their receptors and decreasing neuron-firing
threshold (Sung et al., 2003). Changes in the expression of
voltage-gated calcium channels, such as the upregulation of α2δ-1
subunit, also contribute to neuron hyperexcitability by increasing
Ca2+ permeability to the intracellular medium (Li et al., 2004;
D’Arco et al., 2015).

The unbalanced synaptic communication in the dorsal horn
of the spinal cord is one of the main causes for chronic
neuropathic pain consolidation. However, synapses not only
contain pre- and postsynaptic elements, but also the participation
of glial cells, such as astrocytes and microglia, which have their
physiological state shifted and contribute to this pathology,
similarly to neurons. After PNS injury, it is well-known that
astrocytes and microglial cells in the spinal cord show increased
reactivity, identifiable by changes in their morphology and
secreted molecules (Burgos et al., 2012; Alles and Smith,
2018). After an aversive stimulus, these cells produce pro-
inflammatory mediators, such as interleukins -17, -1β, -6 (IL-
17, IL-1β, and IL-6), and Tumor Necrosis Factor-α (TNF-α),
which establish an inflammatory environment involved in the
maintenance of chronic neuropathic pain (Wieseler-Frank et al.,
2005; Stemkowski et al., 2017). Part of these molecules are
chemoattractant for immune cells, which explains the infiltration
of T cells (Choi et al., 2015; Sun et al., 2017). Indeed, several
studies describe the correlation between lymphocyte invasion in
the spinal cord and the development of chronic pain, also by
the production and release of cytokines as IL-17 by this cell type
(Kleinschnitz et al., 2006; Davoli-Ferreira et al., 2020).

Glial cells are also involved in hyperalgesia and allodynia
generation. Astrocytes potentiate glutamatergic signaling by
reducing the expression of excitatory amino acid transporter
2 (EAAT2) in these cells, which promotes increased glutamate
concentration externally to the neuron (Cata et al., 2006). In
addition, the contents of purinergic receptors are increased in
the microglial cytoplasmic membrane. The continuous adenosine
triphosphate (ATP) release from injured and stressed cells in
the microenvironment induces constant stimulation of microglia
reactivity, proliferation and pro-inflammatory polarity (Tsuda
et al., 2013; Peng et al., 2016; Alles and Smith, 2018). In fact,
P2X purinoceptor 4 (P2X4) stimulation in the spinal cord of non-
injured adult rats is sufficient to induce allodynia (Tsuda et al.,
2003; Niu et al., 2017).

ENDOCANNABINOID SYSTEM AS
TARGET FOR CHRONIC NEUROPATHIC
PAIN TREATMENT

As previously mentioned, the unbalance of eCS physiological
signaling can induce chronic neuropathic pain symptoms
(Richardson et al., 1997; Yang et al., 2016). The eCS components
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FIGURE 2 | The role of the endocannabinoid system (eCS) in the quadripartite synapse, its modulation by phytocannabinoids and alterations due to Neuropathic
Pain. (A) Neurons, astrocytes, and microglial cells have the eCS components, and the endocannabinoid signaling through CB1R and CB2R leads to different
outcomes in each cell. The presynaptic neuron expresses CB1R, TRPV1, TRPM8, and the endocannabinoid membrane transporter (EMT). Receptors are targeted
by endocannabinoids (AEA and 2-AG). CB1R modulation activates signaling cascades that inhibit Ca2+ intracellular influx, which decreases the fusion of intracellular
vesicles with the neuron membrane, changing the neurotransmitter release flow. The postsynaptic neuron also presents, besides the receptors, all the elements
of the ECS, such as the AEA and 2-AG synthesis enzymes, respectively NAPE-PLD and DAGL, and the degradation enzymes, FAAH, MAGL, and other enzymes such

(Continued)
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FIGURE 2 | as COX2. In green: Astrocyte takes part in the synapse and expresses different elements of the eCS such as endocannabinoids’ synthesis and
degradation enzymes and cannabinoid receptors, where the activation of CB1R may favor the influx of Ca2+ ions. Microglia expresses components of the eCS; the
CB2R expression is higher than CB1R, and its modulation is linked to the production and secretion of different cytokines. Phytocannabinoids modulate the eCS
through many targets. THC and THCV are CB1R agonists, while CBD, CBDV, CBG, and THCV are TRPV1 agonists. The EMT transporter is the pharmacological
target of the phytocannabinoids CBD, CBDV, CBG, and THCV. The phytocannabinoids also act over enzyme activity - CBD inhibits FAAH, CBDA inhibits COX-2 and
CBDV, CBDA, THCVA and CBDVA inhibit DAGL. (B) In the Neuropathic Pain scenario, there is glial reactivity, leading to the increase of astrocyte and microglia next
to neurons, especially in the dorsal spinal cord. The eCS is modulated and the levels of expression of your components change. There is a higher expression of
CB1R and CB2R in neurons and glial cells. Enzymes such as FAAH, COX-2, and 5-LOX also increase their expression, and in result, there is a decrease of AEA
levels and increase of pro-inflammatory mediators. CBD, cannabidiol; THC, tetrahydrocannabinol; CBDV; cannabidivarin; CBDA, cannabidiolic acid; THCVA,
tetrahydrocannabivarinic acid; CBDVA, cannabidivarinic acid; THCV, tetrahydrocannabivarin; CBG, cannabigerol.

are highly susceptible to molecular alterations, and such events
are observed in chronic neuropathic pain pathogenesis, both in
the CNS and PNS (Rani Sagar et al., 2012; Starowicz and Finn,
2017). Indeed, it has been described that the expression of CB1R
and CB2R, the eCB synthesis machinery and the expression of
FAAH are increased in the spinal cord of animals submitted to
murine models of chronic neuropathic pain (Zhang et al., 2003,
2010; Guindon et al., 2013; Davis, 2014; Malek et al., 2014).
Although there is elevation in eCBs synthesis, activation of FAAH
and alternative catabolic pathways, involving cytochrome p450
(CYP), cyclooxygenase-2 (COX-2) and lipoxygenases, increase
AEA degradation and generates inflammatory mediators, such as
prostaglandins, which influence neuron excitability (Kozak et al.,
2002; Snider et al., 2009; Chouinard et al., 2011; Rani Sagar et al.,
2012; Mecca et al., 2021). The reduction of AEA and CB1R-
mediated negative feedback in excitatory synapses contribute to
the hyperalgesia mechanism (Figure 2B).

The fact that the eCS is involved in the pathophysiological
state of pain makes this system a valid target for chronic
neuropathic pain treatment. Nowadays, treatments for chronic
neuropathic pain consist of four lines of therapies that are chosen
according to the patient’s condition (Table 1), with opioids being
the most used (Attal et al., 2010; Rani Sagar et al., 2012; Moulin
et al., 2014; Finnerup et al., 2015).

Despite the variety of treatments, there are no effective
pharmacotherapeutic strategies for mitigating chronic
neuropathic pain, in addition to patients that do not respond
properly to treatments and are resistant to current medicines
available (Dworkin et al., 2010; Yekkirala et al., 2017). Moreover,
there is a huge opioid crisis with severe consequences centered
on drug addiction, respiratory depression and death by overdose
(Moore and McQuay, 2005; Fornasari, 2017; CDC, 2021;
WHO, 2021). The lack of a solid treatment with few or no side
effects makes the pharmaceutical industry avid to pursue new
alternatives for these patients, and the modulation of eCS has
been considered a promising tool.

CB1R/CB2R agonists and antagonists have been described
as a valuable option to successfully modulate the eCS in
chronic neuropathic pain animal models, bringing an alternative
of treatment for patients that do not respond well to other
pharmacological therapies. In addition, an indicative that
modulating cannabinoid receptors could be a good alternative
instead of opioids is the increased density of cannabinoids
receptors in the spinal cord, compared to opioid receptors
(Hohmann et al., 1999), and high/moderate expression of
cannabinoid receptors in brain areas responsible for pain

modulation, such as cortex, amygdala and periaqueductal gray
matter, at least in rodents (Befort, 2015; Figure 1).

In animal models of chronic neuropathic pain, the
administration of the synthetic cannabinoid CP 55,940, a
CB1R agonist, terminated thermal hyperalgesia and decreased
mechanical allodynia, evaluated by hot plate test and von Frey
test, respectively (De Vry et al., 2004; Scott et al., 2004; Romero-
Sandoval and Eisenach, 2007). A single administration of WIN55,
212-2, a mixed CB1R/CB2R-receptor agonist, 7 days after nerve
ligation (a murine model of chronic neuropathic pain), reduced
cold allodynia and thermal hyperalgesia symptoms, evaluated
by acetone and hot plate test, respectively (Bridges et al., 2001;
Rahn et al., 2007). The use of WIN55, 212-2 also improved
mechanical allodynia at von Frey test in chemotherapy-induced
chronic neuropathic pain, when animals presented behavior
similar to those treated with opioids (Rahn et al., 2007; Burgos
et al., 2012). At the cellular level, this agonist reduced glial
reactivity and expression of inflammatory mediators, such as
IL-6 and TNF-α (Burgos et al., 2012). It is important to notice
that the combination of WIN55, 212-2 with selective CB1R
and CB2R antagonists, SR141716 and SR144528, respectively,
reversed the allodynia improvement, evaluated by von Frey
test, demonstrating that both cannabinoid receptors are directly
involved in these mechanisms and can be targeted for treatment
purposes (Rahn et al., 2007). In addition, injection of JWH133
or JWH015, CB2R agonists, decreases mechanical allodynia
after partial nerve ligation (Romero-Sandoval and Eisenach,
2007; Romero-Sandoval et al., 2008; Yamamoto et al., 2008). As
described, CB2R is mostly expressed by microglial cells, which
have their migration, proliferation and polarity modulated by
cannabinoid receptor activation (Hegyi et al., 2009; Stella, 2009;
Greineisen and Turner, 2010). Alternatively, CB2R activation
by AM1241 decreases the expression of purinergic receptors
P2Y, which is upregulated in microglia of chronic neuropathic
animals, and decreases nuclear factor κ B (NF-κB) and p38
mitogen-activated protein kinase (p38 MAPK) phosphorylation,
both involved in microglial activation and inflammatory
response (Niu et al., 2017). The addition of 2-AG and AEA
in primary microglial cell cultures increased the expression of
both cannabinoid receptors and arginase-1, a marker for M2
microglia polarity, which is associated with pro-healing and
anti-inflammatory responses (Mecha et al., 2015). The direct
administration of AEA also led to better sensorial behavior in
neuropathic murine animals, increasing mechanical and thermal
threshold, evaluated by von Frey and hot plate tests (Guindon
and Beaulieu, 2006; Desroches et al., 2008).
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TABLE 1 | The four lines of treatment for chronic neuropathic pain.

Treatment Mechanism of action Line of treatment References

Gabapentinoids α2δ2-1 subunit of voltage-gated Ca2+ channels
ligant

First-line treatment Attal et al., 2010; Moulin et al., 2014; Hennemann-Krause and
Sredni, 2016; Colloca et al., 2017

Tricyclic
antidepressants

Inhibitors of Noradrenaline/Serotonin uptake
systems

First-line treatment Attal et al., 2010; Moulin et al., 2014; Hennemann-Krause and
Sredni, 2016; Colloca et al., 2017

Noradrenaline/serotonin
reuptake inhibitors

Inhibitors of noradrenaline/serotonin reuptake
systems

First-line treatment Attal et al., 2010; Moulin et al., 2014; Hennemann-Krause and
Sredni, 2016; Colloca et al., 2017

Weak opioids Opioid receptors agonists Second-line treatment Attal et al., 2010; Moulin et al., 2014; Hennemann-Krause and
Sredni, 2016; Colloca et al., 2017

Strong opioids Opioid receptors agonists Second-line treatment Attal et al., 2010; Moulin et al., 2014; Hennemann-Krause and
Sredni, 2016; Colloca et al., 2017

Cannabinoids Endocannabinoid system modulators Third-line treatment Attal et al., 2010; Moulin et al., 2014; Colloca et al., 2017

Selective serotonin
reuptake inhibitors
(SSRI)

Inhibitors of selective serotonin reuptake system Fourth-line treatment Moulin et al., 2014

Botulinum toxin Inhibitors of acetylcholine release Fourth-line treatment Moulin et al., 2014

Methadone Opioid and NMDA receptors Fourth-line treatment Moulin et al., 2014

Lamotrigine Inhibitors of voltage-gated Na+ and Ca2+

channels
Fourth-line treatment Moulin et al., 2014

Lacosamide Slow inactivation of voltage-gated Na+

channels
Fourth-line treatment Moulin et al., 2014

Tapentadol Opioid receptors agonist and inhibitor of
noradrenaline uptake system

Fourth-line treatment Moulin et al., 2014

Topical lidocaine Sodium channel blocker Fourth-line treatment Moulin et al., 2014

Topical capsaicin TRPV1 receptor desensitization Fourth-line treatment Moulin et al., 2014

Moreover, some studies referred to the catabolic enzyme
FAAH as an alternative target to modulate eCB levels.
Intraperitoneal administration of the FAAH blocker URB597
and MAGL blocker JZL184 led to an increase in the mechanical
threshold and a reduction of cold allodynia, in von Frey and
acetone tests, in chronic neuropathic rats, respectively (Clapper
et al., 2010; Guindon et al., 2013). The oral administration
of another FAAH blocker, ST4070, also produced the same
improvement in several animal models of chronic neuropathic
pain, such as those induced by chemotherapy drugs and diabetes
(Caprioli et al., 2012). Changes in animal behavior due to pain is
probably correlated to the increased availability of eCB and other
bioactive lipids, for instance AEA and palmitoylethanolamide
(PEA), respectively (Caprioli et al., 2012).

After the enlightenment of eCS participation in pain
modulation in physiological and pathological states, researchers
started to investigate if classical analgesics mechanisms could
involve the eCS. Regarding the effects of dipyrone, a common
non-steroidal anti-inflammatory drug widely used primarily as
an analgesic and antipyretic, the exact action mechanisms remain
controversial. Studies on mice suggest that dipyrone-induced
suppression of thermal antinociceptive, hypothermic and
locomotor activity is mediated by a CB1R/CB2R-independent
mechanism (Schlosburg et al., 2012). On the other hand, AM251,
a CB1 antagonist, reversed the effects of dipyrone on locomotor
activity, cataleptic response and thermal analgesia (Crunfli et al.,
2015). Both AM251 and capsazepine, a TRPV1 antagonist,
favored the decrease in body temperature caused by dipyrone.
However, the CB2 receptor antagonist AM630 did not alter the
hypothermic response to dipyrone (Crunfli et al., 2015). These

results suggest that the eCS role, especially CB1R-mediated, in
the analgesic effect of dipyrone is still a matter of debate.

Although the evidence in animal models is promising and
suggests that inhibitors of catabolic enzymes might be a way of
treating chronic neuropathic pain, clinical trials did not show
the same outcome. In January 2016, it came to public attention
that a drug named BIA10-2474, a FAAH inhibitor, led to severe
adverse events in some volunteers in the clinical trial, in which
five people had to be hospitalized, two had brain damage and
one died (Mallet et al., 2016). Nowadays, in clinical practice,
the synthetic cannabinoids used to treat neuropathic chronic
pain are Dronabinol (Marinol R© – Solvay Pharmaceuticals) and
Nabilone (Cesamet R© – Meda Pharmaceuticals), both having
a chemical formula based on 19-tetrahydrocannabinol (19-
THC) (Stasiulewicz et al., 2020). Although these compounds
may improve symptoms related to chronic neuropathic pain,
some side effects such as euphoria, dysphoria, sleep disturbance
and disorientation may occur. Diversely, the use of medicinal
cannabis shows better results and less adverse events (Cannabis-
In-Cachexia-Study-Group et al., 2006; Frank et al., 2008; Narang
et al., 2008; Aviram and Samuelly-Leichtag, 2017).

MEDICINAL CANNABIS IN ANIMAL
MODELS AND CLINICAL EVIDENCE

Cannabis sp. has been used to treat several pathologies, including
pain episodes, since ancient China (Bonini et al., 2018). The
main components in Cannabis sp. are the phytocannabinoids,
and more than 100 of these compounds have been described
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thus far. Even though the most investigated phytocannabinoids
are cannabidiol (CBD) and 19-THC, the latter known for
its psychoactive effect, several other phytocannabinoids such
as cannabidivarin (CBDV), 19-tetrahydrocannabivarin (THCV)
and their acidic forms are also being considered for therapeutic
purposes (Di Marzo and Piscitelli, 2015; Cristino et al., 2020).

Phytocannabinoids act over several targets to modulate the
eCS. For instance, while THC acts as CB1R and CB2R agonist,
and THCV is a CB1R antagonist and TRPV1 agonist, CBD
and CBDV inhibit eCB-degradation enzymes FAAH and MAGL
(Di Marzo and Piscitelli, 2015; Cristino et al., 2020). Some
phytocannabinoids also act in other neurochemical systems. For
example, CBD can act over the serotoninergic and glycinergic
receptors present in neurons, which are involved in pain
processing, besides acting as TRPV1 and TRPM8 antagonist
(Russo et al., 2005; De Petrocellis et al., 2008; Ahrens et al., 2009;
García-Gutiérrez et al., 2020; Figure 2A).

Despite the recent statement from the IASP not encouraging
the use of cannabinoids for pain treatment based on lack
of quality researches reinforcing its safety and efficacy (IASP
Presidential Task Force on Cannabis and Cannabinoid Analgesia,
2021), the positive outcomes and advantages over other
pharmacological tools are compelling in animal research and
clinical trials. For instance, Abraham et al. (2020) demonstrated
in animals a phenomenon similar to what happens with patients.
Neuropathic rats had a good response to morphine treatment,
but the effect did not last up to 22 days after induction of
pain, followed by drug-resistance. However, this effect was not
observed in THC- and CBD-treated rats.

Tetrahydrocannabinol is known as the main analgesic
compound from Cannabis sp. (Russo, 2008; Maayah et al.,
2020). Several studies described a reduction of allodynic and
hypersensitive behavior in animals, based on von Frey and
hot plate tests results, after THC administration (Harris et al.,
2016, 2019; Abraham et al., 2020). In addition to the fact that
THC is a CB1R and CB2R agonist, reducing neurotransmitters
release by neurons, especially glutamate, it also acts as TRPM8
antagonist and TRPA1 agonist (De Petrocellis et al., 2008;
Storozhuk and Zholos, 2018). Another mechanism of action is
inhibiting COX-2, which leads to increased levels of AEA and
decreased levels of prostaglandins, whose therapeutic properties
in chronic neuropathic pain pathology are the reduction of pro-
inflammatory signaling, and probably, the decrease in glial and
immunological cells response (Burstein et al., 1973; Ruhaak et al.,
2011; Figure 2A).

CBD also contributes to decreased chronic neuropathic pain
symptoms. Studies that investigated acute and chronic treatments
of chronic neuropathic pain-induced rats with isolated CBD
showed significantly increased mechanical and thermal threshold
when compared to animals that received vehicle, evaluated by
von Frey and hot plate tests (Xiong et al., 2012; Harris et al.,
2016; King et al., 2017; Abraham et al., 2020; Silva-Cardoso
et al., 2021). A plausible hypothesis that might explain how
CBD improves the pathologic pain sensation is related to an
increase in AEA levels due to FAAH inhibition and their agonist
activity on TRPV1 agonist (Bisogno et al., 2001; Massi et al.,
2008; Silva-Cardoso et al., 2021; Figure 2A). Silva-Cardoso et al.

(2021) also demonstrated that CBD treatment decreased CB1R
expression in pain matrix regions, which was up-regulated in
animals submitted to chronic neuropathic pain models.

Furthermore, the combination of CBD and THC synergizes
their positive effects and reduces THC side effects (Carlini
et al., 1974; McPartland and Russo, 2001). In fact, the co-
administration of CBD and THC decreases dysphoria, anxiety,
panic attacks, and other psychoactive effects that THC may cause
(Grinspoon and Bakalar, 1993; King et al., 2017). Authors also
described that CBD competes with THC for the binding site of
CYP2C19 enzyme in the liver and inhibits THC hydroxylation,
which prolongs THC bioavailability, and therefore its effects
(Jones and Pertwee, 1972; Benowitz et al., 1980).

The involvement of other compounds from Cannabis sp.
in pain improvement have also been reported, for example,
cannabinol (CBN) and cannabichromene (CBC), acting as
CB2R agonist and inhibitor of cyclooxygenase, respectively
(Burstein et al., 1973; Showalter et al., 1996; Figure 2A).
Terpenes are another class of secondary metabolites present
in Cannabis sp. with biological relevance and they may
play a role in pain treatment, such as the terpenoid β-
caryophyllene, which directly modulates the eCS as a CB2R
agonist (Gertsch et al., 2008). In the chronic neuropathic pain
animal model, the daily gavage of β-caryophyllene decreased
nociceptive hyperalgesia and mechanical allodynia in a dose-
dependent manner, as demonstrated by hot plate and von
Frey tests. The treatment also reduced microglial reactivity and
inflammatory response at spinal dorsal horn, probably due to β-
caryophyllene-mediated increased expression of CB2R (Klauke
et al., 2014; Segat et al., 2017). Other terpenoids participate
in pain modulation through anti-inflammatory response. For
instance, administration of β-myrcene increased thermal and
nociceptive threshold either in healthy mice (Rao et al.,
1990) or under inflammatory pain (Lorenzetti et al., 1991).
Additionally, α-pinene also seems to control pain through anti-
inflammatory pathways, decreasing cyclooxygenase-2 expression
in an animal model of inflammatory pain (Li et al., 2016).
Lastly, flavonoids, a group of chemical compounds present
not only in Cannabis sp., but also in other plants, have anti-
inflammatory properties and can decrease the release of pro-
inflammatory cytokines from astrocytes and microglia (Gui et al.,
2018; Nadipelly et al., 2018).

Several compounds present in the Cannabis sp. extract
synergize with each other and might modulate their effects
when compared to isolated phytocannabinoids (Carlini et al.,
1974; Russo, 2008). The synergistic action of phytocannabinoids
producing a potentiated pharmacological effect is called
entourage effect (King et al., 2017). This property was described
in several studies that reported higher efficacy of Cannabis
sp. extract compared to administration of isolated CBD
and THC in decreasing allodynia and hyperalgesia in rats,
evaluated by hot plate and von Frey tests (Comelli et al.,
2008; Casey et al., 2017; Harris et al., 2019). Indeed, Comelli
et al. (2008) described that the improvement in hyperalgesia
through the use of Cannabis sp. extract was not affected
by the use of cannabinoid receptor antagonists, reinforcing
the fact that phytocannabinoids and other compounds in

Frontiers in Physiology | www.frontiersin.org 8 November 2021 | Volume 12 | Article 78517614

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-785176 November 24, 2021 Time: 14:9 # 9

Campos et al. Cannabinoids in Chronic Neuropathic Pain

the extract act synergistically modulating several receptors
and pathways. Additionally, the administration of a 1:1
CBD:THC extract has been described to positively modulate
CD4+ lymphocytes in the spleen and thymus of female rats
submitted to a nerve cuffed model for chronic neuropathic pain,
which suggests that Cannabis sp. extract may also modulate
immune response in the CNS related to chronic neuropathic
pain development (Linher-Melville et al., 2020).

Patients consume medical Cannabis sp. products through
different administration routes, such as smoked, vaporized,
oromucosal aerosol, oily extract and capsules, although some
studies describe that inhaling procedures can present health
risks for patients (Aviram and Samuelly-Leichtag, 2017; Maayah
et al., 2020). As described in animal studies, tests showed
that Cannabis sp. full extract, such as Sativex R©, an oromucosal
spray of 1:1 CBD:THC, was more effective for treating chronic
neuropathic pain than synthetic THC, such as Dronabinol
(Cannabis-In-Cachexia-Study-Group et al., 2006; Langford et al.,
2013; Ferrè et al., 2016; Schimrigk et al., 2017). Nurmikko
et al. (2007) coordinated a randomized, double-blind, placebo-
controlled study to evaluate the analgesic properties of a
THC:CBD (1:1) extract in 125 patients that had peripheral
neuropathic pain symptoms. During the treatment with the
extract, individuals continued with other analgesic medication
previously prescribed. Sixty-three patients were in the placebo
group, while 62 made use of the extract and were able to
determine their own dose, although none of them had more
than 48 spray doses per day. The group that was treated
with the extract showed better results in pain scores, dynamic
allodynia, punctual allodynia when compared to patients from
the other group. An appendix of the study evaluated the
same patients for 52 weeks and continued to observe the
analgesic effect of the extract without dose adjustment or
toxicity symptoms.

A more complete and recent study from the Germain Pain
e-registry digital platform collected anonymous information
related to the therapeutic approaches used for pain management
(Ueberall et al., 2019). Using the answers from a Pain
Detect Questionnaire 7 (PDQ7), patients were grouped with
nociceptive, mixed and chronic neuropathic pain. Individuals
used 1:1 CBD:THC Sativex R© oromucosal spray, 8–12 times/day,
for 12 weeks. After 3 months of Cannabis sp. spray use,
the pain intensity decreased at least half in 67.5% of the
patients, having a better effect in neuropathic and mixed
pain patients. Another important information from this study
consists in improved patient’s welfare after Cannabis sp.
treatment. This was measured by the Aggregated 9-Factor
Symptom Relief (ASR-9) questionnaire. Fifteen percent of
the individuals in the study improved at least 50% of all
9 factors and 56% of the patients improved at least 5
factors, such as stress, depression, well-being and anxiety,
and again, the improvement was higher in neuropathic and
mixed pain patients.

Another advantage to the use of Cannabis-derived products is
the significant decrease or even elimination of other drugs, such
as opioids, from the therapy scheme, known for having severe
adverse effects. As described by Ueberall et al. (2019), a significant

number of patients stopped using strong opioids as analgesic
strategy 12 weeks after using Cannabis sp. extracts. Other clinical
and animal researches describe similar results in opioid-based
therapies after the use of Cannabis sp. extracts (Williams et al.,
2008; Okusanya et al., 2020; Takakuwa and Sulak, 2020).

Together with the relief of symptoms, adverse effects are
often described by patients under use of medicinal cannabis.
The most common are gastrointestinal disorders, metabolism
and nutrition disorders, increased appetite, sedation, fatigue, dry
mouth, dizziness, and nausea (Nurmikko et al., 2007; Lynch
et al., 2014; Ueberall et al., 2019). Few patients described adverse
effects related to the psychoactive properties of THC. One patient
described anxiety, panic attack, and confusion in the Lynch study
(Lynch et al., 2014) and only 3.6% of patients described anxiety,
confusion, and disorientation in the Germain Pain e-registry
based study (Ueberall et al., 2019), while, in Nurmikko et al.
(2007), no psychoactive symptoms were listed by the participants.
In general, most of the adverse effects are mild to moderate and
are directly related to the dosage of THC in the product used in
these researchers, besides the modulation of eCS in other organs
and systems. However, it is important to highlight that in all
clinical studies cited, patients with a history of psychotic disorder
were excluded from the study.

DISCUSSION

Chronic neuropathic pain is a pathology that affects not
only many individuals worldwide, but also their caregivers
(Ojeda et al., 2014). Even though opioids are the main
pharmacotherapeutic approach to reduce symptoms associated
with chronic neuropathic pain, several reports describe its
potential of inducing addiction and, as consequence, increasing
mortality (Hser et al., 2015). In order to avoid side effects
similar to those induced by opioids and have increased success
in managing pain, new molecular targets are being continuously
investigated for treatment of neuropathic chronic pain.

In this review, we describe how the eCS modulates the
pathophysiological processing of pain, focusing mostly on
animal models of chronic neuropathic pain and clinical trials.
Several strategies have been developed to assess eCS role
in chronic neuropathic pain management, such as the use
of synthetic cannabinoid receptors agonists and degradation
enzyme inhibitors, which have shown promising results in animal
models. Unfortunately, it is not always possible to translate pre-
clinical data into successful clinical application. As an example,
the use of FAAH inhibitors, which showed positive results in
many animal models, led to severe adverse effects and even death
of a volunteer in a clinical trial (Mallet et al., 2016).

The use of Cannabis-based products is recommended
as extracts, for instance Sativex R©. Although some synthetic
cannabinoids may also be indicated for pain treatment, such
as Dronabinol and Nabilone, the use of medicinal Cannabis sp.
has recently increased substantially, improving pain management
and inducing fewer side effects (Mücke et al., 2018). Despite this
evidence, the IASP states that it lacks reliable clinical studies
about the use of phytocannabinoids and medicinal Cannabis sp.
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to treat chronic pain (IASP Presidential Task Force on Cannabis
and Cannabinoid Analgesia, 2021). Besides, there is little pre-
clinical research that investigates the effect of Cannabis sp.
extracts, the latter more commonly used by patients.

The role of eCS as a pharmacological target and the advantages
of using medicinal Cannabis sp. to treat pain is remarkable, as
described in this review. However, further investigation must
be performed using animal models and in clinical practice to
understand more efficient ways to modulate the eCS in humans
and to identify how the entourage effect may contribute to the
potential of Cannabis-based treatments in pain management.
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Methyl Gallate Improves
Hyperuricemia Nephropathy Mice
Through Inhibiting NLRP3 Pathway
Peng Liu1†, Wen Wang1†, Qiang Li1, Xin Hu1, Bingyong Xu2*, Chen Wu1, Lijie Bai1, Li Ping3,
Zhou Lan4 and Lvyi Chen1*
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Hyperuricemia nephropathy (HN) is a form of chronic tubulointerstitial inflammation,
caused by the deposition of monosodium urate crystals (MSU) in the distal collecting
duct and medullary interstitium, associated with a secondary inflammatory reaction.
Numerous published reports indicated that NLRP3 inflammasome pathway play
crucial roles in HN symptoms. The present study aims to investigate the
protective effects of methyl gallate on HN mice and the underlying mechanisms.
An HN model was established by intraperitoneal injection of potassium oxide (PO) to
assess the effect of methyl gallate on renal histopathological changes, renal function,
cytokine levels and expressions of NLRP3-related protein in HN mice. Moreover,
in vitro models of lipopolysaccharide (LPS)-stimulated bone marrow-derived
macrophages (BMDMs) and human peripheral blood mononuclear cells (PBMCs)
were established to explore the mechanism of methyl gallate on NLRP3
inflammasome activation. The results showed that methyl gallate significantly
ameliorated HN by inhibiting uric acid production and promoting uric acid
excretion as well as ameliorating renal injury induced by NLRP3 activation.
Mechanistically, methyl gallate is a direct NLRP3 inhibitor that inhibits NLRP3
inflammasome activation but has no effect on the activation of AIM2 or NLRC4
inflammasomes in macrophages. Furthermore, methyl gallate inhibited the assembly
of NLRP3 inflammasomes by blocking the ROS over-generation and oligomerization
of NLRP3. Methyl gallate was also active ex vivo against ATP-treated PBMCs and
synovial fluid mononuclear cells from patients with gout. In conclusion, methyl gallate
has a nephroprotective effect against PO-induced HN through blocking the
oligomerization of NLRP3 and then exerting anti-inflammatory activity in the
NLRP3-driven diseases.
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INTRODUCTION

Hyperuricemia is a metabolic disease caused by an imbalance in
the synthesis or excretion of uric acid in the body. According to
the consensus of Chinese experts on the treatment of hyperuricemia
and gout, the incidence of hyperuricemia in China has increased year
by year as the improvement of people’s living standard, especially in
developed cities and coastal areas, reaching 5–23.5% (Lu et al., 2020).
Traditionally, hyperuricemia is thought to induce renal disease
through the deposition of urate crystals in the glomerular
collecting ducts in a manner similar to that of gouty arthritis
(Mazzali et al., 2001; Lu et al., 2019). At present, drugs that have
been listed for the treatment of hyperuricemia nephropathy (HN) are
mainly including xanthine oxidase (XOD) inhibitors, uricosuric drugs,
recombinant uricase supplements and other major classes. However,
the widespread clinical use of these drugs are large limited due to the
adverse effects and hepatotoxicity (Sattui and Gaffo, 2016). Therefore,
it is urgent to explore a drug which has effects on both reducing the
circulating uric acid synthesis and increasing renal uric acid excretion
in the treatment of HN, so as to ameliorate the renal inflammation,
renal fibrosis, oxidative stress or other injuries.

Polyphenols have a wide range of therapeutic effects
because of their powerful antioxidant, anti-inflammatory, and
immunomodulatory actions, with potential roles on different
complications caused by oxidative stress, such as cardiovascular
and neurodegenerative diseases (Yahfoufi et al., 2018). Recently,
polyphenols have received considerable attention for their
potential in modulating immune signaling pathways, inhibiting
inflammatory mediators, and regulating various pathological
states, including ischemia/reperfusion injury, neurodegenerative
diseases, neuropathic pain, and arthritis (Chen et al., 2011; Chen
and Lan, 2017; Rahimifard et al., 2017; Yahfoufi et al., 2018; Azam
et al., 2019).

Methyl gallate is a gallotannin, widely distributed in edible
plants such as Rosa rugosa, Terminalia chebula Retz., Smilax china
Linnaeus, Schinus terebinthifolius Raddi, Givotia rottleriformis Griff.,
Bergenia ligulata (Wall), and Paeonia sufruticosa Andr. (Cho et al.,
2004; Acharyya et al., 2015; Kamatham et al., 2015; Rosas et al., 2015;
Sharanya et al., 2018; Park et al., 2019). Several studies have
demonstrate that methyl gallate is associated with significant
biological effects of antioxidant (Whang et al., 2005; Crispo et al.,
2010), anti-tumor (Lee et al., 2010; Lee et al., 2013), antimicrobial
activities (Choi et al., 2009), and anti-inflammatory effect on
experimental colitis and arthritis (Kang et al., 2009; Correa et al.,
2016). However, the effect of methyl gallate on HN, a condition
associated with the development and progression of renal disease due

to elevated uric acid levels, is unclear. The present study was aimed to
explore the role ofmethyl gallate onHNand the underlyingmolecular
mechanisms of its anti-inflammatory activity in the activation of
NLRP3 inflammasome.

MATERIALS AND METHODS

Materials
Detail of materials are described in the online supplemental file.

Experimental Animal
Male C57BL/6 mice (No. SCXK (E) 2015-0018) were purchased
from Hubei experimental animal research center (Wuhan, China),
and Nlrp3−/− mice were purchased from Shanghai Model
Organisms Center, Inc. The animals were housed in a
temperature-controlled, regular 12-h light/dark cycle and
provided with standard chow and water ad libitum. All
experimental procedures were performed in accordance with the
regulations of the Animal Ethics Committee of South-Central
University for Nationalities (SCUN) (approval number: 2020-
scuec-025), all procedures involving animals were performed in
accordance with the SCUN Animal Experimentation Guidelines.

Cell Culture and Stimulation
Bone marrow-derived macrophages (BMDMs) were isolated from
bone marrow of 6-8 weeks old mice and cultured in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10% FBS
and 1% MCSF for 6–7 days. Human Lymphocyte Separation
Medium (catalog no. P8610-200, Solarbio) was used to obtain
human peripheral blood mononuclear cells (PBMCs). Prior to
stimulation, PBMCs were cultured overnight in RPMI 1640
medium. To activate NLRP3 inflammasome, BMDMs or
PBMCs were primed or un-primed with LPS (100 ng/ml, for
3 h) before being stimulated with nigericin (10 μM, for 1 h), or
monosodiumurate crystals (MSU) (200 μg/ml, for 6 h). To activate
the other inflammasomes, salmonella typhimurium or poly A:T
was added to the LPS-primed BMDMs.

Animals and Modeling
Healthy adult male mice fed in clean-grade animal houses with
free food and water. After 1 week of adaptive feeding, mice were
randomly divided into five groups (n � 10 in each group). 1)
control group, injected intraperitoneally or given orally with
equal volumes of saline; 2) vehicle group, injected
intraperitoneally with PO (300 mg/kg) and given orally equal
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amounts of saline, 3) and 4) methyl gallate groups, injected
intraperitoneally with PO (300 mg/kg) and orally given methyl
gallate 20 or 40 mg/kg, respectively; 5) allopurinol group, injected
intraperitoneally with PO (300 mg/kg) and given orally
allopurinol 5 mg/kg. Mice were given saline, methyl gallate or
allopurinol by gavage 30 min before PO injection for 28
constitutive days.

Measurement of Uric Acid, Creatinine
and BUN
Serum urate (Sur), urinary urate (Uur), serum creatinine (Scr),
urinary creatinine (Ucr) and blood urea nitrogen (BUN) levels
were measured using standard diagnostic kits. Protein
concentrations were measured by the Bradford method using
bovine serum albumin as a standard. Each test was performed in
triplicate. The fraction excretion of uric acid (FEUA) was then
calculated to assess the uric acid excretion-promoting effect of
methyl gallate: FEUA � [(Uur) × (Scr)]/[(Ucr) × (Sur)] × 100,
expressed as a percentage (Chen et al., 2011).

Enzyme-Linked Immunosorbent Assay
IL-6, IL-1β, TNF-a and IL-18 were detected by ELISA kits. The
specific method and steps of the experiment were tested
according to the experimental guidance given by R&D.

XOD Activity Detected
The liver tissue was removed from −80°C, 900 μL of pre-cooled
physiological saline was added per 100 mg of tissue, homogenized
in a grinder, and centrifuged at 8,000 r/min (4°C) for 10 min, the
supernatant was obtained, and continue to centrifuge at 15,000 r/
min for 30 min, remove the uppermost turbid material, and
absorb the supernatant. The protein concentration was
measured by BCA method, and the activity of XOD in liver
and serum was detected by referring to the kit instructions.

Reactive Oxygen Species Staining
BMDMs at 2 × 105/ml were placed overnight on coverslips (Thermo
Fisher Scientific) in 12-well plates. 12–18 h later, the medium was
replaced with Opti-MEM containing 1% FBS. After that, methyl
gallate was added for another 0.5 h as described, and then
stimulated with MSU. Finally, BMDMs were stained with 2′,7′-
dichlorofluorescin diacetate (DCFDA), and then washed with ice-
cold PBS for three times and fixed with 4% PFA in PBS for 15 min.

ROS Assay
BMDMs were cultured in 96-well plates (1 × 106 cells/well) using
phenol red-free RPMI medium (Gibco) for 24 h at 37°C in a
humidified incubator with 5% CO2. Cells were then loaded with
the ROS-specific fluorescent probe H2DCFDA (20 μM final
concentration; Sigma-Aldrich) for 30 min, washed twice with
preheated medium, and exposed to MSU (200 μg/ml). In the
treatment group, cells were incubated with 10 μM CP105,696
for 40min prior to the addition of the MSU. Fluorescence was
assessed at 10-min intervals over 1 h using a spectrofluorometer
(Synergy 2; BioTek) with a fluorescein isothiocyanate filter
(excitation 485 nm, emission 538 nm).

Hematoxylin and Eosin Staining
The left kidney of the mouse was fixed in 4% paraformaldehyde.
After paraffin embedding, 4 μm serial sections were taken and
H&E staining was performed by conventional methods.

Protein Extracts and Western Blotting
The kidney tissue obtained from the experimental mice in each
group was first rinsed gently with pre-chilled 1 × PBS buffer twice,
then the kidney tissue was placed in 2 ml EP, 500 μL of protein
lysis solution was added, and homogenized with a tissue
homogenizer. It was then centrifuged at 4°C and 12,000 rpm
for 10 min using a low-temperature high-speed centrifuge. After
centrifugation, the supernatant was sucked out and placed in a
1.5 ml EP tube and marked on ice. Then the total protein content
was detected by BCA kit.

The above protein samples were denatured in Laemmle buffer
and then boiled at 95°C for 10 min, separated by SDS-PAGE and
transferred to PVDF membranes. Membranes were incubated
overnight with primary antibodies (caspase 1, IL-1β and GSDMD
lysed forms) and proteins were detected by enhanced
chemiluminescence with anti-rabbit secondary antibody or
anti-mouse secondary antibody.

Statistical Analysis
All experiments were performed at least three times. Values are
presented as mean ± S.D. When means of two groups were
compared, a 2-tailed Student’s t-test was used to determine
significance. When multiple treatment groups were compared,
one-way ANOVA and Tukey’s post hoc test were used to
calculate significance between means. * p value < 0.05 was
considered statistically significant. Data handling and statistical
processing were performed using GraphPad Prism 8.0
(GraphPad Software, San Diego, CA, United States).

RESULTS

Effect of Methyl Gallate on Hyperuricemia
and Renal Dysfunction
We first investigated whether methyl gallate had the effect on
improving renal function and suppressing high uric acid levels in
PO-treated mice. According to our previous study, 4 weeks of
intraperitoneal injection of PO can lead to HN in mice. Table 1
summarized the anti-hyperuricemia and renal protection effect of
methyl gallate. Sur, Scr and BUN levels were significantly increased
in the vehicle (PO-treated) mice compared to that of control mice.
Methyl gallate at doses of 20 and 40mg/kg and allopurinol at
5 mg/kg significantly reversed the levels of SUA, SCr and BUN in
hyperuricemia mice to the normal value. Moreover, PO treatment
could induce an obvious reduction in UUA and UCr levels
compared with that of saline-treated mice. Methyl gallate at 20
and 40mg/kg could significantly elevate UUA and UCr levels in
hyperuricemia mice. As previously reported (Hu et al., 2009),
FEUA, an important parameter of renal uric acid handling, was
significantly reduced in hyperuricemia mice. In the present study,
20 and 40mg/kg of methyl gallate and allopurinol significantly
reversed FEUA in PO-treated HN mice.
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HN is a form of chronic tubulointerstitial inflammation
caused by the deposition of MSU in the distal collecting duct.
Therefore, we further investigated whether methyl gallate could
inhibit the chronic inflammation. The results showed that the
levels of TNF-α, IL-6 and IL-1β were significantly increased in
serum and renal tissues of PO-treated mice. However,
correspondingly the production of TNF-α, IL-6 and IL-1β was
effectively inhibited by methyl gallate and allopurinol (Figures
1A–C). It was speculated that this anti-inflammatory effect
derived from their uric acid-lowering effect, especially
allopurinol.

In the present study, the effect of methyl gallate on uric acid
production was also investigated. XOD is a key enzyme that
catalyzes uric acid production. XOD activity in the liver of HN
mice was markedly attenuated by methyl gallate (Figure 1D),

indicating that methyl gallate reduces uric acid production
through inhibiting XOD activity in vivo.

HN is a chronic renal tubulointerstitial inflammation with
histological changes including arteriosclerosis, glomerulosclerosis
and tubulointerstitial fibrosis. As aforementioned results, compared
to the control mice, the renal tubules of HNmice were significantly
damaged, with severe dilatation of the proximal tubules, formation
of casts, and massive detachment and necrosis of the tubular
epithelium. All these tubulointerstitial lesions were improved to
some extent after treatment with allopurinol and different doses of
methyl gallate (Figure 1E). In addition, compared to the control
mice, there were significant interstitial fibrous-like changes in the
renal tissue of HN mice. However, methyl gallate were effective in
alleviating these pathological damages, with only mild fibrous-like
changes (Figure 1F).

TABLE 1 | The effects of methyl gallate on serum and urinary levels of uric acid and creatinine, as well as FEUA and BUN in PO-induced HN mice.

Group Dose (mg/kg) SUA (mg/dl) SCr (mg/dl) UUA (mg/dl) UCr (mg/dl) BUN (mg/dl) FEUA

Control PBS 2.45 ± 0.51 0.87 ± 0.08 43.56 ± 4.93 29.45 ± 3.51 30.20 ± 2.83 54.27 ± 11.25
Vehicle PBS 5.89 ± 0.77## 2.35 ± 0.48## 30.68 ± 4.26## 30.83 ± 2.66 51.07 ± 6.87### 40.74 ± 12.22##

AL 5 3.36 ± 0.12** 1.68 ± 0.12** 34.26 ± 3.55 30.43 ± 3.88 42.35 ± 3.22* 57.38 ± 11.09**
MG 20 4.26 ± 0.53* 1.78 ± 0.21* 36.84 ± 4.83* 27.08 ± 3.04 40.02 ± 4.06** 57.57 ± 11.03**
— 40 3.18 ± 0.58** 1.44 ± 0.13*** 40.55 ± 5.12** 26.44 ± 4.29* 36.82 ± 4.47*** 72.22 ± 17.81***

Uric acid, creatinine and urea nitrogen in serum and urine were detected by kits. Al: allopurinol. MG: methyl gallate. Values are expressed as means ± S.D. (n � 10). Statistical differences
were calculated by single-factor ANOVA with Tukey HSD test. Compared with control: #p < 0.05, ##p < 0.01, ###p < 0.001; Compared with vehicle: *p < 0.05, **p < 0.01, ***p < 0.001.

FIGURE 1 | Effect of methyl gallate on PO-induced HN. (A–C) Cytokines such as IL-6 (A), IL-1β (B) and TNF-α (C) in kidney were detected by ELISA kits. (D) The
activity of XOD in liver was detected by referring to the kit instructions. (E,F)HE-staining (E) orMasson staining (F) of kidney frommice in different groups. Scale bar, 100 μm.
a: control; b: vehicle; c: allopurinol (5 mg/kg); d: MG (20 mg/kg); e: MG (40 mg/kg). Values are expressed as means ± S.D. (n � 10). Data were analyzed by single-factor
ANOVA with Tukey HSD test. Compared with control group: ###p < 0.001; Compared with vehicle group: *p < 0.05, **p < 0.01, ***p < 0.001. MG: methyl gallate.
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Effect of Methyl Gallate on NLRP3 Pathway
in Kidney
NLRP3 has been reported to sense a variety of stimuli, ranging
from bacterial toxins, ATP, crystalline structures such as MSU,
silica, and alum (Ghaemi-Oskouie and Shi, 2011; Franklin et al.,
2016). The up-regulated expression of NLRP3, ASC, caspase-1
and IL-1β proteins were observed in HN mice, while methyl
gallate significantly reversed the levels of NLRP3, ASC, IL-1β and
caspase-1 proteins to normal level (Figure 2). These results
suggested that methyl gallate had a definite inhibitory effect
on NLRP3 inflammasome activity in HN.

Methyl Gallate Inhibits NLRP3
Inflammasome Activation in BMDMs by
ROS Pathway
To confirm the mechanism of methyl gallate on inhibiting
NLRP3 inflammasome activation, the present study was first
investigated whether methyl gallate inhibited caspase-1

cleavage and IL-1β secretion in MSU-stimulated BMDMs. It
was observed that methyl gallate treatment blocked MSU-
induced caspase-1 cleavage, secretion of IL-1β and IL-18,
and pyroptosis in BMDMs (Figures 3A–E). Moreover,
methyl gallate was reported to inhibit cytokine-induced
activation of NF-κB (Ding et al., 2021; Zhang et al., 2021).
In consistent with these studies, methyl gallate significantly
inhibits the production of TNF-a in MSU-treated BMDMs
(Figure 3F). These results indicated that methyl gallate
suppressed both NLRP3 inflammasome activation and
related gene expression in MSU-treated BMDMs. It is
known that ROS provides the upstream signaling for MSU
activation of NLRP3 (Gross et al., 2011), it could be inferred
that methyl gallate had an inhibitory effect on ROS
overproduction in MSU-treated BMDMs. Indeed, methyl
gallate decreased the production of ROS by MSU (Figures
3G,H). This result suggested that methyl gallate was a
blocker of the upstream pathway of NLRP3 inflammasome
activation.

FIGURE 2 | Effect of methyl gallate on NLRP3 pathway in renal tissues. (A) Representative western blot analysis of NLRP3, ASC, caspase-1 and IL-1β in renal
tissues of mice in different groups. (B–E)Western blotting analysis of NLRP3, ASC, caspase-1 and IL-1β in renal tissues of mice in different groups. Values are expressed
as means ± S.D. (n � 3). Data were analyzed by single-factor ANOVA with Tukey HSD test. Compared with control group: ###p < 0.001; Compared with vehicle group:
*p < 0.05, **p < 0.01., ***p < 0.001. MG: methyl gallate.
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Methyl Gallate Specifically Inhibits
Activation of NLRP3 by Blocking the
Oligomerization of NLRP3 Inflammasome in
BMDMs
To further confirm the inhibitory effect of methyl gallate on the
activation of inflammasomes, whether methyl gallate could inhibit
the secretion of IL-1β in LPS-primed BMDMs treated with nigericin
was explored. It was found that methyl gallate treatment blocked
nigericin-induced IL-1β secretion but had no effect on the production
of TNF-α (Figures 4A,B). In contrast, when BMDMswere incubated
with methyl gallate for 30min before 3-h LPS treatment, methyl
gallate inhibited the production of TNF-α (Figures 4C,D). These
results further suggested that methyl gallate could suppress the two
signaling events of NLRP3 inflammasome activation.

The noncanonical activation of NLRP3 inflammasome by
intracellular LPS leads to an alternative inflammasome pathway.

We tested the release of interleukin-1β in BMDMs stimulated with
the TLR2/4 agonist Pam3CSK4, and then transfected wild type and
NLRP3 effective cells with LPS. Treatment with methyl gallate
reduced the release of IL-1β in BMDMs cells. Cells lacking NLRP3
showed low or no IL-1β production, confirming the requirement of
NLRP3 for IL-1β release (Figure 4E).

In addition to nigericin, we also studied the effects of other
NLRP3 agonists (including MSU, Alum, and ATP) to understand
whether methyl gallate is a co-inhibitor of NLPR3 inflammasome
(Figure 4F). Similar to nigericin, methyl gallate significantly
blocked these agonists-induced IL-1β secretion. These results
indicated that methyl gallate was a potent and broad inhibitor
for NLRP3 inflammasome activation. Additionally, methyl gallate
had no effect on the activation ofNLRC4 orAIM2 inflammasomes,
which were triggered by salmonella typhimurium infection or poly
A:T transfection, respectively (Figure 4F). Taken together, these
results demonstrated that methyl gallate could specifically inhibit

FIGURE 3 | Methyl gallate inhibits NLRP3 inflammasome activation in BMDMs by ROS pathway (A) Western blot analysis of the inhibitory effects of MG (10 and
50 µM) on cleaved IL-1β, activated caspase-1 (P20) in culture supernatants (SN) and pro-IL-1β, pro-caspase-1 in lysates (Input) of MSU stimulated BMDMs. (B,C) The
inhibitory effects of MG (10 and 50 µM) on IL-1β secretion and LDH release in MSU stimulated BMDMs. (D,E)Western blot analysis of the inhibitory effects of MG (50 µM)
on GSDMD express in MSU stimulated BMDMs. (F) The inhibitory effects of MG (10 and 50 µM) on TNF-α secretion in MSU stimulated LPS-primed BMDMs. (G,H)
The inhibitory effects of MG (50 µM) on ROS production in MSU stimulated BMDMs by ROS assay (G) and ROS staining (H). MG: methyl gallate, Veh: Vehicle, Con:
Control. Data are expressed as mean ± S.D. (n � 6) and are representative of two independent experiments. Statistical differences were calculated by single-factor
ANOVA with Tukey HSD test (B,C,E,F), and unpaired Student’s t-test (G): *p < 0.05, **p < 0.01, ***p < 0.001.
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the activation of NLRP3 inflammasomes and the subsequent
production of IL-1β.

We next used immunoprecipitation (IP) of the NLRP3-ASC
association to study the effect of methyl gallate on the formation
of NLRP3 inflammasome in BMDMs stimulated by LPS/
nigericin. Following the stimulation of LPS and nigericin, ASC
was immunoprecipitated with NLRP3 confirming the oligomer
formation (Figure 4G). Methyl gallate led to a reduction in the
NLRP3-mediated ASC recruitment (Figure 4G, top and bottom).
Using the full-length recombinant human NLRP3 protein, we
next gauged the effect of methyl gallate on the nucleotide binding
domain of NLRP3. Recombinant NLRP3 exhibited ATPase
activity and was inhibited by methyl gallate at 10 and 50 μM
(Figure 4H). In the same assay, MCC950, a known inhibitor of

the NLRP3 inflammasome, was used as a positive control (Coll
et al., 2019). In conclusion, these data suggested that methyl
gallate reduced the release of mature IL-1β by blocking the
oligomerization of NLRP3 inflammasome.

Methyl Gallate Inhibits NLRP3-dependent
Inflammation in vivo
We next examined whether methyl gallate could inhibit NLRP3
inflammasome activation in vivo. As mentioned above, methyl
gallate administration significantly improved PO-induced HN
(including renal function, high uric acid levels and FEUA) in wild
type C57BL/6 mice, but not in Nlrp3−/− mice (Table.2). In
addition, methyl gallate administration significantly improved

FIGURE 4 | Methyl gallate specifically inhibits activation of NLRP3 by blocking the oligomerization of NLRP3 inflammasome in BMDMs. (A,B) BMDMs were
treated with different doses of MG for 0.5 h and then stimulated with LPS for 3 h. After that, the cells were stimulated with nigericin. Medium supernatants (SN) were
analyzed by ELISA for IL-1β and TNF-α release. (C,D) BMDMs were primed with LPS for 3 h and then stimulated with different doses of MG 0.5 h, then the cells were
stimulated with nigericin. SN were analyzed by ELISA for IL-1β and TNF-α release. (E) The release of IL-1β in BMDMs stimulated with the TLR2/4 agonist
Pam3CSK4, and then transfected Wild type and NLRP3 effective cells with LPS. Treatment with MG (10, 50 µM) can reduce the release of IL-1β in BMDMs cells.
Cells lacking NLRP3 showed low or no IL-1β production. (F) ELISA of IL-1β in SN of LPS-primed BMDMs treated with MG (50 µM) and then stimulated with MSU,
nigericin, ATP, Alum, poly A:T and Salmonella. (G) Immunoprecipitation (IP, Up) and analysis (Down, mean ± SEM) of the NLRP3-ASC association in BMDMs cells
stimulated with LPS/nigericin. (H) ATPase activity of recombinant NLRP3 in the presence of MG (n � 3), MCC950 (1 μM) (n � 3). MG: methyl gallate, Veh: Vehicle,
Con: Control. Data are expressed as mean ± S.D. (n � 6). Statistical differences were calculated by single-factor ANOVA with Tukey HSD test (A–D,G,H), and
unpaired Student’s t-test (E,F): *p < 0.05, ***p < 0.001.
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renal histological changes and reduced renal levels of IL-6 and IL-
1β in wild type mice but not in Nlrp3−/− mice in PO-induced HN
(Figures 5A–C). As expected, methyl gallate treatment
significantly reduced TNF-a levels in PO-induced wild type
mice. In particular, methyl gallate treatment further reduced
TNF-a levels in Nlrp3−/− mice (Figure 5D). Thus, these
findings suggested that methyl gallate protected against
inflammation and tissue damage by inhibition of NLRP3
inflammasome.

Methyl Gallate has in vivo Activity on
Cells of Healthy People or Patients With
Gout
The recruitment of neutrophils and tissue infiltration are
hallmarks of the inflammatory response to injury and

infection. Thus, we evaluated the effect of methyl gallate on
PBMCs after LPS and ATP treatment. As expected, methyl
gallate prevented the release of IL-1β (Figure 6A) without
affecting the production of TNF-a in PBMCs (Figure 6B).
Methyl gallate (10 and 50 μM) also reduced caspase-1 activity
in PBMCs (Figure 6C). Therefore, these results suggested that
methyl gallate could prevent the activation of NLRP3 in
human cells.

Finally, we assessed whether methyl gallate could affect the
pre-activated NLRP3 inflammasomes on patient cells with
abnormal NLRP3 activation. As expected, IL-1β secretion
could be detected in the culture supernatant from synovial
fluid cells (SFCs) isolated from two patients with gout
arthritis were cultured in the absence of NLRP3 agonist
stimulation (Figure 6D). However, when these cells were
incubated with methyl gallate (50 μM), IL-1β production

TABLE 2 | The effects of methyl gallate on serum and urinary levels of uric acid and creatinine, as well as FEUA and BUN in PO-induced wt and NLRP3−/− HN mice.

Group Dose (mg/kg) SUA (mg/dl) SCr (mg/dl) UUA (mg/dl) UCr (mg/dl) BUN (mg/dl) FEUA

WT PBS 5.24 ± 0.83 2.63 ± 0.32 31.32 ± 3.89 32.15 ± 3.71 49.52 ± 5.86 39.68 ± 8.02
WT + MG 40 2.67 ± 0.54*** 0.85 ± 0.12*** 45.63 ± 5.32** 27.20 ± 3.95* 31.45 ± 4.06*** 53.66 ± 9.87***
NLRP3−/− PBS 2.45 ± 0.44*** 0.83 ± 0.09*** 44.23 ± 3.87** 30.15 ± 4.80 32.98 ± 3.85*** 55.07 ± 10.14***
NLRP3−/−+MG 40 2.29 ± 0.36a 0.79 ± 0.11a 41.04 ± 4.62a 29.03 ± 3.24a 33.05 ± 4.19a 54.08 ± 9.33a

Uric acid, creatinine and urea nitrogen in serum and urine were detected by kits. MG: methyl gallate. Values are expressed as means ± S.D. (n � 10) Statistical differences were calculated
by single-factor ANOVA with Tukey HSD test. Compared with WT: *p < 0.05, **p < 0.01, ***p < 0.001.
athere was no significant difference compared to NLRP3−/− group.

FIGURE 5 | Effect of methyl gallate dependent on NLRP3 pathway in renal tissues. (A) HE-staining of renal tissues from mice in different groups. (B–D) Cytokines
such as IL-6 (B), IL-1β (C) and TNF-α (D) in renal tissues were detected by ELISA kits. Scale bar, 100 μm. a: WT; b: WT + MG (40 mg/kg); c:NLRP3−/−; d: NLRP3−/− +
MG (40 mg/kg). Values are expressed as means ± S.D. (n � 10). Data were analyzed by single-factor ANOVA with Tukey HSD test. Compared with WT or NLRP3−/−

group: **p < 0.01, ***p < 0.001.
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were reduced by 65 and 40%, respectively (Figure 6D). In
reverse, TNF-α production was unaffected by methyl gallate
treatment (Figure 6E). These results suggested that methyl
gallate could inhibit the pre-activated NLRP3 inflammasome
in patients’ SFCs, supporting the clinical use of methyl gallate
for the control of NLRP3-driven disease.

DISCUSSION

Hyperuricemia refers to the state where the blood uric acid level
of adult men is ≥ 420 μmol·L−1 and the blood uric acid level of
adult women is ≥ 324 μmol·L−1 (Dalbeth et al., 2016).
Hyperuricemia is closely related to the occurrence of HN
and is an important stage in patients with gout (Eleftheriadis
et al., 2017). Recent studies have shown that hyperuricemia is
an important risk factor for gout, hypertension, diabetes,
cardiovascular complications, metabolic syndrome, and
kidney disease (Obermayr et al., 2008; Weiner et al., 2008;
Johnson et al., 2013). More and more evidence indicate that
uric acid-induced inflammation is the core mechanism of
hyperuricemia rodent kidney injury (Wang et al., 2015;
Chen and Lan, 2017), and the NLRP3 pathway may play a
central role in it.

As the incidence of HN has been increasing year by year in
recent years, the situation of finding drugs to treat related
diseases has become increasingly critical. Most of the drugs
available on the market have various adverse effects, such as

hypersensitivity syndrome and nephrotoxicity of allopurinol;
and hepatic and renal toxicity of benzbromarone. (Lee et al.,
2008; Chou et al., 2018). Therefore, the search for an effective
drug with few adverse effects is one of the future directions of
drug development.

In this experiment, we found methyl gallate could
remarkably reduce the uric acid level by inhibit XOD
activity in liver. These studies are consistent with previous
reports (Masuoka et al., 2006; Asnaashari et al., 2014) that
methyl gallate reduced uric acid production by inhibiting XOD
activity. Creatinine and urea nitrogen levels are commonly
used indicators to evaluate renal function. Methyl gallate
could reduce levels of Scr, Ucr and BUN in a dose-
dependent manner. Subsequent pathological section results
showed that methyl gallate could significantly improve
the renal pathological changes (including arteriosclerosis,
glomerulosclerosis and tubulointerstitial fibrosis). These
results above suggest that methyl gallate indeed improve HN.

Patients with hyperuricemia activate the self-inhibited inactive
NLRP3 through MSU as an activation signal that is recognized
and bound by the leucine-rich repeat (LRR) of NLRP3 (Kim et al.,
2015; Wen et al., 2021). Activated NLRP3 recruit’s apoptosis-
associated speck-like protein containing a CARD (ASC) and
caspase-1 to form the NLRP3 inflammasome, which cleaves
IL-1β precursor proteins and generates IL-1β by regulating
caspase-1 activity. At the same time, it induces cell membrane
perforation damage, leading to inflammatory death, which
facilitates IL-1β release and causes inflammation occurrence

FIGURE 6 |Methyl gallate is active for cells from healthy humans or patients with gout. (A,B) ELISA of IL-1β (A) or TNF-α (B) levels in the supernatants from PBMCs
stimulated with LPS and ATP in the presence of concentrations of MG (10 and 50 μM). (C) Caspase-1 activity in human PBMCs following LPS + ATP in the presence of
MG (10 and 50 μM). (D,E) ELISA of IL-1β (D) and TNF-α (E) in supernatants from SFCs isolated from an individual with gout, treated with MG (50 μM) for 20 h. MG:
methyl gallate, Veh: Vehicle, Con: Control. The data are expressed as mean ± S.D. (n � 6) of PBMCs from three healthy donors and the SFCs isolated from two
patients were analyzed. Statistical differences were calculated by single-factor ANOVA with Tukey HSD test (A,B), or 2-way ANOVA (C) with post hoc Sidak test for
multiple comparisons, or unpaired Student’s t-test (D,E). *p < 0.05, ***p < 0.001.
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(Franchi et al., 2009). In this study, we found that methyl
gallate significantly reduced the NLRP3 inflammasome
activation (the protein expression levels of NLRP3, ASC, IL-
1β, and caspase-1).

Additionally, we demonstrated that MG had dual inhibition
of NLRP3 inflammasome activation. As previously reported
(Domanski et al., 2016), firstly, methyl gallate inhibits the
activation of NF-κB and suppresses the production of TNF-
α, an inflammasome-independent cytokine. Secondly, methyl
gallate directly inhibited NLRP3 inflammasome activation to
decrease IL-1β production. Interestingly, our findings showed
that the beneficial effect of methyl gallate on HN was absent in
Nlrp3−/−mice, indicating that the anti-inflammatory activity of
methyl gallate in vivo depended on its inhibition of the NLRP3
inflammasome. These findings showed that methyl gallate
binds directly to NLRP3 and displayed significant anti-
inflammatory activity both in vitro and in vivo, and thus
methyl gallate may have good therapeutic potential for
NLRP3-driven diseases. It is believed that although both
NLRP3 inflammasome components and upstream signaling
events can be targeted, only targeting NLRP3 itself can
specifically block its activation (He et al., 2018). Our results
indicated that although NLRP3-activated upstream signaling
events such as ROS were influenced by methyl gallate
processing, we also found that methyl gallate blocked the
interaction between NLRP3 and ASC, an important step in
NLRP3 inflammasome assembly (He et al., 2016; Shi et al.,
2016). Methyl gallate did not inhibit NLRC4 or AIM2
inflammasome activation, which was consistent with

previous reports indicating that ASC interacted with NLRP3
but not with other inflammasome sensors, such as NLRC4 and
AIM2 (Shi et al., 2016). Thus, our results indicated that methyl
gallate was a classical NLRP3 inhibitor.

Consistent with the results frommouse BMDMs, methyl gallate
significantly reduced ATP-induced robust inflammasome
activation in cultured PBMCs isolated from healthy subjects
and inhibit the pre-activated NLRP3 inflammasome in patients’
SFCs. These results indicated that methyl gallate was a specific
inhibitor of NLRP3 inflammasome activation in rodent and
human innate immune cells.

In conclusion, our research provided a potential new and
practical drug candidate for the treatment of HN, the mechanism
of methyl gallate may involve blocking NLRP3 activation
(Figure 7).
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Targeting MyD88 Downregulates
Inflammatory Mediators and
Pathogenic Processes in PBMC From
DMARDs-Naïve Rheumatoid Arthritis
Patients
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MyD88-dependent intracellular signalling cascades and subsequently NF-kappaB-
mediated transcription lead to the dynamic inflammatory processes underlying the
pathogenesis of rheumatoid arthritis (RA) and related autoimmune diseases. This study
aimed to identify the effect of the MyD88 dimerization inhibitor, ST2825, as a modulator of
pathogenic gene expression signatures and systemic inflammation in disease-modifying
antirheumatic drugs (DMARDs)-naïve RA patients. We analyzed bulk RNA-seq from
peripheral blood mononuclear cells (PBMC) in DMARDs-naïve RA patients after
stimulation with LPS and IL-1β. The transcriptional profiles of ST2825-treated PBMC
were analyzed to identify its therapeutic potential. Ingenuity Pathway Analysis was
implemented to identify downregulated pathogenic processes. Our analysis revealed
631 differentially expressed genes between DMARDs-naïve RA patients before and
after ST2825 treatment. ST2825-treated RA PBMC exhibited a gene expression
signature similar to that of healthy controls PBMC by downregulating the expression of
proinflammatory cytokines, chemokines and matrix metalloproteases. In addition, B cell
receptor, IL-17 and IL-15 signalling were critically downregulated pathways by ST2825.
Furthermore, we identified eight genes (MMP9, CXCL9, MZB1, FUT7, TGM2, IGLV1-51,
LINC01010, and CDK1) involved in pathogenic processes that ST2825 can potentially
inhibit in distinct cell types within the RA synovium. Overall, our findings indicate that
targeting MyD88 effectively downregulates systemic inflammatory mediators and
modulates the pathogenic processes in PBMC from DMARDs-naïve RA patients.
ST2825 could also potentially inhibit upregulated genes in the RA synovium,
preventing synovitis and joint degeneration.
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INTRODUCTION

Rheumatoid arthritis (RA) is an autoimmune, inflammatory-
chronic and systemic disease of multifactorial etiology. The
presence of circulating autoantibodies and increased
production of inflammatory mediators are the most important
immunological changes in RA. Inflammatory mediators play an
essential role in the joint pathology of RA by promoting synovitis,
articular cartilage degeneration and bone loss. These critical
mediators include the tumor necrosis factor (TNF)-α,
interleukin (IL)-1β, and IL-6 (Aletaha and Smolen, 2018;
Smolen et al., 2018). In order to mitigate the joint damage
caused by systemic inflammation in RA patients, chemical and
biological therapies directed against these crucial cytokines have
been established. The development of biological disease-
modifying antirheumatic drugs (DMARDs), including anti-
TNF, anti-IL-1 and anti-IL-6 antibodies, have contributed to
ameliorating patients’ disease status and delaying the RA
progression (Brzustewicz and Bryl, 2015). However, a
significant proportion of RA patients fail to show the desired
response to the biological DMARDs, highlighting the need to
develop additional therapeutics (Aletaha, 2020).

The proinflammatory cytokine IL-1β, is among the critical
mediators of inflammatory damage in RA. It exerts its activity via
interaction with its receptors (IL-1R), which subsequently leads to
the presentation of an intracellular Toll-IL-1-receptor (TIR)
domain and activation of downstream signalling cascades that
converge into large scale transcriptomic changes (Migliorini et al.,
2020; Haque et al., 2021). Myeloid Differentiation Primary
Response 88 (Myd88) is a significant constituent of the
signalling cascade downstream of IL-1β-IL-1R interaction,
which ultimately converges with the canonical NF-κB
signalling pathway leading to the further amplification of the
inflammatory mediator production in RA (Avbelj et al., 2011;
Chen et al., 2020). Another important proinflammatory promoter
is the bacterial lipopolysaccharide (LPS), which activates MyD88-
dependent intracellular signalling cascades and, subsequently
NF-κB-mediated transcription, leading to the activation of
inflammatory processes underlying RA (Balka and De Nardo,
2019).

Targeting MyD88 by the effect of the synthetic chemical
compound ST2825 has shown a significant decrease in the
production of proinflammatory cytokines such as IL-1β, IL-6,
TNF-α and IL-12 after LPS stimulation in macrophages (Long
et al., 2018), kidney epithelial cells (Qi et al., 2016) and PBMC
from healthy subjects (Ramírez-Pérez et al., 2020). The precise
ST2825 mechanism-of-action for inhibiting MyD88 is mediated
by interfering with homo-oligomerization of BB loop in the
MyD88 TIR domain and thereby affecting its dimerization and
downstream signalling activation (Loiarro et al., 2007; Loiarro
et al., 2013; Chen et al., 2020). In addition, different studies have
reported that ST2825 leads to a decrease in the recruitment and
activation of IRAK1, IRAK4, TRAF6, IKK complex, p-BTK,
p-IκB, NF-κB (p65) and HIF-1α, factors involved in the
activation of inflammatory processes (Qi et al., 2016; Yao
et al., 2016; Yang et al., 2018; Wang et al., 2019). Together,
these studies suggest that inhibition of MyD88 is a potential RA

therapeutic strategy. We, therefore, initiated this study to obtain
an indepth understanding of the effect of MyD88 inhibition by
ST2825 on systemic inflammation generated by the peripheral
blood mononuclear cells (PBMC) from RA patients. In order to
decipher the effect of MyD88 inhibition independent of
DMARDs, we performed our studies on DMARDs-naïve RA
patients. Dysregulated pathways and the expression of genes
involved in inflammation were evaluated by performing a
transcriptomic analysis of healthy and RA PBMC sensitized to
various proinflammatory stimuli. We thus identified the MyD88-
dependent immunopathological gene expression signature that is
downregulated by its specific inhibitor ST2825. Our studies on
DMARDs-naïve patients might provide invaluable information
on transcriptional changes that contribute to identifying specific
immunopathological pathways implicated in the presentation
and progression of RA.

MATERIALS AND METHODS

Study Design
We aimed to identify inflammatory mediators and fundamental
signalling pathways in RA, which cause sustained inflammation
after stimulation with important mitogens and proinflammatory
cytokines such as LPS and IL-1β. The potential effect of ST2825 as
an inhibitor of MyD88-dependent inflammatory mechanisms
could represent a critical strategy to modulate the
inflammatory process in RA. Our working hypothesis is that
the chemical molecule ST2825 inhibits the signalling pathways
mediated by the activation of peripheral blood mononuclear cells
(PBMC) stimulated with bacterial lipopolysaccharides (LPS) and
recombinant human IL-1β (hrIL-1β) in treatment-naïve RA
patients.

Reagents
LPS from Escherichia coli (CAT-L-2880, SIGMA®), Recombinant
Human IL-1 beta/IL-1F2 Protein (201-LB-005, R&D Systems®),
and ST2825 Inhibitor of MyD88 dimerization (Cat. No. A3840,
APExBIO) were used for PBMC stimulation. All reagents were
reconstituted according to the manufacturer’s instructions.

PBMC and Cell Culture
PBMC samples from DMARDs-naïve RA patients and healthy
subjects were purchased from STEMCELL Technologies Inc. and
Precision For Medicine Inc. (Supplementary Table S1). Frozen
PBMC were thaw according to STEMCELL Technologies
instructions. PBMC were cultured in 6-well plates after the
density adjustment at 1×106 cells/mL (final volume of
2000 μL). A serum-free system was implemented for PBMC
culturing by using X-VIVO™ 15 Hematopoietic Serum-Free
Culture Media (Lonza) supplemented with 1% penicillin/
streptomycin. PBMC were cultured for 48 h before
stimulation. Subsequently, PBMC stimulation was performed
by adding LPS (30 ng/ml), LPS (30 ng/ml) plus ST2825
(30 μM), rhIL-1β (10 ng/ml), rhIL-1β (10 ng/ml) plus ST2825
(30 μM) or ST2825 (30 μM). Unstimulated PBMC were taken as
the control group. The MyD88 inhibitor ST2825 was added to the
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corresponding well 30 min before stimulation with LPS or rhIL-
1β. A treatment concentration of 30 μM ST2825 was chosen
based on our previous study in healthy PBMC (Ramírez-Pérez
et al., 2020). Experiments were done in duplicates, and PBMC
were incubated for 24 h at 37°C in a humidified 5% CO2

atmosphere.

Bulk RNA Sequencing
PBMC were collected 24 h after stimulation, and total RNA was
extracted and purified using Direct-zol RNA MicroPrep (Zymo
Research) following manufacturers’ protocol. RNA quality and
quantity were assessed using a 2100 Bioanalyzer (Agilent
Technologies). Only samples with an RNA integrity number
(RIN) > 7 were used. Libraries were generated from 250 ng
RNA using TruSeq Stranded Total RNA Sample Prep Kit
(Illumina). Sequencing was carried out using the NovaSeq
6000 system (Novogene UC Davis Sequencing Center,
Novogene Corporation Inc.). FASTQ files from these samples
were uploaded in Strand NGS software (version 4.0) for analysis
(Supplementary Table S3). Paired-end reads were mapped to the
hg19 human genome assembly. RNA levels were normalized
using DESeq. The lower cut-off for RNA levels was � 2
NRPKM (normalized reads per kilobase of exon model per
million mapped sequence).

Bioinformatics Analysis of RNA Sequencing
Data
Differentially expressed (DE) genes were identified through
Strand NGS software (version 4.0). QIAGEN Ingenuity
Pathway Analysis (IPA) was used to identify canonical
pathways, upstream regulators, predicted diseases and
functions dysregulated between different conditions in our
study. Data visualization and DE analysis was performed in
GraphPad Prism version 9. Networks of relevant DE genes
were identified and analyzed in STRING version 11.5 and
Cytoscape version 3.8.2. For bulk RNA-seq data analysis from
the Accelerating Medicines Partnership (AMP) (Zhang et al.,
2019), synovial tissue was obtained from 14 OA, 17 leukocyte-
poor RA and 18 leukocyte-rich RA, synovial cell populations were
sorted by flow cytometry. RNA-seq from AMP was performed on
sorted cells using the following surface markers: CD45−

Podoplanin+ for fibroblasts, CD45+ CD14+ for monocytes,
CD45+ CD3+ for T cells, and CD45+ CD3− CD19+ for B cells;
data were visualized using Immunogenomics.io.

Statistical Analysis
Differential gene expression changes in RNA-seq were calculated
by Audic Claverie test and Benjamini-Hochberg false discovery
rate (FDR) for multiple testing corrections. Hierarchical cluster
analysis of biological replicates was performed on normalized
intensity values from RNA sequenced samples; similarities were
determine by using Euclidean distance measure and Wards
methods. For bulk RNA-seq data analysis from the
Accelerating Medicines Partnership (AMP) Kruskal–Wallis test
was performed to observe differences among groups. The p-value
cut-off was set at 0.05.

RESULTS

Identification of Gene Expression
Signatures and Distinct Canonical
Pathways in DMARDs-Naïve RA Patients
In order to identify critical gene expression signatures in
PBMC from DMARDs-naïve RA patients, differential
expression analysis was performed (Figure 1A,
Supplementary Figure S1A). We identified 796
differentially expressed (DE) genes by 2-fold change (p <
0.05) between RA patients and healthy subjects. The
analysis showed 180 downregulated and 616 upregulated
genes. Upregulated genes are exemplified in the heatmap
(Figure 1B) and the top 5 pathways associated with the
upregulated genes identified by IPA analysis are shown in
Figure 1C. Interestingly, granulocyte adhesion, phagosome
formation, IL-8 signalling, osteoarthritis pathway and
neuroinflammation were important pathways associated
with DMARDs-naïve RA patients. Furthermore, DE genes
were used to identify IPA-predicted disease associations and
functions upregulated in DMARDs-naïve RA patients
compared with healthy subjects (Figure 1D) and as
expected the top 5 IPA-predicted disease associations
related to the upregulated genes were directly associated
with RA or rheumatic disease processes, which fortify the
successful characterization of samples used for this study.

MyD88 Inhibition Significantly Modulates
Gene Expression and Pathogenic Features
in PBMC From DMARDs-Naïve RA Patients
To address specific MyD88 dimerization inhibition, we took
advantage of the synthetic chemical compound ST2825, which
has previously been reported in several cell studies to
downregulate important MyD88-dependent inflammatory
signalling pathways. PBMC from DMARDs-naïve RA patients
were treated with ST2825, and DE genes were identified.
Hierarchical cluster analysis of normalized gene expression
from DMARDs-naïve RA after ST2825 treatment is shown in
Supplementary Figures S3A–B. Our analysis revealed 631 DE
genes between DMARDs-naïve RA patients before and after
ST2825 treatment (Figure 2A). The most interesting finding
we observed from this analysis was that ST2825-treated RA
PBMC exerted a gene expression signature similar to that
observed in healthy controls by downregulating the expression
of several genes such as C1QA (Complement C1q subcomponent
subunit A), C2 (Complement C2), CR1 (Complement receptor
type 1), CCL22 (C-C motif chemokine 22), CX3CR1 (CX3C
chemokine receptor 1), and CXCL9 (C-X-C motif chemokine
9). However, ST2825 treatment did not completely normalize RA
expression values to the levels seen in healthy control PBMC,
where several upregulated genes were downregulated by the effect
of MyD88 inhibition. Another exciting finding was attributed to
the top 5 downregulated IPA-predicted disease associations in
PBMC from DMARDs-naïve RA patients by the effect of ST2825
(Figure 2B), where systemic autoimmune syndrome, rheumatic
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disease, joint inflammation, and rheumatoid arthritis were
significantly inhibited. These results strongly suggest that
ST2825 successfully modulates crucial pathogenic hallmarks of
RA. We next performed an in silico upstream regulatory analysis
to identify the main upstream regulators of those upregulated
genes in DMARDs-naïve RA patients vs. healthy controls. Our
analysis found that 34 upregulated genes from DMARDs-naïve
RA patients were predicted to be activated by MyD88 (z-score �
5.384; p-value � 1.23E-16), which we referred to as MyD88-
dependent genes (Figure 2C) (Interaction confidence � 0.9; PPI

enrichment p-value < 1.1E-13). To determine the effectiveness of
ST2825 in reverting the inflammatory transcriptome of the RA
PBMC, we compared the top 30 genes that were downregulated
by ST2825 in RA PBMC (Figure 2D). The analysis indeed
revealed that ST2825 reverted the expression of different
transcription factor subunits, receptors, and enzymes involved
in inflammatory pathways to levels similar in healthy PBMC.
These included MMP9 (Matrix metalloproteinase-9), FOS (Fos
proto-oncogene), ALDH1A1 (Aldehyde Dehydrogenase 1 Family
Member A1), SPP1 (Secreted Phosphoprotein 1), CTSK

FIGURE 1 | Identification of upregulated genes and canonical pathways in DMARDs-naïve RA patients. (A) Volcano plot shows differentially expressed genes
between unstimulated PBMC from healthy subjects vs. DMARDs-naïve RA patients (RA). Downregulated genes are shown on the left hand (doted blue line represents 2-
fold change) and upregulated genes are shown on the right hand (doted red line represents 2-fold change) of the volcano plot. Grey line represents cut-off of p-value �
0.05. (B) Upregulated genes from healthy subjects vs. RA were included in the heatmap (averaged expression patterns of biological replicates are shown). (C) Top
10 canonical pathways and (D) top 5 of IPA-predicted disease associations were identified from upregulated genes between healthy subjects and DMARDs-naïve RA
PBMC.
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(Cathepsin K), NLRC4 (NLR family CARD domain-containing
protein 4), and MARCO (Macrophage Receptor With
Collagenous Structure). Downregulated genes by effect of
ST2825 are mainly expressed by classical, non-classical and
intermediate monocytes, as well as myeloid and plasmacytoid

dendritic cells (DCs). In addition, other PBMCs such as natural
killer (NK), T and B cells are able to express these genes as well.
Principal component analysis (PCA) of the gene expression data
from DMARDs-naïve RA patients shows that ST2825 treatment
clustered similarly in principal component space. Therefore,

FIGURE 2 |MyD88 inhibition by ST2825 downregulates critical molecules and IPA-predicted disease associations in PBMC from DMARDs-naïve RA patients. (A)
Transcriptomic signatures from healthy subjects, RA and RAPBMC treated with ST2825 are shown in the heatmap (averaged expression patterns of biological replicates
are shown). (B) MyD88-predicted target gene network was identified from upregulated genes expressed in RA PBMC vs. healthy subjects. (C) Top 5 of IPA-predicted
disease associations were determined based on downregulated genes by effect of ST2825. (D) Top 30 downregulated genes by effect of ST2825 involved in the
inflammatory response are illustrated in the heatmap (averaged expression patterns of biological replicates are shown).
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these data demonstrate a similar molecular signature of gene
expression after MyD88 inhibition (Supplementary Figure
S1A). Canonical pathway analysis of genes downregulated by
ST2825 identified IL-15 signalling, B cell receptor signalling,
communication between innate and adaptive immune cells,
dendritic cell maturation, and complement system activation
as the targets of ST2825 (Supplementary Figure S1B).
Together, these data show that inhibition of MyD88 has
the potential to mitigate and, to some extent, revert
multiple critical pathogenic features that drive RA
pathogenesis.

TargetingMyD88 Effectively Downregulates
Inflammatory Gene Expression Signatures
and Pathogenic Processes in
LPS-Stimulated PBMC From
DMARDs-Naïve RA Patients
Since RA PBMCs are constantly under the influence of
proinflammatory mediators, we wanted to determine if MyD88
inhibition has the potential to inhibit the deleterious effects of LPS
stimulation. Hierarchical cluster analysis of normalized expression
from DMARDs-naïve RA LPS-stimulated PBMC treated with

FIGURE 3 |MyD88 inhibition by ST2825 downregulates key inflammatory mediators and pathogenic processes in LPS-stimulated PBMC from DMARDs-naïve RA
patients. (A) Transcriptomic signatures from RA PBMC and RA LPS-stimulated PBMC are presented in the heatmap (averaged expression patterns of biological
replicates are shown). (B)MyD88-predicted target gene network was identified from upregulated genes expressed in RA PBMC vs. RA LPS-stimulated PBMC. (C) Top
20 downregulated inflammatory mediators by effect of ST2825 are illustrated in the heatmap (averaged expression patterns of biological replicates are shown). (D)
Top 10 downregulated pathogenic processes were determined based on downregulated genes by effect of ST2825.
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ST2825 is shown in Supplementary Figures S3C,D. As expected,
LPS induced 950 DE genes; 454 downregulated genes and 496
upregulated genes were identified on LPS-stimulated PBMC
compared with unstimulated cells from DMARDs-naïve RA
patients. Upregulated genes are presented in Figure 3A. A
subsequent analysis established the top 10 upregulated canonical
pathways by the effect of LPS; granulocyte adhesion and diapedesis,
IL-17 signalling, TREM1 signalling, and tumor microenvironment
were observed in our study (Supplementary Figure S2A).
Upstream regulatory analysis indeed predicted that 60 of the

LPS upregulated genes were downstream targets of MyD88. The
protein interaction network predicted for these 60 MyD88-
dependent genes is illustrated in Figure 3B at an Interaction
confidence � 0.900; PPI enrichment p-value < 1.0E-16. We next
evaluated the effect of ST2825 on LPS-stimulated PBMC. We
identified 471 DE genes between LPS-stimulated RA PBMC and
LPS-stimulated RA PBMC treated with ST2825. The analysis also
showed 121 up and 350 downregulated genes. The most relevant
finding was the downregulation of crucial inflammatory mediators
such as proinflammatory cytokines, chemokines, and matrix

FIGURE 4 | MyD88 inhibition by ST2825 downregulates key inflammatory mediators and pathogenic processes in IL-1β-stimulated PBMC from DMARDs-naïve
RA patients. (A) Transcriptomic signatures from RA PBMC and RA IL-1β-stimulated PBMC are presented in the heatmap (averaged expression patterns of biological
replicates are shown). (B)MyD88-predicted target gene network was identified from upregulated genes expressed in RA PBMC vs. RA IL-1β-stimulated PBMC. (C) Top
20 downregulated inflammatory mediators by effect of ST2825 are exemplified in the heatmap (averaged expression patterns of biological replicates are shown).
(D) Top 10 downregulated pathogenic processes were determined based on downregulated genes by effect of ST2825.
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metalloproteinases (MMP) by the effect of ST2825 (Figure 3C).
Of importance, several MyD88-dependent genes such as the
cytokines IL6, IL1A, IL1B, PTGS2, chemokines CXCL1, CCL2,
matrix-degrading enzymes MMP14, MMP9, and complement
C3 were downregulated by ST2825. The significantly
downregulated processes (-3 to -6 z-scores) were associated
with (Figure 3D) migration of cells, inflammatory response,
leucocyte migration, adhesion of immune cells, and recruitment

of leukocytes. Canonical pathway analysis further supported
these findings by revealing that B cell receptor, IL-15 and IL-17
signalling were critically downregulated pathways by the effect
of ST2825 (Supplementary Figure S2B). Together, these
findings suggest that ST2825 effectively downregulates
MyD88-dependent gene expression and pathogenic processes
orchestrated by the effect of LPS in PBMC fromDMARDs-naïve
RA patients.

FIGURE 5 | RNA-seq comparison reveals that highly expressed genes in RA synovium could be potentially downregulated by ST2825. (A) Venn diagram shows
overlap among all sets of downregulated genes from RA PBMC (red), RA LPS-stimulated PBMC (yellow), and RA IL-1β-stimulated PBMC (green) after treatment with
ST2825. (B) Eight common downregulated genes by effect of ST2825 identified from RA PBMC were highly expressed by different cell types in the synovium of
leukocyte-rich RA (orange), leukocyte-poor RA (tan) and OA (purple) patients.

Frontiers in Pharmacology | www.frontiersin.org December 2021 | Volume 12 | Article 8002208

Ramirez-Perez et al. Targeting MyD88 in Rheumatoid Arthritis

40

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


ST2825 Downregulates IL-1β-Dependent
Inflammatory Response in PBMC From
DMARDs-Naïve RA Patients
Since IL-1β is an important cytokine capable of activating
pathogenic mechanisms upstream of MyD88 in RA, we asked
whether ST2825 effectively inhibits the pathological gene
expression induced by IL-1β on DMARDs-naïve RA PBMC.
Hierarchical cluster analysis of normalized expression from
DMARDs-naïve RA IL-1β-stimulated PBMC treated with
ST2825 is shown in Supplementary Figures S3E,F. IL-1β-
stimulation resulted in 375 DE genes. Heatmap illustrates gene
expression signatures from 222 upregulated genes by the effect of
IL-1β (Figure 4A). The main upregulated canonical pathways
associated with the upregulated gene signature were granulocyte
adhesion and diapedesis, IL-17 signalling in psoriasis and RA,
and pattern recognition receptor signalling (Supplementary
Figure S2C). Besides, analysis of upstream regulators
predicted twenty-four IL-1β target genes to be MyD88-
dependent (z-score � 4.786, p-value � 9.33E-20), and were
predicted to form an interactive protein network at a high
degree of statistical confidence (Figure 4B, confidence � 0.900
and a PPI enrichment p-value < 1.0E-16). Similar to the LPS
treatment, heatmap analysis revealed that ST2825 was at least
partially successful in reverting the IL-1β-induced transcriptomic
changes to be comparable to healthy PBMC (Figure 4C). The
global inhibitory effect of ST2825 was evident from the
downregulated processes (Figure 4D), which included: cell
movement, activation of cells, inflammatory response,
leucocyte migration, endocytosis, and activation of phagocytes.
In addition, IL-15 signalling, B cell receptor signalling,
granulocyte adhesion and diapedesis, and the role of
macrophages, fibroblasts and endothelial cells in RA were the
main downregulated canonical pathways identified in this study
(Supplementary Figure S2D). Overall, our observations suggest
that dimerization inhibition of MyD88 is an effective target for
downregulating the IL-1β-dependent inflammatory response in
PBMC from DMARDs-naïve RA patients.

Targeting MyD88 Could Potentially Inhibit
Upregulated Genes in the RA Synovium
The in vivo inflammatory environment constitutes multiple types
of inflammatory mediators that feed forward on to the MyD88
and NF-κB pathways and their targets. We, therefore,
hypothesized that the most clinically relevant targets of
ST2825 could overlap between the LPS and IL-1β. By
overlapping the genes downregulated by ST2825 among
different treatment conditions tested in this study we
identified 40 common genes (Figure 5A, Supplementary
Table S2). Since, joint degeneration and synovitis are a major
part of RA pathology, we asked whether the 40 common ST2825
target genes could also play a role in the RA synovium. Taking
advantage of a published RNA-seq data set from synovial tissue
cells freshly sorted from RA and OA patients (Zhang et al., 2019),
we found that eight of the 40 common ST2825 target genes were
highly expressed in the inflammatory leukocyte-rich RA

compared to the OA synovium (Figure 5B). It is relevant to
highlight that some genes such asMMP9 and CXCL9 essential for
maintaining and promoting inflammatory and pathogenic
processes in RA were upregulated in fibroblasts and
monocytes from the inflammatory leukocyte-rich RA
synovium. We also identified six genes that are highly
expressed in the various cell types of the inflamed synovium
for which a specific role has not yet been attributed in the context
of RA; MZB1 (Marginal zone B and B1 cell-specific protein),
FUT7 (Fucosyltransferase 7), TGM2 (Transglutaminase 2),
IGLV1-51 (Immunoglobulin Lambda Variable 1–51),
LINC01010 (Long Intergenic Non-Protein Coding RNA 1010),
and CDK1 (cyclin-dependent kinase 1). Overall, our findings
suggest that targeting MyD88 not only effectively downregulates
known systemic inflammatory mediators but also could
potentially inhibit upregulated genes in the RA synovium,
preventing synovitis and joint degeneration.

DISCUSSION

Genome wide studies represent the most powerful and valuable
tools to identify global transcriptional changes and dysregulated
biological processes in RA. These approaches have allowed
molecular stratification of RA patients and resulted in the
identification of novel therapeutic targets (Teixeira et al., 2009;
Shchetynsky et al., 2017; Lewis et al., 2019; Lee et al., 2020).
However, an important limitation of these studies has been the
sample variability in terms of differences in the administration of
DMARDs. This limitation may have affected the gene expression
signatures and interfered with the interpretation of the
fundamental role of some genes in RA pathogenesis. Only a
few studies have considered the analysis of treatment-naïve RA
patients to identify gene expression signatures in response to
treatment and to characterize better the RA transcriptional
profiles obtaining insightful results (Shchetynsky et al., 2017;
Boutet et al., 2021; Wang et al., 2021).

In this study, we performed RNA-seq analysis from DMARDs-
naïve RA patients to decipher the effect of MyD88 inhibition
independent on the impact of DMARDs. Due to the large number
of genes overexpressed in our data set, the presentation of single
genes was unsuitable. Instead, to get a functional overview and
integration of the complex gene expression changes, we showed a
global view of DE gene signatures and focused on pathways
associated with those overexpressed genes. Despite the potential
differences in the percentages of various cell types between the
PBMC, the differentially expressed genes from healthy PBMC, RA
PBMC and the PBMC under various treatments clustered together
into their respective groups suggesting that our sample sets are
representative of their treatment group or condition. As expected,
the upregulated IPA-predicted disease associations in our study
related to rheumatic disease, systemic autoimmune disorder,
invasive tumor, psoriasis, and inflammation of joint were
consistent pathogenic hallmarks in RA. Known canonical
pathways in RA such as chemoattraction promoted by IL-8/
CXCL8 signalling, granulocyte adhesion and diapedesis of
immune cells, and high expression of degrading enzymes and
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growth factors in the osteoarthritis pathway were observed. We
identified the neuroinflammation pathway as a primary mediator
of pain in RA (Fuggle et al., 2014; Süß et al., 2020). In addition, the
Aryl hydrocarbon receptor, known as Th17 cell differentiation
promoter (Nakahama et al., 2011; Talbot et al., 2018), and TREM1
signalling involved in systemic and local inflammatory process
activation (Kuai et al., 2009; Peng et al., 2019; Inanc et al., 2021),
were also processes identified to be associated with the DMARDs-
naïve RA PBMC. Based on our previous findings of the role of
ST2825 in downregulating the release of proinflammatory
cytokines in PBMC from healthy subjects (Ramírez-Pérez et al.,
2020); we tested whether this chemical compound could modulate
gene expression signatures and canonical pathways on PBMC from
RA patients. Our findings indicate that ST2825 downregulates an
enormous number of genes that are increased in RA patients
compared with healthy subjects. Indeed, the genes downregulated
by MyD88 inhibition were consistent with the IPA-predicted
disease associations directly related to RA, such as systemic
autoimmune syndrome, rheumatic disease, inflammation of
joint, and rheumatoid arthritis. Both innate and adaptive
immune responses were inhibited by ST2585.

The vital role of IL-17 in maintaining and promoting
destructive processes in RA has been widely described (Tang
et al., 2020; Miossec, 2021); however, only a few studies have
explored the central role of MyD88 signalling in IL-17-driven
inflammatory arthritis. In this regard, Abdollahi-Roodsaz et al.
reported that IL-17 production and pathogenic changes such as
joint swelling, inflammation and cartilage degeneration were
significantly reduced in a MyD88 knockout mice model of
inflammatory arthritis (Abdollahi-Roodsaz et al., 2012).
Furthermore, MyD88 knockout also resulted in the
downregulation of B cell signalling pathways and decreased
production of autoantibodies. Other studies reported that the
inhibition of MyD88 dimerization by ST2825 blocked the
induction of plasma cell differentiation and antibody production
from the PBMC of systemic lupus erythematosus (SLE) patients
(Capolunghi et al., 2010). In corroboration with previous reports,
we here showed that ST2825-mediated inhibition of MyD88 in
PBMC also resulted in the downregulation of IL-17 signalling,
antibody production, plasma cell activation and Th17 cell
differentiation pathways. Indeed, our previous report suggested
that ST2825 can decrease the secretion of IL-17A in PBMC from
healthy donors; however, the results were not statistically
significant (Ramírez-Pérez et al., 2020). Thus, we speculate that
ST2825-mediated MyD88 inhibition could prevent the adverse
effects of IL-17 signalling on RA PBMC; in parallel, we propose
that future studies should be focused on identifying ST2825-
mediated effects on Th17 cells from RA patients.

Critical canonical pathways typical for granulocytes,
fibroblasts and endothelial cells in RA were downregulated on
RA PBMC treated with ST2825. In support of this observation, a
recent study identified a specific set of genes in blood samples
from RA patients related to cartilage morphogenesis,
endochondral bone growth and extracellular matrix
organization. The authors concluded that those processes were
observed due to the presence the presence of circulating
preinflammatory mesenchymal (PRIME) cells in blood samples

predicting flares in RA patients (Orange et al., 2020). It is also
worth noting that PBMC are obtained by density centrifugation.
On this matter, neutrophils are usually localized on the top of the
erythrocyte pellet; however, in autoimmune diseases, a particular
neutrophil population known as low-density granulocyte has been
described (Carmona-Rivera and Kaplan, 2013; Wright et al., 2017;
Ostendorf et al., 2019). This portion of low-density granulocyte is
generally co-purified with the PBMC. We are not able to
corroborate that those populations are present in our samples
since we did not perform immune phenotyping; nevertheless, those
previously reported findings may explain the identification of
typical pathways for granulocyte adhesion and diapedesis,
fibroblasts, or endothelial cells in PBMC samples.

MyD88 has also shown promising results by downregulating
cytokines and chemokines and modulating LPS-induced
mechanical hyperalgesia in the joint (Guerrero et al., 2016).
Several large-scale transcriptomic changes have been identified
in different joint-resident cell types under IL-1β stimulation (Gao
et al., 2021; Haque et al., 2021). For this reason, inhibition of IL-1β
and LPS signalling pathways is imperative. Our study identified
overlapping of downregulated genes by the effect of ST2825 under
distinct inflammatory conditions: 1) RA PBMC, LPS-stimulated
RA PBMC, and 3) IL-1β-stimulated RA PBMC, where 461, 350
and 263 genes were significantly downregulated, respectively.

Our analysis revealed 40 commonly downregulated genes among
conditions. We took advantage of an RNA-seq published data set
from the Accelerating Medicines Partnership Rheumatoid Arthritis
(RA) Phase I project (Zhang et al., 2019) to identify whether these
genes may play a role in T and B cells, monocytes, and fibroblasts
from RA synovium and shot listed 8 MyD88 target genes with
potential roles in RA synovium. One of the shot listed genesMMP9,
is known to be highly expressed in synovial fibroblasts in RA with
therapeutic potential (Gossage et al., 2018; Shatunova et al., 2020).
CXCL9was significantly overexpressed in fibroblasts andmonocytes
from the RA synovium and according to previous reports, its
knockdown by exosomes containing miR-320a suppressed the
activation, migration, and invasion of RA-FLS and decreased the
arthritis index and inflammatory score in the CIAmodel (Meng and
Qiu, 2020). We found that MZB1 was highly upregulated in T cells
and monocytes from leukocyte-rich RA synovium compared with
OA. Although the role of MZB1 in RA is yet to be clarified; its
previously described role in SLE during the maintenance of splenic
marginal zone B cells, plasma cells and autoantibody production
(Miyagawa-Hayashino et al., 2018), suggest this molecule could play
a central role in maintaining ectopic lymphoid structures, in the RA
synovium. Fucosyltransferase 7 is (FUT7) is yet another MyD88
common target that was significantly increased in monocytes from
RA synovial tissue. Zhang et al. showed that FUT7might play a role
in inducingmonocyte-endothelial adhesion, promoting atherosclerosis
progression (Zhang et al., 2018), and FUT7 knockdown inhibited cell
proliferation, migration, and invasion in metastatic follicular thyroid
carcinoma cell lines (Qin et al., 2020). We, therefore, predict that
FUT7may play a role in the proliferation, migration, and invasion of
synovial fibroblasts and monocyte infiltration.

The other MyD88 target genes that were upregulated in RA
synovium were TGM2 (Transglutaminase 2), CDK1 (Cyclin-
dependent kinase 1), IGLV1-51 (Immunoglobulin lambda
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variable 1–51) and LINC01010 (long-non coding RNA
LINC01010). In support of a role for TGM2 in RA, its
knockdown resulted in a reduction of cartilage degradation
and invadopodia formation in CIA model (Lauzier et al.,
2012). Interestingly, high expression of CDK1 positively
correlated with interferon type 1 (IFN-1) serum levels and
presence of anti-citrullinated protein antibodies (ACPA),
which suggests a possible pathogenic role for CDK1 in RA
(Fattah et al., 2020). Finally, the roles of IGLV1-51 and
LINC01010 in RA are yet to be defined.

Some limitations in our study were sample size sequencing;
future studies must consider evaluation of a greater number of
DMARDs-naïve RA patients in order to obtain a more robust
estimation of ST2825 effects. The treatment of the patients in our
data set with other non-DMARDs drugs could be an important
variable as well. Our study did not take into consideration the
disease stage or disease activity, which are relevant clinical variables
in RA. Another limitation of the study is that the bulk RNA-
sequencing of the unsorted PBMC population does not reveal the
identity of the cell type that is most responsive to ST2825 treatment
since immune phenotyping was not performed. The differential
percentages of CD4+ T cells, CD8+ T cells, B cells, classical,
intermediate, and non-classical monocytes, DCs, NK cells could
potentially dictate the response to ST2825 in each individual
patient. Therefore, future studies must consider the analysis of
single-cell RNA sequencing to decipher whether specific immune
cell populations contribute to the downregulation of inflammatory
mediators and pathogenic processes observed in this study. Finally,
although our analysis in silico revealed distinct genes that might be
downregulated by ST2825 in the inflamed synovium of RA
patients, this analysis might not represent the biological
response of stromal and immune cells within the joint and
further analysis should be carried out to corroborate these findings.

In summary, our study provides comprehensive evidence
supporting the potential application of the MyD88 inhibitor,
ST2825, as a modulator of systemic inflammatory processes in
PBMC from DMARDs-naïve RA patients. Our indepth analysis
of RNA-seq data will serve as a valuable resource containing the
inflammatory gene expression signatures and pathogenic
processes regulated by MyD88. Our findings also suggest that
ST2825 might potentially downregulate crucial genes
overexpressed in the RA synovium and function as an
emerging therapeutic strategy for RA patients.
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Laser Photobiomodulation 808nm:
Effects on Gene Expression in
Inflammatory and Osteogenic
Biomarkers in Human Dental Pulp
Stem Cells
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The tissue engineering of dental oral tissue is tackling significant advances and the use of
stem cells promises to boost the therapeutical approaches of regenerative dentistry.
Despite advances in this field, the literature is still scarce regarding the modulatory effect of
laser photobiomodulation (PBM) on genes related to inflammation and osteogenesis in
Postnatal Human Dental Pulp Stem cells (DPSCs). This study pointedly investigated the
effect of PBM treatment in proliferation, growth and differentiation factors, mineralization,
and extracellular matrix remodeling genes in DPSCs. Freshly extracted human third molars
were used as a source for DPSCs isolation. The isolated DPSCs were stimulated to an
inflammatory state, using a lipopolysaccharide (LPS) model, and then subjected or not to
laser PBM. Each experiment was statistically evaluated according to the sample
distribution. A total of 85 genes related to inflammation and osteogenesis were
evaluated regarding their expression by RT-PCR. Laser PBM therapy has shown to
modulate several genes expression in DPSCs. PBM suppressed the expression of
inflammatory gene TNF and RANKL and downregulated the gene expression for VDR
and proteolytic enzymes cathepsin K, MMP-8 andMMP-9. Modulation of gene expression
for proteinase-activated receptors (PARs) following PBM varied among different PARs. As
expected, PBM blocked the odontoblastic differentiation of DPSCs when subjected to
LPS model. Conversely, PBM has preserved the odontogenic potential of DPSCs by
increasing the expression of TWIST-1/RUNEX-2/ALP signaling axis. PBM therapy notably
played a role in the DPSCs genes expression that mediate inflammation process and tissue
mineralization. The present data opens a new perspective for PBM therapy in mineralized
dental tissue physiology.

Keywords: human dental pulp stem cells, photobiomodualtion therapy, gene expreesion, dental pulp stem cells,
inflammation, bone osteogenesis

Edited by:
Emer S. Ferro,

University of São Paulo, Brazil

Reviewed by:
Paulo Jorge Palma,

University of Coimbra, Portugal
Camila Squarzoni Dale,

University of São Paulo, Brazil

*Correspondence:
Fábio D. Nascimento

fdnascimento@gmail.com

Specialty section:
This article was submitted to
Inflammation Pharmacology,

a section of the journal
Frontiers in Pharmacology

Received: 23 September 2021
Accepted: 19 October 2021
Published: 17 January 2022

Citation:
Rocha EA, Alvarez MMP, Pelosine AM,

Carrilho MRO, Tersariol ILS and
Nascimento FD (2022) Laser

Photobiomodulation 808 nm: Effects
on Gene Expression in Inflammatory

and Osteogenic Biomarkers in Human
Dental Pulp Stem Cells.

Front. Pharmacol. 12:782095.
doi: 10.3389/fphar.2021.782095

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 7820951

ORIGINAL RESEARCH
published: 17 January 2022

doi: 10.3389/fphar.2021.782095

46

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2021.782095&domain=pdf&date_stamp=2022-01-17
https://www.frontiersin.org/articles/10.3389/fphar.2021.782095/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.782095/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.782095/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.782095/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.782095/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.782095/full
http://creativecommons.org/licenses/by/4.0/
mailto:fdnascimento@gmail.com
https://doi.org/10.3389/fphar.2021.782095
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2021.782095


INTRODUCTION

A primary objective of regenerative medicine and tissue
engineering is to support the reinstatement of tissues and/or
organ’s functions by means an in situ substitution/repair of
their injured structures. However, intrinsic morphological
complexities such as those found, for instance, in dental pulp
can substantially compromise this tissue successful remodeling
and repair. Dental pulp is a unique and specialized mesenchymal
tissue that, by being confined inside a mineralized rigid chamber
in the core of teeth, has limited or virtually no chance to expand as
part of the inflammatory response to accommodate an uneventful
tissue turnover. Stromal fibroblasts and odontoblasts are the main
regenerative/formative cells in dental pulp tissue (Nor, 2006).
Interestingly, the pulp tissue also harbors mesenchymal stem cells
with self-renewal capacity and multidifferentiation potential
(Botelho et al., 2017).

Postnatal stem cells have proven to be an excellent resource in
regenerative medicine. Among mesenchymal postnatal cells found
in dental pulp, the Dental pulp stem cells (DPSCs) (Kerkis et al.,
2006) have shown to exhibit promising tissue regenerative cues,
such as a more mature phenotype in comparison to stem cells
derived from exfoliated deciduous teeth (SHEDs) (Goldberg and
Smith, 2004), and higher plasticity (i.e. proliferative and
differentiation capacity to turn into various cells) than Bone
marrow stem cells (BMSCs) (Miura et al., 2003).

Overall, the inflammatory process is generally accompanied by
imbalance in gene expression and signaling, as well as by the
release of proinflammatory cytokines, such as tumor necrosis
factor-alpha (TNF-α), reactive oxygen, nitrogen species and,
interleukin-1β (IL-1β) and IL-6 (Hanisch, 2002). LPS can
activate the NF-κB signalling pathway in DPSCs. NF-κB is a
transcription factor that regulates a large variety of inflammatory
cytokines, including TNF-α, IL-1, IL-6, and IL-8 (Baldwin, 2001).
The LPS induces the production of pro-inflammatory cytokines
in dental pulp fibroblasts (Nakane et al., 1995). Also, it has been
shown that LPS can promote odontoblastic differentiation of
human DPSCs via TLR-4, ERK, and P38 MAPK signalling
pathways (He et al., 2015). The inflammatory interleukin(s)-1.
-6. -11 (IL-1. IL-6. IL-11), and TNF-α can stimulate osteoclast
development and thereby the process of bone resorption
(Manolagas, 1995).

In addition to these canonical inflammatory pathways, cell
signaling via Proteinase-activated receptors (PARs) are emerging
as an important path in the study of inflammatory responses in
various tissues (Russell and McDougall, 2009). PARs are part of
the family of G-protein-coupled receptors that are activated by
proteinases secreted into extracellular matrix (ECM) during
inflammation. Whilst first described as thrombin receptors,
various other proteinases are able to signal via PARs. While
PAR-1, PAR-3, and PAR-4 are canonically activated by thrombin,
PAR-2 is mainly activated by trypsin. Furthermore, it can be
activated by tryptase, matrix metalloproteinases (MMPs), and
tissue factor-VIIa-Xa complex (Vu et al., 1991; Bohm et al., 1996;
Ruf and Mueller, 2006). PARs are also known to participate on
extracellular matrix pathophysiological processes. Collagenase
hydrolysis showed an antagonistic behavior on PAR2

activation, proposing an relevant negative feedback mechanism
whereby canonical PAR2 activation induces MMP expression,
and MMP activity can subsequently antagonize PAR2 (Falconer
et al., 2019). PARs 1 and 2 have been recently demonstrated to
play a role in inflamed odontoblasts (Alvarez et al., 2017).

Low-level laser therapy, also known as Photobiomodulation
Therapy (PBM) (Hamblin, 2016), had its onset in the 1960’s and
it relies on the use of light devices–lasers or light-emitting diodes
(LEDs) - as resource to trigger tissue biological/medical responses
(i.e. healing, immunity enhancement, anti-inflammatory and
antibiotic properties) (Vu et al., 1991; Conlan et al., 1996;
Bjordal et al., 2003; Yu et al., 2003; Ruf and Mueller, 2006;
Ghanaat, 2010; Alvarez et al., 2017; Falconer et al., 2019).
Studies have showed that PBM can significantly reduce
inflammation, by inhibiting inflammatory cytokines expression
and activity in different tissues (Sakurai et al., 2000; Arany et al.,
2007; de Lima et al., 2011). Moreover, the use of lasers and LEDs
demonstrated to be effective in modulating the cell viability and
growth in different cell models, includingmesenchymal stem cells
(Kim et al., 2009; Li et al., 2010; Alghamdi et al., 2012; Ginani
et al., 2015). Research that evaluated the effect of PBM on SHED
cells has shown for instance that infrared LEDs (850 nm 40mW/
cm2) could promote an in vitro increase in the levels of
phosphates, synthesis of collagen and dentinal sialoprotein
(Turrioni et al., 2014), and induce a significant increase in
cells viability, proliferation, and production of mineralized
tissues for SHEDs that remained in nutrient starvation after
PBM (Turrioni et al., 2015).

To better understand DPSC’s features for tissue regenerative
applications, such as vital pulp therapy or regenerative
endodontic procedures, we believe it is important to assess
their biological responses when exposed to light sources under
PBM parameters. As far as we know, this is the first study that
assessed the potential for laser irradiation to modulate the gene
expression for PARs and other genes related to the inflammatory
process and osteogenesis using a DPSCs model. This study
hypothesis was that PBM can interfere in inflammatory gene
expression and in osteogenesis related genes.

METHODS

Dental Pulp Tissues Obtainment
Approval for this protocol was obtained from the local Human
Research Ethics Committee (# 98511618.8.0000.5497) to use five
freshly extracted thirdmolars from patients ages 19–39 years. The
use of the third molars is the most convenient source of adult
stem cells as they contain sufficient amount of dental pulp tissue
to ensure proper isolation of DPSCs (Liu et al., 2006). After
extraction teeth were copiously washed with deionized water and
placed in a sterile solution containing saline, subsequently they
were rinsed with 70% ethanol to reduce the biofilm
contamination. Then, the dental elements were rinsed 5 times
with sodium phosphate buffer (PBS) to remove ethanol.
Subsequently, decontaminated teeth were cut with a sterile
Zekrya (Dentsplay Sirona, United States) drill using a high-
speed device to expose the pulp chamber and, consequently,
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provide access to the pulp tissue. The pulp tissue was gently
removed from the pulp chamber with a sterile endodontic file and
immediately transferred to a sterile screw-capped tube containing
α-MEM cell culture medium without calf bovine serum (FCS).

Isolation of Postnatal Human Dental Pulp
Stem Cells
Excised pulp tissue was digested in a solution containing 3mg/ml
collagenase type I (Merck KGaA, Darmstadt, Germany) and 4mg/ml
dispase (Merck KGaA, Darmstadt, Germany) for 1 h at 37°C. After
digestion, 5 volumes of α-MEM medium containing 10% FCS were
added. This solution was centrifuged at 120 × g for 10min, at room
temperature. The precipitated material was resuspended in α-MEM
medium and filtered through filters with pores of 70 μM. This
procedure resulted in a single-cell suspension for in vitro culture.
The cells were seeded into culture flasks with α-MEM, supplemented
with 10% FCS, 100 μML-ascorbic acid, 2 mM L-glutamine and
penicillin (100 U/mL)/streptomycin (100mg/ml) and incubated at
37°C with 5%CO2. In the initial stage, after adhering to culture flasks,
cells grew slowly. Cell colonies were identified after 10–14 days, with
their fibroblastoid appearance, which showed to be dependent on the
cell density obtained in initial plating. After reach 70% of confluence,
cells were considered ready to proceed with experiments.
Accordingly, isolated DPSCs were randomly assigned to the
following experimental groups: Group 1–LPS stimulus and laser
irradiation; Group 2–LPS stimulus and no laser irradiation; Group
3–Control group, no LPS or laser treatment.

Human Dental Pulp Stem Cells
Inflammation Induction by
Lipopolysaccharides Assay
The lipopolysaccharides induces the production of pro-inflammatory
cytokines such as interleukins (IL-1β, IL-6 and IL-8), tumor necrosis
factor (TNF-), platelet and prostaglandin activating factors by
macrophages and neutrophils present in areas infected by bacteria
(Lindemann et al., 1988; Wilson et al., 1996). To promote in vitro
cellular inflammatory response, 2 × 106 of DPSCs were seeded in six
wells plates with α-MEM, supplemented with 10% FCS,
100 μML-ascorbic acid, 2mM L-glutamine and penicillin (100U/
mL)/streptomycin (100mg/ml) and incubated from 24 h at 37°C
with 5% CO2 for complete adhesion. Previous to the experiment cells
were starved for 6hs in α-MEMwithout FCS. After starvation period,
10 μg/ml of LPS were added in α-MEM, supplemented with 10%
FCS, 100 μML-ascorbic acid, 2 mM L-glutamine and penicillin
(100 U/mL)/streptomycin (100mg/ml), for 24 hs.

Part of these cells was further irradiated (see PBM protocol
following) with a laser device (Group 1); while the other part
remained not irradiated for subsequent analysis (Group 2).

Photobiomodulation Irradiation Protocol
DPSCs assigned for Group 1 were irradiated using the Laser Duo
device (MM Optics, São Carlos, BR), containing 1 light-emitting
diode, in the infrared wavelength (808 nm) that delivered a total
energy of 6 J (100mW × 60 s). 0.4 × 105 cells per well were seeded in
a 96 wells plate 24 hs before the experiment. All the three

experimental groups were evaluated in triplicates. The plate cover
and the culturemediumwere removed prior irradiation to avoid any
interference related to light refraction. The laser probe was placed
perpendicularly from bottom of the well with a 0.5 cm of distance for
60 s, in order to be sure that all cells received the radiation. After the
treatment, the culture medium was replaced for 30min before the
genetic material be assessed. Device specifications: laser type,
InGaAIP; wavelength, 808 nm; irradiation type, Infrared; laser
beam output area, 0.3 cm2; Continuous; power output,
100mW ± 20%; irradiance, 0.33W/cm2; fluence, 6 J/cm2 (Table 1).

Proteinase-Activated Receptors Gene
Expression Quantification
The tRNA from DPSCs was extracted using the TRIzol® (Thermo
Fischer Scientific, Waltham, United States) reagent. The
complementary DNA (cDNA) was obtained from the tRNA by
reverse-transcription using the ImProm-II Reverse transcriptase
System kit (Promega, Madison, United States) according to the
manufacturer’s protocol. The gene expression evaluation was
performed by Real-time quantitative polymerase chain reaction
(qRT-PCR) assays, using the SYBR Green PCR Master Mix®
(Thermo Fisher Scientific, Waltham, United States). The reaction
cycling parameters were adjusted to 50°C for 2 min and 95°C for
10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1min in
an Real Time PCR System ABI PRISM 7500 (Applied Biosystems,
Foster City, United States). Relative quantification was carried out
using the ΔCt method. This method results in ratios between the
target genes and the housekeeping reference gene, in this case, the

TABLE 1 | mRNA expression of cell adhesion and extracellular matrix proteins in
DPSCs after and before laser irradiation.

Gene LPS LPS + Laser Gene Fold (Change Factor)

ACVR1 1.15 0.66 −1.74
AHSG 1.21 0.53 −2.28*
ALPL 2.85 6.15 2.16*
ANXA5 1.99 1.48 −1.34
BGLAP 0.61 0.26 −2.35*
BGN 1.31 1.13 −1.16
CDH11 1.33 1.30 −1.02
CD36 0.11 0.06 −1.83
COL10A1 2.89 5.84 2.02*
COL14A1 0.82 0.79 −1.04
COL15A1 1.21 1.27 1.04
COL1A1 1.12 0.83 −1.35
COL1A2 1.00 0.77 −1.29
COL2A1 1.21 0.53 −2.28*
COL3A1 1.02 0.99 −1.03
COL5A1 1.65 0.98 −1.68
COMP 1,21 0.53 −2,28*
FN1 1.04 0.83 −1.25
ICAM1 29.32 30.55 1.04
ITGA1 4.73 2.98 −1.59
ITGA2 3.20 1.95 −1.64
ITGA3 0.61 0.60 −1.02
ITGAM 1.96 0.53 −3.70*
ITGB1 2.00 1.48 −1.35
SPP1 0.95 0.56 −1.70
VCAM1 6.07 3.67 −1.65
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enzyme β-2-microglobulin (positive control) for DSPCs. This assay
is based on gene fold-Regulation approach, that represents in fold-
change (fc) results of the evaluated genes. Fold-change values greater
than one indicates a positive- or an up-regulation in gene expression,
while fold-change values less than one indicate a negative or down-
regulation, of the evaluated gene. The p-values were calculated based
on a Student’s t-test of the replicate 2̂ (ΔCt) values for each gene in
the experimental or control groups. All primers sequences used in
PARs genes evaluation were manufactured by Exxtend (São Paulo,
SP, Brazil). The melting curve analysis was used to determine the
specificity of the reaction. All experiments were run in triplicates.

Inflammation and Osteogeneses Genes
Expression Array
Likewise, DPSCs from the 3 experimental groups were assessed
for expression of eighty-five (85) genes related to inflammation
and osteogenesis the RT2 Profiler ™ PCR array (Qiagen,
Hilden, GER) was used. This device allows gene expression
profiling technology by analyzing focused panels of genes using
real-time PCR. Each experimental kit contains a set of the
inflammatory/osteogenesis pathway-converged genes, and five
housekeeping (positive controls) genes. The array also contains
a panel of other reaction controls to monitor real-time PCR
efficiency (PPC), genomic DNA contamination (GDC) as well
as the first strand synthesis (RTC). All experiments were run in
triplicates.

Statistical Analysis
Raw data for each experiment (PARs, inflammation and
osteogenesis gene expression) was transformed in a fractional
number as function of the data from control group, using a single
rule of 3, wherein the gene expression values of control groups for
each experiment were considered � 1. Lack of normal distribution
demanded the application of non-parametric Kruskal–Wallis
tests, complemented by Mann–Whitney tests for pairwise
comparison, at a 5% level of significance.

RESULTS

Proteinase-Activated Receptor Expression
Four PARs have been identified so far (PAR-1–4) and evidence
shows that they can exhibit both anti- and pro-inflammatory
properties. Figure 1 shows that PBM treatment can modulate
the gene expression of all PARs members. While PAR-1
showed a downregulation in the gene expression, the
other PARs show a significant increase in the number of
gene copies.

Photobiomodulation Effect on Gene
Expression of Human Dental Pulp Stem
Cells After Lipopolysaccharide
Inflammatory Stimulus
PBM therapy showed a wide range of effects at the tissue, cellular,
and molecular levels. LPS-inflamed DPSCs demonstrated to be
sensitive to PBM irradiation with several genes related to
inflammation and osteogenesis being modulated either up or
down after treatment. Among the genes analyzed, Table 1 depicts
the DPSCs genes related to proteins involved in the extracellular
matrix (ECM) organization that were modulated by LPS
inducement and/or then regulated or inhibited by PBM
irradiation.

Photobiomodulation Effect on Expression
of Proteolytic Enzymes Genes of Human
Dental Pulp Stem Cells
Both in vivo and in vitro have used PBM because it is an
important tool to positively stimulate bone. However, little is
known about its association with anti-inflammatory and
neoformative events taking place in human stem cells

FIGURE 1 | PBM modulate PARs genes expression in DPSCs. Real-
time quantitative PCR (qRT-PCR) analysis of gene expression in LPS
stimulated DPSCs irradiated with the infrared wavelength (808 nm) with total
energy of 6 J (100mW × 60s). The bars represent the mean expression
levels of the four PARs genes and standard error. The qRT-PCR analysis of
gene expressions was normalized to the housekeeping gene enzyme β-2-
microglobulin for DPSCs (control); the relative quantification of the expression
levels (experimental/control) was determined based on the 2-ΔCt method.
Experiments were performed in triplicate. Different letters indicate statistically
significant differences (p < 0.05) in gene expression.

TABLE 2 | mRNA expression of proteolytic enzymes related to organic matrix
remodeling in the DPSCs before and after laser irradiation.

Gene LPS LPS + Laser Gene Fold (Change Factor)

CTSK 1,70 1.14 −1.49
MMP2 1.30 0.96 −1.35
MMP8 1.60 0.53 −3.02*
MMP9 1.42 0.53 −2.68*
MMP10 0.54 0.98 1.81
PHEX 0.26 0.18 −1.44
SERPINH1 1.30 0.99 −1.31
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derived from a mineralized tissue. The data presented in
Table 2 show the expression of proteolytic enzymes genes
related to organic matrix remodeling in mineralized tissues

that were upregulated in the inflammatory state and then,
mainly downregulated after PBM therapy. From all enzymes
evaluated only MMP-10 showed an increase in the expression
(1.81-fold), while MMP-8 and MMP-9 gene expression were
significantly reduced -3.03 and -2.68-fold, respectively.

Photobiomodulation Effects on Genes
Expression of Growth and Differentiation
Factors in Human Dental Pulp Stem Cells
Initially known as an active secreted molecule that can affect
the growth of the cells, the growth factors family has been
expanded his activities to include secreted molecules that can
affect cellular differentiation and promote or inhibit mitosis.
Table 3 show the expression profile of genes that can act on
specific cell surface receptors that subsequently transmit their
growth signals to other intracellular components, after
inflammatory stimulus, and after PBM treatment. Our
results clearly show that the growth factors were
predominantly upregulated by LPS, while PBM treatment
lowered the gene expression of proteins related to tissue
mineralization, such as BMP-1 (-3.67-fold), BMP-4 (-3.73-
fold), and BMP-7 (-2.28-fold). In the same sense, VEGF-B
was significantly downregulated by laser treatment (-9.43-
fold).

Photobiomodulation-Modulating Effect on
Gene Expression of Cell Surface Receptors
Once the expression of growth factors was evaluated, the gene
expression for cell receptors related to these specific ligands
was also evaluated. As expected, the expression of the cellular
receptors followed the trend profiling found as far expression
of their respective ligands. For most of evaluated cellular
receptors, it was observed an increase in their gene
expression after induction with LPS, while PBM treatment
downregulated all evaluated genes. Interestingly, the most
significantly inhibited receptors were those related to tissue
mineralization processes (Table 4), including: Calcium
Receptor (-2.28-fold), and Vitamin D Receptor (-37.66-fold).

TABLE 3 | mRNA expression of growth and differentiation factors in the DPSCs
before and after laser irradiation.

Gene LPS LPS + Laser Gene Fold (Change Factor)

BMP1 3.05 0.83 −3.67*
BMP2 2.85 1.82 −1.47
BMP3 1.21 1.94 1.60
BMP4 1.53 0.41 −3.73*
BMP5 0.52 0.57 1.90
BMP6 1.50 1.59 1.06
BMP7 1.21 0.53 −2.28*
CHRD 1.21 0.53 −2.28*
CSF1 1.36 1.28 −1.06
CSF2 0.13 0.16 1.23
CSF3 0.77 0.49 −1.57
EGF 1.21 1.53 1.26
FGF1 3.51 1.29 −2.72*
FGF2 2.63 2.09 −1.26
GDF10 1.21 0.53 −2.28*
IGF1 0.37 0.51 1.38
IGF2 1.21 0.53 −2.28*
IHH 1.21 0.53 −2.28*
NOG 2.80 2.79 −1.00
PDGFA 1.22 1.24 1.01
TGFB1 1.79 0.88 −2.03*
TGFB2 2.19 1.12 −1.96
TGFB3 0.47 0.52 1.11
TNF 1.21 0.53 −2.28*
VEGFA 1.52 1.16 −1.31
VEGFB 2.64 0.28 −9.43*

TABLE 4 |mRNA Expression of Cellular Receptors Related to Osteogenesis in the
DPSCs After and Before Laser Irradiation.

Gene LPS LPS + Laser Gene Fold (Change Factor)

ACVR1 1.15 0.66 −1.74
BMPR1A 2.02 1.40 −1.44
BMPR1B 1.11 0.55 −2.02*
BMPR2 1.81 1.40 −1.29
CALCR 1.21 0.53 −2.28*
EGFR 1.33 1.11 −1.20
FGFR1 1.24 0.95 −1.31
FGFR2 0.78 0.13 −6.00*
FLT1 0.19 0.55 2.89*
IGF1R 3.88 1.90 −2.04*
TGFBR1 1.36 0.92 −1.48
TGFBR2 1.31 0.81 −1.62
TNFSF11 0.58 0.37 −1.57
VDR 15.44 0.41 −37.66*

(ACVR1) Activin A receptor type I. (BMPR1A) Bonemorphogenetic protein receptor, type
IA. (BMPR1B) Bone morphogenetic protein receptor, type IB. (BMPR2) Bone
morphogenetic protein receptor, type II. (CALCR) Calcitonin receptor. (EGFR) Epidermal
growth factor receptor. (FGFR1) Fibroblast growth factor receptor 1. (FGFR2) Fibroblast
growth factor receptor 2. (FLT1) Fms-related tyrosine kinase. (IGF1R) Insulin-like growth
factor 1 receptor. (TGFBR1) Transforming growth factor, beta receptor 1. (TGFBR2)
Transforming growth factor, beta receptor II. (TNFSF11) Tumor necrosis factor (ligand)
superfamily, member 11. (VDR) Vitamin D (1.25- dihydroxyvitamin D3) receptor. The
numbers represent the quantification of the gene expression variation in fold change, and
the * represents genes that were modulated + or – 2.00-fold (p<0.05).

TABLE 5 | mRNA expression of transcription factors in the DPSCs before and
after laser irradiation.

Gene LPS LPS + Laser Gene Fold (Change Factor)

DLX5 1.21 0.53 −2.28*
GLI1 1.51 0.53 −2.85*
NFKB1 1.21 1.27 1.05
RUNX2 0.83 0.80 −1.04
SMAD1 1.51 0.66 −2.29*
SMAD2 1.68 1.09 −1.54
SMAD3 1.55 0.79 −1.96
SMAD4 2.80 1.36 −2.06*
SMAD5 1.99 1.76 −1.13
SOX9 3.68 3.20 −1.15
SP7 1.74 0.53 −3.28*
TWIST1 1.56 3.78 2.35*
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Photobiomodulation-Modulating Effect on
Gene Expression of Transcription Factors
Transcription factors are proteins that regulates the transcription
of genes. They have DNA-binding sequences that give them the
ability to bind to specific of DNA domains called enhancer
sequences. The evaluated members of this family were
basically not modulated by LPS (Table 5). Except for the
SOX-9 gene that showed a 3.68-fold increase in expression
levels. Conversely, the PBM treatment downregulated the
expression of all analyzed genes with the SP-7 (−3.28-fold),
GLI-1 (−2.85-fold), and TWIST-1 (−2.35-fold) showing to be
the most sensitive genes to laser irradiation.

DISCUSSION

In the regenerative dentistry field researchers face two major
challenges, both related to the pulp tissue pathophysiology.
The first is the tissue ability to turn back to a healthy metabolic
state after a transitory inflammation. The second concerns to
its intrinsic potential to produce mineralized tissue through its
specialized cells, the odontoblasts. The appreciation of human
dental pulp stem cells (DPSCs) as suitable for dental tissue
engineering applications (Kaigler and Mooney, 2001; Young
et al., 2005; Duailibi et al., 2008; Zhang et al., 2009) renders the
overall ambition of tissue regeneration in dentistry more
accomplishable. The PBM therapy or PBM treatment has
been used in medicine and dentistry for its well
demonstrated analgesic, anti-inflammatory, and
biostimulation effects (Reddy, 2004; Silveira et al., 2007;
Moosavi et al., 2016). In addition, the present study has
shown, for the first time, that such modulatory physio-
biological effects of PBM is accompanied by a modulation
on the gene expression of inflammation and osteogenic
biomarkers in DPSCs.

Proteinase-activated receptors (PARs) have a distinct
mechanism of activation that involves limited proteolysis and
unmasking of a receptor activating motif called tethered ligand
(Huesa et al., 2016). PAR-1 and PAR-4 are canonically described
as thrombin-activated receptors, while PAR-2 is activated by
trypsin. Interestingly, PAR-3 was related to play role during
embryonic development (Gieseler et al., 2013). Our results
clearly showed that PBM therapy can increase the expression
of PAR-2 (3.7-fold), PAR-3 (2.3-fold), and PAR-4 (3.8-fold) while
decreasing the expression of PAR-1 (-0.6-fold). Interestingly,
matrix metalloproteinases (MMPs), which genes have shown
to be upregulated by PBM in the present study, have been
described to activate PARs in a noncanonical way (Alvarez
et al., 2017). Thus, taken in conjunction, these results strongly
suggest that PARs can play a role in the anti-inflammatory
process promoted by PBM therapy by not only increasing
their expression, but also by increasing the MMPs expression
levels.

Even under basal conditions DPSCs produce these molecular
markers, including but not limited to CD-36, BMPs, NOG, Type
II collagen, RUNX2, SOX-9 that are responsible for maintenance

of pluripotency in early embryos and embryonic stem cells
(Govindasamy et al., 2010; Karaoz et al., 2010; Martinez-Sarra
et al., 2017), which indicate a promising primitiveness and
multipotency of DPSCs for regenerative dentistry.

The osteogenic gene profile analysis was performed to provide
better understanding on the underlying mechanisms for DPSCs
differentiation and modulation of mineralization process upon
the effects of an inflammatory model (LPS) and PBM (Tables
2–5). The treatment of DPSCs with LPS was capable to
remarkably induce the gene expression of odontoblastic
differentiation biomarkers, BMP-1, BMP-2, BMPR-1A, FGF-1,
FGF-2, TGF-B2, IGF-1R, SMAD-4, SMAD-5, COL-10A1, ITG-
A1, ITG-A2, ITG-B, ITG-A, and Alkaline phosphatase (ALP) in
DPSCs. ALP is a widely accepted as an earlier marker for the
differentiation of cells forming mineralized tissues. It has been
shown that BMP-2 is required to induce the differentiation of
DPSCs into odontoblast (Casagrande et al., 2010), and in
mesenchymal stem cells, BMP-2 efficiently induced the
expression of transcriptional factor Sox9 responsible for
chondrogenic differentiation via BMP-2/Smad (Pan et al.,
2008). Transforming growth factor-beta (TGF-β), also via
SMAD pathways, plays a major role in tooth development and
the reparative process by regulating cell proliferation,
differentiation, and reparative dentinogenesis (Niwa et al.,
2018). FGF-1 and TGF-β1 have a synergic effect to promote
morphological and functional features of differentiated
odontoblasts, whereas FGF-2 seems to modulate TGF-β1
action (Unda et al., 2000). TGF-β1 and TGF-β3 are
predominantly expressed in odontoblasts, whereas TGF-β2 is
high expressed in dental pulp (Niwa et al., 2018). IGF-I stimulate
osteoblast differentiation in human mesenchymal stem cells
(HMSCs), it stimulates the biosynthesis of 1α.25(OH)2D in
synergy with 25OHD3. Osteoblast differentiation and skeletal
homeostasis may be regulated by autocrine/paracrine actions of
25(OH)D (3) in HMSCs (Geng et al., 2011). Here, we
demonstrate that LPS can increases both IGF-1R and VDR
expression in DPSCs favoring odontoblast differentiation.
Taken together, our data suggest that LPS treatment induced
odontoblastic differentiation of human DPSCs.

RANKL is a tumor necrosis factor (TNF)-like factor produced
by mesenchymal cells, osteoblast derivatives, and T cells that is
essential for osteoclastogenesis. In osteoblasts, RANKL
expression is regulated by two major calcemic hormones, 1.25-
dihydroxyvitamin D (3) [1.25(OH) (2)D (3)] and parathyroid
hormone (PTH), as well as by several inflammatory/
osteoclastogenic cytokines (Kim et al., 2006).

It is important to mention that 1.25(OH)2 vitamin D
stimulates osteoblast maturation, increasing expression of the
mature osteoblast marker osteocalcin (BGLAP) in osteoblasts,
and 1.25(OH)2 vitamin D also stimulates the expression of the
osteoclast differentiation factor RANKL (Pereira et al., 2019). The
biological actions of 1.25-(OH)2D3 are mediated by the vitamin
D receptor (VDR), a protein that binds to target genes and alters
their expression. 1.25-(OH)2D3 is also able of inducing
transcription of the VDR gene itself (Zella et al., 2006). VDR
signaling in osteoprogenitors cells increases RANKL expression
and stimulates osteoclastogenesis (Kim et al., 2006).
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In this sense, PBM treatment significantly suppressed the
mRNA expression of TNF and RANKL (TNFSF11) triggered
by LPS in DSPC. Interesting, PBM treatment greatly decreased
(37.66-fold) the expression Vitamin D Receptor (VDR) triggered
by LPS in the cell model. PBM treatment can inhibit the
transcriptional activity of NF-κB in human periodontal
ligament cells (Lee et al., 2018), which is a crucial
transcription factor involved in the regulation of the
inflammatory process triggered by LPS in dental pulp stem
cells (Baldwin, 2001). PBM decreased cell death and
attenuated the NLRP3 inflammasome in the ischemic brain. In
mice experimental model with ischemic stroke, PBM therapy
showed suppressed TLR-2 levels, MAPK signaling and NF-kB
activation. The suppression of NF-kB activation induced by PBM
is related to the major anti-inflammatory activity of Laser (Lee
et al., 2017).

Our data suggest that the decrease in the VDR expression
promoted by PBM treatment can lead to inhibition of
1.25(OH)2D3/VTR signaling, and downregulating RANKL
expression in DPSCs (Kim et al., 2006). PBM therapy also
decreased the expression of proteolytic enzymes cathepsin K,
MMP-8 and MMP-9 after LPS assay. Overall, PBM blocked the
odontoblastic differentiation of human dental pulp stem cells
subjected to LPS assay that were dependent on BMP, FGF, IGF
and TGFB signaling, decreasing the expression of the transcriptional
factor DLX-5 and SP-7 as expected. SP-7 and Dlx5, in turn, was
shown to drive the differentiation of mesenchymal precursor cells
into osteoblasts (Nakashima et al., 2002). Conversely, it is important
to mention that PBM did not block the mRNA expression of ALP,
Twist homolog 1 (TWIST-1) and Runt-related transcription factor 2
(RUNX-2) in DPSCs, even in the presence of LPS. TWIST-1 protein
regulates several genes that are known to be key players in bone
formation, including the FGF-R2 and RUNX-2 genes. In
conjunction, our data strongly suggest that PBM decreased
inflammatory mineral matrix resorption in DPSCs by decreasing
the activation of RANKL expression via inhibition of 1.25(OH)2D3/
VTR signaling. Moreover, PBM treatment preserved the
odontogenic potential of DPSCs by increasing the expression of
TWIST-1/RUNEX-2/ALP signaling axis.

In spite of the study limitations, were possible to conclude
that biomodulation of DPSCs by irradiation with laser device at
the infrared wavelength (808 nm) showed not only to mediate
the gene expression related to habitual anti-inflammatory
molecular canons, but also participate in the regulation of
genes that can express signaling molecules and factors
associated with other non-classic inflammation molecules (i.e.
PARs, cell receptors and transcription factors) as well as with
molecules of bone tissue protection from resorption, even if it
has not clearly shown yet to influence the expression of genes

that stimulate bone neoformation. Further studies still need to
be performed to better elucidate the role of PBM therapy on the
DPSCs and bone. However, this study certainly brings new data
to tissue engineering related to the regenerative pulp
therapy field.
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CB2R Deficiency Exacerbates
Imiquimod-Induced Psoriasiform
Dermatitis and Itch Through the
Neuro-Immune Pathway
Li Li 1†, Xin Liu1†, Wenqiang Ge2, Chao Chen2, Yuqiong Huang1, Zilin Jin1, Muouyang Zhan2,
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Background: Cannabinoid receptor 2 (CB2R) is a potential target for anti-inflammatory
and pain therapeutics given its significant immunomodulatory and analgesic effects.
However, the role of CB2R in imiquimod (IMQ)-induced psoriasiform dermatitis (PsD)
and itch is poorly understood.

Objective: To investigate the function and mechanism of CB2R in PsD and itch in mice.

Methods: Following daily treatment with topical IMQ cream for 5-7 consecutive days in
C56BL/6 wild-type (WT) and CB2R gene knockout (KO) mice, we assessed the Psoriasis
Area and Severity Index (PASI) scores and the scratch bouts every day, and hematoxylin
and eosin (H&E) staining, toluidine blue staining were used to observe the histological
changes. mRNA levels were analyzed by quantitative real-time polymerase chain reaction
(qRT-PCR). Protein levels were detected by western blotting (WB), immunohistochemistry
(IHC), immunofluorescence (IF) and cytometric bead array (CBA). Flow cytometry (FCM)
was used to examine the proportion of Th17/Treg cells.

Results: We found that CB2R expression levels were increased in mice with psoriasis.
Compared with WT mice, CB2R deficiency exacerbated IMQ-induced PsD and scratching
bouts and upregulated the expression of proinflammatory cytokines by increasing the infiltration
of CD4+ T cells and the Th17/Treg ratio. Obvious proliferation and prolongation of nerve fibers
and high expression of nerve growth factor (NGF) were observed in PsD and CB2R KO mice.
Pretreatment with the CB2R agonist, JWH-133 significantly reversed inflammation and
scratching bouts. CB2R didn’t participate in the induction of itch in psoriasis by regulating
the expression of IL-31, thymic stromal lymphopoietin (TSLP) and mast cells in mouse skins.

Conclusion:Our results demonstrate that CB2R plays a pivotal role in the pathophysiology
of psoriasis, providing a new potential target for anti-inflammatory and antipruritic drugs.

Keywords: psoriasis, the cannabinoid receptor 2, inflammation, itch (pruritus), nerve fiber
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INTRODUCTION

Psoriasis is a chronic, immune-mediated skin disease caused by
the interaction of multiple factors. The most characteristic skin
lesions of psoriasis are erythematosus plaques covered with
silvery scales, and a greatly thickened epidermis with
elongated rete ridges into the dermis (Julià et al., 2012;
Boehncke and Schön, 2015). In addition, it has been reported
that approximately 70–90% of patients with psoriasis suffer from
itch (Szepietowski and Reich, 2016), which can easily be ignored
by clinicians. It is currently widely accepted that the
pathophysiology of psoriasis is related to the activation and
dysregulation of the innate and adaptive immune systems.
Various immune cells secrete cytokines, which can directly or
indirectly aggravate or even induce itch by increasing the
inflammatory response (Komiya et al., 2020). Given the lack
of available treatments for psoriatic patients, it is urgent to
develop more effective and safer anti-inflammatory and
antipruritic therapies.

Cannabinoids are chemical substances that exert their
therapeutic effects by binding to cannabinoid receptors.
Cannabinoid receptor-2 (CB2R) is a G-protein-coupled
receptor and is primarily located on immune organs and cells
(Munro et al., 1993; Galiègue et al., 1995). Studies have shown
that CB2R is involved in the pathophysiological processes of skin
cell proliferation and differentiation, immune regulation, and
sensory conduction (Sheriff et al., 2020). In addition, CB2R
activation exerts analgesic effects and inhibits the scratching
behaviour of rodents (Phan et al., 2010; Haruna et al., 2015).
Thus, CB2R agonists may act as potential candidates for new anti-
inflammatory and antipruritic drugs by interfering with the
occurrence and progression of inflammatory skin diseases.
However, to date, it remains unknown whether targeting
CB2R can alleviate inflammation and itch in psoriasis. The
molecular biological mechanism of its antipruritic effect also
needs further study.

Regulatory T cells (Tregs) regulate the inflammatory response
in autoimmune diseases and are important in maintaining
immune tolerance (Kanda et al., 2021). Peripheral Tregs and
Th17 cells are formed by the differentiation of CD4+ T cells, of
which Tregs are differentiated depending on the activity of
forkhead/winged helix transcription factor (FOXP3), which is
regulated by transforming growth factor-β (TGF-β) or IL-2 (von
Knethen et al., 2020). Th17 cells are differentiated according to
retinoid-related orphan nuclear receptor γt (RORγt) activity
regulated by TGF-β, IL-1 or IL-6 (Pandiyan and McCormick,
2021). The functional defect of Tregs in psoriasis cannot
sufficiently inhibit the proliferation of Th17 cells or
inflammatory cytokines production, which may lead to the
development and exacerbation of psoriasis. Compared with
healthy skin, the ratio of Th17/Treg cells is higher in psoriatic
skin lesions. Therefore, we selected Th17/Treg cells as the main
research object.

Chronic itch is associated with increased levels of nerve
growth factor (NGF). NGF belongs to the neurotrophic factor
family (Yamaguchi et al., 2009) and influences the inflammatory
reaction. On the other hand, NGF causes the elongation and

branching of epidermal nerve fibers, which leads to
hypersensitivity of itch and inflammation aggravation in
psoriasis (Jaworecka et al., 2021). However, previous studies
yielded contradictory results. Some researchers have observed
that compared with nonpruritic skin, NGF content was increased
in pruritic psoriasis skin lesions (Yamaguchi et al., 2009)
accompanied by increased nerve density in the skin (Tan
et al., 2019), whereas others did not see such a correlation
(Taneda et al., 2011). Further studies are needed to clarify its
exact role in psoriasis.

To that end, this study sought to investigate whether CB2R
deficiency modifies skin nerve fibers hyperreactivity and the itch-
related scratching observed in psoriatic mice by regulating NGF.
This study also assessed the role and mechanism of CB2R in
IMQ-induced psoriasis inflammation and itch.

MATERIALS AND METHODS

Chemicals and Reagents
AM-630 (A3168), JWH-133 (B7941) were purchased from
APExBIO (United States). Dimethyl- sulfoxide (DMSO) was
purchased from Sigma. AM-630 and JWH-133 were dissolved
in 10%DMSO, 20% Tween-80 and 70% saline. Mice were injected
intraperitoneally with AM-630 (1/3/5 mg/kg/day), JWH-133 (1/
3/5 mg/kg/day), and intradermally with them 2.5 mg/kg/day
respectively, or an equal volume of solvent (control group)
every day.

Human Sample Collection
Skin sample were obtained through surgical biopsy from
Union Hospital, Tongji Medical College of Huazhong
University of Science and Technology in Wuhan, China. All
patients involved signed informed consent. The research
protocols conformed to the declaration of Helsinki
Principles and were approved by the medical ethics
committee of Tongji Medical College of Huazhong
University of Science and Technology.

Animals
All the animal experimental protocols in this study were
conducted in accordance with the ARRIVE guidelines and
were approved by the Institutional Animal Care and Use
Committee of Tongji Medical College of Huazhong University
of Science and Technology (Wuhan, China). Male CB2R−/- mice
on C57BL/6 background and C57BL/6 wild-type mice aged
6–8 weeks were purchased from Jackson Laboratories.
Experimental groups consisted of five mice each and the
studies were repeated three times.

Induction of Psoriasiform Skin Inflammation
by Imiquimod
A daily topical dose of 62.5 mg of commercially available
imiquimod cream (5%) (Mingxin Pharmaceuticals, Sichuan,
China) was applied to the shaved back skin (2.5 cm × 2 cm) of
mice for seven consecutive days (days 0–6) (Moos et al., 2019).
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Control mice were treated similarly with vaseline jelly as the
control vehicle cream. Disease severity was assessed by using a
scoring system based on the clinical Psoriasis Area and Severity
Index (PASI). To be precise, erythema, scaling, and thickening
were scored independently on a scale from 0 to 4 (0, none; 1,
slight; 2, moderate; 3, marker; 4, very marked), and the
cumulative score was used as a total score (scale 0–12).
Disease severity was assessed by two researchers in a blinded
manner. On day 8, serum samples and skin tissues were taken
from the sacrificed mice for subsequent studies.

Behavioral Scratching Testing
The behavioral scratching was recorded by video. Mice were
habituated individually to an observation chamber for 30 min
before testing for five consecutive days. Twenty to 22 hours after
each topical application of IMQ, mice were videotaped from
below for 60 min. The number of videotaped scratch bouts was
counted by two trained observers blinded to the treatment
condition. A scratch bout was defined as one or more rapid
back-and-forth hind paw motions directed toward and
contacting the treated area or scratched directly at the area
around the injection site continuously for any length of time
and lasted, ending with licking or biting of the toes or placement
of the hind paw on the floor (Sakai et al., 2016). The use of each
fore paw was classified as grooming behavior and was not
considered scratching.

Histology and Immunohistochemistry
Animals were euthanized under sodium pentobarbital anesthesia,
and the skin was acutely dissected on the ice. Skin was fixed in 4%
paraformaldehyde, embedded in paraffin and cut in 15-μm
sections on a microtome. The sections were partly stained
with hematoxylin and eosin (H&E) or toluidine blue, or
prepared for rabbit monoclonal anti-CD4 (1:1000, Abcam) for
IHC. Means of epidermal thickness, the number of mast cells and
the degranulation mast cell from toluidine blue staining were
calculated based on five randomly selected fields of view per
mouse as previously described (Liu et al., 2017). And stained cells
were counted under high original magnification (×200) power
fields of a light microscope by ImageJ software. Each section was
examined independently by two investigators in a blinded
manner.

Immunofluorescence Analysis
Skin was fixed in 4% paraformaldehyde for 24 h and dehydrated
with 30% sucrose, frozen in optimal cutting temperature (OCT)
compound (Tissue-Tek, Sakura Finetek, Torrance, CA), and cut
in 15-μm sections on a cryostat. The sections were incubated with
5% donkey serum and then immunofluorescent staining with a
rabbit CB2R (1:200, Abcam, Cambrige, United Kingdom), PGP
9.5 (1:500, ABclonal), c-kit (1:500, RD system) at 4°C overnight,
followed by incubation with the corresponding secondary
antibody conjugated with Alexa Fluor 594 (1:500; Jackson
Laboratory) at 37°C for an hour. All sections were
counterstained with 4′,6-diamino-2-phenylindole (DAPI) at
room temperature for 5 min. Images were captured from 3-4

skin sections from each animal and were imaged at 20×
magnification.

The PGP 9.5-immunoreactive nerve fibers crossing the
epidermis from the dermis were quantified by IENFD
(expressed as fibers/linear mm) as described previously
(Gylfadottir et al., 2022).

Western Blotting
Total proteins samples from the mouse tissues were extracted
using lysis buffer for 30 min and the lysates were centrifuged at
12,000 rpm for 15 min at 4°C. The concentrations of proteins in
the supernatants were measured using a BCA protein assay kit.
Equal amounts of protein were separated by SDS-PAGE gel
electrophoresis and then transferred to PVDF membranes.
After blocking with 5% skim milk powder for 1 h at room
temperature, the membranes were incubated with primary
antibodies against CB2R (1:500, ABclonal), NGF (1:500,
Affinity) and β-actin (1:20,000, ABclonal) at 4°C overnight.
Secondary antibodies were labeled with horseradish peroxidase
and incubated for 1 h at room temperature. The antigen-antibody
complexes formed were detected by enhanced
chemiluminescence in accordance with the manufacturer’s
instructions. Band signal intensities of the western blot films
were assessed using the ImageJ software. Relative protein
expression levels were normalized to that of β-actin (internal
control).

RNA Isolation and Quantitative
Real-Time PCR
RNA isolation was performed using Trizol reagent (Vazyme
Biotech Co. Ltd, Nanjing, China). Conversion of total RNA to
cDNA was performed with cDNA Reverse Transcription Kit
(Vazyme Biotech Co. Ltd, Nanjing, China). All real-time PCR
reactions were performed using the Real Time PCR System and
the quantitative reverse-transcription PCR assay was carried out
using SYBR Green PCR Master Mix (Vazyme Biotech Co. Ltd,
Nanjing, China) on StepOne v2.3 detection system (Life
Technologies, CA, United States). Forty cycles of amplification
were performed involving sequential denaturation at 95°C for
30 s, annealing at 60°C for 5 s, and extension at 72°C for 30 s. The
messenger RNA (mRNA) levels were normalized to those of the
β-actin gene. Real-time PCR analysis was performed using the 2-
△△CT method. All primer pairs are listed in Table 1.

Flow Cytometry Analysis
Spleens from the individual mice were freshly isolated and
mechanically dissociated. RBCs were lysed with lysis buffer
(Biosharp, Beijing Labgic Technology Co. Ltd). Single cell
suspensions of spleen were passed through a 40-μm sterile
wire screen. Cell suspensions were washed twice in RPMI 1640
(Gibco, ThermoFisher Biochemical Products Co. Ltd) and
stored in media containing 10% FBS on ice until used
within 2 h. Splenocytes were stimulated with 50 μL phorbol
12-myeistate 13-acetate (PMA) (1 μg/ml), 40 μL ionomycin
(50 μg/ml), and 20 μL monensin (0.1 mg/ml) for 5 h at 37°C
humidified incubator. For cell surface antigen staining, cells
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were pre-blocked for Fc receptors (BD, Pharmingen) for
15 min at 4°C. The cells were then washed with staining
buffer following by staining with Abs for 1 h at 37°C. The
cells were washed with staining buffer, then resuspended in
300 μL of staining buffer. Flow cytometry was carried out using
a FACS Canto Ⅱ flow cytometer (BD) and the ratio of Th17
cells and Treg cells were analyzed. All the antibodies
information were listed in Supplementary Table S1.

Cytometric Beads Array for Detecting
Mouse Th1/Th2/Th17 Cytokines
The content of Th1/Th2/Th17 cytokines including IL-2, IL-4, IL-
6, IL-10, TNF-α, IFN-γ and IL-17A concentrations was measured
by the CBA kits (BD, Pharmingen, United States) according to
the manufacturer’s protocols. Data were acquired on FACS
Canto-II flow cytometer (BD Bioscience, United States) and
analyzed using FCAP Array software (BD Bioscience).

Statistics
The data were expressed as mean ± SD and analyzed by Graph
Prism 8.2 software (GraphPad Software, San Diego, CA,
United States). One-way analysis of variance (ANOVA) analyses
was used to evaluate changes in groups by SPSS 25.0 software (SPSS
Software, United States). Results were considered statistically
significant if *p values were <0.05, **p values were <0.01 or ***p
values were <0.001 between the control and experimental groups.

RESULTS

CB2R Deficiency Exacerbated Psoriasiform
Dermatitis Induced by IMQ Treatment
Althoughmajor CB2R immunoreactivity in basal keratinocytes of
the epidermis in human skin has been observed (Ständer et al., 2005),

reports about CB2R expression in PsD and human psoriasis lesions
are lacking. We first analyzed CB2R localization in psoriatic skin
tissues by immunofluorescence staining. We observed that the
fluorescence intensity of CB2R in the epidermis of psoriatic
lesions was greater than that of normal skin. These cells were
mainly located in the cytoplasm of the epithelial cells and
diffusely distributed in the suprabasal keratinocytes of the
epidermal stratum spinosum and stratum granulosum in
psoriasiform skin and psoriatic lesion biopsies (Figure 1A).
Strong positive staining for CB2R was also observed in the dermis
in human compared with negative control (Supplementary Figure
S1). Next, we measured CB2R protein and mRNA expression levels
in psoriasiform skin inflammation and normal skin tissues usingWB
and qRT-PCR analysis. Figures 1B–D showed that CB2R levels were
significantly increased in the IMQ group compared with the normal
control group. These data showed dysregulation of CB2R in psoriasis.

Then, we investigated the clinical and histopathological
features of WT and CB2R KO mice following IMQ
treatment. CB2R KO mice exhibited worse clinical
outcomes with more severe erythema and scales and
increased skin thickness by IMQ application than WT mice
(Figure 1E). Hematoxylin-eosin (H&E) staining performed on
the dorsal skin of the mice on Day 7 revealed more severe
epidermal hyperplasia, significantly increased acanthosis and
parakeratosis and more intense inflammatory cell infiltration
in CB2R KO mice than in WT mice after IMQ application
(Figure 1F). Consistently, the average Psoriasis Area and
Severity Index (PASI) scores of the four groups were graded
daily to assess their clinical changes. Compared with WT mice,
the total PASI scores of CB2R KO mice were increased after
IMQ application (Figure 1G). We measured epidermal
thickness with ImageJ analysis of H&E skin sections.
Epidermal hyperplasia was significantly increased in CB2R
KO mice compared with WT mice (Figure 1H). Thus, CB2R
deficiency exacerbated IMQ-induced PsD.

TABLE 1 | Primer sequences for real-time quantitative PCR.

Name Forward 59 - 39 Reverse 5’ - 39

CB2 CGTGATCTTCGCCTGCAACT GTCAACAGCGGTTAGCAGCA
β-actin TGGCACCCAGCACAATGAA TAAGTCATAGTCCGCCTAGAAGCA
GAPDH TCTCCTGCGACTTCAACA TGTAGCCGTATTCATTGTCA
NGF AAGGCTTTGCCAAGGACG GTGATGTTGCGGGTCTGC
IL-1β CTTCAGGCAGGCAGTATC CAGCAGGTTATCATCATCATC
TNF-α TGTCCATTCCTGAGTTCTG GGAGGCAACAAGGTAGAG
IL-17A ACTACCTCAACCGTTCCA GAATCTGCCTCTGAATCCA
IL-17F TGCTACTGTTGATGTTGGGAC AATGCCCTGGTTTTGGTTGAA
IL-17C ATGCTTGTGTCGTGGATG GTGCCTGGAATGTCTGTC
IL-23A ACCTGCTTGACTCTGACA CCACTGCTGACTAGAACTC
IL-10 TTTGAATTCCCTGGGTGAGAA ACAGGGGAGAAATCGATGACA
IL-6 CCGCTATGAAGTTCCTCTC GGTATCCTCTGTGAAGTCTC
CXCL-1 CTGGGATTCACCTCAAGAACATC CAGGGTCAAGGCAAGCCTC
CCL-20 GCCTCTCGTACATACAGACGC CCAGTTCTGCTTTGGATCAGC
TGF-β TTGCTTCAGCTCCACAGAGA TGGTTGTAGAGGGCAAGGAC
ROR-γt GTGGAGCAGAGCTTAAACCCC ATGACTGAGAACTTGGCTCCC
Foxp-3 CACCTATGCCACCCTTATCCG CATGCGAGTAAACCAATGGTAGA
IL-31 TCAGCAGACGAATCAATACAGC TCGCTCAACACTTTGACTTTCT
TSLP ACTGCCATGATGAGGTGGTC GTCCTGGGTCTGAACCCTTT
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FIGURE 1 | CB2R was upregulated throughout the epidermis, and CB2R deficiency exacerbated the morphological and histological features of psoriasiform
dermatitis induced by IMQ treatment. (A) Immunofluorescence was used to detect the protein level of CB2R in psoriasiform dermatitis, human normal skin and psoriasis
lesions (scale bar: 100 μm). blue, DAPI; red, CB2R. (B, C) Protein levels of CB2R were quantified by western blotting. β-actin was used as a loading control. Relative
protein expression was normalized to that of the internal control. (D)mRNA levels of CB2R in skin tissues from the normal and psoriasis groups were analyzed by
real-time quantitative PCR. (E) Representative phenotype manifestation of WT and CB2R KOmouse back skin induced by IMQ application at day 7. (F) H&E staining of
cross-sectional slices of the dorsal skin of C57BL/6 mice on the seventh day. Scale bar represents 50 μm. (G)Clinical scores for disease severity were calculated daily of
epidermal erythema, scales, and thickening of the dorsal skin. The PASI score was calculated by adding the scores of three independent criteria (ranging from 0 to 12).
(H) The epidermal thickness of the dorsal skin on the seventh day was measured by four randomly selected fields per section of each mouse. Results are representative
of three independent experiments. Error bars represent mean ± SD. (n = 5 for each group). *p < 0.05, **p < 0.01, and ***p < 0.001 when compared.
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CB2R Deficiency Increased CD4+ T Cells
Infiltration and Proinflammatory Cytokines
Expression in IMQ Mice
In both psoriasis and relevant mouse models, the IL-23/Th17 axis
and Th1/Th2/Th17 balance play a major role in disease (Gauld
et al., 2019). To appraise the effects of CB2R on IMQ-induced

local and systemic inflammation, we used IHC to observe the
infiltration of CD4+ T cells, which are the main source that induce
differentiation into various subtypes of T cells in psoriasis. The
numbers of CD4+ T cells in IMQ-treated CB2R KO mice were
significantly increased compared with those in IMQ-treated WT
mice (Figure 2A and Supplementary Figure S2A). We also
examined the mRNA expression of key inflammation genes

FIGURE 2 | Effects of CB2R on the infiltration of CD4+ T cell and expression levels of inflammatory cytokines in mice with IMQ-induced psoriasiform dermatitis. (A)
The representative immunohistochemical staining images of IMQ- and vehicle- treated skin inWT and CB2R KOmice at day 7. Scale bar represents 50 μm.(B) Real-time
quantitative PCR was performed to quantify the mRNA level of IL-17A, IL-23A, TNF-ɑ, IL-1β, IL-17F, IL-17C, CXCL-1, CCL-20 in the skin biopsies from mice. Data are
obtained from duplicate samples from fivemice in each group. (C)CBA assay was performed to quantify the protein level of IL-2, IL-4, IL-6, IL-10, IFN-γ, TNF-ɑ and
IL-17A in the serum frommice. All the assays were repeated three times with consistent results. Error bars represent mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001
when compared.
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that are known to regulate psoriatic skin inflammation. As shown
in Figure 2B, relatively increased mRNA levels of IL-17A, IL-
23A, TNF-α, IL-1β, and IL-17C were noted in the psoriasiform
skin lesions of CB2R KO mice as compared with WT mice.
Although the expression of IL-17F, CXCL-1, and CCL-20 in
IMQ-treated CB2R KO PsD mice was higher than that in CB2R
KO vehicle mice, there was no significant difference in PsD
between CB2R KO mice and WT mice, and CCL-20 mRNA
levels were somewhat lower in the two groups. In addition, the
CBA assay showed that the levels of Th1 (IL-2, IFN-γ, TNF-α)
and Th17 (IL-17A) cell-related cytokines in the serum were
markedly increased, whereas the levels of Th2 cell-related
cytokines (IL-4, IL-10) were significantly decreased in PsD
mice compared with normal mice in both the WT and CB2R
KO groups. Interestingly, CB2R deficiency exhibited the greatest

impact on the expression of IL-2 in the serum after applying IMQ,
given that the changes in several other cytokines were not
statistically significant (Figure 2C). These results indicated
that CB2R deficiency exacerbated the IMQ-induced skin
inflammation by regulating inflammatory cell infiltration and
the release of local and systemic inflammatory cytokines.

CB2R Deficiency Promoted the
Differentiation Proportion of Th17/Treg
Cells Among CD4+ T Cells
It is well known that psoriasis may result from massive
inflammatory cellular infiltrates and/or an imbalance in T cells,
especially in Th17/Treg cells (Shi et al., 2019). Furthermore, it has
been reported that CB2R activation may change the balance of

FIGURE 3 | Effects of CB2R deficiency on differentiation proportion of Th17/Treg in IMQ-induced PsD. (A) Flow cytometric analysis of the proportion of Th17 cells
(CD4+, IL-17A+ cells) in single cell suspensions of spleen of IMQ- and vehicle- treated skin in WT and CB2R KO mice. (B) Flow cytometric analysis of the proportion of
Treg cells (CD4+, CD25+, and Foxp3+ cells) in single cell suspensions of spleen of IMQ- and vehicle- treated skin in WT and CB2R KO mice. (C) The ratio of Th17/Treg
cells. (D-H) The mRNA expression levels of Foxp3 (D), IL-10 (E), TGF-β (F), ROR-γt (G), IL-6 (H). Error bars represent mean ± SD. *p < 0.05, **p < 0.01, and ***p <
0.001 when compared.
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Th17/Treg cells in lung tissues (Wei et al., 2021), but it remains
unclear whether it plays the same role in psoriasis. To probe the
effect of CB2R in regulating the Th17/Treg cell balance on IMQ-

induced systemic inflammation, we next performed flow
cytometric analysis of splenic single cells. We found that the
proportion of Th17/Treg cells was increased in IMQ-induced

FIGURE 4 | The selective agonist of CB2R, JWH-133, could alleviate PsD in IMQ-induced mice. (A) Schematic diagram of the animal experiment protocol for the
control, IMQ, i.c. AM-630 and i.c. JWH-133 groups (n = 5). (B)Representative macroscopic view and H&E staining of cross-sectional slices of the dorsal skin of C57BL/6
mice on the fifth day. Scale bar represents 100 μm. (C)Daily assessment of epidermal erythema, scales, and thickening of the dorsal skin. The PASI score was calculated
by adding the scores of three independent criteria (ranging from 0 to 12). (D) The epidermal thickness of the dorsal skin on the fifth day was measured by four
randomly selected fields per section of each mouse. (E) The mRNA expression levels of IL-17A, IL-23A, TNF-α, IL-1β, CXCL-1 and CCL-20 were measured by qRT-
PCR. Error bars represent mean ± SD. (n = 5 for each group). *p < 0.05, **p < 0.01, and ***p < 0.001 when compared. All the assays were repeated three times with
consistent results.
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PsD mice compared with vehicle-induced control mice. However,
CB2R deficiency slightly increased the ratio of Th17/Treg cells in
the spleen compared to that of WT mice after IMQ application.
However, this effect was more obvious in vehicle mice (Figures
3A–C). We also verified the mRNA expression levels of ROR-γt,
TGF-β, IL-6, Foxp3 and IL-10, which play a critical role in the
differentiation of Th17 and Treg cells, respectively. Importantly,
the mRNA levels of Treg-related transcription factors and
cytokines, including Foxp3, IL-10, and TGF-β, were significantly
decreased in CB2R KO-PsD mice compared with CB2R KO-
vehicle mice (Figures 3D–F). In contrast, Th17-related
transcription factors and cytokines, including ROR-γt and IL-6,
were significantly increased in the two groups (Figures 3G,H).
Compared with WT mice, CB2R deficiency had a more obvious
effect on IL-10 and ROR-γt expression after applying IMQ. In
summary, the experiments demonstrated that CB2R deficiency
promoted the proportion of Th17/Treg cells among CD4+ T cells.

The CB2R Agonist JWH-133, was Effective
Against IMQ-Induced PsD
We further applied the CB2R agonist JWH-133 and the CB2R
antagonist AM-630 to observe their effects on PsD. JWH-133,
AM-630 or solvent (10% DMSO+20% Tween-80 + 70%
saline) was intraperitoneally (i.p.) injected into WT mice
during IMQ treatment. We first found that 5 mg/kg was
the optimum dose because 1 and 3 mg/kg were not
effective. Intraperitoneal treatment with 5 mg/kg JWH-133
improved the PASI score. Because CB2R was mainly located
on the epidermis, then we observed that mice received
2.5 mg/kg JWH-133 intracutaneously (i.c.) showed a
significant attenuation of psoriasis inflammation compared
with those that received an intraperitoneal injection. Thus, an
IMQ-induced PsD mouse model and simultaneous
intracutaneous injection pretreatment with AM-630 or
JWH-133 were conducted to verify the role of CB2R in
vivo (Figure 4A). Compared with the IMQ group, JWH-
133 visibly alleviated the clinical phenotype of IMQ-
induced PsD but did not completely eliminate the
macroscopic clinical symptoms, which included redness
and thickening of the skin reduction. Histological results
showed that JWH-133 significantly improved the histologic
changes, which showing less parakeratosis and less
inflammatory cell infiltration than the IMQ group. In
contrast, AM-630 had the opposite effect (Figure 4B).
Similarly, the i.c. JWH-133 group showed lower PASI
scores (Figure 4C) and less epidermal thickening
(Figure 4D). Consistently, JWH-133 also significantly
reduced the mRNA expression levels of proinflammatory
cytokines, including IL-17A, IL-23A, TNF-α, IL-1β, CXCL-
1 and CCL-20, in skin lesions (Figure 4E). Of note, the
expression levels of proinflammatory cytokines also
decreased after i.c. administration of AM-630. It is possible
that the dose was insufficient or the pharmacological effect of
the antagonist was not as thorough as knocking out the
receptor. These results demonstrated that CB2R activation
alleviated inflammation in IMQ-induced PsD.

CB2R Deficiency Intensified the Scratching
Behaviour of IMQ-Induced Psoriatic Mice
It has been reported that CB2R agonists significantly suppress
scratching behaviour induced by compound 48/80, histamine,
substance P or serotonin in mice or rats (Odan et al., 2012;
Haruna et al., 2015), but all of those compounds are the
pruritogens of acute itch. Spontaneous scratching and
psoriasiform skin lesions can be induced by topical
stimulation of IMQ (Sakai et al., 2016), which simulates the
chronic itch of psoriasis. To investigate the effect of CB2R on the
chronic itch in psoriasis, we followed the schematic experimental
protocol (Figure 4A). The results showed that mice treated with
IMQ indeed exhibited more scratching bouts than the control
group. Both CB2R deficiency and i.c. AM-630 injection
intensified the scratching behaviour, whereas i.c. JWH-133
alleviated the scratching behaviour compared with that in the
IMQ model group (Figures 5A,B). We next examined the
sensory nerve fibers in lesion skin and untreated skin from
WT mice and CB2R KO mice. Nerve fibers density was
analyzed using immunofluorescence to visualize protein gene
product 9.5 (PGP 9.5)-positive nerve fibers, which are known as
peripheral sensory nerve markers (Feld et al., 2016). As shown in
Figure 5C and Supplementary Figure S2B, CB2R KO showed
that dermal nerve fibers extended to the epidermis, and a
significant increase in the density of PGP 9.5-positive nerve
fibers at the junction of the dermis and epidermis was noted
in IMQ-induced PsD skin compared with WT mice or vehicle-
treated skin. To further explore the mechanism of itch, we
hypothesized that the changes in nerve fibers involved NGF-
induced neuronal growth. Western blot and qRT-PCR revealed
an increase in NGF expression levels in the IMQ group compared
with the normal control group. However, CB2R KO only affected
NGF gene expression level but did not significantly influence
NGF protein expression (Figures 5D,E). Taken together, these
results suggested that the extension of nerve fibers into the
epidermis could be involved in the itch-related scratching of
mice, and CB2R deficiency intensified the scratching behaviour of
IMQ-induced psoriatic mice by regulating the expression of nerve
fibers. Moreover, all of these effects could be reversed by JWH-
133, but the effects of the antagonists AM-630 were not as
significant as those of the knockout mice.

The Regulation of CB2R on Psoriatic Itch
was Independent of IL-31, TSLP and Mast
Cells
IL-31, thymic stromal lymphopoietin (TSLP) and mast cells have
recently attracted much attention as targets for chronic itch
therapy (Agarwala et al., 2016). However, whether CB2R is
involved in psoriatic itch by regulating these cytokines and
mast cells remains unclear. We used immunofluorescence to
label the mast cells surface marker c-kit and toluidine lube
staining to observe the changes in the number and activation
of mast cells in the skin. As shown in Figures 6A–E, the
infiltration and degranulation rate of mast cells increased after
IMQ treatment in WT mice. However, we found no difference in
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mast cells between IMQ-treated CB2R KO mice and WT mice.
Interestingly, CB2R KO significantly reduced the mRNA
expression of IL-31 and TSLP after IMQ application
compared with WT mice (Supplementary Figures S2C,D),
showing an opposite trend to scratching bouts. Intradermal

JWH-133 reversed the expression of IL-31and TSLP and the
activation of mast cells in PsD mice. Collectively, these data
suggested that CB2R didn’t participate in the induction of itch
in psoriasis by regulating the expression of IL-31, TSLP and
mast cells in mice.

FIGURE 5 | Effects of CB2R on the scratching behavior and expression of nerve fibers in IMQ-induced PsD. (A, B) The behavior results of mice in different groups.
(C) PGP 9.5 stained (red fluorescence) nerve fibers in the skin biopsies from mice, co-stained with DAPI (blue fluorescence) to detect the nucleus. Scale bar represents
100 μm. (D) Protein level of NGF was analyzed by western blotting in the six groups of mice. β-actin served as the loading control. (E) The mRNA expression levels of
NGF was measured by qRT-PCR. Error bars represent mean ± SD. (n = 5 for each group). *p < 0.05, **p < 0.01, and ***p < 0.001 when compared. All the assays
were repeated three times with consistent results.
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DISCUSSION

In recent years, an emerging concept has been proposed that the
skin serves as a neuro-endocrine-immune organ to maintain
global and local homeostasis through multidirectional
communication among the brain, the endocrine and immune

systems, and peripheral organs (Slominski andWortsman, 2000).
This homeostasis can be unbalanced due to environmental stress,
trauma and metabolic disorders, underscoring the pathogenesis
of some skin diseases, such as atopic dermatitis and psoriasis
(Slominski et al., 2012; Slominski et al., 2013). It is known that the
pathogenesis of psoriasis is a result of complex interactions

FIGURE 6 | Regulation of mast cells number and degranulation by CB2R in IMQ-induced psoriasis. (A–C) Toluidine bule staining to detect the number and the
degranulation of mast cells, green arrows pointed to non-degranulated mast cells, red arrows pointed to degranulatedmast cells. (D, E) Immunofluorescence to analysis
of c-kit (mast cell marker) expression and quantification of mast cells number in the skin. Error bars represent mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001 when
compared. Scale bar represents 100 μm.
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among the neuroendocrine, immune and vascular systems
(Armstrong and Read, 2020). Evidence suggests that CB2R
plays a critical role in immune modulation and sensory
conduction (Sheriff et al., 2020; Graczyk et al., 2021).
Although CB2R-mediated immune responses have been
observed in other inflammatory skin diseases, including skin
wound healing (Wang et al., 2016; Du et al., 2018), allergic
contact dermatitis (Karsak et al., 2007) and artificially induced
dermatitis (Haruna et al., 2017), little is known about their role in
psoriasis. We first found that CB2R expression levels were
significantly increased in psoriatic lesions compared with
normal skin. CB2R was mainly expressed in the suprabasal
epidermis, indicating that endocannabinoid signaling is
implicated in the regulation of the epidermal permeability
barrier homeostasis (Roelandt et al., 2012). Positive staining
for CB2R was also observed in the dermis, which may be due
to it located in cutaneous nerve fiber bundles, mast cells,
macrophages, the epithelial cells of hair follicles, sebocytes and
eccrine sweat glands (Ständer et al., 2005). These findings were
consistent with the concept that CB2R expression increased by
greater than 100 times the base level due to the inflammation (Lu
and Mackie, 2016). CB2R overexpression in psoriatic skin tissues
may be a synergistic action of acanthosis cell layer thickening, or
it may be a self-protective response of reactive upregulation to
inhibit keratinocyte proliferation. CB2R deficiency unexpectedly
exacerbated psoriasiform skin inflammation.

The balance of Th17/Treg cells plays a critical role in the
pathogenesis of psoriasis. Some studies have shown that Treg cells
are easily converted into Th17 cells under psoriatic inflammatory
conditions (Bovenschen et al., 2011). Shi et al. confirmed the
existence of an imbalance of Th17/Treg cells in psoriasis patients
(Shi et al., 2019). CB2R is expressed in B lymphocytes,
neutrophils, leucocytes CD8 and CD4, allowing cannabinoids
to mitigate the inflammatory response (Graczyk et al., 2021). A
previous in vitro study found that the CB2R selective agonist O-
1966 activated Tregs and promoted increased IL-10 secretion in
the mixed lymphocyte reaction culture supernatant (Robinson
et al., 2015). In the present study, we found that CB2R KO
contributed to the pathogenesis of psoriasis by promoting CD4+

T cell proliferation; upregulating Th17 cytokines, such as IL-17A,
IL-23A, and IL-17C; and downregulating IL-10. In addition,
CB2R KO aggravated the imbalance of Th17 and Treg cells by
regulating the expression of key transcription factors ROR-γt and
Foxp3. The changes in these cytokines at the protein level were
confirmed by CBA assay. The protein results showed the same
trends as the mRNA results, suggesting that CB2R has a
regulatory effect on systemic and local inflammation. Thus,
future studies should focus on the molecular mechanism of
CB2R activation in regulating CD4+ T cell differentiation at
the cellular level as a more representative comparison to our
murine studies.

Although it has been reported that a variety of endogenous
and exogenous CB2R agonists can suppress acute itch-associated
scratching behaviour in rodents through inhibition of itch signal
transmission (Haruna et al., 2015; Avila et al., 2020), the
relationship between CB2R and chronic itch is poorly
understood, especially in psoriasis itch. Previous studies have

demonstrated that the increase in nerve fiber density and the
prolongation of nerve fiber endings to the epidermis could
promote itch hypersensitivity, which subsequently leads to
psoriasis pruritus (Tominaga et al., 2007). We found that the
immunoreactive nerve fibers treated with anti-PGP 9.5 antibody
were markedly increased in the epidermis of IMQ-induced WT
and CB2R deficiency mice on Day 7. Thus, these results appear to
indicate that CB2R KO could lead to increased nerve ending
density and length, and the changes in nerve fibers may be related
to the frequency of scratching in psoriatic mice. Our work also
provided evidence for the involvement of CB2R in the regulation
of chronic itch.

The mechanisms by which nerve fibers extend in psoriatic
mice and CB2R deficiency modulates itching remain unclear.
Various studies provide evidence that some neurotrophins can
contribute to neural extension (Menezes et al., 2019; Sultan et al.,
2021). NGF is abundantly released from human keratinocytes in
culture, and is highly expressed in the epidermis of psoriatic mice
(Pincelli et al., 1994). Some researchers have observed that
compared with nonpruritic skin, NGF content in pruritic
psoriasis skin lesions was increased (Yamaguchi et al., 2009)
and accompanied by increased nerve density in the skin (Tan
et al., 2019). Furthermore, NGF expression in astrocytes and
microglia was markedly upregulated by local tissue injury,
inflammation and cytokines (Pöyhönen et al., 2019). Bozkurt
et al. reported that CB1R activation could continuously modify
neuronal airway hyperreactivity by inhibiting neuronal growth
induced by NGF (Bozkurt et al., 2016). Whether CB2R has a
similar effect on NGF expression has not yet been reported. Our
results showed that NGF expression levels were significantly
upregulated in psoriasis skin lesions. CB2R deficiency
significantly increased NGF mRNA but not protein expression,
and the translation of mRNA to protein might be inhibited by
CB2R. We assumed that in pruritus psoriasis skin, the number of
nerve fibers increases, and the new nerve fibers promote the
continued secretion of NGF, resulting in abnormal hyperplasia of
nerve fibers and more sensitive sensation. In addition, the local
high expression of a variety of inflammatory factors for NGF
secretion and nerve fiber hyperplasia are also effective stimuli,
leading to pruritus paresthesia. Together, NGF expression and
nerve fiber changes may represent the essential changes that are
responsible for itching in CB2R-deficient psoriatic mice.
However, there may be other factors in addition to NGF that
cause nerve fiber changes and itch in psoriasis. Themechanism by
which CB2R regulates NGF expression also needs to be further
elucidated.

CB2R is mainly present in immune cells such as mast cells
(Rom and Persidsky, 2013), and the latter have been implicated
as key mediators of itch (Siiskonen and Harvima, 2019).
Although it has been reported that the number and
degranulation of mast cells elevated in pruritic psoriatic
lesions (Harvima et al., 2008; Cho et al., 2017), lack of
study investigate the correlation between CB2R and mast
cells in psoriasis. Our data demonstrated that there was
indeed an increase in the number and degranulation of
mast cells in PsD. CB2R deficiency increased mast cells
activation in normal control mice, but had no effect on
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IMQ-induced psoriasis mice. IL-31 and TSLP are key
cytokines directly promoting itch (Dillon et al., 2004;
Wilson et al., 2013). Recent studies demonstrated that IL-31
and TSLP appear to be partially involved not only in the
pathogenesis of psoriasis, but also in the induction of itch
in psoriasis (Nattkemper et al., 2018; Gago-Lopez et al., 2019;
Gibbs et al., 2019; Suwarsa et al., 2019). Our study was
consistent with previous findings in WT mice. However,
CB2R deficiency contributed to opposite results. Combined
with the results of i.c. JWH-133 group, we cannot exclude the
possibility that location of CB2R in other cells other than
keratinocytes and mast cells might be involved in the
pathogenesis. The generation of tissue - or cell-specific
knockout CB2R mice is necessary for further studies.

In conclusion, our results suggested that CB2R may play a
protective role in mediating immunosuppression by regulating
the proliferation and differentiation of CD4+ T cells and reducing
the production of cytokines and chemokines. In addition, the
reduction of the release of inflammatory factors may weaken the
NGF secreted by keratinocytes, reduce the proliferation and
elongation of nerve fibers, and have an antipruritic effect
(Figure 7). The neuro-immune pathway may be involved in
the regulation of inflammation and itch in psoriasis. Given
CB2R’s localized expression, most of the adverse side effects

associated with systemic therapy can be avoided. Topical
preparations are readily absorbed through the skin, which is
traditionally the preferred route of delivery for treating psoriasis.
These considerations have led to the hypothesis that topical
selective CB2R agonists may have potential therapeutic
applications for the treatment of psoriasis.
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FIGURE 7 | Summary of CB2R actions in psoriatic inflammation and
itch. Under the psoriatic inflammatory microenvironment, CB2R regulated
proliferation and differentiation of CD4+ T cell, increased ROR-γt expression
and decreased Foxp3 expression, resulting in imbalance of Th17 and
Treg cells, further aggravating the inflammatory microenvironment of
psoriasis. The local high expression of a variety of inflammatory factors
stimulated the keratinocytes secreting NGF for nerve fiber hyperplasia,
resulting in pruritus paresthesia.
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Astilbin Activates the Reactive
Oxidative Species/PPARγ Pathway to
Suppress Effector CD4+ T Cell
Activities via Direct Binding With
Cytochrome P450 1B1
Shizhen Ding1,2†, Guotao Lu1†, Biying Wang2, Jie Xiang3, Chunxia Hu2, Zhijie Lin2,4,
Yanbing Ding1,4, Weiming Xiao1,4,5* and Weijuan Gong1,2,4,5*

1Department of Gastroenterology, Affiliated Hospital of Yangzhou University, Yangzhou University, Yangzhou, China,
2Department of Immunology, School of Medicine, Yangzhou University, Yangzhou, China, 3Department of Pharmacology, School
of Medicine, Yangzhou University, Yangzhou, China, 4Jiangsu Key Laboratory of Integrated Traditional Chinese and Western
Medicine for Prevention and Treatment of Senile Diseases, Yangzhou University, Yangzhou, China, 5Jiangsu Key Laboratory of
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Astilbin, as a compound of flavonoids, exerts anti-inflammation, antioxidation, and
immune-suppression activities. Decreased activation of NF-κB and p38 MAPK and
increased activation of SOCS3 and AMPK have been found in astilbin-treated cells.
However, what molecules are docked by astilbin to initiate signaling cascades and result in
functional changes remains unknown. In the study, we found that astilbin efficiently
suppressed TNF-α production and increased CCR9 and CD36 expression of CD4+

T cells. In vivo administration of astilbin repressed the occurrence of type 1 diabetes
mellitus in non-obese diabetic mice. The PPARγ/SOCS3, PPARγ/PTEN, and PPARγ/
AMPK signaling pathways were substantially activated and played key roles in astilbin-
induced downregulation of CD4+ T cell functions. Transcriptome sequencing results
confirmed the changes of signaling molecules involved in the immune system,
inflammatory responses, and indicated variations of multiple enzymes with oxidant or
antioxidant activities. Astilbin directly induced cytoplasmic ROS production of CD4+ T cells
ex vivo, but had no effects on mitochondrial ROS and mitochondrial weight. When cellular
ROS was depleted, astilbin-treated CD4+ T cells remarkably reversed the expression of
TNF-α, IFN-γ, CCR9, CD36, and signaling molecules (PPARγ, PTEN, p-AMPK, and
SOCS3). Based on bioinformatics, two P450 enzymes (CYP1B1 and CYP19A1) were
selected as candidate receptors for astilbin. CYP1B1 was identified as a real docking
protein of astilbin in ROS production by AutoDock Vina software analysis and surface
plasmon resonance assay. Collectively, astilbin downregulates effector CD4+ T cell
activities via the CYP1B1/ROS/PPARγ pathway, which firmly supports its potential use
in the treatment of inflammation.
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INTRODUCTION

Astilbin is a flavonoid compound that can be extracted from
Smilax glabra rhizomes, Hypericum perforatum, and various
French vines (0.78–15.12 mg/dl) (Sharma et al., 2020). It
possesses strong anti-inflammation, immunosuppression,
anti-microorganism, and antioxidation activities (Panche
et al., 2016) and plays a therapeutic role in various
disorders, such as diabetes (Perez-Najera et al., 2018), liver
injury (Wang et al., 2004), lung injury (H. B. Zhang H B et al.,
2017), cardiovascular infarction (Diao et al., 2014),
depression (Lv et al., 2014), myasthenia gravis (Meng
et al., 2016), neurodegenerative diseases (Wang et al.,
2017; Zhu et al., 2019), renal dysfunction (Chen et al.,
2018), contact hypersensitivity (Fei et al., 2005), psoriasis
(Di et al., 2016), burn wound healing (Kimura et al., 2007),
androgenic alopecia (Nagasawa et al., 2016), systemic lupus
erythematosus (Guo et al., 2015), transplant arteriosclerosis
(Zhao et al., 2009), and arthritis (Cai et al., 2003). Astilbin
also inhibits the activities of angiotensin-converting enzyme,
glucose-6-phosphatase, aldose reductase, α-glucosidase,
horseradish peroxidase, and myeloperoxidase and amplifies
lipoprotein lipase activity, thus exerting modulatory effects
on blood pressure and metabolism (Sharma et al., 2020).

The mechanisms of astilbin-mediated anti-inflammation
and immunosuppression are involved with downregulating
the activities of macrophages, dendritic cells (Ding et al.,
2014), and effector T cells and inducing regulatory B cells
(Xu et al., 2020) and T cells (Han et al., 2020). Astilbin
suppresses the function of inflammatory cells by inhibiting
the PI3K/AKT, TLR4/MyD88/NF-κB (Li et al., 2019), and
MAPK signaling pathways and promoting the expression of
SOCS3 and activating AMPK, leading to less production of IL-
1β, IL-6, TNF-α, IFN-γ, and MMPs (Sharma et al., 2020; Yang
et al., 2021). Astilbin is also verified to have strong capacity for
scavenging reactive oxidative species (ROS) directly or
indirectly (Wang et al., 2019). Astilbin promotes Nrf2
nucleus translocation in skin cells (HaCaT) to reduce ROS
accumulation, VEGF expression, and HaCaT cell proliferation
(C. Zhang et al., 2017). However, what molecules have dock
sites for astilbin and how astilbin modifies the actions of its
receptors to induce downstream signaling events in cells,
remains unknown.

Astilbin was firstly identified to inhibit effector CD4+ T cell
function in concanavalin A-induced liver injury (Wang et al.,
2004). Astilbin efficiently suppresses TNF-α and MMP-9
production and adhesion of CD4+ T cells, as well as Th17
differentiation (Meng et al., 2016). Given the key role of
effector CD4+ T cells in inflammation-associated diseases,
the accurate elucidation of the effects and mechanisms of
astilbin on CD4+ T cells would promote its clinical
application. In the present study, we profoundly
investigated the molecular mechanisms behind the
inhibitory effects of astilbin on effector CD4+ T cells and
found that CYP1B1 was one dock molecule of astilbin
associated with its ability to modulate CD4+ T cell function.

MATERIALS AND METHODS

Animals and Reagents
Non-obese diabetic (NOD) mice and Nrf2−/− mice were
obtained from the Model Animal Research Center of
Nanjing University (Nanjing, China). C57BL/6 mice were
from Comparative Medical Center of Yangzhou University
(Yangzhou, China). Experiments used 6–12-week-old and sex-
matched mice, unless otherwise indicated. All animal care and
handling procedures were conducted in accordance with the
protocols approved by the Institutional Animal Care and Use
Committee (IACUC) at Yangzhou University (Yangzhou,
China).

The following reagents were used: Astilbin (HY-N0509); 1-
aminobenzotriazole (ABT, HY-103389), a nonspecific and
irreversible inhibitor of CYP enzymes; etomoxir (HY-
50202), an inhibitor of CPT1α; SF1670 (HY-15842), an
inhibitor of PTEN; N-Acetyl-L-cysteine (NAC, HY-B0215),
a GSH-related antioxidant; GW9662 (HY-16578), a potent and
selective PPARγ antagonist; and dorsomorphin (Compound
C, HY-13418A), a selective and ATP-competitive AMPK
inhibitor (MedChemExpress, NJ, United States).

Cell Culture
CD3+ CD4+ cells were isolated from the spleen by magnetic
bead sorting (Miltenyi Biotec GmbH, BG, Germany). Isolated
CD4+ T cells and unlabeled cells were counted and then
cultured in RPMI containing 10% FBS and penicillin/
streptomycin in a humidified atmosphere containing 5%
CO2 at 37°C. Cells were further stimulated in vitro with
astilbin, with or without IL-12 (20 U/ml), plate-bound anti-
CD3 (2 μg/ml) and soluble anti-CD28 (1 μg/ml) antibodies,
GW9662, NAC, SPF1670, dorsomorphin, ABT, and etomoxir
according to the experimental design. After 12 h, 24 h, or
2 days, cells were harvested for flow cytometric analysis.

Flow Cytometry
Cells were stained with the indicated antibodies for 30 min at
4°C. The following antibodies for flow cytometry were
obtained from BioLegend, CA, United States: anti-mouse
CD4 (GK1.5), anti-mouse CCR6 (29-2L17), anti-mouse
CCR9 (9B1), anti-mouse CD36 (HM36), and anti-human
CD4 (OKT4). For intracellular cytokine analysis, cells were
stimulated with PMA and ionomycin for 30 min and treated
with brefeldin A for 4 h before staining Fixation/
Permeabilization Solution Kit (BD, NJ, United States)
followed by anti-mouse TNF-α (MP6-XT22, BioLegend, CA,
United States), anti-mouse IFN-γ (XMG1.2, BD, NJ,
United States), anti-human TNF-α (Mab11, BioLegend, CA,
United States), or anti-human IFN-γ (4S.B3, BioLegend, CA,
United States). Cell apoptosis was detected with an Annexin V
staining kit (BD, NJ, United States) according to the
manufacturer’s instructions. For cell proliferation, cells were
labeled with 5 μM CFDA-SE (CFSE) (Invitrogen, CA,
United States). Seventy-two hours later, they were collected
and analyzed by flow cytometry. Acquisition was carried out
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on FACSVerse (BD, NJ, United States), and analysis was
performed with FlowJo v10 software.

Evaluation of Type 1 Diabetes Mellitus
NOD mice were randomly divided into three groups, and each
group was intraperitoneal injected twice weekly with PBS or
astilbin (50, 100 mg/kg) for 7 weeks. Body weight and blood
glucose of NOD mice were monitored once a week until the
end of the observation period. NOD mice were characterized as
diabetic when blood glucose readings were >13.9 mmol/L for two
consecutive measurements. The indexes of deadmice were shown
as the last blood glucose or weight data. At the end of the
observation period, mice were euthanized by cervical
dislocation, and pancreatic CD4+ T cells were measured by
flow cytometry.

Western Blot
Total protein was extracted and boiled for 5 min, resolved by
electrophoresis, and transferred to PVDF membranes. Blots
were blocked for 1 h with 5% milk in TBST followed by
incubation with antibodies (dilution 1:500 to 1:2000) at 4°C
overnight. The following antibodies were used for western blot:
ACC (Cat# 3676, RRID:AB_2219397), p-ACC (Cat# 11818,
RRID:AB_2687505), HKII (Cat# 2867, RRID:AB_2232946),
mTOR (Cat# 2983, RRID:AB_2105622), p-mTOR (Cat#
5536, RRID:AB_10691552), Akt (Cat# 4691, RRID:
AB_915783), p-Akt (Cat# 4060, RRID:AB_2315049), AMPK
(Cat# 5831, RRID:AB_10622186), p-AMPK (Cat# 50081,
RRID:AB_2799368), LKB1 (Cat# 3047, RRID:AB_2198327),
p-LKB1 (Cat# 3482, RRID:AB_2198321), PTEN (Cat# 9188,
RRID:AB_2253290), PPAR-γ (Cat# 2443, RRID:AB_823598),
PI3K p110α (Cat# 4249, RRID:AB_2165248), β-actin (Cat#
4970, RRID:AB_2223172), NF-κB p65 (Cat# 8242, RRID:
AB_10859369), NF-κB p-p65 (Cat# 3033, RRID:
AB_331284), p38 (Cat# 8690, RRID:AB_10999090), p-p38
(Cat# 4511, RRID:AB_2139682), JNK (Cat# 9252, RRID:
AB_2250373), p-JNK (Cat# 4668, RRID:AB_823588), Erk
(Cat# 4695, RRID:AB_390779), p-Erk (Cat# 4370, RRID:
AB_2315112), Stat3 (Cat# 4904, RRID:AB_331269), p-Stat3
(Cat# 9145, RRID:AB_2491009), SOCS3 (Cat# 52113, RRID:
AB_2799408) (Cell Signaling Technology, MA, United States),
Glut1 (Cat# ab115730, RRID:AB_10903230), CPT1α (Cat#
ab234111, RRID:AB_2864319), LPL (Cat# ab21356, RRID:
AB_446221) (Abcam, Cambridge, Britain), CYP1B1 (Cat#
18505-1-A, RRID:AB_2878548) (Proteintech, IL,
United States), CYP19A1 (Cat# YT1190, RRID:
AB_2864736) (Immunoway, DE, United States) and
P-PPARγ (abs130911, absin, Shanghai China). HRP-
conjugated anti-rabbit (Cat# 7074, RRID:AB_2099233, Cell
Signaling Technology, MA, United States) secondary
antibodies were used at 1:5000 dilution for 1 h at room
temperature. The bands were detected by developing with
chemiluminescent HRP substrate (Thermo Scientific, MA,
United States), and the intensity of bands was determined
by imaging with a molecular imager (Bio-Rad, CA,
United States). Bands quantified using the ImageJ software.
All results were normalized to those of β-actin, which was used

as a loading control, and phosphorylated proteins is compared
to the total amount of proteins and housekeeping genes (β-
actin).

Detection of Reactive Oxidative Species
and Mitochondria
To determine the mitochondrial mass and the levels of
intracellular and mitochondrial ROS (mROS), the cells were
incubated with 100 nM MitoTracker Green (Beyotime,
Shanghai, China) (De Nicola et al., 2011), 10 μM DCFH-DA
(Beyotime, Shanghai, China), and 10 μM MitoSOX Indicator
(Thermo Fisher Scientific, MA, United States) for 15 min in a
CO2 incubator at 37°C. After washing twice, the data were
acquired on a FACSVerse (BD, NJ, United States) and analyzed
with FlowJo v10 software.

Transcriptome Sequencing
Total RNA was isolated from mouse CD4+ T cells with TRIzol
(1 ml) reagent and purified using Quick-RNA Miniprep
columns and RNase-free DNase digestion. RNA integrity
was assessed with the Agilent 2100 Bioanalyzer (Agilent
Technologies, CA, United States). RNA purity and quantity
were evaluated with a NanoDrop 2000 spectrophotometer
(Thermo Scientific, MA, United States). Only samples with
RIN scores above nine and a minimum total RNA of 500 ng
were used for library preparation. Then, the libraries were
constructed using TruSeq Stranded mRNA LT Sample Prep Kit
(Illumina, CA, United States) according to the manufacturer’s
instructions. Subsequently, the transcriptome sequencing data
were used for a series of analyses, including differential
expression analysis, gene enrichment analysis, and
expression level analysis.

Prediction of Potential Targets of Astilbin
The potential targets of astilbin were predicted using the
PharmMapper database (http://www.lilab-ecust.cn/
pharmmapper/index.php) by performing Druggable
Pharmacophore Models and SwissTargetPrediction (http://
www.swisstargetprediction.ch/) on the basis of the principle
that chemicals with similar structures may have similar
functions. All the screened targets were input into the
UniProt database (http://www.uniprot.org/) to exclude the
same targets and non-Homo sapiens targets. The
corresponding predicted target information obtained was
collected and sorted according to fit score and probability.

Docking Study
The chemical structure of astilbin was obtained from the
PubChem compound database (http://pubchem.ncbi.nlm.
nih.gov/) with ID 29838-67-3. The crystal structures of
CYP1B1 and CYP19A1 proteins with PDB IDs 3PM0 and
3S79, respectively, were obtained from the Research
Collaboratory for Structural Bioinformatics (RCSB) Protein
Data Bank. The crystal water molecules, ligand atoms, and
ions that were bound to the proteins were removed. Hydrogen
atoms were subsequently added using AutoDock Tool
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program version 1.5.6. Molecular docking between astilbin
and human cytochrome P450 1B1 (CYP1B1) was performed
using AutoDock Vina on the basis of the Lamarckian genetic
algorithm, which combines energy evaluation through grids
of affinity potential to find a suitable binding position for a
ligand on a given protein. The grid box for docking was
positioned properly at the active binding site in the center.
The genetic algorithm and its run were set to 1000, as the
docking algorithms were set on default. Finally, the results
were retrieved as binding energy, and docking with binding
energies lower than −5 kcal/mol was selected as a significant
binding event and was visualized using PyMOL version 1.5.0.
3. software for obtaining hydrogen bond, hydrophobic, and
electrostatic interactions.

Surface Plasmon Resonance
SPR experiments were performed with a Biacore T200 (GE
Healthcare, MA, United States). CYP1B1 coupling protein
(ImmunoClone, NY, United States) was diluted in 10 mM
sodium acetate (pH 5.0) and immobilized on the sensor
chip CM7 by primary amine coupling kit (Biacore, GE
Healthcare, MA, United States) to a final response level of
approximately 6000 resonance units. A blank channel was used
as the negative control. All data were collected at 25°C with
HBS-EP running buffer (10 mM HEPES, 150 mM NaCl, 3 mM
EDTA, 0.05% surfactant polysorbate 20, pH 7.4) at a flow rate
of 30 μl/min. Concentration series of the original astilbin (two-
fold dilutions starting from a top concentration of 200 μM)
was injected over immobilized proteins for a contact time of
180 s and dissociation time of 300 s. The resulting data were fit
to a 1:1 binding model using Biacore Evaluation Software v3.2,
and the Kd value was determined.

Knockdown of Cytochrome P450 1B1
Silencing of CYP1B1 in CD4+ T cells was achieved using
lentivirus. The specific lentivirus CYP1B1-shRNA (5′-GCC
TGACCATTAAGCCCAAGTCTCGAGACTTGGGCTTAA
TGGTCAG GCTTTTT-3′) and negative control lentivirus
shRNA were designed and synthesized by Genecreate,
Wuhan, China. Lentiviral plasmid vectors and packaging
vectors were co-transfected in 293T cells with
Lipofectamine 3000 Reagent (Thermo Fisher, MA, United
States). For lentiviral infection, CD4+ T cells were mixed with
the virus and 10 μg/ml of polybrene (Sigma-Aldrich, MS,
United States). The knockdown effect of CYP1B1 in CD4+

T cells was confirmed by RT-PCR and Western blot analysis.

Statistical Analysis
All data are presented as the means ± SD or means ± SEM.
Comparisons between two groups were assessed using the
unpaired two-tailed student’s t test. Comparison of multiple
groups was performed using one-way ANOVA or two-way
ANOVA. All statistical tests were two-sided. Statistical
differences are significant for *, p ≤ 0.05; **, p ≤ 0.01; ***,
p ≤ 0.001.

RESULTS

Astilbin Suppressed CD4+ T Cell Function
Involved in Ameliorating Type 1 Diabetes
Mellitus
After the IC50 of astilbin on CD4

+ T cells (181 μg/ml) was verified
ex vivo (Supplementary Figure S1A), the effects of astilbin
treatment at various doses on TNF-α and IFN-γ, two key
inflammatory cytokines produced by effector CD4+ T cells,
were checked. As shown in Figure 1A, TNF-α production
could be substantially inhibited in a dose-dependent manner.
Although IFN-γ secretion was also downregulated statistically,
the extent was weak. CCR9 expression of lymphocytes indicates
the gut-homing activity. Consistent with the effect of astilbin on
NK1.1- CD4+ NKG2D+ regulatory T cells (Han et al., 2020), the
expression of CCR9 on CD4+ T cells was also enhanced with
astilbin treatment in a dose-dependent manner. Unexpectedly, no
changes in the expression of IL-10 and CCR6 in astilbin-treated
CD4+ T cells were observed (Supplementary Figures S1B,C).
Astilbin slightly decreased TGF-β1 secretion of CD4+ T cells
(Supplementary Figure S1D). We also did not observe any
effects of astilbin on the proliferation (Figures 1B,C) and
apoptosis of CD4+ T cells at doses of 40–160 μg/ml
(Figure 1D; Supplementary Figure S1E).

IFN-γ, IL-1β, and TNF-α production by autoreactive Th1 cells
is involved in the destruction of insulin-secreting β-cells in type 1
diabetes (Kaufmann et al., 2019). Since we noted that astilbin
could reduce IFN-γ and TNF-α in CD4+T cells, we then analyzed
whether astilbin could repress the onset of type 1 diabetes in NOD
mice by regulating CD4+T cells. Compared with control group,
blood glucose levels and body weights were significantly
controlled after the administration of astilbin (50 or
100 mg/kg) (Figures 1E,F). When mononuclear cells of the
pancreas from mice were isolated, less CD4+ T cells infiltrated
the pancreas of astilbin-administered mice (Figure 1G). These
results demonstrated that astilbin ameliorated T1DM involved
with the downregulation of CD4+ T cell activities. Finally, astilbin
also efficiently decreased TNF-α and IFN-γ production of
peripheral blood CD4+ T cells from human healthy individuals
as displayed in Figures 1H,I. Therefore, we identified that astilbin
exerted immune-suppressive activities via downregulating
inflammatory cytokine secretions of CD4+ T cells.

PPARγ/SOCS3 Pathway Involved in
Astilbin-Mediated Inhibition
Several studies have found that astilbin treatment increases the
expression of SOCS3 (Wang et al., 2016; Han et al., 2020; Sharma
et al., 2020). Variations of SOCS3 were first measured in freshly
isolated, IL-12-activated, or α-CD3/α-CD28-activated CD4+

T cells treated by astilbin. Astilbin could increase SOCS3
expression of freshly isolated and activated CD4+ T cells. The
critical role of SOCS3 is manifested by its binding to both the JAK
kinase and the cytokine receptor, which can result in the
inhibition of STAT3 phosphorylation. Consequently, as
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FIGURE 1 | Astilbin decreases CD4+ T cell functions. (A) TNF-α+, IFN-γ+, and CCR9+ of CD4+T cells treated with various doses of astilbin. Mean ± SD; n = 3. (B)
CD4+ T cell division by CFSE dilution. (C) Proliferative capacity of CD4+ T cells evaluated by Ki67. Mean ± SD; n = 3. (D) Apoptosis of astilbin-treated CD4+ T cells stained
by Annexin V and PI. Mean ± SD; n = 3. (E)Blood glucose levels of NODmice intraperitoneally injected with astilbin. Mean ± SEM; n = 10. (F)Weight curves of NODmice.
Mean ± SEM; n = 10. (G) Infiltrated CD4+ cells in the pancreas of NOD mice. Mean ± SD; n = 10. Variations of TNF-α (H) and IFN-γ (I) in human CD4+ T cells as
treated by astilbin for 24 h. Mean ± SEM; n = 4. All ex vivo experiments were repeated at least three times. Experiments of astilbin-treated NOD mice were conducted
twice. p values (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ns, no significant difference) determined by one-way ANOVA (A–C,G), two-way ANOVA (E,F,H,I).

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 8489575

Ding et al. Astilbin Activates ROS/PPARγ via CYP1B1

74

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


FIGURE 2 | PPARγ/SOCS3 pathway in astilbin-treated CD4+ T cells. Effects of astilbin on the expression of SOCS3 and STAT3/p-STAT3 of unstimulated, IL-12-
(A), or α-CD3/α-CD28− (B) stimulated CD4+ T cells byWestern blot analysis. (C) Effects of 80 μg/ml astilbin on SOCS3 and STAT3/p-STAT3 of activated CD4+ T cells at
different time points. (D) Variations of PPARγ/p-PPARγ and Nrf2 in astilbin-treated CD4+ T cells. (E) Parallel expression of p-PPARγ and SOCS3 in astilbin-treated CD4+

T cells. (F) Inhibiting PPARγ by GW9662 decreased SOCS3 expression. Effects of GW9662 on TNF-α (G), IFN-γ (H), and CCR9 (I) expression in astilbin-treated
CD4+ T cells. Mean ± SD; n = 3. (J) TNF-α production of astilbin-treated Nrf2−/− CD4+ T cells. Mean ± SD; n = 3. (K) Diagram of PPAR/SOCS3 pathway on CD4+ T cells
by astilbin. Each experiment was repeated at least three times. The inhibitor of PPAR, GW9662, is abbreviated as PPARi. p values (*p ≤ 0.05; **p ≤ 0.01) determined by
one-way ANOVA (G–J).
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expected phosphorylated STAT3 (p-Y705) levels were
downregulated in astilbin-treated CD4+ T cells (Figures 2A,B;
Supplementary Figures S2A,B). However, when variations of
SOCS3 were further detected after CD4+ T cells were treated by
astilbin (80 μg/ml) at different time courses. SOCS3 expression
was increased by 2-h coculture of astilbin and maintained high
levels even at 48 h. In parallel, p-STAT3 level was decreased by 2-
h treatment, maintained low levels at 8–16 h, and reversed to
normal levels at 24 h (Figure 2C; Supplementary Figure S2C).
This trend of p-STAT3 changes may indicate that STAT3
activation could be regulated by other factors, besides SOCS3.

In general, SOCS3 and STAT3 are mutually regulated in cells
(Carow and Rottenberg, 2014). Considering the decreased
activation of STAT3 and the upregulation of SOCS3, p-STAT3
might not have promoted SOCS3 transcription in astilbin-treated
CD4+ T cells. SOCS3 transcription is also activated by PPARγ to
prevent IL-17-derived cancer growth (Berger et al., 2013). We
determined whether the increased SOCS3 of CD4+ T cells was
promoted by PPARγ. As expected, total and phosphorylated
PPARγ (p-PPARγ) were remarkably increased in astilbin-
treated CD4+ T cells (Figure 2D; Supplementary Figure
S2D). Moreover, astilbin treatment at different doses resulted
in parallel variations of p-PPARγ and SOCS3 expression
(Figure 2E; Supplementary Figure S2E) and the expression of
SOCS3 decreased significantly after the addition of PPARγ
inhibitor GW9662 in CD4+ T cells, which was similar to the
changes of p-PPARγ (Figure 2F; Supplementary Figure S2F).
Next, GW9662 was used simultaneously to analyze the effects on
functional changes of CD4+ T cells, which were cotreated by
astilbin. Treatment of GW9662 reversed TNF-α (Figure 2G) and
IFN-γ (Figure 2H) production and decreased CCR9 expression
(Figure 2I) of astilbin-treated CD4+ T cells (Supplementary
Figure S2G).

Another prominent regulator of antioxidant signaling
pathways, that is, positively associated with PPARγ regulation
is nuclear factor erythroid 2-related factor 2 (Nrf2) (Annie-
Mathew et al., 2021). We then tested the expression of Nrf2 in
astilbin-treated CD4+T cells. Interestingly, Nrf2 was also
enhanced by astilbin treatment (Figure 2D). However, when
CD4+ T cells derived from Nrf2−/− mice were treated by astilbin,
the decreased TNF-α production was not almost affected
(Figure 2J; Supplementary Figure S2H), indicating that
astilbin-mediated immunoregulatory effect was independent
on Nrf2. Collectively, the above results demonstrated the key
role of the PPARγ/SOCS3 pathway in astilbin-downregulated
CD4+ T cells (Figure 2K).

PPARγ/Phosphatase and Tensin Homolog
Pathway Involved in Astilbin-Treated CD4+

T Cells
Given that astilbin conducts anti-inflammatory activity via
downregulating the phosphorylation of PI3K/Akt, NF-κB, and
p38 MAPK signaling pathways, some molecules with
diphosphatase activity might be stimulated by astilbin. Both
phosphatase and tensin homolog (PTEN) was a phosphatase
that efficiently inhibits the activation of PI3K/Akt, NF-κB, and

p38 MAPK (Worby and Dixon, 2014). Through astilbin
treatment, PTEN is remarkably induced in physiological CD4+

T cells and IL-12-stimulated CD4+ T cells. Given that PTEN is
more increased in CD4+ T cells by the stimulation of α-CD3/α-
CD28, the induction of PTEN by astilbin may be sheltered in α-
CD3/α-CD28-stimulated CD4+ T cells. Correspondingly,
phosphorylated Akt, NF-κB p65, and p38 decreased in
activated CD4+T cells treated by astilbin (Figures 3A,B;
Supplementary Figures S3A,B). In addition, 2-h astilbin
treatment increased PTEN expression, and the increased
expression lasted for 48 h. Similarly, induced PPARγ
expression was observed after 2–24-h stimulation (Figure 3C;
Supplementary Figure S3C).

When astilbin-treated CD4+ T cells were co-cultured with a
PTEN inhibitor (SF1670), TNF-α (Figure 3D) production was
partially reversed (Supplementary Figure S3D), and IFN-γ
(Figure 3E) production was restored, confirming that
decreased cytokine secretion of CD4+ T cells is induced by
astilbin dependent on the induction of PTEN. On the other
hand, incomplete restoration of TNF-α indicated that PTEN
was only one of the signal molecules involved in astilbin-
induced downregulation. Given that PTEN expression is
transactivated by PPARγ (Worby and Dixon, 2014), we
determined whether the inhibition of PPARγ affected PTEN
and its downstream signaling molecules. As shown in
Figure 3F, when CD4+ T cells were cotreated by astilbin and
GW9662, increased PTEN expression was blocked, and the
decreased expression of phosphorylated Akt, NF-κB p65, and
p38 was recovered (Supplementary Figure S3E). Taken together,
astilbin promoted the PPARγ/PTEN pathway to downregulate
TNF-α and IFN-γ production of CD4+ T cells (Figure 3G).

Involvement of the PPARγ/AMPK Axis in
Astilbin-Treated CD4+ T Cells
Astilbin decreases lipid accumulation in high-fat-diet-induced
obese mice (Perez-Najera et al., 2018) and inhibits proliferation
and improves differentiation in HaCaT keratinocytes via
activating AMPK (C. Zhang et al., 2017). The LKB1/AMPK/
mTOR signaling pathway was also checked in astilbin-treated
CD4+ T cells. Although no substantial changes of total LKB1,
AMPK, and mTOR level were observed, phosphorylated LKB1
and AMPK were increased, and phosphorylated mTOR was
decreased in CD4+ T cells (Figure 4A; Supplementary Figure
S4A). Moreover, the increased expression of phosphorylated
LKB1 and AMPK was observed given that CD4+ T cells were
treated with astilbin for 2 h, accompanied by the decreased
activation of mTOR (Figure 4B; Supplementary Figure S4B).

Given the metabolic role regulated by AMPK, key molecules
associated with glycolipid metabolism in CD4+ T cells were
further analyzed. Through astilbin treatment, glucose
transporter of T cells (Glut1) decreased with no obvious
changes of HK2, indicating decreased glucose intake.
Meanwhile, ACC1 (a key enzyme in fatty acid synthesis) was
decreased, while CPT1a and pACC1 representing fatty acid
oxidation (FAO) were increased (Figure 4C; Supplementary
Figure S4C). The CD36 receptor for the intake of fatty acid
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was also increased in a dose-dependent manner by astilbin
treatment for 24 (Figures 4D,E) or 36 h (Supplementary
Figure S4D). These data demonstrated that astilbin treatment
induced metabolic reprogramming of CD4+ T cells, namely, the
upregulation of lipid oxidation and downregulation of lipid
synthesis and glucose catabolism.

PPARγ activation can transactivate CD36 expression
(Marechal et al., 2018). When CD4+ T cells were cotreated
with astilbin and GW9662, the upregulation of CD36 was

remarkably inhibited (Figure 4F; Supplementary Figure S4E).
Next, we determined whether decreased CPT1a and p-AMPK
exerted inhibitory effects on CD4+ T cell function.When a CPT1a
inhibitor (etomoxir) was added, IFN-γ production could be
partially increased, but TNF-α downregulation could not be
reversed at all. On the contrary, etomoxir synergized with
astilbin to promote CD36 and CCR9 expression (Figure 4G;
Supplementary Figure S4F). Simultaneously, etomoxir had no
effects on PTEN expression (Figure 4I; Supplementary Figure

FIGURE 3 | PPARγ/PTEN pathway in astilbin-treated CD4+ T cells. Effects of astilbin on the expression of PTEN, Akt/p-Akt, NF-κB p65/NF-κB p-p65, and p38/
p-p38 of unstimulated, IL-12- (A), or α-CD3/α-CD28− (B) stimulated CD4+ T cells by Western blot analysis. (C) Effects of astilbin (80 μg/ml) on PTEN and PPARγ of
CD4+ T cells at different time points. Effects of PTEN inhibitor (SF1670) on TNF-α (D) and IFN-γ (E) production in astilbin-treated CD4+ T cells. Mean ± SD; n = 3. (F)
Effects of GW9662 on PTEN, Akt/p-Akt, NF-κB p65/NF-κB p-p65, and p38/p-p38 of astilbin-treated CD4+ T cells. (G) Diagram of PPAR/PTEN pathway on
CD4+T cells by astilbin. Each experiment was conducted at least three times. The inhibitor of PTEN, SF1670 is abbreviated as PTENi. p values (*p ≤ 0.05; **p ≤ 0.01;
***p ≤ 0.001) determined by one-way ANOVA (D,E).
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FIGURE 4 | PPARγ/AMPK pathway in astilbin-treated CD4+ T cells. Variations of LKB1/p-LKB1, AMPK/p-AMPK, and mTOR/p-mTOR in CD4+ T cells
treated with various doses of astilbin (A) or at different time points (B). (C) Variations of proteins involved in glucose and lipid metabolism. CD36 of CD4+ T cells
affected by astilbin (D, E). Mean ± SD; n = 3. (F) Effects of PPARγ inhibition on CD36 expression. Mean ± SD; n = 3. Effects of CPT inhibition (etomoxir) (G) or
AMPK inhibition (dorsomorphin) (H) on IFN-γ, TNF-α, CD36, and CCR9 of astilbin-treated CD4+ T cells. Mean ± SD; n = 3. Effects of etomoxir (I) or
dorsomorphin (J) on PTEN expression of astilbin-treated CD4+ T cells. (K) Effects of PPARγ inhibition on AMPK and CPT1a expression of astilbin-treated CD4+

T cells. (L) Diagram of PPAR/PTEN pathway on CD4+ T cells by astilbin. Each experiment was performed at least three times. The inhibitor of CPT, etomoxir, is
abbreviated as CPTi. The inhibitor of AMPK, dorsomorphin, is abbreviated as AMPKi. p values (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ns, no significant difference)
determined by one-way ANOVA (E–H).
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FIGURE 5 | Transcriptome analysis of astilbin-treated CD4+ T cell functions. (A) Top 10 changed genes in biological process, cellular component, and molecular
function. (B) Numbers of differentially expressed genes in molecular function by gene ontology analysis. GSEA of signaling molecules involved in antioxidant activity (C)
and T cell activation (D). Heatmap of upregulated (E) or downregulated (F) genes involved in immune function.
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S4H). Thus, the increased CPT1a expression in CD4+ T cells was
only a stimulatory effect induced by astilbin, not a cause for the
downregulation of CD4+ T cell function.

Unexpectedly, when an inhibitor of AMPK (dorsomorphin)
was expected to block astilbin-induced activation of AMPK,
decreased IFN-γ production could be reversed, whereas TNF-α
production was more decreased (Figure 4H; Supplementary
Figure S4G). Meanwhile, treatment with dorsomorphin had
no effects on the increased expression of CD36 and CCR9
induced by astilbin (Figure 4H; Supplementary Figure S4G).
Dorsomorphin even synergized astilbin to express PTEN
(Figure 4J; Supplementary Figure S4I), which could explain
the deeper inhibition of TNF-α production by cotreatment of
astilbin and dorsomorphin. It could be inferred that although the
expression of TNF-α, IFN-γ, CCR9, and CCR6 of CD4+ T cells
could be regulated by metabolic intervention, functional changes
are very different when using different small molecules with
metabolic modulatory activity. Given that the CD36 and
CCR9 expression of astilbin-treated CD4+T cells was
dependent on PPARγ (Figures 2I, 4F), the expression of
p-AMPK and CPT1a was inhibited in CD4+ T cells by the
cotreatment of GW9662 (Figure 4K; Supplementary Figure
S4J). Collectively, astilbin stimulated the PPARγ/AMPK axis
to induce metabolic reprogramming and downregulate the
activities of CD4+ T cells (Figure 4L).

Differential Expression Genes of CD4+

T Cells by Astilbin Treatment
The transcriptome profiles of CD4+ T cells were further
compared before and after astilbin treatment. The heatmap of
mRNA sequencing results is displayed in Supplementary Figure
S5A. Based on KEGG pathway analysis, the top three pathways
were in the immune system (108 genes), signal transduction (104
genes), and signaling molecules and interaction (76 genes)
(Supplementary Figure S5B). The most changed biological
processes were immune system process, inflammatory process,
and leukocyte migration by gene ontology analysis. Of note, the
NADPH oxidase complex and superoxide-generating NADPH
oxidase activity were among the top changed pathways of cellular
component and molecular function, respectively (Figures 5A,C).

When the numbers of upregulated or downregulated genes
associated with molecular function were checked, multiple genes
were upregulated, but almost no genes related to the functions of
antioxidant activity and chemoattraction were downregulated
(Figure 5B). As expected, the JAK-STAT3, MAPK, and TNF
signaling pathways which were associated with T cell activation,
showed substantial changes (Figure 5D; Supplementary
Table S1).

In addition, transcriptions of PTEN, CPT1a, and microsomal
glutathione S transferase 1 with antioxidase activity were
upregulated in astilbin-treated CD4+ T cells (Figure 5E), while
those of Tnfsf11, Mapk11, IL-12, Mapk12, IL-12b, IL-2, STAT3,
and IL-6 were decreased (Figure 5F). These results confirmed the
downregulated expression of genes involved in inflammation and
indicated the upregulation of genes with antioxidase activity in
astilbin-treated CD4+ T cells.

Astilbin Induced Cytoplasmic Reactive
Oxidative Species Production to Activate
PPARγ
Given that the transcriptions of NADPH oxidase complex and
enzymes with antioxidant activity were increased in astilbin-
treated CD4+ T cells, cytoplasmic and mROS of CD4+ T cells
were measured after astilbin treatment. cROS were increased at
astilbin doses of 40 and 80 μg/ml and peaked at 160 μg/ml
(Figure 6A) after 24-h treatment. cROS also displayed similar
patterns of variation after 36-h treatment (Supplementary
Figure S6A). Unexpectedly, no obvious changes of mROS and
mitochondrial weight were observed after 24-h treatment
(Figure 6A); even mildly decreased mROS levels were
observed after 36-h treatment (Supplementary Figure S6A).
Human CD4+ T cells of peripheral blood from four healthy
individuals also showed increased cROS production after
astilbin treatment (Figure 6B).

Furthermore, Cellular ROS in astilbin-treated CD4+ T cells
could be depleted by NAC (2 mM) (Figure 6C; Supplementary
Figure S6B). When astilbin-treated CD4+ T cells were treated
with NAC, decreased IFN-γ production and increased CCR9 and
CD36 expression were completely restored (Figure 6D;
Supplementary Figure S6C,D). PPAR expression is strongly
induced and activated by ROS-oxidized lipids (Marion-
Letellier et al., 2016). When NAC was added into CD4+

T cells, astilbin-increased expression of p-PPARγ, PTEN,
p-AMPK, and SOCS3 was completely reversed (Figure 6E;
Supplementary Figure S6E), confirming that PPARγ
activation in astilbin-treated CD4+ T cells was dependent on
cellular ROS production. Of note, TNF-α secretion was only
partially reversed (Figure 6D; Supplementary Figure S6C,D),
indicating that other factors were involved in this astilbin-
induced downregulation.

Next, we determined whether inhibiting PPARγ, p-AMPK, or
CPT1a would impact ROS production in astilbin-treated CD4+

T cells. When GW9662 was used to inhibit PPARγ activation, the
increased ROS level induced by astilbin did not have any changes
in CD4+ T cells (Figure 6F; Supplementary Figure S6F),
indicating that the ROS production of CD4+ T cells was the
upstream event of PPARγ activation as treated by astilbin. When
FAO of CD4+ T cells was inhibited by CPT1a inhibitor
(etomoxir) or AMPK inhibitor (dorsomorphin), ROS
production induced by astilbin decreased (Figure 6G;
Supplementary Figure S6F), indicating that the upregulated
FAO induced by astilbin had a positive feedback for cellular
ROS production. Taken together, astilbin induced cROS
production in CD4+ T cells to activate the PPARγ signaling
pathway.

Astilbin Interacted With Cytochrome P450
1B1 to Stimulate Reactive Oxidative
Species Production
Finally, we aimed to investigate the molecular mechanisms of
elevated ROS production in astilbin-treated CD4+ T cells. In
general, cellular ROS is mainly produced by oxidative
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FIGURE 6 | cROS production induced by astilbin in CD4+ T cells. (A) Variations of cytoplasmic ROS, mROS, and mitochondrial weight in murine CD4+ T cells
treated with astilbin for 24 h. Mean ± SD; n = 3. (B) Variations of cROS in human CD4+ T cells treated with astilbin. Mean ± SEM; n = 4. (C) Depletion of ROS by NAC
(2 mM). Mean ± SD; n = 3. (D) Effects of ROS depletion on IFN-γ, TNF-α, CD36, and CCR9 of astilbin-treated CD4+ T cells. Mean ± SD; n = 3. (E) Effects of ROS
depletion on p-PPARγ, PTEN, p-AMPK, and SOCS3 of astilbin-treated CD4+ T cells. Effects of PPARγ inhibition (F) and CPT or AMPK inhibition (G) on cellular ROS
production of astilbin-treated CD4+ T cells. Mean ± SD; n = 3. All experiments were conducted at least three times. p values (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ns, no
significant difference) determined by one-way ANOVA (A,C,D,F,G) and two-way ANOVA (B).
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FIGURE 7 |CYP1B1 provides a dock site for astilbin. (A) Variations of CYP1B1 and CYP19A1 in astilbin-treated CD4+ T cells. (B,C) Astilbin promotes cellular ROS
production similar to ABT (a non-specific inhibitor of CYP). Mean ± SD; n = 3. (D) Effects of astilbin on IFN-γ, TNF-α, CD36, and CCR9 of CD4+ T cells similar to ABT.
Mean ± SD; n = 3. (E) Three-dimensional model of the CYP1B1 active site with bound astilbin. (F) Binding of CYP1B1 with astilbin and the inset showing the principal
interactive residues of astilbin at the CYP1B1 binding pocket. Green dashed lines represent hydrogen bonds. The hydrophobic interaction is depicted by pink
dashed lines. (G) Real binding of CYP1B1 with astilbin confirmed by SPR assay. Production of cROS and mROS (H) and TNF-α (I) in CYP1B1 shRNA-transfected CD4+

T cells. Mean ± SEM; n = 3. All experiments were performed three times. The inhibitor of CYP, ABT, is abbreviated as CYPi. p values (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001;
ns, no significant difference) determined by one-way ANOVA (C,D) and two-way ANOVA (H,I).
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phosphorylation in mitochondria, cytochrome P450 (CYP)
oxidases and endoplasmic reticulum oxidoreduction-1 in
microsome, polyamine oxidases in cytoplasm, and cell
membrane-coupled NADPH oxidases (Zhao et al., 2019).
According to the integrated results predicted by the
PharmMapper and UniProt databases, 33 candidate proteins
of astilbin targets were determined, which are listed in
Supplementary Table S2. Given that astilbin mainly induced
cROS production of CD4+ T cells, we observed that two P450
enzymes (CYP1B1 and CYP19A1) were possibly docked by
astilbin. Of note, the expression of CYP1B1 and CYP19A1
could be induced with astilbin (40 μg/ml), but downregulated
(160 μg/ml) in CD4+ T cells (Figure 7A; Supplementary Figure
S7A,B).

Next, ABT, a nonselective and irreversible inhibitor of CYP
enzymes (Parrish et al., 2016), was used alone or in combination
with astilbin to treat CD4+ T cells. As expected, ABT increased
cROS production in CD4+ T cells. Compared with astilbin
treatment (80 μg/ml) alone, a slightly lower level of cROS was
observed in CD4+T cells treated by ABT (1 μM) alone. When low
dose of ABT (0.3 or 1 μM) combined with astilbin (80 μg/ml) was
used to treat CD4+ T cells, no enhancements of cROS were
observed in the cytoplasm of CD4+ T cells compared with astilbin
treatment (80 μg/ml) alone. However, cotreatment of high-dose
ABT (2 μM) with astilbin (80 μg/ml) substantially increased
cROS production (Figures 7B,C). This phenomenon indicated
that astilbin promoted ROS production with similar molecular
pattern to ABT.

As expected, ABT treatment (1 μM) alone reduced TNF-α and
IFN-γ production to a lesser degree compared with the astilbin
(80 μg/ml)-induced downregulation. In addition, there were
obviously synergistic effects in TNF-α and IFN-γ production
similar to cotreatment with astilbin (80 μg/ml) and ABT (1,
2 μM). Similar to astilbin, ABT (1 μM) alone increased CCR9
and CD36 expression. More increased CCR9 expression was only
observed when ABT (2 μM) and astilbin (80 μg/ml) were both
used. ABT and astilbin had no synergistic effects on CD36
expression, even if the ABT dose was 2 μM (Figure 7D;
Supplementary Figure S7C). Thus, it was inferred that
astilbin could use other molecular mechanisms to
downregulate TNF-α and IFN-γ production besides ROS
production; however, it induced CCR9 and CD36 expression
dependent on ROS production.

The molecular docking study was conducted using AutoDock
Vina 4.2.6. Binding affinity and presence of hydrogen or
hydrophobic bonds between astilbin and CYP1B1 or
CYP19A1 were predicted. Astilbin had higher binding affinity
with CYP1B1 (−6.4 kcal/mol) than CYP19A1 (−3.3 kcal/mol).
Then, we used computer-assisted modeling to further investigate
whether astilbin interacted with CYP1B1 directly (Figure 7E).
Three hydrogen bonds were formed in the astilbin–CYP1B1
complex of Glu229 and Gln340 residues (Figure 7F). In
addition, six hydrophobic contacts contributed to the binding,
namely, Pro195, Val198, Arg222, Arg194, Val198, and Lys512
(Supplementary Table S3). These interactions helped CYP1B1
and astilbin form stable complexes. Recombinant CYP1B1 and
CYP19A1 proteins were used to detect the interaction with

astilbin by SPR assay. CYP1B1 stably docked astilbin with a
dissociation rate (KD) of 18.2 (μM) (Figure 7G), but CYP19A1
could not bind astilbin efficiently (data not shown). When
CYP1B1 was specifically knocked down by shRNA, the
increase of cROS in astilbin-treated CD4+T cells disappeared
with no variations of mROS production (Figure 7H;
Supplementary Figure S7D). The decreased CYP1B1
expression in shRNA-transfected CD4+ T cells was confirmed
in Supplementary Figure S7E,F. Consequently, the decrease of
TNF-α production in CD4+ T cells induced by astilbin was
reversed after being transfected with CYP1B1 shRNA
(Figure 7I; Supplementary Figure S7G). Taken together, we
identified that astilbin directly binds CYP1B1 to promote ROS
production for the decreased secretion of inflammatory cytokines
in CD4+ T cells.

DISCUSSION

The effects and molecular mechanisms of astilbin on modulating
effector CD4+ T cell functions were comprehensively analyzed in
this study. Astilbin decreased TNF-α and IFN-γ production and
increased CCR9 expression of CD4+ T cells, and played a
protective role in the onset of type 1 diabetes. PPARγ
activation was the upstream event induced by astilbin, leading
to stimulate the downstream PTEN and SOCS3 expression and
LKB1/AMPK activation. Correspondingly, signaling molecules in
mediating the effector function of CD4+ T cells, such as STAT3,
NF-κB, Akt, p38 MAPK, and mTOR, were downregulated.
Transcriptome sequencing results confirmed the changes of
signaling molecules involved in immune systems and
inflammatory responses and indicated key variations of
enzymes with oxidant or antioxidant activities. Finally, with
the help of bioinformatics analysis and SPR assay, we
identified that CYP1B1 had a docking pocket for astilbin and
that after astilbin interacted with CYP1B1, cellular ROS would be
sharply induced to downregulate CD4+ T cell functions, similar to
the effects mediated by a nonspecific inhibitor of P450 (ABT).
These results elucidated that CYP1B1 is one docking receptor
used by astilbin to promote ROS production for the
downregulation of effector CD4+T cell function.

CYP1B1 is a member of the CYP superfamily of enzymes
localized in the endoplasmic reticulum. The CYP proteins are
monooxygenases that catalyze many reactions involved in drug
metabolism and synthesis of cholesterol, steroids, and other
lipids. CYP1B1 catalyzes the hydroxylation of aryl compounds,
thus generating more polar metabolites. About 30 flavonoid
compounds have been demonstrated to inhibit CYP1B1
activity (Dutour and Poirier, 2017). Here, we found that
astilbin was another inhibitor of CYP1B1. Compared with
other CYP1B1 inhibitors derived from flavones, astilbin bound
CYP1B1 less potently due to the relatively low affinity (KD =
18.2 μM). Possibly, the lower binding affinity led to moderate but
not high levels of ROS production in CD4+ T cells as treated by
astilbin (~80 μg/ml). The moderate or appropriate levels of ROS
in cells could efficiently produce oxidized lipids to stimulate
PPARγ activation, induce antioxidant expression, and avoid
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cell apoptosis induced by high levels of ROS in cells. Considering
the IC50 (181 μg/ml), astilbin treatment at a dose of 40–80 μg/ml
is safe and effective in the downregulation of CD4+ T cell
activities.

Inhibiting PAPRγ activation by GW9662 could almost
restore the TNF-α, IFN-γ, and CCR9 expression of astilbin-
treated CD4+ T cells. Moreover, GW9662 treatment restored
the expression of SOCS3, PTEN, p-Akt, NF-κB pp65, pp38
MAPK, p-AMPK, and CPT1a. It could be concluded that
PPARγ activation was a key molecular event in astilbin-
induced downregulation of CD4+ T cells. Meanwhile,
PPARγ directly transactivated the expression of CCR9 and
CD36. The enhancement of CD36 would promote CD4+ T cells
to take in free fatty acids (FFAs), and as a positive feedback,
intracellular FFAs would promote more PPAR expression. The
diagram of key molecular pathways involved in astilbin-
treated CD4+ T cells is shown in Figure 8. Meanwhile,
another antioxidant transcriptional factor, Nrf2, was also
induced by astilbin treatment. However, astilbin still
downregulated TNF-α production of Nrf2−/− CD4+T cells,
demonstrating that Nrf2 did not play the key role in the
process.

Astilbin was shown to promote the induction of regulatory
NK1.1− CD4+ NKG2D+ T cells and induce regulatory B cells if
in combination with LPS dependent on the STAT3 pathway. In
astilbin-induced NK1.1− CD4+ NKG2D+ T cells, STAT3, and
SOCS3 were upregulated (21). However, pSTAT3 (Tyr 705)
was increased at a dose of 40 μg/ml but decreased at 160 μg/ml
when B cells were treated with astilbin alone. However, no
changes in SOCS3 expression were observed. Considering the
increased SOCS3 and decreased pSTAT3 expression in
astilbin-treated effector CD4+ T cells, it was inferred that
astilbin used distinct molecular mechanisms to modulate
the functions of different cells. Meanwhile, our results

confirmed that STAT3 activation in different cell types
impacts different effects on cell function.

PTEN expression was decreased by using the PPARγ inhibitor
(GW9662) but was increased by the AMPK inhibitor
(dorsomorphin) in astilbin-treated CD4+T cells, indicating that
PTEN expression was regulated by multiple factors. Although the
mROS and mitochondrial weight of CD4+ T cells treated with
astilbin for 24 h showed no obvious changes, they decreased after
36-h treatment (Supplementary Figure S6), confirming the
protective role of astilbin in cerebral ischemia/reperfusion
injury by downregulating ROS-NLPR3 activation (Li et al.,
2020). Mild decrease of TGF-β1 was also observed in astilbin-
treated CD4+ T cells, which was possibly due to decreased STAT3
activation (Dai et al., 2021). The downregulation of TGF-β1 at the
transcriptional level is also involved in renal damage in adenine-
induced chronic renal failure rats mediated by astilbin-included
Erhuang Formula (C. Y. Zhang C Yet al., 2017). Given the key
role of TGF-β1 in fibrosis-associated diseases, this effect may be
one mechanism in anti-fibrosis activity mediated by astilbin (Sun
et al., 2021).

According to multiple spectroscopic coupled with molecular
docking analysis, astilbin has strong binding ability to human
CYP2D6 (Tao et al., 2021). Ultrahigh-performance liquid
chromatography and triple quadrupole mass spectrometry
have been used to confirm the interaction of human CYP3A4
and CYP2D6 with astilbin (Shi et al., 2021). In the present study,
astilbin efficiently stimulated the ROS of human CD4+ T cells,
indicating the inhibition of CYP3A4 and CYP2D6 by astilbin.
However, whether astilbin can bind human CYP1B1 or mouse
CYP3A4/CYP2D6 still needs further study. In addition,
cotreatment of astilbin and the CYP non-selective inhibitor
exerted synergistic effects on TNF-α and IFN-γ production in
CD4+ T cells. We could not exclude the inhibitory effects
mediated by other candidate targets such as STAT1 or
MAPKp38 as predicted by bioinformatics (Supplementary
Table S2).

CD4+ T cells have been regarded as playing a key role in the
pathogenesis of T1D (Haskins and Cooke, 2011). The relevance
of Th1 cells to T1D in humans has been confirmed by many
studies on CD4+ T cells isolated from human patients. Studies
have shown that reactive oxygen species (ROS) act as signaling
molecules contributing to T cell fate and function (Chavez and
Tse, 2021). Eliminating autoreactive T cells by targeting ROS
production is a potential strategy to inhibit autoreactive T cell
activation without compromising systemic immune function.
Recently, more attention has been focused on various
treatments to prevent the destructive activity of CD4+ T cells
(Bediaga et al., 2022), as our study showed that astilbin can
effectively inhibit the activity of CD4+ T cells in NOD mice and
humans, providing a new idea for the treatment of T1D.
However, it is still necessary to further explore how astilbin
inhibits CD4+ T cells activity and whether it targets ROS
production in T1D.

In conclusion, we demonstrated that murine CYP1B1 was one
P450 receptor of astilbin in CD4+ T cells. The CYP1B1 inhibition
by astilbin promoted ROS production and induced the expression
of PPAR and antioxidant enzymes. PPAR activation led to the

FIGURE 8 | Diagram of astilbin-modulated functions of CD4+ T cells.
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decreased expression of inflammatory cytokines and increased
expression of CD36 and CCR9 in CD4+ T cells via the stimulation
of PTEN, SOCS3, and AMPK pathways (Figure 8). Given that
elevated levels of CYP1B1 were observed in multiple cancers (Li
et al., 2017), astilbin could also exert anti-tumor activity via
targeting CYP1B1 to induce apoptosis by producing high levels
of ROS.
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Inhibition of Serine Proteases as a
Novel Therapeutic Strategy for
Abdominal Pain in IBS
Lisse Decraecker, Guy Boeckxstaens and Alexandre Denadai-Souza*

Laboratory of Intestinal Neuro-immune Interaction, Translational Research Center for Gastrointestinal Disorders, Department of
Chronic Diseases, Metabolism and Ageing, KU Leuven, Leuven, Belgium

Serine proteases are heavily present in the gastrointestinal tract where they are essential in
numerous physiological processes. An imbalance in the proteolytic activity is a central
mechanism underlying abdominal pain in irritable bowel syndrome (IBS). Therefore,
protease inhibitors are emerging as a promising therapeutic tool to manage abdominal
pain in this functional gastrointestinal disorder. With this review, we provide an up-to-date
overview of the implications of serine proteases in the development of abdominal pain in
IBS, along with a critical assessment of the current developments and prospects of
protease inhibitors as a therapeutic tool. In particular, we highlight the current knowledge
gap concerning the identity of dysregulated serine proteases that are released by the rectal
mucosa of IBS patients. Finally, we suggest a workflow with state-of-the-art techniques
that will help address the knowledge gap, guiding future research towards the
development of more effective and selective protease inhibitors to manage abdominal
pain in IBS.

Keywords: irritable bowel syndrome, visceral hypersensitivity, proteases, protease-activated receptors, protease
inhibitors

INTRODUCTION

Irritable bowel syndrome (IBS) is a highly prevalent disorder of the gut-brain axis affecting 4% of the
world population (Sperber et al., 2021). Also according to the Rome IV criteria, IBS is diagnosed
when a patient has recurrent abdominal pain that is associated with a change in stool frequency and/
or form (Drossman, 2016). Also bloating, gas and cramping are common symptoms, but their
presence is not necessary for diagnosis. IBS prevalence is higher in women than in men; female-to-
male odds ratio of 1.7 (1.5–1.9), while geographical location does not seem to have an impact
(Sperber et al., 2021). Effective therapy to manage the debilitating symptoms is however still lacking
and the costs associated with diagnosis and work absenteeism place a heavy burden on both the
patient and the health care systems (Drossman et al., 2009; Flacco et al., 2019).

The symptoms of IBS are likely amanifestation of several contributingmechanisms, as depicted in
Figure 1A. Visceral hypersensitivity (VHS), an increased pain perception in the gastrointestinal
tract, is a major contributing factor to abdominal pain in IBS (Farzaei et al., 2016). Mechanical,
thermal, or chemical information in the gut wall is sensed by extrinsic, primary afferent neurons with
cell bodies in the dorsal root ganglia (DRG). The signal is transduced to different somatosensory
areas in the brain via secondary neurons in the spinal cord, where it is subject to central processing to
be perceived as noxious or not (Vermeulen et al., 2014). Peripheral sensitization of extrinsic, primary
afferents is determined by the expression of specific channels that are involved in sensing noxious
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FIGURE 1 |Mechanisms contributing to abdominal pain associated with irritable bowel syndrome (IBS). (A) The pathophysiology of IBS is tightly associated with
perturbations in the Gut-Brain Axis, which encompasses a bi-directional communication between these organs. Increasing reports indicate that gastroenteritis may
promote intestinal barrier disruption, activation of epithelial and immune cells in the gut mucosa, and loss of tolerance to dietary antigens. Upon re-exposure to those
dietary antigens, mast cells degranulate and their mediators sensitize nociceptors leading to visceral hypersensitivity. Conversely, IBS is also associated with a
higher prevalence of psychiatric disorders such as depression and anxiety, factors that affect coping with pain sensation. A history of psychological trauma and stress are
also risk factors for IBS, although the mechanisms involved remain unclear. (B) Peripheral sensitization of the gut innervation is a central mechanism underlying
abdominal pain in IBS, and proteases are emerging as central mediators in this process. Proteases from the lumen (pancreatic or microbial), epithelial cells (trypsin-3),
and immune cells (tryptase, elastase, and cathepsin (G) participate in the disruption of the intestinal barrier and can signal to visceral nociceptors and mediate VHS via
protease-activated receptor (PAR) activation. PAR2 activation on the nerve endings of visceral nociceptors induces VHS through TRPV1, TRPV4, and/or TRPA1
sensitization after Gɑs or Gɑq recruitment, depending on the protease. TRPV1 and TRPV4 on sensory neurons also mediate the release of substance P (SP) and
Calcitonin gene-related peptide (CGRP), further contributing to the pain signal. Additionally, proteases modulate synthesis and secretion of respectively bradykinin and
brain-derived neurotrophic factor (BDNF), compounds found to be involved in inflammatory pain. On the other hand, activation of PAR1 and PAR4 has an analgesic effect
in mice, while in humans PAR1 is emerging as pro-nociceptive. For PAR4 this is likely mediated through reducing intracellular calcium levels. Whether PAR1 mediates
VHS due to activation of the receptor in the sensory nerve endings or fibroblasts remains to be investigated in animal models of IBS and patient samples. Unlike the other
PARs, PAR3 seems to rather act as a cofactor for PAR1 and PAR4 signaling by potentiating the cleavage by proteases like thrombin, but its role still warrants further
investigation. Transient Receptor Potential Cation Channel Subfamily V Member 1 (TRPV1) and 4 (TRPV4); Transient Receptor Potential Cation Channel Subfamily A
Member 1 (TRPA1); Adenylyl Cyclase (AC); Protein Kinase A (PKA); Phospholipase C (PLC); Protein Kinase C (PKC); Cytochrome P450 Epoxygenase (CYP); Arachidonic
Acid (AA); 5,6-epoxy-8Z,11Z, 14Z-eicosatrienoic acid (5,6-EET); Neurokinin-1 Receptor (NK1-R); Bradykinin Receptor B2 (B2R); Neurotrophic Receptor Tyrosine
Kinase 2 (TrkB); Phosphatidylinositol 4,5-bisphosphate (PIP2); Inositol 1,4,5-trisphosphate (IP3); Diacyl Glycerol (DAG). Created with BioRender.com.

Frontiers in Physiology | www.frontiersin.org May 2022 | Volume 13 | Article 8804222

Decraecker et al. Protease Inhibition in IBS

88

http://BioRender.com
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


stimuli (Anand et al., 2007). In particular, the transient receptor
potential (TRP) channels, more specifically TRPA1, TRPV1, and
TRPV4, were shown to be sensitized in submucosal neurons of
rectal biopsies from IBS patients, thereby contributing to VHS
(Wouters et al., 2016; Balemans et al., 2017, 2019). Besides
histamine, bradykinin, and serotonin, also proteases have
emerged as mediators that can sensitize these channels and
consequently contribute to VHS in IBS (Farzaei et al., 2016;
Brizuela et al., 2021).

Proteases are enzymes that hydrolyze peptide bonds, which
can result not only in the inactivation of the target but also in the
activation of signaling molecules and receptors. In the
gastrointestinal tract, while proteases are best known for their
role in food digestion, they are now emerging as pivotal mediators
of increased intestinal epithelial permeability and visceral pain
(Cenac, 2013; Van Spaendonk et al., 2017). Among the different
classes of proteases, serine proteases are most likely to mediate
pain since they are predominantly released to the extracellular
milieu (Vergnolle, 2016). This family of proteases is characterized
by the presence of a nucleophilic serine in the reactive site and is
further subdivided into catalytic groups according to substrate
preference as chymotrypsin-, trypsin- and elastase-like serine
proteases (Ovaere et al., 2009). This review focuses on the role
of serine proteases in the pathophysiology of VHS in IBS, as well
as the therapeutic potential of their inhibition.

HOW PROTEASES MEDIATE VISCERAL
PAIN IN IBS

Proteases can modulate visceral pain through several
mechanisms as illustrated in Figure 1B, which are discussed
in the following paragraphs. The most extensively studied
mechanism to date, is via activation of protease-activated
receptors (PARs). PARs belong to a family of cell-surface
signaling proteins called G protein-coupled receptors and the
four members of the PAR family, PAR1-4, are expressed
throughout the body, including various cell types in the
intestines, such as epithelial cells, mast cells, and neurons
(Vergnolle, 2005). Different proteases can cleave the receptors
at different sites and thereby induce different signaling pathways
or even inactivate the receptor (Gottesman, 2021). Trypsin and
tryptase activate canonical signaling after cleavage of PAR2,
leading to G-protein mediated signaling via downstream
messengers such as PKC (Dai et al., 2004; Amadesi et al.,
2006; Grant et al., 2007). Cathepsin S and elastase cleave
elsewhere and activate biased signaling, which includes
G-protein mediated activation of cAMP and PKA (Zhao et al.,
2015). Hence, the profile of active proteases within a tissue
microenvironment is a major determinant of the downstream
PAR signaling taking place, with direct consequences for
nociception.

Evidence from pre-clinical studies has indicated that proteases
can promote VHS in mice via PAR2-mediated sensitization of
TRPA1 and TRPV4. Intracolonic administration of PAR2
activating peptide causes visceral hyperalgesia in wild-type
mice, but not in TRPA1 knock-out mice, suggesting that

TRPA1 is needed to mediate PAR2-induced hyperalgesia
(Cattaruzza et al., 2010). Additionally, using TRPV4-targeted
siRNA and PAR2 knock-out mice, Cenac and others show
that colonic biopsy supernatants from IBS-D patients induce
VHS when administered in the colon, in a TRPV4-dependant
mechanism by activating PAR2 in sensory neurons (Cenac et al.,
2015). A link between PAR2 activation and TRPV1 sensitization
has also been shown in murine DRG neurons and models of
somatic pain, but this remains to be explored further in visceral
pain (Amadesi et al., 2006). PAR1 activation induces
antinociceptive effects and even appears to prevent visceral
hyperalgesia in mice (Asfaha et al., 2002; Kawao et al., 2004;
Martin et al., 2009). However, studies on human enteric and DRG
neurons showed that colonic biopsy supernatant from IBS
patients could activate the neurons via PAR1, but not PAR2
(Mueller et al., 2011; Kugler et al., 2012; Buhner et al., 2018;
Desormeaux et al., 2018). This might suggest very distinct roles
for PAR1 and PAR2 in humans versus rodents and might be
explained in part by the fact that the class of serine proteases has
many lineage-specific differences between humans and mice
(Puente et al., 2003). PARs also have other ways to signal than
calcium mobilization that would be of interest to investigate in
regard to TRP sensitization (Zhao et al.,2014a; 2014b; Sostegni
et al., 2015). Interestingly, expression of both PAR1 and PAR4,
also suggested to be antinociceptive, was lowered in IBS patients
compared to healthy controls, while PAR2 levels were unchanged
(Bian et al., 2009; Zhao et al., 2012). To date, there is no data
showing co-expression of TRP channels and PARs on human
DRGs or sensory nerve endings in human colonic biopsies.
Nevertheless, both TRP channels and PARs are broadly
expressed in nociceptive neurons; therefore, their co-
expression on nerve endings innervating the gut is quite
certain (Cenac, 2013; Balemans et al., 2017; Desormeaux et al.,
2018).

Proteases can also convert molecules that are active on pain
pathways. Bradykinin for example, a potent proinflammatory
mediator, is generated through cleavage of kininogens by
kallikreins, which are serine proteases, and can induce
hyperalgesia via TRPV1 and TRPA1 sensitization (Mizumura
et al., 2009). The contribution of the kallikrein-kinin pathway in
experimental acute colitis is without controversy, however,
there is a lack of studies investigating the role of this
mechanism in VHS (Stadnicki, 2011). Endogenous opioids
are modulators of nociceptive signaling promoting analgesia
of which the activity is also regulated by serine proteases.
Enkephalins, one of the endogenous opioid families, are
known to promote ion and water absorption in the gut, as
well as play a role in visceral nociception (Mosinska et al., 2016).
Aminopeptidase N (ANPEP), a metallopeptidase, is an
important enzyme involved in the degradation of
enkephalins. In colonic biopsies taken from inflamed regions
of patients with inflammatory bowel disease (IBD), increased
levels of enkephalins were described but protease activity levels
were not assessed (Owczarek et al., 2011). To date, reports
regarding levels of ANPEP or endogenous opioids in IBS
patients are lacking, but levels of opioid receptor expression
were significantly lower in the colon of diarrhea-predominant
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IBS patients compared to healthy controls (Zielińska et al.,
2015).

PROTEASES IN VISCERAL
HYPERSENSITIVITY

An increase in serine protease activity, mainly trypsin-like, in
colonic tissue or tissue supernatants of IBS patients compared to
healthy controls has been reported by several groups (Barbara
et al., 2004; Cenac et al., 2007; Buhner et al., 2009; Rolland-
Fourcade et al., 2017; Aguilera-Lizarraga et al., 2021).
Accordingly, elevated tryptase and trypsin mRNA and protein
levels were shown (Zhao et al., 2012; Liang et al., 2016). The
increase in tryptase levels was correlated with a higher number of
mast cells in the mucosa by some groups (Barbara et al., 2004;
Bian et al., 2009; Buhner et al., 2009) although others reported no
increase in mast cell count (Cenac et al., 2007; Wouters et al.,
2016). Most recently, we provided compelling evidence that mast
cells in the rectal mucosa of IBS patients are more sensitized with
IgE, thereby more prone to degranulation and tryptase release
upon antigen stimulation (Aguilera-Lizarraga et al., 2021).
Trypsin-3, as revealed by in situ zymography, is expressed by
the intestinal epithelium and upregulated in IBS (Rolland-
Fourcade et al., 2017). Thrombin, recently identified as
upregulated in IBD patients (Denadai-Souza et al., 2018), did
not differ, at least in expression levels, between IBS patients and
controls (Bian et al., 2009). Interestingly, proteome analysis with
LC-MS/MS (liquid chromatography with tandem mass
spectrometry) revealed upregulation of elastase-like and not
trypsin-like serine proteases in colonic biopsy supernatants
from IBS patients (Buhner et al., 2018). However, no
complementary experiments were done to confirm this
finding. Also, in feces of IBS patients, researchers found an
increase in serine protease activity from either the patient or
the intestinal bacteria (Annaházi et al., 2009; Tooth et al., 2014;
Edogawa et al., 2020). Although these enzymes are less likely to
play a direct role in the sensitization of intestinal nociceptors
since they would first have to cross the epithelial barrier, they
might be involved in barrier dysfunction (Steck et al., 2012;
Lomax et al., 2019).

PROTEASE INHIBITORS IN VISCERAL
HYPERSENSITIVITY

With increasing evidence that serine proteases contribute to the
pathophysiology of IBS, also the search for effective protease
inhibitors as therapeutic agents has started. Targeting proteases
has resulted in several great success stories in other conditions
such as HIV and cardiovascular diseases but it remains a
challenging endeavor overall (Turk, 2006; Drag, 2010). To
date, no protease inhibitors are marketed or in clinical trials
for IBS and only few studies have explored the effects of serine
protease inhibitors in experimental models of VHS.

Nafamostat mesylate, also called FUT-175, is a short-acting,
synthetic inhibitor of serine proteases with poor oral

bioavailability that has been approved in Japan as a treatment
for acute pancreatitis and disseminated intravascular coagulation
(Cao et al., 2008). FUT-175 could prevent development of VHS in
WT mice when co-administered intracolonic with IBS
supernatants (Cenac et al., 2007). Additionally, a single
intraperitoneal injection of FUT-175 normalized visceral
sensitivity in post-colitis rats (Ceuleers et al., 2018). Camostat
mesylate, or FOY-305, has similar properties and indications as
FUT-175. Intragastric pretreatment with FOY-305 could prevent
acute stress-induced VHS in rats (Zhao et al., 2011). Both
inhibitors target a broad-spectrum of serine proteases, have
anticoagulation activity and are associated with rare, but
important side effects such as hyperkalemia, as well as mild
complications like headache (Sawada et al., 2016; Quinn et al.,
2022). It is important to emphasize that the broad range of targets
and intravenous administration (for FUT-175) are crucial
determinants of the risk for side effects. Improved targeting of
the inhibitors is definitely needed when considering these
compounds as treatment options for a chronic and not life-
threatening condition such as IBS. Alternatively, oral compounds
that act locally and are not systemically absorbed are most likely
the safest approach with minimal risk of side effects.

Two newly developed serine protease inhibitors, UAMC-
00050 and UAMC-01162, have a more favorable inhibitory
profile with a limited inhibition of proteases related to the
blood coagulation cascade, but a good inhibition of tryptase
(Joossens et al., 2007). Neither had an effect on visceral
sensitivity in healthy control animals but successfully reversed
VHS in post-colitis rats in the highest dose used (1 mg/kg UAM-
00050; 2.5 mg/kg UAMC-01162) (Ceuleers et al., 2018). Plant-
derived Bowman-Birk inhibitors are specific toward trypsin and
chymotrypsin and are present in vegetables like soybeans. Oral
administration of soy germ extract for 15 days resulted in a
decrease in visceral sensitivity, fecal protease activity, and PAR2
expression in a stress-induced rat model for VHS (Moussa et al.,
2013). However, soy germ extract also contains phytoestrogens
and an estrogen-receptor antagonist reversed all effects, except
the decrease in fecal proteolytic activity (Moussa et al., 2013). The
positive effect of soy germ extract is therefore likely a result of the
combination of estrogen-receptor and PAR2 mediated pathways.
A randomized, double-blind, placebo-controlled trial done in
patients with ulcerative colitis indicated that soy extract is safe
although not very effective (Lichtenstein et al., 2008).

Another therapeutic strategy is to increase the bioactive life-
span of endogenous opioids in the gut and thereby relieve
abdominal pain. Agonists of the µ-opioid receptor are already
on the market for diarrhea-predominant IBS, e.g. loperamide, but
these drugs can cause severe secondary constipation and do not
adequately resolve abdominal pain (Moayyedi et al., 2019).
Inhibiting opioid degrading enzymes would have an effect that
is restricted in time and space, allowing better control of
pharmacological activity. Additionally, repeated administration
of RB101, the first dual enkephalinase inhibitor, did not induce
tolerance or physical dependence in early animal studies, unlike
opioid receptor agonists such as morphine (Noble et al.,1992a;
1992b). Sialorphin, a natural enkephalinase inhibitor, was
recently studied for its analgesic potential in a mouse model of
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visceral pain induced by colorectal distension (Fabisiak et al.,
2018). They showed that subcutaneous administration of
sialorphin increased the pain threshold comparable to the
opioid Leu-enkephalin. Nevertheless, further and more
targeted research investigating the potency and side effects of
these inhibitors is necessary.

Protease inhibitors with greater specificity have not been
tested for their effects on VHS, mainly because the exact
targets still need to be identified. However, the following
inhibitors might be of interest to explore further. Leupeptin,
an organic compound produced by many Actinomycetales
bacteria in the human intestinal tract, targets serine proteases
(trypsin, plasmin, and kallikrein) and cysteine proteases (papain

and cathepsin B), but not thrombin, elastase, or chymotrypsin.
This inhibitor was used by Rolland-Fourcade et al. to
demonstrate that lipopolysaccharide-stimulation of intestinal
epithelial cells results in basolateral release of trypsin-like
proteases (Rolland-Fourcade et al., 2017). APC-366 is a
tryptase-specific inhibitor and was employed recently to
discriminate tryptase activity from total trypsin-like activity
(Aguilera-Lizarraga et al., 2021). Initially, it was developed to
treat asthma, allergy, and colitis, but it lacked potency and
selectivity. This inhibitor also has high affinity for thrombin, a
pivotal enzyme in blood coagulation, thus when not applied
locally, APC-366 could lead to bleeding. APC-2059 had
improved specificity and seemed to be useful as adjuvant

FIGURE 2 | From protease identification to inhibitor design. (A) Workflow to develop highly selective protease inhibitors. First, serine proteases present in patient
samples, whole tissue lysate or supernatant (SN) containing secreted mediators, will be labeled with desthiobiotin-tagged activity-based probes (ABPs) specific for this
class. The desthiobiotin-tag of the ABP is represented as a pentagon, the circles represent the recognition element, and the reactive group that will bind the attacking
protease is represented as a triangle. The bound proteases will be isolated with paramagnetic beads conjugated to streptavidin and analyzed by LC-MS/MS. This
will unambiguously inform the researcher about the identity of all active serine proteases in the sample and which ones are increased in IBS patients compared to
controls. Next, hybrid combinatorial substrate libraries (HyCoSuL) will be developed to determine the substrate specificities of the identified protease(s). For serine
proteases, three tetrapeptide sublibraries are made with a fixed amino acid at the P1 position, according to the serine protease of interest. The protease will attack the
bond between the amino acid at P1 and the fluorogenic reporter (7-aminocoumarin-4-acetic acid, ACC) at the P1′ position so that hydrolysis can be measured in a plate
reader. In each sublibrary, one of the three remaining positions in the tetrapeptide (P2-P4) has a fixed amino acid while the remaining positions contain an equimolar
mixture of amino acids. Ultimately, the optimal substrates can be determined using recombinant human (rh) proteases by combining the results from all sublibraries. With
prior knowledge about the specificity of the protease, the palette of amino acids can be customized to minimize the number of sublibraries. The best substrate sequence
will be used as a scaffold to synthesize highly specific protease inhibitors. (B) Animal models of IBS to test the effectiveness of serine protease inhibitors on abdominal
pain. TNBS: Trinitrobenzene sulfonic acid; OVA: ovalbumin; CNS: central nervous system (Adam et al., 2006; Annaházi et al., 2012; Biagini et al., 1998; Bradesi et al.,
2005; Coutinho et al., 2002; Eutamene et al., 2010; Gschossmann et al., 2004; Hughes et al., 2009; Meleine et al., 2016; Myers and Greenwood-Van Meerveld, 2012;
Nozu et al., 2014; O’ Mahony et al., 2011; Ryan et al., 2009; Tominaga et al., 2016; van den Wijngaard et al., 2012; Winston and Sarna, 2013). Created with
BioRender.com.
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therapy in ulcerative colitis in an open-label, phase two clinical
study (Tremaine et al., 2002). However, it needed to be injected
and was not developed further.

This indicates that drugability is a critical aspect that requires a lot
of attention. For compound UAMC-00050 the efficacy decreased
when given locally via an enema versus intraperitoneal injection
(Ceuleers et al., 2018; Hanning et al., 2021). Plasma concentrations
were very low after intracolonic administration and on average only
5.4% of the plasma concentration after intravenous administration
although a five times larger dose was used for local application. This
suggests that the inhibitor mainly stays in the lumen or intestinal
mucosa. The animals were observed for 3 h after administration of
the drug and no side effects were noted. Nonetheless, it would be
more relevant for clinical trials if the compounds can be taken orally.
Giardina et al. developed a novel inhibitor of human b-tryptase with
good oral bioavailability (Giardina et al., 2018). As a dimeric
inhibitor, it bridges two active sites resulting in increased affinity
and specificity compared to monomeric controls. But unlike
previously reported polyvalent inhibitors, this one contains a
disiloxane linker, which greatly improves the bioavailability after
oral administration. This compound would be of great interest to
explore in the context of IBS. The same applies for the use of
recombinant lactic acid bacteria to deliver serine protease inhibitors
to the intestinal mucosa (Bermúdez-Humarán et al., 2015).
However, only biologicals can be delivered via this system and
these tend to have a broader selectivity.

TOWARDS MORE SELECTIVE PROTEASE
TARGETING

The two major factors hampering the development of specific
protease inhibitors are the superficial identification of overactive
serine proteases in this disorder, as well as the limited mapping of
substrate preferences of relevant proteases. Activity-based probes
(ABPs) provide a solution for the first obstacle. The reactive group
of the probe binds specifically and irreversibly to the proteases of
interest. This allows identification of the bound proteases by mass
spectrometry after affinity-based purification. The use of these probes
is slowly increasing in the field of inflammatory and functional bowel
diseases, which can only be encouraged further (Mayers et al., 2017;
Denadai-Souza et al., 2018; Anderson et al., 2019; Solà-Tapias et al.,
2020). To tackle the second obstacle; the hybrid combinatorial
substrate library (HyCoSuL) using natural and unnatural amino
acids, is an efficient way to find highly selective protease substrates
(Kasperkiewicz et al., 2014). A HyCoSuL for serine proteases would
consist of three sublibraries of tetrapeptides with a fixed amino acid at
P1 and amino acid mixtures at the P4-P2 positions as well as an ACC
(7-aminocoumarin-4-acetic acid) fluorescent tag occupying the P1’
position. Once the tetrapeptide is cleaved, the ACC produces a
fluorescent signal.

HyCoSuL has proven to be a valuable tool to study protease
substrate preference, however, it is limited to the amino acid residues
N-terminal to the cleavage site (Poreba et al., 2018; Anderson et al.,
2019). Internally quenched fluorescent substrates are an excellent way
to study the specificity of both the prime and non-prime pockets but
are inefficient for large screenings. A very good tool for screening a

large (up to 1010) and diverse pool of substrates is phage display
technology (Kehoe, 2005; Caberoy et al., 2011). Random peptides are
expressed on the phage surface and subjected to protease cleavage
followed by phage amplification if successfully cleaved. Thus, optimal
substrates are enriched over multiple rounds of selection. A major
drawback is that the substrates are label-free, so they need to be
resynthesized with an appropriate reporter group to compare the
kinetics of the best substrates. Label-free substrates are not per se a
bad thing; not having a label right next to the cleavage site means it
also cannot influence the enzyme-substrate binding interactions.
Other approaches to study substrate specificity without the use of
reporter tags utilize mass spectrometry (O’Donoghue et al., 2012;
Wood et al., 2017; Lapek et al., 2019). A beautiful example by De
Bruyn et al. in an acute- and a post-colitis ratmodel illustrates this is a
valuable way to investigate the identity and cleavage patterns of
proteases in biological samples (De Bruyn et al., 2021). By applying
this method, the authors demonstrated that tryptase and trypsin-3
also unmask PAR1. Nevertheless, also this technique is somewhat
biased and requires prior knowledge of the proteases that are being
studied. It is important to note that these methods do not exclude
each other, on the contrary, they are complementary and provide
extra strength where there is overlap.

Combining target identification via ABPs and inhibitor design via
HyCoSuL should provide a reliable and accessible toolbox to design
highly specific protease inhibitors for the management of abdominal
pain in IBS (Figure 2A). Testing the effectiveness and safety of
promising serine protease inhibitors should be done in animalmodels
of IBS to maximize translational value (Figure 2B). Although these
models inherently are limited in reflecting the complex disease
mechanisms underlying IBS, they are able to induce VHS, an
important factor in IBS and the target of these protease inhibitors
(Accarie, 2020). It must be noted that the research investigating the
role of serine proteases in VHS in these models is in its infancy and
the translational value of the results requires further exploration.

CONCLUSION

The investigation of protease dysregulation in gastrointestinal
diseases, and more specifically in VHS and IBS, has definitely
increased in recent years, bringing protease inhibition to the
forefront of one of the most promising novel therapeutic strategies
to explore. However, three important factors need to be addressed to
advance serine protease inhibitors as a treatment for VHS in IBS. The
first is the limited knowledge of the targets. The dysregulated
proteases need to be characterized unambiguously and on a
patient level, an endeavor that can be achieved with activity-based
probes. Secondly, as underlined in this review, proteases have many
important physiological roles and any inhibition will have to be
carefully targeted to limit side effects. Accurate mapping of substrate
specificities of the proteases of interest with a technique likeHyCoSuL
will facilitate and accelerate the development of highly specific serine
protease inhibitors. The third and final limiting factor is that the
current oral bioavailability of serine protease inhibitors is poor and
improvement of formulations favoring local delivery should be
prioritized to give the inhibitors a higher chance to succeed in
clinical trials for IBS.
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Anti-Inflammatory Effects of Natural
Products on Cerebral Ischemia
Yuanhong Shang, Zhe Zhang, Jinfeng Tian* and Xiaokai Li

College of Biological and Chemical Engineering, Panzhihua University, Panzhihua, China

Cerebral ischemia with high mortality and morbidity still requires the effectiveness of
medical treatments. A growing number of investigations have shown strong links between
inflammation and cerebral ischemia. Natural medicine’s treatment methods of cerebral
ischemic illness have amassed a wealth of treatment experience and theoretical
knowledge. This review summarized recent progress on the disease inflammatory
pathways as well as 26 representative natural products that have been routinely
utilized to treat cerebral ischemic injury. These natural products have exerted anti-
inflammatory effects in cerebral ischemia based on their inflammatory mechanisms,
including their inflammatory gene expression patterns and their related different cell
types, and the roles of inflammatory mediators in ischemic injury. Overall, the
combination of the potential therapeutic interventions of natural products with the
inflammatory mechanisms will make them be applicable for cerebral ischemic patients
in the future.

Keywords: anti-inflammatory effect, inflammatorymechanism, compound, cerebral ischemia, inflammation, natural
product

INTRODUCTION

Stroke is a brain disease that causes numerous deaths and disabilities (Yuan et al., 2021), and it is the
3rd in disease mortality rate worldwide (Lo et al., 2003). Stroke is subdivided into ischemia and
hemorrhage. Ischemic strokes account for approximately 87% of all deaths and were the focus of
major drug trials (Rosenzweig et al., 2007). While ischemia is a pathologic condition in which blood
flow is reduced to the point where normal cellular activity is disrupted (Adams et al., 2005; Sacco
et al., 2006; Shang et al., 2013). The complex pathophysiology of cerebral ischemia primarily includes
inflammatory pathways except ionic imbalances, neuroprotection, apoptosis, oxidative damage and
angiogenesis (Deb et al., 2010; Dodd et al., 2021). There is growing evidences that some inflammatory
mechanisms play a key role during the setting or acute phase of cerebral ischemia owing to
subarachnoid hemorrhage, brain injury or cardiac arrest.

Inflammation, a dynamic tissue response mechanism to resist the invasion of pathogens, evolves
over the course of evolution (Headland and Norling, 2015). The role of inflammatory mechanisms is
crucial in stroke-related brain injury and tissue damage after ischemia (Przykaza, 2021). The
understanding inflammatory of response mechanisms will help workers to choose appropriate
interventionmeasures of blocking the cerebral ischemic injury cascade, and reducing neuronal death,
and more efficiently preventing cerebral ischemia and treat disease in the theoretical and clinical
applications. As a requirement of novel drug development for cerebral ischemia, there is a focus on
the anti-inflammatory mechanisms and effects of natural products. Therefore, understanding and
treatments of cerebral ischemic disease will be esential for scientists and clinicians to chooose the
suitable anti-inflammatory measures and agents. Some specific natural products discovered from
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natural medical resources with the potentials in possessing anti-
inflammatory effects on cerebral ischemia will increase the
opportunity in laboratory and clinical trials.

METHODOLOGY

Using exhaustive searches in the PubMed, China National
Knowledge Internet (CNKI), Springer and Elsevier SDOL
database, the present review gathered data of the research and
trials from 2002 until February 2022 for 2 decades by adopting the
following keywords and MeSH (medical subject heading) terms
according to the Preferred Reporting Items for Systematic
Reviews (Bayat et al., 2021). This review mainly summarized
the inflammatory mechanisms and some representative natural

products that have been commonly used in experimental research
for the treatment of cerebral ischemia according to the
inflammatory mechanism of ischemia.

INFLAMMATORY MECHANISMS OF
ISCHAEMIA

Inflammation acts as a critical role in the pathological progression
of cerebral ischemia. Inflammation progresses in response to
various stimuli are produced after ischemia. These progresses
require activation and undergoes the rapid upregulation of
multifarious genes, invasion of leukocyte (monocytes and
neutrophils), and stimulation the activity of microglia,
astrocytes, and endothelial cells following ischemia with the

FIGURE 1 | Schematic representation of inflammatory mechanisms in cerebral ischemia. Inflammation is crucial to the pathogenesis of ischemic stroke. Critical
inflammatory and anti-inflammatory events involved in inflammatory gene expression, different cell types and inflammatory mediators contribute to ischemic injury.
Inflammation inhibition is a possible treatment option for ischemic stroke-related neuro-inflammatory damage. Activation of local microglia and infiltrating macrophages
from the compromised BBB occurs during cerebral ischemia. Microglia activation has two-way role (a double-edged sword). Stimulation the activity of microglia
migrate to injured neurons and then switche to the M1 or M2 phenotype, which is implicated in nerve injury and repair. As a result, after an ischemic stroke, controlling the
M1/m2 phenotype of microglia is critical for brain healing.
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duration from hours to days (Huang et al., 2006; Zaleska et al.,
2009), including many different inflammatory mediators and
extracellular receptors. To avoid the evolution of acute
resolving into persistent chronic inflammatory symptoms and
further tissue damages, the inflammatory reaction should be
actively resolved. Taken all together, the following discussions
provided insights into the contributions of key inflammatory
gene expression, different cell types, and inflammatory mediators
to ischemic injury (Figure 1).

Inflammatory Gene Expression
Ischemic injury in the brain parenchyma sets off an inflammatory
cascade that exacerbates tissue damage. Each of these events may
be affected by heredity, which makes it difficult to prove the
classical pattern of heredity. Within minutes of occlusion, pro-
inflammatory genes (heat shock proteins, transcription factors,
adhesion molecules, chemokines and cytokines) that produce
mediators of inflammation are upregulated (Raghay et al., 2020).
Among these transcription factors, NF-κB (nuclear factor)
regulated the expression of TNF-α (tumor necrosis factor α),
NOS (nitric oxide synthase), IL-1β (interleukin-1β), IL-6
(interleukin-6), COX-2 (cyclooxygenase-2) and MCP1
(monocyte chemoattractant protein 1) in vitro (Deb et al.,
2010). This has been demonstrated by reduced ischemic
damage in mutant mice that targeted disruption of these genes
(Adibhatla and Hatcher, 2008; Tănăsescu et al., 2008).
Intercellular adhesion molecule-1 (ICAM-1) was found to
appear in the postischemic no-reflow regions during cerebral
ischemia. And it was also a mediator of leukocyte-endothelial cell
adhesion (Sun et al., 2019). Matrix metalloproteinase (MMP)
levels, especially MMP-9, have been found that associated with
infarct growth, bleeding, transformation events, and neurological
dysfunction (Montaner et al., 2003; Deb et al., 2010).

Cell Types in Inflammation
The aggregation of inflammatory cells and mediators during
cerebral ischemia is a characteristic of inflammation. After
vascular occlusion, ischemic injury causes inflammatory
cascade and further aggravates tissue injury (Amantea et al.,
2014; Soliman et al., 2021). Reactive microglia, leukocytes
(inflammatory cells) and macrophages have found to be
recruited into the ischemic brain, and then resulting in
inflammatory injury and the generation of inflammatory
mediators by these cells, neurons and astrocytes.

Microglia
Microglia play critical roles in brain inflammation following
stroke, especially in the penumbral region of damage (Subedi
and Gaire, 2021). Promoting the polarization of microglia and
macrophages from the pro-inflammatory M1 to the anti-
inflammatory M2 phenotype has been demonstrated to be a
possible treatment for ischemic stroke (Li et al., 2021). M1 is
generally considered to be neurotoxic, while M2 exhibits
neuroprotective effects. Microglia are in a resting phase. And
they account for 5–20% of glial cells (Deb et al., 2010). During
ischemia, these cells get the significantly morphological and
metabolic changes, as well as rapid and extensive genetic

upregulations. These cells are the principal central nervous
system (CNS) source of cytokines including transforming
growth factor-β (TGF-β), TNF-α and IL-1β (Zarruk et al.,
2018). Microglial cells have been indicated that can also
produce pro-inflammatory cytokines and neuroprotective
factors, such as TGF-β1, metallothionein-2 and erythropoietin.
Because of the mixed nature of destructive and protective factors
from microglial and astrocytes, the overall role of glia may differ
at different time points following stroke insult, with protective or
regenerative activities occurring days to weeks after the onset of
ischemia. Several studies imply that activated microglia induce to
injury (Wang et al., 2007). However, whether microglia cause
damage following cerebral ischemia is not clear, and their anti-
inflammatory potential is considered to be an significant
neuroprotective factor after ischemic injury (Jin et al., 2017;
Fukumoto et al., 2019; Gaire, 2021).

Leukocytes
With increasing evidences, leukocytes are related to the
pathogenesis of ischemic stroke. An increase in peripheral
leukocyte counts are involved in the earliest inflammatory
reactions in stroke. Neutrophils are the first leukocytes to
respond, and their level is related to the infarct volume. From
minutes to hours after reperfusion, neutrophil adhesion and
migration have been observed in cerebral venules. After
ischemia, the recruited cell population were switched from
polymorphonuclear cells to mononuclear leukocytes and
lymphocytes, and leukocyte recruitment continued days to
weeks (Yilmaz et al., 2006; Gavins et al., 2007). Leukocyte-
endothelial cell adhesion was prevented using adhesion
molecule antibodies against stroke (Ishikawa et al., 2004).
Therefore, leukocytes accumulate in the tissue after ischemia
before tissue injury, and specific targeting of leukocytes provides
substantive protection for ischemic injury.

Astrocytes
In the human CNS, astrocytes are the main glial cell type and
generally exceed the number of neurons. Astrocyte response is
one of the earliest and the most significant changes in the CNS
after ischemic injury. Astrocytes express different inflammatory
mediators in inflammatory responses that may influence the
outcome of ischemic injury (Falsig et al., 2006; Denes et al.,
2008; Sofroniew, 2020).

Inflammatory Mediators
Inflammatory mediators of cell adhesion to cerebral ischemia are
primarily divided into cytokines and chemokines. Cytokines are a
flock of small glycoproteins (~25kd) from different sources. As a
kind of cytokines, chemokines have chemotactic properties,
which can stimulate cells to migrate to the source of
chemokines. Chemokines polypeptides have been found to
play the role in inflammation, immunological activation, cell
differentiation, and cell death.

Cytokines
Cytokines associated with inflammation in stroke, such as IL-1,
TNF-α, IL-6, TGF-β and IL-10, are released and serve as
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intercellular messengers. Messengers mediate inflammatory and
immunological responses. IL-6, IL-10 and TGF-β may have
neuroprotective effect. IL-1 and TNF-α aggravate brain injury.

IL-1: IL-1 has two isoforms (IL-1α and IL-1β) and an
endogenous inhibitor, IL-1 receptor antagonist (IL-1ra). Its
pro-inflammatory properties were neutralized by IL-1ra
administration (Emsley et al., 2005), and ischemic injury in
IL-1ra deficient mice increased significantly (Pinteaux et al.,
2006).

IL-10: an anti-inflammatory cytokine. Lower IL-10 levels are
related to one of increased risks in stroke. Guizhi Fuling Capsule
significantly upregulate the level of IL-10 mRNA and protein
expression and its receptor in rats with focal cerebral ischemia
and reperfusion (I/R) (Sun et al., 2015).

IL-6: a pro-inflammatory cytokine with unclear function in
stroke. The clinical focus of IL-6 has revealed that IL-6 serum
concentrations was an excellent independent predictor value for
in-hospital mortality. (Rallidis et al., 2006).

TNF-α: TNF-α is a cellular signal protein involved in systemic
inflammation and one of the cytokines involved in acute phase
response. Activated macrophages primarily produce TNF-α. Its
expression occurs peri-infarct areas in the ischemic core, adjacent
distal areas in brain.

TGF-β: TGF-β may helpful for the rehabilitation therapy of
ischemic stroke. Microglia secrete TGF-β1 that is reported to
protect cultured neurons from ischemia-like injury (Lu et al.,
2005). Its expression suggests a neuroprotective function in the
penumbra during the recovery phase of cerebral injury.

Chemokines
Chemokines play roles in cellular communication and
inflammatory cell recruitment in host defense. Cytokines
stimulate the production and release of chemokines C, CC,
CXC, and CX3C [location based on the cysteine residues (C)]
and MCP-1 (monocyte chemoattractant protein-1) in cerebral
ischemia.

CX3C: CX3C expression was limited to surviving neurons
around infarction and some endothelial cells during ischemia,
and the CX3CR1 expression (CX3C receptor) was found only on
microglia. Those suggest that fractalkine is involved in neuron-
microglia signal transduction (Tarozzo et al., 2002).

MCP-1: MCP-1 overexpression significantly exacerbated the
ischemic injury. This phenomenon is related to the activation of
inflammatory cells. MCP-1 increased the cell permeability
in vitro, and it generated changes in tight junction proteins,
which suggest that it helps to ‘open’ the blood-brain barrier (BBB)
(Stamatovic et al., 2005).

THE ANTI-INFLAMMATORY EFFECTS OF
NATURAL PRODUCTS

Historically, as folk medicines, natural products have been
revealed the vast potentials for drug discoveries and the
managements of various human diseases (Mu et al., 2020;
Newman and Cragg, 2020; Atanasov et al., 2021). To date, the
natural products used for anti-inflammation have been widely

investigated and reported (Azab et al., 2016). These natural
products with anti-inflammation effects are extensively
distributed in different classes, e.g., flavonoids, terpenoids,
saponins, phenylpropanoidss, anthraquinones, alkaloids, and
phenols, etc., (Wang and Zeng, 2019) (Figure 2). These
natural products exert significant anti-inflammatory effects via
acting on different drug targets and cell signaling pathways.

Anti-Inflammatory Effects of Flavonoids in
Cerebral Ischemia
Flavonoids are low molecular weight phenolic compounds
including A-, B- and C- rings. Most flavonoids that discovered
so far have displayed a remarkable array of biochemical and
pharmacological actions including anti-inflammatory effects
(Romano et al., 2013). Several mechanisms have been
proposed to explain the anti-inflammatory effects of flavonoids
in vivo, including reducing the production of pro-inflammatory
molecules and regulating the function of inflammatory cells
(Serafini et al., 2010). The natural accuring flavonoids, such as
apigenin, baicalin, biochanin A, icariin, mangiferin, and puerarin
the flavonoid examples have exhibited anti-inflammatory effects
of flavonoids (Table 1).

Anti-Inflammatory Effects of Alkaloids in
Cerebral Ischemia
Alkaloids are nitrogen-containing organic compounds with an
alkali like properties. They that are widely distributed in plants
with diverse anti-inflammatory activities provide various
potentials for the design and discovery of new anti-
inflammatory drugs (Bai et al., 2021). Some alkaloids have
strong anti-inflammatory activities and play important roles in
the treatment of vascular disease (Alasvand et al., 2019). Anti-
inflammatory alkaloids can be mainly divided into the following
categories: isoquinoline alkaloids, indole alkaloids, pyridine
alkaloids, terpenoid alkaloids, organic amine alkaloids, etc (Li
S. et al., 2020). Several studies support the significance of the anti-
inflammatory activity as an underlying mechanism for most of
the pharmacological activities of the alkaloid (Tian et al., 2019;
Geetha and Ramachandran, 2021). Alkaloids, such as berberine,
cepharanthine, hydroxysafflor yellow A, sinomenine,
tetramethylpyrazine, and vinpocetine, with anti-inflammatory
effects in cerebral ischemia treatment, were summaried in
Table 1.

Anti-Inflammatory Effects of Saponins in
Cerebral Ischemia
Saponins are glycosides that release sugar(s) and an aglycone
(sapogenin) after acid hydrolysis. The aglycone of saponins can
be triterpenoid or steroidal in nature. Steroidal saponins and
saponins have been found to have diverse activities of
inflammatory cytokines on a variety of inflammatory models
(Passos et al., 2022). Studies support the anti-inflammatory
activity as an underlying mechanism of the saponin in
cerebral ischemia treatment (Sun et al., 2020; Yang F. et al.,
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2020; Xue et al., 2021). The anti-inflammatory sapnins, such as
astragaloside IV, Ginsenoside Rb1, notoginsenoside R1, and
Timosaponin B-II were summaried in Table 1.

Anti-Inflammatory Effects of Terpenoids in
Cerebral Ischemia
Terpenoids are secondary metabolites widely distributed in
nature with diverse structures, and they represent a promising
chemical group with potential beneficial effects in neurological
diseases in view of the pleiotropic effects on cell death and
survival, which consolidate their therapeutic value (Gonzalez-
Cofrade et al., 2019; Proshkina et al., 2020). Several studies
support the therapeutic potential compounds known to be
effective among various inflammatory diseases (Downer, 2020;
Khoshnazar et al., 2020; Kim et al., 2020). Terpenoids, combined

with the studied mechanism and commonly used drugs, may be
new strategy for further anti-inflammatory treatment. The anti-
inflammatory effects of terpenoids including ginkgolide B and
triptolide are reviewed in cerebral ischemic treatment (Table 1).

Anti-Inflammatory Effects of Phenols and
Acids in Cerebral Ischemia
(Poly) Phenols are natural substances with variable phenolic
structures, and they are generally known to possess potent
anti-inflammatory properties. It has been found that phenols
can affect the polarization of M1/M2 via TLR-4/NF-κB pathway
and exert anti-inflammatory properties to treat ischemic stroke
(Li et al., 2022). The anti-inflammatory effects of phenols and
acids including anisalcohol, curcumin, polydatin and salvianolic
acid A are reviewed in cerebral ischemic treatment (Table 1).

FIGURE 2 | Anti-inflammatory effect of natural products. The color figures of medicine are viewed in www.iplant.cn. The club model comes from PubChem and
Guidechem.
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TABLE 1 | Twenty-six active compounds from natural medicine with anti-inflammatory effects in cerebral ischemia.

Compound Representative
Sources

Cell Lines/Mode Dose Effects/Results Safety evaluation
(IC50/ID50/Others)

Reference

Anisalcohol Gastrodia elata Blume LPS-stimulated BV-2 cells 0.01–1 μM TNF-α↓, JNK↓, IL-
10↑, TGF-β↑

— Xiang et al.
(2018)

Apigenin Apium graveolens L.
var. dulce DC.

LPS-stimulated BV-2 cells 1, 5 and 10 μM JNK↓, PGE2↓ 12.5 μg/ml (MNTC) Ha et al. (2008);
Zhou et al.
(2021)

Astragaloside IV Astragalus
membranaceus
(Fisch.) Bge

(male ICR mice) bilateral
common carotid artery
occlusion/reperfusion
(bCCAO/R)

10, 20 mg/kg TNF-α↓, IL-1β↓,
TLR4 ↓, NLRP3↑

1,000 μg/ml (MNTC, 90%
vero cells)

Li M. et al.
(2017); Indu
et al. (2021)

Baicalin Scutellaria baicalensis
Georgi

(male SD rat) tMCAO LPS-
induced RAW 264.7 cells

100 mg/kg 50,
100 and 200 μM

TNF-α↓, IL-6↓,
p65↓, IL-10↑ IL-6↓,
TNF-α↓, MCP1
(CCL2) ↓,IL-13↑,
IL-1a↑

125 μg/ml (MNTC) Xu et al. (2022);
Zhou et al.
(2021)

Berberine Coptis chinensis
Franch.(rhizomes of
Coptis chinensis)

(male mice) tMCAO 25, 50 mg/kg HMGB1↓, NF-κB↓,
TLR4↓

IC50 values of berberine for
U87 cells at 24, 48, and
72 h were 113.2, 62.15,
and 33.07 mg/L,
respectively

Zhu et al.
(2018); Liu et al.
(2020)

Biochanin A Trifolium pratense L (male SD rat) MCAO/R 10, 20 and
40 mg/kg

TNF-α↓, IL-
1β↓, p38↑

IC50 value of 6.77 ±0.83 μ

M in MGC-803 cells
Wang et al.
(2015); Wang L.
et al. (2020)

Cepharanthine Stephania cephalantha
Hayata

(male C57/BL6 mice)
tMCAO OGD/R-treated
BV-2 cells

10, 20 mg/kg
0.25–2.5 μM

NLRP3↓, IL-1β↓,
IL-18↓

10 μg/ml (MNTC) Zhao et al.
(2020); Zhou
et al. (2021)

Curcumin Curuma longa L (male Swiss albino mice)
bCCAO/R

100 mg/kg IL-6↓, NF-κB↓,
MCP-1↓

IC50 values of curcumin for
A431 cells were 19.2 μM for
24 h and 14.3 μM for 48 h

Hussein et al.
(2020); Babaei
et al. (2012)

Garcinol fruit rind of Garcinia
indica

(male SD rat) MCAO/R
OGD/R-treated PC12 cells

5, 10 and
20 mg/kg 2.5, 5
and 10 μM

TNF-α↓, IL-1β↓ IL-
6↓, TLR4↓, NF-κB ↓

The 40% garcinol
(2000 mg/kg, ig) did not
show any adverse effect at
rats’ acute safety study

Kang et al.
(2020); Majeed
et al. (2018)

Ginkgolide B Ginkgo biloba L (male ICR mice) tMCAO/R 10, 20 and
40 mg/kg

TNF-α↓, IL-1b↓ — Gu et al. (2012)

Ginsenoside Rb1 Panax ginseng C.
A. Mey

(male SD rat)MCAO/R 12.5 mg/kg TNF-α↓, IL-6↓, NF-
κB ↓

— Zhu et al. (2012)

Hydroxysafflor
Yellow A

Carthamus tinctorius L (male Wistar rats) MCAO/R 2, 4 and 8 mg/kg NF-κB↓, ICAM-1↓ In the safe and well-
tolerated of phase Ⅲ, it
(75 mg/d) might be the
optimal dose

Sun et al.
(2010); Hu et al.
(2020)

Icariin Epimedium
brevicornum Maxim

(male SD rat) MCAO/R 10, 30 mg/kg IL-1β↓, NF-κB↓,
TGF-β1↓, PPARα↑,
PPARγ↑

3.0 ± 1.3 μM of IC50 in
HEK293 cells

Xiong et al.
(2016); Li et al.
(2014)

Mangiferin mango and papaya (male Wistar rats) MCAO/R 25, 50 and
100 mg/kg

IL-10↑, L-1β↓,
TNF-α↓

About 9 mM of IC50 in
3T3L1 cells

Zhang et al.
(2016); Kumar
et al. (2013)

Notoginsenoside R1 Panax notoginseng
(Burk.) F.H.Chen

(male SD rat)the aorta
clamped and rperfusion

30 mg/kg IL-1β↓, IL-10↑,
TNF-α↓

— Ning et al.
(2012)

Polydatin Polygonum
Cuspidatum Sieb. et
Zucc

(male SD rat) pMCAO 50 mg/kg NF-κB↓ IC50 at 24 and 48 h were 90
and 50 μmol/L in THP-1
cells

Ji et al. (2012);
Wang et al.
(2016)

Puerarin Pueraria lobata (Willd.)
Ohwi

(male Wistar rat) MCAO/R 18 mg/kg NF-κB↓, ICAM-1↓ LD50 of oral puerarin is
2,000 mg/kg/d in rats

Lou et al.
(2007); Chung
et al. (2009)

Salvianolic acid A Salvia Miltiorrhiza Bge (male SD rat) MCAO/R 5, 10, and
20 mg/kg

NF-κB↓ 48.4 ± 1.4 μM of IC50 on
MMP-2 in Raw264.7 cells

Zhang et al.
(2018); Zhang
et al. (2014)

Schisandrin B Schisandra chinensis
(Turcz.) Baill

(male SD rat) MCAO/R 10, 30 mg/kg TNF-α↓, IL-1β↓ — Lee et al. (2012)

Stachydrine
hydrochloride

Leonurus japonicas
Houtt

(male KM mice) CCAO/R 15, 30 and
60 mg/kg

TNF-α↓, ICAM-1↓ — Miao et al.
(2017)

Sinomenine Sinomenium acutum
(Thunb.) Rehd. et Wils

(C57BL/6 mice) MCAO 10, 20 mg/kg IL-1β↓, IL-6↓, IL-
18↓, TNF-α↓

— Qiu et al. (2016)

(Continued on following page)
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Anti-Inflammatory Effects of Quinones,
Phenylpropanoids and Others in Cerebral
Ischemia
In addition to the types of compounds mentioned above,
phenylpropanoids, quinones and others are a large group of
organic compounds in the nature (Table 1). Anti-
inflammatory effects of them are found and reported (Gui
et al., 2020; Yang et al., 2021).

MAJOR ANTI-INFLAMMATORY NATURAL
PRODUCTS FROM NATURAL MEDICINES

Natural products have been long used as folk drugs all over the
world although the resources and applications vary among
different regions. In China, many natural medicines have been
accustomed to treat stroke for years. The direct experience gained
from human subjects provides a huge resource for new drug
candidates and treatment methods for stroke. Therefore, this
review primarily discussed several representative natural
products (compounds) with anti-inflammatory effects in
cerebral ischemia treatment.

Anisalcohol is a phenolic compound that was originally
isolated from Gastrodia elata Blume (Chen H. L. et al., 2020).
Anisalcohol has ability to significantly decrease TNF-α and
increase IL-10 and TGF-β in lipopolysaccharide (LPS)-
stimulated BV-2 cells (a murine microglial cell line).
Anisalcohol has also found to inhibit c-Jun N-terminal kinase
(JNK) phosphorylation and suppress NF-κB activation.
Therefore, anisalcohol reduces the generation of inflammatory
mediators and cytokines by suppressing NF-κB and mitogen-
activated protein kinase (MAPK) activation (Xiang et al., 2018).

Apigenin is one of the active ingredients in the leaves ofApium
graveolens L. var. dulce DC. Apigenin decreased prostaglandin E2
(PGE2) levels by inhibiting COX-2 expression and mediating
inflammation in LPS-stimulated BV-2 cells. They found that LPS

induced p38 MAPK and apigenin inhibited the phosphorylation
of JNK in BV-2 microglia, suggesting that it played an anti-
inflammatory role through p38 MAPK and JNK. However,
apigenin had no significant effect on extracellular signal-
regulated kinase activation (Ha et al., 2008).

Astragaloside IV is an ingredient isolated from the dried roots
of Astragalus membranaceus (Fisch.) Bge (Zhang et al., 2020). As
shown by Morris water maze test, bilateral common carotid
artery occlusion in mice can lead to serious memory
impairment. Oral administration of astragaloside IV (10 and
20 mg/kg, once daily, beginning 7 days before surgery and
continued for 7 days after surgery) could reduce Toll-like
receptor-4 (TLR4) expression and its downstream adaptor
proteins, including tumor necrosis factor receptor associated
factor-6 (TRAF6), so NF-κB phosphorylation was inhibited as
a result (Li M. et al., 2017). These findings show that astragaloside
IV protects against transient cerebral I/R by suppressing the
TLR4 signaling pathway, in part through its anti-inflammatory
properties.

Baicalin is an important flavonoid that is extracted from the root
of Scutellaria baicalensis Georgi (Chen H. et al., 2020; Li Y. et al.,
2020). The report was found that baicalin inhibited the secretion of
NO, IL-6, TNF-α, and CCL22 (C-C motif chemokine ligand 22) in
macrophages, promoted the secretion of IL-13, IFNG (interferon
gamma), and IL-1a in vitro (Xu et al., 2022). It inhibited CCL2
expression, reduced the phosphorylation levels of p65 and IκBα
protein, and downregulated the level of CCR2 in vivo. Meanwhile, it
discovered that baicalin had a neuroprotective effect, most likely via
blocking NF-κB p65 activation, which improved neurological
functioning and reduced the extent of cerebral infarction (Xue
et al., 2010). The anti-inflammatory and anti-apoptotic benefits of
baicalin were validated by Tu et al. (Tu et al., 2009), and themolecular
mechanism may be related to the downregulated levels of iNOS,
COX-2, and cleaved caspase-3 protein, as well as the enhanced
enzymatic activity of myeloperoxidase (MPO). Current studies
indicate that baicalin protects from ischemic injury by inhibiting
of NF-κB–mediated inflammation.

TABLE 1 | (Continued) Twenty-six active compounds from natural medicine with anti-inflammatory effects in cerebral ischemia.

Compound Representative
Sources

Cell Lines/Mode Dose Effects/Results Safety evaluation
(IC50/ID50/Others)

Reference

Tanshinone IIA Salvia Miltiorrhiza Bge OGD/R-treated BV-2 cells 0.5, 1 and 2 μM NLRP3↓, IL-1β↓,
IL-18↓

— Cai et al. (2016)

Tetramethylpyrazine Ligusticum chuanxiong
Hort

(male SD rat) MCAO/R 20 mg/kg PGE2↓ It (1,800 mg) is well
tolerated in healthy
volunteers of phase I

Liao et al.
(2004); Zhao
et al. (2021)

Timosaponin B-II Anemarrhena
asphodeloides Bge

(male SD rat) MCAO/R 100, 200 mg/kg IL-10↑, IL-10R↑ No-observed-adverse-
effect level is proposed to
be 180 mg/kg (ig, rats)

Li et al. (2007);
Lin et al. (2017)

Triptolide Tripterygium wilfordii
Hook. F

(male SD rat)
intrahippocampal injection
of LPS LPS-stimulated
A172 cells

10–50 mg/kg
0.2–5 μM

COX-2↓, NF-kB↓ 206.1 nM of IC50 in
H295R cells

Dai et al. (2006);
Xu et al. (2019)

Vinpocetine Catharanthus roseus
(L.)G. Don

(male Wistar rat) MCAO/R 10 mg/kg NF-kB↓, TNF-α↓ — Wang et al.
(2014)

Note: "-" indicates that information on the potential toxicity and/or safety of the compound is not available or not in the literature that published in the last 20 years. MNTC, is a maximal non-
toxic concentration of a compound that enables at least 80% of cells to survive.
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Berberine is a non-basic and quaternary benzylisoquinoline
alkaloid in berberine-containing plants (the berberidaceae
family) worldwide, and it is an active ingredient isolated from
the dried roots of Coptidis rhizoma (rhizomes of Coptis chinensis)
in China (Neag et al., 2018). In I/R injury, berberine dramatically
lowered the levels of pro-inflammatory cytokines, which was
prevented by a SIRT1 inhibitor (Yu et al., 2016). It found that
pretreatment with berberine dose-dependently inhibited high-
mobility group box 1 (HMGB1) and NF-κB translocation from
the nucleus to the cytoplasm in cerebral I/R injury and decreased
Toll-like receptor 4 (TLR4) expression in ischemic cortical tissue
(Zhu et al., 2018). According to new findings, berberine’s anti-
inflammatory benefits against the injury are aided by reducing the
activation of the HMGB1/TLR4/NF-κB signaling pathway. In
clinical studies, berberine administration lowered serum levels of
IL-6 and macrophage migration inhibitory factor, as well as
plasma levels of C-reactive protein, TNF-α, and IL-6 (Li et al.,
2016; Liu et al., 2019). Berberine appears to reduce I/R injury by
reducing excessive inflammatory responses in patients according
to recent research. Berberine could be employed as an alternate
therapeutic technique for I/R injury management.

Biochanin A is an O-methylated natural isoflavonoid isolated
from Trifolium pratense L. (red clover). In a rat model, the anti-
inflammatory properties of biochanin A against I/R damage were
examined. TNF-α and IL-1β expression, as well as p38
phosphorylation, were assessed using RT-PCR or WB. As a
result, TNF-α and IL-1β levels were markedly elevated
following I/R injury, and biochanin A therapy significantly
reduced these inflammatory processes. Meawhile, the increase
in p-p38 levels in I/R brain tissue was reduced by biochanin A
(Wang et al., 2015). These results suggest that biochanin A
protects against focal cerebral I/R in rats via inhibition of p38-
mediated inflammatory responses.

Cepharanthine is a bibenzylisoquinoline alkaloid isolated from
Stephania cephalantha Hayata (Huang H. et al., 2014).
Cepharanthine reduced microglia activation in transient
middle cerebral artery occlusion (tMCAO) mouse models and
in hypoxia, glucose deprivation/reoxygenation microglia models
(OGD/R). Cepharanthine reduced microglial activation.
Following tMCAO, cepharanthine reduced elevation of NLR
family pyrin domain containing 3 (NLRP3) immunoreactivity
in Ibal-labeled microglia as well as total Iba1 and NLRP3
expression in the brain, according to immunofluorescence
labeling. Cepharanthine reduced the overproduction of the
M1 microglia-regulated pro-inflammatory cytokines IL-1 and
IL-18 generated by tMCAO and OGD/R (Zhao et al., 2020).
Cepharanthine reduced cerebral I/R injury by reducing microglial
activation and inflammation generated by the NLRP3
inflammasome.

Curcumin is an effective ingredient from the dried roots of
Curuma longa L. Curcumin (100 mg/kg) decreased the degree of
neutrophilic granulocyte infiltration in cerebral tissues and
inhibited TNF-α expression in a cerebral I/R injury model (Lei
et al., 2010). Treatment with curcumin (IP) decreased IL-6, NF-
κB and MCP-1 levels after I/R injury (Hussein et al., 2020). These
findings suggest that curcumin has a neuroprotective role by
inhibiting the inflammatory reaction.

Garcinol is a benzophenone compound isolated from the fruit
rind of Garcinia indica (Balasubramanyam et al., 2004). In
MCAO/R-induced animals and OGD/R-treated cells of
models, garcinol reduced model-induced inflammation,
including inhibiting the production of IL-6, IL-1β, and TNF-α,
and it also inhibited TLR4 and NF-κB (p65) expression. The data
indicate that garcinol protects against cerebral I/R injury. And
garcinol attenuates inflammation by suppression of the TLR4/
NF-ĸB signaling pathway (Kang et al., 2020).

Ginkgolide B is a compound extracted from the dried leaves of
Ginkgo biloba L. The tMCAO model of mice was made by an
intraluminal filament technique. Ginkgolide B (10, 20 and
40 mg/kg in 2 h after MCAO, iv) inhibited I/R-induced NF-
κB, microglial activation and the production of pro-
inflammatory cytokines (Gu et al., 2012). Taken together, the
information indicates that ginkgolide B has an anti-inflammatory
function by inhibition of NF-κB pathway.

Ginsenoside Rb1 (Rb1) is one of the primary active
compounds of Panax ginseng C. A. Mey. Male Sprague-
Dawley (SD) rats were given Rb1 (12.5 mg/kg/d) intranasally
for 7 days before being subjected to transient blockage of the right
middle cerebral artery and reperfusion. The rats were slaughtered
6 hours, 12 hours, 24 hours, and 72 hours following reperfusion,
and brain tissues were taken for testing. Key inflammatory aspects
of CNS, such as inflammatory cells, pro-inflammatory cytokines,
and transcription factors, were used to assess Rb1’s
neuroprotection. Rb1 inhibited microglia activity in the
penumbra from 24 to 72 h after reperfusion, as well as
microglia conversion to phagocytic microglia. In the Rb1
group, the mRNA and protein level of TNF-α was lower 12 h
after reperfusion. From 6 to 72 h, Rb1 partially reduced NF-κB
pathway activation (Zhu et al., 2012). These findings suggest that
local inflammation suppression during cerebral ischemia may be
one mechanism contributing to Rb1’s neuroprotective benefits.

Hydroxysafflor Yellow A is a component of flavonoids
extracted from the flower of the safflower plant Carthamus
tinctorius L. Hydroxysafflor Yellow A (2, 4, 8 mg/kg,
respectively, iv) prevented brain injury in a focal cerebral I/R
model by inhibiting thrombin generation. Hydroxysafflor yellow
A treatment suppressed NF-κB p65 nuclear translation and p65
binding activity, as well as ICAM-1 mRNA and protein levels and
neutrophil infiltration. Hydroxysafflor yellow A enhanced the
number of CA1 pyramidal cells in the hippocampus CA1 and
lowered plasma angiotensin II levels, all of which improved
neurological deficit scores (Sun et al., 2010). Another study
revealed the neuroprotective effect of hydroxysafflor yellow A
on GSK-3β/NF-κB-mediated inflammatory pathways (Yang X.
et al., 2020). These findings demonstrated that hydroxysafflor
yellow A had an anti-inflammatory effect by reducing angiotensin
II content or regulating NF-κB.

Icariin is a natural compound of flavonoids extracted from
Epimedium brevicornum Maxim. Pretreatment with icariin (10,
30 mg/kg) decreased NF-κB activation, IL-1β and TGF-β1 protein
levels in the cerebral I/R model of rats. Icarin also increased the
levels of peroxisome proliferator-activated receptor (PPARα and
PPARγ) protein in this study. These results suggest that icariin
protects rats from ischemic stroke by inhibiting inflammatory
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responses mediated by NF-κB, PPARα and PPARγ (Xiong et al.,
2016).

Mangiferin is a natural compund found in papaya and mango
(the Anacardiaceae and Gentianaceae families). Mangiferin (25,
50, 100 mg/kg, respectively, iv) increased IL-10 levels and reduced
IL-1β and TNF-α levels in the rat brain tissues with cerebral I/R
injury. These results demonstrate that mangiferin has a
significant protective ability that may be its effect to inhibit
the overproduction of inflammatory cytokines (Zhang et al.,
2016).

Notoginsenoside R1 is an active component extracted from
the dried roots of Panax notoginseng (Burk.) F.H. Chen. After
administration notoginsenoside R1 for 3 days, bilateral CCAwere
occluded with artery clip for 20 min followed by reperfusion for
24 h in C57BL/6 mice, notoginsenoside R1 reduced both TNF-α
and ICAM-1 mRNA (Huang et al., 2015). Panax notoginsenoside
(30 mg/kg, including notoginsenoside R1) was injected
intraperitoneally approximately 30 min before aortic clamping
and reperfusion, and it decreased the expression of IL-1β, IL-10,
and TNF-α levels in this acute spinal cord I/R injury model, as
shown by immunohistochemistry and Western blotting (Ning
et al., 2012). These results indicated that panax notoginsenoside
effectively decreased inflammation in damaged spinal cord
tissues, but it did not completely ameliorate the symptoms.

Polydatin is a stilbene chemical isolated from Polygonum
cuspidatum Sieb. et Zuccdried.’s roots (Ji et al., 2012; Tang
and Tan, 2019). Polydatin (50 mg/kg) decreased the number of
cells positive for NF-κB in an SD rat model of permanent MCAO
(pMCAO) compared to the blank control group 24 and 72 h after
pMCAO (Ji et al., 2012). These findings indicate that polydatin
inhibits the inflammation in response to exert its neuroprotective
effects after pMCAO.

Puerarin is one of the main active ingredients from the dried
roots of Pueraria lobata (Willd.) Ohwi. (Wei et al., 2014). A
cerebral I/R injury model was created using MCAO in rats.
Puerarin (18 mg/kg) was administered just before occlusion
and immediately after reperfusion, and it decreased ICAM-1
protein level and the nuclear translocation of the NF-κB p65
subunit (Lou et al., 2007). These effects may be due to its
inhibition of the neutrophil-mediated inflammatory response.

Salvianolic acid A is one of the main active components
isolated from Salvia Miltiorrhiza Bge. MCAO operation was
used to create a focal cerebral I/R model for 1.5 h of ischemia,
followed by reperfusion after 24 h. Salvianolic acid A (5, 10, and
20 mg/kg, respectively, i. v.) administration kept off cerebral NF-
κB p65 activation and released the inflammatory response (Chien
et al., 2016; Zhang et al., 2018; Yang et al., 2022). These findings
suggest that salvianolic acid A attenuates I/R-induced rat brain
injury by protecting the BBB via anti-inflammation.

Schisandrin B is a compound isolated from the dried fruits of
Schisandra chinensis (Turcz.) Baill. Schisandrin B (10, 30 mg/kg,
i. p.) was administered twice 30 min before the onset of ischemia
and 2 h after reperfusion. Schisandrin B therapy suppressed the
TNF-α and IL-1β protein expression in ischemic hemispheres
(Lee et al., 2012). These findings show that schisandrin B therapy
protects rats from neurodegeneration by suppressing
inflammation.

Stachydrine hydrochloride is an alkaloid isolated from
Leonurus japonicus Houtt. Stachydrine hydrochloride (15, 30
and 60 mg/kg) was administered in a repetitive cerebral
ischemia reperfusion mouse model, and it reduced the levels
of TNF-α, ICAM-1, and MPO. These results suggest that
stachydrine hydrochloride inhibits inflammatory reactions
after ischemia (Miao et al., 2017).

Sinomenine is an isoquinoline-type alkaloid originally
extracted from the Sinomenium acutum (Thunb.) Rehd. et
Wils and S. acutum (Thunb.) Rehd. et Wils var. cinereum
Rehd. et Wils. (Zhao et al., 2015). Sinomenine inhibited pro-
inflammatory factors including IL-1β, TNF-α, IL-6 and IL-18 to
protect BBB integrity and improve neurological functions (Qiu
et al., 2016). It reduced the activation of microglia and astrocytes,
and it also decreased inflammasome-related molecules (NLRP3,
ASC, and caspase-1) and proinflammatory cytokines in ischemic
brains in vivo and cultured microglia in vitro (Yang et al., 2016).
Therefore, sinomenine inhibits inflammatory reactions in
ischemic stroke treatment.

Tanshinone IIA is an active ingredients isolated from Salvia
Miltiorrhiza Bge. (Subedi and Gaire, 2021). Tanshinone IIA has
an anti-inflammatory impact in N2a cells, where it increases cell
viability and reduces inflammation via the PI3K/Akt/mTOR
signaling pathway (Wang J. et al., 2020). Another study in
OGD/R-exposed microglia found that Salvia Miltiorrhiza
extract containing tanshinone IIA significantly reduced
inflammatory responses, as shown by lower expression of
NLRP3, caspase-1, IL-1, and IL-18 (Cai et al., 2016).
Tanshinone IIA also had anti-inflammatory effects in OGD/
R-activated astrocytes by reducing proliferation, GFAP
staining, HIF-1 expression, and SDF-1, ERK, and Akt
signaling (Huang X. et al., 2014). It enhanced cell viability
while lowering NO production and NF-κB signaling (Dong
et al., 2009). These studies suggest that tanshinone IIA
prevents inflammatory responses after ischemia.

Tetramethylpyrazine is an active compound from Ligusticum
chuanxiong Hort . The MCAO model was produced in rats by
occluding the right middle cerebral artery for 90 min and then
reperfusing for 3 days, using tetramethylpyrazine (20 mg/kg)
administered intraperitoneally 60 min before the occlusion.
Tetramethylpyrazine significantly reduced inflammatory cell
activation and pro-inflammatory mediator synthesis in the
brain after ischemia and reperfusion. In cultured glial cells, it
reduced inflammation generated by lipopolysaccharide and
interferon, as well as the formation of prostaglandin E2
(PGE2) (Liao et al., 2004). These findings show that one of
tetramethylpyrazine’s neuroprotective properties to prevent
brain injury is its anti-inflammatory capability.

Timosaponin B-II is an active ingredient isolated from the
dried roots ofAnemarrhena asphodeloides Bge. Timosaponin B-II
treatment significantly increased IL-10 and IL-10R mRNA
expression in an SD rat model of focal cerebral I/R produced
by transient MCAO (2 h) (Li et al., 2007). The results
demonstrated that the anti-dementia effect of timosaponin
B-II is at least partially due to its anti-inflammatory properties.

Triptolide is a biologically active natural chemical derived
from the Tripterygium wilfordii Hook plant. F. Triptolide
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(0.2–5 mg/L) suppressed the astroglial response and NF-κB/DNA
binding activity in vitro, while triptolide (10–50 mg/kg) lowered
LPS-induced COX-2 expression in vivo and in vitro (Dai et al.,
2006). These findings imply that triptolide protects against
neuroinflammation by suppressing COX-2 production, at least
in part through suppression of the NF-κB signaling pathway.

Vinpocetine is one of the major active ingredients in
Catharanthus roseus (L.) Don. Vinpocetine (10 mg/kg) was
intraperitoneally injected in a murine model of transient
MCAO (2 h) and then reperfusion. Vinpocetine decreased the
expression of NF-κB and TNF-α at 24 h and 3 days and inhibited
the inflammatory response after cerebral I/R (Jeon et al., 2010;
Wang et al., 2014).

STRCTURE-ACTIVITY RELATIONSHIP
BETWEEN INFLAMMATION AND NATURAL
PRODUCTS
Structure activity relationship (SAR) has been demonstrated as a
useful tool for investigating the bioactivities of various classes of
compounds (Li X. et al., 2017). The SAR of biological activity is
mainly related to the type (or basic parent nucleus) of compounds
and the position of main functional groups (Xie et al., 2021; Zhou
et al., 2021). Flavonoids are based on 2-phenylchromone as the
skeleton. The position of C-5 and 7 on the ring A of flavonoids
that coupled with hydroxyl groups has found to affect the cell
secretion process, mitosis and cell interactions with strong anti-
inflammatory effects (Xie et al., 2021). Forthermore, C5-OH, C7-
OH, C2 = C3 and C4 = O functional groups that present in the
flavonoids has also been indicated to performa greater anti-
inflammatory effect. C3-OH or glycosylation group at the ring
A has greatly effection in the decrease the anti-inflammatory
(Zhang et al., 2019). For alkaloids and other types of natural
compounds mentioned above, due to the number or complex
structure of compounds, this review did not draw a suitable SAR.

CONCLUSION

Even though cerebral ischemia as a serious issue with global
health concern, the lack of effective drug options still limit its
treatment (Gaire, 2021). The present study provides a wealth of
information to elucidate the important role of inflammation in
ischemic brain injury. Natural medicines with anti-inflammatory
effects in cerebral ischemia have great potential for treatment
based on the above mentioned 26 active ingredients in
experimental studies (Table 1). This review fully demonstrated

that compounds of natural medicine have protective effects
against cerebral ischemia via anti-inflammatory mechanisms.

Inflammation is a critical mediator of cerebral ischemic injury,
and it is increasingly regarded as the important factor to the
pathological processes in cerebral ischemia. Experimental anti-
inflammatory strategies to diminish cerebral ischemic injury have
certainly been useful. In-depth study of the inflammatory
response of cerebral ischemic injury offers a novel method for
the prevention and treatment. However, whether inflammation is
harmful or useful may depend on the severity of the ischemia and
the stage of ischemia in which inflammatory responses
contribute, and detailed mechanisms of inflammation-induced
injury or recovery are far from complete. In the laboratory, a lot of
time and money has gone into studying the mechanisms, but it
hasn’t translated into effective treatments in the clinic.
Compound preparation is difficult to prepare for the
international market because internationality only admits the
curative effect of monomers, which is worthy of attention in the
future.

The use of natural medicine compounds to study the anti-
inflammatory effect of cerebral ischemia should strengthen the
recent research achievements of physiology, pathology,
immunology, molecular biology, neurobiology, neuroscience
and omics methods. Using the research method of Western-
style drugs and recognizing each step of the inflammatory
response leads to the possibility of developing a new
compound from natural medicines that interferes with a
specific inflammatory mechanism of ischemic injury and
creating a new situation that prevents and treats cerebral
ischemic injury using compounds of natural medicines for
anti-inflammatory effects. Review of the inflammatory
mechanism and anti-inflammatory effect of the above
mentioned 26 compounds revealed great new progress and
breakthroughs in the future, thanks to a strong scientific
research capability to protect cerebral ischemia with natural
products based on the inflammatory theory.
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Aedes aegypti salivary gland
extract alleviates acute itching by
blocking TRPA1 channels
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Aedes aegypti (Ae. aegypti) saliva induces a variety of anti-inflammatory and
immunomodulatory activities. Interestingly, although it is known that mosquito
bites cause allergic reactions in sensitised hosts, the primary exposure of humans
to Ae. aegypti does not evoke significant itching. Whether active components in the
saliva of Ae. aegypti can counteract the normal itch reaction to injury produced by a
histaminergic or non-histaminergic pathway in vertebrate hosts is unknown. This
study investigated the effects of Ae. aegyptimosquito salivary gland extract (SGE) on
sensitive reactions such as itching and associated skin inflammation. Acute pruritus
and plasma extravasation were induced in mice by the intradermal injection of either
compound 48/80 (C48/80), the Mas-related G protein-coupled receptor (Mrgpr)
agonist chloroquine (CQ), or the transient receptor potential ankyrin 1 (TRPA1) agonist
allyl isothiocyanate (AITC). The i.d. co-injection of Ae. aegypti SGE inhibited itching,
plasma extravasation, and neutrophil influx evoked by C48/80, but it did not
significantly affect mast cell degranulation in situ or in vitro. Additionally, SGE
partially reduced CQ- and AITC-induced pruritus in vivo, suggesting that SGE
affects pruriceptive nerve firing independently of the histaminergic pathway.
Activation of TRPA1 significantly increased intracellular Ca2+ in TRPA-1-transfected
HEK293t lineage, whichwas attenuated by SGE addition.We showed for the first time
that Ae. aegypti SGE exerts anti-pruriceptive effects, which are partially regulated by
the histamine-independent itch TRPA1 pathway. Thus, SGE may possess bioactive
molecules with therapeutic potential for treating nonhistaminergic itch.

KEYWORDS

nonhistaminergic, skin, itch, sensory neurons, TRPA1, salivary gland, Aedes (Ae) aegypti,
MrgprA3

1 Introduction

The itch-scratch reflex is modulated by small-diameter sensory neurons in the dorsal
root ganglia (DRG) and it is usually associated with inflammatory responses (Bartsch et al.,
2019). This reaction is a protective sensory modality that triggers specific neural
histaminergic and non-histaminergic pathways with a complex interplay between
keratinocytes, immune cells, and cutaneous neurons (Koch et al., 2018; Moore et al.,
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2018). Whereas acute itch evoked by insect bites is relieved by
scratching or antihistamine therapy and is mainly associated with
biogenic amines released from mast cells, persistent (chronic)
itching is commonly associated with chronic skin diseases, such
as atopic dermatitis and, thus, difficult to control (Berger et al., 2013;
Pereira et al., 2019; van Laarhoven et al., 2019). In this sense, patients
with these conditions could benefit from additive antipruritic
therapies.

The transient receptor potential (TRP) proteins are a
superfamily of structurally related non-selective cation
channels. One of its members, the transient receptor potential
ankyrin 1 (TRPA1), mediates temperature sensing (Story et al.,
2003; Moparthi et al., 2014) and is highly expressed in the
terminal ends of sensory neurons throughout the body. It also
functions as a chemosensor for pain-producing compounds and
histamine-independent itch-signalling pathways (Lee et al., 2008;
Liu et al., 2009; Wilson et al., 2011; Kemény et al., 2018; Liu et al.,
2021). TRPA1 knockout mice exhibited a marked reduction of
itching in response to selective agonists of Mas-related G protein-
coupled receptor (Mrgpr) subtypes, such as chloroquine (CQ;
MrgprA3) or BAM8-22 (MrgprC11). These receptors are
expressed on C-fiber-sensitive neurons, thus reinforcing the
role of TRPA1 receptor signalling in histamine-independent
itch pathways (Wilson et al., 2011). Notably, the widely used
secretagogue C48/80 can trigger Mas-related G protein-coupled
receptor X2 (MRGPRX2), the mouse ortholog of MrgprB2,
expressed in skin-resident mast cells, thus inducing
pseudoallergies due to IgE-independent mast cell
degranulation, the release of histamine and proteases, and
thereby evoking inflammation and pruritus (Bradford, 1976;
McNeil et al., 2015; Rodrigues et al., 2017; Dondalska et al.,
2020; Yang et al., 2021). It was previously reported that murine
MrgprA3 and human MrgprX1 are the predominant CQ
receptors (Li et al., 2022).

Aedes aegypti (Ae. aegypti) saliva is a complex mixture of
bioactive components with anti-hemostatic and
immunomodulatory properties (Bissonnette et al., 1993;
Ribeiro, 1995; Bizzarro et al., 2013; Barros et al., 2019).
Together, these components contribute to female mosquitoes’
blood acquisition and facilitate the transmission of several
arboviruses (Jin et al., 2018; Sun et al., 2020). Due to these
properties, Ae. aegypti saliva and its constituents have been
prospected for compounds that can prevent or treat clinical
conditions using experimental disease models (Sales-Campos
et al., 2015; de Souza Gomes et al., 2018; Assis et al., 2021;
Lara et al., 2021).

In addition to the various biological activities characterised in
the Ae. aegypti saliva, there may still exist many others not yet to
be identified and assessed. Knowing the expression profile of
TRPA1 and its role as a pain chemosensor, we were interested in
assessing the effect of SGE on TRPA1 by measuring TRPA1-
mediated Ca2+ influx in hTRPA1-HEK293t cells and the in vivo
effect of SGE on TRPA1 Allyl isothiocyanate (AITC) or MrgprA3
(CQ) receptor agonist-induced pruritus. Thus, the present study
evaluated the effects of Ae. aegypti SGE on histaminergic and
non-histaminergic itch induced in mice. We also evaluated if Ae.
aegypti SGE acts on TRPA1 receptors using TRPA1-transfected
HEK293t cells.

2 Methods

2.1 Animals

Male BALB/c mice and male Wistar rats, 7-10-week-old, were
obtained from the institutional animal care facilities and housed
in groups of five animals per cage under standard controlled
conditions (22°C; 12/12 light/dark cycle) in ventilated racks
(Alesco, Monte Mor, SP, Brazil) with free access to food and
water. Experiments were approved by the Institutional Animal
Care and Use Committee (CEUA-ICB/USP; protocol no. 33, page
85, book no. 02/2010), according to the guidelines of the Brazilian
Council for Control of Animal Experimentation (CONCEA) and
the Directive 2010/63/EU, combined with the Animal
Welfare Act.

2.2 Aedes aegypti salivary gland extract

Mosquitoes were bred and maintained in an insectary at 26°C, 80%
humidity, 12/12 light/dark cycle, and fed a 10% sucrose solution ad
libitum (Maciel et al., 2014). Female mosquitos (5–7 days old) were
anesthetised under low temperatures (4°C), sterilised in 70% alcohol,
and immersed in 200 μL of phosphate-buffered saline (PBS). The
mosquito heads were removed, and the salivary glands were
dissected from the thorax under a microscope and transferred to a
microtube containing 50 μL of cold PBS. The samples were sonicated
and centrifuged (4 °C, 14,000 × g, 10 min) to remove particulate
material (Bizzarro et al., 2013; Maciel et al., 2014). The supernatant
was sterilised through a 0.22 μm nitrocellulose membrane filter
(Millipore, Billerica, MA, United States). Protein concentration was
measured using a NanoDrop 2000 (A280; Thermo Fisher Scientific,
Wilmington, DE, United States). Aliquots of 2 mg/mL SGE were
prepared and stored at −80°C until use.

2.3 Materials

3,3′-Dimethoxybenzidine dihydrochloride, urethane, HTAB
(hexadecyltrimethylammonium bromide), Trypan blue,
Toluidine blue, CQ (N-dimethyl-1,4-pentane diamine
diphosphate), compound 48/80 (C48/80 N-methyl-p-methoxy
phenethylamine), phthalaldehyde, AITC (Allyl isothiocyanate),
2-(1,3-Dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)-
N-(4-isopropylphenyl)acetamide (HC030031), pyrilamine and
Fura-2-AM were purchased from Sigma Chemical Co. (St
Louis, MO, United States). Percoll was purchased from GE
Healthcare (Uppsala, Sweden). Isoflurane (1-chloro-2,2,2-
trifluoroethyl difluoromethyl ether) and sodium heparin were
purchased from Cristália (Itapira, São Paulo, Brazil). Hydrogen
peroxide (H2O2) and formaldehyde (CH2O) were purchased
from Labsynth® (Diadema, SP, Brazil).

2.4 Drug-induced scratching

Itch behaviour was evaluated as described (Costa et al., 2006;
Rodrigues et al., 2017). C48/80 (10 μg/site), CQ (25 or 100 μg/site),

Frontiers in Physiology frontiersin.org02

Cerqueira et al. 10.3389/fphys.2023.1055706

111

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1055706


AITC (20mM reagent = 1 μmol/50 μL per site), or the corresponding
vehicle (Tyrode solution) was intradermally (i.d.) injected, in a volume of
50 μL, alone or in combination with eitherAe. aegypti SGE (1–10 μg/site)
or the TRPA1 antagonist HC030031 (20 µg/site) or both. Mice were
individually confined into an acrylic transparent box (12 × 20 × 17 cm) in
a room fitted with a video recorder. The animals were acclimatised for
40min for 2 days before the experiments. For animals showing a repeated
number of scratching behaviour and a series of these movements, one
bout of scratching was counted, and the number was expressed as
absolute or percentage values determined in 30min. In all
experiments, the scratching behaviour was quantified in a blinded
fashion.

2.5 Absorbance spectrum analysis of
combined SGE and HC030031 solution

In order to evaluate the potential chemical interference between
SGE and HC030031 (100, 200 and 400 μg/mL), the absorbance
spectrum of increasing concentrations of SGE (50, 100 and 200 μg/
mL) with and without increasing concentrations of HC030031 in 96-
well microplates was measured on SpectraMax Plus 384 (Molecular
Devices Corp, Sunnyvale, CA, United States) within the interval of
200–260 nm.

2.6 Assessment of plasma extravasation and
myeloperoxidase activity

Shaved mice were anesthetised with urethane (2.5 g/kg; i.p.),
and a volume of 100 μL of 125I–bovine serum albumin (125I-BSA,
0.037 MBq/mouse) was intravenously injected via the tail vein.
Either C48/80 (10 μg/site) or vehicle (Tyrode) were i.d. injected
alone or co-injected with SGE (1–10 μg/site) throughout six
randomised skin sites (Rodrigues et al., 2017). Thirty minutes
later, a blood sample was collected, and plasma was separated by
centrifugation (10,000 × g, 10 min, 4°C). The skin injection sites
were removed, and radioactivity present in these specimens was
measured in a γ-counter (Packard Bioscience, Meriden, CT,
USA). The plasma volume extravasated in the injected skin
sites was calculated and expressed as μL of plasma per g of
tissue or as a percentage of the control values (obtained with C48/
80) alone.

In a separate set of experiment, mice were anaesthetised and i.d.
injected with C48/80 (10 μg/site) or Tyrode in the presence or absence of
SGE (1–10 μg/site). After 4 hours (4 h), animals were euthanised, and the
injected sites were removed. Tissue MPO activity was measured as a
marker of neutrophil infiltration into the skin tissue, as previously
described (Rodrigues et al., 2017).

2.7 Immunohistochemistry for intercellular
adhesion molecule-1 (ICAM-1) and vascular
cell adhesion molecule-1 (VCAM-1)
expression

Skin specimens i.d. injected with Tyrode, C48/80 (10 μg/site)
alone or plus SGE (10 μg/site) were obtained and fixed in glass slides

were heated (98 °C) for antigen retrieval in sodium citrate buffer
(0.05% Tween-80, pH 6.0) and washed with PBS (pH 7.2). Following
30 min of incubation with 3% H2O2 in PBS (pH 7.2), the specimens
were treated with 10% rabbit serum in PBS/10% BSA solution (1:1)
for 1 h. The sections were overnight incubated with polyclonal
antibodies anti-ICAM-1 (0.5 μg/mL); #AF796; R&D Systems,
Minneapolis, MN, United States) or anti-VCAM-1 (2 μg/
mL#AF643; R&D Systems) diluted in PBS/Tween 20 (0.3%).
Following incubation with rabbit anti-goat IgG secondary
antibody for 1 h (1 μg/mL]; at 21°C; Rockland Immunochemicals
Inc., Limerick, PA, United States), vectastin ABC-kit (Vector
Laboratories, Burlingame, CA, United States) was applied for 1 h
for signal amplification and 3,3-diaminobenzidine, diluted in PBS
containing 0.03% H2O2 (v/v), was utilised as the chromogen,
yielding the overall brown colour. Images of three (ICAM-1) or
six (VCAM-1) regions from both epidermis and dermis were
randomly selected, and the stained area were acquired by optical
microscopy (×200 magnification, LeicaDM 2500) and quantified
using the Image-Pro Plus 4.5 software (Media Cybernetics, MD,
United States). The images were calibrated using an image of a stage
micrometer scale with the same optical set up and pre-established
colour filter applied to quantify the positive areas. The ratio between
the labelled (VCAM-1 or ICAM-1 immunoreactivity) area per total
area analysed was given as stained area fraction in μm2. For each
image a tissue area was defined and used to calculate the percentage
(%) of positive area, based on the equation: (positive area/total tissue
area) x 100.

2.8 Mast cell degranulation in situ

Mice were anaesthetised with isoflurane in oxygen, followed by
i.d. injection with C48/80 (10 μg/site), Tyrode alone or in the
presence of SGE (1 μg/site). After 30 min, the animals were
submitted for euthanasia, and the i.d. injected skin sites were
removed and soaked in 4% buffered formalin solution pH 7.4 for
24 h before being fixed in paraffin. Five micrometer-thick sections
were mounted on glass microscope slides and stained with 1%
toluidine blue working solution for 1–2 min at room temperature
(22°C). The number of toluidine blue positive mast cells was
quantified based on their morphological characteristics of intact
or activated/degranulated cells by an investigator blinded to the
treatment in randomly areas of � 100 μm2 (Lidegran et al., 1996;
Santos et al., 2014), using ten random fields of each 5 μm skin
section, under optical microscopy (Leica DM2500; Basel,
Switzerland), with a high-power objective lens (×40 and 100×).
The number or corresponding percentage of degranulated mast cells
was subsequently calculated. Complete cells were considered those
with a well-defined contour and that are not in the process of
changing shape and releasing the granule contents in the cytoplasm,
whilst the activated/degranulated mast cells exhibited irregular
contours and dispersed (metachromatic) granules.

2.9 Mast cell degranulation in vitro

A total number of 15 male rats were used in three independent
experiments. Animals were exsanguinated under deep anaesthesia
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with inhaled isoflurane in oxygen. Mast cells were isolated from the
peritoneal cavity and purified (95%) using a Percoll gradient. In a
volume of 0.5 mL mast cell aliquots (4 × 105 cells/mL), SGE was
added in various concentrations (1–100 μg/mL) followed by C48/80
(1 μg/mL). After 15 min at 37 °C, samples were centrifuged (300×g,
4°C, 10 min) to determine the histamine released in the supernatant
and residual histamine in the cell pellet. Samples were incubated
with 300 μL of 1M NaOH and 1% phthalaldehyde (in methanol) for
4 min, followed by adding 15 μL of 3M HCl with vigorous agitation.
Fluorescence was measured in a microplate reader (Synergy HT;
Biotek, Winooski, VT, USA) at 360/450 nm (excitation/emission).
Histamine concentrations were calculated from a histamine
standard curve (prepared in 1M NaOH, range: 0.005–1.5 μg/mL).
Results were expressed as % of histamine released [Histaminereleased/
(Histaminereleased + Histaminecell lysate) × 100].

2.10 HEK293t cell culture,
TRPA1 transfection andwestern blot analysis

The human embryonic kidney cells (HEK 293), donated by
Dr. Nancy Rebouças (ICB, University of São Paulo), were grown
in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% fetal bovin serum, penicillin and streptomycin sulfate
(1%; 37 °C, 5% CO2) and maintained in six-well culture plates
until 80% confluence. The medium was removed, and the cells
were incubated with Opti-MEM (#31985070, Invitrogen,
Carlsbad, CA, United States) containing 5 µg of the
hTRPA1 vector and 5 µg of pCMVSB100X in the presence of
Lipofectamine 2000 for 8 h (37 °C, 5% CO2). After incubation, the
medium was removed, and DMEM containing 10% SFB and
G418 (500 μg/mL was added.

We expressed hTRPA1 in a TRPA1-negative cell line (HEK293t)
to evaluate the inhibitory effect of SGE on TRPA1 receptor agonist
AITC-induced increased intracellular Ca2+. For this, mammalian
expression plasmid vectors hTRPA1 (# 100016279; Life
Technologies, Carlsbad, CA, United States) and pCMVSB100X, a
pT2/BH sleeping beauty transposon derived with ampicillin and
neomycin resistance (# 26556; Addgene, Watertown, MA,
United States), was provided by Dr Zoltan Sandor (Department
of Pharmacology and Pharmacotherapy, University of Pecs,
Hungary) and transfected into HEK293t cells using Lipofectamine
2000 (Pozsgai et al., 2017). A fluorescence assay was performed
4 h and 24 h after transfection.

Protein concentration was determined (Bradford, 1976), and
TRPA1 expression was analysed using 20 μg of total protein by
sodium dodecyl sulphate-polyacrylamide SDS-PAGE gel
electrophoresis via Western blot device using specific
electrophoresis buffer, accordingly (Laemmli, 1970). TRPA1-
negative or TRPA1-positive cell line HEK293t (5x 106 cell/mL)
were centrifuged (10.000 rpm, 5 min at 4°C), and the resulting
pellet resuspended in TRIS buffer (50 mM pH 7.4, Triton X-100
1%, sodium dodecyl sulfate 0.1%, phenylmethylsulfonyl fluoride
1 mM and protease inhibitor mixture 0.1%; Sigma, St. Louis, MO,
United States) and assayed for TRPA1 expression. Both the
primary antibody rabbit polyclonal anti-TRPA1 (1:1500;
Novus Biologicals, CO, United States) and the corresponding
HRP-conjugated secondary antibody (goat anti-rabbit; Bio-Rad

Laboratoris, Inc, CA, United States) were used. The
immunoreactive bands were detected by chemiluminescence in
a ChemiDoc™ MP images system (Bio-Rad Laboratories, Inc,
CA, United States). The molecular weights of the
immunoreactive bands were determined using the ImageLab™
software by comparison of the electrophoretic mobilities with
those of known molecular weight standard anti-β-Actin antibody
(1:2000; Thermo Fisher Scientific, IL, United States).

2.11 Intracellular Ca2+

Transfected cells were incubated with Fura-2-AM at 37 °C.
After 30 min, the cells were moved to a microscope, where they
remained under a constant flow of Tyrode throughout the
experiment. Tyrode buffer containing AITC (100 μM) or SGE
(1 μg/mL) was alternated to evaluate fluorescence variations.
During the experiments, the temperature was carefully
controlled at 37°C (de Carvalho et al., 2014). The images were
obtained using a Leica AF6000 inverted fluorescence
microscope. For images with Fura-2-AM, a rotating excitation
filter system of 340 and 380 nm was used. The emission was
observed with a high-pass filter for wavelengths above
510 nm (2 Hz). The data presented as the 340/380 nm
fluorescence ratio.

2.12 Data analysis and statistics

Data are expressed as the mean ± SD or median (interquartile
range [IQR]) of n animals unless otherwise stated. A
normality Shapiro–Wilk test was performed for each set of
results. ANOVA, Sidak’s post-test, or Kruskal-Wallis, Dunn’s
post-test were used to compare means between groups when the
variable was in a normal or non-normal distribution,
respectively. Values of p < 0.05 were considered significant.
When required, Student’s t-test (two-tailed paired) were
calculated. Data were analysed using GraphPad Prism Co.
(Version 9.5.1, San Diego, CA, USA).

3 Results

3.1 Pruritus and skin inflammation

Figure 1A shows that itch behaviour was effectively triggered in
the animals by i.d. injection of C48/80 in the dorsal skin. The co-
injection of SGE significantly reduced this response at the lowest and
intermediate doses (1 and 3 μg/site). The histamine receptor
antagonist pyrilamine (10 μg/site) reduced C48/80-induced
pruritus, and the presence of co-injected SGE could not further
inhibit the pruritus response (Figure 1B).

SGE, at 10 μg/site, but not at 1 and 3 μg/site, significantly
prevented C48/80-induced plasma extravasation by ~50%
(Figure 1C). SGE alone did not evoke any plasma extravasation
compared to Tyrode (Figure 1C).

C48/80 (10 μg/site) promoted a significant increase in tissue
MPO compared to vehicle, and co-injection with SGE at the highest
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FIGURE 1
Aedes aegypti SGE downmodulates histaminergic responses triggered by compound 48/80. Bar scatter dot plot graphs showing itch evoked by
C48/80 in the presence of different doses of SGE (A), or in the presence of 1 μg/site dose of SGE alone and co-injected with the antihistamine pyrilamine
(B), effects of Ae. aegypti SGE on C48/80-induced plasma extravasation (C), and C48/80-induced increased neutrophil influx measured by MPO activity
(D). Values are expressed as mean ± SD. *p < 0.05 vs. “Vehicle or Ae. aegypti SGE group”; #p < 0.05 vs. “C48/80” group (n = 4–8). Quantitative
immunoreactivity staining analysis showing the % of VCAM-1 positive epidermal and dermal area of C48/80 (10 μg/site)-injected skin treated and
untreatedwith SGE (10 μg/site) represented by the column scatter dot plot graphs (E) and (F), respectively. Data are expressed asmedianwith interquartile
range (n = 4 mice/group). *p < 0.05 vs Ae. aegypti SGE group. Panel G shows representative images of VCAM-1 immunohistochemical staining
differences (* asterisks show DAB-positive signal) in the epidermis and dermis of mouse dorsal skin i.d. injected with Tyrode (B), SGE (C), C48/80, (D) and
C48/80 + SGE (E). Panel (Ga) shows the negative control specimen (skin without primary antibody). Double ended arrows indicate dermal-epidermal
junction, Ep = epidermis, D = dermis. DAB, hematoxylin counterstain, ×100 magnification.
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dose (10 μg/site) significantly decreased MPO activity (Figure 1D).
SGE alone did not induce increased MPO activity compared to
Tyrode (Figure 1D).

Immunohistochemistry analyses revealed that VCAM-1
(Figures 1E,F and G), but not ICAM-1 (Supplementary Figure
S1A, B; Supplementary Table S1) expression was significantly
upregulated in the epidermis and dermis of mice dorsal skin by
the i.d. injection of C48/80 (10 μg/site) 4 h later. When co-
injected with SGE, C48/80-induced VCAM-1 expression did
not significantly differ from SGE- or Tyrode-induced response

(Figures 1E,F and G; Supplementary Figure S1A, B;
Supplementary Table S1).

3.2 Mast cell stabilisation in situ and in vitro

Mast cell staining with toluidine blue was not triggered by
the i.d. injection of vehicle or Ae. aegypti SGE in the mouse
dorsal skin; however, an i.d. injection of C48/80 promoted
significative in situ mast cell degranulation compared to the

FIGURE 2
Effects of Aedes aegypti SGE on mast cell degranulation induced by C48/80. Panel (A) illustrates representative images of intact (arrowhead) and
degranulatedmast cells (arrow) inmice´s skin in situ (by the colouration of toluidine blue) following 30 min i.d. injection of Tyrode, SGE, C48/80 and C48/
80 + SGE, respectively, on the magnification of ×400 (top images) and 1000x (bottom images), Bar = 50 μm. Panel (B) shows the corresponding
percentage of degranulated mast cells counted in random fields of the observed mice skin tissue in situ. Data are expressed as mean ± SD for n =
4 mice/group. *p < 0.05 vs. “Vehicle” group. Panels (C, D) show the effect of increasing concentrations of SGE on the percentage of histamine released
in vitro from rat peritoneal mast cell following 15 min incubation with vehicle or C48/80, respectively. Data presented as scatter plot expressed asmean ±
SD are representative of three independent experiments for a total n = 15 rats. *p < 0.05 vs. “Vehicle” group. One-way ANOVA (Sidak’s multiple
comparisons test).
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vehicle or SGE alone (Figures 2A, B; Supplementary Table S2).
Co-injection of C48/80 with SGE did not significantly reduce the
amount of degranulated mast cells (Figures 2A, B;
Supplementary Table S2). The in vitro incubation of mast
cells obtained from the rat peritoneal cavity with increasing
concentrations of SGE did not significantly promote histamine
release from these cells compared with the control (Figure 2C).
C48/80 significantly induced mast cell histamine release
compared to the control group, which was not affected by

pre-treating the cells with different SGE concentrations
(Figure 2D).

3.3 TRPA1 signalling mediates the anti-
pruriceptive properties of SGE

CQ-induced intense pruritus was significantly decreased when
SGE was co-injected at all the tested doses (Figure 3A). CQ (25 μg/

FIGURE 3
Aedes aegypti SGE downmodulates non-histaminergic itch caused by TRPA1 interaction evaluated during 30 min. Itch evoked by chloroquine in the
presence of increasing doses of SGE (A). Effect of SGE and/or TRPA1 antagonist HC030031 in chloroquine-induced itch (B). Effect of SGE and/or
TRPA1 antagonist HC030031 in AITC-induced itch (C). Data are expressed as mean ± SD. *p < 0.05 vs. “Vehicle” group; #p < 0.05 vs. “chloroquine” or
“AITC” group (n = four to eight mice). Panels (D, E) show the absorbance spectrum of three different concentrations of SGE (50, 100 and 200 μg/mL)
or HC03003 (100, 200 and 400 μg/mL), respectively measured in the 200–260 nm range. Panel (F) shows the spectra of three individually
concentrations of SGE (50, 100 and 200 μg/mL) co-incubated with HC030031 (100 μg/mL), in which an important change in the absorbance spectrum
was observed in the 230–237 nm interval compared with either compound alone. Panel (G) shows overlap images for all testing substances. One-way
ANOVA (Sidak’s multiple comparisons test).
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site)-induced moderate pruritus was also inhibited by the
TRPA1 antagonist HC030031 (20 µg/site; Figure 3B), showing
the involvement of TRPA1 channels in the CQ response.

Likewise, the AITC-evoked scratching behaviour was effectively
antagonised by HC030031 (20 µg/site) and the Ae. aegypti SGE
co-injection (1 µg/site; Figure 3C, respectively). In the presence of

FIGURE 4
Aedes aegypti SGE attenuates TRPA1 receptor agonist AITC-induced Ca2+ mobilization in hTRPA1-HEK293t cells. Panel (A) shows representative
scan lines displayed horizontally of continuously Ca2+ changes in relation to the time (sec) in responses to SGE (1 μg/mL), SGE +100 μMAITC, and Tyrode
+100 μMAITC in TRPA1-HEK293t cells loaded with Fura-2-AM. Panel (B) shows corresponding fluorescence ratio (calcium changes) as mean ± SD from
3 independent experiments in responses to SGE (1 μg/mL), SGE +100 μM AITC, and Tyrode +100 μM AITC in TRPA1-HEK293t cells loaded with
Fura-2-AM (n = 21 cells). *p < 0.05 vs. “Control” group. Fura-2 fluorescence signals are presented as the 340/380 nm ratio. Panel (C) demonstrates values
asmean ± SD of the area under the curve (AUC) per time relative to Tyrode/SGE of calcium responses evoked by AITC (100 μM) in hTRPA1-HEK293t cells.
*p < 0.05 vs. “Vehicle” group. One-way ANOVA (Sidak’s multiple comparisons test; panel (A) or Student’s t-test was used (panel (B)). The left (D) panel
containing five images demonstrates the fractional fluorescence recorded from hTRPA1-HEK293t cells loadedwith Fura-2-AM and scanned at a rate of �
3 s per image in response to different stimuli. Transient events were recorded before (top image; basal fluorescence of the cells treated with vehicle
Tyrode). The second from the top image illustrates the dynamic changes in intracellular Ca2+ measured by changes in the intensity of Fura-2-AM
fluorescence (green colour) following the addition of AITC (peak time� 300 s). After washing out the cells with Tyrode, the third and fourth images
illustrate reduced changes in fluorescence intensity after the addition of SGE alone (time � 480 s) and together with AITC (time� 510 s), respectively. The
bottom image illustrates intracellular Ca2+ increases in response to the new addition of AITC (time� 780 s) following a newwashing session of the cells to
assess viability. Non-responsive cells are observed in blue.
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SGE and HC030031, the itching behaviour induced by either agonist
was not markedly affected. Of note, the combination of SGE and
HC030031 did not promote itch (Figure 3B).

The spectra measured in the 200–260 nm range of SGE and
HC030031, individually or co-incubated, showed that combined
SGE and HC030031 changed the absorbance spectrum in the
230–237 nm interval compared with either compound alone
(Figures 3D–G).

The WB analysis revealed immunoreactive bands in TRPA1-
positive cells but not in negative hTRPA1-HEK293 cells, consistent
with TRPA1 (� 105 kDa) and β-actin MW (� 33 kDa;
Supplementary Figure S2). Given the requirement for
TRPA1 mediating calcium response in vitro, we showed that
hTRPA1-HEK293t cells stimulated with AITC exhibited
significant calcium increment (mean fluorescence ratio 340/
380 nm), when compared to hTRPA1-HEK293t cells stimulated
with Tyrode (Figures 4A, B, D; Supplementary Figure S3A, B);
but not with SGE (Figures 4A–D). Fluorescence changes in Ca2+

were taken continuously on the same cell population
(Supplementary Figure S3; Supplementary Table S3). When
analysed as the area under the curve (AUC) in relation to the
vehicle, the treatment with SGE significantly attenuated AITC-
induced calcium increase in hTRPA1-HEK293t cells (Figures 4C,D).

4 Discussion and concluding remarks

Pruritus is the most frequent symptom in dermatologic clinics and
is among the 50most prevalent conditions worldwide (Roh et al., 2021).
The incidence of chronic pruritus varies among different studies, but it
seems especially common among the elderly (Yalçin et al., 2006). The
local itching sensation is intimately associated with touch, pain, and
insect bites. However, at least for Ae. aegypti bites, pruritus is instead
associated with hypersensitivity reactions since non-sensitive
individuals did not report an itch sensation within 5 minutes of
mosquito exposure (Conway, 2021). As opposed to the excessive
inflammatory skin reaction observed in sensitised mice (Henrique
et al., 2019), Ae. aegypti saliva and salivary preparations are
associated with anti-inflammatory responses in various experimental
conditions (Bissonnette et al., 1993; Surasombatpattana et al., 2012;
Barros et al., 2019; Assis et al., 2021; Lara et al., 2021). This result
suggests that Ae. aegypti saliva per se has no components capable of
inducing acute pruritus, and the pruritus symptom may occur later in
the bite site due to an allergic reaction triggered by immunoglobulin E
(IgE) antibodies resulting from the host’s previous sensitisation (Barros
et al., 2016).

Several groups, including our own, showed that histamine or
C48/80 injected in rodent skin promotes pruritus, and this effect is
abolished by histamine receptor antagonists and mast cell stabilisers
(Rodrigues et al., 2017; Thangam et al., 2018). We showed that co-
injection of SGE with C48/80 reduced C48/80-induced pruritus but
not in a dose-dependent manner. Of note, in the absence of
stimulation, the injection of Ae. aegypti SGE promoted a similar
response to that evoked with Tyrode (control). Ae. aegypti saliva
comprises a complex mixture of bioactive components with anti-
hemostatic and immunomodulatory properties, with therapeutic
potential both in vivo and in vitro studies. Among these molecules,
those from the D7 family can bind a variety of vasoactive

components, such as biogenic amines, including histamine and
serotonin (Calvo et al., 2006; Martin-Martin et al., 2020; Martin-
Martin et al., 2021).

Mast cell degranulation induced by C48/80 includes the
interaction of the molecule with Gi2 and Gi3 proteins present in
the cell membrane, stimulating phospholipase C-dependent
signalling, promoting the synthesis of second messengers and
increased intracellular Ca2+, and favouring the granule
breakdown and the release of histamine release and other cell
contents (de Vasconcelos et al., 2011; Yang et al., 2016).
Accordingly, C48/80-induced plasma extravasation and increased
MPO activity, which is an indirect marker for neutrophil presence in
the mouse dorsal skin. The co-injection with SGE resulted in a trend
to dose-dependently decrease C48/80-induced plasma
extravasation, but only the highest dose of SGE reduced the skin
plasma extravasation significantly.

SGE, at the highest dose, also reduced C48/80-increased MPO
activity in the tissue. Our hypothesis is that bioactive component(s)
present in the Ae. aegypti SGE could prevent neutrophil recruitment
by acting on mast cells (i.e., stabilising the mast cell
membrane–preventing its degranulation – and/or interfering with
the H1 receptor-dependent responses). This hypothesis was
examined histologically in situ by staining tissue sections with
toluidine blue, which binds to the glycosaminoglycans in the
mast cell granules (Sridharan & Shankar, 2012), and by in vitro
histamine determinations. SGE did not significantly change the
integrity of mast cells in situ in the mouse dorsal skin i.d.
injected with the C48/80 or the histamine content in vitro in the
presence or absence of C48/80. Our data corroborate previous
findings, showing that Ae. aegypti SGE could not change antigen-
dependent mast cell degranulation, although it decreased the TNF-α
production by these cells (Bissonnette et al., 1993).

Because Ae. aegypti SGE did not change mast cell phenotype
or histamine release, we next evaluated whether the decreased
MPO activity could be related to the modulation of adhesion
molecules in the tissue. In this sense, ICAM-1 and VCAM-1 are
actively involved in cell adhesion to the endothelium and
transmigration to the tissues. The immunohistochemical
analysis of skin showed no changes in ICAM-1 expression,
but a significant increase in (%) VCAM-1 expression was
detected in both the dermis and epidermis of mice receiving
C48/80 alone, while its co-injection with SGE did not
significantly differ from control levels. Mast cell-dependent
ICAM-1 expression has been shown in chronic cutaneous
conditions, such as psoriasis and atopic dermatitis
(Ackermann & Harvima, 1998), but it was never reported at
earlier time points. Regarding VCAM-1 expression, no study has
evaluated its expression following C48/80 injection in the skin in
situ. We hypothesised that 4 h after C48/80 injection (as assessed
by our study) is not enough time to observe marked changes in
the expression of these molecules. In agreement, an increase of
ICAM-1 and VCAM-1 was observed in vitro in endothelial cells
cultured with intact mast cells or C48/80-degranulated mast
cells, but only after 16 h of co-incubation (van Haaster et al.,
1997). Although discrete, the VCAM-1 results reinforce the
findings observed for MPO activity since VCAM-1 is
dependent on NF-κB activation (Nourshargh, 1993). Thus,
our results indicate that Ae. aegypti SGE may affect
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endothelial cells, in line with a previous study (Schmid et al.,
2016).

Sensory neurons expressing Mrgprs also regulate histamine-
independent pruritus (Wilson et al., 2011). Due to the critical role of
various proteases, TRPs, and Mrgprs in skin homeostasis and the
pathophysiology of pruritus (Rajka, 1967; Steinhoff et al., 2003;
Reddy et al., 2015; Coavoy-Sánchez et al., 2016), the co-participation
of these receptors in the anti-pruriceptive effects of SGE was
assessed. CQ is commonly used to prevent or treat malaria, but,
as a side effect, produces intense itching in humans (Sowunmi et al.,
1989; Sowunmi et al., 2001) or in mice when i.d. injected (Liu et al.,
2009; Haddadi et al., 2020). This symptom cannot be alleviated by
antihistamine drugs, reinforcing the role of a histamine-
independent pathway (Li et al., 2022). Accordingly, co-injection
of Ae. aegypti SGE significantly inhibited in a non-dose-dependent
manner, the intense pruritus evoked by a high CQ dose. Curiously,
the simultaneous i.d. injection with the TRPA1 antagonist
HC030031 did not further enhance Ae. aegypti SGE anti-
pruriceptive effect on CQ-induced pruritus and instead, it
reversed the anti-pruritus effect of Ae. aegypti SGE against CQ-
induced mild pruritus.

With this in mind, we hypothesise that TRPA1 is somehow
essential to the signalling pathways that regulate the Ae. aegypti SGE
anti-pruriceptive effect against CQ-induced pruritus. In agreement,
in cultured DRG neurons, MAS-related GPCRs, MrgprA3 and
MrgprC11, modulate the function of TRPA1 (Wilson et al., 2011;
Lieu et al., 2014), which is activated by its agonist AITC. Moreover,
at 1 μmol, AITC promoted scratching behaviour when i.d. injected
in the mouse dorsal skin (Coavoy-Sánchez et al., 2016) or into the
mouse nape (Liu et al., 2021), while in the cheek model, doses of
1–4 μmol evoked both wiping and scratching behaviour (Esancy
et al., 2018; Han et al., 2018; Liu et al., 2021). Therefore, pruritus and
nocifensive behaviour vary according to the dose and the site of
TRPA1 agonist injection. Indeed, differences in TRPA1 expression
can be found in the origins and extent of afferent fibers whose cell
bodies reside in the DRG and trigeminal ganglion in the cutaneous
area (Dong and Dong, 2018; Tobori et al., 2021).

Herein, the i.d. injection of TRPA1 agonist AITC in the mouse
dorsal skin promoted itching behavior, which was significantly
attenuated by the co-injection with Ae. aegypti SGE. However, the
simultaneous injection with HC030031 neutralized SGE anti-
pruriceptive effect against AITC-induced pruritus, thus
suggesting that SGE (or some of its components) might
typically act as partial agonist for TRPA1 receptors or perhaps,
giving the biochemical complexity of SGE, an optimum range of
action is reached for each situation due to the presence of
molecules with additive, synergic or even opposite effects that
might sometimes occlude each other, which may be the case here.
It should also be noted that Ae. aegypti saliva contains kratagonists,
scavenger molecules that interact with physiological effectors
(Andersen & Ribeiro, 2017).

In fact, the absorption measurement of SGE and
HC030031 combined solutions revealed notable changes in
the 230–237 nm interval compared with either agent alone,
indicating a potential antagonistic interaction between SGE
and HC030031, which might explain the loss of efficacy on
CQ- or AITC-induced pruritus. Furthermore, the presence of
protease inhibitors has been revealed by transcriptome and

proteome in Ae. aegypti salivary glands (Almeras et al., 2010;
Ribeiro et al., 2016). These inhibitors may disrupt the cleavage of
the amino-terminal region of the receptors and the activation of
TRPA1 required for signal transduction (Coavoy-Sánchez et al.,
2016; Derouiche et al., 2021). As suggested for other arthropod
vectors (Sá-Nunes & Oliveira, 2021), the potential
immunobiological properties of Ae. aegypti saliva have been
successfully evaluated in several inflammatory models (Sales-
Campos et al., 2015; de Souza Gomes et al., 2018; Assis et al.,
2021). In some cases, the salivary molecules responsible for such
activities have been elucidated. For example, one protein of the
D7 family (scavengers of biogenic amines) was able to inhibit
dengue virus infection (Conway et al., 2016); the peptide
AeMOPE-1 displays many activities in macrophages and
ameliorates experimental colitis (Lara et al., 2021); and many
salivary proteins can interact with human receptors involved in
immune responses (Gavor et al., 2022).

Corroborating the findings in vivo, we showed that increased
TRPA1-mediated calcium influx (measured by the Fura-2-AM)
assay in TRPA1-hHEK293t cells is significantly reduced by the
treatment with Ae aegypti SGE, thus supporting the suggestion
that bioactive components present in Ae. aegypti SGE can act, at
least partially, on non-histaminergic (TRPA1) pathways of
pruritus.

Our findings show the potential of salivary components of Ae.
aegypti as a prospective source of bioactive molecules that may serve
as templates for developing new compounds to prevent or treat skin
conditions involving the histamine-independent itch
TRPA1 pathway.
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SUPPLEMENTARY FIGURE S1
Quantitative immunoreactivity staining analysis showing the percentage of
ICAM-1 positive dermal area in the mouse dorsal skin i.d. injected with C48/
80 (10 mg/site) in the absence and presence of SGE. Data are represented
by the column scatter dot plot graphs (A), and expressed as median with
interquartile range (n = 4mice/group). Panel B shows representative images
containing scarce ICAM-1 expression in the dermis ofmouse dorsal skin i.d.
injected with Tyrode (B), SGE (C), C48/80, (D) and C48/80 + SGE (E). Panel
G(a) shows the negative control specimen (skin without primary antibody).
Arrows show hair follicles, Ep = epidermis, D = dermis. DAB, hematoxylin
counterstain, 100× magnification.

SUPPLEMENTARY FIGURE S2
Representative Western Blot of TRPA1 expression in both hTRPA1-positve
(transfected) and hTRPA1-negative (non-transfected) HEK293t (5 × 106)
cells. Immunoreactive bands are correspondent to approximately 42 kDa
and 127 kDa for β-actin and TRPA1, respectively. hTRPA1-negative cells (non-
transfected) or cells exposed to empty plasmid did not exhibit TRPA1
expression.

SUPPLEMENTARY FIGURE S3
Ae aegypti SGE reduced hTRPA1-mediated receptor mobilization of
intracellular calcium in TRPA1-HEK293t cells in response to TRPA1 agonist
AITC. Representative individual traces showing intracellular calcium
changes in responses to SGE (1 μg/mL), SGE + 100 μM AITC, and Tyrode +
100 μM AITC in TRPA1-HEK293t cells loaded with Fura-2-AM (panel A).
Panel B shows corresponding scan line displayed of continuously calcium
changes (mean ± SD) from 5 independent experiments in responses to SGE
(1 μg/mL), SGE + 100 μM AITC, and Tyrode + 100 μM AITC in TRPA1-
HEK293t cells (n = 21) loaded with Fura-2-AM. Fura-2 fluorescence signals
are presented as the 340/380 nm ratio.
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