

[image: The immunomodulatory mechanisms for acupuncture practice]
The immunomodulatory mechanisms for acupuncture practice





REVIEW

published: 06 April 2023

doi: 10.3389/fimmu.2023.1147718

[image: image2]


The immunomodulatory mechanisms for acupuncture practice


Meng Wang, Weili Liu, Jiayi Ge and Shenbin Liu *


State Key Laboratory of Medical Neurobiology, MOE Frontiers Center for Brain Science, Institutes of Brain Science, Huashan Hospital, Fudan University, Shanghai, China




Edited by: 

Vijay Kumar, Louisiana State University, United States

Reviewed by: 

Salvador Quiroz-González, Universidad Estatal del Valle de Ecatepec, Mexico

Archana Saxena, University of South Carolina, United States

*Correspondence: 

Shenbin Liu
 shenbin_liu@fudan.edu.cn

Specialty section: 
 This article was submitted to Inflammation, a section of the journal Frontiers in Immunology


Received: 20 January 2023

Accepted: 20 March 2023

Published: 06 April 2023

Citation:
Wang M, Liu W, Ge J and Liu S (2023) The immunomodulatory mechanisms for acupuncture practice. Front. Immunol. 14:1147718. doi: 10.3389/fimmu.2023.1147718



The system physiology approaches that emerge in western countries in recent years echo the holistic view of ancient Traditional Chinese Medicine (TCM) practices that deal with the root, rather than only the symptoms of diseases. Particularly, TCM practices, including acupuncture, emphasize the mobilization of self-healing mechanisms to bring back body homeostasis. Acupuncture has been practiced for over two thousand years to modulate body physiology via stimulation at specific body regions (acupoints). With the development of various research on acupuncture therapy, its regulatory effect on the immune system has been gradually recognized, especially on immunological diseases, including infectious and allergic diseases. In this study, we reviewed the immunomodulatory mechanism of acupuncture and systematically integrates existing research to respectively elucidate the modulatory mechanisms of acupuncture on the innate immune system, adaptive immune system, and well-known neuroanatomical mechanisms, including intact somatosensory-autonomic reflex pathway. With the advances made in recent systems physiology studies, we now have a great opportunity to gain insight into how acupuncture modulates immunity, and subsequently improves its efficacy.
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1 Introduction

Acupuncture practice is one of the most popular forms of alternative and complementary medicine in the world. As a medical practice with roots in China, it has been widely applied for more than three thousand years and has amassed a wealth of clinical and theoretical evidence. Today, acupuncture practice has already received considerable attention. Acupuncture exerts the therapeutic effect via stimulating specific sites on the body surface (which we called acupoints). The main methods of stimulation include manual acupuncture, electroacupuncture, and transcutaneous acupoint electrical stimulation. Acupuncture practice is widely used to alleviate or cure various diseases, including endocrine and metabolic diseases, mental and behavioral disorders, neurological disorders, diseases of the circulatory system, cutaneous disorders, diseases of musculoskeletal and connective tissue and so on (1). The whole process is non-invasive and safe. According to recent systematic reviews, acupuncture is a safe and low-cost treatment with minimal side effects. Till now, none of the randomized controlled trials included in these systematic reviews reported life-threatening adverse events (2, 3). With the stable, repeatable, and quantifiable effect, acupuncture practice has become commonly accepted and studied. As early as 1997, the NIH issued a consensus statement on the effectiveness and scientific nature of acupuncture therapy. Until now, more than 3 million American adults have used acupuncture therapy to control chronic pain, which is the most common reason for seeking acupuncture treatment, and the analgesic and anesthetic effects of acupuncture are no longer in doubt (4–6).

Accumulated evidence showed the potential of acupuncture in the treatment of immune system diseases caused by immune system defects. Acupuncture has been demonstrated to regulate the immune system of the body and correct pathological conditions, thereby providing effective relief or treatment of associated diseases. For instance, acupuncture has been shown to modulate systemic inflammatory responses, resulting in a significant improvement in survival rates among mice with fatal sepsis (7). In addition, acupuncture has also been shown to be effective in the treatment of inflammatory bowel syndrome (IBS), mainly by modulating inflammation-related cytokines and immune cell differentiation in vivo, reducing inflammatory responses and clinical symptoms (8).

Acupuncture has a promising future as a kind of safe and efficient medical practice to modulate the body’s immune system. Since acupuncture is based on a system that is distinct from modern Western medicine, current research is focusing on the role of acupuncture and the associated neurobiological mechanisms. In recent decades, a series of breakthroughs in the understanding of the modulatory mechanism of acupuncture has been made due to the rapid advancement of biological techniques. The specific neuroregulatory mechanisms of acupuncture are no longer a black box. Herein, we reviewed the immunomodulatory mechanism of acupuncture, and systematically integrated the existing research results to elucidate the regulation of acupuncture on the innate and adaptive immune response, and the well-known neuroanatomy mechanisms of acupuncture in immunomodulation, including intact autonomic reflex pathways. This is of great significance to the popularization of acupuncture as a medical practice.



2 Acupuncture modulates innate immune cells’ activity



2.1 Mast cells

Mast cells (MCs), are the tissue-resident immune effector cells and the innate immune system’s first line of defense. They react to a range of environmental physical stimuli, such as temperature, pressure, pathogens, trauma, and acupuncture. When exposed to various stimuli, they release strong biological mediators into the tissues around them, triggering an inflammatory reaction that aids in the healing of wounds and the removal of infections (9). MCs are the primary initiators and regulators of inflammatory and other immune responses that are widely distributed in connective tissue, and they largely interact with the external environment close to blood vessels and sensory nerves (10). According to pertinent research, MCs are dispersed along the direction of blood arteries and nerves and enriched close to acupoints in model organisms like rats and humans. To provide analgesic and anti-inflammatory effects, MCs also take part in the nerve transduction process in response to sensory signals from the surface of the body.

The link between the distribution of MCs on the body’s surface and the TCM concept of acupoints can be seen obviously. The acupoints are considered to be dynamic composite structures composed of MCs, nerve fibers, and vascular structures. MCs were found to be densely distributed around the rat acupoints and blood vessels and were visible via contemporary methods like histological methods. Electroacupuncture (EA) stimulation encourages the recruitment and migration of MCs along blood vessels and nerves (11, 12). The distribution pattern of MCs was highly correlated with the distribution of 14 classic acupoints in the meridians, suggesting that MCs may be a tissue target of acupuncture and moxibustion stimulation. Li et al. quantified the number and density of skin in different parts of the body using skin biopsies, dermal cell counts, etc (13). Preliminary histological evidence of acupuncture neuro-immunomodulation can be obtained by combining these pertinent investigations.

It is commonly accepted that acupuncture may stimulate afferent neurons to conduct upward and trigger receptors on the body’s surface. Acupuncture can activate MCs, which are a key component of acupoints, through Transient receptor potential vanilloid 2 (TRPV2) channels, which subsequently act on histamine H1 and adenosine A1 receptors to transform mechanical inputs into neurological impulses that go upward (14). The conclusion that MC stabilizers can suppress this neurological communication, provides that at least some of acupuncture’s effects are influenced by MCs activity (11). Following acupuncture, MCs moved to the local acupoints through the blood arteries of the subdermal and subcutaneous tissues, and the aggregated MCs produced more tryptase through degranulation, histamine, and 5-hydroxytryptamine (5-HT) (15–17). The nerve fibers also released more substance P and calcitonin gene-related peptide P (CGRP). Additionally, it has been found that MC activation can result in the production of adenosine triphosphate (ATP), which functions as the primary mediator of acupuncture-induced analgesia through binding to purinoreceptor receptors (18).

It may be presumed that there are connections or information transfers between MCs and nerve terminals that are given the role that MCs play in nerve conduction. The presence of “Synaptic” connections between MCs and nerve terminals has been investigated preliminarily, with immunohistochemistry providing neuroanatomical proof for the control of the neurological immune system (19, 20). Further research is necessary to gain a better understanding of the mechanism of MCs in neuro-immunomodulation induced by acupuncture.



2.2 Macrophages

As an essential element of innate immunity, macrophages provide the first line of defense against pathogens (21). Macrophages fulfill their roles by modulating cell division and tissue repair, typically polarizing different phenotypes to obtain distinct functional phenotypes. Traditional macrophage M1 activation and alternative M2 activation are the two extremes of their phenotypic alterations. M1 macrophages release cytokines that prevent neighboring cells from proliferating and breaking down nearby tissues, while M2 macrophages release cytokines that encourage neighboring cells to proliferate and repair nearby tissues. The heterogeneity of the macrophage phenotype is controlled by many physiological and pathological states, as well as environmental influences (22). Studies have revealed that acupuncture primarily controls the polarization of M1/M2 by modifying the production of cytokines related to inflammation and its re-recruitment at the site of inflammatory injury, which improves the anti-inflammatory effect, to reduce inflammatory pain and tissue repair.

Zhang et al. treated the complete Freund’s Adjuvant (CFA)-induced inflammatory pain rats with manual acupuncture (MA), and they found that the inflammatory pain was significantly relieved, and the amounts of macrophages at acupoints were also raised in the experimental group (23). Interleukin (IL)-6, monocyte chemoattractant protein (MCP)-1, and IL-1 are important cytokines that have been identified by statistical and cytokine association networks. These cytokines are also primarily secreted by macrophages (24, 25). This shows that the onset of the analgesic action of MA on inflammatory pain is mediated by macrophages at acupoints. Yang et al. found that Adjuvant-induced arthritics (AIA) had considerable analgesic and anti-inflammatory effects after MA therapy (26). It is believed that the anti-inflammatory effect of MA may be realized by preventing the polarization of the M1 phenotype because M1 macrophages were suppressed, IL-1 levels were decreased, and the immune cell communication network was inhibited at the ST36 (Zusanli, Stomach 36) location.

In addition to anti-inflammatory and analgesic effects, acupuncture has been demonstrated to play a role in tissue repair by regulating macrophages. The recovery phase of muscle injury includes several stages of degeneration, inflammation, regeneration, and fibrosis, with macrophages acting as the primary orchestrator throughout the process (27). Large numbers of macrophages infiltrate the injury site during the post-injury inflammatory phase, and during the post-inflammatory tissue regeneration phase, macrophages control tissue repair by flipping to distinct phenotypes (28). Yan et al. in establishing a rat model of skeletal muscle injury, EA was applied to ST36 (29). The findings revealed that the EA group’s secretion of IL-4, IL-13, and interferon (IFN)-γ was greatly enhanced. IFN-γ was secreted less often, and there were more M2-type macrophages present, which expedites the repair of skeletal muscle injury.

As previously mentioned, macrophages control the inflammatory-anti-inflammatory balance in vivo through phenotypic flipping, as was previously mentioned. In a study by Hu et al. (30), Low-frequency electrical stimulation (LFES) of GB34 (Yanglingquan, Gallbladder 34) and ST36 acupoints helped prevent muscle atrophy by generating a brief inflammatory response in a rat model of CKD-induced skeletal muscle atrophy. After day 3, pro-inflammatory M1 macrophage levels in muscle tissue started to decline during the early phase of stimulation, whereas anti-inflammatory M2 macrophage levels started to rise. Acupuncture may play a role in preserving homeostasis by controlling macrophages. Since insulin-like growth factor (IGF)-1, which is mostly produced by macrophages, is up-regulated to enhance protein metabolism and encourage the synthesis of muscle.



2.3 Neutrophils

The neutrophil is myeloid leukocytes and is one of the main effector cells of the innate immune response. It can regulate the body’s immune response, such as acute injury and repair process, chronic inflammation process, and so on, mainly through the recruitment and infiltration of infected and damaged tissues, recognition and phagocytosis of microorganisms, killing pathogens, and making a difference (31). Therefore, the enrichment of neutrophils is often regarded as a marker and biological indicator of acute infection injury. Today, in addition to its role in acute infection, the role of neutrophils in the maintenance of immune homeostasis has also been much studied (32).

Neutrophils are produced daily in the bone marrow and makeup 50-70% of all circulating white blood cells in humans. They are synthesized and converted rapidly, especially during periods of inflammation and immune imbalance in the body (33). So, when acupuncture regulates the immune function of the body, it is often accompanied by the regulation of the quantity and activity of neutrophils. A small clinical study showed that acupuncture can improve the immune protection of ovarian cancer patients due to chemotherapy-induced immune suppression caused by the reduction of white blood cell count (34). Another animal study found that acupuncture significantly improved survival in septic rats, by reversing the migration of neutrophil injury to the peritoneal cavity (35). Zhang et al. demonstrated that, in a mouse model of left anterior descending (LAD) coronary artery ligation to mimic myocardial injury, acupuncture inhibited the activation of the NLRP3 inflammasome, promoting macrophage M2 polarization, and reducing the recruitment of neutrophils in the damaged myocardium, thereby reducing infarct size and improving cardiac function (36).



2.4 Natural killer (NK) cells

NK cells, the body’s third lymphocyte after T and B cells, are the primary effector cells in the innate immune system. They can immediately release a variety of cytokines and chemokines, directly and non-specifically killing tumors and other aberrant cells as well as aging cells. NK cell-mediated immunotherapy has become a focus of research for the treatment of cancer and other immunosuppressive diseases due to its potent cytotoxic effects on aberrant cells in the body (37, 38). NK cells are generally quiescent under normal physiological settings, but when activated, they can infiltrate tissues and release cytotoxic granules containing perforin and granzyme, which directly lyse aberrant cells and have a killing effect (39). IFN, tumor necrosis factor (TNF), and other chemokines and cytokines that control the adaptive immune response can be secreted by NK cells at the same time.

Prior studies have shown that acupuncture therapy can significantly boost NK cell activity, regulate the proportion of NK cell subsets, and trigger the release of related cytokines, resulting in analgesia, regulation of the stress response, relief from symptoms of morphine withdrawal and immunosuppressive effects brought on by cyclophosphamide, etc (40–43). According to Yu et al., EA stimulation of the bilateral ST36 acupoints dramatically elevated the toxicity of NK cells in the rat spleen (44). Other research revealed that EA stimulation of the ST36 acupoint significantly increased the levels of IL-2 and IFN-γ in the spleen. Cytokine levels were also significantly positively correlated with the toxicity of splenic NK cells, with endogenous IFN-γ playing a significant role in the EA’s intervention in the activation of NK Cells (43).

So, how does acupuncture affect the quantity and activity of NK cells in the spleen? According to Ham et al., destroying the lateral hypothalamus can decrease the activity of NK cells, and electroacupuncture ST36 can reverse this effect, revealing that the lateral hypothalamic area (LHA) plays an important role in the neuroimmunomodulation of NK cells by acupuncture. The use of a lateral hypothalamic injury rat model by Choi et al. also provides evidence to support these finding (45, 46). When β-endorphin travels via the circulation to lymphoid tissues like the spleen, it binds to opioid receptors found on the surface of NK cells and facilitates the activation of NK cells by controlling the production and distribution of IFN-γ (44, 47). However, it is significant to note that LHA damage does not entirely reverse the effects of EA, indicating that the regulation mechanism of EA stimulation on NK cells may be more intricate than previously assumed and additional research is required (46).



2.5 Astrocytes and microglia

Astrocytes are neuroglia derived from neuroectoderm and neural progenitors, which are abundant in the central nervous system (CNS) and play essential functions in the CNS of healthy and diseased organisms. During CNS injury or infection, many changes in astrocytes’ morphology, molecular expression, and function affect the progress of various CNS diseases (48). The microglia are a type of important immune cell in the CNS. It is similar to tissue-resident macrophages in molecular morphology and biology. It can be divided into pro-inflammatory type M1 and anti-inflammatory type M2. The dual immunomodulatory effect of which is mainly realized through the transformation of its phenotype (49). In the early stages of injury, M1 is polarized, secreting high levels of pro-inflammatory factors such as IL-1β, IL-6, TNF-α, etc. to initiate immune defense. Therefore, astrocytes and microglia are important players in many neurological disorders, regulating neuroinflammatory responses (48–50).

Previous studies have shown that acupuncture can achieve anti-inflammatory and neuroprotective effects by modulating the inflammation of the nervous system caused by neurological disorders such as Alzheimer’s disease (AD), Parkinson’s disease (PD), traumatic brain injury (TBI), spinal cord injury (SCI), etc., alleviating the pathological reaction of the disease. In cerebral ischemia-reperfusion disease, inflammatory responses are activated, microglia are activated, and large numbers of circulating inflammatory cells infiltrate the damaged areas, leading to the secretion of inflammatory-associated factors and a cascade of responses that ultimately lead to secondary brain damage (51). EA at LI11 (Quchi, Large intestine 11) and ST36 acupoints of MCAO rats for 3 consecutive days effectively reduced the infarct volume and neurological deficit and improved the velocity, balance, and coordination of motor function, and the number of BrdU/NEUN double-positive cells and striatum double-positive cells in the brain of EA rats was significantly increased, suggesting that EA may achieve the neuroprotective effect by inducing cells to proliferate and differentiate into astrocyte and mature neurons (52). Another study found that EA of PC6 (Neiguan, Pericardium 6) and LI11 ameliorated nerve injury and reduce inflammation, which may be related to the inhibition of the activity of the toll-like receptor (TLR)4-nuclear factor kappa-B (NF-κB) signaling pathway in microglia (53). According to Liu et al., EA ameliorated the degeneration and necrosis of the ischemic penumbra cortical microglia, inhibited the transformation of the microglia to the M1 proinflammatory phenotype, and downregulated the expression of Iba-1 and CD11b. In addition, it also inhibited the expression of NF-κB, IL-1β, and TNF-α (54).

For neurodegeneration conditions such as PD or AD, the activation of microglia and astrocytes is an important pathological feature (55). In addition, the inflammatory environment can enhance the aggregation of pathogenic α-synuclein, further activate the aggregation and proliferation of microglia, induce pathological cascade reaction, and aggravate the disease progression. Therefore, the regulation of microglia and astrocytes has important clinical significance in disease control (56).

Acupuncture can enhance the structure and performance of synapses, activate astroglia and microglia, foster Neuroplasticity, and ameliorate the symptoms of neurological deficits (57). In a mouse model of PD, acupuncture treatment reduced the activation of microglia and astrocyte, and inhibited the neuroinflammatory response associated with the PD phenotype (58). The activation of glial cells in hippocampal CA1 and DG regions and the polarization regulation of M2 microglia were observed in AD rats treated with EA, and increased levels of anti-inflammatory cytokines (IL-4 and IL-10) and decreased levels of Proinflammatory cytokine (TNF-α, IL-1β, and IL-6) may be associated with NF-κB and STAT6 pathways (59).

According to extant studies, the mechanism of EA inhibition of glial cell activation is associated with sensory neurotransmission in the dorsal root ganglia (DRG). EA has been demonstrated to reduce neuropathic pain by inhibiting Toll-like receptor 4 (TLR4) signaling in DRG neurons, while concurrently upregulating transient receptor potential vanilloid 1 (TRPV1) to attenuate spinal glial activation (60).




3 Acupuncture-induced modulation of the adaptive immune response



3.1 Th1/Thbalance and Th17/Treg balance

As one of the most significant subsets of peripheral lymphocytes, CD4+ T helper (Th) cells affect both innate and adaptive immune responses by producing cytokines and interacting with other cells (61). Subsets of CD4+ T cells include Th1 cells, Th2 cells, Th9 cells, T follicular helper cells (Tfh cells), Th17 cells, Treg cells, and so on. Th1 cells mediate cellular immunity or delayed hypersensitivity (DTH) and promote the inflammatory reaction. They mainly secrete IL-2, IL-6, IL-12, IFN-γ and TNF-α. Th2 cells mediate humoral immunity, inhibit the inflammatory reaction, and mainly secrete IL-4, IL-5, and IL-10 (62). In a normal physiological state, Th1/Th2 maintain a certain balance and jointly maintain the balance of immune function. The imbalance of Th1/Th2 cells may be the main cause or pathological outcome of some infectious or allergic diseases (63).

In addition to Th1 and Th2, Th17 cells are a third crucial subset of CD4+ T helper cells. By producing IL-17 and other Proinflammatory cytokines like TNF-α, IL-6, IL-22, and IL-21, then induced neutrophils migrate to the site of infection in the body, causing an inflammatory response that is crucial for the emergence of autoimmunity (64). Regulatory T (Treg) cells are FOXP3-expressing immune cells that are naturally present in the immune system. It suppresses the immune response of effector cells by secreting TGF-β1 and/or IL-10, thereby inhibiting the proliferation of T helper cells and the production of inflammatory factors, regulating the homeostasis of the body and preventing autoimmune diseases (65). There is a crucial plasticity between Th17/Treg cells, which maintains the immune balance of the body. In inflammatory and autoimmune diseases, the Th17/Treg balance is broken, which promotes the initiation and maintenance of inflammation (66).

Asthma is a severe chronic respiratory disease characterized by airway hyper-responsiveness, airway inflammation, and airway remodeling. The immune response of CD4+ T cells and the regulation of cytokines secreted by CD4+ T cells are the key detrimental changes within the pathological progression (67). Th2 and Th17 cells and their cytokines promote the exacerbation of asthma symptoms, while the regulation of Th1 and Treg cells can suppress the pathological symptoms of asthma. Therefore, the regulation of Th1/Th2 and Th17/Treg balance can alleviate the symptoms of asthma and provide a therapeutic effect. To date, there exist several animal experiments and clinical studies to verify the effect of acupuncture treatment on asthma, mainly by regulating the number and activity of CD4+ T cells to play an anti-inflammatory role (68). Zhao et al. found that after using ovalbumin to induce mouse asthma models and acupuncture at GV14 (Dazhui, Governing vessel 14), BL13 (Feishu, Urinary bladder 13), and ST36 acupoints, the levels of IFN-γ in blood and bronchoalveolar lavage fluid(BALF) were increased and the levels of IL-4, IL-17, and TGF-β were decreased in the treatment group as compared with the control group, on CD4+ T cells, acupuncture corrected the imbalance of Th1/Th2 and Treg/Th17 cells (69). Consistent with this conclusion, Dong et al. observed that after acupuncture treatment of ovalbumin-induced asthma in mice, the activities of Th1 and Treg cells were enhanced (70).

In addition to asthma, acupuncture can be effective in treating IBS and other diseases by regulating the differentiation of CD4+ T cells. In a collagen-induced rat model of arthritis, EA can reestablish the balance of Th17/Treg cells and relieve inflammation of arthritis (71). In the ulcerative colitis (UC) mice model group, the expression of TLR2 and TLR4 in the splenic lymphocytes was up-regulated, and the symptoms of UC were significantly alleviated after EA stimulation of ST36 (72). The immunosuppression after surgical trauma can also be effectively relieved by EA. The balance between Th1 and Th2 cytokines in the spleen was detected after acupuncture, suggesting the pathway of EA relieving immunosuppression (73).



3.2 CD8+ T cells differentiation

CD8+ T cells are a subset of cytotoxic T cells that are essential for both tumor and viral defense (74). It can differentiate into effector and memory T cells that function to help mediate pathogen clearance and provide long-term protective immunity (75). In antiviral infection, which is mainly mediated by CD8+ T cells, other immune cells and cytokines have contributed to it. In the presence of persistent antigens created by ongoing infection, CD4+ T cells can prevent CD8+ T cells from developing tolerance, and they can also encourage the recruitment, proliferation, survival, and exerting actions of CD8+ T cells in a pathogenic environment (72).

Acupuncture maintains the homeostasis of the body by regulating the differentiation of T cells and the ratio of different lymphocyte subsets. According to Yamaguchi et al., the number of CD2, CD4, CD8, CD11b, CD16, and CD56 cells and the levels of IL-4, IL-1β, and IFN-γin human peripheral serum cells increased significantly after acupuncture (42). Another clinical study showed that after acupuncture, the serum total IgE level in patients with allergic asthma decreased significantly, showing a good therapeutic effect. At the same time, CD3+, CD4+, and CD8+ T lymphocytes in peripheral blood were dramatically increased, indicating that acupuncture may be mediated by CD8+ T cells (68). In a mouse model of collagen-induced arthritis (CIA), however, the CD4+/CD8+ ratio was maintained in a near-normal range in acupuncture compared with the control group, with effective suppression of inflammatory responses (54). For sepsis mice, EA could increase the number of CD3+ T cells, maintain the ratio of CD4+/CD8+ T cells and protect the intestinal mucosal immune barrier (76).




4 Somatosensory-autonomic reflex to modulate the immune response



4.1 Neuroanatomical basis of somatosensory mechanisms for acupuncture-induced immunomodulation

Many of the acupoints used in acupuncture have neuroanatomy implications consistent with Western medical concepts, and acupuncture works on the body through several mechanisms, even though its therapy is based on a completely different set of systems from Western medicine. With the development of new technologies such as molecular and cell biology, our understanding of this practice is deepening. Today, researchers can use various research methods to develop and enhance this medical practice, thanks to some ground-breaking studies in recent years that have established a research paradigm to explain its neuroanatomy mechanism. Acupuncture acts as a non-nociceptive mechanical stimulus, activating a variety of mechanosensitive sensory neurons on the skin’s surface. The molecular signals of the mechanical stimulus are then transduced through primary sensory afferent nerve fibers, projecting to the interneurons of the spinal cord, brainstem, and hypothalamus. These signals are then sent to the corresponding neural pathways via efferent nerves, regulating the body’s feeling, movement, and more (77, 78).

There are several types of afferent fiber, thick myelinated Aα and Aβ (group I and II), thin myelinated Aδ (group III), and thinner unmyelinated C (group IV) fibers (79). These fibers, which are mostly located in the trigeminal ganglion (TG) and dorsal root ganglia (DRG), contain peripheral axon branching at the terminals of nociceptive receptors that gather and convey impulses to the surface of the body. The physical basis for the specificity, intensity and frequency dependence of acupuncture points may be the many types of activated peripheral afferent nerve fibers (77). The frequency of EA stimulation, the position, and the strength of the acupuncture will all have a varied impact (80–82). Xin et al. found that the segmental analgesia of EA at ST36 with lower intensity is partially mediated by ASIC3 receptor on Aβ-fiber, whereas systemic analgesia induced by EA with higher intensity is more likely induced by TRPV1 receptor on Aδ- and C-fibers (83). This is of great significance to the clinical application of acupuncture treatment.

The autonomous nervous system (ANS) is essential in maintaining the stability of the organism. It is composed mainly of the sympathetic and parasympathetic nerves and plays a significant role in acupuncture’s therapeutic effects on gastrointestinal motility, inflammation, analgesic anesthesia,and more (84). However, recent studies have demonstrated that acupuncture’s autonomic regulation is not as straightforward as that of the sympathetic or parasympathetic pathways. The functions of the sympathetic nervous system and parasympathetic nervous system are not mutually exclusive, and in many cases, they collaborate to combat disease (85). Here we provide a brief review of several acupuncture-regulated neuro-reflex pathways that have been discovered in recent years, such as the vagal-adrenal pathway, the cholinergic anti-inflammatory pathway (CAIP), the spinal sympathetic pathway, and the involvement of the brain-gut axis (BGA).



4.2 The vagal-adrenal anti-inflammatory pathway

The recently discovered vagal-adrenal pathway is a signal pathway through which EA stimulation of ST36 acupoint can exert an anti-inflammatory effect. Torres-Rosas et al. found that EA stimulation of ST36 could effectively inhibit systemic inflammation and improve survival in LPS- and cecal ligation and puncture (CLP)-induced septic mice. Vagotomy and adrenalectomy could block the anti-inflammatory effect of EA, they, therefore, speculate that EA may act through the vagal-adrenal pathway. After EA, the levels of catecholamines, especially dopamine, mainly released from the adrenal medulla were dramatically increased. But only after dopamine was blocked by an inhibitor, the anti-inflammatory effect of EA was blocked. And the use of dopaminergic agonists can mimic the effects of EA and control inflammation in mice with adrenal insufficiency sepsis (86). This demonstrates the existence and stabilization of the vagal-adrenal signaling pathway.

Further, Liu et al. used genetic manipulation strategy demonstrating that NPYDBH+ chromaffin cells are involved in this anti-inflammatory axis (7). It was then shown that low-intensity EA stimulation (0.5 mA) with PROKR2-Cre+ sensory neurons dependent can evoke this vagal–adrenal axis from the hindlimb ST36 acupoint, but not from the abdominal ST25 acupoint. Even high-intensity EA stimulation (3 mA) of ST25 failed to activate vagal parasympathetic efferent neurons located in DMV, demonstrating the acupoint selectivity in driving vagal reflexes. Activation of this vagal–adrenal axis sufficiently attenuates LPS- and CLP-induced systemic inflammation and protects against septic death in mice, and notably, this reflex operates in a disease state-independent manner, producing anti-inflammatory effects irrespective of EA stimulation conducted before or after cytokine storm has reached peak levels. Thus, EA stimulation can drive this pathway and modulate systemic inflammation in a manner dependent on acupoint selection, and stimulation intensity.



4.3 The cholinergic anti-inflammatory pathway

As a neuro-immunomodulatory mechanism regulated by the vagus nerve, CAIP is responsible for controlling the body’s inflammatory response and has a pronounced inhibiting effect on both local and systemic inflammation (87–89). Acetylcholine (Ach) is the primary neurotransmitter of the parasympathetic nervous system, and it can be received by muscarinic and nicotine receptors expressed by immune cells (90). In CAIP, the nicotinic acetylcholine receptor type 7 subunit (α7-nAChR) binds the majority of the Ach released from the vagus nerve, which prevents NF-κB nuclear translocating and prevents monocyte and macrophage cytokine releasing. Regulation of immune responses (91, 92) may be useful in treating or reducing immune disequilibrium disorders like inflammatory bowel disease and osteoarthritis (93, 94).

Vagus nerve stimulation has emerged as a promising therapeutic approach in recent years, activating anti-inflammatory pathways through cervical and trans-auricular electrical stimulations (95–97). However, this treatment requires invasive surgery, with some associated risk (98). Acupuncture at specific acupoints also can effectively activate the vagus nerve and achieve anti-inflammatory effects through CAIP (99, 100). By contrast, its non-invasive nature and low risk make it an ideal alternative to inflammatory therapy.

Song et al. found that CAIP activation played an important role in the process of EA stimulation of ST36 to inhibit the inflammatory response in septic rats. Suppressed inflammatory responses are exacerbated after the bilateral vagal blockade, and similarly, ST36 EA no longer has an anti-inflammatory effect after the use of the α7-nAchR antagonist α-BGT (101). Consistent with the results of this study, EA stimulation of Li4 (Hegu) can also significantly inhibit the inflammatory reaction in endotoxemia rats and improve the survival rate. The spleen is an important organ in this anti-inflammatory pathway. The vagus nerve terminates in a synaptic-like structure around the main cells of the celiac-superior mesenteric plexus, where the catecholaminergic splenic fibers originate. EA at Li4 can activate the vagus nerve and increase the noradrenaline released by the spleen. The adrenergic receptor, which is expressed in B and T cells of the spleen, produces acetylcholine, and anti-inflammatory effects are achieved by activating the nicotinic acetylcholine receptor expressed on macrophages and inhibiting the release of related pro-inflammatory factors (100).

Besides systemic inflammation, acupuncture at specific acupoints can also exert its effect on local inflammation through CAIP. In the chronic obstructive pulmonary disease (COPD) rat model, acupuncture at ST36 and BL13 can down-regulate the levels of inflammatory cytokines, reduce the inflammatory reaction of lung tissue and improve lung function. Furthermore, the enhancement of the cervical vagus nerve discharge signal was observed in the experiment, and the effect of EA was blocked after antagonizing the action of α7-nAChR with α-BGT (102). EA stimulation of ST36 could inhibit the inflammatory reaction and then reduce the infiltration of white blood cells in the mice model of acute pancreatitis. This regulatory effect can be blocked by vagotomy and α-BGT, suggesting an important role of CAIP in this process (103).



4.4 The spinal-sympathetic pathway

As described above, high-intensity EA stimulation of ST25 does not activate the vagal-adrenal axis but rather drives the spinal cord sympathetic pathway. Meanwhile, Liu et al. and other studies have shown that EA at ST25 can also activate the spinal-sympathetic pathway and have an anti-inflammatory effect (104). Axons from sympathetic ganglion neurons of the spinal cord enter the adrenal gland and terminate in the cells of the adrenal medulla globular zone, releasing catecholamine and neuropeptide Y (NPY), suggesting a direct sympathetic nervous system of the adrenal medulla. After stimulation of the spinal sympathetic pathway, sympathetic nervous system control promotes the synthesis and secretion of noradrenaline in the adrenal medulla, which further activates the β2-adrenergic receptor of splenic cells and regulates the activation of inflammatory cells, the secretion of pro-inflammatory and anti-inflammatory factors, produces anti-inflammatory effects.

The spinal sympathetic pathway can be activated by acupuncture at multiple acupoints. In LPS-induced septic mice, EA at ST25 of 3 mA significantly decreased proinflammatory cytokine IL-6 and IL-1β, and up-regulated the anti-inflammatory cytokine IL-10, increasing the survival rate of septic mice. Another study used 1 Hz low-frequency EA to stimulate the ST36 acupoint and found that sympathetic ganglion neurons were activated and acted on the β-adrenergic receptor of immune cells to suppress the yeast polysaccharide-induced peripheral inflammatory response (105). EA with Li4 can significantly inhibit systemic inflammation and improve the survival rate in LPS-induced lethal sepsis rats. This specific anti-inflammatory effect requires activation of the sympathetic nervous system (100). After sympathectomy, the anti-inflammatory effect was significantly suppressed when 6-hydroxy dopamine (6-OHDA) was used, indicating that the sympathetic nerve is involved in mediating the anti-inflammatory effects.



4.5 The brain-gut pathway

The bidirectional communication and coordination between the brain and the intestine are mainly mediated by the brain-gut axis (BGA) (106). The role of the BGA in the maintenance of homeostasis has been extensively studied over the past decade. It is crucial for preserving homeostasis in the organism, particularly that of the immune system (107). The brain-gut signaling pathway mainly involved the central nervous system (CNS), the enteric nervous system (ENS), the autonomic nervous system (ANS), the hypothalamus-pituitary-adrenal (HPA) axis, and others. These pathways regulate the gut microbiota, brain-gut peptides, local immune systems in the gut, and so on. Through the BGA, signals from the brain affect the body’s sensory, motor, and gut microbiota. In contrast, gut microbiota and peptides can further influence brain function (108). This pathway plays an important role in the pathology of neurodevelopmental disorders, neurodegeneration, gastrointestinal disorders, and others, which is widely considered a novel therapeutic target for disease (108–111).

IBS is a widely recognized functional gastrointestinal disorder, which is often seen as a pathological consequence of BGA disease (111). In addition to typical symptoms such as abdominal pain, abdominal distention, intestinal dysfunction, low-grade inflammation, and local immune activation, something else has been observed in the intestinal wall of patients, which may lead to neurological dysfunction and impaired immune system within the intestinal mucosa (112). Acupuncture has been used to treat gastrointestinal disorders for millennia, and its regulatory role in IBS and other gastrointestinal disorders has been confirmed by several clinical and basic studies (113, 114). Sun et al. found that acupuncture at acupoints ST36 and ST25 in IBS mice alleviated IBS-like symptoms and significantly reduced the content of 5-hydroxytryptamine (5-HT) and CGRP in BGA, increasing the content of NPY (115). Another study showed that EA could decrease the expression of CRF and CRF-R1 in the hypothalamus of IBS rats, relieve anxiety and depression, decrease the expression of CRF-R1 in the gastrointestinal mucosa, and increase the expression of ZO-1. Regulation of the tight junction, which repairs the intestinal mucosal barrier, suggested a potential dual therapeutic role for EA in the regulation of disturbed gut-brain interactions in IBS rats (116).

In another study conducted by song et al. in the post-inflammatory irritable bowel syndrome (PI-IBS) model using trinitrobenzene sulfonic acid (TNBS) induction, electroacupuncture stimulation of ST25 and ST36 acupoints could have a positive effect on alleviating visceral allergy symptoms and protecting the intestinal mucosa by changing the number and type of microflora in the intestine (117).

In this process, acupuncture, a non-invasive nerve stimulus, may control intestinal inflammation and the secretion of related neurotransmitters through a somatosensory-autonomic reflex pathway, thereby restoring the balance of BGA (118). Alterations in the gut microbiota and signals of immune activation can be transmitted to the brain via the vagus or sympathetic nerves, thus establishing a bidirectional brain-gut regulation (119). However, further exploration of the specific regulatory pathway is needed.




5 HPA axis involved with immunoregulation by acupuncture

The hypothalamus-pituitary-adrenal axis (HPA axis) appears to be one of the most significant stress reactions and is crucial for energizing and re-establishing the body’s equilibrium. The HPA axis is triggered by multiple stimuli, including physiological, psychological, and immunological, which promote the synthesis and release of glucocorticoid and other hormones throughout the body (120). According to relevant studies, the autonomic nervous system plays a role in the regulation of the HPA axis (121). The involvement of the HPA axis in the regulation of immune diseases by acupuncture indicates the fine regulation of the nerve-endocrine-immune network by acupuncture.

Zhang et al. found that in a mouse model of CFA-induced inflammation, EA at 10 Hz suppressed peripheral inflammation by activating the HPA axis and the nervous system, whereas adrenalectomy was performed to block the HPA axis (10), there was no significant decrease in inflammation levels relative to the control group (122). For an OVA-induced asthma mouse model, acupuncture was demonstrated to effectively inhibited airway hyperresponsiveness, reduce lymphocyte count in BALF, attenuate airway inflammation and secretion of associated inflammatory cytokines, increase levels of corticotropin and cortisol in plasma, suggesting that the activity of the HPA axis may be implicated in the immune regulation of airway inflammation (123). Acupuncture can regulate the homeostasis of the body by regulating the HPA axis, inhibiting and alleviating the inflammatory response that may be induced by stress (124).



6 Perspectives and conclusions

Currently, some human experiments suggest that there is no significant difference in therapeutic effect between the acupuncture group and the sham-acupuncture group (which was designed by attaching a blunt to the epidermis instead of inserting the skin), leading to the conclusion that the acupuncture effect is negated. However, it is important to note that the sham needle group did not undergo complete control in the experimental design. There are a large number of c-low threshold mechanical receptors and nonpeptidergic sensory nerve fibers innervate the epidermis, and these receptors somehow be activated by blunt needle and then cause a response. Additionally, there have been numerous animal experimental studies to explore the physiological mechanism of acupuncture, which provides a solid theoretical basis for acupuncture therapy. Therefore, the results of the current human experimental design are not sufficient to conclusively disprove the efficacy of acupuncture treatment.

In this review, we incorporated and covered the immunomodulatory function and mechanism of acupuncture practice. In addition to dramatically regulating immune cells and molecules, including innate and adaptive immune responses, acupuncture can stimulate and support immunological responses that are anti-inflammatory and anti-infectious. It then discusses how acupuncture controls the immune response. A particular conduction pathway is used by the mechanical stimulation signal of acupuncture to affect immunological organs and cells (See Figure 1). It is essential to promote the use of acupuncture as a scientific medical practice, to some extent, led to a breakthrough in our understanding of the effects and characteristics of acupuncture therapy. Despite the numerous advances in the field of acupuncture, there remain many challenges. The regulatory effect of acupuncture on the body often acts on multiple systems simultaneously, such as the regulation of the neural-endocrine-immune network. This is in line with the holistic perspective of TCM, which suggests that the therapeutic effect of acupuncture practice is frequently the result of the integration of a multi-system network. It is now challenging to properly comprehend the regulatory impact of the system on the organism because the majority of related mechanism research is concentrated on a single system and the outcomes are too dispersed. Consequently, further research is needed to ascertain how acupuncture affects the body’s immune system as a whole.




Figure 1 | Acupuncture evoked pathways for modulating innate and adaptive immune responses. After acupuncture evoked a mechanical and thermal stimulus within acupoints, the generated electrical signal then transmitted by somatic sensory fibers to the central nervous system, and produced distinct descending regulatory pathways. Such as the cholinergic anti-inflammatory pathway, the vagal-adrenal pathway, the spinal-sympathetic pathway, and the brain-gut pathway. These pathways then to restoring the immune homeostasis by moderating innate (A) and adaptive (B) immune responses. (A) Acupuncture modulates the innate immune response by regulating innate immune cells’ activity and the capacity of release cytokines. The proliferation and differentiation of pro-inflammatory M1 macrophages can be blocked by acupuncture, whereas the number of anti-inflammatory M2 phenotypes is increased, along with the secretion of anti-inflammatory cytokines such as IL-10 and TNF-β. Acupuncture can regulate the quantity and activity of neutrophils and reverse the migration of neutrophils to the site of inflammation. NK cells can release cytotoxic granules containing perforin and granzyme to Lyse and kill abnormal cells, and acupuncture can increase the number and activity of NK cells. In the central nervous system, astrocytes and microglia can be modulated by acupuncture to reverse the activated state, and reduce the inflammatory responses. (B) Acupuncture primarily controls the adaptive immune system by controlling the development of T cells, which produces CD4+ T cells for humoral immunity and CD8+ T cells for antiviral immunity. The balance between pro-inflammatory Tregs and anti-inflammatory Th17, as well as between pro-inflammatory Th1 and anti-inflammatory Th2, is regulated by acupuncture. Maintaining the ratio of CD4+/CD8+ T cells while controlling the quantity and activity of CD8+ T cells will help the body’s immune homeostasis.



Medical research in western countries has largely relied on reductionist approaches, which seek to understand the individual components of a complex system at the molecular level. While this approach has been successful in managing associated symptoms, it has not been as successful in treating complex diseases, such as sepsis, severe arthritis, gastrointestinal disorders and neurological disorders. Because complex diseases involve many redundant molecular and cellular pathways, making it difficult to target them all. The development of system physiology offers potential solutions to this problem. System physiological research focuses on elucidating the interplay between various systems in the disease process, such as the dynamic interaction between neuro-immune-target tissues. This approach echoes the holistic view of ancient acupuncture practices, which emphasize the mobilization of self-healing mechanisms to restore body homeostasis, rather than just treating the symptoms. With the advances made in recent systems physiology studies, we now have a great opportunity to gain insight into how acupuncture works to modulate immunity, and subsequently improve its efficacy.



Author contributions

MW wrote the original draft. WL, JG and SL edited the manuscript. All authors contributed to the article and approved the submitted version.




Funding

This work was supported by the National Key R&D Program of China (No. 2022YFC3500700), the National Natural Science Foundation of China (No. 82274228), the Lingang Laboratory (No. LG-QS-202203-12), and the Undergraduate Research Program sponsored by MOE Frontiers Center for Brain Science.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Abbreviations

IBS, Inflammatory Bowel Syndrome; MCs, Mast Cells; TCM, Traditional Chinese Medicine; MA, Manual Acupuncture; CFA, Complete Freund’s ; djuvant; AIA, Adjuvant-Induced Arthritics; EA, Electroacupuncture; LFES, Low-Frequency Electrical Stimulation; NK cells, Nature Killer Cells; CNS, Central Nervous System; AD, Alzheimer’s Disease; PD, Parkinson’s Disease; TBI, Traumatic Brain Injury; Tfh cells, T follicular helper cells; Treg cells, Regulatory T cells; BALF, Bronchoalveolar Lavage Fluid; CAIP, Cholinergic Anti-inflammatory Pathway; BGA, Brain-Gut Axis; ENS, Enteric Nervous System; ANS, Autonomic Nervous System; 5-HT, 5-Hydroxytryptamine; HPA axis, Hypothalamus-Pituitary-Adrenal Axis; DRG, Dorsal Root Ganglia; CG, Celiac Ganglia; DA, Dopamine; NE, Norepinephrine; DMV, Dorsal Motor Nucleus of Vagus; NTS, Nucleus of the Solitary Tract.



References

1. Wen, J, Chen, X, Yang, Y, Liu, J, Li, E, Liu, J, et al. Acupuncture medical therapy and its underlying mechanisms, a systematic review. Am J Chin Med (2020) 49:1–23. doi: 10.1142/S0192415X21500014

2. Deare, JC, Zheng, Z, Xue, CCL, Liu, JP, Shang, J, Scott, SW, et al. Acupuncture for treating fibromyalgia. Cochrane Database Syst Rev 2013 CD007070 (2013). doi: 10.1002/14651858.CD007070.pub2

3. Johnson, MI, Claydon, LS, Herbison, GP, Jones, G, and Paley, CA. Transcutaneous electrical nerve stimulation (TENS) for fibromyalgia in adults. Cochrane Database Syst Rev 10 CD012172 (2017). doi: 10.1002/14651858.CD012172.pub2

4. Seo, SY, Lee, KB, Shin, JS, Lee, J, Kim, MR, Ha, IH, et al. Effectiveness of acupuncture and electroacupuncture for chronic neck pain, a systematic review and meta-analysis. Am J Chin Med (2017) 45:1573–95. doi: 10.1142/S0192415X17500859

5. Vickers, AJ, and Linde, K. Acupuncture for chronic pain. JAMA (2014) 311:955–6. doi: 10.1001/jama.2013.285478

6. Zhang, R, Lao, L, Ren, K, and Berman, BM. Mechanisms of acupuncture-electroacupuncture on persistent pain. Anesthesiology (2014) 120:482–503. doi: 10.1097/ALN.0000000000000101

7. Liu, S, Wang, Z, Su, Y, Qi, L, Yang, W, Fu, M, et al. A neuroanatomical basis for electroacupuncture to drive the vagal–adrenal axis. Nature (2021) 598:641–5. doi: 10.1038/s41586-021-04001-4

8. Manheimer, E, Wieland, LS, Cheng, K, Li, SM, Shen, X, Berman, BM, et al. Acupuncture for irritable bowel syndrome, systematic review and meta-analysis. Am J Gastroenterol (2012) 107(6):835–47. doi: 10.1038/ajg.2012.66

9. Galli, SJ, Gaudenzio, N, and Tsai, M. Mast cells in inflammation and disease, recent progress and ongoing concerns. Annu Rev Immunol (2020) 38:49–77. doi: 10.1146/annurev-immunol-071719-094903

10. Elieh Ali Komi, D, Wöhrl, S, and Bielory, L. Mast cell biology at molecular level, a comprehensive review. Clin Rev Allergy Immunol (2020) 58:342–65. doi: 10.1007/s12016-019-08769-2

11. Yin, N, Yang, H, Yao, W, Xia, Y, and Ding, G. Mast cells and nerve signal conduction in acupuncture. Evid -Based Complement Altern Med ECAM (2018) 2018:3524279.

12. Mingfu, L, Xiaotong, D, Xiaojing, S, Jin, J, Jinling, Z, and Ying, H. Study on the dynamic compound structure composed of mast cells, blood vessels, and nerves in rat acupoint. Evid -Based Complement Altern Med ECAM (2013) 2013:160651.

13. Li, YM. The neuroimmune basis of acupuncture, correlation of cutaneous mast cell distribution with acupuncture systems in human. Am J Chin Med (2019) 47:1781–93. doi: 10.1142/S0192415X19500903

14. Huang, M, Wang, X, Xing, B, Yang, H, Sa, Z, Zhang, D, et al. Critical roles of TRPV2 channels, histamine H1 and adenosine A1 receptors in the initiation of acupoint signals for acupuncture analgesia. Sci Rep (2018) 8:6523. doi: 10.1038/s41598-018-24654-y

15. Wu, ML, Xu, DS, Bai, WZ, Cui, JJ, Shu, HM, He, W, et al. Local cutaneous nerve terminal and mast cell responses to manual acupuncture in acupoint LI4 area of the rats. J Chem Neuroanat (2015) 68:14–21. doi: 10.1016/j.jchemneu.2015.06.002

16. He, W, Wang, XY, Shi, H, Bai, WZ, Cheng, B, Su, YS, et al. Cutaneous neurogenic inflammation in the sensitized acupoints induced by gastric mucosal injury in rats. BMC Complement Altern Med (2017) 17:141.

17. Li, Y, Yu, Y, Liu, Y, and Yao, W. Mast cells and acupuncture analgesia. Cells (2022) 11:860. doi: 10.3390/cells11050860

18. Wang, L, Sikora, J, Hu, L, Shen, X, Grygorczyk, R, and Schwarz, W. ATP release from mast cells by physical stimulation, a putative early step in activation of acupuncture points. Evid -Based Complement Altern Med ECAM (2013) 2013:350949.

19. Buhner, S, and Schemann, M. Mast cell-nerve axis with a focus on the human gut. Biochim Biophys Acta (2012) 1822:85–92. doi: 10.1016/j.bbadis.2011.06.004

20. Schemann, M, and Camilleri, M. Functions and imaging of mast cell and neural axis of the gut. Gastroenterology (2013) 144:698–704.e4. doi: 10.1053/j.gastro.2013.01.040

21. Wynn, TA, Chawla, A, and Pollard, JW. Macrophage biology in development, homeostasis and disease. Nature (2013) 496:445–55. doi: 10.1038/nature12034

22. Wang, N, Liang, H, and Zen, K. Molecular mechanisms that influence the macrophage M1-M2 polarization balance. Front Immunol (2014) 5:614. doi: 10.3389/fimmu.2014.00614

23. Zhang, K, Zhao, X, Ding, S, Liu, Y, Xu, Y, Yan, Y, et al. Applying complex network and cell-cell communication network diagram methods to explore the key cytokines and immune cells in local acupoint involved in acupuncture treating inflammatory pain. Evid -Based Complement Altern Med ECAM (2020) 2020:2585960. doi: 10.1155/2020/2585960

24. Singh, S, Anshita, D, and Ravichandiran, V. MCP-1, function, regulation, and involvement in disease. Int Immunopharmacol (2021) 101:107598. doi: 10.1016/j.intimp.2021.107598

25. Crayne, CB, Albeituni, S, Nichols, KE, and Cron, RQ. The immunology of macrophage activation syndrome. Front Immunol (2019) 10:119. doi: 10.3389/fimmu.2019.00119

26. Yang, F, Gong, Y, Yu, N, Yao, L, Zhao, X, Hong, S, et al. ST36 acupuncture alleviates the inflammation of adjuvant-induced arthritic rats by targeting Monocyte/Macrophage modulation. Evid.-Based Complement Altern Med ECAM (2021) 2021:9430501.

27. Tidball, JG. Mechanisms of muscle injury, repair, and regeneration. Compr Physiol (2011) 1:2029–62. doi: 10.1002/cphy.c100092

28. Chazaud, B. Inflammation and skeletal muscle regeneration, leave it to the macrophages! Trends Immunol (2020) 41:481–92. doi: 10.1016/j.it.2020.04.006

29. Yan, M, Wang, R, Liu, S, Chen, Y, Lin, P, Li, T, et al. The mechanism of electroacupuncture at zusanli promotes macrophage polarization during the fibrotic process in contused skeletal muscle. Eur Surg Res Eur Chir Forsch Rech Chir Eur (2019) 60:196–207.

30. Hu, L, Klein, JD, Hassounah, F, Cai, H, Zhang, C, Xu, P, et al. Low-frequency electrical stimulation attenuates muscle atrophy in CKD–a potential treatment strategy. J Am Soc Nephrol JASN (2015) 26:626–35. doi: 10.1681/ASN.2014020144

31. Mayadas, TN, Cullere, X, and Lowell, CA. The multifaceted functions of neutrophils. Annu Rev Pathol (2014) 9:181–218. doi: 10.1146/annurev-pathol-020712-164023

32. Kumar, V, and Sharma, A. Neutrophils, Cinderella of innate immune system. Int Immunopharmacol (2010) 10:1325–34. doi: 10.1016/j.intimp.2010.08.012

33. Liew, PX, and Kubes, P. The neutrophil’s role during health and disease. Physiol Rev (2019) 99:1223–48. doi: 10.1152/physrev.00012.2018

34. Lu, W, Matulonis, UA, Doherty-Gilman, A, Lee, H, Dean-Clower, E, Rosulek, A, et al. Acupuncture for chemotherapy-induced neutropenia in patients with gynecologic malignancies, a pilot randomized, sham-controlled clinical trial. J Altern Complement Med N Y. N (2009) 15:745–53.

35. Scognamillo-Szabó, MVR, Bechara, GH, Ferreira, SH, and Cunha, FQ. Effect of various acupuncture treatment protocols upon sepsis in wistar rats. Ann N Y. Acad Sci (2004) 1026:251–6. doi: 10.1196/annals.1307.039

36. Zhang, T, Yang, WX, Wang, YL, Yuan, J, Qian, Y, Sun, QM, et al. Electroacupuncture preconditioning attenuates acute myocardial ischemia injury through inhibiting NLRP3 inflammasome activation in mice. Life Sci (2020) 248:117451. doi: 10.1016/j.lfs.2020.117451

37. Maskalenko, NA, Zhigarev, D, and Campbell, KS. Harnessing natural killer cells for cancer immunotherapy, dispatching the first responders. Nat Rev Drug Discov (2022) 21:559–77. doi: 10.1038/s41573-022-00413-7

38. Cheng, M, Chen, Y, Xiao, W, Sun, R, and Tian, Z. NK cell-based immunotherapy for malignant diseases. Cell Mol Immunol (2013) 10:230–52. doi: 10.1038/cmi.2013.10

39. O’Brien, KL, and Finlay, DK. Immunometabolism and natural killer cell responses. Nat Rev Immunol (2019) 19:282–90. doi: 10.1038/s41577-019-0139-2

40. Huang, Z, Hu, Z, Ouyang, J, and Huang, C. Electroacupuncture regulates the DREAM/NF-κB signalling pathway and ameliorates cyclophosphamide-induced immunosuppression in mice. Acupunct. Med J Br Med Acupunct. Soc (2019) 37:292–300.

41. Watanabe, M, Kainuma, E, and Tomiyama, C. Repetitive manual acupuncture increases markers of innate immunity in mice subjected to restraint stress. Acupunct. Med (2015) 33:312–8.

42. Yamaguchi, N, Takahashi, T, Sakuma, M, Sugita, T, Uchikawa, K, Sakaihara, S, et al. Acupuncture regulates leukocyte subpopulations in human peripheral blood. Evid Based Complement Alternat Med (2007) 4:447–53.

43. Yu, Y, Kasahara, T, Sato, T, Guo, SY, Liu, Y, Asano, K, et al. Enhancement of splenic interferon-gamma, interleukin-2, and NK cytotoxicity by S36 acupoint acupuncture in F344 rats. Jpn J Physiol (1997) 47:173–8. doi: 10.2170/jjphysiol.47.173

44. Yu, Y, Kasahara, T, Sato, T, Asano, K, Yu, G, Fang, J, et al. Role of endogenous interferon-γ on the enhancement of splenic NK cell activity by electroacupuncture stimulation in mice. J Neuroimmunol (1998) 90:176–86. doi: 10.1016/S0165-5728(98)00143-X

45. Hahm, ET, Lee, JJ, Lee, WK, Bae, HS, Min, BI, and Cho, YW. Electroacupuncture enhancement of natural killer cell activity suppressed by anterior hypothalamic lesions in rats. Neuroimmunomodulation (2004) 11:268–72. doi: 10.1159/000078446

46. Choi, GS, Oha, SD, Han, JB, Bae, HS, Cho, YW, Yun, YS, et al. Modulation of natural killer cell activity affected by electroacupuncture through lateral hypothalamic area in rats. Neurosci Lett (2002) 329:1–4. doi: 10.1016/S0304-3940(02)00551-7

47. Johnston, MF, Ortiz Sánchez, E, Vujanovic, NL, and Li, W. Acupuncture may stimulate anticancer immunity via activation of natural killer cells. Evid Based Complement Alternat Med (2011) 2011:1–14.

48. Sofroniew, MV. Astrocyte reactivity, subtypes, states, and functions in CNS innate immunity. Trends Immunol (2020) 41:758–70. doi: 10.1016/j.it.2020.07.004

49. Colton, CA. Heterogeneity of microglial activation in the innate immune response in the brain. J Neuroimmune Pharmacol Off J Soc NeuroImmune Pharmacol (2009) 4:399–418. doi: 10.1007/s11481-009-9164-4

50. Han, RT, Kim, RD, Molofsky, AV, and Liddelow, SA. Astrocyte-immune cell interactions in physiology and pathology. Immunity (2021) 54:211–24. doi: 10.1016/j.immuni.2021.01.013

51. Xu, S, Lu, J, Shao, A, Zhang, JH, and Zhang, J. Glial cells, role of the immune response in ischemic stroke. Front Immunol (2020) 11:294. doi: 10.3389/fimmu.2020.00294

52. Tao, J. Electro-acupuncture at LI11 and ST36 acupoints exerts neuroprotective effects via reactive astrocyte proliferation after ischemia and reperfusion injury in rats. Brain Res Bull (2016) 120:14–24. doi: 10.1016/j.brainresbull.2015.10.011

53. Han, B, Lu, Y, Zhao, H, Wang, Y, Li, L, and Wang, T. Electroacupuncture modulated the inflammatory reaction in MCAO rats via inhibiting the TLR4/NF-κB signaling pathway in microglia. Int J Clin Exp Pathol (2015) 8:11199–205.

54. Liu, R, Xu, N-G, Yi, W, and Ji, C. Electroacupuncture attenuates inflammation after ischemic stroke by inhibiting NF-κB-Mediated activation of microglia. Evid -Based Complement Altern Med ECAM (2020) 2020:8163052.

55. Mucke, L. Neuroscience, alzheimer’s disease. Nature (2009) 461:895–7. doi: 10.1038/461895a

56. Gao, HM, Zhang, F, Zhou, H, Kam, W, Wilson, B, Hong, JS, et al. Neuroinflammation and α-synuclein dysfunction potentiate each other, driving chronic progression of neurodegeneration in a mouse model of parkinson’s disease. Environ Health Perspect (2011) 119:807–14. doi: 10.1289/ehp.1003013

57. Qin, S, Zhang, Z, Zhao, Y, Liu, J, Qiu, J, Gong, Y, et al. The impact of acupuncture on neuroplasticity after ischemic stroke, a literature review and perspectives. Front Cell Neurosci (2022) 16:817732. doi: 10.3389/fncel.2022.817732

58. Jang, JH, Yeom, MJ, Ahn, S, Oh, JY, Ji, S, Kim, TH, et al. Acupuncture inhibits neuroinflammation and gut microbial dysbiosis in a mouse model of parkinson’s disease. Brain Behav Immun (2020) 89:641–55. doi: 10.1016/j.bbi.2020.08.015

59. Xie, L, Liu, Y, Zhang, N, Li, C, Sandhu, AF, Williams, G 3rd, et al. Electroacupuncture improves M2 microglia polarization and glia anti-inflammation of hippocampus in alzheimer’s disease. Front Neurosci (2021) 15:689629. doi: 10.3389/fnins.2021.689629

60. Li, Y, Yin, C, Li, X, Liu, B, Wang, J, Zheng, X, et al. Electroacupuncture alleviates paclitaxel-induced peripheral neuropathic pain in ratsvia suppressing TLR4 signaling and TRPV1 upregulation in sensory neurons. Int J Mol Sci (2019) 20:5917. doi: 10.3390/ijms20235917

61. Pepper, M, and Jenkins, MK. Origins of CD4+ effector and central memory T cells. Nat Immunol (2011) 12:467–71. doi: 10.1038/ni.2038

62. DuPage, M, and Bluestone, JA. Harnessing the plasticity of CD4+ T cells to treat immune-mediated disease. Nat Rev Immunol (2016) 16:149–63. doi: 10.1038/nri.2015.18

63. Cabrera-Perez, J, Condotta, SA, Badovinac, VP, and Griffith, TS. Impact of sepsis on CD4 T cell immunity. J Leukoc Biol (2014) 96:767–77.

64. Crome, SQ, Wang, AY, and Levings, MK. Translational mini-review series on Th17 cells, function and regulation of human T helper 17 cells in health and disease. Clin Exp Immunol (2010) 159:109–19. doi: 10.1111/j.1365-2249.2009.04037.x

65. Sakaguchi, S, Miyara, M, Costantino, CM, and Hafler, DA. FOXP3+ regulatory T cells in the human immune system. Nat Rev Immunol (2010) 10:490–500. doi: 10.1038/nri2785

66. Noack, M, and Miossec, P. Th17 and regulatory T cell balance in autoimmune and inflammatory diseases. Autoimmun Rev (2014) 13:668–77. doi: 10.1016/j.autrev.2013.12.004

67. Shi, YH, Shi, GC, Wan, HY, Jiang, LH, Ai, XY, Zhu, HX, et al. Coexistence of Th1/Th2 and Th17/Treg imbalances in patients with allergic asthma. Chin (Engl) (2011) 124:1951–6.

68. Yang, YQ, Chen, HP, Wang, Y, Yin, LM, Xu, YD, Ran, J, et al. Considerations for use of acupuncture as supplemental therapy for patients with allergic asthma. Clin Rev Allergy Immunol (2013) 44:254–61. doi: 10.1007/s12016-012-8321-3

69. Zhao, H, Dong, F, Li, Y, Ren, X, Xia, Z, Wang, Y, et al. Inhibiting ATG5 mediated autophagy to regulate endoplasmic reticulum stress and CD4(+) T lymphocyte differentiation, mechanisms of acupuncture’s effects on asthma. Biomedecine Pharmacother (2021) 142:112045. doi: 10.1016/j.biopha.2021.112045

70. Dong, M, Wang, WQ, Chen, J, Li, MH, Xu, F, Cui, J, et al. Acupuncture regulates the balance of CD4(+) T cell subtypes in experimental asthma mice. Chin J Integr Med (2019) 25:617–24. doi: 10.1007/s11655-018-3055-6

71. Zhu, J, Chen, XY, Li, LB, Yu, XT, Zhou, Y, Yang, WJ, et al. Electroacupuncture attenuates collagen-induced arthritis in rats through vasoactive intestinal peptide signalling-dependent re-establishment of the regulatory T cell/T-helper 17 cell balance. Acupunct. Med J Br Med Acupunct. Soc (2015) 33:305–11. doi: 10.1136/acupmed-2014-010732

72. Sun, J, Zhang, H, Wang, C, Yang, M, Chang, S, Geng, Y, et al. Regulating the balance of Th17/Treg via electroacupuncture and moxibustion, an ulcerative colitis mice model based study. Evid Based Complement Alternat Med (2017) 2017:1–13.

73. Wang, K, Wu, H, Wang, G, Li, M, Zhang, Z, and Gu, G. The effects of electroacupuncture on Th1/Th2 cytokine mRNA expression and mitogen-activated protein kinase signaling pathways in the splenic T cells of traumatized rats. Anesth Analg (2009) 109:1666–73. doi: 10.1213/ANE.0b013e3181b5a234

74. Kaech, SM, and Cui, W. Transcriptional control of effector and memory CD8+ T cell differentiation. Nat Rev Immunol (2012) 12:749–61. doi: 10.1038/nri3307

75. Philip, M, and Schietinger, A. CD8+ T cell differentiation and dysfunction in cancer. Nat Rev Immunol (2022) 22:209–23. doi: 10.1038/s41577-021-00574-3

76. Zhu, MF, Xing, X, Lei, S, Wu, JN, Wang, LC, Huang, LQ, et al. Electroacupuncture at bilateral zusanli points (ST36) protects intestinal mucosal immune barrier in sepsis. Evid -Based Complement Altern Med ECAM (2015) 2015:639412.

77. Ma, Q. Somato–autonomic reflexes of acupuncture. Med Acupunct (2020) 32:362–6. doi: 10.1089/acu.2020.1488

78. Udit, S, Blake, K, and Chiu, IM. Somatosensory and autonomic neuronal regulation of the immune response. Nat Rev Neurosci (2022) 23:157–71. doi: 10.1038/s41583-021-00555-4

79. Kagitani, F. Afferent nerve fibers and acupuncture. Auton. Neurosci (2010) 157(1-2):2–8. doi: 10.1016/j.autneu.2010.03.004

80. Huo, R, Han, SP, Liu, FY, Shou, XJ, Liu, LY, Song, TJ, et al. Responses of primary afferent fibers to acupuncture-like peripheral stimulation at different frequencies, characterization by single-unit recording in rats. Neurosci Bull (2020) 36:907–18. doi: 10.1007/s12264-020-00509-3

81. Gao, X, Qin, Q, Yu, X, Liu, K, Li, L, Qiao, H, et al. Acupuncture at heterotopic acupoints facilitates distal colonic motility via activating M3 receptors and somatic afferent c-fibers in normal, constipated, or diarrhoeic rats. Neurogastroenterol. Motil. Off J Eur Gastrointest. Motil. Soc (2015) 27:1817–30.

82. Chen, L, Wang, X, Zhang, X, Wan, H, Su, Y, He, W, et al. Electroacupuncture and moxibustion-like stimulation relieves inflammatory muscle pain by activating local distinct layer somatosensory afferent fibers. Front Neurosci (2021) 15:695152. doi: 10.3389/fnins.2021.695152

83. Xin, J, Su, Y, Yang, Z, He, W, Shi, H, Wang, X, et al. Distinct roles of ASIC3 and TRPV1 receptors in electroacupuncture-induced segmental and systemic analgesia. Front Med (2016) 10:465–72. doi: 10.1007/s11684-016-0482-7

84. Li, YW, Li, W, Wang, ST, Gong, YN, Dou, BM, Lyu, ZX, et al. The autonomic nervous system, a potential link to the efficacy of acupuncture. Front Neurosci (2022) 16:1038945. doi: 10.3389/fnins.2022.1038945

85. Lu, M-J, Yu, Z, He, Y, Yin, Y, and Xu, B. Electroacupuncture at ST36 modulates gastric motility via vagovagal and sympathetic reflexes in rats. World J Gastroenterol (2019) 25:2315–26. doi: 10.3748/wjg.v25.i19.2315

86. Torres-Rosas, R, Yehia, G, Peña, G, Mishra, P, del Rocio Thompson-Bonilla, M, Moreno-Eutimio, MA, et al. Dopamine mediates vagal modulation of the immune system by electroacupuncture. Nat Med (2014) 20:291–5. doi: 10.1038/nm.3479

87. Pavlov, VA, and Tracey, KJ. The cholinergic anti-inflammatory pathway. Brain Behav Immun (2005) 19:493–9. doi: 10.1016/j.bbi.2005.03.015

88. Zila, I, Mokra, D, Kopincova, J, Kolomaznik, M, Javorka, M, and Calkovska, A. Vagal-immune interactions involved in cholinergic anti-inflammatory pathway. Physiol Res (2017) 66(Suppl 2):S139–S145. doi: 10.33549/physiolres.933671

89. Tracey, KJ. The inflammatory reflex. Nature (2002) 420:853–9. doi: 10.1038/nature01321

90. Zoli, M, Pucci, S, Vilella, A, and Gotti, C. Neuronal and extraneuronal nicotinic acetylcholine receptors. Curr Neuropharmacol (2018) 16:338–49. doi: 10.2174/1570159X15666170912110450

91. Rosas-Ballina, M, and Tracey, KJ. The neurology of the immune system, neural reflexes regulate immunity. Neuron (2009) 64:28–32. doi: 10.1016/j.neuron.2009.09.039

92. Fujii, T, Mashimo, M, Moriwaki, Y, Misawa, H, Ono, S, Horiguchi, K, et al. Expression and function of the cholinergic system in immune cells. Front Immunol (2017) 8:1085. doi: 10.3389/fimmu.2017.01085

93. Han, B, Li, X, and Hao, J. The cholinergic anti-inflammatory pathway, an innovative treatment strategy for neurological diseases. Neurosci Biobehav Rev (2017) 77:358–68. doi: 10.1016/j.neubiorev.2017.04.002

94. Reale, M, and Costantini, E. Cholinergic modulation of the immune system in neuroinflammatory diseases. Dis Basel Switz (2021) 9:29. doi: 10.3390/diseases9020029

95. Hoover, DB. Cholinergic modulation of the immune system presents new approaches for treating inflammation. Pharmacol Ther (2017) 179:1–16. doi: 10.1016/j.pharmthera.2017.05.002

96. Yuan, H, and Silberstein, SD. Vagus nerve and vagus nerve stimulation, a comprehensive review: part I. Headache (2016) 56(1):71–8. doi: 10.1111/head.12647

97. Borovikova, LV, Ivanova, S, Zhang, M, Yang, H, Botchkina, GI, Watkins, LR, et al. Vagus nerve stimulation attenuates the systemic inflammatory response to endotoxin. Nature (2000) 405:458–62. doi: 10.1038/35013070

98. Bonaz, B, Sinniger, V, and Pellissier, S. Anti-inflammatory properties of the vagus nerve, potential therapeutic implications of vagus nerve stimulation. J Physiol (2016) 594:5781–90. doi: 10.1113/JP271539

99. Oh, J-E, and Kim, S-N. Anti-inflammatory effects of acupuncture at ST36 point, a literature review in animal studies. Front Immunol (2021) 12:813748. doi: 10.3389/fimmu.2021.813748

100. Song, JG, Li, HH, Cao, YF, Lv, X, Zhang, P, Li, YS, et al. Electroacupuncture improves survival in rats with lethal endotoxemia via the autonomic nervous system. Anesthesiology (2012) 116:406–14. doi: 10.1097/ALN.0b013e3182426ebd

101. Song, Q, Hu, S, Wang, H, Lv, Y, Shi, X, Sheng, Z, et al. Electroacupuncturing at zusanli point (ST36) attenuates pro-inflammatory cytokine release and organ dysfunction by activating cholinergic anti-inflammatory pathway in rat with endotoxin challenge. Afr J Tradit Complement Altern Med AJTCAM (2014) 11:469–74. doi: 10.4314/ajtcam.v11i2.35

102. Zhang, X-F, Xiang, SY, Geng, WY, Cong, WJ, Lu, J, Jiang, CW, et al. Electro-acupuncture regulates the cholinergic anti-inflammatory pathway in a rat model of chronic obstructive pulmonary disease. J Integr Med (2018) 16:418–26. doi: 10.1016/j.joim.2018.10.003

103. Zhang, L, Wu, Z, Zhou, J, Lu, S, Wang, C, Xia, Y, et al. Electroacupuncture ameliorates acute pancreatitis, a role for the vagus nerve-mediated cholinergic anti-inflammatory pathway. Front Mol Biosci (2021) 8:647647. doi: 10.3389/fmolb.2021.647647

104. Zhang, Z, Cui, X, Liu, K, Gao, X, Zhou, Q, Xi, H, et al. Adrenal sympathetic nerve mediated the anti-inflammatory effect of electroacupuncture at ST25 acupoint in a rat model of sepsis. Anat. Rec. Hoboken NJ 2007 (2022). doi: 10.1002/ar.25102

105. Kim, HW, Kang, SY, Yoon, SY, Roh, DH, Kwon, YB, Han, HJ, et al. Low-frequency electroacupuncture suppresses zymosan-induced peripheral inflammation via activation of sympathetic post-ganglionic neurons. Brain Res (2007) 1148:69–75. doi: 10.1016/j.brainres.2007.02.030

106. Mayer, EA, Nance, K, and Chen, S. The gut-brain axis. Annu Rev Med (2022) 73:439–53. doi: 10.1146/annurev-med-042320-014032

107. Agirman, G, Yu, KB, and Hsiao, EY. Signaling inflammation across the gut-brain axis. Science (2021) 374:1087–92. doi: 10.1126/science.abi6087

108. Margolis, KG, Cryan, JF, and Mayer, EA. The microbiota-Gut-Brain axis. Physiol Rev (2019) 99:1877–2013. doi: 10.1152/physrev.00018.2018

109. Honarpisheh, P, Bryan, RM, and McCullough, LD. Aging microbiota-Gut-Brain axis in stroke risk and outcome. Circ Res (2022) 130:1112–44. doi: 10.1161/CIRCRESAHA.122.319983

110. Hanscom, M, Loane, DJ, and Shea-Donohue, T. Brain-gut axis dysfunction in the pathogenesis of traumatic brain injury. J Clin Invest (2021) 131:e143777. doi: 10.1172/JCI143777

111. Ohman, L, and Simrén, M. Pathogenesis of IBS, role of inflammation, immunity and neuroimmune interactions. Nat Rev Gastroenterol Hepatol (2010) 7:163–73. doi: 10.1038/nrgastro.2010.4

112. Ringel, Y, and Maharshak, N. Intestinal microbiota and immune function in the pathogenesis of irritable bowel syndrome. Am J Physiol Gastrointest. Liver Physiol (2013) 305(8):G529–41. doi: 10.1152/ajpgi.00207.2012

113. Ma, XP, Hong, J, An, CP, Zhang, D, Huang, Y, Wu, HG, et al. Acupuncture-moxibustion in treating irritable bowel syndrome, how does it work? World J Gastroenterol (2014) 20:6044–54. doi: 10.3748/wjg.v20.i20.6044

114. Lim, B, Manheimer, E, Lao, L, Ziea, E, Wisniewski, J, Liu, J, et al. Acupuncture for treatment of irritable bowel syndrome. Cochrane Database Syst Rev CD005111 (2006). doi: 10.1002/14651858.CD005111.pub2

115. Sun, J, Wu, X, Meng, Y, Cheng, J, Ning, H, Peng, Y, et al. Electro-acupuncture decreases 5-HT, CGRP and increases NPY in the brain-gut axis in two rat models of diarrhea-predominant irritable bowel syndrome(D-IBS). BMC Complement Altern Med (2015) 15:340.

116. Chen, Y, Zhao, Y, Luo, DN, Zheng, H, Li, Y, Zhou, SY, et al. Electroacupuncture regulates disorders of gut-brain interaction by decreasing corticotropin-releasing factor in a rat model of IBS. Gastroenterol Res Pract (2019) 2019:1759842. doi: 10.1155/2019/1759842

117. Song, Y-F, Pei, LX, Chen, L, Geng, H, Yuan, MQ, Xu, WL, et al. Electroacupuncture relieves irritable bowel syndrome by regulating IL-18 and gut microbial dysbiosis in a trinitrobenzene sulfonic acid-induced post-inflammatory animal model. Am J Chin Med (2020) 48:77–90. doi: 10.1142/S0192415X20500044

118. Jones, MP, Dilley, JB, Drossman, D, and Crowell, MD. Brain-gut connections in functional GI disorders, anatomic and physiologic relationships. Neurogastroenterol. Motil. Off J Eur Gastrointest. Motil. Soc (2006) 18:91–103.

119. Yang, NN, Tan, CX, Lin, LL, Su, XT, Li, YJ, Qi, LY, et al. Potential mechanisms of acupuncture for functional dyspepsia based on pathophysiology. Front Neurosci (2021) 15:781215. doi: 10.3389/fnins.2021.781215

120. Karaca, Z, Grossman, A, and Kelestimur, F. Investigation of the hypothalamo-pituitary-adrenal (HPA) axis, a contemporary synthesis. Rev Endocr. Metab Disord (2021) 22:179–204. doi: 10.1007/s11154-020-09611-3

121. Daniela, M, Catalina, L, Ilie, O, Paula, M, Daniel-Andrei, I, and Ioana, B. Effects of exercise training on the autonomic nervous system with a focus on anti-inflammatory and antioxidants effects. Antioxid Basel Switz (2022) 11:350. doi: 10.3390/antiox11020350

122. Zhang, RX, Lao, L, Wang, X, Fan, A, Wang, L, Ren, K, et al. Electroacupuncture attenuates inflammation in a rat model. J Altern Complement Med N Y. N (2005) 11:135–42.

123. Wei, Y, Dong, M, Zhong, L, Liu, J, Luo, Q, Lv, Y, et al. Regulation of hypothalamic-pituitary-adrenal axis activity and immunologic function contributed to the anti-inflammatory effect of acupuncture in the OVA-induced murine asthma model. Neurosci Lett (2017) 636:177–83. doi: 10.1016/j.neulet.2016.11.001

124. Eshkevari, L, Permaul, E, and Mulroney, SE. Acupuncture blocks cold stress-induced increases in the hypothalamus-pituitary-adrenal axis in the rat. J Endocrinol (2013) 217:95–104. doi: 10.1530/JOE-12-0404



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Wang, Liu, Ge and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu.2023.1147718_cover.jpg
& frontiers | Frontiers in Immunology

The immunomodulatory mechanisms for
acupuncture practice





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The immunomodulatory mechanisms for acupuncture practice

      

        		

          1 Introduction

        



        		

          2 Acupuncture modulates innate immune cells’ activity

        

          		

            2.1 Mast cells

          



          		

            2.2 Macrophages

          



          		

            2.3 Neutrophils

          



          		

            2.4 Natural killer (NK) cells

          



          		

            2.5 Astrocytes and microglia

          



        



        



        		

          3 Acupuncture-induced modulation of the adaptive immune response

        

          		

            3.1 Th1/Thbalance and Th17/Treg balance

          



          		

            3.2 CD8+ T cells differentiation

          



        



        



        		

          4 Somatosensory-autonomic reflex to modulate the immune response

        

          		

            4.1 Neuroanatomical basis of somatosensory mechanisms for acupuncture-induced immunomodulation

          



          		

            4.2 The vagal-adrenal anti-inflammatory pathway

          



          		

            4.3 The cholinergic anti-inflammatory pathway

          



          		

            4.4 The spinal-sympathetic pathway

          



          		

            4.5 The brain-gut pathway

          



        



        



        		

          5 HPA axis involved with immunoregulation by acupuncture

        



        		

          6 Perspectives and conclusions

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1147718-g001.jpg
A Innate immune systems

Macrophages . .
Active — Resting

TNFaL-1B  IL-10,TGF-B —b

Neutrophils

S =60

o
. Astrocytes ‘
IL-10, IFN-y

Microglia

NK cells

B Adaptive immune systems

—
amh L L4, IL5, 1L-13
°
’o
IL-10.TGF-p
|_ 17A IL- 17F IL- n

.6

CD8+ T cells






