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Abstract

Recently, alterations in fascial gliding-like movement have been invoked as critical in the etiology of myofascial pain.

Various methods have been attempted for the relief of this major and debilitating clinical problem. Paramount have

been attempts to restore correct gliding between fascial layers and the movement over bone, joint, and muscular

structures. One of the key elements that underlies such fascial movement is hyaluronan. However, until now, the

precise content of hyaluronan within fasciae has been unknown. This study quantifies for the first time the

hyaluronan content of human fascial samples obtained from a variety of anatomic sites. Here, we demonstrate that

the average amount varies according to anatomic site, and according to the different kinds of sliding properties of

the particular fascia. For example, the fascia lata has 35 lg of hyaluronan per gram of tissue, similar to that of the

rectus sheath (29 lg g!1). However, the types of fascia adherent to muscle contain far less hyaluronan: 6 lg g!1 in

the fascia overlying the trapezius and deltoid muscles. In the fascia that surrounds joints, the hyaluronan increases to

90 lg g!1, such as in the retinacula of the ankle, where greater degrees of movement occur. Surprisingly, no

significant differences were detected at any site as a function of age or sex (P-value > 0.05, t-test) with the sole

exception of the plantar fascia. This work can provide a better understanding of the role of hyaluronan in fascia. It

will facilitate a better comprehension of the modulation of the hyaluronan-rich layer that occurs in relation to the

various conditions that affect fascia, and the diverse factors that underlie the attendant pathologies.
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Introduction

As has been demonstrated recently (Klein et al. 1999;

Stecco et al. 2011; Cowman et al. 2015a,b), fascia presents

a lubricating layer of hyaluronan (HA), allowing sliding

between fascial sublayers and between fasciae and adja-

cent muscles, bones, and joints. HA is the major gly-

cosaminoglycan (GAG) of the extracellular matrix (ECM). It

is composed of D-glucuronic acid and N-acetyl-D-glu-

cosamine, linked via alternating b-(1?4) and b- (1?3) gly-

cosidic bonds. Polymers of HA can range in size from a few

kDa up to 8 MDa. The molecular size strongly influences

the biological, physiological, and pathological functions of

the molecule (Cowman et al. 2015a,b). The HA content in

in vivo tissues is usually constant and is the result of the

simultaneous action of the synthetases, HAS1, HAS2, HAS3

(Itano & Kimata, 1996; DeAngelis, 1999), the hyaluronidases

(HYAL) in its various isoforms (Stern & Jedrzejas, 2006;

Csoka & Stern, 2013), and other degrading molecules, such

as reactive oxygen species (Triggs-Raine & Natowicz, 2015).

HA plays a key role in tissue hydration, lubrication of slid-

ing surfaces, activation of specific signal pathways by way of

membrane receptors that affect cell motility, inflammation,

and cancer progression (Stern et al. 2006). It has important

lubricating functions between fascia and underlying muscle,

bones, and joints (Temple-Wong et al. 2016) and within fas-

cial layers (Laurent et al. 1991; McCombe et al. 2001).

In clinical practice, it is observed that a reduced gliding of

thoracolumbar fascia occurs in patients with chronic low

back pain (Langevin et al. 2011), and in the neck fascia of

patients affected by nonspecific neck pain (Stecco et al.

2013, 2014a). More precisely, Langevin et al. (2011) have

found significant correlations between the shear strain

capability of the loose connective layers and trunk flexion

range of motion (ROM) and trunk extension ROM. Stecco

et al. (2014a) documents fascial alteration occurring in

patients with chronic neck pain in the loose connective tis-

sue between fascial sublayers. This suggests a key role for

HA in the genesis of myofascial pain. Restoring the natural
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sliding mechanism of fasciae is also a major task for mas-

sage therapy (Chaitow, 2014; Luomala et al. 2014) and

other manual technologies. However, until now, no esti-

mates of HA content within fasciae have been available, or

of the concentrations of HA that occur in relation to various

pathologies or as a function of age, sex, and anatomic site.

In the last few years, many studies have focused on the

quantification of HA content in different human tissues,

with the aim of examining the role of this GAG in normal

physiology. It was demonstrated that the amount of HA is

approximately 35 lg g!1 in human muscle tissue (Piehl-

Aulin et al. 1991), 2–3 mg mL!1 in synovial fluid, 0.5–
2.5 mg g!1 in articular cartilage, 0.4–0.5 mg g!1 in skin,

with some variations depending on sex and age (Cowman

et al. 2015a,b). Our aim here is for the first time to deter-

mine the HA content in healthy human fascia. The out-

comes will serve as a fundamental starting point for

further investigation of pathological conditions, in particu-

lar in relation to myofascial pain. The latter continues to

be a vexing clinical problem that has up to now evaded

effective treatment modalities. It is a major cause of the

epidemic of painkiller medications and the related addic-

tion currently so pervasive internationally.

Methods

Sample collection

This study was approved by the Institutional Ethical Review Board

(approval no. 3722/AO/16). The institute’s ethical regulations on

research conducted on human tissues were followed, and written

informed consent was obtained from each donor.

Samples of fascia 1 9 1 cm were collected from 15 volunteer

patients, six males and nine females with an average age of

58 " 20 years. All were undergoing elective surgical procedures at

the Orthopedic Clinic of Padova University. We excluded patients

with cancer, patients who have previously undergone surgery in

the same region, and patients with rheumatological or infectious

diseases. We selected four different types of fascia, each sample

from a different patient, based on their different gliding capacities

with respect to the underlying muscles (Stecco et al. 2009; Stecco,

2015): six samples of aponeurotic fasciae, which are thick, fibrous,

and freely gliding with respect to the underlying muscles; three

samples of retinacula, which are fibrous reinforcements of the

aponeurotic fasciae around the joints; three samples of epimysial

fasciae, which are thin and completely adherent to the underlying

muscles; and three samples of plantar fascia. The latter is the thick-

est and most fibrous aponeurotic fascia of the body. Details of sam-

ples are given in Table 1. The samples were transported to the

laboratory in phosphate-buffered saline (PBS) within a few hours of

collection and were either frozen or used fresh.

Isolation and quantification of hyaluronan

The fascial samples were weighed and were typically 200 " 10 mg

They were then cut into small fragments using a surgical scalpel

(Fig. 1A). As a sample standard, we selected 100 " 10 mg of human

adult skin from four different subjects (two females and two males,

average age 75 " 6 years) to validate the extraction method and

for the accuracy of the kit, as there are no reference data regarding

fascia in the literature.

To measure the HA content, we used the Purple-Jelley HA assay

(Biocolor Ltd.), a colorimetric method with a detection limit of

0.2 lg. All samples were processed following the datasheet of the

kit. Briefly, we carried out a protein digestion in 50 mM Tris–HCl (pH
7.6) containing Proteinase K (Sigma Aldrich) overnight at 55 °C
(Fig. 1B). After centrifugation at 14000 g for 10 min, the super-

natants were mixed with GAG precipitation reagent. The residues

obtained after centrifuge were dispersed in water and mixed with

NaCl and cetylpyridinium chloride (CPC). These steps were repeated

until the recovery of total GAG content. For the final HA isolation,

we added 98% ethanol, centrifuged the samples, and discarded the

supernatants. The tubes were dried, and the HA pellet was solubi-

lized and hydrated in 100 lL water.

We then proceeded with the measurements of HA, transferring

20-lL aliquots of test samples to a 96-microwell plate, and adding

200 lL of the Purple Dye reagent. The absorbance value at 650 nm

was read with a Mithras LB 940 spectrophotometer (Berthold Tech-

nologies). For each sample, the extraction was carried out twice.

Table 1 Details of sample collection and mean of lg HA contained in

1 g of human tissue.

Subject Sex Age

Collection

area Fascial type

Mean HA

(lg g!1)

1 M 76 Fascia

lata

Aponeurotic

fascia

43.2 " 8.5*

2 M 64 Fascia

lata

Aponeurotic

fascia

38.5 " 1.0

3 M 50 Fascia

lata

Aponeurotic

fascia

27.1 " 0.1*

4 F 81 Fascia

lata

Aponeurotic

fascia

32.7 " 1.9**

5 F 73 Fascia

lata

Aponeurotic

fascia

35.5 " 0.9

6 F 42 Rectus

sheath

Aponeurotic

fascia

29.1 " 0.2

7 F 98 Plantar

fascia

Aponeurotic

fascia

44.8 " 0.2

8 M 49 Plantar

fascia

Aponeurotic

fascia

131.0 " 3.0

9 M 32 Plantar

fascia

Aponeurotic

fascia

5.8 " 0.2

10 M 64 Trapezius Epimysial

fascia

6.0 " 0.2

11 F 27 Deltoid

fascia

Epimysial

fascia

6.1 " 0.2

12 F 27 Deltoid

fascia

Epimysial

fascia

6.9 " 0.2

13 F 43 Ankle

extensor

Retinaculum 94.5 " 1.0

14 F 75 Ankle

peroneal

Retinaculum 80.5 " 6.5

15 F 64 Ankle

peroneal

Retinaculum 96.3 " 0.7

Values of each subject are the mean of two extractions, with

the only exceptions *in three and **four extractions.
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Data analysis

The HA standard (200 lg mL!1) provided with the kit was used to

obtain a standard curve (Fig. 2).

With that curve, we converted the absorbance values into lg HA

contained in the total volume of 100 lL. Finally, we converted the

lg HA extracted from 200 mg of wet starting tissue to lg HA con-

tained in 1 g of wet tissue.

Statistical analysis

We performed a statistical analysis (t-test) to verify significant differ-

ences when comparing data by sex, age (greater or less than

50 years), and collection from the designated areas.

Results

Initially, the kit was validated by the quantification of HA

in four samples of human adult skin used as control:

the experimental mean value of HA was equal to

176.2 " 12.3 lg g!1 of wet starting tissue (repeated twice,

data not shown). No significant differences were found (P-

value > 0.05) with the literature data reporting the relative

amount of HA in adult skin (160 " 19 ng mg!1) (Tzellos

et al. 2011).

HA quantification in various fasciae is reported in

Table 1. The average contents are indicated in

Fig. 3. The mean content of HA was equal to

35.0 " 7.2 lg g!1 of wet tissue in the human fascia lata

of the thigh, 29.1 " 0.4 lg g!1 in the rectus sheath of

the abdomen, 6.3 " 0.5 lg g!1 in the fascia of trapezius

and deltoid, and 90.4 " 8.8 in the retinacula of ankle.

In the plantar fascia, we found very divergent values.

The mean HA in one old female patient (98 years) was

equal to 44.8 " 0.02 lg g!1, whereas in two younger

male patients (49 and 32 years), the mean HA content

was equal to 131.0 " 3.0 and 5.8 " 0.2 lg g!1, respec-

tively.

The statistical analysis demonstrated that the amount of

HA extracted is significantly different according to collec-

tion site. The P-value was < 0.01 when analyzing the differ-

ences between aponeurotic fasciae (fascia lata of the thigh

and rectus sheath of the abdomen), epimysial fasciae

(trapezius and deltoid), and retinacula of the ankle (Fig. 3).

There were no significant differences between the same

class of fascia: there was a P-value of > 0.05 when compar-

ing the fascia lata of the thigh and the rectus sheath of the

abdomen, both of which are aponeurotic fasciae. The only

three values obtained from the same anatomical site that

showed significant differences (P < 0.01) were those of the

plantar fascia. However, if we consider the plantar fascia

together with all the aponeurotic fasciae, patient #7 had an

HA content similar to all the other aponeurotic fasciae

(P > 0.05), whereas patients #8 and #9 had entirely different

values.

A
B

Fig. 1 Macroscopic image of a human fascial

sample before (A) and after (B) the digestion

by Proteinase K.

Fig. 2 Straight line standard curve obtained

by HA standard (200 lg mL!1).
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The statistical analysis demonstrated that there are no

correlations that occurred as a function of sex (P > 0.05), or

age (greater or less than 50 years; P > 0.05).

Discussion

In this work, we have isolated and quantified for the first

time HA from human fascial samples collected from differ-

ent anatomical sites in patients of both sexes and of differ-

ent ages. Our data demonstrate for the first time the

presence of considerable levels of HA in human fascia

(45.2 lg g!1). The HA content remained almost constant in

samples collected from the same fascial site. In contrast, sig-

nificant differences were found depending on the collec-

tion area. The amount of HA was about 43 lg g!1 in the

aponeurotic fasciae, decreased drastically (about 6 lg g!1)

in epimysial fasciaem and increased in the retinacula

(90.4 lg g!1). These variations corresponded perfectly with

the various gliding functions of the fasciae from various

sites. Indeed, the aponeurotic fasciae are free to glide over

the muscles, whereas the epimysial fasciae are completely

adherent to the underling muscles (Stecco et al. 2009). In

addition, the retinacula are a specialization of aponeurotic

fasciae that surround joints (Klein et al. 1999; Stecco et al.

2010), where movements are the most intense, and corre-

spond with the highest levels of HA.

The results are similar to the content found in human

muscle tissue (approximately 35 lg g!1) (Piehl-Aulin et al.

1991) and rabbit muscle (30 lg g!1: Laurent & Tengblad,

1980; and 80–90 lg g!1: Armstrong & Bell, 2002). It is

important to point that inside the muscle as well, HA is pre-

sent only in the perimysium, endomysium, and epimysium

(Stecco et al. 2011), allowing isolated activation of the vari-

ous motor units. In the same manner, Rowe (1985) demon-

strated in the tendon that HA is present above all in the

endotenon, which allows the tertiary fascicles to slide more

easily and to better manage the mechanical stress inside

the tendon (Stecco et al. 2014b). Furthermore, we found no

significant differences as a function of sex (P > 0.05, t-test)

in any of the collected data. These results also confirm that

the amount of HA is not affected by age, unlike the skin

(Tzellos et al. 2011), where it has been demonstrated that

HA declines with age in the upper epidermal layers, with

consequent dryness and minimal scarring (Juhlin, 1997).

Our results allow us to confirm that healthy fascia

require a specific level of HA (Csoka & Stern, 2013) to

permit the correct gliding and the normal functions of

deep fascia. Significant changes of these physiological

levels of HA may indicate an underlying pathology. Fac-

toring out the content of the HA-rich layers of fasciae

and the changes they undergo with various pathologies

will facilitate future studies in fascial sliding and correla-

tions with pathological conditions affecting the fasciae

and related tissues.
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