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Abstract: Stretching is one of the popular elements in physiotherapy and rehabilitation. When
correctly guided, it can help minimize or slow down the disabling effects of chronic health conditions.
Most likely, the benefits are associated with reducing inflammation; recent studies demonstrate
that this effect from stretching is not just systemic but also local. In this review, we present the
current body of knowledge on the anti-inflammatory properties of stretching at a molecular level.
A total of 22 papers, focusing on anti-inflammatory and anti-cancer properties of stretching, have
been selected and reviewed. We show the regulation of oxidative stress, the expression of pro- and
anti-inflammatory genes and mediators, and remodeling of the extracellular matrix, expressed by
changes in collagen and matrix metalloproteinases levels, in tissues subjected to stretching. We
point out that a better understanding of the anti-inflammatory properties of stretching may result in
increasing its importance in treatment and recovery from diseases such as osteoarthritis, systemic
sclerosis, and cancer.
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1. Introduction
1.1. Inflammation

Inflammation is a universal defensive response of the body to potentially harmful
stimuli, where the stimulated macrophages, dendritic cells, and mast cells, through the acti-
vation of intracellular signaling pathways, produce eicosanoids and cytokines, mediators of
inflammation [1]. Eicosanoids—prostaglandins (PGs), prostacyclins (PGIs), thromboxanes
(TXs), leukotrienes (LTs), and lipoxins (LXs)—are produced by the activity of cyclooxy-
genase 1 (COX-1) (PGs, PGIs, TXs), cyclooxygenase 2 (COX-2) (PGs, LXs), arachidonate
5-lipoxygenase (LTs, LXs), and 12- and 15-lipoxygenase (LXs) from essential fatty acids [1,2].
COX-1 is responsible for maintaining tissue homeostasis through intercellular interactions
and for regulating angiogenesis; its expression is constitutive and always at a low level [3].
In contrast, the expression COX-2 is mostly inducible, with this isoform indicated as the
major factor in the development of inflammation [4]. Although COX-1 is also involved in
inflammation [5], the increase in COX-2 expression and activity is modulated by inflamma-
tory signals and is a more important source of prostaglandins in chronic inflammation than
COX-1 [6,7].

PGs synthesized by cyclooxygenases are often called local hormones, and are involved
in the control of vasomotor processes and affect autonomic and neuromuscular junctions.
They act chemotactically against leukocytes and platelets [8]. In a self-regulating process,
prostaglandins secreted by macrophages as a result of tissue injury participate in the
formation of inflammation and also lead to the inhibition of the synthesis of macrophage
factors such as interleukin-1 (IL-1) and interferons (IFNs), and to the proliferation of
macrophage progenitor cells, macrophage migration, and adherence [6,9].

Int. J. Mol. Sci. 2022, 23, 10127. https://doi.org/10.3390/ijms231710127 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms231710127
https://doi.org/10.3390/ijms231710127
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-0756-6483
https://orcid.org/0000-0003-4497-4395
https://doi.org/10.3390/ijms231710127
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms231710127?type=check_update&version=2


Int. J. Mol. Sci. 2022, 23, 10127 2 of 21

Cytokines—such as interleukins (ILs), colony-stimulating factors (CSFs) and nu-
merous tumor necrosis factors (TNFs)—also regulate inflammatory processes [1]. Anti-
inflammatory cytokines IL-4, IL-10, and IL-13 are able to suppress the genes of proinflam-
matory cytokines such as IL-1, tumor necrosis factor alpha (TNF-α), and chemokines, i.e.,
substances that can induce the upregulation of proinflammatory genes of phospholipase
A2 (PLA2) and COX-2, as well as inducible nitric oxide synthases (NOSs) [10]. Increased
expression of these genes enhances the synthesis of platelet-activating factors, leukotrienes,
prostanoids, and nitric oxide (NO) [10]. A particular role in the induction of these genes and
the initiation of the cascade of inflammatory mediators is played by the proinflammatory
cytokines IL-1 and TNF [10].

The interaction of the aforementioned inflammation mediators with their receptors,
including IL-1 receptor (IL-1R), IL-6 receptor (IL-6R), and the TNF receptor (TNFR) [11],
activates intracellular signaling pathways such as the nuclear factor kappa-B (NF-κB),
mitogen-activated protein kinase (MAPK), activator of transcription (STAT), and Janus
kinase (JAK)-signal transducer pathways, that regulate inflammatory response by the
synthesis of cytokines, the recruitment of inflammatory cells, and/or the regulation of cell
proliferation, differentiation, and apoptosis [12].

Inflammation also plays an important role in many stages of tumorigenesis [13–15]
where it interacts with cellular transformation, promotion, proliferation, invasion, angio-
genesis, and metastasis [16]. In the tumor microenvironment formed by cancer, stromal
cells, and inflammatory cells, the induction of inflammation follows a distinct timing,
and the contribution of tumor-promoting inflammation might emerge prior to or after
the initiation of tumorigenesis, and remain silent until the late stages of metastasis [17].
Chronic inflammation may contribute to tumorigenesis [18,19] while, on the other hand, the
inflammation is also needed to suppress the growth of the tumor and immunosuppression
provides ideal conditions for the growth of abnormal cells, allowing the progression of
tumorigenesis [15].

Both pro- and anti-inflammatory factors influence cell activity and function. They
constitute a specific regulatory network and condition the proper course and result of
inflammatory responses which, if uncontrolled, could lead to irreversible tissue destruction
and loss of function [20].

1.2. Stretching

Stretching has a positive effect on muscle strength and flexibility, range of motion in a
joint, and blood supply to the musculoskeletal system, protecting against injury. In addition,
stretching relieves pain caused by excessive muscle tension and is an alternative form of
aerobic exercise in diabetics, stroke patients, and oncology patients [21–29]. The basis of
stretching exercises is brief isometric work of the muscle followed by slow relaxation and
stretching for several tens of seconds, which results in an increase in microvascular volume,
the number of capillaries per muscle fiber, levels of hypoxia-inducible factor 1 (HIF-1),
vascular endothelial growth factor (VEGF), and NOS [28–31].

Stretching is part of most sports, daily life, and rehabilitation therapies. One of the
most widely known and practiced holistic postural traditions is yoga [30], comprising a
collection of stretching exercises that involve maintaining postural poses in conjunction
with a conscious natural breathing rhythm [31,32]. Tai Chi Chih (TCC), a traditional
Chinese art of movement, is also based on stretching, coordination, and relaxation exercises.
Exercises such as yoga and TCC lower stress levels, enhance the immune response, reduce
circulating IL-6, and increase anti-inflammatory IL-10 levels [33–38]. At moderate intensity,
they can be successfully performed by older people to improve their health and compensate
for a lack of exercise [39].

Stretching is also a regular part of athletic training. Although static stretching during
a warm-up can cause performance deficits during exercise [40], it can promote muscle
fiber growth which, when combined with strength training, generates an added effect to
strength after training. Research suggests that active as well as passive muscle contractions
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accelerate anabolic pathways in muscles, including the mechanistic rapamycin (mTOR)
pathway, which induces protein synthesis and leads to skeletal muscle growth through
the activity of phospholipase D (PLD) and phosphatidic acid (PA) production [41–44].
Physiotherapy and rehabilitation also extensively use techniques based on massage and
passive stretching of individual muscle groups [45,46].

Both active and passive stretching have been successfully applied in studies using
laboratory animals [47–49] and the use of methods involving tensile apparatus allow the
mechanical stimulation of selected cell lines such as fibroblasts and chondrocytes [50,51].
Techniques used in the research include myofascial release (MFR), osteopathic manipulative
techniques (OMT), similar indirect osteopathic manipulative techniques (IOMT), cyclic
tensile strain (CTS), repetitive motion strain (RMS), cyclic short-duration strain (CSDS),
and CSDS combined with acyclic long-duration strain (ALDS), which is a basis of MFR [52].
The aforementioned techniques may aim to induce a therapeutic effect (MFR, OMT, CTS) or
may cause injury to the tissues under investigation (RMS, CSDS) and subsequent recovery
(e.g., ALDS) [52].

The most common stretching method is MFR, a technique that involves applying
gentle continuous pressure to myofascial connective tissue, often used in massage-based
therapies [53] and OMT, which is a set of practical techniques (articulatory, counterstrain,
cranial, facilitated positional release, fascial ligamentous release, functional, low velocity
and moderate to high amplitude, lymphatic, muscle energy, myofascial/integrated neuro-
muscular release, and soft tissue) involving the patient’s muscles and joints undergoing
stretching, gentle pressure, and resistance. The precise counterforce applied by a physician
allows the specific directed movement of the tissue from a controlled/neutral position in
the desired direction [54,55]. Such techniques are often used by osteopathic practitioners
and physiotherapists to solve pain and tissue dysfunction and to reduce joint restriction [56].
Indirect osteopathic manipulative techniques (IOMT), similar to MFR, involve holding a
musculoskeletal structure in a comfortable position, balancing it in three planes of motion,
and continuing to make small adjustments to the position until the tissues around that
structure relax [57,58]. A therapeutic effect is also observed after applying cyclic tensile
strain (CTS), which simulates continuous passive motion [51].

These therapies have positive results in treating immobility and eliminating skeletal
muscle pain by relaxing contracted fibers, improving blood and lymph circulation and
oxygen distribution (MFR) [53,58]. They also improve body alignment and mobility (IOMT)
and prevent injuries (IOMT) [54,55]. Stretching-based therapies reduce pain levels and
improve gait in animal models [47,49,59]. They also lead to pain relief in systemic sclero-
derma, shoulder, back, and knee pain [46,47,60–64], and also have positive effects in treating
insomnia, fatigue, and depressive symptoms [65]. The combination of MFR therapy with
conventional medical treatment produces much better clinical results (immediate relief of
pain and reduced tissue tenderness) than those that occur with drug therapy alone [66,67].
In addition, the use of stretching techniques leads to reduced swelling, reduced analgesic
dosage, and increased range of motion, as well as improved joint and muscle conditioning
after injury [68–70].

It is well-documented that correctly guided rehabilitation helps to minimize or slow
down the disabling effects of chronic health conditions [60,71,72]. Most likely, these benefits
are due to minimizing inflammation in response to stretching exercises. Recent studies
demonstrate the positive effects of stretching not only on systemic but also localized
inflammation—resulting in reduced inflammatory infiltration around subcutaneous lesions,
neutrophil count and migration, and inflammatory lesion thickness [47,49]. However,
the molecular and tissue mechanisms underlying the anti-inflammatory properties of
stretching-based exercise are still poorly understood. Such understanding may contribute
to the significance of stretching and its addition to the pharmacological treatment of
conditions caused by generalized and local inflammation.

To date, there has not been a review summarizing current knowledge on the mecha-
nisms underlying anti-inflammatory and anti-cancer properties of stretching. Therefore,
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the aim of this review is to collect and summarize available literature in the area in terms of
morphological changes, regulation of proinflammatory genes and cytokine expression in
inflammation induced by applying RMS and CSDS, the introduction of IL-1 or carrageenan,
as well as collagen synthesis and degradation and its anti-cancer properties.

A comprehensive search of PubMed, ScienceDirect, and Google Scholar was con-
ducted from 2000 to 2022 to identify suitable literature. The search strategy included the
following terms: ((stretch) OR stretching) AND anti-inflammatory AND (in vivo or in vitro
or ex vivo or fibroblasts or chondrocytes). From 1081 identified studies, only 22 met the
criteria. Inclusions required stretching to be applied as a treatment method, the existence
of a control group, and evaluation of at least one inflammation-related parameter (i.e.,
macroscopic/microscopic evaluation, inflammatory cell count/sorting, enzymatic tech-
niques, gene/protein expression evaluation, etc.). Publications that did not refer to the
anti-inflammatory effect of stretching, as well as studies that included stretching of other
body systems (i.e., vascular system, respiratory system, etc.), were excluded. The results
were organized into sections, which enabled assessment of the effects of stretching at the
macroscopic and microscopic levels (inflammatory lesion and tissue morphology) and at
the molecular level (proinflammatory genes and cytokine expression), and divided into
results obtained on patients, animals, and cell cultures. Then, we reviewed the effect of
stretching on collagen formation and degradation, along with its effect on systemic sclerosis
(SS) and the anti-cancer effect of low-level exercises.

2. Stretching and Inflammation
2.1. Inflammatory Lesion and Tissue Morphology

The inflammatory infiltrate formed by the infiltration or accumulation of inflammatory
cells is the result of tissue reactions to harmful stimuli. The infiltrate is formed by the
action of neutrophils, lymphocytes, plasmacytes, eosinophils, macrophages, and mast cells
and is accompanied by the vasodilation and accumulation of exudate, resulting in tissue
swelling [73].

Corey et al. (2012) showed that stretching reduces inflammatory infiltration around
subcutaneous lesions, improves gait, and reduces pain sensitivity. In their model, in-
flammation was induced by injecting carrageenan (a polysaccharide that, when injected
subcutaneously, causes severe swelling) into the subcutaneous connective tissues of the
lower back of studied animals (mice). The stretching model used was similar to methods
used in physiotherapy or yoga (active stretching) [47], and the effect of the exercises per-
formed was a significant change in macrophage marker expression (CD68) around the tissue
analyzed. The carrageenan/stretch group had reduced macrophage marker expression
in the connective tissue of the lumbar region compared to the carrageenan/no-treatment
group and the carrageenan/sham group. Ultrasound measurements additionally showed
a reduced thickness of the examined tissues, understood as the size of the inflammatory
infiltrate in the stretch group [47].

In another study using the carrageenan inflammation model, Berrueta et al. (2016)
demonstrated that active and passive stretching (under anesthesia) activates local anti-
inflammatory processes in mice [49]. Ultrasound results showed that stretching reduced
the thickness of the inflammatory lesion and its cross-sectional areas, as well as reduced
the number of neutrophil granulocytes and the total number of cells in the inflamed area.
Both passive and active stretching produced similar results, and these effects were similar
to those observed after treatment with resolvin D2 (Rvd2), a specialized pro-resolving
mediator (SPM) with anti-inflammatory properties [49,74]. SPMs are a wide group of cell
signaling agents produced from polyunsaturated fatty acids (PUFA). They take part in the
resolution and silencing of the inflammatory response by inhibiting the migration and/or
infiltration of inflammatory cells and the release of proinflammatory mediators [75,76].
Researchers also conducted ex vivo studies to investigate the local effects of tissue stretch-
ing independent of the vascular, lymphatic, and neuromuscular systems. They showed
that tissue stretching 48 h after carrageenan injection was associated with a significant
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reduction in neutrophil migration in the connective tissue in mice [49]. Similar results
were obtained by Wang et al. (2022) where, in a posttraumatic knee contracture model,
the implementation of static progressive stretching (30 min) resulted in a reduction in the
number of inflammatory cells [59].

Looking for the basis of the analgesic action of MFR, Meltzer et al. used the RMS-
induced inflammation model in human fibroblast cultures [50]. They observed elongated
lamellopodia, cellular decentralization, larger intercellular distances, and reduced cell–
cell contact area, which resulted in induced inflammatory responses. Reductions in the
fibroblast structure were noticed following MFR therapy (3 h after RMS). The apoptosis
rate in the RMS group was elevated, and the implementation of MFR reduced this. The
application of both techniques did not alter the proliferation rate of fibroblasts [50].

In 2018, Langevin et al. used domestic swine to study the effect of stretching on
inflammation, as their back structure is more similar to humans than were the rodents
used in previous studies [47,49]. The animals of the study groups underwent a unilateral
fascia injury in the dorsal trunk, then were subjected to movement restriction (prevented
from full hip extension and pelvic lateral flexion in the transverse plane during gait) and
then stretching. The stretching model differed from those used in previous studies [47,49]
because the focus was on stretching the hip and lower back [77]. The fascia thickness in-
creased overall from week 8 to week 12, despite the animals returning to normal gait speed.
However, this effect may be linked to non-inflammatory pathologies and physiological
processes such as tissue growth, muscle contraction, and mucosal physiology [78]. By
week 12, there were no significant differences in fascia thickness between the groups. This
shows that reduced fascia mobility in response to an injury along with movement restric-
tion is a plastic phenomenon that worsens over time and persists even when movement is
restored. Four weeks of daily 10 min passive stretching of the hip and lower back tissues
after the restriction was removed was not superior to simply removing the restriction [77].
Despite the lack of difference between the stretching and non-stretched groups, the study
suggests that an important issue in controlling inflammation through stretching may be
the stretching method itself, with the method used not exerting sufficient tension on the
thoracolumbar fascia [77].

Studies using domestic swine were also conducted by Vergara et al. (2020), this time
using stretching techniques similar to those used by Berrueta et al. and Corey et al. [47,49].
A carrageenan-induced inflammation model was used and the pigs were stretched by
holding their legs twice a day for 5 min over 48 h [48]. The results obtained showed
reduced inflammatory lesions and lesion mass in the stretching (S) group compared to
the non-stretched (NS) group. The S group’s lesions had 71% fewer granulocytes and 49%
fewer macrophages compared to the NS group. However, the observed differences were
not statistically significant (probably due to the small size of the study groups, n = 4 for
each group) [48].

The results obtained in the aforementioned studies confirm that stretching affects local
inflammation and accelerates the resolution of inflammation [47,49]. They also indicate
a significant role of rehabilitation and stretching in reducing inflammatory infiltration,
which is likely underpinned by both systemic and local mechanisms [47,49]. Furthermore,
the mode of stretching seems to be significant [48,77]. Stimulation of connective tissue
may be an important therapeutic goal, and stretching may serve as a viable method of
treatment [49,50].

2.2. Proinflammatory Genes and Cytokine Expression

Most proinflammatory genes are not expressed under physiological conditions but
are rather controlled by phosphorylation and dephosphorylation of many transcription
factors, and can be triggered by stress factors that activate intracellular signaling pathways
such as mitogen-activated protein kinase (MAPK) cascades, the NF-κB, and the JAK–STAT
signaling pathway [10,12,79]. Dysregulation of these genes is associated with inflammation
and the progression of diseases such as cancer, diabetes, and autoimmune diseases [79,80].
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The cytokines secreted as a result of inflammatory response also activate the aforementioned
cascades [10].

2.2.1. Patient Studies

Stretching exercises, as well as exercises with a prominent stretching component (e.g.,
yoga, Tai Chi), can reduce levels of circulating proinflammatory cytokines [35,65,81,82].
A study by Sarvottam et al. (2013), based on hourly whole-body stretching exercises
(yoga) performed for 10 days, showed a reduction in IL-6 levels as well as increased levels
of adiponectin—a potential endogenous anti-atherogenic factor produced by mature fat
cells [81,83]. Overweight and obese patients often exhibit low-grade inflammation, which
can result in chronic inflammatory disease [84]. These patients also often have elevated
circulating IL-6, a proinflammatory interleukin that is a risk indicator for cardiovascular
disease (CVD) [85]. According to Sarvottam et al. (2013), even a short-term change in
lifestyle can lead to lower blood pressure and weight loss, and can exert anti-inflammatory
and anti-atherogenic effects. Despite the study being conducted on a group of only 51 men,
the results obtained indicate the relevance of stretching exercises in reducing the risk of
CVD [81]. Similar results have been obtained by trainers of TCC, which is shown to be a
useful behavioral intervention resulting in lower circulating levels of IL-6 [35].

2.2.2. Animal Studies

The study mentioned earlier in Section 2.1 was based on a carrageenan-induced
inflammation model [49] in which stretching resulted not only in morphological improve-
ments, but also in higher concentrations of resolvin D1 (RvD1), a signaling molecule with
anti-inflammatory properties [86–88]. The concentration of LTB4, an eicosanoid produced
during inflammation [89], was not significantly altered by stretching. However, the stud-
ies showed a two times higher ratio of RvD1 to LTB4 following stretching, compared to
controls, thus demonstrating the additional anti-inflammatory potential of stretching [49].

Vergara et al. conducted a study on pigs (n = 4) to analyze the production of SPMs in
carrageenan-induced inflammation and found no changes in the expression of any of the
investigated proinflammatory genes, with differences in protein expression not statistically
significant, most likely due to the small group size [48]. However, some trends were
observed. In the serum, both lipoxin A4 and RvD1 were higher in the stretching group,
with the proinflammatory mediator prostaglandin D2 (PGD2) exhibiting an almost twofold
decrease. Within the lesion, the stretching did not alter RvD1 or LXA4 levels; however,
the ratio of serum LXA4 or RvD1 to PGD2 showed a nearly twofold increase following
stretching compared with the control group [48]. Lipoxins are specialized pro-resolving
mediators (SPMs), and their synthesis increases in response to increased concentrations
of arachidonic acid metabolites [74]. The increased ratio between LXA4 and PGD2 could,
therefore, suggest the initiation of resolution of the inflammation.

2.2.3. Cell Culture Studies
Mechanically Induced Inflammation

Meltzer and Standley (2007) used RMS in their study to model IOMT and investigate
the response of fibroblasts [90]. OMT is a set of techniques used by osteopathic physicians,
during which elements of stretching are combined with the application of appropriate
pressure to muscles and joints [91], and is often prescribed for the management of many
health conditions [92]. RMS in the fibroblast culture resulted in decreased cell proliferation,
decreased secretion of interleukin-1 receptor antagonist (IL-1ra) with anti-inflammatory
properties, and increased secretion of proinflammatory factors IL-1α, IL-1β, IL-2, IL-3, IL-6,
and IL-16. In contrast, IOMT treatment alone resulted in a decrease only in the secretion of
the proinflammatory IL-3 [90]. IOMT following stimulation of the RMS cells did not lead to
an induction of interleukin secretion that could be observed after RMS alone, but resulted
in a decrease in proinflammatory IL-6 secretion and an increase in cell proliferation. Thus,
the inflammatory response of fibroblasts is dependent on the stretching model used, with
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IOMT appearing to reverse the proinflammatory effects caused by RMS stimulation by
regulating cytokine secretion [90].

Eagan et al. (2007) investigated the cellular mechanisms behind the positive clinical
outcomes of manual medicine treatments (MMT) and showed that regulation of the inflam-
matory response was influenced by the stretching model used, with equibiaxially strained
cells having increased fractalkine (CX3CL1) secretion [93]. A soluble fraction of fractalkine
serves as a chemoattractant for T cells, monocytes, and NK cells [89]. The aforementioned
cytokine regulates apoptosis and can promote the death of damaged neural cells [94], but
when released from apoptotic cells, it induces both antiapoptotic and mitogenic effects
on neighboring vascular smooth muscle cells, and promotes proper wound healing and
regeneration by inhibiting fibrotic responses to cell death [95,96]. MMT was also associated
with reduced secretion of the pulmonary and activation-regulated chemokine/CCL18, as
well as the macrophage-derived chemoattractant/chemokine MDC and, compared to the
model of heterobiaxial strain, equibiaxially stretched cells showed reduced proliferation
and reduced secretions of MDC and IL-6 [93].

Meltzer et al. (2010) observed an increased apoptosis rate in RMS-induced inflamma-
tion, which was most likely based on the observed upregulation of apoptosis-associated
signaling protein kinase 2 (DAPK-2). After implementing MFR as a treatment for inflam-
mation, a downregulation of this protein was observed, as well as an increase in serine
133-phosphorylated cyclic adenosine monophosphate (cAMP) response element-binding
protein (CREBS133) in the RMS groups [50]. Phosphorylation of CREB at site S133 activates
this protein, leading to an altered expression of many genes [97]. It has been proven that
overexpression of CREB protects against tunicamycin-induced apoptosis [98]. Upregula-
tion of phosphorylated CREB also increased in the MFR and RMS+MFR vs. RMS groups,
which may indicate the implementation of processes aimed at limiting apoptosis, the rate
of which is faster following MFR. A similar effect may arise from the upregulation of phos-
phorylated focal adhesion kinase (FAK), an enzyme suppressing apoptosis [99], observed
both in RMS vs. control and following MFR in groups with no inflammation and the
RMS-induced inflammation group [50]. The lack of change in the proliferation rate in this
study was probably masked by DAPK-2-associated apoptosis [50]. In terms of the secretion
of cytokines and growth-promoting mediators, Meltzer et al. (2010) observed no changes
indicative of modulation of the inflammation but, as they noted, their results do not exclude
the existence of changes in the expression of receptors of the studied mediators, as well
as in the expression of intracellular effectors or expression/secretion in non-measured
mediators [50].

Another study was undertaken by Anloague et al. 2020, analyzing the effect of mechan-
ical stimulation of human dermal fibroblasts on inflammatory processes, wherein primary
human dermal fibroblasts were subjected to an 8-hour-long CSDS or CSDS combined with
ALDS. Anloague et al. confirmed that cyclical mechanical strain increases levels of IL-6
and, adding long-duration stretching intended to mimic therapeutic soft-tissue stimulation,
results in a reduced IL-6 levels [100]. Expanding the cytokine profile also allowed the team
to prove that long-duration stretching (CLDS+ALDS) results in lowered levels of IL-8, one
of the most potent chemotactic factors [100]. Similar results were obtained by Nazet et al.
(2020), where advanced stretching led to a reduction in the inflammatory effects of TNF-α,
IL-6, and IL-1β, but the implementation of short-term high-frequency cyclic tension or
static isotropic tension was associated with proinflammatory effects [101].

IL-1-Induced Inflammation

More than any other cytokine family, the IL-1 family is primarily associated with
innate immunity [102] and IL-1β is often used to induce inflammation in studies on
rodents [51,103–106].

In a study on rabbit articular cartilage, Xu et al. (2000) demonstrated that CTS acts as
a potent antagonist of IL-1β [51]. High levels of IL-1 in the joint synovium of patients with
osteoarthritis are associated with cartilage destruction [107,108]. IL-1 increases leucocyte



Int. J. Mol. Sci. 2022, 23, 10127 8 of 21

recruitment and increases the activity of matrix metalloproteinases (MMPs), leading to joint
destruction through both degradation and decreased synthesis of matrix components [109].
Due to the increased production of reactive nitrogen species, IL-1 is also associated with
elevated deoxyribonucleic acid (DNA) damage [110]. In contrast, stimulation (CTS) of
chondrocytes cultured in the presence of IL-1β leads to the suppression of the expression
of proinflammatory genes such as inducible nitric oxide synthase (iNOS) and COX-2 and,
consequently, to a decrease in the synthesis of NO and prostaglandin E2 (PGE2). The
anti-inflammatory and regenerative effects observed following CTS are similar to those
obtained with drugs that reduce cartilage degradation [51].

Further studies on the mechanisms responsible for the anti-inflammatory properties
of CTS were conducted by Madhavan et al. in 2006. They cultured CTS chondrocytes in the
presence of IL-1β for various periods, followed by a period of rest. The researchers showed
that 90% of the expression of IL-1β-induced proinflammatory genes—iNOS, COX-2, matrix
metalloproteinases 9 (MMP-9), and matrix metalloproteinases 13 (MMP-13)—was able to
be blocked by continuous CTS [111]. Eight hours of CTS was able to reverse the changes
produced by 16 h of exposure to IL-1β, but was unable to reduce iNOS expression after
28 h and 40 h of exposure. The data suggest that continuous CTS inhibits IL-1β-induced
proinflammatory gene expression at the transcriptional level, and that the signals generated
by CTS are sustained after cessation, with the persistence depending on the duration of
exposure [111].

Research on the effects of biomechanical signals in joint inflammation was also con-
ducted by Dossumbekova et al. (2007), who, using a rat chondrocyte culture, demonstrated
that CTS inhibits the IL-1β-induced activation of proinflammatory genes by the nuclear
factor kappa-light-chain-enhancer of activated B-cell (NF-κB) cascades [112]. The analysis
by Dossumbekova et al. (2007) shows that CTS rapidly inhibited the IL-1β-induced nuclear
translocation of NF-κB, but not its phosphorylation at serine 536 and serine 276. Scientists
also showed that the stretching method they used repressed gene transcription of IκBα and
IκBβ (associated with the NF-κB pathway); however, it inhibited their cytoplasmic protein
degradation. The reduction in degradation of IκB was caused by downregulation of IκB
kinase activity. A rapid nuclear translocation of IκBα, presumably to prevent the binding
of NF-κB to DNA, was also observed [112]. The results indicate that the NF-κB signaling
cascade is indirectly affected by CTS at multiple points (sites), resulting in the attenuation
of IL-1β-induced proinflammatory gene expression [112] (Figure 1).

Similar results were obtained by Branski et al., 2007, using rabbit vocal cord fibroblasts
cultured in the presence of IL-1β following different magnitudes of CTS [113]. The results
obtained confirm earlier reports on the increase in expression of iNOS, COX-2, and MMP-1
in vocal cord fibroblasts at the mRNA and protein level under the influence of IL-1β. CTS
nullified the IL-1β-induced activation of the mentioned genes in a magnitude-dependent
manner [113].

Mechanical signals of low magnitudes applied in dynamic mechanical stimulation
show a strong anti-inflammatory potential. Their application leads to the attenuation
of proinflammatory gene induction by IL-1β and TNF-α [114,115]. A study on the time-
dependent effects of dynamic tensile forces (DTF) on fibrochondrocytes harvested from rat
knees by Ferretti et al. (2006) showed, similarly to Madhavan et al. (2006), inhibition of
IL-1β-dependent induction of iNOS [115]. The observed effect depended on the magnitude
used and was present for up to 20 h after the end of stimulation. The mRNA expression
of IL-1β decreased successively after the application at magnitudes ranging from 5% to
20%, which translated into NO accumulation as well as iNOS synthesis in IL-1β-induced
inflammation. The results obtained by Ferretti et al. were also dependent on the frequency
of the signals used—the greatest decreases in iNOS mRNA expression were observed at the
lowest frequency applied—0.025 Hz. At other applied frequencies, the decrease in iNOS
expression was not as spectacular. DTF also strongly inhibited the mRNA expression of
TNF-α and MMP-13 and their proteins. An increase in the expression of these molecules
is observed after injury and, therefore, the introduction of DTF blocks the expression
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of inflammatory mediators and protects inflamed joints from a loss of function. The
results reported by Ferretti et al. in 2006 indicate that mechanical signals act as strong
anti-inflammatory signals and this response is magnitude- and frequency-dependent and
continues even after DTF cessation. The use of mechanical forces of appropriate intensity
may, therefore, be recommended in the rehabilitation of meniscal cartilage [115].
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The aforementioned studies confirm that CTS and DTF reduce cartilage degradation,
producing effects similar to those observed following pharmacotherapy. IL-1β-induced
inflammation under stretching may be reduced by changes in the expression of iNOS and
COX-2, MMP-9 and MMP-13, MMP-1, and TNF-α, causing a decrease in NO and PGE2
synthesis, and affecting the NF-κB signaling cascade [111–113,115]. The presence of IL-1β
in the joint synovium of patients with RA or osteoarthritis (OA) plays a key role in cartilage
destruction [103,107,108]. Therefore, CTS may be particularly important in alleviating and
controlling arthritic diseases of different etiologies. Further research is required to more
precisely establish the molecular consequences of tissue stimulation by stretching.

3. Stretching and Collagen Metabolism
3.1. Collagen Synthesis and Degradation

Collagen is the major insoluble fibrous protein present in the extracellular matrix and
connective tissue, with aggrecan being the major proteoglycan in articular cartilage [116].
During inflammation, collagens are able to modulate the cellular inflammatory response
and activity, according to the microenvironment and physiological processes involved [117].
MMPs, collagen-degrading enzymes, are involved in this regulation. Aggrecan interacts
with the morphogens and growth factors directing tissue morphogenesis, remodeling, and
metaplasia [118]. Mediators associated with inflammation and joint strain degrade the
aggrecan, with the presence of aggrecan fragments as a marker of ongoing cartilage destruc-
tion in osteoarthritis. Aggrecan participates in both the demise and survival of articular
cartilage [119,120]. Collagen type II and aggrecan are important structural components of
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cartilage, but the increased accumulation of collagen in the skin and other tissues can lead
to impaired tissue function and cause diseases such as systemic sclerosis (SS) [71,120].

A study on articular cartilage [51] showed increased collagen production in response
to CTS, the suppression of IL-1β-dependent collagenase synthesis, and a reversal of IL-
1β-induced downregulation of tissue inhibitor of metalloproteinases 2 (TIMP2). Under
these conditions, enzymatic degradation of collagen type II is reduced and new collagen
molecules can improve the condition of the joint [51]. Furthermore, the synergistic action of
CTS and gallic acid resulted in the increased deposition of glycosaminoglycan and collagen
type II and IX in human articular chondrocytes [121].

A study by Bouffard et al. (2008) was based on the premise that transforming growth
factor β1 (TGF-β1) is one of the most important cytokines regulating the fibroblast response
to injury, affecting remodeling, immune modulation, scarring, fibrosis, and development or
progression of cancer [122–125]. Bouffard et al. (2008) tested if a 10-minute-long static tissue
stretch attenuated TGF-β1-induced procollagen formation. They used an ex vivo model
(mouse subcutaneous tissue) and an in vivo model—mice with a unilateral subcutaneous
microsurgical back injury, where mice were subjected to stretching for 4 or 7 days, 10 min
per day, respectively. In the ex vivo study, TGF-β1 protein levels were lower in the stretched
tissue compared to the unstretched tissue, whereas in the in vivo model, the microinjury
caused a significant increase in type-1 procollagen levels in the unstretched group but not
in the stretched group [122]. It is well documented that long-term low amplitude static
or cyclical stretching in a TGFβ-induced inflammation model increases the synthesis and
deposition of collagen [126–130]. In contrast, Bouffard et al. (2008) demonstrated that short-
term tissue stretching attenuates an increase in both soluble TGF-β1 (ex vivo) and type-1
procollagen in connective tissue after injury [122]. The results are consistent with those
obtained by Wang et al. (2022), where applying static progressive stretching in rats with
traumatic knee contracture lowered the expression of TGF-β1 and IL-6, and suppressed
collagen proliferation [59,131]. Since the increase in expression of TGFβ mRNA, similar to
type-1 procollagen, occurs following an injury [132], the results obtained by Bouffard et al.
and Wang et al. indicate that inflammation is attenuated after the application of a brief
static tissue stretch [122,131].

In vocal fold fibroblasts, in which type-I and type-IX collagen are the major collagens,
Branski et al., 2007 demonstrated that CTS blocks IL-1β-induced inhibition of collagen
synthesis, increasing the amount of collagen type I. The authors state that their results
present the beneficial effects of low-level vocal exercise and their importance in tissue
regeneration [113].

Stretching also modulates the aggrecan concentration. In a study on chondrocytes [111],
3% CTS at 0.25 Hz was shown to negate the IL-1β-induced inhibition of aggrecan synthesis.
In addition, even after a 20-hour-long rest following CTS, a decrease in the expression
of MMP-9 and MMP-13 was observed, indicating the inhibition of collagen degradation.
In addition to collagen, MMP-13 activity also leads to the degradation of aggrecan, so a
decrease in the expression of this metalloproteinase will be an additional factor in protect-
ing the tissue from damage [133]. The remodeling of the extracellular matrix (decrease
in collagen-I-alpha-2) was also observed by Nazet et al. after applying long-term tensile
strain [101], and by Abusharkh et al. (2021), where combination of gallic acid and CTS
led to the downregulation of MMP-1 and MMP-13 [121]. The findings prove that the
effectiveness of physiotherapy at the cellular level may be relevant in the management of
arthritic joints [111].

Increased collagen synthesis and MMP expression are observed following injury
and are associated with ongoing inflammation. During tissue repair and scar formation,
however, excess deposition of fibrous connective tissue can lead to impaired tissue function.
The anti-fibrotic or pro-fibrotic effect of stretching is probably dependent on the amount,
timing, and duration of the therapeutically applied stretch.
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3.2. Systemic Sclerosis

Systemic sclerosis (SSc) is an autoimmune disease characterized by increased collagen
accumulation in the skin and other tissues [134]. It targets the vascular system, immune
system, and connective tissue fibroblasts and myofibroblasts. Treatment of this incompletely
understood disease remains a challenge for clinicians and new therapeutic approaches are
constantly being sought [134,135].

In a 2017 study, based on previous findings that stretching promotes the resolution
of inflammation [47,49] and lowers the formation of collagen after injury [122], Xiong
et al. analyzed whether stretching could also delay the development of SSc. To induce
dermatitis followed by fibrosis, Xiong et al. used the adoptive transfer of splenocytes
from B10.D2 mice into Rag2−/− BALB/c hosts (sclerodermatous graft-versus-host disease
(scl-GvHD)) [71]. The use of scl-GvHD allowed researchers to map the inflammation
observed in SSc patients [136,137]. After 3 weeks of in vivo experimentation, a decrease
in the thickness of the analyzed tissue and greater relative tissue displacement in scl
mice undergoing stretching were observed, indicating the extinction of the inflammatory
response in the analyzed area. Suggesting a lack of difference in the simple displacements
of either skin or subcutaneous tissue, Ying Xiong et al. (2017) inferred that stretching does
not change the absolute amount of tissue displacement, but affects the relative inter-layer
mobility of tissues [71]. In contrast, an ex vivo experiment showed that 4 weeks of stretching
reduces fibroblast expansion in explants from scl-GvHD mice, and in vivo stretching does
not prevent the loss of fibroblast responsiveness ex vivo [71]. In earlier reports, scientists
showed that ex vivo stretching of fibroblasts causes a decrease in tissue tension and an
expansion of the cell cytoskeleton [75]. However, in the Xiong et al. study, impairments in
the remodeling of connective tissue fibroblasts observed in scl-GvHD explants were not
affected by stretching, which suggests that the beneficial effect of stretching in SSc is not
based on fibroblast-mediated tissue relaxation [71].

Xiong et al. (2017) also examined the expression of TGF-β, a tissue inhibitor of metal-
loproteinases 1 (TIMP1), MMP-12, a disintegrin and metalloproteinase domain-containing
protein 8 (ADAM8), interleukin-4 receptor subunit alpha (IL4RA), and chemokine (CC
motif) ligand 2 (CCL2)—factors that are upregulated in both mouse scl-GvHD and the in-
flammatory subgroup of SSc patients [136–139]. Stretching significantly decreased ADAM8
and CCL2 mRNA expression [71].

The aforementioned studies indicate that daily stretching, even in the absence of drug
treatment, may contribute to a reduction in inflammation in a mouse model of scl-GvHD.
Stretching may, therefore, be part of therapy in patients with SSc.

4. Stretching vs. Cancer

Physical activity is associated with increased survival in many cancer types. Cancer
patients practicing yoga, TCC, and Qi Gong have reported improved mobility and well-
being [21,23,24]. Stretching exercises following breast cancer surgery resulted in increased
shoulder range of motion and decreased chest tightness and pain—these exercises are
an important part of rehabilitation to prevent post-surgical complications [140,141]. It is
also known that intensive exercise slows tumor growth [142,143], reduces intratumoral
inflammation [72,144], and inhibits the progression of androgen-dependent prostate LNCaP
tumors [145]. However, heavy physical exercise is often impossible for cancer patients, so
stretching may provide a good alternative, although the molecular basis of the beneficial
effects of physical activity on attenuating tumor growth is still undefined. To date, only one
study considering the molecular actions of stretching in cancer patients has been conducted.

In a study by Berrueta et al. (2018), a mouse breast cancer model was obtained by
giving mice a bilateral injection of p53/PTEN double-null primary mouse mammary tumor
cells. The researchers used an earlier stretching model [49] involving raising the animals
by the base of the tail to a ~45◦ angle to horizontal. The results showed no significant
difference in the abundance of macrophages expressing clusters of differentiation (CD) 64
and CD206/Arg between the groups; however, tumor growth from week 2–4 was slower
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in the stretching mice, and the tumor volume at euthanasia was more than half that of the
non-stretching group. Overall levels of inflammatory mediators, including IL-2, IL-6, IL-10,
TNF-α, and INF-γ, were elevated in the stretching group (Figure 2) [146].
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In a model of carrageenan-induced inflammation, stretching was confirmed to increase
the number of INF-γ+ CD4+ T cells within the inflammation [146]. INF-γ is a cytokine
mainly produced by natural killer (NK) cells and natural killer T (NKT) cells, as well as CD4
Th1 and CD8 cytotoxic T lymphocyte effector T cells, and is involved in cytotoxic immune
responses [147]. Thus, the increase in INF-γ in the stretching group indicates that stretching
promotes TH-1 cytotoxic immunity. During tumor development, cytotoxic immunity is
impaired, resulting in T-cell exhaustion. The reduction of cytokines and the presence of
inhibitory receptors on T cells reduce the destruction of cancer cells, allowing them to
proliferate [148]. A study by Berrueta et al. (2018) showed no differences in total numbers
of CD3+, CD4+, and CD8+ tumor-infiltrating T cells, but the expression of programmed
death receptor-1 (PD-1) in CD8+ T cells was lower in the stretching mice compared to
the control mice. The isolates of CD8+ T cells from the tumor-draining axillary lymph
node showed no differences in TNF-α+ and INF-γ+ lymphocytes; however, IL-2+CD8+

lymphocytes were significantly more abundant in the stretching group. The study also
described the levels of RvD1 and RvD2, pro-resolving mediators, as significantly greater in
the stretching mice vs. the control mice (Figure 2) [146].

Chronic inflammation may contribute to tumorigenesis [18,19]; however, the inflamma-
tory process is also needed to suppress the growth of the tumor, and immunosuppression
provides ideal conditions for the growth of abnormal cells, allowing the progression of
tumorigenesis [15]. Therefore, the results of Berrueta et al. indicate that stretching restores
cytotoxic immunity by reversing CD8+ T-cell impairment and T-cell activation. The interac-
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tion of cytotoxic immunity and pro-resolution mechanisms involving the action of RvD1
and RvD2 may thus contribute to reduced tumor growth in response to stretching [146].

5. Conclusions and Future Prospects

The beneficial effects of stretching are the basis of its use in physiotherapy and reha-
bilitation. Recent studies show that the activation of both systemic (reducing the level of
circulating proinflammatory cytokines) and localized anti-inflammatory mechanisms are
responsible for these results. In tissues subjected to stretching, a decrease in inflammatory
infiltration is observed, as well as a decrease in the number and migration of neutrophils,
which may be caused by changes in the expression of iNOS and COX-2, MMP-9 and
MMP-13, MMP-1, and TNF-α, causing a decrease in NO and PGE2 synthesis, as well as the
effect of stretching on the NF-κB signaling cascade. The model of stretching seems to be
significant—active stretching has significantly greater benefits than passive stretching [146],
and CTS and DTF reduce cartilage degradation, producing effects similar to those observed
in pharmacotherapy. Further, the anti-fibrotic or pro-fibrotic effect is most likely dependent
on the amount, timing, and duration of the therapeutically applied stretching. Revised
publications have been summarized in Table 1.

Table 1. Table summarizing anti-inflammatory effects of stretching.

Treatment/Model Results References

Inflammatory Lesion and Tissue Morphology

Active and passive stretching/
carrageenan-induced inflammation

↓ CD68 expression (macrophages number)
↓ thickness of the inflammatory lesion

↓ lesion mass
↓ number of neutrophil granulocytes and the total number of

cells in the inflamed area
↓ neutrophil migration

[47–49]

Static progressive stretching/post-traumatic knee
contracture model ↓ number of inflammatory cells [59]

MFR/RMS-induced inflammation, fibroblasts ↓ intercellular distances [50]

Passive stretching/unilateral fascia injury ↑ fascia thickness
from week 8 to 12 [77]

Static tissue stretch/dermatitis followed by fibrosis
(systemic sclerosis-like inflammation)

↓ thickness of the tissue
greater relative tissue displacement
↓ fibroblast expansion ex vivo

[71]

Proinflammatory Genes and Cytokine Expression and Collagen Metabolism

Patient studies

Yoga-based exercises, TCC/human studies ↓ IL-6 levels in serum
↑ levels of adiponectin in serum [35,81]

Animal studies

Active stretching/carrageenan-induced inflammation,

↑ lipoxin A4 and RvD1 [48]
↓ prostaglandin D2 (PGD2)

↑ the ratio of serum LXA4 or RvD1 to PGD
↑ RvD1

[48,49]

Cell culture studies

IOMT/RMS
↑ cell proliferation
↓ IL-6 secretion

Inhibition of IL-1α, IL-1β, IL-2, IL-3, IL-6, and IL-16 secretion
[90]

Equibiaxial strain
↓ secretion of CCL18
↓ cell proliferation

↓ secretions of MDC and IL-6
[93]
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Table 1. Cont.

Treatment/Model Results References

MFR/RMS

↓ apoptosis rate
↓ DAPK-2
↑ CREBS133
↑ FAK

[50]

ALDS/CSDS ↓ levels of IL-6 and IL-8 [100]

Static isotropic tensile strain, short-term high-frequency
cyclic tension, dynamic tensile stretching,

static tensile strain:
↓ COL1A2

↑ TNF-α,COX-2, IL-6, IL-1ß
short-term high-frequency cyclic tension:

↑ IL-6, ↓ IL-1ß
dynamic tensile stretching:

↓ COL1A2, TNF-α, IL-6, IL-1ß

[101]

Static progressive stretching/post-traumatic knee
contracture model ↓ collagen proliferation [59]

CTS/Il-1β-induced inflammation

Reversion of Il-1β-induced:
iNOS and COX-2 expression

NO and PGE2 synthesis
MMP-9, MMP-13, MMP-1 gene expression

↑ collagen type II production, suppression of IL-1β-dependent
collagenase synthesis

Reversion of IL-1β-induced down TIMP2
Block of IL-1β-induced inhibition of type-I collagen synthesis

inhibition of nuclear translocation of NF-κB
↓ IκBα and IκBβ transcription

inhibition of IκBα and IκBβ degradation
nuclear translocation of IκBα

[51,111–113]

DTF
↓ the mRNA expression of IL-1β

inhibition of IL-1β-dependent induction of iNOS
Inhibition of the expression of TNF-α and MMP-13

[115]

Static tissue stretch/injury-induced inflammation
ex vivo: ↓ TGF-β1, IL-6

in vivo: no increase in type-1 procollagen observed in stretched
group after injury

[122]

Dynamic compressive strain/Il-1β-induced
inflammation chondrocytes

↓ nitrate and PGe2 synthesis
↑ DNA synthesis (3H-thymidine incorporation)

↑ sulfate incorporation
[114]

CTS and gallic acid/osteoarthritic human articular
chondrocytes ↑ glycosaminoglycan, collagen type II and IX [121]

↑ increase/upregulation; ↓ decrease/downregulation.

Studies that involved whole-body stretching (patient studies and animal active stretch-
ing) have some additional limitations. It is not possible to distinguish between a local and
general effect of stretching on localized inflammation. For example, myokines, inflamma-
tion regulators released by contracting muscles which balance skeletal muscle metabolism,
and take part in the crosstalk between muscles and short- or long-distant organs, are a
crucial action during different stages of muscle development [149]. Therefore, during
stretching, myokines may also modulate the injury-induced inflammation site localized
outside the muscle.

Muscle-derived IL-6, one of the myokines with anti-inflammatory properties [150],
inhibits TNF production and stimulates the production of IL-1ra and IL-10 as well as
cortisol production, leading to lymphopenia and neutrocytosis. Cortisol itself is a potent
anti-inflammatory molecule that prevents tissue and nerve damage. IL-1ra, as mentioned
before, is an important inhibitor of IL-1β signal transduction; additionally, IL-10 decreases
the synthesis of TNF-α [151], while IL-6 derived from myeloid cells and muscle suppresses
macrophage infiltration of adipose tissue [152].

Additionally, stretching increases the microvascular endothelial function by minimal-
izing capillary diameter, leading to enhanced angiogenesis by increasing HIF-1alpha and
VEGF-A expression. The hyperemia after a stretch causes an increased influx of Ca2+ and
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the production of NO, a potent vasodilator. Improving the circulation around the inflamed
tissue may also contribute to the observed anti-inflammatory properties of stretching.

Exercise training leads to a decrease in adipose tissue [153] and, hence, a decrease in
circulating inflammatory factors, which may also modulate inflammatory processes. Addi-
tionally, exercising leads to hormone release, which may also affect ongoing inflammation.
Yoga stretching contributes to lowering cortisol levels and increasing testosterone levels in
saliva [34]. Despite cortisol’s anti-inflammatory properties, prolonged cortisol exposure
may lead to compensatory downregulation or resistance of the glucocorticoid receptor
and its binding to the mineralocorticoid receptor, associated with the proinflammatory
response [154]. Furthermore, increased levels of testosterone have been linked with lowered
levels of inflammatory cytokines [155]. Therefore, lowering the basic cortisol level and
increasing testosterone levels may contribute to a better anti-inflammatory response during
the injury. Six months of yoga practice may also affect thyroid metabolism, which can also
modulate the inflammatory response of the organism. Other hormones such as epinephrine
or estradiol, which are beneficial to muscle strength [156], might also take part in that
modulation; however, these changes tend to be present in long-term exposure [157,158].

Studies have not been conducted on the influence of stretching on myokines and
hormone release associated with their anti-/proinflammatory actions in connective tissue.
In a living organism, a whole-body response to inflammation is inevitable; however, in vitro
studies do show the beneficial effect of stretching in localized inflammation.

The aforementioned studies suggest that connective tissue stimulation may be an
important therapeutic goal, stretching may serve as a method of treatment in the alleviation
and control of arthritic diseases of various etiologies, and daily stretching, even in the
absence of pharmacological treatment, may contribute to a reduction in inflammation in SSc.
Stretching may also restore cytotoxic immunity, which—acting with pro-resolution mecha-
nisms involving the action of RvD1 and RvD—may, therefore, contribute to a reduction in
tumor growth.
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5. Dec, K.; Łukomska, A.; Skonieczna-Żydecka, K.; Kolasa-Wołosiuk, A.; Tarnowski, M.; Baranowska-Bosiacka, I.; Gutowska, I.
Long-Term Exposure to Fluoride as a Factor Promoting Changes in the Expression and Activity of Cyclooxygenases (COX1 and
COX2) in Various Rat Brain Structures. Neurotoxicology 2019, 74, 81–90. [CrossRef]

6. Ruan, C.H.; So, S.P.; Ruan, K.H. Inducible COX-2 Dominates over COX-1 in Prostacyclin Biosynthesis: Mechanisms of COX-2
Inhibitor Risk to Heart Disease. Life Sci. 2011, 88, 24–30. [CrossRef]

http://doi.org/10.1161/ATVBAHA.110.207449
http://www.ncbi.nlm.nih.gov/pubmed/21508345
http://doi.org/10.2147/JIR.S90380
http://www.ncbi.nlm.nih.gov/pubmed/26457057
http://doi.org/10.1073/PNAS.1517642113
http://www.ncbi.nlm.nih.gov/pubmed/26712011
http://doi.org/10.1016/j.neuro.2019.06.001
http://doi.org/10.1016/j.lfs.2010.10.017


Int. J. Mol. Sci. 2022, 23, 10127 16 of 21

7. Zielinski, M.R.; Krueger, J.M. Inflammation and Sleep. In Therapy in Sleep Medicine; Elsevier Inc.: Amsterdam, The Netherlands,
2012; pp. 607–616, ISBN 978-1-43771-703-7.

8. Norman, A.W.; Litwack, G. Prostaglandins. In Hormones; Elsevier: Amsterdam, The Netherlands, 1997; pp. 445–469.
ISBN 978-0-12521-441-4.

9. Anderson, J.M.; Miller, K.M. Biomaterial Biocompatibility and the Macrophage. In The Biomaterials: Silver Jubilee Compendium;
Williams, D.F., Ed.; Elsevier Ltd.: Amsterdam, The Netherlands, 1984; pp. 21–26, ISBN 978-0-08045-154-1.

10. Dinarello, C.A. Proinflammatory Cytokines. Chest 2000, 118, 503–508. [CrossRef]
11. Kaminska, B. MAPK Signalling Pathways as Molecular Targets for Anti-Inflammatory Therapy–from Molecular Mechanisms to

Therapeutic Benefits. Biochim. Biophys. Acta 2005, 1754, 253–262. [CrossRef]
12. Chen, L.; Deng, H.; Cui, H.; Fang, J.; Zuo, Z.; Deng, J.; Li, Y.; Wang, X.; Zhao, L. Inflammatory Responses and Inflammation-

Associated Diseases in Organs. Oncotarget 2017, 9, 7204–7218. [CrossRef]
13. Hoare, A.; Soto, C.; Rojas-Celis, V.; Bravo, D. Chronic Inflammation as a Link between Periodontitis and Carcinogenesis. Mediat.

Inflamm. 2019, 2019, 1029857.
14. Mantovani, A. Molecular Pathways Linking Inflammation and Cancer. Curr. Mol. Med. 2010, 10, 369–373. [CrossRef]
15. Singh, N.; Baby, D.; Rajguru, J.; Patil, P.; Thakkannavar, S.; Pujari, V. Inflammation and Cancer. Ann. Afr. Med. 2019, 18, 121–126.

[CrossRef]
16. Mantovani, A. Cancer: Inflammation by Remote Control. Nature 2005, 435, 752–753.
17. Greten, F.R.; Grivennikov, S.I. Inflammation and Cancer: Triggers, Mechanisms, and Consequences. Immunity 2019, 16, 27–41.

[CrossRef]
18. Grivennikov, S.I.; Karin, M. Inflammation and Oncogenesis: A Vicious Connection. Curr. Opin. Genet. Dev. 2010, 20, 65–71.

[CrossRef]
19. Tan, T.T.; Coussens, L.M. Humoral Immunity, Inflammation and Cancer. Curr. Opin. Immunol. 2007, 19, 209–221. [CrossRef]
20. Freire, M.O.; Van Dyke, T.E. Natural Resolution of Inflammation. Periodontology 2013, 63, 149–164. [CrossRef]
21. Cramer, H.; Lauche, R.; Klose, P.; Lange, S.; Langhorst, J.; Dobos, G.J. Yoga for Improving Health-Related Quality of Life, Mental

Health and Cancer-Related Symptoms in Women Diagnosed with Breast Cancer. Cochrane Database Syst. Rev. 2017, 3, CD010802.
[CrossRef]

22. Ghasemi, E.; Khademi-Kalantari, K.; Khalkhali-Zavieh, M.; Rezasoltani, A.; Ghasemi, M.; Baghban, A.A.; Ghasemi, M. The effect
of functional stretching exercises on functional outcomes in spastic stroke patients: A randomized controlled clinical trial. J.
Bodyw. Mov. Ther. 2018, 22, 1004–1012. [CrossRef]

23. Hardee, J.P.; Porter, R.R.; Sui, X.; Archer, E.; Lee, I.M.; Lavie, C.J.; Blair, S.N. The Effect of Resistance Exercise on All-Cause
Mortality in Cancer Survivors. Mayo Clin. Proc. 2014, 89, 1108–1115. [CrossRef]

24. Li, Y.; Gu, M.; Jing, F.; Cai, S.; Bao, C.; Wang, J.; Jin, M.; Chen, K. Association between Physical Activity and All Cancer Mortality:
Dose-Response Meta-Analysis of Cohort Studies. Int. J. Cancer 2016, 138, 818–832. [CrossRef]

25. Park, S.H. Effects of Passive Static Stretching on Blood Glucose Levels in Patients with Type 2 Diabetes Mellitus. J. Phys. Ther. Sci.
2015, 27, 1463–1465. [CrossRef] [PubMed]

26. Eklund, J.A.; Corlett, E.N.; Johnson, F. A Method for Measuring the Load Imposed on the Back of a Sitting Person. Ergonomics
1983, 26, 1063–1076. [CrossRef] [PubMed]

27. Han, P.; Zhang, W.; Kang, L.; Ma, Y.; Fu, L.; Jia, L.; Yu, H.; Chen, X.; Hou, L.; Wang, L.; et al. Clinical Evidence of Exercise Benefits
for Stroke. In Advances in Experimental Medicine and Biology; Springer: New York, NY, USA, 2017; Volume 1000, pp. 131–151.
[CrossRef]

28. Hotta, K.; Behnke, B.J.; Arjmandi, B.; Ghosh, P.; Chen, B.; Brooks, R.; Maraj, J.J.; Elam, M.L.; Maher, P.; Kurien, D.; et al. Daily
Muscle Stretching Enhances Blood Flow, Endothelial Function, Capillarity, Vascular Volume and Connectivity in Aged Skeletal
Muscle. J. Physiol. 2018, 596, 1903–1917. [CrossRef] [PubMed]

29. Nelson, A.G.; Kokkonen, J.; Arnall, D.A. Twenty Minutes of Passive Stretching Lowers Glucose Levels in an At-Risk Population:
An Experimental Study. J. Physiother. 2011, 57, 173–178. [CrossRef]

30. James-Palmer, A.; Anderson, E.Z.; Zucker, L.; Kofman, Y.; Daneault, J.-F. Yoga as an Intervention for the Reduction of Symptoms
of Anxiety and Depression in Children and Adolescents: A Systematic Review. Front. Pediatr. 2020, 8, 78. [CrossRef]

31. Hartfiel, N.; Havenhand, J.; Khalsa, S.B.; Clarke, G.; Krayer, A. The Effectiveness of Yoga for the Improvement of Well-Being and
Resilience to Stress in the Workplace. Scand. J. Work. Environ. Health 2011, 37, 70–76. [CrossRef]

32. Kamei, T.; Toriumi, Y.; Kimura, H.; Kumano, H.; Ohno, S.; Kimura, K. Decrease in Serum Cortisol during Yoga Exercise Is
Correlated with Alpha Wave Activation. Percept. Mot. Ski. 2000, 90, 1027–1032. [CrossRef]

33. Sumi, K.; Ashida, K.; Nakazato, K. Repeated stretch-shortening contraction of the triceps surae attenuates muscle atrophy and
liver dysfunction in a rat model of inflammation. Exp. Physiol. 2020, 105, 1111–1123. [CrossRef]

34. Eda, N.; Ito, H.; Shimizu, K.; Suzuki, S.; Lee, E.; Akama, T. Yoga Stretching for Improving Salivary Immune Function and Mental
Stress in Middle-Aged and Older Adults. J. Women Aging 2018, 30, 227–241. [CrossRef]

35. Irwin, M.R.; Olmstead, R. Mitigating Cellular Inflammation in Older Adults: A Randomized Controlled Trial of Tai Chi Chih. Am.
J. Geriatr. Psychiatry 2012, 20, 764–772. [CrossRef]

36. Telles, S.; Gaur, V.; Balkrishna, A. Effect of a Yoga Practice Session and a Yoga Theory Session on State Anxiety. Percept. Mot. Ski.
2009, 109, 924–930. [CrossRef]

http://doi.org/10.1378/chest.118.2.503
http://doi.org/10.1016/J.BBAPAP.2005.08.017
http://doi.org/10.18632/ONCOTARGET.23208
http://doi.org/10.2174/156652410791316968
http://doi.org/10.4103/aam.aam_56_18
http://doi.org/10.1016/j.immuni.2019.06.025
http://doi.org/10.1016/j.gde.2009.11.004
http://doi.org/10.1016/j.coi.2007.01.001
http://doi.org/10.1111/prd.12034
http://doi.org/10.1002/14651858.CD010802.pub2
http://doi.org/10.1016/j.jbmt.2017.09.021
http://doi.org/10.1016/j.mayocp.2014.03.018
http://doi.org/10.1002/ijc.29828
http://doi.org/10.1589/jpts.27.1463
http://www.ncbi.nlm.nih.gov/pubmed/26157241
http://doi.org/10.1080/00140138308963439
http://www.ncbi.nlm.nih.gov/pubmed/6662100
http://doi.org/10.1007/978-981-10-4304-8_9
http://doi.org/10.1113/JP275459
http://www.ncbi.nlm.nih.gov/pubmed/29623692
http://doi.org/10.1016/S1836-9553(11)70038-8
http://doi.org/10.3389/fped.2020.00078
http://doi.org/10.5271/sjweh.2916
http://doi.org/10.2466/pms.2000.90.3.1027
http://doi.org/10.1113/EP088622
http://doi.org/10.1080/08952841.2017.1295689
http://doi.org/10.1097/JGP.0b013e3182330fd3
http://doi.org/10.2466/pms.109.3.924-930


Int. J. Mol. Sci. 2022, 23, 10127 17 of 21

37. Uebelacker, L.A.; Tremont, G.; Epstein-Lubow, G.; Gaudiano, B.A.; Gillette, T.; Kalibatseva, Z.; Miller, I.W. Open Trial of Vinyasa
Yoga for Persistently Depressed Individuals: Evidence of Feasibility and Acceptability. Behav. Modif. 2010, 34, 247–264. [CrossRef]

38. Wang, C.; Collet, J.P.; Lau, J. The Effect of Tai Chi on Health Outcomes in Patients with Chronic Conditions: A Systematic Review.
Arch. Intern. Med. 2004, 164, 493–501. [CrossRef]

39. Yeole, D.U.L. Effectiveness of Tai-Chi on Balance in Elderly. J. Med. Sci. Clin. Res. 2016, 4, 14848–14854. [CrossRef]
40. Loughran, M.; Glasgow, P.; Bleakley, C.; McVeigh, J. The Effects of a Combined Static-Dynamic Stretching Protocol on Athletic

Performance in Elite Gaelic Footballers: A Randomised Controlled Crossover Trial. Phys. Ther. Sport 2017, 25, 47–54. [CrossRef]
[PubMed]

41. Agata, N.; Sasai, N.; Masumi, I.M.; Kawakami, K.; Hayakawa, K.; Kobayashi, K.; Sokabe, M. Repetitive Stretch Suppresses
Denervation-Induced Atrophy of Soleus Muscle in Rats. Muscle Nerve 2009, 39, 456–462. [CrossRef] [PubMed]

42. Aoki, M.S.; Miyabara, E.H.; Soares, A.G.; Saito, E.T.; Moriscot, A.S. MTOR Pathway Inhibition Attenuates Skeletal Muscle Growth
Induced by Stretching. Cell Tissue Res. 2006, 324, 149–156. [CrossRef]

43. Bamman, M.M.; Roberts, B.M.; Adams, G.R. Molecular Regulation of Exercise-Induced Muscle Fiber Hypertrophy. Cold Spring
Harb. Perspect. Med. 2018, 8, a029751. [CrossRef]

44. Lin, S.S.; Liu, Y.W. Mechanical Stretch Induces MTOR Recruitment and Activation at the Phosphatidic Acid-Enriched
Macropinosome in Muscle Cell. Front. Cell Dev. Biol. 2019, 7, 78. [CrossRef]

45. Moyano, F.R.; Valenza, M.C.; Martin, L.M.; Caballero, Y.C.; Gonzalez-Jimenez, E.; Demet, G.V. Effectiveness of Different Exercises
and Stretching Physiotherapy on Pain and Movement in Patellofemoral Pain Syndrome: A Randomized Controlled Trial. Clin.
Rehabil. 2013, 27, 409–417. [CrossRef] [PubMed]

46. Ylinen, J.; Kautiainen, H.; Wirén, K.; Häkkinen, A. Stretching Exercises vs Manual Therapy in Treatment of Chronic Neck Pain: A
Randomized, Controlled Cross-over Trial. J. Rehabil. Med. 2007, 39, 126–132. [CrossRef]

47. Corey, S.M.; Vizzard, M.A.; Bouffard, N.A.; Badger, G.J.; Langevin, H.M. Stretching of the Back Improves Gait, Mechanical
Sensitivity and Connective Tissue Inflammation in a Rodent Model. PLoS ONE 2012, 7, e29831. [CrossRef]

48. Vergara, D.M.; Berrueta, L.; Carmody, C.; An, X.; Wayne, P.M.; Zavacki, A.M.; Langevin, H.M. Establishment of a Novel Porcine
Model to Study the Impact of Active Stretching on a Local Carrageenan-Induced Inflammation. Am. J. Phys. Med. Rehabil. 2020,
99, 1012–1019. [CrossRef] [PubMed]

49. Berrueta, L.; Muskaj, I.; Olenich, S.; Butler, T.; Badger, G.J.; Colas, R.A.; Spite, M.; Serhan, C.N.; Langevin, H.M. Stretching Impacts
Inflammation Resolution in Connective Tissue. J. Cell. Physiol. 2016, 231, 1621–1627. [CrossRef] [PubMed]

50. Meltzer, K.R.; Cao, T.V.; Schad, J.F.; King, H.; Stoll, S.T.; Standley, P.R. In Vitro Modeling of Repetitive Motion Injury and
Myofascial Release. J. Bodyw. Mov. Ther. 2010, 14, 162–171. [CrossRef] [PubMed]

51. Xu, Z.; Buckley, M.J.; Evans, C.H.; Agarwal, S. Cyclic Tensile Strain Acts as an Antagonist of IL-1β Actions in Chondrocytes.
J. Immunol. 2000, 165, 453–460. [CrossRef] [PubMed]

52. Hicks, M.R.; Cao, T.V.; Campbell, D.H.; Standley, P.R. Mechanical Strain Applied to Human Fibroblasts Differentially Regulates
Skeletal Myoblast Differentiation. J. Appl. Physiol. 2012, 113, 465–472. [CrossRef] [PubMed]

53. Schroeder, A.N.; Best, T.M. Is Self Myofascial Release an Effective Preexercise and Recovery Strategy? A Literature Review. Curr.
Sports Med. Rep. 2015, 14, 200–208. [CrossRef] [PubMed]

54. Franke, H.; Franke, J.D.; Fryer, G. Osteopathic Manipulative Treatment for Nonspecific Low Back Pain: A Systematic Review and
Meta-Analysis. BMC Musculoskelet. Disord. 2014, 15, 286. [CrossRef] [PubMed]

55. Snow, R.J.; Seffinger, M.A.; Hensel, K.L.; Wiseman, R. American Osteopathic Association Guidelines for Osteopathic Manipulative
Treatment (OMT) for Patients with Low Back Pain. J. Am. Osteopath. Assoc. 2016, 116, 536–549. [CrossRef]

56. Giusti, R. (Ed.) Glossary of Osteopathic Terminology, 3rd ed.; AACOM: Bethesda, MD, USA, 2017.
57. Ajimsha, M.S.; Al-Mudahka, N.R.; Al-Madzhar, J.A. Effectiveness of Myofascial Release: Systematic Review of Randomized

Controlled Trials. J. Bodyw. Mov. Ther. 2015, 19, 102–112. [CrossRef] [PubMed]
58. Cheatham, S.W.; Kolber, M.J.; Cain, M.; Lee, M. The Effects of Self-Myofascial Release on Joint Range of Motion, Muscle Recovery,

and Performance: A Systematic Review. Int. J. Sports Phys. Ther. 2015, 10, 827–838. [PubMed]
59. Wang, L.; Cui, J.B.; Xie, H.M.; Zuo, X.Q.; He, J.L.; Jia, Z.S.; Zhang, L.N. Effects of Different Static Progressive Stretching Durations

on Range of Motion, Myofibroblasts, and Collagen in a Posttraumatic Knee Contracture Rat Model. Phys. Ther. 2022, 102, pzab300.
[CrossRef] [PubMed]

60. Chen, H.M.; Wang, H.H.; Chen, C.H.; Hu, H.M. Effectiveness of a Stretching Exercise Program on Low Back Pain and Exercise
Self-Efficacy among Nurses in Taiwan: A Randomized Clinical Trial. Pain Manag. Nurs. 2014, 15, 283–291. [CrossRef]

61. Graff-Radford, S.B.; Bassiur, J.P. Temporomandibular Disorders and Headaches. Neurol. Clin. 2014, 32, 525–537. [CrossRef]
62. Page, P. Current Concepts in Muscle Stretching for Exercise and Rehabilitation. Int. J. Sports Phys. Ther. 2012, 7, 109–119.
63. Sherman, K.J.; Cherkin, D.C.; Wellman, R.D.; Cook, A.J.; Hawkes, R.J.; Delaney, K.; Deyo, R.A. A Randomized Trial Comparing

Yoga, Stretching, and a Self-Care Book for Chronic Low Back Pain. Arch. Intern. Med. 2011, 171, 2019–2026. [CrossRef]
64. Tilbrook, H.E.; Cox, H.; Hewitt, C.E.; Kang’ombe, A.R.; Chuang, L.H.; Jayakody, S.; Aplin, J.D.; Semlyen, A.; Trewhela, A.;

Watt, I.; et al. Yoga for Chronic Low Back Pain: A Randomized Trial. Ann. Intern. Med. 2011, 155, 569–578. [CrossRef]
65. Irwin, M.R.; Olmstead, R.; Carrillo, C.; Sadeghi, N.; Breen, E.C.; Witarama, T.; Yokomizo, M.; Lavretsky, H.; Carroll, J.E.; Motivala,

S.J.; et al. Cognitive Behavioral Therapy vs. Tai Chi for Late Life Insomnia and Inflammatory Risk: A Randomized Controlled
Comparative Efficacy Trial. Sleep 2014, 37, 1543–1552. [CrossRef]

http://doi.org/10.1177/0145445510368845
http://doi.org/10.1001/archinte.164.5.493
http://doi.org/10.18535/jmscr/v4i12.88
http://doi.org/10.1016/j.ptsp.2016.11.006
http://www.ncbi.nlm.nih.gov/pubmed/28256397
http://doi.org/10.1002/mus.21103
http://www.ncbi.nlm.nih.gov/pubmed/19260063
http://doi.org/10.1007/s00441-005-0081-4
http://doi.org/10.1101/cshperspect.a029751
http://doi.org/10.3389/fcell.2019.00078
http://doi.org/10.1177/0269215512459277
http://www.ncbi.nlm.nih.gov/pubmed/23036842
http://doi.org/10.2340/16501977-0015
http://doi.org/10.1371/journal.pone.0029831
http://doi.org/10.1097/PHM.0000000000001465
http://www.ncbi.nlm.nih.gov/pubmed/32427602
http://doi.org/10.1002/jcp.25263
http://www.ncbi.nlm.nih.gov/pubmed/26588184
http://doi.org/10.1016/j.jbmt.2010.01.002
http://www.ncbi.nlm.nih.gov/pubmed/20226363
http://doi.org/10.4049/jimmunol.165.1.453
http://www.ncbi.nlm.nih.gov/pubmed/10861084
http://doi.org/10.1152/japplphysiol.01545.2011
http://www.ncbi.nlm.nih.gov/pubmed/22678963
http://doi.org/10.1249/JSR.0000000000000148
http://www.ncbi.nlm.nih.gov/pubmed/25968853
http://doi.org/10.1186/1471-2474-15-286
http://www.ncbi.nlm.nih.gov/pubmed/25175885
http://doi.org/10.7556/jaoa.2016.107
http://doi.org/10.1016/j.jbmt.2014.06.001
http://www.ncbi.nlm.nih.gov/pubmed/25603749
http://www.ncbi.nlm.nih.gov/pubmed/26618062
http://doi.org/10.1093/ptj/pzab300
http://www.ncbi.nlm.nih.gov/pubmed/34972861
http://doi.org/10.1016/j.pmn.2012.10.003
http://doi.org/10.1016/j.ncl.2013.11.009
http://doi.org/10.1001/archinternmed.2011.524
http://doi.org/10.7326/0003-4819-155-9-201111010-00003
http://doi.org/10.5665/sleep.4008


Int. J. Mol. Sci. 2022, 23, 10127 18 of 21

66. Fernández-De-Las-Peñas, C.; Alonso-Blanco, C.; Fernández-Carnero, J.; Carlos Miangolarra-Page, J. The Immediate Effect of
Ischemic Compression Technique and Transverse Friction Massage on Tenderness of Active and Latent Myofascial Trigger Points:
A Pilot Study. J. Bodyw. Mov. Ther. 2006, 10, 3–9. [CrossRef]

67. Hou, C.-R.; Tsai, L.-C.; Cheng, K.-F.; Chung, K.-C.; Hong, C.-Z. Immediate Effects of Various Physical Therapeutic Modalities on
Cervical Myofascial Pain and Trigger-Point Sensitivity. Arch. Phys. Med. Rehabil. 2002, 83, 1406–1414. [CrossRef]

68. Andersson, G.B.J.; Lucente, T.; Davis, A.M.; Kappler, R.E.; Lipton, J.A.; Leurgans, S. A Comparison of Osteopathic Spinal
Manipulation with Standard Care for Patients with Low Back Pain. N. Engl. J. Med. 1999, 341, 1426–1431. [CrossRef]

69. Schad, J.F.; Meltzer, K.R.; Hicks, M.R.; Beutler, D.S.; Cao, T.V.; Standley, P.R. Cyclic Strain Upregulates VEGF and Attenuates
Proliferation of Vascular Smooth Muscle Cells. Vasc. Cell 2011, 3, 21. [CrossRef]

70. Sucher, B.M.; Hinrichs, R.N. Manipulative Treatment of Carpal Tunnel Syndrome: Biomechanical and Osteopathic Intervention to
Increase the Length of the Transverse Carpal Ligament. J. Am. Osteopath. Assoc. 1998, 98, 679–686. [CrossRef]

71. Xiong, Y.; Berrueta, L.; Urso, K.; Olenich, S.; Muskaj, I.; Badger, G.J.; Aliprantis, A.; Lafyatis, R.; Langevin, H.M. Stretching
Reduces Skin Thickness and Improves Subcutaneous Tissue Mobility in a Murine Model of Systemic Sclerosis. Front. Immunol.
2017, 8, 124. [CrossRef]

72. Zielinski, M.R.; Muenchow, M.; Wallig, M.A.; Horn, P.L.; Woods, J.A. Exercise Delays Allogeneic Tumor Growth and Reduces
Intratumoral Inflammation and Vascularization. J. Appl. Physiol. 2004, 96, 2249–2256. [CrossRef]

73. Medzhitov, R. Origin and Physiological Roles of Inflammation. Nature 2008, 454, 428–435. [CrossRef]
74. Chiurchiù, V.; Leuti, A.; Dalli, J.; Jacobsson, A.; Battistini, L.; MaCcarrone, M.; Serhan, C.N. Proresolving Lipid Mediators Resolvin

D1, Resolvin D2, and Maresin 1 Are Critical in Modulating T Cell Responses. Sci. Transl. Med. 2016, 8, 353ra111. [CrossRef]
[PubMed]

75. Qu, Q.; Xuan, W.; Fan, G.H. Roles of Resolvins in the Resolution of Acute Inflammation. Cell Biol. Int. 2015, 39, 3–22. [CrossRef]
76. Basil, M.C.; Levy, B.D. Specialized Pro-Resolving Mediators: Endogenous Regulators of Infection and Inflammation. Nat. Rev.

Immunol. 2016, 16, 51–67. [CrossRef]
77. Langevin, H.M.; Bishop, J.; Maple, R.; Badger, G.J.; Fox, J.R. Effect of Stretching on Thoracolumbar Fascia Injury and Movement

Restriction in a Porcine Model. Am. J. Phys. Med. Rehabil. 2018, 97, 187–191. [CrossRef]
78. Gusev, E.; Zhuravleva, Y. Inflammation: A New Look at an Old Problem. Int. J. Mol. Sci. 2022, 23, 4596. [CrossRef]
79. Plotnikov, A.; Zehorai, E.; Procaccia, S.; Seger, R. The MAPK Cascades: Signaling Components, Nuclear Roles and Mechanisms of

Nuclear Translocation. Biochim. Biophys. Acta Mol. Cell Res. 2011, 1813, 1619–1633. [CrossRef] [PubMed]
80. Rao, S.K.; Pavicevic, Z.; Du, Z.; Kim, J.G.; Fan, M.; Jiao, Y.; Rosebush, M.; Samant, S.; Gu, W.; Pfeffer, L.M.; et al. Pro-Inflammatory

Genes as Biomarkers and Therapeutic Targets in Oral Squamous Cell Carcinoma. J. Biol. Chem. 2010, 285, 32512–32521. [CrossRef]
[PubMed]

81. Sarvottam, K.; Magan, D.; Yadav, R.K.; Mehta, N.; Mahapatra, S.C. Adiponectin, Interleukin-6, and Cardiovascular Disease Risk
Factors Are Modified by a Short-Term Yoga-Based Lifestyle Intervention in Overweight and Obese Men. J. Altern. Complement.
Med. 2013, 19, 397–402. [CrossRef] [PubMed]

82. Morgan, N.; Irwin, M.R.; Chung, M.; Wang, C. The Effects of Mind-Body Therapies on the Immune System: Meta-Analysis. PLoS
ONE 2014, 9, e100903. [CrossRef] [PubMed]

83. Achari, A.E.; Jain, S.K. Adiponectin, a Therapeutic Target for Obesity, Diabetes, and Endothelial Dysfunction. Int. J. Mol. Sci.
2017, 18, 1321. [CrossRef] [PubMed]

84. Popko, K.; Gorska, E.; Stelmaszczyk-Emmel, A.; Plywaczewski, R.; Stoklosa, A.; Gorecka, D.; Pyrzak, B.; Demkow, U. Proinflam-
matory Cytokines IL-6 and TNF-α and the Development of Inflammation in Obese Subjects. Eur. J. Med. Res. 2010, 15, 120–122.
[CrossRef]

85. Yudkin, J.S.; Kumari, M.; Humphries, S.E.; Mohamed-Ali, V. Inflammation, Obesity, Stress and Coronary Heart Disease: Is
Interleukin-6 the Link? Atherosclerosis 2000, 148, 209–214. [CrossRef]

86. Benabdoun, H.A.; Kulbay, M.; Rondon, E.P.; Vallières, F.; Shi, Q.; Fernandes, J.; Fahmi, H.; Benderdour, M. In Vitro and in Vivo
Assessment of the Proresolutive and Antiresorptive Actions of Resolvin D1: Relevance to Arthritis. Arthritis Res. Ther. 2019,
21, 72. [CrossRef]

87. Cao, D.; Pi, J.; Shan, Y.; Tang, Y.; Zhou, P. Anti-Inflammatory Effect of Resolvin D1 on LPS-Treated MG-63 Cells. Exp. Ther. Med.
2018, 16, 4283–4288. [CrossRef]

88. Markworth, J.F.; Brown, L.A.; Lim, E.; Floyd, C.; Larouche, J.; Castor-Macias, J.A.; Sugg, K.B.; Sarver, D.C.; Macpherson, P.C.D.;
Davis, C.; et al. Resolvin D1 Supports Skeletal Myofiber Regeneration via Actions on Myeloid and Muscle Stem Cells. JCI Insight
2020, 5, e137713. [CrossRef]

89. Li, P.; Oh, D.Y.; Bandyopadhyay, G.; Lagakos, W.S.; Talukdar, S.; Osborn, O.; Johnson, A.; Chung, H.; Mayoral, R.; Maris, M.;
et al. LTB4 Promotes Insulin Resistance in Obese Mice by Acting on Macrophages, Hepatocytes and Myocytes. Nat. Med. 2015,
21, 239–247. [CrossRef]

90. Meltzer, K.R.; Standley, P.R. Modeled Repetitive Motion Strain and Indirect Osteopathic Manipulative Techniques in Regulation
of Human Fibroblast Proliferation and Interleukin Secretion. J. Am. Osteopath. Assoc. 2007, 107, 527–536. [CrossRef]

91. Campbell, S.M.; Winkelmann, R.R.; Walkowski, S. Osteopathic Manipulative Treatment: Novel Application to Dermatological
Disease. J. Clin. Aesthet. Dermatol. 2012, 5, 24–32.

http://doi.org/10.1016/j.jbmt.2005.05.003
http://doi.org/10.1053/apmr.2002.34834
http://doi.org/10.1056/NEJM199911043411903
http://doi.org/10.1186/2045-824X-3-21
http://doi.org/10.7556/jaoa.1998.98.12.679
http://doi.org/10.3389/fimmu.2017.00124
http://doi.org/10.1152/japplphysiol.01210.2003
http://doi.org/10.1038/nature07201
http://doi.org/10.1126/scitranslmed.aaf7483
http://www.ncbi.nlm.nih.gov/pubmed/27559094
http://doi.org/10.1002/cbin.10345
http://doi.org/10.1038/nri.2015.4
http://doi.org/10.1097/PHM.0000000000000824
http://doi.org/10.3390/ijms23094596
http://doi.org/10.1016/j.bbamcr.2010.12.012
http://www.ncbi.nlm.nih.gov/pubmed/21167873
http://doi.org/10.1074/jbc.M110.150490
http://www.ncbi.nlm.nih.gov/pubmed/20702412
http://doi.org/10.1089/acm.2012.0086
http://www.ncbi.nlm.nih.gov/pubmed/23210469
http://doi.org/10.1371/journal.pone.0100903
http://www.ncbi.nlm.nih.gov/pubmed/24988414
http://doi.org/10.3390/ijms18061321
http://www.ncbi.nlm.nih.gov/pubmed/28635626
http://doi.org/10.1186/2047-783X-15-S2-120
http://doi.org/10.1016/S0021-9150(99)00463-3
http://doi.org/10.1186/s13075-019-1852-8
http://doi.org/10.3892/etm.2018.6721
http://doi.org/10.1172/JCI.INSIGHT.137713
http://doi.org/10.1038/nm.3800
http://doi.org/10.7556/jaoa.2007.107.12.527


Int. J. Mol. Sci. 2022, 23, 10127 19 of 21

92. Steel, A.; Sundberg, T.; Reid, R.; Ward, L.; Bishop, F.L.; Leach, M.; Cramer, H.; Wardle, J.; Adams, J. Osteopathic Manipula-
tive Treatment: A Systematic Review and Critical Appraisal of Comparative Effectiveness and Health Economics Research.
Musculoskelet. Sci. Pract. 2017, 27, 165–175. [CrossRef]

93. Eagan, T.S.; Meltzer, K.R.; Standley, P.R. Importance of Strain Direction in Regulating Human Fibroblast Proliferation and
Cytokine Secretion: A Useful in Vitro Model for Soft Tissue Injury and Manual Medicine Treatments. J. Manip. Physiol. Ther. 2007,
30, 584–592. [CrossRef]

94. Sokolowski, J.D.; Chabanon-Hicks, C.N.; Han, C.Z.; Heffron, D.S.; Mandell, J.W. Fractalkine Is a “Find-Me” Signal Released by
Neurons Undergoing Ethanol-Induced Apoptosis. Front. Cell. Neurosci. 2014, 8, 360. [CrossRef]

95. Engel, D.R.; Krause, T.A.; Snelgrove, S.L.; Thiebes, S.; Hickey, M.J.; Boor, P.; Kitching, A.R.; Kurts, C. CX 3 CR1 Reduces Kidney
Fibrosis by Inhibiting Local Proliferation of Profibrotic Macrophages. J. Immunol. 2015, 194, 1628–1638. [CrossRef]

96. White, G.E.; Tan, T.C.C.; John, A.E.; Whatling, C.; McPheat, W.L.; Greaves, D.R. Fractalkine Has Anti-Apoptotic and Proliferative
Effects on Human Vascular Smooth Muscle Cells via Epidermal Growth Factor Receptor Signalling. Cardiovasc. Res. 2010,
85, 825–835. [CrossRef]

97. Parker, D.; Ferreri, K.; Nakajima, T.; LaMorte, V.J.; Evans, R.; Koerber, S.C.; Hoeger, C.; Montminy, M.R. Phosphorylation of CREB
at Ser-133 Induces Complex Formation with CREB-Binding Protein via a Direct Mechanism. Mol. Cell. Biol. 1996, 16, 694–703.
[CrossRef] [PubMed]

98. Balogh, A.; Németh, M.; Koloszár, I.; Markó, L.; Przybyl, L.; Jinno, K.; Szigeti, C.; Heffer, M.; Gebhardt, M.; Szeberényi, J.; et al.
Overexpression of CREB Protein Protects from Tunicamycin-Induced Apoptosis in Various Rat Cell Types. Apoptosis 2014,
19, 1080–1098. [CrossRef] [PubMed]

99. Kurenova, E.; Xu, L.-H.; Yang, X.; Baldwin, A.S.; Craven, R.J.; Hanks, S.K.; Liu, Z.; Cance, W.G. Focal Adhesion Kinase Suppresses
Apoptosis by Binding to the Death Domain of Receptor-Interacting Protein. Mol. Cell. Biol. 2004, 24, 4361–4371. [CrossRef]
[PubMed]

100. Anloague, A.; Mahoney, A.; Ogunbekun, O.; Hiland, T.A.; Thompson, W.R.; Larsen, B.; Loghmani, M.T.; Hum, J.M.; Lowery, J.W.
Mechanical Stimulation of Human Dermal Fibroblasts Regulates Pro-Inflammatory Cytokines: Potential Insight into Soft Tissue
Manual Therapies. BMC Res. Notes 2020, 13, 400. [CrossRef]

101. Nazet, U.; Grässel, S.; Jantsch, J.; Proff, P.; Schröder, A.; Kirschneck, C. Early OA Stage Like Response Occurs after Dynamic
Stretching of Human Synovial Fibroblasts. Int. J. Mol. Sci. 2020, 21, 3874. [CrossRef]

102. Dinarello, C.A. Overview of the IL-1 Family in Innate Inflammation and Acquired Immunity. Immunol. Rev. 2018, 281, 8–27.
[CrossRef]

103. Fei, J.; Liang, B.; Jiang, C.; Ni, H.; Wang, L. Luteolin Inhibits IL-1β-Induced Inflammation in Rat Chondrocytes and Attenuates
Osteoarthritis Progression in a Rat Model. Biomed. Pharmacother. 2019, 109, 1586–1592. [CrossRef]

104. Pan, T.; Wu, D.; Cai, N.; Chen, R.; Shi, X.; Li, B.; Pan, J. Alpha-Mangostin Protects Rat Articular Chondrocytes against IL-1β-
Induced Inflammation and Slows the Progression of Osteoarthritis in a Rat Model. Int. Immunopharmacol. 2017, 52, 34–43.
[CrossRef]

105. Tu, C.; Ma, Y.; Song, M.; Yan, J.; Xiao, Y.; Wu, H. Liquiritigenin Inhibits IL-1β-Induced Inflammation and Cartilage Matrix
Degradation in Rat Chondrocytes. Eur. J. Pharmacol. 2019, 858, 172445. [CrossRef]

106. Yang, X.M.; Downey, J.M.; Cohen, M.V.; Housley, N.A.; Alvarez, D.F.; Audia, J.P. The Highly Selective Caspase-1 Inhibitor VX-765
Provides Additive Protection Against Myocardial Infarction in Rat Hearts When Combined with a Platelet Inhibitor. J. Cardiovasc.
Pharmacol. Ther. 2017, 22, 574–578. [CrossRef]

107. Griffin, T.M.; Guilak, F. The Role of Mechanical Loading in the Onset and Progression of Osteoarthritis. Exerc. Sport Sci. Rev. 2005,
33, 195–200. [CrossRef]

108. Kurz, B.; Lemke, A.K.; Fay, J.; Pufe, T.; Grodzinsky, A.J.; Schünke, M. Pathomechanisms of Cartilage Destruction by Mechanical
Injury. Ann. Anat. 2005, 187, 473–485. [CrossRef]

109. Giacomelli, R.; Ruscitti, P.; Alvaro, S.; Ciccia, F.; Liakouli, V.; Di Benedetto, P.; Guggino, G.; Berardicurti, O.; Carubbi, F.;
Triolo, G.; et al. IL-1β at the Crossroad between Rheumatoid Arthritis and Type 2 Diabetes: May We Kill Two Birds with One
Stone? Expert Rev. Clin. Immunol. 2016, 12, 849–855. [CrossRef]

110. Davies, C.M.; Guilak, F.; Weinberg, J.B.; Fermor, B. Reactive Nitrogen and Oxygen Species in Interleukin-1-Mediated DNA
Damage Associated with Osteoarthritis. Osteoarthr. Cartil. 2008, 16, 624–630. [CrossRef]

111. Madhavan, S.; Anghelina, M.; Rath-Deschner, B.; Wypasek, E.; John, A.; Deschner, J.; Piesco, N.; Agarwal, S. Biomechanical
Signals Exert Sustained Attenuation of Proinflammatory Gene Induction in Articular Chondrocytes. Osteoarthr. Cartil. 2006,
14, 1023–1032. [CrossRef]

112. Dossumbekova, A.; Anghelina, M.; Madhavan, S.; He, L.; Quan, N.; Knobloch, T.; Agarwal, S. Biomechanical Signals Inhibit IKK
Activity to Attenuate NF-KB Transcription Activity in Inflamed Chondrocytes. Arthritis Rheum. 2007, 56, 3284–3296. [CrossRef]

113. Branski, R.C.; Perera, P.; Verdolini, K.; Rosen, C.A.; Hebda, P.A.; Agarwal, S. Dynamic Biomechanical Strain Inhibits IL-1β-Induced
Inflammation in Vocal Fold Fibroblasts. J. Voice 2007, 21, 651–660. [CrossRef]

114. Chowdhury, T.T.; Bader, D.L.; Lee, D.A. Dynamic Compression Inhibits the Synthesis of Nitric Oxide and PGE2 by IL-1β-
Stimulated Chondrocytes Cultured in Agarose Constructs. Biochem. Biophys. Res. Commun. 2001, 285, 1168–1174. [CrossRef]

115. Ferretti, M.; Madhavan, S.; Deschner, J.; Rath-Deschner, B.; Wypasek, E.; Agarwal, S. Dynamic Biophysical Strain Modulates
Proinflammatory Gene Induction in Meniscal Fibrochondrocytes. Am. J. Physiol. Cell Physiol. 2006, 290, C1610–C1615. [CrossRef]

http://doi.org/10.1016/j.math.2016.10.067
http://doi.org/10.1016/j.jmpt.2007.07.013
http://doi.org/10.3389/fncel.2014.00360
http://doi.org/10.4049/jimmunol.1402149
http://doi.org/10.1093/cvr/cvp341
http://doi.org/10.1128/MCB.16.2.694
http://www.ncbi.nlm.nih.gov/pubmed/8552098
http://doi.org/10.1007/s10495-014-0986-z
http://www.ncbi.nlm.nih.gov/pubmed/24722832
http://doi.org/10.1128/MCB.24.10.4361-4371.2004
http://www.ncbi.nlm.nih.gov/pubmed/15121855
http://doi.org/10.1186/s13104-020-05249-1
http://doi.org/10.3390/ijms21113874
http://doi.org/10.1111/imr.12621
http://doi.org/10.1016/j.biopha.2018.09.161
http://doi.org/10.1016/j.intimp.2017.08.010
http://doi.org/10.1016/j.ejphar.2019.172445
http://doi.org/10.1177/1074248417702890
http://doi.org/10.1097/00003677-200510000-00008
http://doi.org/10.1016/j.aanat.2005.07.003
http://doi.org/10.1586/1744666X.2016.1168293
http://doi.org/10.1016/j.joca.2007.09.012
http://doi.org/10.1016/j.joca.2006.03.016
http://doi.org/10.1002/art.22933
http://doi.org/10.1016/j.jvoice.2006.06.005
http://doi.org/10.1006/bbrc.2001.5311
http://doi.org/10.1152/ajpcell.00529.2005


Int. J. Mol. Sci. 2022, 23, 10127 20 of 21

116. Kiani, C.; Chen, L.; Wu, Y.J.; Yee, A.J.; Yang, B.B. Structure and Function of Aggrecan. Cell Res. 2002, 12, 19–32. [CrossRef]
117. Castillo-Briceño Patricia, P.; Bihan, D.; Nilges, M.; Hamaia, S.; Meseguer, J.; García-Ayala, A.; Farndale, R.W.; Mulero, V. A Role for

Specific Collagen Motifs during Wound Healing and Inflammatory Response of Fibroblasts in the Teleost Fish Gilthead Seabream.
Mol. Immunol. 2011, 48, 826–834. [CrossRef]

118. Hayes, A.J.; Melrose, J. Aggrecan, the Primary Weight-Bearing Cartilage Proteoglycan, Has Context-Dependent, Cell-Directive
Properties in Embryonic Development and Neurogenesis: Aggrecan Glycan Side Chain Modifications Convey Interactive
Biodiversity. Biomolecules 2020, 10, 1244. [CrossRef]

119. Caterson, B.; Flannery, C.R.; Hughes, C.E.; Little, C.B. Mechanisms Involved in Cartilage Proteoglycan Catabolism. Matrix Biol.
2000, 19, 333–344. [CrossRef]

120. Roughley, P.J.; Mort, J.S. The Role of Aggrecan in Normal and Osteoarthritic Cartilage. J. Exp. Orthop. 2014, 1, 8. [CrossRef]
121. Abusharkh, H.A.; Reynolds, O.M.; Mendenhal, l.J.; Gozen, B.A.; Tingstad, E.; Idone, V.; Abu-Lail, N.I.; Van Wie, B.J. Combining

stretching and gallic acid to decrease inflammation indices and promote extracellular matrix production in osteoarthritic human
articular chondrocytes. Exp. Cell Res. 2021, 408, 112841. [CrossRef]

122. Bouffard, N.A.; Cutroneo, K.R.; Badger, G.J.; White, S.L.; Buttolph, T.R.; Ehrlich, H.P.; Stevens-Tuttle, D.; Langevin, H.M. Tissue
Stretch Decreases Soluble TGF-B1 and Type-1 Procollagen in Mouse Subcutaneous Connective Tissue: Evidence from Ex Vivo
and In Vivo Models. J. Cell. Physiol. 2008, 214, 389–395. [CrossRef]

123. Roberts, A.B.; Flanders, K.C.; Heine, U.I.; Jakowlew, S.; Kondaiah, P.; Kim, S.J.; Sporn, M.B. Transforming Growth Factor-Beta:
Multifunctional Regulator of Differentiation and Development. Philos. Trans. R. Soc. Lond. B Biol. Sci. 1990, 327, 145–154.
[CrossRef]

124. Leask, A.; Abraham, D.J. TGF-β Signaling and the Fibrotic Response. FASEB J. 2004, 18, 816–827. [CrossRef]
125. Kang, J.H.; Jung, M.Y.; Choudhury, M.; Leof, E.B. Transforming Growth Factor Beta Induces Fibroblasts to Express and Release

the Immunomodulatory Protein PD-L1 into Extracellular Vesicles. FASEB J. 2020, 34, 2213–2226. [CrossRef]
126. Chiquet, M. Regulation of Extracellular Matrix Gene Expression by Mechanical Stress. Matrix Biol. 1999, 18, 417–426. [CrossRef]
127. Kessler, D.; Dethlefsen, S.; Haase, I.; Plomann, M.; Hirche, F.; Krieg, T.; Eckes, B. Fibroblasts in Mechanically Stressed Collagen

Lattices Assume a “Synthetic” Phenotype. J. Biol. Chem. 2001, 276, 36575–36585. [CrossRef] [PubMed]
128. Grinnell, F.; Ho, C.H. Transforming Growth Factor β Stimulates Fibroblast-Collagen Matrix Contraction by Different Mechanisms

in Mechanically Loaded and Unloaded Matrices. Exp. Cell Res. 2002, 273, 248–255. [CrossRef] [PubMed]
129. Atance, J.; Yost, M.J.; Carver, W. Influence of the Extracellular Matrix on the Regulation of Cardiac Fibroblast Behavior by

Mechanical Stretch. J. Cell. Physiol. 2004, 200, 377–386. [CrossRef] [PubMed]
130. Balestrini, J.L.; Billiar, K.L. Equibiaxial Cyclic Stretch Stimulates Fibroblasts to Rapidly Remodel Fibrin. J. Biomech. 2006,

39, 2983–2990. [CrossRef] [PubMed]
131. Wang, L.; Zhang, L.N.; He, J.L.; Zuo, X.Q.; Xie, H.M.; Jia, Z.S. The Therapeutic Effect and Mechanism of Static Progressive

Stretching in Different Durations on Traumatic Knee Contracture in Rats. J. Sichuan Univ. 2020, 51, 185–192. (In Chinese)
[CrossRef]

132. Wiig, M.E.; Amiel, D.; Ivarsson, M.; Nagineni, C.N.; Wallace, C.D.; Arfors, K.-E. Type I Procollagen Gene Expression in Normal
and Early Healing of the Medial Collateral and Anterior Cruciate Ligaments in Rabbits: An in Situ Hybridization Study. J. Orthop.
Res. 1991, 9, 374–382. [CrossRef] [PubMed]

133. Fosang, A.J.; Last, K.; Knäuper, V.; Murphy, G.; Neame, P.J. Degradation of Cartilage Aggrecan by Collagenase-3 (MMP-13). FEBS
Lett. 1996, 380, 17–20. [CrossRef]
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