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Abstract

Hyaluronan (HA) is a glycosaminoglycan that consists of single-chain polymers
of disaccharide units of glucuronic acid and N-acetylglucosamine. It is a chief
constituent of the extracellular matrix. About 27% of the total HA in the body is
expressed in the skeleton and connective tissue, while 8% is expressed in
muscles. In physiological conditions, HA functions as a lubricant and viscoelas-
tic shock absorber. Additionally, HA is part of complex cellular signaling which
modulates nociception and inflammation. This study aims to understand the
role that HA plays in the musculoskeletal system, specifically in muscles and
the surrounding fascia. This review is also intended to further understand HA
homeostasis and the process of its synthesis, degradation, and clearance from
the local tissue. The authors examined muscle pain and stiffness as pathologi-
cal conditions associated with HA accumulation.
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INTRODUCTION

Hyaluronan (HA) is a glycosaminoglycan (GAG) con-
sisting of single-chain polymers of disaccharide units of
glucuronic acid and N-acetylglucosamine. It is
expressed by most cells in the body and is a chief con-
stituent of the extracellular matrix (ECM) in all tissues.”
The structure of HA is unique compared to other GAGs
in the ECM due to its long unbranched chains and
absence of sulfate groups. In physiologic quantities,
HA functions as a lubricant and viscoelastic shock
absorber.? Muscle tissue consists of 8% to 10% of the
HA in the body; it is located in the endomysium, perimy-
sium, and epimysium, and it plays an important role in
lubrication and lateral force transmission during muscle
contraction.®>* In addition, HA of high molecular mass
can neutralize free radicals and reduce inflammation
and pain.® HA homeostasis is of critical importance in
its physiological properties. Reduced and excessive
levels of HA can have profound effects on the

musculoskeletal system and results in pathology. This
review will specifically shed light on the evolving role of
HA in pain and muscle stiffness, in the setting of
disrupted HA homeostasis.

METHODS

In this narrative review, a literature search using
Cochrane Library, PubMed, Google Scholar, and
SCOPUS databases was performed. Keywords for the
initial screen included hyaluronan, ischemic myalgia,
myofascial pain, stiffness, spasticity, and hyaluroni-
dase. The search filter was set to cover studies publi-
shed between 1940 and 2021. The keywords were
applied in both the titles and abstracts of the searched
articles. The inclusion criteria for this review were arti-
cles with a combination of the keyword “hyaluronan”
and any or all the following keywords: “ischemic
myalgia,” “myofascial pain,” “stiffness,” “spasticity,”
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“hyaluronidase.” The exclusion criteria for this study
were articles published in non-English languages.
Approximately 100 articles were reviewed by the
authors, and 59 met the search criteria above and were
included in this review.

HYALURONAN SYNTHESIS,
DISTRIBUTION, AND HOMEOSTASIS

HA synthesis is carried out by three HA synthases
isomers (HAS 1, 2, 3) in response to mechanical stimuli
such as strain and movement® or chemical stimuli
including inflammatory mediators and hyperglycemia.”
HA synthases are located on the plasma membrane.®
HA polymer size can range between 10° Dalton and
107 Dalton, with a half-life ranging from 0.5 to 3 days.?
Once HA is synthesized, it is either transported to the
ECM or remains associated with the cell membrane via
interactions with HA synthase and cell membrane
receptors like CD44.°

In mammals, 27% of the total HA is expressed in the
skeleton and connective tissue, whereas 8% to 10% of it
is expressed in muscles.? Morphological studies showed
that HA is concentrated in the joint synovial fluid, skin,
and muscle connective tissue, that is, the endomysium
and perimysium surrounding the perivascular and peri-
neural areas' and the fascia or loose connective tis-
sue."" The distribution of HA can be explained from an
evolutionary lens as mobile structures such as joints,
skin, and muscle and sensitive neurovascular structures
need an added layer of cushioning to protect them from
external forces.'? The average amount of HA at different
anatomic sites varies according to the sliding properties
of fascia required in the specific region.’

HA degradation is carried by hyaluronidase (HYAL).
There are two degrading enzymes, HYAL1 and HYAL2.
HYAL1 is lysosomal enzyme that hydrolyzes small frag-
ments of HA into monosaccharides.™ HYAL 2 is a
glycosylphosphatidylinositol-anchored protein in the
cell membrane that cleaves high-molecular-weight
(HMW) HA into smaller fragments of molecular size of
about 20 kDa.'® After initial cleavage by HYAL2, the
small HA fragments undergo receptor-mediated endo-
cytosis locally or after being transported by the lym-
phatics and bloodstream.®> Once in the circulation, HA
has a quick turnover with a half-life of 2 to 5 minutes
and a turnover rate of 15% to 35% per minute.?® Stud-
ies have shown that only between 10% and 15% of HA
is catabolized locally in the tissue per day, whereas the
maijor part of HA is cleared by the lymph and blood cir-
culation for subsequent degradation in the local lymph
nodes and the liver.'® The rate of clearance and elimi-
nation of HA from tissues into the circulation is depen-
dent on lymphatic and blood flow; hence there is a
positive correlation between general circulation flow
and serum levels of HA."""'8 |t is estimated that about

25% of the total HA in tissues is unbound and consti-
tutes a “free pool” that can be turned over at a quicker
rate than the rest of the HA."® HA homeostasis could
shift toward pathological excess in conditions where
the general circulation of blood and lymph in tissues is
impaired due to reduced clearance.

HYALURONAN SIGNALING AND
MECHANICAL PROPERTIES

HA is involved in a complex intracellular signal trans-
duction.’®?° It interacts with multiple membrane recep-
tors, including TRPV1 and CD44 receptors, which are
associated with inflammation and nociception.?'?2
CD44 is the main receptor for HA, and the downstream
effect of HA-CD44 interaction can result in either modu-
lation or stimulation of the expression of pro-
inflammatory cytokines and chemokines.?® The proper-
ties of HA in regulating nociceptive signals and inflam-
mation depend on its molecular size, as sufficient
evidence supports that HMW HA is associated with
anti-inflammatory and pain-modulating effects, whereas
low-molecular-weight (LMW) HA is associated with pro-
inflammatory and nociceptive signal transduc-
tion.'9242% HA has a nociceptive and pro-inflammatory
effect when its molecular mass ranges between that of
a hexasaccharide and 500 kDa.?®2” LMW HA injection
induced hyperalgesia in rats similar to the hyperalgesia
induced by injection of A6, a CD44 receptor agonist.
However, with HMW HA injection, the hyperalgesic
effect was attenuated, mimicking the effect of A5G27, a
CD44 antagonist.?>?® HMW HA also inhibits the inflam-
matory pain caused by carrageenan, an inflammatory
agent acting on CD44.?® LMW HA produced a signifi-
cant increase in excitability of small-diameter dorsal
root ganglion (DRG) neurons in vitro by decreasing
their action potential threshold, confirming that it has a
direct pro-nociceptive effect. HMW HA, however, did
not produce a statistically significant decrease in the
excitability of cultured DRG neurons.?*

The chemical structure of HA, in particular the pres-
ence of —OH groups, makes it highly hydrophilic. Under
physiological conditions, HA assumes an expanded ran-
dom coil structure surrounded by water molecules,
which occupies a very large volume.?® Most of the vol-
ume of HMW HA is water, which contributes to the effec-
tive size of each HA molecule because of its frictional
interaction with closely spaced polymer segments. The
time-average shape of HA can be described as a
sphere, with greatest density of chain segments near
the center. As the molecular weight of HA increases, the
volume of the HA chain increases exponentially due to
binding to more water molecules. This also leads to an
exponential increase in HA viscosity due to the macro-
molecular crowding of the polymer.*® The viscosity of
HA solutions affects the lubrication of tissues. For
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example, at the cartilage-cartilage interface, the relative
effectiveness of friction reduction (especially static fric-
tion or the resistance to start up motion) is dependent on
the molecular weight of HA; the higher the molecular
weight, the lower the friction.' This is thought to be due
to a “viscous boundary layer’ of HA at the surface of
cartilage that facilitates low velocity/high load move-
ments.>? In contrast, for high velocity/low load move-
ments, such as in muscle and fascia, the thickness of
the HA-containing boundary is large compared with the
diameter of the molecules.®® Here friction would
increase with increased HA concentration and viscosity,
negatively affecting lubrication.*°

HYALURONAN AND PAIN

Low HA concentrations in the joint space can result in
pain. Physiologically occurring HA in synovial fluid is of
high molecular mass.® In osteoarthritis (OA), both the
molecular weight and concentration of HA is decreased
compared to the synovium of a healthy joint.>* In addi-
tion to the pro-nociceptive and pro-inflammatory envi-
ronment created by the disproportionally elevated LMW
HA, decreased HA concentration leads to loss of the
joint’s viscoelasticity. Subsequently, the cartilage will
be exposed to inflammatory cytokines, which result in a
greater rate of cartilage degradation.®® There is an
extensive body of research about the efficacy of
hyaluronic acid injections, as they work to restore the
physiological joint environment and provide pain relief
and functional improvement.3¢-3’

In addition to its complex cellular signaling abilities,
HA can have a direct mechanical effect on the sensitive
neurovascular structures it surrounds. When HA levels
are pathologically elevated, the excessive tissue swell-
ing caused by HA increases the interstitial pressure
compressing neurovascular structures. This compres-
sive effect is well demonstrated by the correlation
between HA content in solid tumors and their resis-
tance to chemotherapy. The accumulation of HA in the
interstitium collapses the tumor vasculature, which pre-
cludes therapeutic agents from reaching deep into the
tumor microenvironment.”

Another condition that highlights the possible ische-
mic effect of HA accumulation in muscles is
eosinophilia-myalgia syndrome (EMS), which was an
epidemic disease in the United States in 1989, caused
by the ingestion of supplemental L-tryptophan. Clinical
features of EMS included severe myalgia, joint and skin
contracture, and multisystemic involvement. Chronic
myalgia persisted in up to 91% of patients.>® Although
the pathogenesis of this disease is still poorly under-
stood, cutaneous and muscle biopsies of patients with
EMS showed accumulation of acid mucopolysaccharide
deposits in the fascial and perimysial regions, specifi-
cally around the arterioles and small arteries, without

evidence of arteritis.3**° Perineural fibrosis and loss of
microvasculature were noted on histopathological stud-
ies of EMS patients.>® Focal perifascicular atrophy was
also reported in the progression of the disease. This
finding is suggestive of ischemia.*" Another histochemi-
cal study showed that the acid mucopolysaccharide
deposits in EMS patients were almost exclusively made
of HA.*? Biopsies from EMS did not show myonecrosis
or vessel destruction, and creatinine kinase levels were
also normal.>*#' Taken together, these findings suggest
that the severe myalgia associated with EMS was not
due to tissue necrosis but could potentially be caused by
ischemia associated with the accumulation of HA.

HA accumulation has also been associated with
myofascial pain (MFP).** The formation of the taut
bands that constitute trigger points is attributed to an
increased ECM viscosity from focal accumulation of
HMW chains of HA (macromolecular crowding).** This
can result in dysfunctional deep fascial planes gliding
over each other and over muscle, which predicts the
basis of MFP." In a randomized, double-blind study
following 61 adults with MFP of trapezius muscles for
14 days post trigger point injection (TPI), it was found
that adults who received TPI with hyaluronidase/lido-
caine had better post TPI soreness than those who only
had lidocaine TPI.** Another randomized single-blind
study of patients with trapezius MFP showed that hyal-
uronidase TPl was superior to bicarbonate and lido-
caine in reducing visual analogue scale 4 weeks after
the injections.*®

HYALURONAN AND MUSCLE STIFFNESS

As alluded to earlier, excessive accumulation of HA in
the ECM of muscle can dramatically increase its viscos-
ity and alter its lubricating properties. Viscosity of the
ECM has not been traditionally considered to contribute
to passive resistance in muscles. Muscle overactivity
due to spasticity has been associated with hyper-vis-
cous ECM. The resulting increase of passive resistance
to movement and reduction in force transmission can
lead to muscle stiffness.*’® That also results in reversal
of its lubricating function in the ECM and can result in
stiffness. In a controlled clinical study, 3D-T1p magnetic
resonance imaging was used to compare HA quantity in
muscles of five healthy participants to that of five post-
stroke patients with stiffness. It was found that HA con-
centration in patients with post-stroke muscle stiffness is
higher compared to controls, as shown in Figure 1.49:°°
Other small clinical trials showed that after treating
patients with post-stroke muscle stiffness with intramus-
cular hyaluronidase injection, there was a significant
improvement in stiffness and increase in passive and
active movement, as shown in Figure 2.*9°? Joint con-
tracture was a common finding in EMS. It persisted in
the intermediate and chronic phases of the diseases.>®
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It remains a possibility that HA accumulation plays a role
in these findings (Figure 3).

Serum HA is elevated in patients with inflammatory
arthropathies such as rheumatoid arthritis, sclero-
derma, and psoriatic arthritis.**>° The synovial fluid of
RA joints showed increased levels of HA but the ratio
of LMW HA to that of HMW HA was increased.”®
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FIGURE 1 Quantification of
glycosaminoglycan using T1rho
(T1p) magnetic resonance
imaging in myofascial pain. Note
increased T1p relaxation times
(red) in the extra-muscular fascia
in patients with lateral elbow pain
(pre, arrows) and its reduction
after fascial manipulation (post,
arrows). Source: From Menon R
(2020), with permission
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FIGURE 2 Quantification of
50 glycosaminoglycan in muscle
using T1rho (T1p) magnetic
resonance imaging. Note
increased intramuscular T1p
relaxation times in patients with
post-stroke muscle stiffness
compared to controls. Source:
From Menon R (2019), with
0 permission
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FIGURE 3 T1rho (T1p)
magnetic resonance imaging
maps before and after
hyaluronidase injection treatment
of three patients with post-stroke
muscle stiffness. Note the change
in relaxation times and muscle
shape. Source: From Menon R
(2019) with permission
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Serum HA in patients with rheumatoid arthritis dramati-
cally rises during the first hour that patients are out of
bed in the morning.®” It has been shown that morning
stiffness in these patients results from HA accumulation
in the joints and muscles overnight, resulting in stiff-
ness, and that stiffness improves as HA is mechanically
driven out into the circulation by physical activity.>®
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Exercise in healthy individuals has been shown to
increase serum HA significantly, which decreases rap-
idly to lower than resting levels by 30 minutes post
exercise,® suggesting that it is plausible that the morn-
ing stiffness is due to overnight HA accumulation.

CONCLUSION

HA is an integral molecule of the ECM with complex
signaling properties. Yet its mechanical effect on the
musculoskeletal and neurovasculature can be as
important clinically, especially when it accumulates in
muscles, joints, and surrounding matrix. It is important
to note that preclinical data indicate dual functions for
HA depending on MW in relation to nociception®%®
whereas clinical data suggest that overproduction of
HA can result in muscle stiffness.*®>! It will be impor-
tant in the future to uncover the basis for these discrep-
ancies by further assessing how varying levels of HA in
the muscles differentially contribute to pain develop-
ment or muscle stiffness at both the preclinical and
clinical levels. Double-blind controlled clinical trials are
needed to investigate whether intramuscular hyaluroni-
dase injections is an effective treatment to decrease
symptoms of pain, stiffness, and spasticity in
select patients with conditions resulting from
accumulation of HA secondary to overproduction or
under-metabolization of HA.
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