
International Journal of Innovative
Computing, Information and Control ICIC International c⃝2021 ISSN 1349-4198
Volume 17, Number 6, December 2021 pp. 1989–2017

MODELING OF THE VASORELAXATION MECHANISM
BY ACUPUNCTURE/MOXIBUSTION STIMULATION

FOR PREVENTING ARTERIOSCLEROSIS
–REVIEW PAPER–

Tetsuya Yoneda1, Takeshi Yamakawa2 and Chikamune Wada1

1Graduate School of Life Science and Systems Engineering
Kyushu Institute of Technology

2-4 Hibikino, Wakamatsu-ku, Kitakyushu-shi, Fukuoka 808-0196, Japan
yoneda.tetsuya677@mail.kyutech.jp; wada@brain.kyutech.ac.jp

2Fuzzy Logic Systems Institute
1-5-204 Hibikino, Wakamatsu-ku, Kitakyushu-shi, Fukuoka 808-0135, Japan

yamakawa@flsi.or.jp

Received February 2021; revised June 2021

Abstract. Arteriosclerosis requires early detection and treatment. However, its treat-
ment remains insufficiently established. Elucidating the mechanisms of vasorelaxation
may lead to early treatment and contribute to the prevention of diseases caused by ar-
teriosclerosis. The ability of acupuncture/moxibustion stimulation to temporarily in-
crease vasorelaxation and vascular flow has been extensively reported, but its mecha-
nism remains unknown. We successfully modeled the mechanism starting from acupunc-
ture/moxibustion stimulation to vasorelaxation/vasodilation by collating the results of
numerous studies in various fields, such as medicine, biology, neurosciences, and phar-
macology. Ion channels, including transient receptor potential (TRP) channels, exist at
free nerve endings. Acupuncture/moxibustion stimulation is sensed by its ion channels
and generates nitric oxide in three subsequent pathways, which leads to vasorelaxation.
The three pathways are 1) the nNOS activity pathway (based on neural information),
2) eNOS activity pathway (based on vascular wall shear stress), and 3) iNOS activity
pathway (based on multiple cytokines produced by macrophages). These pathways differ
depending on the external stimulus; however, in each case, they lead to vasorelaxation
and contribute to arteriosclerosis prevention. These pathways can be expected to create
complex circuits and produce sustained stimulation effects. This model is expected to
contribute to the expansion of the research fields and improvement of treatment methods
for medical professionals.
Keywords: Arteriosclerosis, Nitric oxide, Acupuncture, Moxibustion, Vasorelaxation,
Vasodilation, Neuronal nitric oxide synthase (nNOS), Endothelial nitric oxide synthase
(eNOS), Inducible nitric oxide synthase (iNOS), Ion channel, Transient receptor potential
channel (TRP)

1. Introduction. According to the World Health Organization (WHO)’s Global Health
Estimates 2016 Summary Tables, 15.2 million (26.8%) of the 56.9 million deaths worldwide
were caused by ischemic heart disease and stroke, which are then considered as the major
causes of death [1]. These diseases are largely attributed to arteriosclerosis and have been
the leading cause of death worldwide for the past 15 years. Given that arteriosclerosis
has almost no early symptoms and progresses quietly, it is regarded as a “silent disease”.
Hence, early detection and treatment of arteriosclerosis is necessary, thereby implying
timely examination and prevention. Early prevention can be achieved by vasorelaxation
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and increased blood flow. One of the methods for increasing vasorelaxation and blood
flow is acupuncture/moxibustion treatment.
Acupuncture/moxibustion is one of the treatments used in traditional Chinese medicine

and dates back thousands of years. It involves a technique that promotes vasorelaxation,
vasodilation, and blood flow increase, but the mechanism has not been elucidated yet.
Knowing the mechanism of vasorelaxation and vasodilation via acupuncture/moxibustion
stimulation is crucial not only for acupuncturists but also for physicians, physical thera-
pists, occupational therapists, and other medical professionals.
Vasorelaxation has various causes, but the main cause is NO occurrence. In 1998,

Robert Francis Furchgott, Louis J. Ignarro, and Ferid Murad received the Nobel Prize in
Physiology or Medicine for their discoveries concerning “nitric oxide (NO) as a signaling
molecule in the cardiovascular system”. Consequently, NO has attracted research atten-
tion. Nitric oxide synthase (NOS) is involved in generating NO and consists of three types
as follows [2-8]: neuronal NOS (nNOS), endothelial NOS (eNOS), and inducible NOS
(iNOS). These isoforms will be referred to by the most common nomenclature: nNOS
(also known as Type I, NOS-I and NOS-1) being the isoform first found (and predomi-
nating) in neuronal tissue, iNOS (also known as Type II, NOS-II and NOS-2) being the
isoform which is inducible in a wide range of cells and tissues and eNOS (also known
as Type III, NOS-III and NOS-3) being the isoform first found in vascular endothelial
cells [2]. The three isoforms differ in their dependence on Ca2+ as well as in their expres-
sions and activities. eNOS and nNOS are activated by an increase in intracellular Ca2+

followed by Ca2+/Calmodulin (CaM) binding. By contrast, iNOS contains irreversibly
bound CaM and is therefore largely independent of Ca2+. The only major difference in
the reaction between NOS isoforms is the nicotinamide adenine dinucleotide phosphate
(NADPH) oxidation rate, where nNOS activity is much higher than eNOS or iNOS [3].
While nNOS and eNOS isoforms constitutively exist in various cell types, such as the en-
dothelium, platelets, and neurons, iNOS is generally induced by cytokines on injury [4, 5].
Nitric oxide, generated by NOS, activates soluble guanylate cyclase (sGC) and particulate
guanylate cyclase, and inhibits cytochrome c oxidase. cGMP activates cGMP-dependent
protein kinases (PKG) [6]. eNOS, which maintains vasodilation, controls blood pressure
and has many other vasoprotective and anti-atherosclerosis effects [7]. NO is produced in
the active site of the enzyme in two distinct cycles from oxidation of the substrate L-arg
(L-arginine) in NADPH dependent reaction [8].
Acupuncture/moxibustion stimuli include mechanical, noxious, and thermal stimuli. In

this study, we review the role of NOS in stimulus sensation, pathway conduction, and NO
generation when the body receives stimuli. Moreover, we discuss our attempt to model
the mechanism involved during vasorelaxation and vasodilation.
Many reports have demonstrated that acupuncture/moxibustion stimulation increas-

es vascular flow. To give examples, for acupuncture stimulation techniques, the needling
intensity is important and DeQi (special sensations and reactions after the insertion of nee-
dles) stimulation produces the most significant increase in blood flow in both the skin and
muscle [9]. Acupuncture stimulation and phototherapy increase the diameter and blood
flow velocity of peripheral small arteries [10], whereas electroacupuncture increases blood
flow [11]. Xu et al. determined the blood perfusion rate after treatment with moxibustion
and detected a rapid and sudden increase in body temperature [12]. Low-frequency tran-
scutaneous electrical nerve stimulation (TENS) is more effective for increasing peripheral
blood circulation than stimulation at acupuncture points [13]. Acupuncture treatment in
the auricular region increases cortical regional cerebral blood flow [14]. No general report
has described the mechanism of the blood flow increase.
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A thorough understanding of the mechanism can immensely contribute to health pro-
motion by increasing the blood flow through acupuncture/moxibustion. More important-
ly, it may contribute significantly to the treatment of arteriosclerosis and prevention of
many arteriosclerosis-induced diseases such as angina, myocardial infarction, and cerebral
infarction.

Thus far, no studies have elucidated the mechanism that leads to vasorelaxation by
acupuncture/moxibustion stimulation. Therefore, we surveyed and correlated existing
studies in various academic fields, such as medicine, biology, neuroscience, and phar-
macology. Our final goal was to model the mechanism of vasorelaxation to prove the
effectiveness of acupuncture/moxibustion stimulation. Therefore, we hypothesized the
process from acupuncture/moxibustion stimulation to vasorelaxation and modeled the
mechanism of vasorelaxation by collating the findings from existing studies. Acupunc-
ture/moxibustion stimuli are sensed by receptors at free nerve endings, and depending
on the type of stimulus, they take several routes of nNOS, eNOS, and iNOS, leading to
relaxation of smooth muscle in blood vessels.

This paper comprises the following sections: 2. Basic concepts for understanding this
paper, 3. Mechanisms of vasorelaxation and vasodilation, 4. Proposal of a vasorelaxation
model by acupuncture stimulation, 5. Discussion, and 6. Conclusion.

2. Basic Concepts for Understanding This Paper.

2.1. Stimulation by acupuncture/moxibustion. Acupuncture/moxibustion is based
on the classical theory of traditional Chinese medicine and has developed uniquely in Chi-
na, South Korea, and Japan. Physical/chemical stimulation such as acupuncture/moxibu-
stion affects various body functions (e.g., endogenous pain suppression system, autonomic
nervous system, endocrine system, and immune system) when the acupuncture/moxibus-
tion points, called acupuncture points, are targeted in the skin and muscles via the cen-
tral nervous system. Acupuncture/moxibustion also enhances the body’s natural healing
power. In other words, acupuncture/moxibustion therapy utilizes this natural healing
power.

Many treatment points in the human body are used in acupuncture/moxibustion, and
the WHO has approved 361 acupuncture points [15] and identified the following diseases
for which acupuncture/moxibustion therapy are effective [16]: diseases of the nervous
system, motor system, cardiovascular system, respiratory system, digestive system, meta-
bolic endocrine system, reproductive/urinary system, gynecological system, ophthalmic
system, and otolaryngological system, and those in pediatric patients.

Stimuli by acupuncture/moxibustion include noxious, mechanical, and thermal/chemi-
cal stimuli [17]. The typical tools used in acupuncture/moxibustion treatment include
the filiform needle, spoon needle, ring-headed thumbtack needle, and moxibustion, each
of which provides a different stimulus for a different purpose. For example, the filiform,
spoon, and ring-headed thumbtack needles are applied for mechanical stimuli; the filiform
needle, ring-headed thumbtack needle, and moxibustion free type are used for noxious
stimuli; and the filiform needle, moxibustion pedestal type, and moxibustion free type are
used for hot stimuli. Table 1 shows the relationship between the acupuncture/moxibustion
tools and stimulations.

2.2. Arteriosclerosis. Arteriosclerosis is a condition in which blood vessels become nar-
rower, stiffer, and less flexible. The progression of arteriosclerosis is not constant; it pro-
gresses slowly and quietly in the early stage but suddenly develops at an accelerating rate
[18]. In arteriosclerotic blood vessels, vascular endothelial function decreases owing to
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Table 1. Sensations caused by acupuncture/moxibustion stimulations

oxidized low-density lipoprotein (LDL), NO production decreases, vasorelaxation wors-
ens, platelet aggregation increases, and vascular smooth muscle (VSM) cell proliferation
increases.
Arteries have three layers: the tunica intima, tunica media, and tunica externa. More-

over, arteriosclerosis can be divided into the following three types: 1) atherosclerosis, 2)
Mönckeberg’s medial sclerosis, and 3) fine arteriosclerosis, depending on how and where
it occurs. These three types of arteriosclerosis are explained as follows.

1) Atherosclerosis. When endothelial cells are damaged by hypertension or diabetes,
LDL from the blood enters the intima and is converted into oxidized LDL. As a response,
monocytes turn into macrophages. The oxidized LDL undergoes phagocytosis, causing
the macrophages to die and be deposited as foam cells or plaques. This plaque formation
is called atherosclerosis. These plaques could also suddenly rupture and clot blood in
blood vessels, forming blood clots that block the lumen of arteries. Otherwise, the blood
clots rupture and clog small arteries, thereby blocking the blood flow and eventually
impeding the transport of oxygen and nutrients to organs. Nitric oxide (NO), which will
be discussed later, inhibits platelet aggregation and acts as an anti-atherosclerotic agent
[19-22].

2) Mönckeberg’s medial sclerosis. The tunica media of the arteries comprises smooth
muscle and elastic fibers. In Mönckeberg’s arteriosclerosis, calcium accumulates in the
tunica media of the artery and becomes ossified, resulting in the loss of elasticity. As it
progresses, the tunica media become stiff and brittle, leading to vessel rupture. Common
areas affected are the aorta, lower limb arteries, and cervical arteries. Furthermore, it is
often found in men and women over 50 years old. This type is expected to improve by
the action of NO, which relaxes VSM [7, 22].

3) Fine arteriosclerosis. In fine arteriosclerosis, the arterial blood vessels become
nonelastic and hard because of blood vessel wall aging. Considering its lack of elas-
ticity, it is prone to blood vessel rupture when the blood pressure is high. This rupture
is particularly dangerous because it can lead to stroke, which causes sudden paralysis of
the body’s functions if the rupture occurs in the brain. The known definitive solution is
to administer drugs that lower blood pressure. However, improvement is expected with
the action of NO, which relaxes VSM [7, 22].
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2.3. Cell surface receptor. Cell surface receptors are classified into four types: 1) ion
channel receptors, 2) transient receptor potential (TRP) channel, 3) G protein-coupled
receptors (GPCRs), and 4) enzyme-linked receptors. Each of the four types is described
as follows.

1) Ion channel receptor. Ion channels are membrane proteins present in the plasma
membrane or the endomembrane system. The lipid bilayer membrane, hardly permeates
ions. Nevertheless, ion channels, which are expressed in all cells from bacteria to higher
animals, allow ions to permeate inside and outside the membrane. The type or size of
ions that can pass through is determined by the ion selectivity filter existing in the ion
transmission path. Ions flow through pores, with gates along the way that, if open, iden-
tify the charge and size of the ions, thereby allowing only specific ions to pass. Typical
ion channel receptors are nicotinic acetylcholine receptors, ion channel glutamate receptors
N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptors, and gamma-aminobutyric acid receptors. In this review, NMDA
receptors, AMPA receptors, TRP channels are related.

2) TRP channel. TRP channels are nonselective cation channels originally found in
Drosophila. The mammalian TRP superfamily has 28 cation permeable channels subdi-
vided into six subfamilies [23-25]. The TRP channel has a six-transmembrane structure
formed by a tetramer, and it functions as an ion channel. Activated openings of TRP chan-
nels are triggered by various physicochemical stimuli, such as temperature, mechanical
stimuli, pain, and acid-base balance, and many exhibit high Na+ and Ca2+ permeabili-
ty. In particular, TRPV is activated by stimuli such as mechanical stimuli, temperature
rises, pH changes, chemical substances such as NO, and osmotic pressure changes [26].
TRP channels at free nerve endings [17] sense acupuncture/moxibustion stimuli, leading
to vasorelaxation.

3) GPCRs. GPCR exists in body tissues and cells. Some GPCRs have various functions,
forming the largest superfamily of known proteins, with more than 800 currently identified
[27-30]. GPCRs, which are also called seven-(pass)-transmembrane domain receptors,
transmit extracellular chemical information into the cell. Most drugs act on GPCRs to
exert their effects. Signal transmission is via G proteins that are coupled to GPCRs.
GPCRs are widely involved in maintaining homeostasis in living organisms. GPCRs
at free nerve endings receive endogenous algogenic substances, such as histamine and
bradykinin, which are secreted by acupuncture/moxibustion stimulation [31, 32]. As a
result, vasorelaxation occurs.

4) Enzyme-linked receptor. Enzyme-linked receptors activate either the enzyme itself
or a related enzyme directly. These receptors are usually single transmembrane receptors,
and the enzymatic component of the receptor is retained in the cell. The majority of
enzyme-linked receptors are protein kinases or bind to protein kinases.

2.4. Primary afferent nociceptors. Primary afferent nociceptors include A-delta (Aδ)
and C fibers. Aδ fibers are thick (1-5 µm in diameter) myelinated fibers with a high
transmission rate (5-30 m/s), and they mainly transmit tactile, pain (sharp pain), and
temperature sensations. Meanwhile, C fibers are thin (0.2-1.5 µm in diameter) unmyeli-
nated fibers with a slow transmission rate (0.5-2 m/s), and they mainly transmit dull pain,
temperature, and itching sensations [33]. At the free nerve endings, “noxious receptors”
such as high-threshold mechanoreceptors and polymodal receptors exist as pain sensation
receptors.
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High-threshold mechanoreceptors respond only to high-threshold mechanical stimuli,
such as pressure, cutting, and stabbing, which are harmful to the organism, and they do
not respond to thermal and chemical stimuli. Polymodal receptors, as the name implies,
propagate various types of information to the center; they respond to all low- to high-
threshold mechanical, thermal, and various noxious chemical stimuli.
Notably, when noxious stimuli are repeated at the same site (receptive field) with the

same intensity, the polymodal receptors lower the threshold value, increase responsiveness
to the stimulus, expand the receptive field, and increase spontaneous discharge. These
phenomena are collectively called sensitization. Almost exclusively, polymodal receptors
are present in the free nerve endings of fibers [34, 35]. The acupuncture stimulus is received
by the receptors, causing an influx of ions, depolarization, and impulse generation, which
is transmitted via the primary afferent neurons.

2.5. NMDA receptor. NMDA receptor is a type of glutamate receptor that plays an
important role in memory and learning in the hippocampus, and is deeply involved in
neuronal cell death after cerebral ischemia. NMDA receptors are present in the skin,
peripheral sensory axons, endothelium, kidneys, and bones [36-40].
Moreover, NMDA receptor is selective for NMDA as an agonist. NMDA receptors are

generally blocked and inactivated by Mg2+ when the membrane potential is largely nega-
tive, but unblocked when the membrane potential is positive or between −10 to −20 mV.
Conversely, NMDA receptors are activated when glutamate stimulation from presynaptic
terminals and depolarization of the postsynaptic membrane occur concurrently, causing
Ca2+ influx from the postsynaptic membrane [41, 42].
Ion channel glutamate receptors consist of three types, namely, AMPA receptors, NM-

DA receptors, and kainate receptors [43, 44].

2.6. Vascular endothelial shear stress. Shear stress is a type of stress that acts to
slide on a certain surface inside the object in the direction parallel to the surface. The
vascular wall is constantly subjected to hemodynamic stresses such as blood pressure
forces acting perpendicular to the vessel wall (stretch) and blood flow forces acting tan-
gentially to the vessel lumen surface (wall shear stress). Shear stress is a physical force
proportional to blood viscosity and blood flow’s velocity gradient, which acts only on
the vascular endothelium and distorts the endothelial cells in the direction of blood flow.
This phenomenon stimulates the alteration of endothelial cell function. The endothelium
is subjected to a shear stress of approximately 20 dynes/cm2 in the arteries and 1.5-6
dynes/cm2 in the veins. When stenosis occurs in the coronary arteries, the blood flow ve-
locity in that area increases, and the shear stress may reach 500 dynes/cm2. Shear stress
is relatively low in the arterial bends and bifurcations that are common in atherosclerotic
lesions, and the blood flow is turbulent and unsteady in its direction and strength. Fur-
thermore, shear stress is directly related to blood flow, and it is proportional to blood
flow speed but inversely proportional to the cube of the vessel radius [45]. In this review,
we demonstrate that this endothelial shear stress occurs in the eNOS activation pathway.

2.7. Leukocyte migration from blood vessels. Leukocytes, which are immunocom-
petent cells, constantly circulate in blood vessels. Cell migration is the movement of cells
from one place to another in the body. Leukocytes migrate to infiltrate the inflamed
extravascular tissue. Among the leukocytes, neutrophils freely pass through blood vessel
walls while deforming themselves to phagocytose the invading bacteria. This mechanism
is called extravascular migration. Approximately 30-60 minutes after tissue damage,
leukocytes such as neutrophils, macrophages, and lymphocytes gather at the inflamma-
tion site [46-48]. Then, these leukocytes do not exit from the arteries and capillaries at the
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inflammation site but from the small veins leading to the capillaries [49]. Among them,
macrophages respond to bradykinin and other peptides, releasing inflammatory cytokines
such as interleukins (ILs), and tumor necrosis factor-α (TNF-α) [50]. These inflammatory
cytokines also have a pain-enhancing effect, which also stimulates polymodal receptors
and intensifies pain. Nociceptive stimulation by acupuncture/moxibustion induces the
migration of leukocytes from blood vessels [46-48].

3. Mechanisms of Vasorelaxation and Vasodilation. This section describes the gen-
eral mechanisms of the contraction and relaxation of VSMs; vasorelaxation by NO; gen-
eration of NO by nNOS, eNOS, and iNOS; and relaxation of VSM by NO as described
earlier.

3.1. Mechanisms of VSM contraction and relaxation. Similar to the arteries, the
arteriovenous vessel wall consists of three layers, tunica intima, tunica media, and tunica
externa. The tunica intima is composed of a single layer of endothelial cells and a small
amount of connective tissue. The tunica media is composed of VSMs and elastic fibers
that run in a ring. The larger the artery, the more elastic and flexible fibers are developed.
The tunica media in veins is thinner, with fewer elastic fibers, than that in arteries.

Smooth muscle is mainly responsible for the contraction of blood vessels and the di-
gestive tract, and it contracts and relaxes by a mechanism different from that of skeletal
muscle. In smooth muscles, depolarization and mechanical stimulation of the cell mem-
brane open Ca2+ channels in the plasma membrane and allow Ca2+ to flow into the
cytoplasm from outside the cell. The inflow of Ca2+ triggers the release of Ca2+ from the
sarcoplasmic reticulum. The released Ca2+ binds to CaM, activates myosin light chain
kinase (MLCK), and promotes phosphorylation of the myosin light chain (MLC). MLC
phosphorylation causes muscle contraction because of the interaction between actin and
myosin. Regarding relaxation, cyclic guanosine monophosphate (cGMP) in VSM activates
protein kinase G (PKG), and PKG activates myosin light chain phosphatase (MLCPh).
PKG also lowers the intracellular calcium concentration. The activation of MLCPh pro-
motes MLC dephosphorylation, which then causes muscle relaxation. When MLC phos-
phorylation is reduced, the VSM relaxes.

3.2. Mechanism of NO-induced vasorelaxation. Endothelium-derived relaxing fac-
tors such as prostacyclin and NO, and endothelium-derived hyperpolarizing factor (ED-
HF) are substances that affect vasorelaxation. In addition, carbon dioxide, serotonin, and
histamine induce vasorelaxation. This review discusses the mechanism of vasorelaxation
by NO. The vascular endothelium relaxes the surrounding smooth muscles by triggering
NO generation, and the pressure within the vessel causes the artery to dilate and increases
blood flow. Hence, nitrite derivatives such as nitroglycerin, amyl nitrite, and isosorbide
mononitrate are used to treat heart disease. These compounds convert into NO, which
increases blood supply to the coronary artery through dilation.

NO binds to intracellular soluble guanylate cyclase (sGC) and promotes the synthesis
of cGMP [51, 52]. The synthesized cGMP activates cGMP-dependent protein kinase, par-
ticularly PKG [53-55]. Consequently, the intracellular influx of Ca2+ involved in smooth
muscle contraction is suppressed, leading to relaxation of blood vessels. Dissociation of
the Ca2+/CaM complex and decrease in intracellular Ca2+ levels inactivate MLCK, and
relax the smooth muscle.

3.3. Mechanism of nNOS-induced vasorelaxation. Figure 1 shows the mechanism
of nNOS-induced vasorelaxation. nNOS is mainly expressed in neurons found in the cen-
tral and peripheral nervous systems. Postsynaptic density (PSD) is an efficient coupling
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Figure 1. Mechanism of neuronal nitric oxide synthase (nNOS)-induced
vasorelaxation. When Ca2+ is transported to inside of the postsynaptic
cell from the NMDA receptor (NMDAR), nNOS is activated and acts as
an enzyme to synthesize NO. VSM relaxes when the produced NO diffuses
into the smooth muscle.

of nNOS and NMDA receptors via PSD-95. Moreover, nNOS is activated by Ca2+/CaM
[56, 57] and Ca2+ entering through NMDA receptors. In the vascular endothelium, nNOS
causes a reaction between L-arginine and oxygen, leading to the production and diffusion
of NO [2, 58].
NO synthesized by nNOS is released from nerve endings and activates sGC in VSM and

increases cGMP concentration. cGMP activates cGMP-dependent protein kinase (PKG)
[59-61] and relaxes blood vessels. Considering that nNOS is present in the nervous sys-
tem, it produces relatively large amounts of NO through cascading activation by NMDA
receptor stimulation.

3.4. Mechanism of eNOS-induced vasorelaxation. Figure 2 shows the mechanism
of eNOS-induced vasorelaxation. eNOS binds to caveolin-1, a major membrane protein
that forms intracellular structures called caveolae [62, 63]. In response to shear stress
changes on the vascular wall, eNOS localized in the caveolae, a specialized region in cell
membranes, increases Ca2+ in vascular endothelial cells. Ca2+/CaM activates eNOS and
releases NO from L-arginine [3]. For instance, when blood flow increases by performing
light exercise, shear stress escalates, followed by increased NO production from vascular
endothelial cells.

3.5. Mechanism of vasorelaxation by iNOS. Figure 3 shows the mechanism of va-
sorelaxation by iNOS. Monocytes, one of the leukocytes, migrate to extravascular tissues
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Figure 2. Mechanism of endothelial nitric oxide synthase (eNOS)-induced
vasorelaxation. When shear stress occurs in the vascular endothelium owing
to increased blood flow, eNOS is activated and acts as an enzyme to syn-
thesize NO. VSM relaxes when the produced NO diffuses into the smooth
muscle.

and body cavities, where they differentiate into tissue-specific macrophages. Lipopolysac-
charide (LPS) and interferon (IFN) stimulate macrophages to produce inflammatory cy-
tokines via toll-like receptors on the cell surface, leading to the induction of iNOS [64-66]
and production of NO.

iNOS is always in an active state because of the very strong binding of CaM to iNOS and
its high Ca2+ affinity. Macrophage, produces NO to kill pathogens. However, macrophages
can also cause an adverse effect. In sepsis, macrophages produce large amounts of NO,
and the resulting vasodilation is the main cause of hypotension. In a normal state, the
induced gene expression of iNOS is suppressed at low level, but is induced by cytokine
stimuli such as lipopolysaccharide and IFN-γ [7, 65, 67], causing iNOS to produce a
considerable amount of NO.

4. Proposal of a Vasorelaxation Model by Acupuncture/Moxibustion Stimu-
lation. In acupuncture/moxibustion stimulation, NOS acts as an enzyme via three path-
ways which are nNOS, eNOS, and iNOS activation pathways, and synthesizes L-citrulline
and NO from L-arginine [58, 68, 69]. When the produced NO diffuses into the smooth
muscle, VSM relaxes [53-55, 70] (Figure 4).

Depending on the type of acupuncture/moxibustion stimulus, the conduction of the
stimulus may travel via the nNOS, eNOS, or iNOS activation pathways with a time lag
[3] to generate NO and vasorelaxation [71-73]. NO generation is higher in the order of
iNOS≫ nNOS > eNOS [74, 75]. Figure 5 shows the overall flow diagram of vasorelaxation
by acupuncture/moxibustion stimulation.
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Figure 3. Mechanism of vasorelaxation by inducible nitric oxide syn-
thase (iNOS). Lipopolysaccharide (LPS) and interferon (IFN) stimulate
macrophages, and iNOS is induced via toll-like receptors on the cell sur-
face. iNOS is activated by the produced cytokines, namely, TNF-α, IFN-γ,
IL-1β, and IL-6, which then acts as an enzyme and synthesizes NO. VSM
relaxes when the produced NO diffuses into the smooth muscle.

nNOS and eNOS are calcium dependent and produce low levels of NO as cellular
signaling molecules. On the other hand, iNOS is calcium-independent [4, 56, 58] but
produces large amounts of NO and is cytotoxic [67, 76, 77].
The following TRP and ion channels are typical examples that act as nociceptors that

sense acupuncture/moxibustion stimuli. The nociceptors piezo1/2, TRPV1, TRPV4, and
ASICs sense mechanical stimuli [78-82], whereas TRPV1-TRPV4 sense thermal stimuli
[83]. TRPV1 is activated at ≥ 43◦C; TRPV2, at ≥ 53◦C; TRPV3, at 34-38◦C; and
TRPV4, at 27-35◦C [83]. In addition, TRPM8 and TRPA1 are activated by cold stimuli;
ASICs, TRPV1, TRPV3, TRPM8, and TRPA1, by chemical stimuli [84]; and ASIC
channels, by pH changes. Table 2 shows the relationship between NOS and receptors that
receive acupuncture/moxibustion stimuli.

4.1. Vasorelaxation by nNOS activation pathway. Figure 6 shows a flowchart of
vasorelaxation by the nNOS activation pathway. When the receptor at the free nerve
terminal senses a stimulus, an ion channel opens, allowing extracellular Ca2+ to flow into
the cell. When the depolarized membrane potential reaches the threshold, Na+ channel
opens, causing a large amount of Na+ to flow into the cell. Consequently, the potentials
inside and outside the cell are reversed, and active potentials are generated. Adjacent
Na+ channels open one after another, and nerve impulses run along the nerve toward the
spinal cord [85, 86].
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Figure 4. Vasorelaxation model by acupuncture/moxibustion stimulation.
Acupuncture/moxibustion stimulation synthesizes L-citrulline (L-Cit) and
NO from L-arginine (L-Arg) via three pathways, namely, the nNOS, eNOS,
and iNOS activation pathways. Vasorelaxation occurs when the produced
NO diffuses into the smooth muscle.

Figure 5. Overall flow diagram of vasorelaxation by acupuncture/moxibu-
stion stimulation. Acupuncture/moxibustion stimuli lead to vasorelaxation
in all the cases, with different pathways, time delays, and feedback loops
selected depending on the type of stimulus. It can be inferred that this
creates a complex circuit and produces a sustained effect of the stimulus.



2000 T. YONEDA, T. YAMAKAWA AND C. WADA

Table 2. Acupuncture/moxibustion stimulation and nitric oxide synthase
(NOS). nNOS is activated by nociceptive, mechanical, and thermal stimuli;
eNOS by mechanical stimuli; and iNOS by nociceptive and thermal stimuli.

nNOS eNOS iNOS

Aggressive

Chemical

Stimulation

⃝

⃝
 ASICs,TRPV1

TRPV3,TRPM8

TRPA1


Mechanical

Stimulation

⃝

⃝
 piezo1/2

TRPV1,TRPV4

ASICS


Aggressive

Thermal

Stimulation

⃝
⃝

[
TRPV1,TRPV2

TRPV3,TRPV4

]

Figure 6. Vasorelaxation by the nNOS activation pathway. Sensitive to
acupuncture/moxibustion stimulation, the nNOS activation pathway is ac-
tivated by orthodromic conduction, axon reflex, algogenic substances, pain-
enhancing substances, and others, resulting in vasorelaxation.

Conduction consists of two types, orthodromic conduction to the spinal cord and brain
and antidromic conduction (axon reflex), which is retrograde at axonal bifurcation.
In addition, as a meridian that activates nNOS, nociceptive stimuli generate algogenic

substances and pain-enhancing substances.

4.1.1. Orthodromic conduction. Figure 7 shows information transmission at the dorsal
horn synapse of the spinal cord. Aδ fibers conduct sharp pain, whereas C fibers do dull
pain. When the nerve impulse reaches the end of the primary afferent fiber on the synaptic
side, flows into the inside of the ending of neuron through the voltage-gated Ca2+ channel
and releases synaptic vesicle neurotransmitters: in the case of Aδ fibers, synaptic vesicular
neurotransmitters such as glutamate, and in C fibers, glutamate and substance P (SP) of
synaptic vesicles are released [87-91].
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Figure 7. Information transmission at the dorsal horn synapse of the
spinal cord. Glutamate, SP, and others released from the peripheral ter-
minals of Aδ and C fibers activate the NMDA receptor by the AMPA and
NK-1 receptors, which are imbeded in the post synaptic membrane, and
blocked Mg2+ is released. The influx of Ca2+ from the NMDA receptor
causes a chain of reactions.

On the secondary neuron side of the synapse, glutamate released from the primary
neuron binds to AMPA receptors, which then secrete a large amount of Na+ that de-
polarizes them. This event unblocks the NMDA receptor, which is normally blocked by
Mg2+ [42, 92, 93]. Removal of Mg2+ block involves four auxiliary roles as follows. 1)
The released SP from the terminals of primary afferent neurons binds to NK1, which is
a GPCR on the side of secondary neurons [94, 95] and contributes to Mg2+ unblocking
in NMDA receptors. 2) Binding of the nonessential amino acid glycine to NMDA causes
NMDA receptor phosphorylation, contributing to the removal of Mg2+ block of NMDA
receptors [92]. 3) When synaptic glutamate increases, glutamate and glycine bind to NM-
DA receptors, thereby increasing AMPA-dependent Na+ influx, triggering protein kinase
phosphorylation of NMDARs, and removing Mg2+ block [92]. 4) Fyn kinase (a tyrosine
kinase) and prostaglandin activate protein kinase C (PKC) that subsequently phospho-
rylates Tyr1472, which is the NR2B subunit of the NMDA receptor, and contributes to
Mg2+ block removal [96-98].

When the Mg2+ block in the NMDA receptor is removed, Ca2+ flows in from the NMDA
receptor. Then, the nNOS localized in the PSD binds to the Ca2+/CaM complex [99, 100].

The Ca2+ flow from the NMDA receptor activates PKC and calcium calmodulin-
dependent protein kinase II (CaMKII), which are both Ca2+-dependent intracellular signal
transduction systems [101-106]. Concurrently, NMDA and AMPA receptors expressed on
the extrasynaptic membrane or contained under the postsynaptic membrane migrate to
the postsynaptic membrane [104, 107-112]. Consequently, NMDA and AMPA receptors
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increase, causing a large influx of Ca2+, followed by synaptic plasticity, specifically long-
term potentiation (LTP) [43, 113, 114].
When CaM activates NOS, NO is released from L-arginine. The reaction equation is

as follows [115, 116]:
(L-arginine + NADPH + H+ + O2 → NOHLA + NADP+ + H2O NOHLA + 1/2

NADPH + 1/2 H+ + O2 → L-citrulline + 1/2 NAD P+ + NO + H2O)
Thus, NO is synthesized by NOS, which oxidizes the guanidine nitrogen of L-arginine.
In this reaction, nNOS moves electrons to heme and continues to oxidize NADPH at a

high rate; hence, the reaction rate is much faster than those of eNOS and iNOS [3].
When the generated and diffused NO reaches the smooth muscle of blood vessels,

cGMP increases [61, 93, 117, 118]. Then, cGMP activates the muscle relaxant PKG.
PKG promotes Ca2+ uptake into the sarcoplasmic reticulum [119].

4.1.2. Antidromic conduction. Figure 8 shows the axon reflex. Antidromic conduction
generates an active potential at the end of the primary afferent fiber, and the nerve
impulse folds back at the axonal bifurcation, leading to an axon reflex toward the terminal
[120]. The peripheral terminals of the Aδ fibers release glutamate, whereas those of C
fibers release glutamate, calcitonin gene-related peptides (CGRP), and SP [89, 90, 95, 120,
121]. The released CGRP produces cyclic adenosine monophosphate in VSM, resulting
in localized vasorelaxation and vasodilation [122, 123].

Figure 8. Axon reflex. Axon reflexes toward nerve endings occur at the
bifurcation of axons, and local vasodilation due to CGRP occurs. By the
stimulation of the released SP, histamine and glutamate from mast cells
bind to GPCRs at nearby nerve endings and impulses are generated again
to form a circulatory pathway.
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SP released by axon reflexes binds to NK-1 receptors on mast cells [94, 95, 124] and
promotes the release of histamine [124], which binds to GPCRs on nearby free nerve
endings, again generating action potentials. Furthermore, neuropeptide SP causes neuro-
logical inflammation [125, 126]. Meanwhile, glutamate released by axon reflexes binds to
the GPCR (mGluR) of glutamate present at free nerve endings [37], generating addition-
al active potentials. This mechanism also increases the sensitivity of TRP channels and
lowers the temperature threshold of TRPV1 from 43◦C to 32◦C [127-129], enabling the
generation of action potentials even at a normal body temperature.

In addition, the generated nerve impulses produce orthodromic conduction to the spinal
cord and brain and antidromic conduction of axon reflexes to the opposite endings, cre-
ating a repeating circulatory circuit. This glutamate release in the periphery and re-
peated neurogenic inflammation decrease the threshold for polymodal receptor responses,
increased responsiveness, and receptor expansion, which lead to sensitization and LTP
[130-133].

4.1.3. Conduction by algogenic substance and pain-enhancing substance. Figure 9 shows
the generation of algogenic substances and pain-enhancing substances by acupuncture/mo-
xibustion stimulation. In addition to orthodromic and antidromic conductions, some
substances activate nNOS because of the generation of algogenic substances and pain-
enhancing substances.

Figure 9. Algogenic and pain-enhancing substances generated by
acupuncture/moxibustion stimulation. The generated algogenic and pain-
enhancing substances bind to GPCRs at free nerve endings, generate im-
pulses, and cause vasorelaxation.
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When tissue damage caused by acupuncture/moxibustion stimulation occurs, algogenic
substances and pain-enhancing substances such as bradykinin, histamine, prostaglandins,
serotonin, leukotrienes, adenosine triphosphate (ATP), H+, and K+ are generated [120,
134-136]. Algogenic and pain-enhancing substances bind to GPCRs at free nerve endings
[31, 137], generate active potentials, and run nerve impulses toward synapses. By binding
the ligands of the algogenic and pain-enhancing substances to each GPCR, the tempera-
ture threshold of TRPV1 is lowered from 42◦C to 35◦C, and active potentials are likely
to be generated [127, 129].
Consequently, the impulses that travel to the spinal cord and brain again and those

that travel to the nerve endings in an antidromic manner are reproduced, which leads
to vasorelaxation and vasodilation. Again, a cyclic circuit is generated. Each algogenic
substance and pain-enhancing substance is generated as follows.
Bradykinin is generated by tissue damage that harms blood vessels and activates

kallikrein in plasma. It is a proinflammatory peptide, a pain mediator, and a potent
vasodilator [138-140]. Meanwhile, histamine is generated by SP and from mast cells
caused by tissue damage [141-143], and it dilates blood vessels [144]. Mast cells also re-
lease mediators such as leukotrienes and cytokines [145, 146]. Moreover, prostaglandins
are produced by phospholipase A acting on phospholipids and arachidonic acid acting
on cyclooxygenase (COx) in response to tissue damage [147]. Prostaglandins are also
generated by neutrophils and macrophages [148, 149] and have a vasodilatory effect [150].
In addition, serotonin is generated by platelets after tissue damage and vascular injury
[151] and has both vasoconstrictor and vasodilator effects [152]. Leukotrienes, such as
prostaglandins, are generated from arachidonic acid by the action of lipoxygenase (LOx)
[153]. Leukotrienes also have a vasodilatory effect [154]. Likewise, ATP, H+, and K+,
which are all generated by tissue damage [155], result in vasodilation [156-158].
Unlike the other substances, bradykinin is an endothelium-dependent vasodilator [158,

159].

4.2. Vasorelaxation by the eNOS activation pathway. Figure 10 shows the flow-
chart of vasorelaxation by the eNOS activation pathway. Three pathways activate eNOS
for vasorelaxation and vasodilation, which are shear stress, sympathetic nerve, and bradyk-
inin.

1) Vasorelaxation due to the effect of shear stress. Vasorelaxation by the nNOS
activation pathway by acupuncture/moxibustion increases the blood flow rate. In addition
to acupuncture/moxibustion stimulation, exercise, bathing, and food can increase blood
flow. Increased blood flow causes shear stress in the vascular endothelium [55]. Shear
stress increases Ca2+ concentration [160, 161], and eNOS is activated by binding Cam,
subsequently releases NO from L-arginine. This leads to vasorelaxation and vasodilation
[68, 162]. Vascular relaxation due to shear stress occurs a little later than nNOS, which
reacts quickly [3].

2) Sympathetic vasodilation. Upon receiving acupuncture/moxibustion stimulation,
the sympathetic nerve dominates temporarily [163-168]. When blood vessels constrict
because of sympathetic dominance, blood flow velocity increases [45]. Increased blood flow
causes shear stress at the endocelium cell, Ca2+ flows into the cell, and NO is generated
in the cell [55, 169], which leads to vasorelaxation. The vasorelaxation is mainly caused
by sympathetic stimulation or decreased tension [170].

3) Vasorelaxation with bradykinin. Bradykinin acts on the B2 receptor, which is a
GPCR on the endothelial cell membrane, binds to CaM, and increases the intracellular
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Figure 10. Vasorelaxation by the eNOS activation pathway. Acupuncture
stimulation caused temporary exchange nerve dominance and vasodilation.
Bradykinin activates eNOS, resulting in vasorelaxation.

concentration of Ca2+, which activates Cam and vasorelaxation by activating eNOS [171-
173].

4.3. Vasorelaxation by the iNOS activation pathway. Figure 11 shows the flow-
chart of vasorelaxation by the iNOS activation pathway. At 30 min. to 1 hr. after tissue
damage due to acupuncture/moxibustion stimulation, vascular permeability increases,
plasma components infiltrate out of the blood vessels via gaps in the vessels and exude
into the tissues [47, 174, 175], and leukocytes gather at the damaged site. Among the
leukocytes, neutrophils generate prostaglandins [176]. In addition, monocytes exit from
the blood vessels and become macrophages. Upon LPS and IFN stimulation, macrophages
act on toll-like receptors on the cell surface to generate cytokines, such as IL-1β, IL-6,
and TNF-α, and induce iNOS [66, 177-179]. SP and CGRP released by axon reflexes also
secrete proinflammatory cytokines by activating monocytes [180].

Cytokines activate iNOS [67, 181-184], which then generates NO from L-arginine, re-
sulting in vasorelaxation. Unlike nNOS and eNOS, iNOS does not require new Ca2+

because CaM is already bound [3, 56, 185].
The amount of NO produced by iNOS is considerably larger than those produced by

nNOS and eNOS [7, 67, 74, 183]. However, iNOS is closely linked to the pathophysiology
of inflammatory diseases and septic shock [6, 7, 76, 186].

5. Discussion. By collating the results of numerous studies in various fields, which can-
not be performed by reading individual papers, the causal effects of the entire system
from acupuncture/moxibustion stimulation to vasorelaxation could be inferred. In this
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Figure 11. Vasorelaxation by the iNOS activation pathway. After tis-
sue damage, leukocytes gather at the damaged site and monocytes become
macrophages, which activate iNOS, leading to vasorelaxation.

review, we discuss the following models of vasorelaxation by acupuncture/moxibustion
stimulation.

1) Nociceptive and thermal stimuli affect three types of NOS individually, namely,
nNOS, eNOS, or iNOS, and the effects appear with time differences, leading to
vasorelaxation and vasodilation [3]. It can be thought that nNOS, eNOS, and iNOS
produce the NO in this order.

2) The effects of mechanical stimulation (pressure stimulation) causes nNOS and eNOS
to induce vasorelaxation and vasodilation.

In short, acupuncture/moxibustion stimulation synthesizes L-citrulline (L-Cit) and NO
from L-arginine (L-Arg) via three pathways, nNOS, eNOS, and iNOS activation path-
ways. Produced NO diffuses into the smooth muscle, vasorelaxation occurs. When NO is
generated, endothelial cells exert an anti-arteriosclerotic effect by regulating the vascular
tone, inhibiting platelet aggregation (anti-atherosclerosis), preventing leukocyte adhesion,
and producing paracrine factors that limit VSM proliferation [19-22].
Therefore, the generation of NO limits the proliferation of VSM, and the vasorelaxation

of the smooth muscle greatly affects atherosclerosis, Mönckeberg’s arteriosclerosis, and fine
arteriosclerosis. If arteriosclerosis can be prevented, many diseases, such as angina, my-
ocardial infarction, and cerebral infarction, can be inhibited. In addition, arteriosclerosis
prevention contributes to the prolonged delay of blood vessel aging.
This model is expected to lead to further research in various fields, including medicine,

pharmacology, acupuncture/moxibustion, PT, OT, and other medical fields, and to the
prevention of atherosclerosis. Researchers can explain the mechanism by which blood
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vessels can be relaxed simply by applying pressure such as acupressure and massage,
which are not noxious stimuli.

In the future, studies on acupuncture/moxibustion that are aimed at the extension of
vasorelaxation and acupuncture/moxibustion effects are expected to progress. However,
the continuous production of large amounts of NO by iNOS causes direct tissue toxicity,
which leads to septic shock and hemorrhagic shock [7, 76].

Table 3. Summary of the features of nNOS, eNOS, and iNOS

nNOS eNOS iNOS

Trigger
stimuli
for NO
generation

• Pressure, thermal,
chemical stimulation,
and others
• Increased intracellu-
lar Ca2+

Vascular endothelial
shear stress

• Increased intracellular
Ca2+

• Cytokines

Stimulus
Acupuncture/
moxibustion
stimulation

• Increased blood
flow
• Sympathetic domi-
nance [45, 55, 169]

Stimulation from
macrophages by
leukocyte migration
[7, 8, 50]

NOS
expression

Nerve tissue (central
and peripheral), lungs,
kidneys, and others [7]

Vascular endothelial
cells, bone marrow
cells, platelets, and
others [185]

• Immune system
• Cardiovascular
system
• Lungs and others [5]

NOS
expression
in the skin
[6]

Epidermal and
pigment cells

Fibroblasts and
vascular endothelial
cells

Epidermal cells,
Langerhans cells,
fibroblasts, vascular
endothelial cells,
and macrophages

Existence
of NOS

Postsynaptic density
(PSD) cytoplasm
[100, 132]

Localized in a spe-
cial site called caveo-
lae on the cell mem-
brane [62, 63].

Cytoplasmic soluble,
active as a homodimer
[65]

NOS
activity
regulation

Calcium/calmodulin
[3, 172]

Calcium/calmodulin
[2, 172]

Induction of enzyme ex-
pression by cytokines
Calcium-independent
[54, 173-175]

Location
of NO
generation

Cytoplasm Vascular endothelial
cells Cytoplasm

Cytoplasm

NO
generation
mechanism

Produced as a
byproduct of the
conversion of
L-arginine to
L-citrulline
by nNOS

Produced as a
byproduct of the
conversion of
L-arginine to
L-citrulline
by eNOS

Produced as a
byproduct of the
conversion of
L-arginine to
L-citrulline
by iNOS

Transfer
of NO [55,
115, 118]

Diffusion Diffusion Diffusion
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A noteworthy finding from the three path model is that the signal flow that originated
from external stimulus is not only a straightforward path but also a complicated feedback
path and circulation. The circulation and repeated stimulation may cause LTP.
As one of the preliminary experiments to verify this model of vasorelaxation by acupunc-

ture stimulation, we examined the vasorelaxation of the hand finger before and after
acupuncture with ring-headed thumbtack needles in 48 people by employing finger plethys-
mography. As a result, vasorelaxation was observed in most people. Interestingly even
when ring-headed thumbtack needles were applied on the foot, vasorelaxation in the hand
finger was also observed. From the results, we can infer that this response is an upper
spinal reflex. The results of this experiment will be submitted for publication soon.
Table 3 summarizes the characteristics of the three NOSs from the references reviewed

in this paper. Most of them have been described earlier.

6. Conclusions. We surveyed and correlated the existing literature in various academic
fields. We, therefore, proposed a model of the mechanism of vasorelaxation by acupunc-
ture/moxibustion stimulation. The results showed that the stimulation led to vasorelax-
ation via three pathways, nNOS based on neural information, eNOS based on vascular
wall shear stress, and iNOS based on multiple cytokines produced by macrophages. The
transmission of acupuncture/moxibustion stimulation includes a complicated feedback
path and circulation, which are expected to lead to the long-term effect of vasorelaxation.
We would like to continue experiments to validate this model.
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[138] T. Renné, K. Schuh and W. Müller-Esterl, Local bradykinin formation is controlled by glycosamino-
glycans, Journal of Immunology, vol.175, no.5, pp.3377-3385, 2005.

[139] C. Golias, A. Charalabopoulos, D. Stagikas, K. Charalabopoulos and A. Batistatou, The kinin
system-bradykinin: Biological effects and clinical implications. Multiple role of the kinin system-
bradykinin, Hippokratia, vol.11, no.3, pp.124-128, 2007.

[140] J. Bryant and Z. Shariat-Madar, Human plasma kallikrein-kinin system: Physiological and bio-
chemical parameters, Cardiovascular & Hematological Agents in Medicinal Chemistry, vol.7, no.3,
pp.234-250, 2009.

[141] A. C. Brooks, C. J. Whelan and W. M. Purcell, Reactive oxygen species generation and histamine
release by activated mast cells: Modulation by nitric oxide synthase inhibition, British Journal of
Pharmacology, vol.128, no.3, pp.585-590, 1999.

[142] F. Borriello, R. Iannone and G. Marone, Histamine release from mast cells and basophils, Handbook
of Experimental Pharmacology, vol.241, pp.121-139, 2017.

[143] D. Fujisawa, J. Kashiwakura, H. Kita et al., Expression of mas-related gene X2 on mast cells
is upregulated in the skin of patients with severe chronic urticarial, The Journal of Allergy and
Clinical Immunology, vol.134, no.3, pp.622-633, 2014.

[144] W. D. Dachman, G. Bedarida, T. F. Blaschke and B. B. Hoffman, Histamine-induced venodilation
in human beings involves both H1 and H2 receptor subtypes, The Journal of Allergy and Clinical
Immunology, vol.93, no.3, pp.606-614, 1994.

[145] J. M. Brown, T. M. Wilson and D. D. Metcalfe, The mast cell and allergic diseases: Role in
pathogenesis and implications for therapy, Clinical and Experimental Allergy, vol.38, no.1, pp.4-18,
2008.

[146] K. Amin, The role of mast cells in allergic inflammation, Respiratory Medicine, vol.106, no.1,
pp.9-14, 2012.

[147] E. Ricciotti and G. A. Fitzgerald, Prostaglandins and inflammation, Arteriosclerosis, Thrombosis,
and Vascular Biology, vol.31, no.5, pp.986-1000, 2011.

[148] A. Scott, K. M. Khan, C. R. Roberts, J. L. Cook and V. Duronio, What do we mean by the
term “inflammation”? A contemporary basic science update for sports medicine, British Journal
of Sports Medicine, vol.38, no.3, pp.372-380, 2004.

[149] T. A. Butterfield, T. M. Best and M. A. Merrick, The dual roles of neutrophils and macrophages in
inflammation: A critical balance between tissue damage and repair, Journal of Athletic Training,
vol.41, no.4, pp.457-465, 2006.

[150] L. P. Feigen, Actions of prostaglandins in peripheral vascular beds, Federation Proceedings, vol.40,
no.7, pp.1987-1990, 1981.



MODELING OF THE VASORELAXATION MECHANISM 2015

[151] C. Dees, A. Akhmetshina, P. Zerr et al., Platelet-derived serotonin links vascular disease and tissue
fibrosis, Journal of Experimental Medicine, vol.208, no.5, pp.961-972, 2011.

[152] P. M. Vanhoutte, Serotonin and the vascular wall, International Journal of Cardiology, vol.14, no.2,
pp.189-203, 1987.

[153] R. Wisastra and F. J. Dekker, Inflammation, cancer and oxidative lipoxygenase activity are inti-
mately linked, Cancers (Basel), vol.6, no.3, pp.1500-1521, 2014.

[154] C. C. Chan and A. Ford-Hutchinson, Effects of synthetic leukotrienes on local blood flow and
vascular permeability in porcine skin, Journal of Investigative Dermatology, vol.84, no.2, pp.154-
157, 1985.

[155] F. Amaya, Y. Izumi, M. Matsuda and M. Sasaki, Tissue injury and related mediators of pain
exacerbation, Current Neuropharmacology, vol.11, no.6, pp.592-597, 2013.

[156] H. Ishizaka and L. Kuo, Acidosis-induced coronary arteriolar dilation is mediated by ATP-sensitive
potassium channels in vascular smooth muscle, Circulation Research, vol.78, no.1, pp.50-57, 1996.

[157] E. E. M. Van Ginneken, P. Meijer, N. Verkaik, P. Smits and G. A. Rongen, ATP-induced va-
sodilation in human skeletal muscle, British Journal of Pharmacology, vol.141, no.5, pp.842-850,
2004.

[158] Y. Hellsten, M. Nyberg, L. G. Jensen and S. P. Mortensen, Vasodilator interactions in skeletal
muscle blood flow regulation, The Journal of Physiology, vol.590, no.24, pp.6297-6305, 2012.

[159] Y. Ren, J. Garvin and O. A. Carretero, Mechanism involved in bradykinin-induced efferent arteriole
dilation, Kidney International, vol.62, no.2, pp.544-549, 2002.

[160] H. Y. Kwan, P. C. Leung, Y. Huang and X. Yao, Depletion of intracellular Ca2+ stores sensitizes
the flow-induced Ca2+ influx in rat endothelial cells, Circulation Research, vol.92, no.3, pp.286-292,
2003.

[161] Y. Kawai, M. Kaidoh, Y. Yokoyama and T. Ohhashi, Pivotal roles of shear stress in the mi-
croenvironmental changes that occur within sentinel lymph nodes, Cancer Science, vol.103, no.7,
pp.1245-1252, 2012.

[162] K. Sriram, J. G. Laughlin, P. Rangamani and D. M. Tartakovsky, Shear-induced nitric oxide pro-
duction by endothelial cells, Biophysical Journal, vol.111, no.1, pp.208-221, 2016.

[163] H. Sakakibara, S. Iwase, T. Mano et al., Skin sympathetic activity in the tibial nerve triggered by
vibration applied to the hand, International Archives of Occupational and Environmental Health,
vol.62, no.6, pp.455-458, 1990.

[164] A. Sato, Y. Sato, A. Suzuki and S. Uchida, Neural mechanisms of the reflex inhibition and excita-
tion of gastric motility elicited by acupuncture-like stimulation in anesthetized rats, Neuroscience
Research, vol.18, no.1, pp.53-62, 1993.

[165] S. Knardahl, M. Elam, B. Olausson and B. G. Wallin, Sympathetic nerve activity after acupuncture
in humans, Pain, vol.75, no.1, pp.19-25, 1998.

[166] H. Tada, M. Fujita, M. Harris et al., Neural mechanism of acupuncture-induced gastric relaxations
in rats, Digestive Disease Science, vol.48, pp.59-68, 2003.

[167] K. Kimura, K. Masuda and I. Wakayama, Changes in skin blood flow and skin sympathetic nerve
activity in response to manual acupuncture stimulation in humans, American Journal of Chinese
Medicine, vol.34, no.2, pp.189-196, 2006.

[168] Y. Q. Li, B. Zhu, P. J. Rong, H. Ben and Y. H. Li, Neural mechanism of acupuncture-modulated
gastric motility, World Journal of Gastroenterology, vol.13, no.5, pp.709-716, 2007.

[169] G. M. Buga, M. E. Gold, J. M. Fukuto and L. J. Ignarro, Shear stress-induced release of nitric
oxide from endothelial cells grown on beads, Hypertension, vol.17, no.2, pp.187-193, 1991.

[170] R. Gordan, J. K. Gwathmey and L.-H. Xie, Autonomic and endocrine control of cardiovascular
function, World Journal of Cardiology, vol.7, no.4, pp.204-214, 2015.

[171] M. B. Harris, H. Ju, V. J. Venema et al., Reciprocal phosphorylation and regulation of endothe-
lial nitric-oxide synthase in response to bradykinin stimulation, Journal of Biological Chemistry,
vol.276, pp.16587-16591, 2001.

[172] J. L. Lowry, V. Brovkovych, Y. Zhang and R. A. Skidgel, Endothelial nitric-oxide synthase activa-
tion generates an inducible nitric-oxide synthase-like output of nitric oxide in inflamed endothelium,
Journal of Biological Chemistry, vol.288, no.6, pp.4174-4193, 2013.

[173] Y. Zhao, P. M. Vanhoutte and S. W. S. Leung, Vascular nitric oxide: Beyond eNOS, Journal of
Pharmacological Sciences, vol.129, no.2, pp.83-94, 2015.



2016 T. YONEDA, T. YAMAKAWA AND C. WADA

[174] D. A. Steeber, M. A. Campbell, A. Basit, K. Ley and T. F. Tedder, Optimal selectin-mediated
rolling of leukocytes during inflammation in vivo requires intercellular adhesion molecule-1 expres-
sion, Proceedings of the National Academy of Sciences of the United States of America, vol.95,
no.13, pp.7562-7567, 1998.

[175] S. K. Yoo, T. W. Starnes, Q. Deng and A. Huttenlocher, Lyn is a redox sensor that mediates
leukocyte wound attraction in vivo, Nature, vol.480, no.7375, pp.109-112, 2011.

[176] H. L. Wright, R. J. Moots, R. C. Bucknall and S. W. Edwards, Neutrophil function in inflammation
and inflammatory diseases, Rheumatology (Oxford), vol.49, no.9, pp.1618-1631, 2010.

[177] L. Chen, H. Deng, H. Cui et al., Inflammatory responses and inflammation-associated diseases in
organs, Oncotarget, vol.9, no.6, pp.7204-7218, 2018.

[178] Q. Wang, X. Zhou, L. Yang et al., Gentiopicroside (GENT) protects against sepsis induced by
lipopolysaccharide (LPS) through the NF-κB signaling pathway, Annals of Translational Medicine,
vol.7, no.23, p.731, 2019.

[179] Q. Chaochao, G. Lou, Y. Yang et al., Macrophage inflammatory protein-2 in high mobility group
box 1 secretion of macrophage cells exposed to lipopolysaccharide, Cellular Physiology and Bio-
chemistry, vol.42, no.3, pp.913-928, 2017.
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