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Introduction

Plantar fascia (PF) is a flat band of ligament-like tissue 
that connects one’s heel bone to toes. This tissue helps to 
sustain body weight and is subject to large mechanical 
loads during daily activities. For example, during walking 
and running, PF could be subjected to mechanical loads 
that are in several folds to the body weight.1–4 Plantar fas-
ciitis, or PF inflammation, is one of the most common 
causes of heel pain that affects more than 3 million people 
in the United States alone every year.5 It accounts for 11% 
to 15% of the foot symptoms requiring professional care 
among adults.6–9 Despite the high prevalence of plantar 
fasciitis, no effective treatment is currently available in 
clinics10 because its pathogenesis is largely unknown.10 
Mechanical overload is considered to be a major factor 
causing plantar fasciitis presumably due to repetitive 
microtrauma; other factors, such as anatomical irregularity 
of the foot and environmental conditions (e.g., activities 
and footwear), also contribute to the pathology.11–13 
Although a repair process is initiated, continued micro-
trauma to the junctional site between PF and heel bone 

causes chronic inflammation of the fascia.14,15 Histological 
findings indicate that chronic plantar fasciitis also involves 
degenerative changes in PF tissue, as evidenced by the 
presence of mucoid substance and bone marrow vascular 
ectasia.10 Disorganized and degenerating collagen fibers, 
angiofibroblastic hyperplasia, and calcification are the 
major histopathological findings in plantar fasciitis.16
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In recent years, the importance of adult stem cells in 
tissue regeneration and degeneration has been noted.17–20 
Adult mesenchymal stem cells have remarkable abilities to 
proliferate extensively in an uncommitted state (self-
renewal) and differentiate into various cell lineages (multi-
differentiation potential), such as adipocytes, chondrocytes, 
and osteocytes.21 In tendons, such adult stem cells called 
tendon stem/progenitor cells (TSCs) have been isolated 
and characterized in humans, mice, rats, and rabbits.22–24 
Similarly, adult stem cells from human anterior cruciate 
ligaments (ACL) and medial collateral ligaments (MCL) 
have also been identified.21 We have shown that mechani-
cal overloading leads to tendon inflammation by inducing 
over-expression of cyclooxygenase (COX) and increased 
production of prostaglandin E2 (PGE2), a known inflam-
matory mediator.25,26 Moreover, mechanical overloading 
may cause aberrant differentiation of TSCs into non-teno-
cytes, which may lead to tendon degeneration manifested 
as lipid accumulation, mucoid formation, and tissue calci-
fication.27 Therefore, like tendons, PF may contain stem 
cells, which may also play a vital role in the development 
of plantar fasciitis. However, while PF has been exten-
sively studied biomechanically, little has been done at the 
structural and cellular levels.28

In this study, we aimed to characterize the biological 
properties and mechanobiological responses of stem cells 
isolated from human PF tissues. We identified two distinct 
types of tissues in human PF, namely, sheath and core, 
which are structurally dissimilar in terms of collagen 
organization, collagen types, and presence of blood ves-
sels. In addition, these two tissue types contain distinct 
stem cells that exhibit differential biological properties 
such as clonogenicity, multi-differentiation and prolifera-
tion potential, and expression of stem cell markers 
(octamer-binding transcription factor-4 (Oct-4), stage-spe-
cific embryonic antigen-4 (SSEA-4), and nucleostemin 
(NS)). The mechanobiological response of these two pop-
ulations of PF stem cells also differs in terms of expression 
of collagen I and IV, non-ligament-related genes (lipopro-
tein lipase (LPL), Runt-related transcription factor-2 
(Runx-2), collagen II), inflammatory genes (cyclooxyge-
nase-1 (COX-1)), cyclooxygenase-2 (COX-2)), as well as 
the production of inflammatory agents (PGE2 and interleu-
kin-6 (IL-6)) and matrix degradative enzymes (matrix 
metalloproteinase-1 (MMP-1) and matrix metalloprotein-
ase-2 (MMP-2)).

Materials and methods

Human tissue samples and ethics statement

Human PF tissue samples free of pathology were obtained 
from two adult donors of 39 and 44 years old. The protocol 
for obtaining PF tissue samples was approved by the 
University of Pittsburgh Institutional Review Board (IRB#: 

14060471). Written informed consent was obtained from 
all patients.

Characterization of human PF tissue by 
scanning electron microscope

Visualization of human PF structure was performed by 
scanning electron microscope (SEM). The tissue samples 
were fixed with 3% paraformaldehyde and 2% glutaralde-
hyde in 0.1 M cacodylate buffer containing 1% sucrose for 
30 min, followed by 1% osmium tetroxide for an addi-
tional 30 min. The fixed samples were dehydrated with 
50%, 60%, 70%, 80%, 90%, and 100% ethanol for 15 min 
each. The samples were treated with a critical point drying 
instrument and finally coated with gold/palladium using a 
sputter coater. The structure of PF was examined under a 
microscope with an accelerating voltage of 3 kV.

Histological analysis on tissue sections

PF tissue samples were fixed in 4% paraformaldehyde for 
48 h at 4°C, embedded in paraffin and sectioned either par-
allel or vertical to the longitudinal axis of the PF with a 
thickness of 10 µm. These sections were deparaffinized and 
rehydrated for hematoxylin and eosin (H&E) staining and 
Safranin O and Fast Green (S&F) staining according to 
standard protocols. The stained tissue sections were exam-
ined under a light microscope (Nikon eclipse, TE2000-U, 
Nikon Instruments Inc., Melville, NY, USA). For immuno-
histochemical staining of CD31, CD34, collagen type I, 
and collagen type IV, the deparaffinized and rehydrated 
sections were incubated with 0.05% trypsin at 37°C for 1 h 
for antigen retrieval treatment. The treated sections were 
washed three times with phosphate buffered saline (PBS) 
and reacted either with rabbit anti-CD31 antibody (1:300, 
Cat. ab#28364; Abcam, Cambridge, MA, USA), mouse 
anti-human CD34 (1:200, Cat. #ab8536; Abcam), rabbit 
anti-collagen type I (1:300, Cat. #ab34710; Abcam), or rab-
bit anti-human collagen type IV (1:300, Cat. #ab6586; 
Abcam) overnight at 4°C. Sections were then washed three 
times in PBS and incubated with Cy3-conjugated goat anti-
mouse secondary antibody (1:500, Cat. #AP124C; 
Millipore, Billerica, MA, USA) for 2 h at room temperature 
for CD34 testing, and Cy3-conjugated goat anti-rabbit sec-
ondary antibody (1:500, Cat. #AP132C; Millipore, 
Billerica, MA, USA) for 2 h at room temperature for CD31, 
collagen I, and collagen IV testing. Finally, the slides were 
washed again, counterstained with H33342 nuclear stain 
(Sigma, St. Louis, MO, USA), and photographed with fluo-
rescence microscope (Nikon eclipse, TE2000-U). The 
staining results were analyzed by semi-quantification. 
Briefly, three tissue sections were used for testing each 
marker; the areas of positive staining were identified manu-
ally and computed using SPOT IMAGING Software 
(Diagnostic Instruments, Inc., Sterling Heights, MI, USA). 
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The proportion of positive staining was calculated by divid-
ing the stained area by the view area. Nine ratio values for 
each of three tissue sections were averaged to obtain the 
percentage of positive staining.

Stem cell isolation and culture

The sheath was carefully separated from the core tissue of 
PF under the microscope. The tissues were minced into 
small pieces approximately 1 mm3. Wet tissue samples 
(each about 200 mg) were digested in 1 mL of PBS con-
taining 3 mg of collagenase type I and 4 mg of dispase as 
described previously.21,24 Following centrifugation, the 
cell pellets were resuspended in growth medium consist-
ing of Dulbecco’s modified Eagle’s medium (DMEM; 
Invitrogen, Carlsbad, CA, USA) supplemented with 20% 
fetal bovine serum (FBS; Gibco, Grand Island, NY, USA) 
and cultured with 5% CO2 at 37°C.

Colony formation and cell proliferation

The colony formation of the cells from the plantar fascia 
sheath (PF-S) and plantar fascia core (PF-C) was moni-
tored during the primary culture. After 3 weeks, the cells 
were washed twice with PBS, fixed in 4% paraformalde-
hyde for 15 min, and then stained with methyl violet for 
30 min. After rinsing twice with PBS, the colonies were 
imaged and the colony numbers were counted.

Cell proliferation was determined by measuring popu-
lation doubling time (PDT) at different passages. Briefly, 
PF-S and PF-C cells were seeded in six-well plates with a 
density of 5 × 104 cells/well and cultured with growth 
medium until confluent. The PDT was calculated by divid-
ing the total culture time by the number of generations.

Immunostaining on PF-S and PF-C cells

Cells were seeded in 12-well plates at a density of 
3 × 104 cells/well and cultured with growth medium for 
4 days, washed twice with PBS, and fixed with 4% para-
formaldehyde in PBS for 30 min at room temperature. For 
Oct-4 and NS staining, fixed cells were treated with 0.1% 
of Triton X-100 for 30 min, washed with PBS three times, 
and incubated overnight at 4°C with either rabbit anti-
human Oct-4 (1:350, Cat. #sc9081; Santa Cruz 
Biotechnology, Santa Cruz, CA, USA) or goat anti-human 
NS (1:350, Cat. #GT15050; Neuromics, Edina, MN, 
USA). For SSEA-4, CD31, vimentin, collagen I, and col-
lagen IV testing, fixed cells were incubated with the fol-
lowing individual antibodies overnight at 4°C: mouse 
anti-human SSEA-4 (1:400, Cat. #414000; Invitrogen), 
rabbit anti-CD31 (1:300, Cat. ab#28364; Abcam), mouse 
anti-vimentin (1:300, Cat. ab#8978; Abcam), rabbit anti-
collagen type I (1:300, Cat. #ab34710; Abcam), or rabbit 
anti-collagen type IV (1:300, Cat. #ab6586; Abcam).

After removing the primary antibodies and washing the 
cells with PBS five times, Cy3-conjugated secondary anti-
bodies were applied for 1 h at room temperature. For 
SSEA-4 and vimentin testing, Cy3-conjugated goat anti-
mouse secondary antibody (1:500, Cat. #AP124C; 
Millipore, Billerica, MA, USA) was used. For NS testing, 
Cy3-conjugated donkey anti-goat secondary antibody 
(1:500, Cat. #AP180C; Millipore, Billerica, MA, USA) 
was used. For Oct-4, CD31, collagen type I, and collagen 
type IV testing, Cy3-conjugated goat anti-rabbit secondary 
antibody (1:500, Cat. #AP132C; Millipore, Billerica, MA, 
USA) was applied. Samples were counterstained with 
H33342 staining (Sigma) and examined using fluores-
cence microscopy (Nikon eclipse, TE2000-U).

Multi-differentiation potential of PF-S and PF-C 
cells

At passage 2, PF-S and PF-C cells were seeded into 12-well 
plates at the density of 1 × 105/well and cultured with growth 
medium for 2 days. At day 3, cells were separately cultured 
with adipogenic differentiation medium (Life Technologies, 
Carlsbad, CA, USA), chondrogenic medium (Life 
Technologies, Carlsbad, CA, USA), and osteogenic medium 
(Life Technologies) for 21 days, changing media every 
3 days. Adipogenesis was evaluated by intracellular lipid 
accumulation using Oil Red O staining assay (Millipore, 
Temecula, CA, USA). Cells were fixed using 4% paraform-
aldehyde for 1 h at room temperature, washed with PBS 
three times, and incubated with a 0.36% Oil Red O solution 
(Millipore, Temecula, CA, USA) for 1 h, followed by wash-
ing three times with water. Positively stained adipocytes 
were examined for red lipid droplets under a microscope. 
Chondrogenesis was detected using Safranin O staining 
assay. Cells were fixed in ice-cold ethanol for 1 h, rinsed with 
distilled water twice each for 5 min, and stained at room tem-
perature for 30 min with Safranin O solution (Sigma). The 
stained glycosaminoglycans (GAG)-rich matrix produced by 
chondrocytes appeared red under a microscope. Osteogenesis 
was tested by Alizarin Red S. Cells were fixed in chilled 70% 
ethanol for 1 h, rinsed with distilled water twice each for 
5 min, and stained with Alizarin Red S (Millipore, Temecula, 
CA, USA) at room temperature for 30 min. Stained mineral 
deposits in osteoblasts appeared orange-red.

Semi-quantification of positively stained cells

Stem cell marker expression and cell differentiation were 
determined by a semi-quantitative method. Briefly, nine 
views from each well were randomly chosen on a micro-
scope with the same magnification. For stem cell marker 
expression, the ratio of positive stained cells in total cells 
was calculated by dividing positive stained cell numbers 
by the H33342 positive stained cell number. For cell dif-
ferentiation testing, the areas of positive staining were 
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identified manually and computed using SPOT IMAGING 
Software. Next, the proportion of positive staining was 
calculated by dividing the stained area by the view area. 
Nine ratio values for each of three wells were averaged to 
obtain the percentage of positive staining, which repre-
sents the extent of cell differentiation in the respective 
induction medium.

Morphology of PF-S and PF-C cells

The characteristics of PF-S and PF-C were further assessed 
by analyzing cell shape factors of the two types of cells. 
The cell shape factor is expressed by the cell aspect ratio, 
which is the cell length along the long axis divided by the 
cell length along the short axis.

Cell stretching experiments

Cell stretching experiments were performed according to a 
previously published protocol.27 Passage 3 cells were 
seeded into 18 custom-made silicone dishes at a density of 
3 × 105/dish and cultured with growth medium for 2 days. 
Cyclic stretching was applied to the silicone dishes at 4% 
and 8% strains (“clamp-to-clamp” strains) at 0.5 Hz for 
12 h. Dishes were divided into stretching and without 
stretching groups, with each group containing three dishes 
of PF-S and three dishes of PF-C cells. Cells without 
stretching were used as control.

After stretching, media was collected to measure IL-6 
and PGE2 production using their respective enzyme-linked 

immunosorbent assay (ELISA) kits (Abcam, Cat. No. 
ab46027, for IL-6, and Cayman Chemical, Cat. No. 
#514010 (Ann Arbor, MI, USA) for PGE2). In addition, the 
total RNA of cells in each dish was extracted, and quantita-
tive real-time polymerase chain reaction analysis (qRT-
PCR) was performed to evaluate gene expression of 
stretched and non-stretched cells.

qRT-PCR analysis

RNA extraction was performed on PF-S and PF-C  
cells using the RNeasy Mini Kit with an on-column 
DNase I digest (Qiagen Inc., Hilden, Germany) followed 
by a SuperScript II kit (Invitrogen) to synthesize 
Complementary DNA (cDNA) from 1 µg total RNA in a 
20-µL reaction mixture. The following conditions for 
cDNA synthesis were applied: 65°C for 5 min, cooling for 
1 min at 4°C, 42°C for 50 min, and 72°C for 15 min. A 
total of 100 ng of RNA (2 µL cDNA solution) were ampli-
fied using the QIAGEN QuantiTect SYBR Green PCR 
Kit (Qiagen) in a Chromo 4 Detector (MJ Research, 
Waltham, MA, USA) with incubation at 94°C for 5 min, 
followed by 30 to 40 cycles of a three-temperature pro-
gram of 1 min at 94°C, 30 s at 57°C, and 30 s at 72°C. The 
PCR reaction was terminated after a 10-min extension at 
70°C. Based on previous publications,29–35 the following 
human-specific primers were used: collagen type I, 
CD105, collagen type IV, LPL, collagen type II, Runx-2, 
MMP-1, and MMP-2 (Table 1). Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) served as an internal con-
trol. All primers were synthesized by Invitrogen.

Data analysis

For each experimental condition, at least three replicates 
were performed. The results presented in the figures are 
representatives of these replicates (mean ± standard devia-
tion (SD), n = 3–6). Two-tailed student t test was used for 
statistical analysis. A p-value less than 0.05 was consid-
ered to be significantly different. For RT-PCR results, any 
change in gene expression levels that are less than ~2-fold 
is not considered to be significantly different.

Results

Human PF consists of two distinct tissues

Human PF tissue is a few millimeters thick, consisting of a 
pearly white, glistening layer of fiber bundles, tapering off 
in a proximal–distal direction, mainly arranged longitudi-
nally. We took horizontal and cross sections of human PF 
tissue for detailed analysis. SEM images of both sections 
showed that human PF tissue consisted of two different 
kinds of tissues with different structures: one is the central 
part called “core” (PF-C) and the other loose “sheath” that 
surrounds the core (PF-S). Horizontal sectioning showed 

Table 1.  Primers used for RT-PCR analysis.

Gene name Sequence

Collagen I Forward: 5′-GTT CGT GAC CGT GAC CTC 
G-3′
Reverse: 5′-TCT TGT CCT TGG GGT TCT 
TGC-3′

Collagen II Forward: 5′-GGC AAT AGC AGG TTC ACG 
TAC A-3′
Reverse: 5′-CGA TAA CAG TCT TGC CCC 
CAC TT-3′

Collagen IV Forward: 5′-GTG CTG TGT GTG AGG CGC-3′
Reverse: 5′-GCC GAT CCA CAG CGA GGA-3′

CD105 Forward: 5′-ACG CTC CCT CTG GCT 
GTTG-3′
Reverse: 5′-GCC CTT CGA GAC CTG GCT 
AG-3′

MMP-1 Forward: 5′-TTC ATT TCT GTT TTC TGG 
CC-3′
Reverse: 5′-ATT TTT CCT GCA GTT GAA 
CC-3′

MMP-2 Forward: 5′-CCC TGA TGT CCA GCG AGT 
G-3′
Reverse: 5′-ACG ACG GCA TCC AGG TTA 
TC-3′

RT-PCR: real-time polymerase chain reaction.
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Figure 1.  Characterization of human PF tested by SEM ((a)–(f)), H&E staining ((g)–(l)), and Safranin O and Fast Green ((m)–(r)). 
SEM results show that horizontal and cross sections of whole human PF tissue ((a) and (d), respectively) have a sheath region 
outlined by a blue box and a core region outlined by a yellow box, each characterized by distinct qualities. An enlarged image of the 
sheath ((b), (e)) region shows a crosslinked collagen network, while an enlarged image of the core ((c), (f)) displays well-organized 
collagen bundles. H&E staining confirmed SEM findings ((g)–(l)). Enlarged images of the blue (sheath tissue) and yellow (core tissue) 
box areas in (g) and (j) show sheath tissue with crosslinked network of collagen fibers with many blood vessels (red arrows in (h), 
(k)) and elongated cells (yellow arrows in (i)) in the core tissue with well-organized collagen fibers. Enlarged image of yellow box 
area in (j) shows that core tissue has collagen bundle (l). Safranin O and Fast Green staining ((m)–(r)) shows the same results. Both 
horizontal and cross tissue sections ((m), (p)) show sheath (blue box) and core parts (yellow box). Enlarged image of the blue box 
area in (m) shows that sheath tissue has a crosslink network of collagen with many blood vessels (red arrows in (n)). Enlarged image 
of the yellow box area in (m) shows elongated cells (yellow arrows in (o)) stay in the core part with well-organized collagen fibers. 
Enlarged image of the blue box area in (p) shows sheath with crosslinks of collagen and blood vessels (red arrows in (q)) and some 
mucin-like tissues (green arrow in (q)). Enlarged image of yellow box area in (p) shows that core tissue has collagen bundle ((r), red 
arrow). Black bars: 500 µm, yellow bars: 125 µm.



6	 Journal of Tissue Engineering ﻿

distinct sheath and core parts (Figure 1(a), blue and yellow 
boxes, respectively). The enlarged image of the blue area 
(Figure 1(b)) showed sheath tissue with a loose mesh-like 
structure, while the enlarged yellow area showed core tis-
sue with tight collagen bundles (Figure 1(c)). SEM images 
of cross section showed similar features (Figure 1(d) and 
(f)). Furthermore, the diameter of collagen fibers in core 
tissue is approximately 89.5 ± 9.2 nm (Figure 1(c)); how-
ever, the diameter of collagen fibers in the sheath tissue is 
61.3 ± 8.5 nm (Figure 1(e)). These findings indicate that 
the core tissue is formed by dense and thick collagen fibers 
(Figure 1(c) and (f)), while the sheath tissue is a loose net-
work formed by thin collagen fibers (Figure 1(b) and (e)).

Histological analysis by H&E staining confirmed these 
findings. The core is a ligament-like tissue with well-
organized collagen fiber bundles (Figure 1(g) and (j), yel-
low box) and sheath is a mesh of unorganized collagen 
fiber network with some blood vessel–like tissues (Figure 
1(g) and (j), blue box). Enlarged images clearly showed 
sheath with a loose crosslinked network of collagen and 
the presence of blood vessels (Figure 1(h) and (k), red 
arrows) in both horizontal and cross sections and enlarged 
images of core tissue showed well-organized collagen 
bundles (Figure 1(i) and (l)). Horizontal section showed 
that the cells in core tissue are oval-shaped (Figure 1(i), 
yellow arrows) and cross section showed collagen fiber 
bundles in core tissue (Figure 1(l)). These findings were 
further confirmed by S&F staining (Figure 1(m)–(r)). In 
the horizontal section, the collagen fibers in core were 
stained green (Figure 1(m), yellow box), and the sheath 
was positively stained for mucin-like tissue with a loosely 
organized network of collagen and some blood vessels 
(Figure 1(m), blue box). An enlarged image of sheath tis-
sue showed many blood vessels (Figure 1(n), red arrows), 
while the core tissue showed oval-shaped cells (Figure 
1(o), yellow arrows). Cross sections showed similar fea-
tures: the sheath has a mesh-like structure with mucin-like 
tissues (Figure 1(q), green arrows) and blood vessels 
(Figure 1(q) and (r), red arrow), while core tissue con-
tained well-organized collagen fibers (Figure 1(p) and (r)).

CD34 and CD31 expressions are much higher 
in sheath tissue compared to core tissue

Immunostaining confirmed the SEM and histological find-
ings that PF tissue contains distinct sheath and core tissues 
by staining for endothelial cell markers, CD34 and CD31, 
in each tissue type (Figure 2(a) and (d), blue and yellow 
boxes). Enlarged images of sheath tissue, again displaying 
a characteristic crosslinked network of collagen fibers, 
show positive staining for both CD34 and CD31, exhibit-
ing the presence of blood vessel–like tissue (Figure 2(b) 
and (e), respectively). This is in contrast to enlarged images 
of core tissue with its well-organized collagen fibers, 

showing a lack of positive staining for both CD34 and 
CD31, and thus lacking blood vessel–like tissue (Figure 
2(c) and (f)). These results are confirmed by the semi-
quantification results (Figure 2(g)).

Sheath tissue consists of less collagen type I but 
more collagen type IV compared to core tissue

Further immunostaining experiments were used to analyze 
the collagen content of each tissue type in human PF tissue 
by staining for collagen I and collagen IV. While very low 
percentages of sheath tissue (Figure 3(a) and (d), blue box) 
were positively stained with collagen I (Figure 3(a) and 
(b)), higher percentages of the core tissue (Figure 3(a) and 
(d), yellow box) were positively stained with collagen type 
I (Figure 3(a) and (c)). On the other hand, higher percent-
ages of the sheath tissue were positively stained by colla-
gen type IV (Figure 3(d) and (e)), while low percentages of 
core tissue were positively stained with collagen IV 
(Figure 3(d) and (f)). These results were further confirmed 
by semi-quantification analysis (Figure 3(g)). Collectively, 
these results (Figures 1–3) indicate that PF consists of two 
distinct types of tissue with different structural properties.

PF-S stem cells grow quicker and form larger 
colonies compared to PF-C stem cells

Next, we isolated stem/progenitor cells from both types of 
PF tissues for a detailed analysis at the cellular and molec-
ular level. After 7 days in culture, PF-S cells exhibited 
faster growth and assumed a cobblestone shape (Figure 
4(a)). In contrast, PF-C cells grew slower and maintained 
elongated shapes (Figure 4(b)), similar to the elongated 
shape observed in original core tissue (Figure 1(o)). After 
4 weeks in culture, PF-S cells produced larger colonies and 
higher cell numbers (Figure 4(c) and (l)) with a PDT of 1.5 
times that of PF-C cells (Figure 4(d) and (k)).

PF-S stem cells differ from PF-C stem cells in 
cell marker expression

Both PF-S and PF-C cells at passages 1–3 expressed stem 
cell markers, including Oct-4 (Figure 4(e) and (f)), SSEA-4 
(Figure 4(g) and (h)), and NS (Figure 4(i) and (j)), with an 
apparent higher percentage of PF-S cells expressing these 
markers compared to PF-C cells. Particularly, Oct-4 
expression was significantly higher in PF-S cells com-
pared to PF-C cells (p < 0.05) (Figure 4(m)).

Moreover, more PF-S cells were also positively stained 
by endothelial cell marker, CD31 (Figure 4(n)), and base-
ment marker, vimentin (Figure 4(o)), than PF-C cells 
(Figure 4(r), (s), and (v)). Less than 50% of PF-S cells 
were positively stained by ligament cell marker, collagen I 
(Figure 4(p) and (w)), but more than 80% of PF-C cells 
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Figure 2.  The expression of endothelial cell markers, CD34 and CD31, is much higher in the sheath compared to the core in 
human PF tissue. The immunostaining on CD34 ((a)–(c)) and CD31 ((d)–(f)) shows that human PF tissue has sheath (blue box in 
(a), (d)) and core parts (yellow box in (a), (d)). Enlarged images of the blue box areas in (a) and (d) show that sheath tissue has 
a crosslink network of collagen fibers with many blood vessel–like tissues positively stained by CD34 and CD31 (red in (b), (e)). 
Enlarged images of the yellow box areas in (a) and (d) show elongated cells (yellow arrows in (c), (f)) stay in the core part with well-
organized collagen fibers. There is no blood vessel–like tissue found in core part and very few cells are positively stained by CD34 
and CD31 ((a), (c), (d), (f)). Red color represents areas positively stained with CD34 and CD31 and blue is stained nuclei. Semi-
quantification shows significantly high staining for CD34 and CD31 in PF-S compared to PF-C cells (g). Yellow bars: 500 µm, green 
bars: 125 µm. *p < 0.01.
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Figure 3.  The differential expression of collagen type I and collagen type IV in the sheath and core parts of human PF tissue. 
Immunostaining analysis shows that human PF has sheath (blue box in (a), (d)) and core parts (yellow box in (a), (d)). The enlarged 
image of the blue box area in (a) shows that sheath tissue has a crosslink network of collagen fibers negatively stained by collagen 
type I (b), while the enlarged image (e) of the blue box area in (d) shows that sheath tissue has a crosslink network of collagen 
fibers (green arrows in (e)) with many blood vessel–like tissues (yellow arrows in (e)) positively stained by collagen type IV. The 
enlarged image of the yellow box area in (a) shows elongated cells (white arrows in (c)) stay in the core part with well-organized 
collagen fibers positively stained with collagen I (c), while an enlarged image (f) of the yellow box area in (d) shows elongated cells 
(white arrows in (f)) stay in the core part with well-organized collagen fibers negatively stained with collagen IV. Semi-quantification 
shows significantly high collagen I in PF-C compared to PF-S and significantly high collagen IV in PF-S compared to PF-C cells (g). Red 
bar: 100 µm, yellow bar: 500 µm; green bars: 125 µm. *p < 0.01.
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Figure 4.  PF-S stem cells differ from PF-C stem cells in proliferation, stem cell, endothelial, basement, and ligament cell marker 
expression. The morphology of PF-S cells cultured for 7 days shows a typical cobblestone shape consisting of many cells (a). In 
contrast, the morphology of PF-C cells cultured for 7 days shows elongated shape with very few cells (b). A typical colony formed 
by PF-S cells (P0) cultured for 4 weeks is large and densely populated (c). However, a typical colony of PF-C cells cultured for 
4 weeks is small and sparsely populated (d). PF-S cells grow faster and form larger colonies compared to PF-C cells. Population 
doubling time (PDT) of PF-S cells is significantly higher than PF-C cells (k), and the average colony size of PF-S cells is significantly 
greater than PF-C cells (l). Moreover, PF-S stem cells exhibit more extensive expression of stem cell markers compared to PF-C 
stem cells, although both types of cells at P2 express all three stem cell markers, Oct-4 ((e), (f)), SSEA-4 ((g), (h)), and nucleostemin 
(NS) ((i), (j)), with Oct-4 expression significantly higher in PF-S cells (m). Furthermore, both PF-S and PF-C cells at P2 express 
endothelial cell marker, CD31 ((n), (r)); basement marker, vimentin ((o), (s)); collagen type I ((p), (t)); and collagen type IV ((q), (u)), 
with CD31, vimentin, and collagen IV expression for PF-S significantly higher, but collagen I lesser than PF-C ((v), (w)). Red bars: 
500 µm; green bars: 100 µm; *p < 0.05.
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were positively stained by collagen I (Figure 4(t) and (w)). 
On the other hand, more than 90% of PF-S cells (Figure 
4(q) and (w)) and less than 38% of PF-C cells (Figure 4(u) 
and (w)) expressed basement cell marker, collagen type IV. 
These findings suggest that PF-S and PF-C stem cells 
exhibit differential properties in terms of expression of 
collagen type and level.

PF-S stem cells maintain stemness better than 
PF-C stem cells

Cultures of PF-S and PF-C cells in adipogenic, chondro-
genic, and osteogenic media were used to test the multi-
differentiation capabilities of PF-S and PF-C cells. Both 
PF-S and PF-C cells were capable of differentiating into 
adipocytes (Figure 5(a) and (d)), osteocytes (Figure 5(b) 
and (e)), and chondrocytes (Figure 5(c) and (f)), but the 
extent of PF-S stem cell differentiation was significantly 
higher than that of PF-C stem cells (Figure 5(g)).

After PF-S and PF-C stem cells were cultured up to 
seven passages, PF-S stem cells kept their cobblestone-like 
shape (Figure 6(b)), while PF-C cells kept their elongated 

shape (Figure 6(a)). To confirm the morphological differ-
ences, we calculated the cell shape factor and expressed it as 
cell aspect ratio (cell length along long axis/cell length along 
short axis) and found that the factor is significantly higher 
for PF-C compared to PF-S cells (Figure 6(g)). In addition, 
more than 95% of PF-S expressed NS (Figure 6(d) and (h)) 
and more than 74% of PF-S stem cells still expressed 
SSEA-4 (Figure 6(f) and (h)). However, PF-C stem cells 
became elongated following seven passages (Figure 6(a)), 
and 82% of PF-C stem cells lost the expression of NS 
(Figure 6(c) and (h)) and more than 66% of PF-C stem cells 
no longer expressed SSEA-4 (Figure 6(e) and (h)), indicat-
ing that these PF-C cells were undergoing differentiation 
during culture with multiple passages. Taken together, these 
results suggest that PF-S stem cells maintained their 
stemness better compared to PF-C cells in culture.

Differential response of gene expression in 
mechanically loaded PF-S and PF-C stem cells

Considering that PF tissue is constantly subjected to mechani-
cal loading in vivo, the mechanobiological responses of both 

Figure 5.  PF-S stem cells exhibit a higher degree of multi-differentiation potential and maintain better stemness compared to PF-C 
stem cells. Both PF-S and PF-C cells at P3 undergo adipogenesis shown by Oil Red O ((a), (d)), osteogenesis by Alizarin Red ((b), 
(e)), and chondrogenesis by Safranin O ((c), (f)) with significantly higher differentiation in PF-S (g). The green box insets in (a) and 
(d) show adipocytes. *p < 0.05.
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PF-S and PF-C cells at two different stretching magnitudes 
were then investigated using an in vitro cell loading system.27 
The mechanobiological responses of both PF-S and PF-C 
cells in terms of gene expression levels (collagen I, II, IV; 
CD105; LPL; Runx-2; MMP-1; and MMP-2) were measured 
by qRT-PCR. Moderate mechanical stretching (MMS) at 4% 
did not enhance collagen I expression in PF-S cells but did 
increase it significantly in PF-C cells (Figure 7(a)), whereas 

collagen IV expression was significantly enhanced in PF-S 
cells but not in PF-C cells (Figure 7(b)). The gene expression 
of CD105 (angiogenesis marker) did not change at 4% 
stretching in both PF-S and PF-C cells (Figure 7(c)); how-
ever, intensive mechanical stretching (IMS) at 8% increased 
the expression of collagen I in both PF-S and PF-C cells 
(Figure 7(a)), and collagen IV (Figure 7(b)) and CD105 
(Figure 7(c)) in PF-S cells only. These results indicate that 

Figure 6.  At P7, PF-S cells still maintain cobblestone-like shape (b), but PF-C cells stay highly elongated (a). The cell shape factor 
defined by the cell aspect ratio is significantly high in PF-C cells (g). PF-C cells lose stemness ((c), (e)) quickly than PF-S cells ((d), 
(f)), as evidenced by the low-level expression of stem cell markers, NS and SSEA-4 in PF-C (h). The white box insets show enlarged 
images of NS staining ((c), (d)). *p < 0.01.
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Figure 7.  IMS induces differential gene expression in PF-S and PF-C stem cells. MMS does not alter the collagen I expression 
in PF-S stem cells, but there is significant increase in PF-C stem cells. However, IMS enhances collagen I in both types of 
stem cells with higher expression in PF-C cells (a). In contrast, at MMS, collagen IV expression is significantly enhanced in 
PF-S cells without any change in PF-C cells (b), whereas IMS significantly increases the expression of collagen IV in PF-S and 
PF-C stem cells with higher expression in PF-S cells compared to PF-C cells and unstretched control (b). Moreover, at MMS, 
angiogenesis marker CD105 expression does not change in PF-S and PF-C cells, but 8% stretch significantly enhances the 
expression only in PF-S cells (c). MMS does not increase gene expression of matrix degradative enzymes MMP-1 and MMP-2; 
however, IMS significantly enhances the gene expression in PF-S and PF-C cells compared to respective controls ((d), (e)). 
Moreover, MMS does not change the non-ligament-related gene expression (LPL, Runx-2, collagen II) in both PF-S and PF-C 
cells ((f)–(h)). However, IMS increases the expression of all three non-ligament-related genes including LPL for adipogenesis 
(f), Runx-2 for osteogenesis (g), and collagen II for chondrogenesis (h) in both PF-S and PF-C cells compared to unstretched 
control. *p < 0.05.
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PF-S and PF-C cells respond to mechanical loading condi-
tions differentially, at least in terms of the expression of col-
lagen I and IV, and CD105 genes.

Furthermore, MMS did not enhance matrix degradative 
enzyme MMP-1 expression in PF-S and PF-C cells; how-
ever, IMS increased MMP-1 expression in both PF cell 
types when compared to an unstretched control (Figure 
7(d)). At IMS only, MMP-2 was significantly enhanced in 
both PF-S and PF-C cells (Figure 7(e)), while MMS did 
not change the expression of non-ligament-related genes 
(LPL, Runx-2, collagen II) in both PF-S and PF-C cells 
(Figure 7(f)–(h)). However, IMS increased the expression 
of all three non-ligament-related genes, including LPL for 
adipogenesis (Figure 7(f)), Runx-2 for osteogenesis 
(Figure 7(g)), and collagen II for chondrogenesis (Figure 
7(h)), in both PF-S and PF-C cells when compared to an 
unstretched control. These findings suggest that when sub-
jected to mechanical overloading, both PF-S and PF-C 
cells can undergo non-ligament differentiation.

Moreover, MMS did not increase inflammation-
related protein expression of COX-1 (Figure 8(a)), while 
IMS increased COX-1 and COX-2 in PF-S and COX-2 

in PF-C cells (Figure 8(a) and (b)). These data indicate 
that under mechanical overloading conditions, both PF-S 
and PF-C cells undergo inflammatory and catabolic 
responses.

Intensive mechanical loading increases IL-6 and 
PGE2 production in PF-S and PF-C stem cells

Although 4% stretching did not change the IL-6 produc-
tion significantly in both PF-S and PF-C cells, 8% stretch-
ing increased IL-6 production significantly in both PF-S 
(2-fold) and PF-C cells (8-fold) compared to respective 
unstretched controls (Figure 8(c)). Similar to IL-6, 4% 
stretching did not change PGE2 production in both PF-S 
and PF-C cells; however, 8% stretching significantly 
increased PGE2 production in both PF-S (2-fold) and PF-C 
cells (8-fold) compared to their respective unstretched 
controls (Figure 8(d)). Taken together, our results indicate 
that mechanical overloading placed on PF tissue leads to 
the production of proinflammatory agents such as IL-6 and 
PGE2, with PF-S cells being more sensitive to mechanical 
loading condition.

Figure 8.  IMS causes the production of inflammatory mediators, COX-2, IL-6, and PGE2 in PF-S and PF-C stem cells. Western blot 
shows that MMS does not cause significant changes of COX-1 expression in both PF-S and PF-C cells (a). However, IMS significantly 
enhances expression of COX-1 in PF-S and COX-2 expression in both types of cells (b). The IL-6 production in PF-S cells is seven 
times higher than that of PF-C cells (c). MMS does not change the IL-6 production significantly in both PF-S and PF-C cells compared 
to control groups. However, IMS significantly increases IL-6 production in both PF-S (2-fold) and PF-C cells (8-fold) compared to 
respective unstretched controls. Under IMS condition, PF-S cells have twice the amount of IL-6 compared to PF-C cells (c). PGE2 
level in control PF-S cells is also much higher (5.6-fold) than PF-C cells (d). MMS does not change PGE2 production in both PF-S 
and PF-C cells; however, IMS significantly increases PGE2 production in both PF-S (2-fold) and PF-C cells (8-fold) compared to 
respective unstretched controls (d). *p < 0.05.
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Discussion

Plantar fasciitis is a common problem in orthopedic sur-
gery and sports medicine, but its underlying pathogenic 
mechanisms are poorly understood. While previous stud-
ies have focused on the gross histological anatomy and 
biomechanics of PF, hardly any histological and biological 
studies have been done on PF tissue as yet. This study 
characterized human PF tissue in detail at histological, cel-
lular, and mechanobiological levels. Our findings show 
that PF tissue consists of two distinct sheath and core tis-
sues with differential structural and compositional proper-
ties. Stem cells isolated from sheath and core tissues also 
exhibit differential properties at biological and mechano-
biological levels. The sheath tissue is a loose array of ran-
dom, thin collagen fibers with blood vessels; however, the 
core tissue is a much denser form of thick collagen fibers 
organized in a very precise order providing PF tissue with 
a greater tensile strength needed to sustain large mechani-
cal loads during daily and sports activities. Moreover, the 
richly vascularized sheath (Figure 2) may provide nutri-
ents needed for the homeostasis of the poorly vascularized 
core tissue as well as play a role in transporting rapidly 
proliferating stem cells (Figure 4) in the event of injury 
due to mechanical overloading.

Indeed, at the cellular level, this study found that sheath 
(PF-S) stem cells grow faster, form larger colonies, and 
maintain their stemness at a higher level compared to core 
(PF-C) stem cells. Although both populations of stem cells 
express stem cell markers, Oct-4, NS, and SSEA-4, PF-S 
stem cells express them at a more extensive level. In com-
parison to PF-C cells, PF-S stem cells express high levels 
of specific markers indicating vascularization and mesen-
chymal stem cell origin, indicated by CD31/34 and vimen-
tin expression, respectively.

In analyzing the presence of collagen I and collagen IV 
in these two tissues, the presence of high levels of collagen 
IV in PF-S tissue suggests a role in maintaining the base-
ment membrane,36,37 while the presence of collagen type I 
in PF-C tissue speaks to its role as ligament tissue (Figure 
3).38,39 This finding suggests that under physiological con-
ditions, PF-C cells are of ligament origin and their main 
function may be to maintain homeostasis of the tissue. 
Moreover, PF-C cells maintain elongated shape in culture 
(Figure 4(b)), which is similar to the shape observed in 
original tissue (Figure 1), whereas PF-S cells are multi-
shaped (Figure 4(a)) and associated with mesh-like struc-
ture of PF-S. The differential characteristics of the two 
types of stem cells, that is, PF-S cells are similar to vascu-
lar stem cells, whereas PF-C cells are more like connective 
tissue (ligament) cells, suggest that both types of stem 
cells play different roles in the development of chronic 
plantar fasciitis as well as healing of acutely injured PF 
tissue. Previously, we showed that ACL and MCL stem 
cells display differential biological properties, which can 
explain their differential healing capabilities.21

Since mechanical loading is an integral part of the PF 
environment, we proceeded to determine the mechanobio-
logical responses of PF tissue and stem cells. We used 
MMS and IMS to simulate in vivo loading conditions—
moderate loading to mimic daily walking and IMS to fast 
running. However, the exact magnitudes of in vivo loads 
on the PF tissue are not known. Therefore, the results 
from MMS and IMS loading of this study are meant to be 
“qualitative” in nature. We found moderate mechanical 
loading with 4% stretching to be beneficial for PF tissue 
by increasing the expression of collagen I and by enabling 
differentiation of core stem cells into ligament fibroblasts 
to maintain PF homeostasis. However, intensive mechani-
cal loading at 8% stretching also induces gene expression 
specific for adipogenesis, osteogenesis, and chondrogen-
esis (Figure 7(f)–(h)), suggesting induction of aberrant 
differentiation in PF stem cells in vivo and possible 
degenerative changes in PF tissue. These results may 
explain previous histological finding that collagen necro-
sis, angiofibroblastic hyperplasia, chondroid metaplasia, 
and matrix calcification are present in surgical biopsy PF 
specimens.40 Furthermore, intensive mechanical loading 
also induces the expression of MMP genes (Figure 7(d) 
and (e)), increases COX-2 gene (Figure 8(a) and (b)) 
expression, and increases IL-6 and PGE2 (Figure 8(c) and 
(d)), whereas moderate mechanical loading does not. 
These findings suggest that intensive loading can induce 
detrimental effects in tissues by inducing matrix-degrad-
ing enzymes by elevated MMP gene expression, and 
enhancing cellular inflammatory response through 
increased COX-2 gene expression and increased inflam-
matory mediators (IL-6, PGE2). Taken together, these 
findings may suggest a direct mechanism by which 
mechanical overloading on PF tissue causes PF inflam-
mation and degeneration, in addition to the aberrant dif-
ferentiation of the sheath and core stem cells due to 
mechanical overloading.

This study also shows that intensive mechanical load-
ing played a role in neovascularization and subsequent 
angiogenesis in PF tissue. Intensive mechanical loading 
induced a much higher level of expression of CD105 and 
collagen IV in PF-S cells than PF-C cells. Elevated expres-
sion of CD105 suggests blood vessel development and 
neovascularization suggesting that mechanical overload-
ing-induced injury to PF tissue may induce angiogenesis 
resulting in plantar fasciitis inflammation. Angiogenesis is 
suggested to be a leading candidate for chronic tendon 
pain.41 Moderate mechanical loading did not have such 
pronounced effects in the expression of CD105 in either 
sheath or core stem cells; therefore, angiogenesis may not 
occur at that loading condition. Enhanced expression of 
collagen IV by both moderate and intensive mechanical 
loading in the PF-S cells may mean that as a mechanical 
adaptive response, basement membrane may have thick-
ened in the sheath. This prediction by this study should be 
examined in future clinical studies of plantar fasciitis.
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Conclusion

This study represents the first efforts to define the struc-
tural, cellular, and mechanobiological aspects of normal 
human PF cells. Our results indicated that human PF con-
sists of two distinct types of tissues, sheath and core, that 
display dissimilar structural properties, with two stem cell 
populations derived from these PF tissues possessing dif-
ferent biological properties. These sheath and core stem 
cells also exhibit differential responses to mechanical 
loading conditions. In particular, mechanical overloading 
induced aberrant differentiation of the sheath and core tis-
sue stem cells, and their inflammatory and catabolic 
responses, which may play a major role in the develop-
ment of plantar fasciitis.
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