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REVIEW

Translational Physiology

Role of mechanoregulation in mast cell-mediated immune inflammation of the
smooth muscle in the pathophysiology of esophageal motility disorders

Raj K. Goyal1,2 and Satish Rattan3

1Division of Gastroenterology, Department of Medicine, Veterans Affairs Boston Healthcare System, West Roxbury,
Massachusetts, United States; 2Division of Gastroenterology, Hepatology, and Endoscopy, Department of Medicine, Beth
Israel Deaconess Medical Center, and Harvard Medical School, Boston, Massachusetts, United States; and 3Department of
Medicine, Division of Gastroenterology and Hepatology, Sidney Kummel Medical College of Thomas Jefferson University,
Philadelphia, Pennsylvania, United States

Abstract

Major esophageal disorders involve obstructive transport of bolus to the stomach, causing symptoms of dysphagia and
impaired clearing of the refluxed gastric contents. These may occur due to mechanical constriction of the esophageal lumen
or loss of relaxation associated with deglutitive inhibition, as in achalasia-like disorders. Recently, immune inflammation has
been identified as an important cause of esophageal strictures and the loss of inhibitory neurotransmission. These disorders
are also associated with smooth muscle hypertrophy and hypercontractility, whose cause is unknown. This review investi-
gated immune inflammation in the causation of smooth muscle changes in obstructive esophageal bolus transport. Findings
suggest that smooth muscle hypertrophy occurs above the obstruction and is due to mechanical stress on the smooth
muscles. The mechanostressed smooth muscles release cytokines and other molecules that may recruit and microlocalize
mast cells to smooth muscle bundles, so that their products may have a close bidirectional effect on each other. Acting in a
paracrine fashion, the inflammatory cytokines induce genetic and epigenetic changes in the smooth muscles, leading to
smooth muscle hypercontractility, hypertrophy, and impaired relaxation. These changes may worsen difficulty in the esopha-
geal transport. Immune processes differ in the first phase of obstructive bolus transport, and the second phase of muscle hy-
pertrophy and hypercontractility. Moreover, changes in the type of mechanical stress may change immune response and
effect on smooth muscles. Understanding immune signaling in causes of obstructive bolus transport, type of mechanical
stress, and associated smooth muscle changes may help pathophysiology-based prevention and targeted treatment of esoph-
ageal motility disorders.

immune inflammation-mediated changes in smooth muscles; mast cells/smooth muscle cells cytokines; mechanotranslation of
smooth muscle hypertrophy and hypercontractility; obstructed bolus transport led mechanical stress and immune inflammation;
pathogenesis of esophageal motility disorders

INTRODUCTION

The human esophagus is composed of two distinct
regions: the upper or the cervical esophagus, primarily made
up of striated muscles, and the lower or the thoracic esopha-
gus, composed of smooth muscles. Consequently, the neuro-
muscular organization and the mechanism of peristaltic
contractions in the two parts are very different. Still, the
swallow-induced “primary” peristaltic contraction travels
seamlessly through both the parts to transport food bolus to
the stomach (1). Additionally, the esophagus propels mate-
rial refluxed from the stomach back into the stomach using
“secondary” peristalsis.

Subjects with esophageal disorders have symptoms of dys-
phagia, chest pain, gastroesophageal reflux disease (GERD),
and complications such as esophageal adenocarcinoma and
pulmonary disease (2, 3). Broadly speaking, the symptoms of
dysphagia include all difficulties associated with swallowing.
Dysphagia due to obstruction to the passage of food bolus
may be due to mechanical constriction of the esophagus or
the loss of deglutitive inhibition. Obstructed transport in the
esophagus, as in other parts of gut, is associated with smooth
muscle contractility and structural changes. These changes
may contribute to poor esophageal transport, dysphagia, and
chest pain. The pathogenesis of muscle changes is poorly
understood.
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There is now growing evidence that mechanical and
motor causes of labored bolus transport may involve several
factors, including immune inflammation. Immune inflam-
mation has been recognized as an important factor in the
pathogenesis of intestinal motility disorders for some time
(4, 5) but only recently in the esophageal stricture and acha-
lasia (6, 7).

Bolus transport in partially obstructed esophagus due to
stricture or achalasia may cause smooth muscle stress and
activate the immune system, leading to muscle hypercon-
tractility and hypertrophy. The immune system is usually
associated with a response to external infections and aller-
gies (8). Recently, endogenous oxidative stress has been
shown to activate macrophage-mediated immune inflam-
mation, resulting in gastric emptying disorders in diabetes
(9–11).

Mechanostressed smooth muscles may activate immune
inflammation (12). Intestinal smooth muscle releases
numerous cytokines and other molecules that can activate
mast cells (MCs), which leads to immune inflammation
(13, 14). The MC activation may occur via a distinct nonal-
lergic microlocalization and paracrine signaling, which is
different from the allergic or inflammatory signaling, re-
sponsible for the initial obstruction to bolus transport (15).
Macrophages and MCs are now considered key players in
the maintenance of gastrointestinal smooth muscle home-
ostasis, and in disease (16).

The purpose of this review is to explore the involvement
of mechanotransduction-associated immune inflammation
in the causation of smooth muscle changes in obstructive
esophageal bolus transport.

MECHANOTRANSDUCTION,
MECHANOREGULATION, AND MECHANICAL
STRESS

Mechanotransduction is the process of transforming
changes in force into signals that regulate cellular struc-
ture and function (17, 18). Smooth muscle cells (SMCs) per-
form two primary functions, the contractile and secretory.
Myogenic reflex is a rapid contraction that occurs follow-
ing a stretch of the isolated nerve-free smooth muscle.
Mechanical stimuli act on smooth muscles through
mechanoreceptors such as integrin, focal adhesion, and a
complex cytoskeleton component, including the nuclear
cytoskeleton (19). Mechano-gated ion channels, such as the
Piezo nonselective cation channels, are responsible for their
physiological actions. These ion channels regulate the entry
of Ca2þ and other ions into the cell and within the cellular
compartments. Consequently, they play a crucial role in
the regulation of chemical signaling. Interestingly, a vari-
ety of ion channels are mechanosensitive but are not
mechano-gated (18).

Recently, considerable progress has been made in com-
prehending the mechanisms underlying mechano-sens-
ing and mechanotransduction (12). Individual or groups
of panels of ion channels are involved in mechano-sens-
ing in different reflexes in diverse tissues. Filamin A, an
actin-binding protein, also plays a significant role in the
regulation of mechano-gated channels (20). In addition,

mechanotransduction regulates the secretory function of
SMCs, determining the development of either noncon-
tractile (secretory) or contractile phenotypes. Mechano-
gated nuclear membrane pores also regulate the traffick-
ing of transcription factors to the nucleus. Furthermore,
mechanical stress induces SMCs to secrete cytokines and
other alarmins as the initiators of immune inflammation.

EFFECT OF MECHANICAL STRESS ON
ESOPHAGEAL SMOOTH MUSCLE

In a series of studies, Gabella (21) reported thatmechanical
stress causes muscle hypertrophy and major morphological
changes in SMCs. In vivo studies in the opossum esophagus
by Mittal et al. (22) reported that an acute partial obstruction
causes significant changes in esophageal motility. Tung and
colleagues (23) found that the chronic mechanical stress
associated with partial obstruction also leads to difficult
esophageal transport and esophageal stasis. In these studies,
esophageal obstruction was created by placing a loose Gore-
Tex band around the esophagogastric junction. These stud-
ies revealed an enlargement in the luminal diameter and
thickening of the circular muscle in the dilated esophagus,
above the obstruction (24). The SMCs exhibited a substantial
enlargement, with a cell surface area increase of approxi-
mately 60%, without any apparent hyperplasia. The SMCs
underwent pleomorphism and envelopment by an amor-
phous ground substance in the extracellular matrix, devoid
of fibrotic changes.

Under electron microscopy, MCs and basophils were
observed making close contact with muscle bundles and dis-
charging their granular contents in either the cytoplasm or
the extracellular space (25). These observations show that
mechanical stress in vivo activates the immune system, re-
sponsible for hypercontractility and hypertrophy in the
smooth muscles. Mechanical stress may also induce visceral
hypersensitivity (26), damage to the inhibitory nerves (27),
and loss of neutrally-mediated smooth muscle hyperpolar-
ization (28).

Despite major advances in the role of immune inflam-
mation in the regulation of the structure and function of
the smooth muscles in other systems, there is a paucity of
work on the gastrointestinal smooth muscles, especially in
the esophagus. The relevant findings from other systems
suggest the possible signaling pathway for the mechanical
stress leading to the pathogenesis of esophageal motility
disorders (29, 30). Figure 1 lists the steps in the generation
of mechanostress and in the progression of mechanos-
tressed smooth muscle-induced functional and structural
changes.

ROLE OF MECHANICAL STRESS-INDUCED
IMMUNE INFLAMMATION ON SMOOTH
MUSCLE: LESSONS FROM STUDIES ON
AIRWAY SMOOTH MUSCLES

In asthma, two distinct immune inflammatory processes
coexist:

The first process is mucosal and submucosal infiltra-
tions with eosinophils and MCs, with the expression of
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interleukin-4 (IL-4), interleukin-5 (IL-5), and T cells. MCs
play a crucial role in the release of mediators during the
acute phase, marked by significant elevations in hista-
mine, PGD2, tryptase, and occasionally leukotriene C4
(LTC4). Eosinophils are responsible for the secretions of
many mediators, such as histamine, LTC4, and eosino-
phil-derived proteins, during the late phase; Basophils,
however, have also been detected at specific time points
using morphological and phenotypic criteria (31). As the
disease worsens, neutrophils may replace eosinophils.
The initiation of a neutrophilic response activates thymic
stromal lymphoprotein (TSLP) and TH17 cells. Mucosal
and submucosal eosinophilic infiltration also occurs in
eosinophilic bronchitis. However, although asthma is
characterized by significant airflow difficulty, subjects
with eosinophilic bronchitis had little airflow difficulty
(32, 33). These studies suggested that mucosal inflamma-
tion is not a major cause of airflow difficulty in asthma
(32, 33).

The second is in contrast to the combined infiltration of
MCs and eosinophils in the mucosa and submucosa, MCs
alone (without eosinophils) infiltrate the ASM bundles in
asthma. These observations suggested that MC-mediated
inflammation of the airway smooth muscle (ASM) may be
the primary cause of significant airflow obstruction (32,
33). The mucosal inflammation may cause mechanical
stress on the smooth muscles, initiating MC-mediated
immune inflammation, which then leads to enhanced
ASM reactivity and muscle hypertrophy, worsening the
airflow difficulty.

MAST CELLS

MCs possess numerous receptors that play a crucial role
in their recruitment to tissues, localization, and adherence
to the target cells. A variety of ion channels are known to
regulate intracellular Ca2þ ([Ca2þ ]i) profile. In addition,
the MCs contain a diverse array of presynthesized and

stored products with the ability to synthesize new mole-
cules as required. The presynthesized substances com-
prise vasoactive amines like histamine, proteases like
tryptase and chymase, specific cytokines like tumor necro-
sis factora (TNFa), and growth factors such as vascular en-
dothelial growth factor (VEGF). The de novo synthesis
pathway produces several compounds, such as prostaglan-
dins (PGD2, PGE2), leukotrienes (LTD4, LTE4), interleu-
kins (IL-4, IL-5, IL-6, IL-8), and granulocyte-macrophage
colony-stimulating factor (GM-CSF).

The secretory products of MCs exhibit variability among
distinct populations of MCs that exert their effects on the
ASM. These products include tryptase, transforming growth
factor b1 (TGFb1), basic fibroblast growth factor (bFGF), his-
tamine, interleukin IL-4, and IL-13, prostaglandin D2 (PGD2),
and LTC4. The release of these products is achieved through
complete degranulation, wherein selective granules are
liberated through a process of piecemeal degranulation
(34). In this process, selected products via a specific mech-
anism, the secretion-altered, granules are retained in the
cell (35). These processes may involve complete or kiss-
and-run type exocytosis (36). Furthermore, various activa-
tion stimuli elicit geographically and temporally diverse
patterns of granule secretion.

Distinct phenotypes of MCs with selective receptors, sig-
naling, and secretions are involved in the specific inflamma-
tory processes at different stages of the same disease (15).

MAST CELL PHENOTYPES: ACTIVATION AND
SIGNALING

MCs are found in two different locations in asthma: the
mucosa and the smooth muscle. In allergic asthma, the mu-
cosal cell secretion of a well-defined panel of chemoattrac-
tants and stimulants [e.g., interleukins, IL-33 and IL-1a, ATP,
heat shock proteins, HMGB1 (high mobility group box1),
and S100 A/B proteins] recruit and activate MCs rich in
FceR1 (a tetrameric receptor complex that binds the Fc
portion of the ɛ heavy chain of IgE), which are positive
mucosal MCs accompanying eosinophilia. This pathway
is stimulated by cross linking of FceR1 receptors on the
MCs by substantial amounts of immunoglobulin E (IgE)
antibodies produced by B lymphocytes/plasma cells. This
pathway releases numerous pro-inflammatory mediators
in enormous quantities, such as PGE2 (prostaglandin E2),
cytokines, and VEGF. This secretory profile is associated
with prolonged Ca2þ release, granule fusion into large
irregularly shaped granules, and exocytosis via SNAP23-
STX-4 complexes (37).

The MRGPRX2 receptor, also known as Mas-related G
protein-coupled receptor (GPCR) family member 2, is a
newly discovered receptor on the MCs (38). The stimula-
tion of this receptor is initiated by several endogenous
peptides, bacterial products, and synthetic medicines.
This results in the selective, rapid and transient release of
small vesicle-associated mediators (histamine, heparin
proteases), prostaglandins, leukotrienes, cytokines, and
chemokines. This pathway participates in the IgE-inde-
pendent pseudo-allergic- and drug hypersensitivity reac-
tions (35, 38, 39). Several other pathways of MC signaling

Figure 1. Stepwise pathogenesis of esophageal smooth muscle disorders.
Generation of mechanical stress in the esophageal smooth muscles, and
stepwise progression of the mechanostressed smooth muscles, leading
to functional and structural changes.
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have been identified that translate sensing of changes
into specific responses (40, 41).

The smooth muscle MCs are located deep in the tissues
and, unlike epithelial cells, are not exposed to external aller-
gens. Figure 2 summarizes the signaling pathway of mecha-
nostress to functional and structural changes in the smooth
muscle. Mechanostressed smooth muscles may release a
panel of chemoattractant molecules, such as SCF, TGF1,
CXCL8-9-10, 12, CX3CL1, and chemokine (C-C motif) ligand
11 (CCL11), which bind to the MCs’ respective receptors to
recruit them. Subsequently, microlocalization is achieved
through cell adhesive molecule1 (CADM1), which adheres
the mast cell with the smoothmuscle (42, 43). This promotes
adherence through the interaction between membrane-
bound, colony-stimulating factor (CSF) on SMCs and its re-
ceptor c-kit onMCs, as well as IL-6. Because of the specificity
of the chemoattractants and the adhesivemolecules secreted
by the SMCs, only a selective population of MCs may be
recruited.

The MCs are a heterogeneous population of highly
adaptable cells that adjust their shape according to their
environment (44). Microlocalization brings MCs closer to
the stressed smooth muscles within 2 nm of each other, a
closer proximity than that of �4 nm in a neural synapse
(29, 30, 34, 36). The process of microlocalization facilitates
the intimate bidirectional communication between the
products of SMCs and those of the MCs (45). The coopera-
tive function of MCs contributes to cell survival, prolifera-
tion, and constitutive activation (46). The microlocalized
MCs have their specific receptors and the secretory pro-
files appropriate for their function. The mechanostressed
smooth muscles release interleukins such as IL-33, IL-1a,
and extracellular ATP, activating MCs via their respective
receptors (47). Only a few MCs contact a muscle bundle of
several dozen SMCs that are interconnected by gap junc-
tions. In addition, the symptomatic responsiveness of

asthma to corticosteroids, as well as b2-adrenoceptor ago-
nist (48, 49), dependent on the state of immune inflam-
mation, suggests the role of immune inflammation in the
ASM.

REGULATION OF TRANSCRIPTOME, AND
EPIGENOME OF SMOOTH MUSCLE

The secretory products of MCs activate one or more GPCR,
receptor tyrosine kinase (RTK), or the cytokine receptors
coupled with cytosolic nonreceptor tyrosine kinase Janus
Kinase (JAK) (34). Stimulation of these receptors and pro-
duction of transcription factors can turn genes “on” and
“off.” Cytokine receptors signal via JAK/STAT (signal trans-
ducers and activators of transcription). Therefore, JAK/
STAT signaling holds significant therapeutic potential (50).
The downstream signaling pathway of RTK may involve
multiple pathways.

The process of transcribing entails the interactions between
a transcription factor and a part of the DNA, affecting a
change in themRNA and hence in the remodeling of proteins.
In this regard, transcription factors play a crucial role in the
regulation of the epigenome and the production of micro-
RNAs (mi-RNAs), small (�22 nucleotides) noncoding RNA
molecules, transcribed by RNA polymerases, which generate
precursors for the mature mi-RNAs (51). The latter interacts
with mRNA to primarily downregulate the expression of the
corresponding protein. In some cases, the effects of mi-RNAs
are so influential that they may be the major determinants of
the final response.

Therefore, the identification of a miRNA with a predomi-
nant effect on the targeted mRNA of genes of interest may
be of considerable value in investigating pathophysiology
and planning targeted therapy. In that context, anti-miRNA
and miRNA-mimics are potentially useful in the treatment
of immune-inflammatory disorders. It is noteworthy however

Figure 2. Mechanotranslation to hypertrophy, and hypercontractility in the esophageal smooth muscle. The mechanostressed smooth muscles
above the obstruction, secrete chemoattractants, adherents like CADM1, and various stimulants lead to recruit and microlocalize mast cells to
smooth muscle bundles (boxes 1 and 2). This is followed by their stimulation to secrete mediators, which act in a paracrine fashion on the smooth
muscle to transcribe contractile proteins, leading (box 3) to functional and structural changes such as hypercontractility, impaired relaxation, stiff-
ness, and hypertrophy (box 4). However, under different types of mechanoobstruction, mast cells may secrete inhibitory mediators causing muscle
hypocontractility and atrophy.
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that a single miRNAmay nonspecifically affect a broad spec-
trum of target mRNAs, altering an array of cellular pathways.
On the other hand, multiple mi-RNAs may only target a sin-
gle gene. These and other characteristics pose considerable
challenges to mi-RNA-based drugs in the treatment of motil-
ity disorders (52).

PHENOTYPIC CHANGES OR REMODELING IN
SMOOTH MUSCLES

The physiological regulation of smooth muscle contraction
or relaxation is mediated by neurotransmitters, acting on
GPCR to increase or decrease levels of intracellular Ca2þ con-
centration ([Ca2þ ]i), respectively. An increase in [Ca2þ ]i acti-
vates myosin light chain kinase (MLCK), which initiates the
phosphorylation of MLC20 (p-MLC20), promoting an interac-
tion between actin andmyosin as well as cross-bridge cycling,
responsible for the commencement of smooth muscle con-
traction (53). The process of dephosphorylation of p-MLC20 by
an active myosin light chain phosphatase (MLCP), especially
using the regulatory subunit (MYPT1) (54–56), causes the dis-
engagement of interaction between the actin-myosinmyofila-
ments and cross-bridge cycling, resulting in the smooth
muscle relaxation, and a short-lasting (phasic) contraction.
Conversely, inhibition of MLCP by the specific kinases, e.g.,
RhoA/ROCK (57), which prolongs p-MLC20, results in sus-
tained smooth muscle contraction, the main cause of Ca2þ

“independent” (tonic) contraction of the smooth muscle phe-
notype (58, 59).

In response to mechanical stress, smooth muscles secrete
a plethora of molecules that regulate their development, dif-
ferentiation, and growth. The secretory response may deter-
mine the development of either non-contractile “secretory”
or “contractile” phenotypes (19). The development of a con-
tractile phenotype may not occur in the absence of either
mechanical stress, or RhoA/ROCK signaling (60, 61).

Products of MC-associated immune inflammation acti-
vate GPCR to elicit contractile responses and activate RTK
to induce genetic changes in the smooth muscle. These
changes are responsible for the functional (either hyper-
contractile or hypocontractile) and structural (either hy-
pertrophic, proliferative, or atrophic) phenotypic variants.
Therefore, depending on the mediators released, MCs may
produce different functional and structural changes in the
smooth muscles (62, 63).

SMOOTH MUSCLE HYPERCONTRACTILITY

Smooth muscle hypercontractility is defined as an
enhanced muscle contraction in response to contractile
agonists shown by the shift in the dose-response curve
towards left, and by an increase in the Vmax, beyond the
physiological limits (64–66).

Products of MCs (such as leukotrienes, tryptase, TNFa, IL-
13, and IL-4 but neither IL-5 nor IL-17A) cause smooth mus-
cle contraction and hypercontractility. The hypercontractil-
ity is associated with an elevated activity and expression of
MLCK and other contractile proteins, and in the cytoskele-
ton remodeling proteins (67, 68). RhoA/ROCK plays a key
role in the organization of the smooth muscle, nonmuscle
cytoskeleton, and in the regulation of transcription factors

(68, 69). Interestingly, smooth muscle tonicity and hyper-
contractility is negatively regulated by miR-133a via down-
regulation of RhoA/ROCKmachinery (70, 71).

Nitrergic and b-adrenergic agonists act to elevate intracel-
lular levels of cAMP and cGMP that decrease levels of [Ca2þ ]i
and inhibit RhoA/ROCK. Inhibition of RhoA/ROCK signaling
increases MLCP producing smooth muscle relaxation (53, 56,
72). In immune inflammation-induced-hypercontractility of
the smooth muscle, and impaired cAMP/cGMP signaling
may impair relaxation in response to the inhibitory transmit-
ter, nitric oxide, and to b-adrenoceptor agonists. The loss of
cGMP signaling in the immune-inflamed smooth muscle in
achalasia may contribute to impaired deglutitive inhibition.
The loss of cAMP signaling in the smoothmuscle in advanced
asthma may explain loss of responsiveness to b-adrenoceptor
agonists (48, 49, 73).

SMOOTH MUSCLE HYPERTROPHY

Smoothmuscles of viscera undergo a large increase in vol-
ume when there is a chronic, partial obstruction impairing
the flow of luminal contents (21). In muscle hypertrophy,
gross architecture is preserved but cellular details of hyper-
trophy in different tissues may vary. In intestinal hypertro-
phy, the SMCs increase in number, speculatively via mitosis.
An enlargement of SMCs accounts for most of the muscle hy-
pertrophy. The hypertrophic SMCs are not only larger than
the control but also have a different pattern of structural
components (21). Hypertrophy may be associated with either
hypercontractility or hypocontractility. The mechanisms
involved in hypertrophic growth are unknown. One of the
mechanisms of smooth muscle hypertrophy has been shown
to be via upregulation of cyclin Db by inhibition of GSK-3b
(74). It is noteworthy that mechanical stretch-upregulated
miR-26a, by its direct interaction with the 3’-UTR of the
GSK-3bmRNA, downregulates GSK-3b, unleashing cyclin Db
and causing smoothmuscle hypertrophy.

SMOOTH MUSCLE PROLIFERATION

Smooth muscle proliferation is usually associated with
increased migration that involves cytokine and growth fac-
tor-mediated activation of p21 Ras proteins, and downstream
signaling pathways. The latter include Rac1-activated tran-
scription factors (SP1, CREB, NF-kB), promoting cyclin D1
gene expression and transcription factors (E2Fs), followed by
an increase in the synthesis of cycle G1/S transition genes,
collectively leading to cell proliferation (75). Remarkably,
miR-17 suppresses retinoblastoma (RB) protein expression,
leading to upregulation of E2F (critical regulator of cell cycle)
and NF-κB p65/miR-17/RB pathway, promoting cell prolifer-
ation. Excessive proliferation of smooth muscle has also
been associated with vascular stenotic lesions (76).

SMOOTH MUSCLE ATROPHY

Smoothmuscle atrophy may arise under different circum-
stances (7, 77), including severe oxidative stress with the
involvement of macrophages and type 1 polarization, with
the release of cytokines IL-1b, TNF-a, and IFN-c (77).
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Recently, Nelson and colleagues (78) described that
SMCs in the achalasic lower esophageal sphincter (LES)
were atrophic and decreased in size. Their observations
suggest that MC-associated immune inflammation may
cause smooth muscle hypertrophy above the obstruction,
but atrophy at the site of obstruction.

MECHANICAL STRESS-INDUCED
REMODELING OF ESOPHAGEAL MOTILITY
DISORDERS

Eosinophilic Esophagitis

Eosinophilic esophagitis (EoE) is characterized by the infil-
tration of: 1) esophageal mucosa and submucosa with eosino-
phils and the markers of MCs; and 2) muscularis propria by
prominent MCs (79–81). Figure 3 summarizes the progression
of EoE. The latter is initiated by an allergic mucosal injury,
which releases allergic inflammation promoters such as IL-33
(a member of the IL-1 cytokine family). These promoters then
activate Treg and TH2 cells. The mucosa also has increased
expression of transcripts for tryptase, carboxypeptidase, and
c-kit ligand, suggesting a role of MCs in the earlier stages of
the disease (80). Treg cells release TGF-b1, whereas TH2 cells
release IL-4, IL-5, and IL-13. IL-5 increases bone marrow pro-
duction of eosinophils. IL-4 and IL-13 stimulate mucosal cells
to secrete CC motif chemokine 26 (CCL26) that recruits eosin-
ophils to the mucosa, causing eosinophil infiltration. The
presence of TGF-b1, IL-4, IL-13, and eosinophil may cause
increased epithelial permeability, epithelial-mesenchymal
differentiation, and submucosal fibrosis (81). These events

then cause loss of distensibility and ring-like stricture, result-
ing in stressful bolus transport. In motility studies, subepithe-
lial fibrosis accounts for the early pressurization after
swallowing and reduced peristaltic contractions (82). The
mechanostressed smooth muscles release alarmins that
recruit and microlocalize MCs with the smooth muscle. This
allows smooth muscle-driven, allergen-independent chronic
MC activation, and paracrine release of mediators (such as
tryptase, IL-4, and IL-13), leading toMC infiltration. Following
this, tryptase, IL-4, IL-13 and TGFb1 (but not IL-5), released by
the MCs cause hypertrophy and hypercontractility of the
smoothmuscle (79, 83, 84).

ACHALASIA AND RELATED DISORDERS

These disorders include various versions of achalasia with
a common feature of impaired LES relaxation and contract-
ile state of the esophageal body. These include classical
achalasia and vigorous achalasia, (types 1, 2, and 3 achalasia,
respectively, in high-resolution manometry). Classical acha-
lasia has non-peristaltic, weak, and usually absent con-
tractions. On high-resolution manometry, they are called
type 1 and type 2, based on the findings of failed peristalsis
and pan esophageal pressurization in response to a swal-
low. However, there is no difference in the clinical relevance
of the two types (3). Vigorous achalasia is characterized by
nonperistaltic, high amplitude, long duration, and often re-
petitive contractions in the esophageal body, and impaired
LES relaxation in response to swallowing. When the LES
relaxation is normal, but the esophageal body shows nonper-
istaltic, large repetitive contraction, this is called diffuse

Figure 3. Pathogenesis of smooth muscle hypertrophy in eosinophilic esophagitis (EoE). EoE occurs due to the release of cytokines by the allergy-dam-
aged epithelium; activation of Treg and TH2 cells, release of TGF-b1, IL-4, IL-13, and IL5 and by the recruitment of eosinophils (EOS) (box 1). This leads to
the development of fibrosis, and submucosal stricture (box 2), causing obstruction to the esophageal bolus transport. Thus, mechanostressed smooth
muscles secrete chemoattractants, adherents like CADM1, and various stimulants that recruit and microlocalize mast cells to smooth muscle bundles,
stimulating them to secrete mediators that act in a paracrine fashion on the smooth muscle to transcribe contractile proteins (box 3). This leads to func-
tional and structural changes, such as hypercontractility and hypertrophy (box 4).
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esophageal spasm. These disordersmay have overlapping fea-
tures and progress to classical achalasia wherein the hyper-
tonic smoothmuscle becomes hypocontractile.

Esophageal motility findings in achalasia-related disor-
ders can be divided into two events (Fig. 4): 1) a loss of deglu-
titive inhibition (3, 78, 85, 86); and 2) structural and
functional changes in smooth muscles, including hypertro-
phy or atrophy, and hypercontractility or hypocontractility
(3, 78, 87). The first event in the pathogenesis of achalasia is
thought to be the loss of inhibitory neuromuscular transmis-
sion involving nitric oxide and vasoactive intestinal peptide
(VIP) (88, 89). Many causes of loss of inhibitory neurotrans-
mission have been proposed, including the loss of interstitial
cells of Cajal (ICC), which may transduce neural signals to
the smooth muscles. However, this cause is unlikely
because: 1) loss of inhibitory neuromuscular transmission in
achalasia precedes the loss of ICC (90); and 2) while loss of
nitrergic inhibitory transmission causes achalasia, and the
loss of ICC in WW/v mutant mice causes hypotensive LES
(91). Goldblum and colleagues (92) reported that in achalasia,
inhibitory motor nerve fibers, or the myenteric neurons are
primarily affected. The loss of inhibitory neuromuscular
transmission may also be due to immune inflammation (11,
93). Furthermore, there is growing evidence that MCs may
invade myenteric VIP/NO neurons that are already damaged
by Lewi body-like inclusions (94), amyloid plaques (95), or
Trypanosoma Cruzi infection (96).

Recently, herpes simplex virus (HSV)-mediated immune
inflammation is proposed to be involved in the development
and progression of achalasia. HSV1-derived hsv1-miRNAs
that downregulate autophagy-related ATG16L1 gene (which

upregulates IL1b), have been identified in biopsy samples of
the LES during peroral endoscopic myotomy (POEM) for
esophageal achalasia (97). The neuronal inclusions and infec-
tions may activate microglia via several receptors, including
histocompatibility complex II, which confers susceptibility to
idiopathic achalasia (98). Neuronal infection or an allergic
response may lead to the production of IgE antibodies, which
bind with FceR1, causing MC recruitment, degranulation (99),
and neuronal damage (100). Nelson and colleagues (7) have
shown that in achalasic LES, the degranulating MCs are
located in the perimysium, which represents the myenteric
plexus (101). The degranulating product is rich in tryptase,
which may be involved in neural degeneration (7). This sig-
naling pathway of MC-associated immune damage is akin to
nonallergic virus-associated asthma (102). The reason why in-
hibitory signaling is selectively targeted has been discussed
but not well understood.

The second event in the pathogenesis of achalasia is
changes in structure and function in the smooth muscles,
which include smooth muscle hypertrophy with hypercon-
tractility above the LES smooth muscle, and atrophy at the
LES (7). Peristaltic contraction is an amalgam of cholinergic
and noncholinergic “rebound” contraction (103). The inhibi-
tory and excitatory neurotransmissions occur sequentially
but do not overlap. Therefore, smoothmuscle changes cannot
be explained by the loss of inhibition and unopposed action
of cholinergic activity. Smooth muscle hypercontractility and
hypertrophy above the LES are attributed to the increased
workload on the smooth muscles to transport a food bolus.
This remodeling may represent mechanotransduction and
MC-mediated immune inflammation, as in experimental

Figure 4. Pathogenesis of hypertrophy, and hypercontractility in achalasia like disorders. Achalasia-like disorders result from the loss of the inhibitory
neurotransmission (box 1), which may occur due to parasitism, viral infections, or inclusion bodies. These invasions release mediators, which activate
MRGPRX2 receptors on the recruited mast cells to the inhibitory neurons. The loss of inhibitory neurons leads to the loss of deglutitive inhibition, and
obstruction of esophageal bolus transport (box 2). The latter produce mechanical stress on the smooth muscles, which then secrete chemoattractants,
adherents like CADM1, and various stimulants, to recruit and microlocalize mast cells. The stimulation of mast cells then secretes mediators, which act in
a paracrine fashion on the smooth muscle to transcribe contractile proteins (box 3). These events produce functional and structural changes such as
hypercontractility, impaired relaxation, and hypertrophy (box 4). However, under different types of mechanoobstruction, mast cells may secrete inhibi-
tory mediators causing muscle hypocontractility and atrophy.
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esophageal obstruction (25). MC inflammation also causes
muscle rigidity due to impaired myogenic relaxation (78).
In advanced achalasia, however, smooth muscle hyper-
contractility is converted to hypocontractility. This may
be due to an increase in the secretion of IL1 and TNFa by
the immune cells (14, 104), as in a diabetic stomach (9,
105). In contrast to the smooth muscle hypertrophy above
the LES, the LES per se was reported to be atrophic (7).
This unexpected finding requires further investigation.

In patients with achalasia, blood levels of both Th1 and Th2
cytokines and other agents (106, 107), including many mi-
RNAs, are altered; however, only some of them have been
shown to correlate with molecules documented in the
pathogenesis of achalasia. These findings suggest that multi-
ple inflammatory processes may be active in achalasia.
Interestingly, miR-133 has been associated with RhoA/ROCK
signaling, and the smooth muscle contractility and rigidity
(70, 71). Inhibition of the miR-200 family is associated with
epithelial-to-mesenchymal transition, suppression of NOS,
microglia-mediated neurotoxicity, and neuronal apoptosis
(108). In addition, miR-150-5p and miR-362-5p upregulate
gene MRVI1, which encodes inositol trisphosphate receptor-
associated cGMP-kinase substrate (IRAG). IRAG interacts
with PKG1 in the SMCs in NO-dependent relaxation (109).
Remarkably, downregulation of miR-200c-3p contributes to
achalasia disease by targeting the PRKG1 gene (110). However,
further studies are needed to define the role of miRNAs in the
diagnosis of and potential therapy for achalasia.

HYPERCONTRACTILE (NUTCRACKER,
JACKHAMMER) ESOPHAGUS

In 1979, Benjamin et al. (111) described cases with chest pain
or dysphagia who, on manometry, had high amplitude, peri-
staltic esophageal contraction. These patients were thought to
have no other cause of their symptoms. Although such cases
had been described before, these colleagues used low compli-
ance pneumohydraulic perfusionmanometry to accurately re-
cord the contractile pressures. Subsequently, Castell and
colleagues nicknamed this condition as nutcracker esophagus.
This group of patients was distinguished from diffuse esopha-
geal spasm by nonperistaltic, repetitive, large amplitude con-
tractions to a swallow that were due to the loss of inhibitory
neurotransmission. The cause of chest pain in nutcracker
esophagus was assumed to be because of larger-than-normal
contraction waves, which did not correlate with the symptoms
(112). However, the cause of dysphagia in peristaltic hypercon-
tractile esophagus remained unexplained. In contrast, diffuse
esophageal spasm, difficult bolus transport and smooth mus-
cle hypercontractility explained the symptoms of dysphagia
as well as chest pain.

High-resolution manometry (HRM) was developed to sim-
plify and bring uniformity in the manometric evaluation of
motility disorders in different clinical manometry laborato-
ries. In HRM studies, cases of peristaltic as well as nonperis-
taltic (diffuse esophageal spams) were all lumped together.
This motility pattern of repetitive contractions was called
Jackhammer esophagus. To simplify the assessment of con-
traction, the amplitude and duration of esophageal contrac-
tions in the distal esophagus in response to a swallow were

integrated to obtain a value called contractile integral.
However, the rationale for the use of this parameter is
unclear, and the contractile integral value to separate nor-
mal versus symptomatic patients remains unknown (113,
114). Hong et al. (115) classified Jackhammer esophagus
into classical and spastic subtypes based on the distal
latencies. However, manometric patterns, whether repeti-
tive or a single large esophageal contraction to swallow,
are sometimes grouped under the term hypercontractile
esophagus.

From a pathophysiological standpoint, the nonperistal-
tic nature of the spastic Jackhammer and diffuse esopha-
geal spasm are due to the underlying loss of inhibitory
neurotransmission (1). The loss of inhibitory transmission
because of the resistance to esophageal bolus transport
may produce smooth muscle stress, leading to immune
inflammation and thus smooth muscle hypertrophy. It
has been reported that cases diagnosed as hypercontrac-
tile esophagus have an impaired inhibitory neurotrans-
mission (113, 114, 116–119). The repetitive contractions
may represent isolated contraction peaks of individual
muscle segments with disruption of cytoskeletal connec-
tivity between the muscle bundles (120).

The peristaltic hypercontractile esophagus may be second-
ary to mechanical obstruction. Notably, an index case of peri-
staltic hypercontractile esophagus described by Benjamin
and colleagues (111) had a long history of pyrosis, intermittent
dysphagia, a hiatal hernia, and esophageal stricture. Muscle
thickening is quite common in various primary disorders that
cause dysphagia or GERD. Interestingly, it has been shown
that experimental partial mechanical obstruction results in
smoothmuscle hypercontractility and hypertrophy. Themus-
cle hypertrophy and hyperplasia secondary to obstruction
may be reversible after the removal of the constricting band
(119). Mittal et al. (121) have reported that muscle hypertrophy
is a common finding in patients presenting with dysphagia.
In such situations, it becomes difficult to determine whether
dysphagia is due to overlooked, subtle esophageal constric-
tion. In healthy adults with a Schatzki ring, esophageal lumen
diameter of >25 mm ensures the absence of esophageal
obstruction (122). Therefore, it is important to document a
high degree of luminal patency before excluding mechano-
transduction-inducedmuscle hypertrophy.

Diagnosis of the exact nature of muscle hypertrophy
requires muscle biopsies. Unfortunately, systematic muscle
biopsy studies examining this issue have not been performed.
However, limited case reports of nutcracker esophagus from
Japan and China usingmuscle biopsies had eosinophilic infil-
tration in the muscle layers (123–127). Some of these patients
had high levels of immunoglobulin E (IgE) and responded to
steroid treatment (123). Patients with eosinophilic myositis
were not associated with eosinophilic mucosal esophagitis
(128), except in one case (126). Whether these cases arise from
factors other than mechanical stress requires further investi-
gation. Eosinophilic infiltration of the esophagus may take
several distinct patterns with associated clinical manifesta-
tions, such as eosinophilic mucosal esophagitis, eosinophilic
myositis, and eosinophilic achalasia (129). These observations
suggest that all cases of esophageal smooth hypertrophy and
nutcracker esophagus are due to immune inflammation, but
their ultimate underlying cause remains to be determined.
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INEFFECTIVE ESOPHAGEAL MOTILITY AND
REDUCED MUSCLE CONTRACTILITY

The term ineffective esophageal motility (IEM) is arbitra-
rily defined as weak peristaltic contractions associated with
the hypotensive LES, which is unable to prevent the reflux of
gastric contents into the esophagus. In addition, weak esoph-
ageal peristaltic contractions are unable to propel the food
bolus or return the refluxed gastric contents back to the
stomach. Hypotensive (incompetent) LES may be a compel-
ling cause of GERD and its complications. GERD has an esti-
mated worldwide prevalence of 8%–33%, involving all age
groups and all genders (130). Mucosal injury caused by
GERD, a prevalent esophageal disorder, may either induce a
mild eosinophilic response representing a mild form of EoE
(131) or cause long-lasting mucosal damage involving cyto-
kines (132). Notably, GERD associated with Barrett’s esopha-
gus may be further complicated by peptic ulcer and stricture
of the esophagus. (133, 134).

Smoothmuscle atrophy also occurs in the LES in achalasia
(7). Reduced smooth muscle contractions with muscle hy-
pertrophy may also occur above in the esophageal body in
advanced stages of achalasia or mechanical esophageal
obstruction. Although impaired smooth muscle contractility
is a major cause of esophageal motility disorders, its underly-
ing cause remains poorly investigated.

One of the causes of IEM is systemic sclerosis, wherein
smooth muscle contractility to cholinergic agents is reduced
due to increased antibodies circulating against muscarinic
receptors (135). However, other factors may also be involved
in smooth muscle atrophy without fibrosis or vascular lesions
in scleroderma. In contrast to smooth muscle atrophy, the
skin has increased fibrosis. Electron microscopy of the gastric
wall shows scant elastic and collagen fibers around the
atrophic SMCs without assembly in bundles (136).

Atrophy and senescence may result from suppression of
SMC differentiation to contractile type, causing apoptosis. In
addition, vascular ischemiamay cause severe oxidative stress,
leading to the recruitment of lymphocytes, macrophages, and
type 1 polarization, releasing cytokines IL-1b, TNF-a, and IFN-
c that induce SMC apoptosis (77). Remarkably, the upregula-
tion of miR-200 and miR-205 associated with the smooth
muscle atrophy and senescence, raises the possibility of anti-
miRs-200 and 205 as potential candidates for the treatment of
hypotensive esophageal motility in systemic sclerosis (137).

In conditions other than scleroderma, immune inflam-
mation may also occur in cases of IEM. For example, in the
LES, the site of obstruction in achalasia, degranulating MC
infiltration has been associated with atrophic smooth muscle
(7). This contrasts with reported smooth muscle hypertrophy
in the esophagus above the site of obstruction. Reduced
smooth muscle contractions with muscle hypertrophy may
also occur above the site of obstruction in the esophageal
body in advanced stages of achalasia or mechanical esopha-
geal obstruction. Under certain circumstances, mechanos-
tressed smooth muscles may induce iNOS and COX2 to
produce IL-6 and monocyte chemoattractant protein (MCP-1)
(14, 138) which in turn release strong smooth muscle inhibi-
tory molecules. Immune inflammatory signaling may trans-
form SMCs from producing excitatory molecules to the
inhibitory molecules, with changing local environments (138,

139). Collectively, impaired smooth muscle contractility is a
major cause of esophageal motility disorders; however, its
underlying cause requires careful investigation.

CONCLUSIONS

This review provides evidence suggesting that immuno-
logical inflammation plays a key role in the pathogenesis
of esophageal motility disorders. Although there is a pau-
city of direct information from the esophagus, parallel
studies in other organs, particularly ASM in asthma, pro-
vide important guideline models that may be applicable to
the esophagus.

Twomain immune-inflammatoryprocessesmaybe involved
in esophageal motility disorders. First, the initial immune
inflammation is triggered by a variety of external and internal
stimuli. In eosinophilic mucosal esophagitis, eosinophil-pre-
dominant immune inflammation leads to the formation of
esophageal stricture causing mechanical dysphagia. In achala-
sia, loss of inhibitory nitrergic neurotransmission may occur
due to a variety of causes, including immune inflammation
involving MCs. Loss of inhibitory transmission causes loss of
deglutitive inhibition and motor dysphagia. Dysphagia is a
symptomof laboredbolus transport thatmay causemechanical
stress on the smooth muscles. Second, obstructed bolus trans-
port due to increasedmechanical andmotor activities produces
stress on the smooth muscles. The mechanostressed smooth
muscles induce a unique immune response involving MCs, as
described in theASMinasthma.

The mechanostressed smooth muscles may secrete a
plethora of molecules that attract and microlocalize MCs
without eosinophils to the muscle bundles. A “closer than a
neural synapse” contact between the SMCs facilitates a
direct effect of the cellular secretions on each other to pro-
duce a circumscribed effect. MCs are chronically activated
by the secretory products (such as IL-33, IL-1a, and ATP) of
the stressed SMCs to continuously secrete mediators (like
tryptase, leukotrienes, IL4, and IL-13). These mediators then
act on the smooth muscles to produce transcriptional
changes. This sequence of events may result in smooth mus-
cle hypercontractility and hypertrophy, which further con-
tribute tomotor abnormalities.

This review also reveals a paucity of information on the
role of immune inflammation on muscle atrophy and hypo-
contractility, another major cause of esophageal motility dis-
orders. Understanding the pathophysiology of esophageal
motility disorders following above laid out novel concepts
may advance our approach towards developing rational
treatment of esophageal motility disorders.
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