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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.
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| 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 [,

Corey et al. (2012) showed that stretching reduces inflammatory infiltration around subcutaneous lesions, improves gait,
and reduces pain sensitivity. In their model, inflammation 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) [, and the effect of the exercises performed 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 [,

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 Bl. 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 B4, 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 =€,
Researchers also conducted ex vivo studies to investigate the local effects of tissue stretching independent of the
vascular, lymphatic, and neuromuscular systems. They showed that tissue stretching 48 h after carrageenan injection was
associated with a significant reduction in neutrophil migration in the connective tissue in mice &, 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 .

Looking for the basis of the analgesic action of MFR, Meltzer et al. used the RMS-induced inflammation model in human
fibroblast cultures . 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 [&l.

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 &3l 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 @Bl pecause the focus was on stretching the hip and lower back ©. The fascia thickness



increased 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 19, 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 restriction 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 . 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 [,

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. 28], 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 11 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) (111,

The results obtained in the aforementioned studies confirm that stretching affects local inflammation and accelerates the
resolution of inflammation B, They also indicate a significant role of rehabilitation and stretching in reducing
inflammatory infiltration, which is likely underpinned by both systemic and local mechanisms &2, Furthermore, the mode
of stretching seems to be significant I, Stimulation of connective tissue may be an important therapeutic goal, and
stretching may serve as a viable method of treatment EIE,

| 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-kB, and the JAK—
STAT signaling pathway 1213I14] pysregulation of these genes is associated with inflammation and the progression of
diseases such as cancer, diabetes, and autoimmune diseases 413l The cytokines secreted as a result of inflammatory
response also activate the aforementioned cascades 12,

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 I8N A stydy 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 2829 Overweight and obese
patients often exhibit low-grade inflammation, which can result in chronic inflammatory disease 2. These patients also
often have elevated circulating IL-6, a proinflammatory interleukin that is a risk indicator for cardiovascular disease (CVD)
(221 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 18], 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 18],

2.2. Animal Studies

The study mentioned in the previous section was based on a carrageenan-induced inflammation model & in which
stretching resulted not only in morphological improvements, but also in higher concentrations of resolvin D1 (RvD1), a
signaling molecule with anti-inflammatory properties 2324125 The concentration of LTB4, an eicosanoid produced during
inflammation 28], was not significantly altered by stretching. However, the studies showed a two times higher ratio of RvD1
to LTB4 following stretching, compared to controls, thus demonstrating the additional anti-inflammatory potential of
stretching I,

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 X1, 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 . Lipoxins are specialized pro-resolving mediators (SPMs), and their synthesis
increases in response to increased concentrations of arachidonic acid metabolites . The increased ratio between LXA4
and PGD2 could, therefore, suggest the initiation of resolution of the inflammation.

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 2. 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 28], and is often prescribed for the management of many health
conditions 22, 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-1a,
IL-1B, 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 24, |OMT 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 IOMT
appearing to reverse the proinflammatory effects caused by RMS stimulation by regulating cytokine secretion 27,

Eagan et al. (2007) investigated the cellular mechanisms behind the positive clinical outcomes of manual medicine
treatments (MMT) and showed that regulation of the inflammatory response was influenced by the stretching model used,
with equibiaxially strained cells having increased fractalkine (CX3CL1) secretion BY. A soluble fraction of fractalkine
serves as a chemoattractant for T cells, monocytes, and NK cells (28, The aforementioned cytokine regulates apoptosis
and can promote the death of damaged neural cells B 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 B33l 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 B9,

Meltzer et al. (2010) observed an increased apoptosis rate in RMS-induced inflammation, 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 inflammation, 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 8. Phosphorylation of CREB at site S133 activates this protein, leading to an altered expression of many genes
(341 |t has been proven that overexpression of CREB protects against tunicamycin-induced apoptosis 22, Upregulation 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 phosphorylated focal adhesion kinase (FAK), an enzyme suppressing apoptosis 28,
observed both in RMS vs. control and following MFR in groups with no inflammation and the RMS-induced inflammation
group 8. The lack of change in the proliferation rate in this study was probably masked by DAPK-2-associated apoptosis
8, 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 [,

Another study was undertaken by Anloague et al. 2020, analyzing the effect of mechanical 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 7.
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 4. Similar results were obtained by Nazet et al. (2020),
where advanced stretching led to a reduction in the inflammatory effects of TNF-a, IL-6, and IL-1f3, but the implementation
of short-term high-frequency cyclic tension or static isotropic tension was associated with proinflammatory effects [8l,

IL-1-Induced Inflammation



More than any other cytokine family, the IL-1 family is primarily associated with innate immunity B2 and IL-1p is often used
to induce inflammation in studies on rodents “QlA1142][43][44]

In a study on rabbit articular cartilage, Xu et al. (2000) demonstrated that CTS acts as a potent antagonist of IL-13 49,
High levels of IL-1 in the joint synovium of patients with osteoarthritis are associated with cartilage destruction 451461 | .1
increases leucocyte recruitment and increases the activity of matrix metalloproteinases (MMPs), leading to joint
destruction through both degradation and decreased synthesis of matrix components 44, Due to the increased production
of reactive nitrogen species, IL-1 is also associated with elevated deoxyribonucleic acid (DNA) damage 8. In contrast,
stimulation (CTS) of chondrocytes cultured in the presence of IL-13 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 29,

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-13 for various periods, followed by a period of rest.
The researchers showed that 90% of the expression of IL-1B-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
(49 Eight hours of CTS was able to reverse the changes produced by 16 h of exposure to IL-1B, but was unable to reduce
INOS expression after 28 h and 40 h of exposure. The data suggest that continuous CTS inhibits IL-1p-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 42,

Research on the effects of biomechanical signals in joint inflammation was also conducted by Dossumbekova et al.
(2007), who, using a rat chondrocyte culture, demonstrated that CTS inhibits the IL-1B-induced activation of
proinflammatory genes by the nuclear factor kappa-light-chain-enhancer of activated B-cell (NF-kB) cascades 9. The
analysis by Dossumbekova et al. (2007) shows that CTS rapidly inhibited the IL-1p-induced nuclear translocation of NF-
KB, but not its phosphorylation at serine 536 and serine 276. Scientists also showed that the stretching method they used
repressed gene transcription of IkBa and IKBf3 (associated with the NF-kB pathway); however, it inhibited their cytoplasmic
protein degradation. The reduction in degradation of IkB was caused by downregulation of IkB kinase activity. A rapid
nuclear translocation of IkBa, presumably to prevent the binding of NF-kB to DNA, was also observed 4. The results
indicate that the NF-kB signaling cascade is indirectly affected by CTS at multiple points (sites), resulting in the
attenuation of IL-1B-induced proinflammatory gene expression 24 (Figure 1).
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Figure 1. The effect of CTS on the NF-kB pathway. CTS inhibits the degradation of IkBa and IKB[3 and rapidly inhibits the
IL-1B-induced nuclear translocation of NF-kB. Therefore, the NF-kB response element (NF-kB RE) is not bound by the
NF-kB complex, the transcription is not activated, and no target protein is synthesized. RER—rough endoplastic reticulum;
IkBa/B—nuclear factor of kappa light polypeptide gene enhancer in B-cell inhibitors alpha/beta).



Similar results were obtained by Branski et al., 2007, using rabbit vocal cord fibroblasts cultured in the presence of IL-13
following different magnitudes of CTS B, The results obtained confirm earlier reports on the increase in expression of
iINOS, COX-2, and MMP-1 in vocal cord fibroblasts at the mRNA and protein level under the influence of IL-13. CTS
nullified the IL-1p-induced activation of the mentioned genes in a magnitude-dependent manner 4,

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-1B and TNF-a 22531, 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-1B-dependent induction of iINOS B3l 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-1p decreased successively after the application at magnitudes ranging from 5% to 20%, which translated
into NO accumulation as well as iNOS synthesis in IL-1B-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-a 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 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 52!,

The aforementioned studies confirm that CTS and DTF reduce cartilage degradation, producing effects similar to those
observed following pharmacotherapy. IL-1B-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-a, causing a decrease in NO and PGE2
synthesis, and affecting the NF-kB signaling cascade “4BABLBEI] The presence of IL-1f in the joint synovium of patients
with RA or osteoarthritis (OA) plays a key role in cartilage destruction 41451461 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.
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