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Objective: The purpose of this study was to evaluate the mechanisms of action of optimized myofascial release
(MFR) on wound healing using a 3-dimensional human tissue construct.
Methods: Bioengineered tendons were cultured on a deformable matrix, wounded using a steel cutting tip, then
strained in an acyclic manner with a modeled MFR paradigm at 103% magnitude for 5 minutes. Imaging and
measurements of the width and wound size were performed daily, and the average tissue width of the entire
bioengineered tendon was measured, and wound size and major and minor axes of the elliptical wound were
additionally measured. Assessments of actin and collagen were performed by immunofluorescence, and Gomori’s
trichrome staining and fibroblast nuclei deposition was quantified using the CellProfiler analysis software.
Results: Optimized modeled MFR treatment significantly reduced the wound size and increased both collagen density
and cell deposition at the wound site. All measures of wound healing improvements required the presence of
proliferating fibroblasts.
Conclusion: Myofascial releaseeinduced cell deposition and collagen density at wound sites required actively
proliferating fibroblasts. If clinically translatable, our results support a mechanism by which MFR improves patient
wound healing. (J Manipulative Physiol Ther 2019;42:551-564)
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INTRODUCTION

Myofascial release (MFR) is one of the most commonly
used manual medicine treatments designed to stretch and
elongate the fascia and underlying soft tissue to release
areas of decreased fascial motion.1,2 Documented results
show that MFR reduces swelling and inflammation,
improves alignment and range of motion and systemic
blood flow, attenuates myofascial pain, enhances wound
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healing, and improves physical performance.3,4 Fibro-
blasts, the primary cell type in connective tissue such as
fascia, play a critical role in wound healing and regulation
of the local inflammatory response.5,6 In addition, fibro-
blasts respond to mechanical stimuli leading to gene
expression modifications and therefore are considered a
logical target for MFR treatment.1,2,7 Despite these reported
clinical outcomes, little is known about the mechanisms
underlying the efficacy of MFR. We have previously used
both 2-dimensional and 3-dimensional (3D) fibroblast
tissue constructs to identify potential mechanisms that
may explain clinical efficacies of MFR.1,2,8 Our results
from the 2-dimensional fibroblast construct studies showed
that modeled MFR applied in vitro inhibits fibroblast
cytotoxic effects and induces expression of various
anti-inflammatory and growth factors.1,2 The 3D bioengi-
neered tendon (BET) is an improvement upon the
2-dimensional scratch wound model, and therefore was
used as a vital biomechanical feedback system that dictates
signaling and adaptive response in wound repair.9
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We have previously reported differential effects of
modeled MFR strain duration and magnitude, each inducing
dose-dependent fibroblast responses similar to studies that
assess optimal dose/duration of pharmacologics.8 Fixing the
magnitude at 6% for 5 minutes resulted in a statistically
significant decrease in wound area of MFR-treated BETs
compared with nonstrained, which could be attributed to
changes in the extracellular matrix (eg, collagen synthesis,
secretion, and architecture) and gene activation. However,
optimal results were achieved when fixing the magnitude at
3% for 5 minutes’ duration.8 When the same technique was
applied to fibroblast-free BETs, the desired effect was not
observed, suggesting that fibroblasts are required for the
wound healing process and that optimumMFRmagnitude and
duration are essential for achieving optimal wound healing.8

Therefore, the purpose of this study was to evaluate the
mechanisms of action of optimized (3% for 5 minutes)
MFR-induced wound healing using a 3D in vitro model.
Wound healing and collagen density were analyzed and
assessed in both normally grown fibroblasts and growth-
arrested fibroblasts. We hypothesized that optimized MFR
treatment in the presence of proliferating fibroblasts plays a
critical role in wound closure. If clinically translatable, our
results support a likely mechanism by which optimized
MFR improves wound healing and enhances physical
performance of patients.
METHODS

Cell Culture and Fabrication of Bioengineered Tendons (BETs)
Commercially available normal human dermal fibro-

blasts were cultured at 37�C, 5% CO2, and 100% humidity
in Dulbecco’s modified Eagle’s medium supplemented
with either 2% fetal bovine serum and 1% penicillin-strep-
tomycin for normal growth of fibroblasts or with 0.2% fetal
bovine serum and 1% penicillin-streptomycin to arrest
fibroblast growth at G0 stage of the cell cycle. The medium
was replaced with fresh prewarmed growth medium every 2
days. Confluent cultures, acquired within 7 to 10 days, were
passaged at a ratio of 1:3, and cell passages between 4 and
10 were used for all experiments. Collagen-fibroblast gel
was created by mixing normal human dermal fibroblasts at
a concentration of 1000 cells/mL in a solution of 70%
PureCol collagen type I (Advanced BioMatrix, Inc) and
30% 5X Dulbecco’s modified Eagle’s medium. A linear
Trough Loader (Flexcell International Corp), placed
beneath the Tissue Train plates (Flexcell International
Corp), was used to create a loading channel for the gel. The
6-well formatted plates consisted of flexible elastomeric
well bottoms that were attached to nondeformable nylon
mesh anchors at each end of the long axis. A cylindrical
structure attached at the 2 anchors was created by adding
200 mL of the collagen-fibroblast gel to the loading channel
and allowed to polymerize for 2 hours in a humidified 37�C
incubator. After the gel matrix polymerized, the vacuum
was released, allowing the BETs to be free from all
attachments except at the 2 anchor points. Fresh culture
medium supplemented with either 2% or 0.2% fetal bovine
serum was then added to each well, and the BETs were
allowed to acclimate for 24 to 48 hours before undergoing
wounding and modeled MFR treatment.
Groups
In the whole study, we used 4 groups: nonstrained BETs

cultured in 2% FBS medium (2% FBS-NS), MFR-strained
BETs cultured in 2% FBS medium (2% FBS-MFR),
nonstrained BETs cultured in 0.2% FBS medium (0.2%
FBS-NS), and MFR-strained BETs cultured in 0.2% FBS
medium (0.2% FBS-MFR). The sample size in this study
ranged between 4 and 11.
BET Wounding
An artificial wound was created using a sterile

stainless-steel cutting tip. This sterile device had a circular
diameter of 0.75 mm and a cutting area of 0.442 mm2. A
soft cutting mat was placed directly under the tissue and
held steadily with sterile forceps. The cutting tip was
positioned perpendicularly to the BET and slowly pressed
onto the tissue in a gentle rotating motion until the cutting
tip penetrated the BET and made contact with the
underlying cutting mat. The cutter was then slowly lifted
away from the BET to create an area completely devoid of
fibroblasts and extracellular matrix at the approximate
center of the BET. Photomicrographs were captured
immediately after wounding to establish a baseline wound
size for each BET. Two groups of BETs were used in the
study: MFR strained (treated) or NS (control).
MFR Strain Paradigm
Strain was slowly applied to elongate the tissue to 2.5%

of its resting length per second to reach a maximum 3%
strain (ie, to 103% of its initial resting length). The BETs
were then held at 3% elongation for 5 minutes. The strain
was then slowly released back to baseline at a rate ofe1.5%
per second. The corresponding magnitude and duration
were chosen based on our previous study, where we
modified the conditions to obtain optimal wound healing.8

The NS BETs served as controls. The baseline algorithm of
the in vitro MFR paradigm was determined by quantitative
analysis of videomorphic recordings of clinically applied
MFR.1 The strain frequency, direction, and loading rates of
the optimized MFR were applied in vitro using the
Flexercell FX-4000 Tension Plus System (Flexcell Inter-
national Corp). During the modeled MFR treatment, BETs
were stretched uniaxially in the direction of their long axis
by placing a loading post beneath the elastomeric well
bottom and applying negative pressure. The pressure
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increased the distances between the 2 opposite nondeform-
able anchors to which each BET was attached.
Analysis of Wound Area and Dimensions
Both MFR-treated and NS BETs were incubated for 6

days after treatment. Daily imaging and measurements of
the width and wound size were performed at the same time
each day. The average tissue width of the entire BET was
measured at the center of the wound and at approximately 2
mm to the right and left of the center location using ImageJ
(National Institutes of Health). Wound closure was assessed
by capturing photomicrographs using an IX71 Olympus
inverted microscope and DP71 camera (Olympus America
Inc) immediately after wounding and MFR (day 0) and
daily thereafter until day 6. Images were then converted to
black and white with Adobe Photoshop CS2 version 9.0
(Adobe Systems Inc) and analyzed for changes in wound
size and shape using CellProfiler analysis software (Broad
Institute Imaging Platform). The CellProfiler algorithm
detected the BET wound edges based on pixel tone and
color, enabling the measurement of the overall wound area.
The algorithm additionally quantified the length of the long
(major) and short (minor) axes of the elliptical wound.
Immunofluorescence
Assessment of collagen type 1A2 and actin was

performed by immunofluorescence using mouse monoclonal
primary anti-collagen and mouse monoclonal anti-actin,
respectively. The BET longitudinal sections (15 mm thick)
were fixed by heating slides at 37� for 20 minutes, followed
by washing with 1X phosphate buffer saline (PBS) (Thermo
Fisher Scientific, Waltham, Massachusetts). The BETs were
then blocked and permeabilized with 2% bovine serum
albumin (Thermo Fisher Scientific, Waltham, Massachu-
setts) and 0.2% Triton X-100 (Thermo Fisher Scientific,
Waltham, Massachusetts) for 1 hour. Slides were then
washed with 1X PBS and incubated at 4oC overnight with
primary antibodies recognizing collagen 1A2 (sc-376350,
Santa Cruz Biotechnology), at a concentration of 1/50 diluted
in PBS. The following day, slides were washed with PBS
and incubated with secondary antibody (donkey anti-mouse
IgG; NL493-conjugated antibody; R&D Systems), at a
concentration of 1/200 diluted in PBS. This secondary
antibody was mixed with anti-actin, a-smooth muscle-FITC
clone 1A4 (F3777, Sigma Aldrich), at a concentration of
1/100 diluted in PBS. The mixture of antibodies was left on
slides for 1 hour, followed by subsequent washing and
mounting with Vectashield containing 4',6-diamidino-2-
phenylindole (DAPI, Vector Laboratories).
Gomori’s Trichrome Staining
Assessment of total collagen was determined using

Gomori Trichrome stain (87020, Richard-Allan Scientific).
The BET longitudinal sections (15 mm thick) were placed in
a Coplin glass staining jar filled with Bouin’s fluid at 56�C
for 1 hour, followed by rinsing sections in running tap water
for 3 to 5 minutes until yellow color disappeared. After-
ward, sections were placed in Working Weigert’s iron
hematoxylin stain for 10 minutes, followed by rinsing in
running tap water for 5 to 10 minutes. Slides were then
placed in Trichrome stain for 15 minutes, followed by
incubating in 1% acetic acid solution for 1 minute. Sections
were then rinsed in distilled water for 30 seconds and
dehydrated in 2 changes of 95% alcohol for 1 minute each.
Slides were finally cleared in Xylene (MilliporeSigma, St.
Louis, Missouri) for 30 seconds and mounted. Collagen
was stained in blue, whereas nuclei were stained black.
Collagen Quantification
The intensity of total collagen (stained byGomori), collagen

type 1A2, and actin (stained by immunofluorescence) was
determined using Adobe Photoshop CS2 version 9.0 (Adobe
Inc, San Jose, California) to create 2 layers: 1 for collagen and
1 for actin. Images were analyzed in a blinded fashion by
giving random numbers before analysis. Areas occupied by
different colors, representing all pixels in each area, were then
calculated using the CellProfiler analysis software.
Nuclei Deposition Quantification
Counting nuclei stained with DAPI was performed using

the CellProfiler analysis software, where images were
converted to gray, after which nuclei from different sections
were counted and the average number was calculated to
represent 1 BET. Manual counting was also performed to
replicate and confirm the results.
Statistical Analysis
Data are shown as mean (standard error of the mean) for

all groups and were compared by either t test, when
comparing 2 variables, or 1-way analysis of variance using
post hoc Dunnett tests (Prism 4.03, GraphPad Software,
Inc) when comparing more than 2 variables. Group means
with P < .05 and 95% CI determined by t test or analysis of
variance were considered to be statistically significant.
RESULTS

Effects of MFR on Wound Healing
Using a circular cutting apparatus, the resulting

wound took on an elliptical shape immediately after
wounding and continued to shape change after MFR
treatment (day 0) and continuously 6 days thereafter (Fig
1A). Both the wound area and the wound minor axis
showed significant decreases over time in MFR-treated
BETs as compared with NS control BETs. The reductions



Fig 1. Myofascial release (MFR) treatment improves wound healing of BETs. (A) Representative images of control NS and
MFR-strained BETs showing enhanced wound healing in the MFR group. Scale bars: 1.0 mm. (Figure continued on next page.)
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in wound area and minor axis length were measured as a
percent change from the day of wounding and MFR (day
0) and daily until day 6 (Fig 1B and C). Moreover, the
thickness of BETs, when measured centrally, was
significantly reduced in both MFR-strained and NS
BETs. However, no changes in BETs thickness or
width were observed when comparing strained with NS
(Fig 1D). Measurement of the major axis in both
MFR-treated BETs and NS BETs were not significantly
different (Fig 1E). The latter is in agreement with our
previous study, where major changes were restricted to
minor axis and wound size over time.8
Effect of MFR on Collagen Density and Nuclei Deposition at
Wound Site

Owing to the significant difference in both wound size
and minor axis between MFR-strained and NS BETs, we



Fig 1. (Continued from previous page.) (B, C, D, E) Changes in wound size, minor axis, major axis, and BET width measured as a
percent change from day 0 (100%) daily for 6 days after MFR (symbolized by “b”) treatment versus NS (symbolized by “a”) (n ¼ 11).
Data are shown as mean ± standard error of the mean. *Statistically significant decrease (1-way analysis of variance, P < .05, 95%
confidence interval) compared to day 0. @,P,$,&Statistically significant decrease compared to NS BETs at days 3, 4, 5, and 6,
respectively. BET, bioengineered tendons; NS, nonstrained.
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Image of Fig 1


Fig 2. Myofascial release (MFR) treatment leads to increased collagen 1A2 staining and average number of nuclei around the wound
area. (A) Representative immunofluorescence images of 15 mm sections of NS and MFR-strained BETs stained with human collagen
(Collagen 1A2 isoform), actin, DAPI, and merge (overlay) at day 6 after wounding and straining. Scale bar: 200 uM. (B) Average
number of nuclei around the wound area 6 days after MFR treatment in BETs (n ¼ 5-6). (C) Collagen density measured 6 days after
MFR treatment in BETs (n ¼ 4-5). Data are given as mean ± standard error of the mean. *Statistically significant decrease (t test, P <
.05, 95% confidence interval) in average number of nuclei and in collagen density compared to NS. BETs, bioengineered tendons; NS,
nonstrained.
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investigated the microstructure of the BETs 6 days after
wounding and MFR treatment. Our results showed a
significant increase in collagen density and average number
of nuclei in the vicinity of the wound in MFR-strained
BETs compared with NS BETs (Fig 2). When comparing
changes in collagen density versus changes in average
number of nuclei, we observed about a 3-times increase in
the average number of nuclei in MFR-treated BETs
compared with NS BETs; however, the increase in collagen
density was more than 4 times as great, suggesting a
nonparallel relationship in the pattern of change in cell
number and collagen secretion (Fig 2B and C).
Effect of Fibroblasts on MFR-Driven Wound Healing
Our previous study showed that the presence of

fibroblasts dictated the overall structural integrity of
BETs. Collagen gel constructs grown in the presence
of fibroblasts showed a gradual reduction in width over
time, and these BETs exhibited a greater tensile strength.
Fibroblast-free BETs appeared less defined and more
gelatinous in structure and exhibited very low tensile
strength compared with fibroblast containing BETs.8 In the
current study, we engineered fibroblast-containing BETs;
however, we cultured 1 group in 0.2% FBS instead of the
typical 2% FBS in order to growth arrest the cells in G0

phase of the cell cycle. Trypan blue exclusion measure-
ments confirmed that despite being growth arrested, 99% of
the fibroblasts were viable. Our results additionally showed
a 40% to 44% reduction in the number of cells surrounding
the wound sites when BETs were cultured in 0.2% FBS
compared to BETs cultured in 2% FBS. Such reduction was
significant in all MFR-treated and NS BETs. After 6 days of
MFR treatment, measurements of wound size, minor axis,
major axis, and BET width showed no significant
differences between MFR-treated and NS BETs when
both were growth arrested (Fig 3).
Effect of Fibroblasts on Collagen Secretion and Nuclei Count in
MFR-Treated BETs

After 6 days of wounding and MFR treatment, both
control and MFR-treated BETs cultured in 2% FBS and
0.2% FBS were frozen and longitudinal sections were used
for collagen assessment. Total collagen (bovine present in
PureCol plus human fibroblast-derived) was assessed using
Gomori’s Trichrome stain, whereas human collagen type
1A2 was assessed using immunofluorescence. Results
showed that growth-arrested fibroblasts displayed
decreased staining of both total and human collagen as
well as reduced nuclei deposition around the wound area
(Figs 4A and 5A). Quantification of both total and human
collagen showed significant increases in MFR-treated BETs
when cultured in 2% FBS compared to NS BETs. Such an
effect was not observed when BETs were cultured in 0.2%
FBS, showing that growth-arresting fibroblasts signifi-
cantly attenuated collagen secretion and blunted the effects
of MFR treatment on wound healing dynamics (Figs 4B and
5B). Similarly, the average density of nuclei was sig-
nificantly higher in MFR-treated BETs cultured in 2% FBS
compared to NS BETs, an effect that was not observed
when BETs were cultured in 0.2 % FBS, proving that
growth-arresting fibroblasts significantly and predictably
decreased nuclei deposition (Figs 4C and 5C).
DISCUSSION

Mechanisms underlining wound healing after trauma,
surgery, or other disease conditions remain incompletely
understood but are rooted in the processes of inflammation,
angiogenesis, matrix deposition, and cell recruitment.10,11

Fibroblasts are logical targets for mechanistic studies
related to wound healing and manual medicine treatments
such as MFR because they respond to mechanical stimuli
and are critically involved in wound healing and
inflammation.1,2 In this study, we utilized an in vitro 3D
BET model to investigate the effects of optimized modeled
MFR on BET wound healing 6 days after MFR treatment
and the mechanisms underlying this process. Our choice for
the 3D model is based on the critical role of the 3D
extracellular matrix, expressed in vivo, in regulating
fibroblast proliferation, migration, differentiation, and
signaling responses.12-14 In this study, MFR treatment at
3% elongation for 5 minutes was shown to be associated
with accelerated wound closure rates. Moreover, our results
showed significant increases in collagen density and
fibroblast proliferation in MFR-strained BETs compared
with NS BETs. The results from this study provide evidence
to suggest that optimized MFR treatment plays a key role in
enhancing wound healing by processes including fibroblast
proliferation and migration as well as collagen secretion.

In the present study, the size of the original wound
varied, although the same apparatus was used to induce the
wound in all BETs. Such a difference can be attributed to
the density of the individual fibroblasts that can easily affect
the size of the implemented wound. About 100 BETs were
used in our study, and the average original wound size
ranged between 0.19 and 0.3 mm2. For this variability
reason, all numbers were normalized to control (day 0)
represented as 100%. Our results show that the minor axis
was significantly reduced 6 days after wounding and MFR
treatment. In agreement with our previous study, the major
axis did not show significant changes between strained and
NS BETs.8 Moreover, BET thickness and width was
reduced in both strained and NS by the same extent, which
may be potentially explained by the tension developed by
fibroblast-mediated extracellular organization and consti-
tutive contraction over time. This fibroblast-mediated
action can be explained by Petroll et al, who reported the



Fig 3. Fibroblast proliferation is required for the MFR-induced wound healing. (A) Representative images of NS and MFR-strained
BETs cultured with growth-arresting concentration (0.2%) FBS after wounding (day 0) and daily until day 6 after wounding and MFR.
Scale bars: 1.0 mm. (Figure continued on next page.)
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response of corneal fibroblasts to local changes in
extracellular matrix tension (ECM) and found that pulling
on the ECM resulted in initial cell elongation, followed by
disengagement of pseudopodia, whereas pushing the ECM
toward a cell-induced contraction owing to the imbalance in
the existing cellular forces, suggesting that fibroblasts
respond to changes in the local matrix to maintain tensional
homeostasis.15 In agreement, Freyman et al showed that
fibroblasts in attached matrices develop isometric tension.16

Thus, we suggest that changes in BET thickness over time
are caused by this tensional homeostasis. Because BET
widths were not different between MFR and control groups,
this suggests that this process cannot be the cause of
observed differences in wound healing.



Fig 3. (Continued from previous page.) (B, C, D, E) Change in wound size, minor axis, major axis, and BET width measured as a
percent change from day 0 (100%) daily for 6 days after MFR treatment in BETs cultured with 2% FBS (n ¼ 11) and 0.2% FBS (n ¼ 6)
(2% FBS-NS symbolized by a, 2% FBS-MFR symbolized by b, 0.2% FBS-NS symbolized by Y, 0.2% FBS-MFR symbolized by l). Data
are given as mean ± SEM. *Statistically significant decrease (1-way analysis of variance, P < .05, 95% confidence interval) compared
to day 0. @,P,$,&Statistically significant decrease compared to 2% FBS cultured NS BETs at days 3, 4, 5 and 6, respectively. BETs,
bioengineered tendons; FBS, fetal bovine serum; MFR, myofascial release; NS, nonstrained.
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Image of Fig 3


Fig 4. Inhibition of fibroblast proliferation leads to decreased total collagen and nuclei deposition around the wound area in BETs. (A)
Representative Gomori staining for collagen around the wound area in 15-mm sections of NS and MFR-strained BETs cultured with 2%
and 0.2% FBS. Scale bar: 500 uM. (B) Total collagen (human and bovine) density 6 days after MFR treatment in BETs (n ¼ 3-7).
(Figure continued on next page.)
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Growth-arresting fibroblast was our next step to provide
evidence of fibroblast proliferation involvement in the wound
closure process. Our results showed that wound size, minor
axis, major axis, and BET width showed no significant
differences between MFR-treated and NS BETs when
fibroblasts were growth arrested. This suggests that the
presence of proliferating fibroblasts is critical for all observed
changes in MFR-treated BETs compared with NS BETs
when cultured in 2% FBS. The latter might be also correlated
to BET width, in which changes might be caused by a
physiological mechanism driven by fibroblasts, which when
growth arrested, prevented tension development and reduc-
tion in width. These data suggest that proliferating fibroblasts
are required to close the wound (a process affected by MFR)
and are also required for BETs to generally develop tension
(an MFR-independent process). In conclusion, MFR has
specifically affected wound size but not the width and,
presumably, the tension of BETs. In light of this, Darby et al
reviewed the importance of fibroblasts in maintaining skin
homeostasis and performing tissue repair. By interacting with



Fig 4. (Continued from previous page.) (C) Average density of nuclei 6 days after MFR treatment in BETs (n¼ 3-7). Data are shown as
mean ± standard error of the mean. *Statistically significant decrease (1-way analysis of variance, P < .05, 95% confidence interval)
compared 2% FBS-NS. #Statistically significant decrease compared to 2% FBS-MFR cultured BETs. BETs, bioengineered tendons;
FBS, fetal bovine serum; MFR, myofascial release; NS, nonstrained.
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their environment, fibroblasts form a network during wound
repair, leading to a variety of processes including differentia-
tion, proliferation, and apoptosis. Such network formation is
possibly altered by certain pathological situations such as
fibrosis, scarring, or aging, leading to delayed or defective
wound repair process.17 According to Singer and Clark, the
course of wound healing occurs over 3 phases: the
inflammatory phase, the proliferative phase, and the regen-
eration phase.18 The proliferative phase is critical for the
wound healing process because it allows new capillaries to
deliver nutrients to the wound and contributes to the
proliferation of fibroblasts. It is also known that the wound
is initially hypoxic owing to lack of vascular perfusion. As
fibroblasts proliferate, blood flow increases to the wound
area, which subsequently develops new blood vessels and
helps in the healing process.19 Given that our in vitro BET
model is devoid of capillaries, it is likely than the proliferative
requirement of fibroblasts provides other key physiological
processes required for wound healing independent of those
related to organisms.

In collagen assessment, quantification for both total
collagen and human collagen showed a significant increase
in MFR-treated BETs when cultured in 2% FBS compared
with NS BETs, which was not observed in growth-arrested
BETs. The average density of nuclei was significantly higher
in MFR-treated BETs cultured in 2% FBS compared with NS
BETs, which also was not observed in growth-arrested BETs.
These results suggest that inhibiting growth of fibroblasts,
including their usual hyperplastic responses, significantly
attenuated collagen secretion as well as nuclei deposition and
thus inhibited the effect of MFR treatment. When comparing
changes in collagen density to fibroblast proliferation, we
observed about a 3-times increase in the average number of
nuclei in MFR-treated compared with NS BETs, whereas the
increase in collagen density was more than 4 times,
suggesting a nonparallel relationship in the pattern of change
in cell number and collagen secretion. One possible
explanation can be linked to the possibility that MFR has
stimulated some resident population of fibroblasts to secrete
more collagen in addition to the observed increase in
proliferation of cells. Kanta reviewed the interaction between
fibroblast and collagen.When fibroblasts are activated around
the wound area, they migrate to the matrix that contains fibrin
and fibronectin, where fibrin mediates fibroblast and
inflammatory cell migration to the wound area.20 Afterward,
fibroblasts begin secreting collagen and the matrix becomes
replaced with a collagenous ECM.20 Additionally, fibroblasts
have the tendency to aggregate on collagen gel and when
fibroblasts are embedded in collagen, they remodel the
surrounding matrix.21,22 Researchers also showed that
increase collagen concentration supports cell proliferation
and prevents apoptosis23 and that fibroblasts are affected
by intrinsic forces produced by the ECM and extracellular
fluid.24 Consequently, we believe that our data are consistent
with concomitant fibroblast proliferation and collagen
secretion playing critical roles to expedite the wound healing
process after FR. When one factor is inhibited (eg, fibroblast
proliferation), the other factor (collagen secretion) will be
affected, which ultimately will disturb the process of wound
healing. Our results from these experiments suggest an
upregulation of collagen secretion and an increase in nuclei
deposition owing to increased fibroblast proliferation, and
likelymigration, driven byMFR. Another explanation that we
have not ruled out yet is reorganization of bovine collagen that

Image of Fig 4


Fig 5. Inhibition of fibroblast proliferation leads to decreased human collagen and nuclei deposition around the wound area in BETs.
(A) Representative immunofluorescence images of 15-mm sections of NS and MFR-strained BETs cultured with 0.2% FBS and stained
with human collagen (Collagen 1A2 isoform), actin, DAPI, and merge (overlay) at day 6 after wounding and straining. Scale bar: 200
uM. (B) Human collagen density 6 days after MFR treatment in BETs cultured with 2% FBS and 0.2% FBS (n ¼ 3-5). (C) Average
number of nuclei around the wound area 6 days after MFR treatment in BETs cultured with 2% FBS and 0.2% FBS (n ¼ 3-6). Data are
shown as mean ± standard error of the mean. *Statistically significant decrease (1-way analysis of variance, P < .05, 95% confidence
interval) compared 2% FBS-NS. #Statistically significant decrease compared to 2% FBS-MFR cultured BETs. BETs, bioengineered
tendons; FBS, fetal bovine serum; MFR, myofascial release; NS, nonstrained.

562 Journal of Manipulative and Physiological TherapeuticsZein-Hammoud, Standley
October 2019Optimized Modeled Myofascial Release

Image of Fig 5


563Zein-Hammoud, StandleyJournal of Manipulative and Physiological Therapeutics
Optimized Modeled Myofascial ReleaseVolume 42, Number 8
was used for fabricating BETs because Gomori staining
density is greater in the wound area after MFR. The exact
contribution of this reorganization versus new synthesis of
fibroblast-derived collagen is an area we are currently
investigating. If clinically translatable, our results support a
likely mechanism by which optimized MFR improves wound
healing and consequent tissue performance.
Practical Applications
Limitations
A limitation of this study was the use of in vitro models.

These models lack blood, tissue fluid dynamics, and other
cells that contribute to inflammation and wound healing.
Other factors were not included, like age and other
patient-related physical variations, which may also play a
role in the response to the myofascial treatment applied by
the physician in a clinical setting. Using our in vitro model,
we did negate the effects of age and tissue integrity in
addition to external environmental factors. All these factors
were beyond the scope of this study.
� The findings of this study suggest that
optimizing magnitude and duration of strain
may clinically translate to optimal patient
outcomes.

� Mechanical strain of fibroblasts may underlie
MFR’s clinical efficacy.

� Myofascial release may enhance wound
healing clinical via fibroblast actions.
Future Studies
Our next step should focus more on inhibiting both

fibroblast proliferation and migration, a step that, we
believe, is critical for further emphasizing the role of
fibroblasts in wound healing. Future studies should include
implementing inhibitors of fibroblast migration and pro-
liferation and determining if MFR effects are observed.
Additionally, using a human-specific collagen antibody, we
will determine if new fibroblast-derived collagen produc-
tion accounts forMFR-induced hastening of wound healing.
CONCLUSION

We found that optimized MFR results in improved wound
healing owing to increased fibroblast deposition and collagen
density within and adjacent to the wound area. Such effects are
impaired in growth-arrested BETs, thus proving the require-
ment of actively proliferating fibroblasts. A portion of wound
healing impairment may be correlated to loss of human
fibroblast collagen secretion and integration into the ECM.
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