
ORIGINAL RESEARCH

Investigation of the Short-term Effects of Heat Shock on Human
Hamstring Tenocytes In Vitro

Jay V. Shah1
& Emmanuel C. Ekwueme1

& Joseph W. Freeman1

Received: 24 January 2018 /Accepted: 27 June 2018 /Published online: 24 June 2019
# The Regenerative Engineering Society 2019

Abstract
Tendons and ligaments are collagenous connective tissues involved in locomotion and stabilization of joints. These tissues
possess relatively low cellularity and vascularity, resulting in long and potentially incomplete healing responses following injury.
For sub-failure injuries such as strains and sprains, the common treatment is an implementation of rest, ice, compression, and
elevation. This procedure relies on the tissue’s natural healing ability, leaving the tissue prone to possible re-injury and failure. As
a potential aid in the healing process, we investigated the effects of thermal stress on human tenocytes in vitro. This method
exploits the activity of heat shock proteins, which assist in cellular proliferation and protein assembly. Heat shock at 40, 44, and
48 °C was applied to human hamstring tenocytes for 5–20 min. Studies were performed to determine metabolic activity,
proliferation, protein secretion, and gene expression of the cells shortly after heating. A scratch wound healing assay was
performed to monitor migration of cells as they recovered from heat shock. The data showed increased cellular activity following
15 and 20 min of thermal conditioning at 44 and 48 °C. Protein secretion and expression of collagens types I and III and TGF-β1

suggest that the heat shock response of tenocytes is similar to that of natural wound healing. The results revealed different
responses for different temperatures and different durations of heat shock. The scratch assay revealed that heat might hasten
recovery times following injury. Although additional studies that investigate additional heat shock proteins with different cell
lines must be performed, these initial results suggest that heat shock may be a potential therapeutic tool that should be further
investigated for the treatment of sub-failure tendon and ligament injuries. Heat shock presents a potential aid for the regeneration
of damaged musculoskeletal tissues. In this preliminary study of human hamstring tenocytes in vitro, the application of thermal
stress for a short duration caused rapid proliferation of cells after they were allowed to recover. Furthermore, parallels were
observed between the in vitro heat shock response and the natural wound healing process of tendons and ligaments. This
information provides potential for heat shock to assist in healing damage tendon and ligament tissue. Future works will need
to explore the effects of heat shock on a wider range of tendon and ligament cells, as well as develop methods of applying thermal
stress to tissue in vivo.
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Introduction

Tendons and ligaments (T/Ls) are collagenous tissues that
share a similar structure composed of fibroblast cells and an
extracellular matrix (ECM) made of collagen (approximately
88% type I and 12% type III), elastin, and proteoglycans
[1–3]. Tendons function to transfer the forces generated from
muscles to move bones [4]. Ligaments provide a connection

between bones and play a role in joint stability [5]. T/L func-
tion is attributed to a hierarchical arrangement of collagen
ranging from the molecular level to bundles of fascicles [6,
7]. Injury occurs when the biological or mechanical function-
ality of the T/L structure becomes impaired. T/L injuries ac-
count for approximately 45% of the 32 million annual mus-
culoskeletal injuries that occur in the USA [8]. The natural
healing response of T/Ls occurs in three phases: inflamma-
tion, proliferation, and remodeling and maturation [9]. During
the proliferation phase, there is an increase in cell number and
type III collagen production [10]. Collagen type I expression
begins to increase during the final phase of T/L healing, while
collagen type III expression and cell number decrease [11].
For mild injuries, implementation of rest, ice, compression,
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and elevation of the wound site, known as the RICE method,
works well with the natural healing response for treatment
[12]. A potential limitation to the RICE method is that the
cooling effect of ice can hinder hemostasis and coagulation
of blood, resulting in a prolonged recovery time for the injured
tissue [13]. For severe injuries with complete tears through the
tissue, surgical intervention becomes necessary.

As an alternative to the traditional methods of repair, tissue
engineering offers promising methods for T/L healing. Tissue
engineering combines the use of scaffolds, cells, growth factors,
and small molecules to help develop functional tissue replace-
ments. A variety of natural and synthetic polymers have been
utilized to develop tissue-engineered scaffolds that attempt to
mimic the mechanical and biological properties of native T/L
tissue [14–18]. Scaffolds can be augmented with growth factors
that would improve tissue regeneration and healing following
implantation. Transforming growth factor-β (TGF-β) [11, 19],
insulin-like growth factor-I (IGF-I) [20], vascular endothelial
growth factor (VEGF) [21, 22], platelet-derived growth factor
(PDGF) [21, 23], and basic fibroblast growth factor (bFGF)
[24] have been demonstrated to have a role in T/L wound
healing by either promoting cellular proliferation, differentia-
tion, angiogenesis, and/or matrix protein production. Similarly,
heat could be used to improve cellular proliferation and ECM
deposition to aid in T/L regeneration. Thermal conditioning has
been demonstrated as a potential therapeutic tool in the regen-
eration of muscle [25–27], skin [28], aortic endothelial tissue
[29], teeth [30], and bone [31–33].

The beneficial effects of heat on tissue regeneration can be
attributed to an increase in cellular heat shock protein (HSP)
expression. HSPs are a family of molecular chaperones that
assist in the folding of proteins, repair of denatured proteins,
prevention of protein aggregation, and protein transport
[34–36]. Basal levels of HSPs are constitutively expressed,
but in response to stress from heat, ischemia, hypoxia, or
oxidation, inducible HSP expression increases and makes
the cell more tolerant to subsequent stress [29, 37]. The 70-
kDa class of HSPs (HSP70) has been suggested to play a role
in the cell cycle [38, 39] and in the rapid growth, proliferation,
and inhibition of apoptosis in cancer cells [40–42]. The 47-
kDa HSP (HSP47) binds specifically to collagen molecules,
and it assists in the quality control of collagen production [43,
44]. HSP47 has been reported as a necessary molecule in the
development of healthy collagen fibers and ECM formation
[45]. Furthermore, there is a strong correlation between
HSP47 and type I collagen expression [46].

The objective of this study was to investigate the short-term
effects of heat shock on T/L cells in vitro. We hypothesized that
thermal conditioning would improve cellular proliferation and
ECM production compared to a non-heated control. To test this
hypothesis, we investigated the effects of heat shock on cellular
metabolic activity, tenocyte morphology, total protein secretion,
and gene expression of matrix proteins.We also employed an in

vitro scratch wound healing assay to examine cellular migration
andwound healing following heat shock.We observed that heat
shock at 44 and 48 °C induces rapid and immediate prolifera-
tion of tenocytes. The heat shock response also displayed sim-
ilarities to natural wound healing that occurs in T/Ls. These
initial findings can potentially be applied to improve T/L
healing and reduce recovery times in healing tissue.

Materials and Methods

Cell Culture

Human hamstring tenocytes (hHT) were cultured as a mono-
layer in tissue culture flasks with growth media consisting of
alpha Minimum Essential Medium (αMEM) (Life
Technologies, Carlsbad, CA) supplemented with 10% fetal bo-
vine serum (FBS) and 1% penicillin-streptomycin (P/S) in an
incubator at 5% CO2 and 37 °C. Cells were obtained from a
healthy 25-year-old male donor and cultured as outlined in a
previous study by Ekwueme et al. [4]. The cells were isolated
with approval from theMedical Ethical Research Committee at
the Utrecht Medical Center and MST Twente. Permission was
granted to use the cells for heat shock experiments by Rutgers
Environmental Health and Safety Office. Upon reaching
confluency, the cells were trypsinized, counted, and seeded at
a density of 2.5 × 104 cells/cm2 into tissue culture 48-well plates
with the same media conditions used for growth. Cells between
passages 3 and 8 were used for the following studies.

Heat Shock

An incubator set at a constant temperature (T = 40, 44, 48 °C)
and 5% CO2 was employed to provide heat shock to the ex-
perimental groups. Prior to the application of heat shock,
αMEM media supplemented with 10% FBS and 1% P/S
was preheated to the desired heat shock temperature. To apply
heat shock, media was aspirated, wells were washed with
phosphate-buffered saline (PBS), and warm media was added
to the monolayer of cells. A non-heated group with cells kept
at 37 °C served as a control. The cells were then incubated at
the desired temperature for heating durations of 5, 10, 15, or
20 min. Subsequently, the warm media was removed, wells
were washed with PBS, and fresh media at 37 °Cwas added to
the cells. Following the heat shock protocol, the cells were
incubated at 37 °C to allow for recovery from the thermal
stress and examined at time points of 4 and 8 h post-heating.

Cellular Metabolic Activity

The metabolic activity of the cells (n = 4) was evaluated using
a Presto Blue Mitochondrial Activity/Cell Viability assay ac-
cording to the manufacturer’s instructions. Briefly, at each
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time point following heat shock, media was aspirated from the
wells and 10% (v/v) Presto Blue (Life Technologies) solution
in αMEM media supplemented with 10% FBS and 1% P/S
was added. The cells were incubated with the Presto Blue
solution for 1 h. The Presto Blue solution was transferred to
a 96-well plate, and fluorescent values were measured from
the bottom of the well at 560-nm excitation and 590-nm emis-
sion wavelengths in technical duplicate using a microplate
reader (Tecan, Medford, MA). Fluorescent values from heat
shock groups were normalized to a non-heated control.

Secreted Protein Quantification

Conditioned medium (n = 4) was collected from hHT at each
time point following heat shock. The total protein concentra-
tion in the media was quantified using a Pierce BCA Protein
Assay Kit (Thermo Scientific,Waltham,MA) according to the
manufacturer’s instructions. The colorimetric assay was run in
technical duplicate and the absorbance values were read at
562 nm using a microplate reader.

Immunostaining

To obtain images of cell morphology, cells were washed with
PBS and fixed with 4% paraformaldehyde solution at various
time points after heat shock. The fixed cells were perme-
abilized with 0.1% Triton X-100/PBS and blocked with 2%
BSA/PBS-Tween (0.1%). Afterwards, the cells were stained
with phalloidin fluorophore (1:200) to image the cytoskeleton.
The cells were then washed with PBS and counterstained for
DAPI to image nuclei. Images were taken using an EVOS FL
Microscope (Life Technologies). The images were analyzed
using ImageJ software (NIH).

Real-time Quantitative Polymerase Chain Reaction

Gene expression of collagen (types I and III), TGF-β1,
HSP47, and elastin 4 h post-heating was assessed using real-
time quantitative polymerase chain reaction (qPCR). Briefly,
total RNA (n = 3) was extracted from each group and purified
using the RNeasy Mini Kit (Qiagen, Valencia, CA). The con-
centration of isolated RNA in each sample was measured
using a NanoDrop 2000c Spectrophotometer (Life
Technologies). After the samples were normalized to the same
RNA concentration, RNA was converted to cDNA using the
Reverse Transcription System (Promega Corporation,
Madison, WI). Following reverse transcription, the cDNA
was mixed with SYBR Green PCR Master Mix (Life
Technologies) and the primers for markers of interest. The
forward and reverse primer sequences are presented in
Table 1. The samples and reagents were subjected to qPCR
using a PikoReal Real-Time PCRSystem (Thermo Scientific).
Relative fold induction of genes was calculated using the

ΔΔCT method and normalized with GAPDH, which served
as an endogenous control.

Scratch Wound Healing Assay

Cellular migration of hHTwas assessed using a scratch wound
healing assay as previously described by Liang et al. [47].
Briefly, 5 × 104 cells/cm2 were seeded into 24-well plates
and allowed to reach confluence (n = 3). A scratch to simulate
a wound was applied across the cell monolayer with the use of
either a 1-mL or a 200-μL pipette tip. After the scratch was
induced, the culture medium was replaced with fresh medium
and heat shock was applied as described above. Cells in the
heat shock group were treated with 15 min of heat at 48 °C.
The migration of cells as the wound closed was monitored
using light microscopy after various time points. The images
were analyzed using ImageJ.

Statistical Analysis

All of the quantitative data is presented as mean ± standard devi-
ation. A two-way ANOVAwith a Bonferroni’s multiple compar-
ison post hoc analysis was utilized for comparing groups in the
metabolic activity and protein secretion studies. A two-tailed
Student’s t test was employed for comparing groups in the
qPCR and scratch assay experiments (OriginPro Software 2016,
Northampton, MA). Unless stated otherwise, differences are re-
ported as statistically significant for p values less than 0.05.

Results

The Effect of Heat Shock on Cellular Metabolic Activity

Using the Presto Blue fluorometric assay, the metabolic
activity of cells that underwent heat shock was mea-
sured 4 and 8 h post-heating (Fig. 1a, b, respectively).
Following 4 h of recovery from heat shock, there were
significant increases in cellular activity when cells were
conditioned at 40 °C for 15 min (p < 0.5), 44 °C for 15
and 20 min (p < 0.001), and 48 °C for 15 and 20 min
(p < 0.001) when compared to a non-heated control.
Furthermore, metabolic activity was significantly higher
for cells heated at 48 °C for 20 min (p < 0.01) than all
other groups except for the cells heated for 15 min at
the same temperature. Heating at 48 °C for 15 min
increased metabolic activity compared to all 40 °C
groups, 44 °C groups heated for durations of 10 min
or less (p < 0.001), and 48 °C groups heated for dura-
tions of 10 min or less (p < 0.01). Metabolic activity
was significantly lower for cells heated at 44 °C for
5 min when compared to groups heated for 10 min or
more at 40 or 48 °C, as well as 15 or 20 min of
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heating at 44 °C (p < 0.001). Thermal conditioning of
cells at 48 °C for 5 min resulted in significantly lower
metabolic activity than cells heated at 44 °C for 15 min
(p < 0.01) and 20 min.

At 8 h post-heating, there were significant decreases
in metabolic activity for cells that were heated at 40 °C
for 10 min and significant increases in activity among
cells that were heated at 48 °C for 15 and 20 min
compared to the non-heated control. Although insignifi-
cant, a trend showed that heating at 44 °C for less than
20 min decreased metabolic activity 8 h after heat shock
(p = 0.12, 0.11, and 0.03 for 5, 10, and 15 min, respec-
tively). A 20-min heat shock at 48 °C resulted in sig-
nificantly higher metabolic activity among cells com-
pared to all 40 and 44 °C groups (p < 0.001) and cells
heated at 48 °C for durations of 10 min or less. Cellular
activity was also significantly higher for cells heated at
48 °C for 15 min compared to all 40 and 44 °C groups.
Heating at 48 °C for 10 min caused significantly higher
metabolic activity compared to heating at 40 °C for
10 min or less and heating at 44 °C for 15 min or less.
Significantly higher metabolic activity was seen among
cells heated at 48 °C for 5 min compared to those
heated at 44 °C for 15 min or less (p < 0.01) and
40 °C for 10 min or less (p < 0.01).

Cell-Conditioned Medium Protein Concentration
Following Heat Shock

Conditionedmediumwas collected at 0 h (immediately after heat
shock), 4 h, and 8 h post-heating and analyzed for the total
protein concentration (Fig. 2(a, b, c), respectively). Immediately
after heat shock, there was significantly more total protein in the
groups heated at 40 °C for 5min compared to those heated for 10
and 15 min at 40 °C (p < 0.01). There was significantly more
protein in the groups heated at 40 °C for 20 min compared to
those heated for 10 and 15 min at 40 °C (p < 0.05). At 4 h after
heat shock, conditioned medium protein concentration was sig-
nificantly higher among cells heated at 44 °C for 5min compared
to those heated at the same temperature for 10, 15, and 20min (p
< 0.05). Protein levels were significantly higher immediately af-
ter heat shock for cells heated at 48 °C for 5 min compared to the
non-heated control, groups heated at 40 °C for 10 and 15min, all
groups heated at 44 °C, and the medium from cells heated at
48 °C for 10 min (p< 0.001). Furthermore, 0 h after heat shock,
groups heated at 48 °C for 15 min had significantly more protein
than groups heated at 40 °C for 10 and 15 min (p < 0.01), while
conditioned media heated at 48 °C for 20 min possessed more
protein than groups heated at 40 °C for 10 and 15min (p < 0.01).
At 8 h of recovery post-heating, the groups heated at 48 °C had
significantly lower protein content in medium than the non-

Fig. 1 Normalized metabolic
activity of hHT 4 h (a) and 8 h (b)
post-heating

Table 1 Primer sequences and
product sizes for qPCR Gene 5′ DNA sequence 3 ′ Product size (bp)

Collagen I Forward 5′ GTCACCCACCGACCAAGAAACC 3′ 121
Reverse 5′ AAGTCCAGGCTGTCCAGGGATG 3′

Collagen III Forward 5′ GCCAACGTCCACACCAAATT 3′ 88
Reverse 5′ AACACGCAAGGCTGTGAGACT 3′

HSP47 Forward 5′ TGCTGAGCCCGGAAACTC 3′ 63
Reverse 5′ TTCAGGGCAGGCAGAATG 3′

TGF-β1 Forward 5′ CCCAGCATCTGCAAAGCTC 3′ 101
Reverse 5′ GTCAATGTACAGCTGCCGCA 3′

Elastin Forward 5′ GGCCATTCCTGGTGGAGTTCC 3′ 106
Reverse 5′ AACTGGCTTAAGAGGTTTGCCTCCA 3′

GAPDH Forward 5′ CTGGGCTACACTGAGCACC 3′ 101
Reverse 5′ AAGTGGTCGTTGAGGGCAATG 3′
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heated control (p< 0.05); groups heated at 40 °C for 5, 10, and
15min (p < 0.05); and cells heated at 44 °C for 10min (p < 0.05).

Morphological Changes Following Heat Shock

Fluorescent images were taken of the cytoskeleton (green) and
nuclei (blue) of cells 4 (Fig. 3) and 8 h (Fig. 4) after heat shock.
Nuclei from fluorescent images were counted from three
unique fields of view (1060 × 800μm) from four different wells
(n = 4) (Fig. 5). At 4 h post-heating, the images reveal a signif-
icant increase in the number of cells based on a count of nuclei
relative to the control in the groups heated at 40 °C (p < 0.05)
and 48 °C (p < 0.001). In the 40 °C groups, cell count was
highest when heat shock was applied for 5 and 10 min.
Proliferation appeared to decrease as the heating duration in-
creased from this point. Cells that were subject to heat shock at
44 °C did not display morphological or proliferative differences
compared to the control. However, cells heated for a longer
duration at this temperature were qualitatively observed to in-
crease in size, although no size analysis was performed. In the
48 °C groups heated for 15 and 20 min, there was rapid prolif-
eration, as seen by the abundance of nuclei in the images.

Following 8 h of recovery from heat shock, cells subjected to
44 °C did not display many differences from the control group.
In the 40 °C group, wells heated for 5, 15, and 20 min contained
significantly more cells than the control (p < 0.05), with the
greatest number of nuclei present in the 15-min heat shock group.
Although the cell count did not varymuch from the control in the
44 °C group, qualitatively, the cells heated at this temperature
appeared to be larger than the cells in any other group.
Significantly rapid proliferation of cells occurred following

recovery from a 48 °C heat shock for all durations, as seen from
the large number of nuclei in the images (p < 0.01). The greatest
proliferation is seen in the cells heated at 48 °C for 20 min.
However, the abundance of nuclei makes it difficult to see the
morphological features of tightly packed cells.

Gene Expression Following Heat Shock

The relative expression of collagen types I and III, HSP47,
TGF-β1, and elastin was determined by running qPCR 4 h
post-heating at 44 °C (Fig. 6a) and 48 °C (Fig. 6b). Analysis
of type I collagen and elastin showed a significant decrease in
expression among all groups heated at 44 °C (p < 0.05). There
was a significant decrease in collagen expression in the cells
heated at 48 °C for 20 min (p < 0.05). Type III collagen ex-
pression was significantly higher than the non-heated control
following 5 min of heat shock at 44 °C (p < 0.01). Type III
collagen and TGF-β1 expression trended to increase follow-
ing 44 °C heat shock compared to the control (collagen III:
p = 0.008, 0.37, 0.05, and 0.25 for 5, 10, 15, and 20 min,
respectively; TGF-β1: p = 0.01, 0.16, 0.04, and 0.08 for 5,
10, 15, and 20 min, respectively). HSP47 expression was sig-
nificantly overexpressed following 15 min of thermal condi-
tioning at 48 °C (p < 0.01). No data was obtained for the
expression of HSP47 in cells heated at 48 °C for 20 min.

Scratch Wound Healing Assay

A scratch was applied across a monolayer of cells to simulate
a wound in vitro. The cells were then subjected to heat shock
at 48 °C for 15 min. These parameters were chosen based on

Fig. 2 Treated media protein
concentration immediately (a),
4 h (b), and 8 h (c) following heat
shock (*p < 0.05, #p < 0.01, %p <
0.001). Medium collected from
cells that were not exposed to heat
shock served as the control. Non-
treated media had a protein
concentration of 2070 μg/mL
(dashed line)
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the increase in proliferation seen 4 and 8 h after heat shock and
the gene expression of collagen and TGF-β1 4 h post-heating.
Cells that were not treated with heat after the creation of the
scratch served as the control. The closure of the induced
wound was monitored 4, 8, 12, 16, 24, 48, and 72 h following
heat shock. The wound had closed fully by the 48-h time point
for all groups. The initial wound widths are provided in
Table 2. The closure of the scratch is shown in Fig. 7a, and
the average rate of cellular migration is displayed in Fig. 7b.
Among the scratches created using a 1-mL pipette tip, heat
shock produced a significant relative closure of the wound
after 8 h (p < 0.05). Although insignificant, among the groups
where a 200-μL pipette tip was employed to create the scratch,
there was a trend which showed that heat shock caused the
wound to close relatively quicker than the control between 4
and 12 h (p = 0.07 at 8 h). Heat also produced a significantly
larger cell migration rate between the 0- and 4-h time points
(p < 0.05).

Discussion

This preliminary study investigated the effects of thermal con-
ditioning on the proliferation and wound healing potential of
T/L cells in vitro. Although thermal conditioning and HSPs
have been determined to produce beneficial effects on other
cells of the musculoskeletal system, to the best of our knowl-
edge, this is the first study to assess the effects of heat shock
on human tenocytes in vitro. Mild heat shock of 42 °C has
been shown to improve myogenesis and muscle development
[25–27]. Osteoblasts and bone formation have also been seen
to benefit from the application of thermal stress [31–33, 48].
Basic locomotion and exercise increases the temperature with-
in core tendons and ligaments. Studies performed in horses
have shown that the digital flexor tendons can reach temper-
atures as high as 45 °C during gallop [49]. However, the rise in
temperature does not appear to last long enough to induce cell
death within the tendons. In vitro studies on equine tenocytes

Fig. 3 Fluorescent images of cells
4 h post-heating. (a) Control. (b)
40 °C heat shock. (c) 44 °C heat
shock. (d) 48 °C heat shock (scale
bar = 400 μm)
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found that exposure to heat decreases cell viability while ma-
trix metalloproteinase (MMP) activity increases [50].
However, subsequent cooling of treated cells was able to de-
crease MMP activity. Based on the literature listed above, we
hypothesized that heat shock could be used to improve the
cellular proliferation and matrix remodeling and production
of T/L fibroblasts.

T/Ls contain relatively low cellularity compared to other
tissues within the body, resulting in a slow healing process
following injury [51]. Improving cellular growth and prolifer-
ation is a field of interest in order to improve T/L healing from
sub-failure injuries. Cellular metabolic activity and nuclei
counts from fluorescent images were co-examined to deter-
mine cellular proliferation following heat shock. Metabolic

Fig. 4 Fluorescent images of cells
8 h post-heating. (a) Control. (b)
40 °C heat shock. (c) 44 °C heat
shock. (d) 48 °C heat shock (scale
bar = 400 μm)

Fig. 5 Average nuclei per
microscopic field of view
(1060 × 800 μm) of hHT 4 h (a)
and 8 h (b) post-heating (*p <
0.05, #p < 0.01, %p < 0.001)
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activity and the number of nuclei followed similar trends in
the data, although the differences among heating durations
were more apparent when examining metabolic activity.
Based on these two measurements, the data presented in this
study shows that heat shock was able to significantly improve
cellular proliferation at 4 h, particularly following the applica-
tion of thermal stress at 48 °C for 15 or 20 min. There is
evidence from past studies to suggest a role of HSPs in
tendinopathy as proteins that inhibit apoptosis of tenocytes
and assist in tissue repair following the application of stress
[52]. Previous studies have shown that following heat shock,
there is an accumulation of HSP70 within the nucleus [53].
Localization of HSP70 in the nucleus has also been observed
during the S phase of the cell cycle [38, 39]. Thus, it can be
inferred that heat shock stimulates an increase in cellular pro-
liferation, which is consistent with the data obtained from the
treated hamstring tenocytes. It is also interesting to see that
there is a decrease in metabolic activity and cellular

proliferation relative to the control when cells are heated at
44 °C for 5 min, but increases in metabolic activity and cell
number are observed if the cells are allowed to be heated for
an additional 10 or 15 min. This suggests that there may be a
brief period of adaptation required in order for the cells to
respond to heat shock which could be temperature and time
dependent. Following 8 h after heat shock, only the cells heat-
ed at 48 °C displayed an increase in both metabolic activity
and cellular proliferation compared to the control. Twenty
minutes of heat shock at 48 °C significantly increased meta-
bolic activity of cells compared to all other groups, as well as
inducing a significant increase in total nuclei compared to the
control. Longer durations of applied stress at 40 and 44 °C
resulted in metabolic activity similar to the control, while
shorter times decreased relative activity.

The effects of heat shock on protein secretion were deter-
mined by measuring the total protein concentration in condi-
tioned medium. Immediately after heat shock, among the 40
and 48 °C heat shock groups, the media contained more protein
5 min after heat shock, followed by a dip in protein levels at
10min. Total protein content in the conditionedmedia started to
increase again following longer durations of heat shock. One
possible reason for this observation could be that the initial
application of heat could trigger the release of soluble factors
that serve as stress signals and interact with nearby cells. The
initial insult can also cause the death of several cells within the
culture, releasing HSP70 into the extracellular milieu that
would otherwise be localized within the cells [54].
Extracellular HSP70 can then interact with surviving cells,
and the internalization of the protein can improve the new host’s
thermotolerance [55]. The uptake of protein after the initial heat
shock may occur rapidly, as seen by the drop in protein content
after 10 min of thermal conditioning. Furthermore, protein
levels in the 48 °C group after 8 h are lower than those in the
control and other two heated groups, an inverse relationship of
the cell proliferation data. As the 48 °C groups appear to have
adjusted well to thermal stress, the cells may no longer require
protein secretion for survival and can allocate energy to start
producing and secreting matrix proteins important for the
wound healing process. However, this potential explanation
of the cellular response to heat shock is challenged by the data
seen in the 44 °C group. The same behavior seen among the 40
and 48 °C protein data is not seen at 44 °C, but a decrease in
cellularity after 5 min of heat shock at 44 °C followed by an
increase after longer durations of stress is noted at 4 h.

Overall, heat shock at 40 °C did not appear to produce a
beneficial cellular response compared to the non-heated control.
Therefore, this group was omitted from mRNA analysis. PCR
was performed on mRNA collected 4 h post-heating to deter-
mine the effect of heat shock on gene expression as the cells were
recovering from the initial stress. Since the nuclei count did not
display a significant difference between 4 and 8 h in the 44 and
48 °C groups, we did not perform mRNA analysis at 8 h in the

Table 2 Initial scratch assay wound width

Group (size of pipette used to make scratch) Wound width (μm)

Control (1 mL) 817.05 ± 138.08

Heat (1 mL) 971.37 ± 85.01

Control (200 μL) 722.29 ± 117.44

Heat (200 μL) 758.82 ± 81.30
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present study. Heat shock at 44 °C caused a significant down-
regulation of type I collagen among all heating durations, but a
trend in type III collagen upregulation was observed (p = 0.008,
0.370, 0.052, and 0.248 for 5, 10, 15, and 20 min, respectively).
A trend showed a decrease in type I collagen expression follow-
ing 48 °C heat shock as well (p = 0.216, 0.114, 0.118, and 0.033
for 5, 10, 15, and 20 min, respectively). Type III collagen ap-
peared to be expressedmore than type I collagenwhen cells were
heated at 48 °C for 15 and 20 min. HSP47 plays a major role in
the production and secretion of collagen molecules [45, 56].
Furthermore, a decrease in type I collagen production can be
attributed to a downregulation of collagen-modulating genes
such as HSP47 and TGF-β1 [57]. Although differences in
HSP47 expression were not seen at 44 °C, a significant upregu-
lation of the collagen-specific chaperone was seen in cells heated
at 48 °C for 15min, contrary to what literature would suggest. As
mRNA upregulation occurs more rapidly than protein produc-
tion, the lack of type I collagen expression suggests that HSP47
levels within the cells did not reach a threshold to induce type I
collagen production. The upregulation of HSP47 can lead to an
increase in collagen production and matrix deposition at later
time points, and it would be worthwhile to observe how long it
takes following heat shock for this phenomenon to occur in
future studies. TGF-β1 expression has also been linked with
collagen and ECM production in fibroblasts [58–60]. TGF-β1

expression was seen to increase following heat shock at 44 °C,
with significant upregulation of the gene occurring after 5 and
15 min. Type III collagen appeared to be coregulated with
TGF-β1 following these two heating durations. Additionally, al-
though insignificant, a trend showed a slight increase in TGF-β1

expression 4 h after a 48 °C heat shock. These findings suggest
that heat shock induces a response in tenocytes similar to that of
wound healing.

Heat shock at 44 °C caused a significant decline in elastin
expression after 4 h for all heating conditions. Recent studies
have shown that elastin is the most prominent non-collagenous
structural protein in T/L ECM, supporting up to 70% of the load
when porcine medial collateral ligaments were under transverse
tensile and shear deformation [61]. Furthermore, at low strains,

elastin contributes to the mechanical behavior of supraspinatus
tendons subjected to shear stress [62]. It has also been suggested
that elastin may play a role in the T/L stress response to normal
or increased loads, as seen by an increase of elastin fibers in
damaged canine cruciate ligaments [63]. Although the
tenocytes in the present study do not work to produce an in-
creased number of elastin fibers, the increase in tenocyte met-
abolic activity, proliferation, and TGF-β1 expression may con-
tribute to the repair and regeneration of T/L tissue without elas-
tin production.

An increased presence of collagen III can be a sign of scar
tissue development if remodeling does not take place. In nat-
ural wound healing responses, a large amount of collagen III is
produced, then it is resorbed as cells lay down a more perma-
nent matrix composed of collagen I. Wound healing in T/Ls
occurs in three phases: inflammation, proliferation, and re-
modeling and maturation. During the proliferative phase, fi-
broblasts rapidly increase in number, working to produce a
large concentration of matrix proteins [10, 11]. This phase is
also characterized by an increase in type III collagen produc-
tion and a decrease in type I collagen expression [9]. The
characteristics of the proliferative phase are seen in the cellular
proliferation and mRNA expression data obtained 4 h post-
heating. A decrease in cell number is observed during the
remodeling and maturation phase of wound healing [10, 11].
A decline in metabolic activity is seen 8 h after the 44 and
48 °C heat shock, compared to the normalized values of met-
abolic activity seen at 4 h. Therefore, it was hypothesized that
in addition to causing a wound healing response in vitro, heat
shock may also accelerate the process. To test this hypothesis,
a scratch wound healing assay was performed to compare the
closure of an in vitro Bwound^ and cellular migration after
15 min of thermal conditioning at 48 °C and a non-heated
control. When comparing wound closure of scratches of sim-
ilar initial width, a trend showed that heat shock induced a
better healing response than the control between 4 and 12 h
after thermal treatment. During later time points, the control
and heated groups displayed a similar healing response.
Further in vivo studies are needed to determine whether heat

Fig. 7 The effects of heat shock
on the closure of a scratch in vitro.
a The relative opening of the
induced Bwound.^ b The average
cell migration rate of cells
between time points across the
scratch created with a 200-μL
pipette tip (*p < 0.05)
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shock does accelerate natural T/L wound healing. If this is the
case, then thermal stress could be used as a therapeutic tool for
sub-failure T/L injuries. A shorter healing period can also help
minimize further or repeated injury that may occur before the
tissue is fully healed.

Although the results of this study do show trends between
heat shock and cellular behavior, this study has several limi-
tations. First, the experiments were performed on cells in a
two-dimensional in vitro system, whereas T/L cells exist in a
stressed three-dimensional matrix. However, correlations can
be drawn between in vitro studies and phenomena that occur
in vivo. In a recent study that examined the effects of mechan-
ical loading on tendons, the investigators were able to see
similar results in vitro and in vivo, namely in cell proliferation
and gene expression [64]. The investigators had the advantage
of using a previously well-established in vitro model to use for
comparison with their in vivo data. With the in vitro heat
shock data presented in the current study, there is not a clear
indication whether the same results would occur in vivo. The
scratch wound healing assay does not correlate directly to the
natural wound healing response that occurs in T/L, during
which several other cell types and vasculature play a role in
the regeneration of the damaged tissue. Furthermore, the rapid
proliferation of tenocytes following heat shock, while a poten-
tially beneficial feature in tissue with relatively low cellularity,
made it difficult to examine the morphological features of the
cells. This preliminary study was also only able to look at the
effects of heat shock on a single donor set. Results may vary
depending on the history and health of the donor. More tests
will have to be performed with additional donors before any
absolute statements about cellular behavior in response to heat
can be made.

Another limitation with this study is the consideration of its
application in a clinical setting to heal injured T/Ls. Heat
could be applied directly to the skin, but the underlying tendon
or ligament may not reach the same temperature as the appli-
cator on the skin. This could also cause unwanted irritation to
the skin and other tissue types that are exposed to high levels
of heat. One possible solution to apply heat would be to use
ultrasounds to target T/Ls without heating other parts of the
body. Low-intensity pulsed ultrasounds (LIPUS) are currently
used in clinics as a safe therapeutic method for treating injuries
in bone [65, 66]. By administering targeted mechanical stress,
LIPUS has been demonstrated to accelerate the formation and
remodeling of bone in the healing bone-tendon junction of a
rabbit [65]. LIPUS have also been shown to induce human
periodontal ligament cells to proliferate and undergo osteo-
genic differentiation for periodontal regeneration [66, 67]. At
a low intensity, ultrasound waves generate a small amount of
heat that is often considered negligible by investigators study-
ing their effects in vivo. However, it may be possible to in-
crease the intensity of the ultrasound waves to generate tem-
peratures capable of causing heat shock.

The use of cells from one source is another limitation. In
order to state that the data in this study represents the behavior
of human tenocytes, the study must be repeated with cells
from numerous donors. Future work will focus on repeating
these studies on cells from additional donors.

Conclusions

In conclusion, we investigated the effects of thermal condi-
tioning on human tenocytes in vitro. Heat shock proteins are
known to play a role in cellular proliferation and protein pro-
duction. Heat shock appeared to improve cellular proliferation
after the cells were stressed at a temperature of 48 °C in this
preliminary study. Cell culture medium protein concentrations
and gene expression suggest that the heat shock response of
tenocytes is similar to the natural healing response of T/L
tissue. If thermal stress accelerates the healing response and
results in the generation of healthy extracellular matrix, heat
shock could be a potential tool in treating T/L injuries that
would otherwise take several weeks to heal. Further investi-
gation of heat shock on T/L fibroblasts is needed to determine
if it is a viable therapeutic tool. In vivo heat shock experiments
can provide more insight on the effect of heat on the wound
healing capacity of living tissue. Additionally, heat shock can
be used in combination with other therapies, such as exoge-
nous growth factor delivery, to develop a hybrid technique to
enhance tendon and ligament repair.
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