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An increasing number of studies have demonstrated the underlying
mechanisms by which acupuncture therapy mediates both local and
systemic immunomodulation. However, the connection between alterations
in the local microenvironment and the resulting change in systemic immunity
remains unclear. In this review, we focus on cell-specific changes in local
immune responses following acupuncture stimulation and their link to
systemic immune modulation. We have gathered the most recent evidence
for chemo- and mechano-reactive changes in endothelial cells, neutrophils,
macrophages, and mast cells in response to acupuncture. Local signaling
is then related to the activation of systemic neuro-immunity including
the cholinergic, adrenal, and splenic nervous systems and pain-related
neuromodulation. This review aims to serve as a reference for further research
in this field.

acupuncture, inflammation, microenvironment, literature review, mast cell, nervous
system

1. Introduction

Acupuncture involves inserting thin needles into the skin or tissues to cure various
physiological dysfunctions. Acupoints are specific superficial anatomic points that are
thought to be linked with the internal organs. These points are defined using certain
anatomical landmarks, each of which is prescribed for different pathological conditions.
For example, the acupoint ST36 is located on the tibialis anterior muscle and 3/16
down the relative length of the tibia (1). Clinical studies have supported the application
of ST36 stimulation in stroke rehabilitation, diabetes management, and post-operative
ileus prevention (2-4). Different acupoints are distributed in various cell types and
populations, as well as in different nerve circuits. This likely explains acupoint-specific
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effects in clinical practice. Despite its long history of use,
the biological mechanisms of acupuncture therapy are only
beginning to emerge. The practice is gaining respect as a valid
therapeutic option for many conditions. Clinically, manual
acupuncture (MA) and electroacupuncture (EA) have been used
as main acupuncture methods. EA is a recently developed
method, which combined MA with electrical stimulation; it
allows for easier manipulation of stimulus strength.

Various mechanisms have been proposed to explain
acupuncture-mediated ~ immunomodulation.  Acupuncture
has been shown to downregulate the toll-like receptor
(TLR)-initiated inflammatory signaling pathway in various
inflammatory disease models (5-7). The upregulation of
anti-inflammatory cytokines, particularly interleukin (IL)-10,
promoted M1-M2 macrophage transformation, which is crucial
for inflammation resolution (8). In chronic inflammatory
disease models, acupuncture balanced the helper T cell
(Th)1/Th2 population to treat immune malfunction (9). The
nervous system also participates in local inflammation via
paracrine or endocrine signaling. Different signaling molecules,
such as neurotransmitters and cytokines, have been shown to
contribute to crosstalk between neurons and immune cells (10).
Acupuncture has also been associated with alterations in the
hypothalamic-pituitary-adrenal (HPA) axis, a neural pathway
mediating systemic immunity (11).

Acupuncture-mediated immunomodulatory mechanisms
are classified largely into two categories: the immediate local
response initiated by the innate immune system and the systemic
immunity regulated by neural pathways. First, we examined
the local cell signaling pathways associated with acupuncture-
mediated immunomodulation. These signaling pathways have
been divided into the ligand—and mechanically stimulated—
elements of the sterile inflammatory response. The second aspect
of this review summarizes the current knowledge bridging
the fields of immunology and neurology that overlap with
the described cellular mechanisms to explain the observed
long-term benefits of acupuncture. This review will provide
a theoretical basis for the unionized understanding of future
studies in these fields.

2. Main text

2.1. Local induction of inflammation

2.1.1. The local inflammatory
response—Ligand-mediated

The immediate host response to needle insertion can be
explained with the term “the sterile inflammatory response”—
inflammation in the absence of infection (12). Damage-
associated molecular patterns (DAMPs) are released after
tissue injury. Subsequently, immune cells expressing pattern
recognition receptors (PRRs) are activated. Activated immune
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cells, including mast cells and macrophages, release cytokines
and chemokines that attract more leukocytes.

2.1.1.1. Endothelial cells

Endothelial cells (ECs) are gatekeepers that control the
exchange of fluids and materials between blood and the
surrounding tissues (13). Under physiological conditions,
ECs maintain blood fluidity, blood flow, and vascular
permeability through intrinsic signals from mechanoreceptors
and extrinsic signals from the autonomous nervous system.
Vascular permeability and tone are determinants of substance
exchange across blood vessels. Nitric oxide (NO) is a major
vasodilator formed mainly by endothelial NO synthase.
Certain acupoints are more effective in increasing NO levels
(14). The release of NO through EC signaling increases
the exchange rate across vessel walls and provides a more
oxygen- and energy-rich microenvironment for tissue repair.
Metabolic
which influences immunity. Recent studies have suggested
that shift
phosphorylation is a key factor in the successful activation

reprogramming occurs during inflammation,

the metabolic from glycolysis to oxidative
of M2 macrophages (15). Classical symptoms of inflammation
include pain, heat, redness, and swelling. Acupuncture
induces immune cell infiltration; while pain and swelling
are less commonly observed following acupuncture therapy.
Further immune profiling and immunophenotyping may
decipher the acupoint-specific regulation of inflammation in
different pathogeneses.

2.1.1.2. Neutrophils

The first leukocytes to be recruited to an inflammatory
site are neutrophils. In sterile injury, their major role is
tissue repair (12, 15). Neutrophils remove necrotic debris,
release growth factors, and deplete chemoattractants to balance
the inflammatory reaction. The anti-inflammatory effects of
acupuncture have been extensively characterized in animal
models. These studies found that the most commonly
upregulated cytokines in sterile injury include tumor growth
factor-beta (TGF-B) and IL-10, while toxic effectors such as
reactive oxygen species (ROS) and proteolytic enzymes are
generally downregulated (16, 17). TGF-$ has been frequently
reviewed in tissue repair and fibrosis; it is known to be critical
in wound healing, too (18). Similarly, IL-10 is essential to
avoid excessive damage by limiting the inflammatory process
(19). Neutrophils start to recede after pro-inflammatory factors
(e.g., DAMPs) disappear and anti-inflammatory cytokines such
as IL-4 and IL-10 accumulate (12, 15). Some neutrophils
undergo apoptosis, whereas others leave the inflammatory site
and re-enter the circulatory bloodstream, passing through lung
capillaries on their way to the bone marrow where apoptosis
occurs. Signals released from the apoptotic neutrophils recruit
monocytes from the bone marrow to the injured site. They also
stimulate macrophage transformation into the pro-resolving M2
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phenotype. The clearance of neutrophil apoptotic bodies by
macrophages contributes to tissue resolution. The activation of
M2 macrophages is critical during the initial steps of the wound-
healing process (20). The key cytokines for M2 macrophage
activation are IL-4 and IL-13, which are produced by various
cell types like mast cells and Th2 cells. Rheumatoid arthritis
(RA) animal study proposed that MA can effectively stimulate
adaptive immune cytokines, such as IL-4 and IL-13, to repair
RA damage (21). Further statistical analysis of the cytokines
and immune cells suggested that monocytes/macrophages,
ECs, and several lymphocytes were the main cells affected
by MA.

2.1.1.3. Macrophages

Macrophages have long been implicated in the anti-
inflammatory responses to acupuncture. Macrophage
polarization is a complicated process and its role in
inflammation is context- and time-dependent (15, 22).
The classical M1 macrophage phenotype is activated by the
presence of lipopolysaccharide (LPS)- or interferon-gamma
(IFN-y)-induced Thl cells. M1 macrophages amplify the acute
inflammatory signal by secreting cytokines such as tumor
necrosis factor-alpha (TNF-«), IL-18, IL-6, IL-12, and IL-23,
as well as chemokines, NO, and ROS. Polarization to the
anti-inflammatory M2 phenotype depends on Th2-secreted
cytokines, including IL-4, IL-10, and IL-13. Acupuncture at
ST36 downregulated M1-related cytokines (TNF-¢, IL-18,
IL-6, IL-18) and increased the M2 population in different
RA animal models (17).

induced murine colitis model, acupuncture relieved colitis

In a dextran sulfate sodium-

symptoms by suppressing pro-inflammatory NLRP3/IL-1p,
and promoting both the antioxidant Nrf2/HO-1 and the
M1 to M2 transition (23). Acupuncture at the acupoints
GV14, BL12, and BLI13 alleviated airway hyper-responsiveness
and mucus secretion in a murine model of asthma by
balancing the MI1/M2 and regulatory T cell (Treg)/Thl7
(24).
have been described in various disease models, including

cell populations Similar anti-inflammatory effects
Alzheimer’s disease, ischemia-reperfusion injury, and RA
(25-27). Additionally, macrophages from different sources play
distinct roles in tissue repair. Among them, tissue-resident
macrophages exhibit better regenerative capacity than those
differentiated from recruited monocytes. A future study
relating to acupoint stimulation of resident M2 transition may
contribute to our understanding of its regenerative effects on

injured tissues.

2.1.2. The local inflammatory
response—Mechanical stress-induced

Acupoints are usually rich in collagen fibers, vessels,
and nerves. Traditional acupuncture practice includes needle
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rotation, which causes connective tissue deformation and
influences stretch-sensitive cells.

2.1.2.1. Fibroblasts

Fibroblasts are sentinels to both stretching and injury.
Fibroblasts are the main resident cell population in the dermis,
whose primary role is to produce an extracellular matrix
that is crucial for skin structure (28). Single-cell analysis
revealed that fibroblasts at a single anatomical location display
great diversity, with specialized functional compartments.
Dermal fibroblasts are stimulated by acupuncture both
mechanically and biochemically. Needle rotation causes soft
tissue deformation and cytoskeletal remodeling. Spindle-
shaped fibroblasts transition into myofibroblasts upon tissue
injury, with a flatter cell shape and more lamellipodia
spreading in multiple directions (29). Myofibroblasts are
mostly studied in fibrosis, in which connective tissues
replace cellular compartments (30). However, little is known
about the anti-fibrotic mechanisms involved in controlled
wound healing.

2.1.2.2. Mast cells

Mast cells are mainly distributed in connective tissues
that are exposed to the external environment (31). Mast cells
in healthy adult skin are mostly located in the dermis and
near blood vessels, nerves, and hair follicles, especially in the
distal areas such as the arms and legs as compared to the
proximal areas. Some mast cells line the luminal layers of
vessels, aligning with endothelial cells. The classical activation
pathway of mast cells involves binding of allergens to specific
immunoglobulin-E receptor. This leads to the degranulation
of histamines, proteases, and cytokines, and de novo synthesis
of inflammatory lipids (prostaglandins and leukotrienes). A
broader spectrum of chemokines, cytokines, and growth factors
is then upregulated in the mast-cell mediated allergic reactions.
Some mast cell signaling molecules travel longer distances
via exosomes (32). Ion channels like the transient receptor
potential (TRP) family are being investigated as mediators of
allergic reactions (33). Mast cells are known to express TRPV
channels. As some of the family members are activated by
mechanical stress, mast cells may play a considerable role
in MA-induced microenvironment changes (34). Blockage of
TRPV4 channels hindered the analgesic effect of acupuncture
at acupoint ST36 in a rat model of RA (35). In addition to
their role in mechano-sensing, mast cells are involved in tissue
repair and skin remodeling by interacting with fibroblasts.
Human mast cells secrete several classes of fibroblast growth
factors, which can stimulate the differentiation and proliferation
of dermal fibroblasts (36). As mentioned previously, proper
fibroblast activation is essential for ideal wound healing. A
detailed study of the relationship between acupuncture and
matrix protein deposition may contribute to the prevention
of fibrosis.
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2.2. Crosstalk between the nervous
system and the immune system

Recent studies have made great progress in establishing
neural mechanisms underlying acupuncture-mediated immune
modulation. Acupuncture is able to activate the vagal afferent
nerves. Electric stimulation of the vagus nerve dampens
endotoxin-induced systemic inflammation, and vagotomy
attenuates acupuncture effects (37-39). Analgesia is another
topic of interest in acupuncture. The relationship between
nociception and immunity is beginning to be elucidated.

2.2.1. Vagus nerve-dependent pathway

Homeostasis of systemic immunity is modulated by neural
reflex circuits (40). Communication between the central nervous
system (CNS) and peripheral tissues is mainly carried by
the vagus nerve. The vagus nerve innervates the organs in
the thorax and abdomen and is known to be crucial for
internal environment regulation via acupuncture (41). Afferent
signals from the vagus nerve are processed by the brainstem,
and efferent signals travel down to target organs, such as
the adrenal glands and spleen. To date, three pathways are
known to be associated with acupuncture: the cholinergic anti-
inflammatory pathway (CAIP), vagus-adrenal pathway, and
splenic sympathetic pathway.

2.2.1.1. The cholinergic anti-inflammatory system

Both the preganglionic and post-ganglionic nerves are
cholinergic in the parasympathetic system. Acetylcholine
(Ach) is the primary neurotransmitter released at synapses
in the ganglion. Cholinergic receptors include nicotinic
receptors (nAChRs) and muscarinic receptors. The anti-
inflammatory effect of the cholinergic system mainly relies on
the a7nAChR. The upregulation of «7nAChR is negatively
correlated with systemic pro-inflammatory cytokine levels in
several inflammatory diseases (37). In endotoxemia, electrical
stimulation of the vagus nerve downregulates TNF-producing
macrophages in the spleen in an «7nAChR-dependent manner.
Immune regulation by the cholinergic system is organ-specific.
In contrast to the spleen, EA ameliorates chronic obstructive
pulmonary disease and asthma symptoms by downregulating
the cholinergic system (17). Further studies are needed to
unravel how different acupoint stimulations affect the CAIP in
different organs.

2.2.1.2. The vagus—adrenal axis

The HPA axis is known for its immunosuppressive function
of releasing catecholamines into the bloodstream (42). The
paraventricular nucleus of the hypothalamus integrates inputs
from different neural circuits, including the sympathetic and
parasympathetic circuits. Different neural network activations
lead to the release of various catecholamines. EA at ST36
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activates the sciatic nerve, which sends signals to the vagus
nerve, resulting in dopamine release from the adrenal medulla
(11). This mechanism depends solely on dopamine type
1 (D1) receptors. Neither B2 adrenoceptors (BS2ARs) nor
a7nAChR knockout diminished dopamine release and the
anti-inflammatory effect of EA. The intensity of the current
seems to be critical, as only low-intensity (0.5mA) EA at
ST36 activated the vagus-adrenal axis (43). Stronger current
intensities primarily activated the splenic sympathetic axis.

2.2.1.3. The splenic sympathetic nerve

Sympathetic regulation of systemic immunity is closely
related to norepinephrine (NE) and adrenergic receptors (ARs)
(44). In LPS-induced sepsis models, electric stimulation of
the splenic nerve induced NE secretion from the spleen. NE
suppressed TNF production by regulating 2 AR-expressing
cells (45). The sympathetic nerves can also mediate pro-
inflammatory effects if «2 ARs are dominant (46). Notably,
research by Ma et al. has underlined the importance of prior
health conditions in EA-mediated therapeutic effects. Different
nerve fibers are innervated by different acupoints. Since current
neuronal studies have focused on very few acupoints, more
research is required to whether these pathways can be activated
by other acupoints with similar therapeutic effects.

2.2.2. Pain in immune regulation

Pain sensations are generated by a group of sensory
neurons that express nociceptors. It is generally accepted
that inflammation causes pain through sensitizing nociceptor
neurons (47). Mast cells play a major role in sensitizing
nociceptor sensory neurons during both acute and chronic
inflammation (48). Mast cell activation can sensitize neighboring
called
sensitization” (49). Neurons become hyper-reactive upon local

sensory neurons, which is sometimes “acupoint
accumulation of allergic substances and neuropeptides such as
substance P, histamine, serotonin, and tryptase. Meanwhile, the
nerve growth factors produced by mast cells can increase local
nociceptor density, which increases the tissue’s pain sensitivity
(50, 51). Other immune cells, such as macrophages, can also
modify ion channels on neurons to increase firing rates.

Pain sensations caused by nociceptors influence neighboring
vasculature and immune cells. Vasodilation directly induced by
electrical stimulation is called neurogenic inflammation (52).
This process is dependent on substance P and calcitonin gene-
related peptide (CGRP), whose release causes vasodilation (53).
Many immune cells express receptors for neuropeptides and
neurotransmitters released from nociceptor neuron terminals
(47). Consistently, denervation leads to better outcomes in
conditions caused by dysregulated inflammation such as chronic
obstructive pulmonary disease and arthritis (54, 55). In contrast,
nociceptor neurons can also dampen innate immunity under
certain conditions, such as endotoxemia (56). Pretreatment with
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FIGURE 1

Schematic illustration of the mechanisms involved in the acupuncture-mediated changes in the local microenvironment and systemic immunity
during inflammation. (A) The local DAMPs and NO accumulate upon the needle insertion, and the leukocytes like neutrophils are recruited. The
neutrophils secrete tissue-resolving cytokines like TGF-g and IL-10, while ROS and proteolytic enzymes are downregulated during the sterile
inflammation. The mechanical stress caused by the needle rotation triggers the activation of mast cells and fibroblasts, which participate in the
wound-healing process. (B) The concentration of DAMPs decreases, and the neutrophils undergo apoptosis. Acupuncture treatment promotes
tissue resolution by balancing the local Treg/Th17 ratio. Increased concentrations of IL-4, IL-10, and IL-13 drive the shifting of macrophages to
M2. The signal transduced by the neurons may provide a postponed systemic anti-inflammatory effect by upregulation of the CAIP,
vagus—adrenal axis, and splenic sympathetic nerve. These pathways are also involved in acupuncture analgesia. These findings implicate the
interaction between the nervous system and the immune system to achieve the therapeutic effects mediated by acupuncture.
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CGRP reduced mortality, in association with reduced TNF-«
and upregulated IL-10 production by macrophages.

However, the neuroimmune modulatory function of
acupuncture remains largely unknown. This may be associated
with its analgesic effect. Several hypotheses have been made
regarding the mechanism involved in acupuncture analgesia;
thus far, the microglial cells and astrocytes in the central
nervous system and the endogenous opioid system have been
suggested to interfere with pain signals (16). The gate control
theory has also been introduced in acupuncture analgesia. This
theory claims that stimulation of non-nociceptive Af sensory
fibers by needle insertion activates the inhibitory dorsal horn
interneuron, which cut off the incoming pain signal from the
A% and C nerve fibers (57, 58). Linking the molecular basis
of acupuncture analgesia to that of acupuncture-mediated
immunomodulation will provide a new perspective in this field.

3. Discussion

We unfolded the local immune response mediated by
acupuncture by using the term “sterile inflammation.” The
participants of sterile inflammation are rather variable:
intracellular DAMPs and extracellular DAMPs are recognized
by different sets of receptors (12). Macrophages originate
from different pools seem to play differential roles during
inflammation. The heart damage repaired by the embryonic-
derived macrophages was scar-free in neonatal mice. The
study shows that fibrosis occurs when the monocyte-derived
macrophages were involved in the tissue resolution, while
the inhibition of this macrophage pool resulted in better
outcomes (15, 59). The profiling of the key signaling
molecules and cell types, and the origins of macrophages
after the acupuncture treatment will better elaborate its local
immunomodulatory effect.

Stimulation of acupoints at extremities can modulate the
systemic inflammatory status. The anti-inflammatory effect of
ST36 stimulation is well-studied in sepsis and colitis models.
The vagus nerve has been put at the center of the neural
study of acupuncture. Recent studies published by Dr. Ma
(43, 44) successfully figured out the different reflexes activated
by electroacupuncture of different frequencies at different
acupoints. Further mapping of neural networks activated
upon electric stimulation of different acupoints may provide
information about how the nervous system modulates one’s
immune system upon different afferent signals.

The crosstalk between the two systems mentioned in this
review has been focused on pain. Mast cells can be activated
upon both chemical and mechanical stimulation, releasing
allergic substances and neuropeptides that can sensitize the
surrounding nociceptors. Electric stimulation of the pain-
sensing neurons can either upregulate or downregulate local
inflammation, which seems to depend on the health condition.
On the other hand, acupuncture treatment has been reported
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to change the host gut microbiome in certain disease models.
EA was protective against the deleterious metabolic changes
caused by high-fat diet-induced obesity via modulating the gut
microbiota (60). MA mitigated the gut microbiota changes in
the APP/PS1 Alzheimer’s disease mouse group, and the cognitive
function and the intestinal barriers were also improved in
the MA treatment group (61). The gut microbiota is another
potential platform to explain the crosstalk between the immune
system and the neural system.

In this review, we highlighted the changes in the local
microenvironment mediated by acupuncture stimulation and
its systemic effects during inflammation (Figure 1). Biological
and mechanical changes induced by acupuncture result in
various immune responses in ECs, neutrophils, macrophages,
and mast cells. These responses induce systemic immunity
via neuroimmune mechanisms, such as the cholinergic,
vagal-adrenal, and splenic sympathetic nervous pathways.
Pain modulation and its neuroimmune mechanism are also
promising for unraveling the inflammation-related mechanisms
of acupuncture. Further research is needed to explore
mechanisms linked to the diverse inflammation-related effects
of acupuncture.
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