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We have previously demonstrated that transforming
growth factor-�1 (TGF-�1)-mediated fibroblast-myofi-
broblast differentiation is associated with accumu-
lation of a hyaluronan (HA) pericellular coat. The
current study demonstrates failure of fibroblast-myo-
fibroblast differentiation associated with in vitro ag-
ing. This is associated with attenuation of numerous
TGF-�1-dependent responses, including HA synthesis
and induction of the HA synthase enzyme HAS2 and
the hyaladherin tumor necrosis factor-�-stimulated
gene 6 (TSG-6), which led to an age-related defect in
pericellular HA coat assembly. Inhibition of HAS2-
dependent HA synthesis by gene silencing, removal
of the HA coat by hyaluronidase digestion, or gene
silencing of TSG-6 or cell surface receptor CD44 led
to abrogation of TGF-�1-dependent induction of
�-smooth muscle actin in “young” cells. This result
supports the importance of HAS2-dependent HA syn-
thesis and the HA coat during phenotypic activation.
Interleukin-1� stimulation, however, failed to pro-
mote phenotypic conversion despite coat formation.
A return to basal levels of HA synthesis in aged cells
by HAS2 overexpression restored TGF-�1-dependent
induction of TSG-6 and pericellular HA coat assembly.
However, this did not lead to the acquisition of a
myofibroblast phenotype. Coordinated induction of
HAS2 and TSG-6 facilitation of pericellular HA coat
assembly is necessary for TGF-�1-dependent activa-
tion of fibroblasts, and both components of this re-
sponse are impaired with in vitro aging. In conclu-
sion, the HA pericellular coat is integral but not
sufficient to correct for the age-dependent defect in phe-

notypic conversion. (Am J Pathol 2009, 175:1915–1928;

DOI: 10.2353/ajpath.2009.090045)

Chronic skin wounds represent a major, often unrecog-
nized, cause of distress and disability in the elderly pop-
ulation and have been estimated to affect 4% of the UK
population older than 65. The morbidity associated with
this impaired wound healing is estimated to cost the
health service in excess of £1 billion annually in the UK1

and $9 billion in the USA.2 This amount will grow with the
increasing age of the population.

Wound healing regardless of the etiology of the
wound involves overlapping patterns of events includ-
ing coagulation, inflammation, epithelialization, forma-
tion of granulation tissue, and remodeling of the matrix
and tissue. Fibroblasts are central to the wound-heal-
ing process and when activated, they undergo a num-
ber of phenotypic transitions and eventually acquire a
contractile “myofibroblastic” phenotype characterized
by the expression of �-smooth muscle actin (�-SMA).3

These myofibroblasts are responsible for closure of
wounds and for the formation of the collagen-rich scar.
In addition, their presence in tissues has been estab-
lished as a marker of progressive fibrosis.4,5 The cyto-
kine transforming growth factor-�1 (TGF-�1) is recog-
nized as a mediator of wound healing and its aberrant
expression has also been widely implicated in progres-
sive tissue fibrosis.4,6,7 In addition to its direct effect on
extracellular matrix turnover, it is known to drive fibro-
blast-myofibroblast differentiation and is capable of
up-regulating �-SMA in fibroblasts both in vitro and in
vivo.8,9 Deficits in the signal transduction responsive-
ness to TGF-�1 have been postulated to explain the

Supported by Kidney Wales Foundation, R.S. is supported by a Ph.D.
studentship from Research into Aging.

R.S. and A.P. contributed equally to this work.

Accepted for publication July 16, 2009.

Address reprint requests to Prof. A. O. Phillips, M.D., Institute of Ne-
phrology, Cardiff University School of Medicine, Heath Park, Cardiff CF14
4XN, UK. E-mail: phillipsao@cf.ac.uk.

The American Journal of Pathology, Vol. 175, No. 5, November 2009

Copyright © American Society for Investigative Pathology

DOI: 10.2353/ajpath.2009.090045

1915



age-related defects in wound healing seen in the el-
derly population.10

Hyaluronan (HA) is a ubiquitous connective tissue gly-
cosaminoglycan synthesized by HA synthase (HAS) en-
zymes, for which three vertebrate genes have been iso-
lated and characterized (HAS1, HAS2, and HAS3).11,12 It
has a role in maintaining matrix stability and tissue hy-
dration. It is known to play a major role in regulating
cell-cell adhesion,13 migration,14–16 differentiation,17 and
proliferation18,19 and therefore plays an important role in
wound healing. In addition, it is involved in mediating
cellular responses to TGF-�1. For example, our recent
studies in epithelial cells have demonstrated that HA
modulates TGF-�1 signaling after interaction with its re-
ceptor, CD44.20,21

We have demonstrated previously that phenotypic
conversion of fibroblasts to myofibroblasts is associated
with major changes in the production and metabolism of
HA.22 Specifically they have been shown to accumulate
larger amounts of intracellular and extracellular HA and
assemble larger HA pericellular matrices. Furthermore,
we demonstrated that HA plays a pivotal role in regulat-
ing TGF-�1-driven cellular differentiation in that it facili-
tates the fibroblast-myofibroblast transition.23,24

Fibroblasts have distinct phenotypes depending on
the site from which they are isolated. Using a library of
patient-matched oral and dermal fibroblasts we previ-
ously demonstrated the relationship between generation
of HA and site-specific phenotypic variation.23,24 An in
vitro aging model based on cell senescence was de-
scribed previously and validated as a model of age-
related alterations in human aortic smooth muscle cell
function.25,26 Similarly alterations in fibroblast function in
an in vitro model of aging have demonstrated the validity
of this model in terms of in vivo age-related alterations in
fibroblast motility and mitogenesis, which are associated
with age-dependent impaired wound healing.27,28 The
aim of the work in this article was to understand the
age-related regulation of HA generation, using this vali-
dated in vitro aging model, and determine how this reg-
ulation may contribute to age-related impaired wound
healing.

Materials and Methods

Materials

All reagents were from Sigma-Aldridge (Poole, Dorset,
UK) unless otherwise stated. PCR and quantitative
PCR (QPCR) reagents and primers were purchased
from Invitrogen (Paisley, UK) and Applied Biosystems
(Cheshire, UK).

Cell Culture

All experiments were performed with dermal fibroblasts
obtained by biopsy from consenting adults undergoing
routine minor surgery. Ethical approval for the biopsies
was obtained from the South East Wales Research Ethics
Committee. The cells were isolated and characterized as

described previously23,24,29 and cultured in Dulbecco’s
modified Eagle’s medium supplemented with L-glutamine
(2 mmol/L), 100 units/ml penicillin and 100 �g/ml strep-
tomycin, and 10% fetal bovine serum (FBS) (Biological
Industries Ltd., Cumbernauld, UK). The cultures were
maintained at 37°C in a humidified incubator in an atmo-
sphere of 5% CO2, and fresh growth medium was added
to the cells every 3 to 4 days. At 90% confluence, fibro-
blasts were trypsinized and reseeded at the ratio of 1:3.
At each passage, the total number of viable cells was
determined by direct counting using a hemocytometer.
The effect of aging was examined using a previously
characterized and validated model of in vitro aging,25

which has been demonstrated in a fibroblast model to
have applicability to in vivo aging.27 Population doubling
levels (PDLs) were calculated as follows: PDL � [log10

(total cells harvested at passage � log10(total cells re-
seeded)]/log10(2).30 Cumulative population doubling lev-
els were calculated by adding the derived increase to the
previous PDL, and fibroblast populations were cultured
until senescence, which varied for each patient, occur-
ring at PDL 46 to 70. In the experiments, 10 to 15 PDL and
25 to 35 PDL were used and are referred to as young and
aged dermal fibroblasts, respectively. The cells were
incubated in serum-free medium for 48 hours before use
in experiments, and all experiments were done under
serum-free conditions unless otherwise stated.

Immunocytochemistry

Cells were grown to 70% confluence in eight-well Per-
manox chamber slides. The culture medium was re-
moved, and the cells washed with sterile PBS. For immu-
nostaining the cells were fixed in acetone-methanol (1:1,
v/v) for 5 minutes at room temperature. After fixation,
slides were blocked with 5% bovine serum albumin for 20
minutes before a further washing step with PBS. Subse-
quently the slides were incubated with murine monoclo-
nal anti-�-SMA clone 1A4, diluted in 0.1% bovine serum
albumin-PBS (final dilution 1:30) for 2 hours at room tem-
perature. After a further washing step, slides were incu-
bated with fluorescein isothiocyanate-rabbit anti-mouse
IgG (DAKO, Cambridgeshire, UK) diluted 1:50 in 0.1%
bovine serum albumin-PBS for 1 hour at room tempera-
ture. Cells were then mounted and analyzed by fluores-
cent microscopy.

Quantitative PCR

Young and aged dermal fibroblasts were grown to con-
fluence in 35-mm dishes and washed with PBS before
lysis with TRI Reagent and RNA purification according to
the manufacturer’s protocol. One microgram of total RNA
was retrotranscribed using High Capacity cDNA Reverse
Transcription Kits according to the manufacturer’s proto-
col. These use the random primer method for initiating
cDNA synthesis. As a negative control RT was performed
with sterile H2O replacing the RNA sample. Quantitative
PCR was performed using the 7900HT Fast Real-Time
PCR System from Applied Biosystems using TaqMan
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Universal PCR Master Mix (Applied Biosystems) following
the manufacturer’s instructions. The following TaqMan gene
expression assays were used: CD44 (HS00153304_m1,
HAS2 (HS0019343_m1), tumor necrosis factor-�-stimu-
lated gene 6 (TSG-6) (HS00200180_m1), and �-SMA
(HS00426835_g1). PCR was performed in a final volume
of 20 �l/sample (1 �l of RT product, 1 �l of target gene
primers and probe, 10 �l of TaqMan Universal PCR Mas-
ter Mix, and 8 �l of sterile H2O). Amplification was per-
formed using a cycle of 95°C for 1 second and 60°C for
20 seconds for 40 cycles. As a negative control, PCR was
performed with sterile H2O replacing the cDNA sample.
PCR was simultaneously done for ribosomal RNA (prim-
ers and probe commercially designed and purchased
from Applied Biosciences) as a standard reference gene.
The comparative CT method (threshold cycle where am-
plification is in the linear range of the amplification curve)
was used for relative quantification of gene expression.
The CT for the standard reference gene (ribosomal RNA)
was subtracted from the target gene CT to obtain the �CT

(dCT). The mean dCT for similar samples were then cal-
culated. The expression of the target gene in experimen-
tal samples relative to expression in control samples was
then calculated using the formula, 2�(dCT(1)�dCT(2)),
where: dCT(1) is the mean dCT calculated for the exper-
imental samples and dCT(2) is the mean dCT calculated
for the control samples.

Generation of HAS2 Overexpressing Clone

HAS2 open reading frame was a gift from Dr. Andrew
Spicer (Texas A&M University, College Station, TX). Stan-
dard PCR was performed to generate the ORF using
Pfx50 DNA polymerase (Invitrogen) to increase the fidel-
ity of the PCR product. The primers used in the reaction
include sites for the restriction enzymes KpnI and NotI.
The open reading frame was inserted into the vector
(pCR3.1) using a standard ligation reaction with Promega
T4 DNA ligase. Amplification of the cloned vector was
performed via bacterial transformation (JM109 compe-
tent Escherichia coli, Promega, Madison, WI). The integrity
and orientation of the HAS2 open reading frame was
confirmed by restriction enzyme digestion (KpnI and
NotI).

Transient transfection was performed with the aid of
Nucleofector technology (Amaxa Biosystems, Gaithers-
burg, MD) in accordance with the manufacturer’s proto-
col for transfection of primary mammalian fibroblasts.
Fibroblasts were grown to 70% confluence in T75 flasks.
The medium was then removed, and the cells were har-
vested by trypsinization (solution containing 0.05% tryp-
sin and 0.53 mmol/L EDTA). Once the cells detached, the
resulting cell suspension was treated with an equal vol-
ume of FBS to neutralize the protease activity. Cell count-
ing was performed using a hemocytometer, and cell
numbers were adjusted to a final concentration of 0.5 �
106 cells/ml. The cells were then centrifuged (100 � g
for 10 minutes), and the resulting pellet was resus-
pended in Basic Nucleofector solution (Amaxa Bio-
sciences). The cells were transfected either with HAS2-

pCR3.1 or pCR3.1 alone (mock transfection). The
concentration we used was 100 �l of Basic Nucleofec-
tor solution to 1 �g of DNA. The solution was then trans-
ferred to an Amaxa-certified cuvette and placed in the
Nucleofector. Nucleofection was performed for 5 sec-
onds according to the pre-specified program designed
for mammalian fibroblasts, and the cells were subse-
quently transferred to either 35-mm dishes or eight-well
Permanox chamber slides containing prewarmed me-
dium supplemented with 10% FBS. pmaxGFP (green
fluorescent protein) vector was used as a positive con-
trol. Two negative controls were performed: 0.5 � 106

cells in 100 �l of Basic Nucleofector solution containing 1
�g of DNA but without application of the program and
0.5 � 106 cells in 100 �l of Basic Nucleofector solution
without DNA but with application of the program. The
cells were incubated in medium supplemented with 10%
FBS for 24 hours followed by a 24-hour incubation in
serum-free medium before experimentation. GFP posi-
tivity in pmaxGFP-HAS2 cotransfected or pmaxGFP-
mock cotransfected cells were used to visualize individ-
ual cells for HA coat analysis.

siRNA Transfection

Transient transfection of dermal fibroblasts was per-
formed with specific siRNA nucleotides (Applied Biosys-
tems) targeting HAS2 (56458), TSG-6 (139706), or CD44
(114068). Transfection was performed using Lipofectamine
2000 transfection reagent (Invitrogen) in accordance with
the manufacturer’s protocol. In brief, cells were grown to
50% confluence in antibiotic-free medium in either 12-
well culture plates or 8-well Permanox chamber slides.
Two microliters of transfection agent was diluted in 98 �l
of Opti-MEM reduced growth medium (GIBCO, Carlsbad,
CA) and left to incubate at room temperature for 5 min-
utes. The specific siRNA oligonucleotides were diluted in
Opti-MEM reduced growth medium to give a final con-
centration of 20 �mol/L in a total volume of 100 �l. The
transfection agent mix and siRNA mix were then com-
bined and incubated at room temperature for a further 10
minutes. The newly formed transfection complexes
(200 �l) were then added to cells and incubated at
37°C with 5% CO2 for 24 hours in medium supple-
mented with 10% FBS followed by a 24-hour incubation
in serum-free medium before experimentation. As a
control, cells were transfected with negative control
siRNA (a scrambled sequence that bears no homology
to the human genome).

Visualization of Pericellular HA by Particle
Exclusion Assay

The exclusion of horse erythrocytes was used to visualize
the HA pericellular coat. Formalized horse erythrocytes
were washed in PBS and centrifuged at 1000 � g for 7
minutes at 4°C. The pellet was resuspended in serum-
free medium at an approximate density of 1 � 108 eryth-
rocytes/ml. One milliliter of this suspension was added to
each 35-mm dish containing subconfluent cells and
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swirled gently for even distribution. The dishes were in-
cubated at 37°C for 15 minutes to allow the erythrocytes
to settle around the cells. Control cells were incubated
with 200 �g/ml bovine testicular hyaluronidase in serum-
free medium for 30 minutes before the addition of formal-
ized horse erythrocytes. On settling, the erythrocytes are
excluded from zones around the cells with HA pericellular
coats. These zones are viewed under the microscope as
areas of erythrocyte exclusion. Zones of exclusion were
visualized on a Zeiss Axiovert 135 inverted microscope.
Because of the elongated shape of the cells, the exclu-
sion zone at some areas of the cell was not visible.
Therefore, the width of the exclusion zone was calculated
at the widest point of the cell (usually the nucleus).

Analysis of 3H-Radiolabeled HA

Cells were grown to full confluence in T75 flasks and
growth-arrested for 48 hours in serum-free medium. The
medium was then replaced with either serum-free me-
dium alone or serum-free medium containing 10 ng/ml
TGF-�1, and the incubations were continued for 72
hours. Metabolic labeling was then performed by incu-
bation with 20 �Ci/ml D-[3H]glucosamine hydrochloride
for 24 hours. The culture medium was then removed, and
the cells were washed with PBS. The wash and medium
were combined to form the conditioned medium extract.
This was then treated with an equal volume of 200 �g/ml
Pronase in 100 mmol/L Tris-HCl, pH 8.0, and 0.05%
sodium azide for 24 hours. To remove any CD44-associ-
ated HA, the cells were treated with 10 �g/ml trypsin in
PBS for 10 minutes at room temperature and designated
the trypsin extract. This was then treated with an equal
volume of 200 �g/ml Pronase for 24 hours. The cells
remaining in the culture flask were incubated directly with
100 �g/ml Pronase for 24 hours. The supernatant was
decanted and designated the cell extract. Each extract
was passed over DEAE-Sephacel ion-exchange columns
equilibrated with 8 mol/L urea in 20 mmol/L Bis-Tris
buffer, pH 6, containing 0.2% Triton X-100. This process
removed any low-molecular-weight peptides and unin-
corporated radiolabel. HA was eluted in 8 mol/l urea
buffer containing 0.3 mol/l NaCl. Each sample was split
into two, and the HA was precipitated with 3 volumes of
1% potassium acetate in 95% ethanol in the presence of
50 �g/ml of each HA, heparin, and chondroitin sulfate as
coprecipitants. The first half of each sample was resus-
pended in 500 �l of 4 mol/L guanidine buffer and ana-
lyzed on a Sephacryl S-500 column equilibrated with 4
mol/L guanidine buffer. To confirm that the chromatogra-
phy profile generated was the result of radiolabeled HA,
the second half of each sample was digested at 37°C
overnight with 1 unit of Streptomyces hyalurolyticus hyal-
uronidase (ICN Pharmaceuticals Ltd., Hampshire, UK) in
200 �l of 20 mmol/L sodium acetate, pH 6, containing
0.05% sodium azide and 0.15 mol/L sodium chloride. The
sample was then mixed with an equal volume of 4 mol/L
guanidine buffer and analyzed on the same Sephacryl
S-500 column equilibrated with 4 mol/L guanidine buffer.
To produce the chromatography profile, the 3H activity for

each half of the sample was normalized and corrected for
dilution, and then the hyaluronidase-resistant counts
were subtracted. The chromatography profiles only de-
pict hyaluronidase-sensitive activity in each fraction plot-

Figure 1. Immunohistochemical analysis of TGF-�1-dependent �-SMA ex-
pression in aging fibroblasts. Monolayers of patient-matched young (A and
C) and aged (B and D) dermal fibroblasts were growth-arrested in serum-free
medium for 48 hours. The medium was then replaced with either serum-free
medium alone (A and B) or serum-free medium containing 10 ng/ml TGF-�1
(C and D) for 72 hours. The cells were then fixed and stained for �-SMA, as
described in Materials and Methods. The cells were then mounted in
Vectashield fluorescent mountant and viewed under UV light. All results
shown are representative of dermal fibroblasts from three patient donors.
Original magnification, �100. E: In a parallel experiment expression of
�-SMA mRNA was quantified by QPCR. Confluent monolayers of patient-
matched young and aged dermal fibroblasts were growth-arrested in serum-
free medium for 48 hours, before addition of either serum-free medium alone
(white bar) or serum-free medium containing 10 ng/ml TGF-�1 (black bar)
for 72 hours. Total mRNA was extracted, and �-SMA expression was assessed
by RT-QPCR. Ribosomal RNA expression was used as an endogenous con-
trol, and gene expression was assessed relative to control (unstimulated)
aged fibroblasts. The comparative CT method was used for relative quanti-
fication of gene expression, and the results represent the mean � SE of
dermal fibroblasts from nine individual experiments with cells isolated from
three patient donors. Statistical analysis was performed by the Student’s t-test:
*P � 0.05; **P � 0.01, compared with aged cells.
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ted against fraction number. The column was calibrated
with [3H]glucosamine hydrochloride, Mr 215; [35S]chon-
droitin sulfate glycosaminoglycans, Mr 25 � 103; decorin,
Mr 10 � 104; and [35S]versican, Mr 1.3 � 106.

Determination of HA Concentration

Cells were grown to confluence in 35-mm dishes, and
the HA concentration in the cell culture supernatant
was determined using a commercially available en-
zyme-linked HA binding protein assay (HA “Chugai”
quantitative test kit, Congenix, Petersborough, UK).
The assay used microwells coated with a highly specific
HA-binding protein (HABP) from bovine cartilage to cap-
ture HA and an enzyme-conjugated version of HABP to
detect and measure HA in the samples. In brief, diluted
samples and HA reference solutions were incubated in
HABP-coated microwells allowing binding of the HA in
the samples to the immobilized HABP. The wells were
then washed, and HABP conjugated with horseradish
peroxidase was added to the wells forming complexes
with bound HA. After a second washing step, a chromo-
genic substrate (3,3�,5,5�-tetramethylbenzidine/H2O2)
was added to develop a colored reaction. Stopping so-
lution was added to the wells, and the intensity of the
resulting color was measured in optical density units
using a spectrophotometer at 450 nm. HA concentrations
were calculated by comparing the absorbance of the
sample against a reference curve prepared from the
reagent blank and five HA reference solutions (50, 100,
200, 500, and 800 ng/ml) included in the kit. The assay is
sensitive to 10 ng/ml, with no cross-reactivity with other
glycosaminoglycan compounds.

Statistical Analysis

All experiments were performed at least in triplicate for
individual patient donors. All values are provided as
means � SE. Comparisons were performed using un-
paired Student’s t-tests. For multiple variables one-way
analysis of variance was used for global comparison
followed by Tukey’s honestly significant difference
method for pairwise comparison. Probability values of

P � 0.05 were considered to indicate a significant
difference.

Results

In Vitro Aging of Fibroblasts Is Associated with a
Failure to Induce �-Smooth Muscle Actin

Fibroblasts were grown to confluence and serum-de-
prived for 48 hours before addition of recombinant
TGF-�1 (10 ng/ml) for a further 72 hours. Under serum-
free conditions, dermal fibroblasts at all in vitro ages were
negative for �-SMA staining (Figure 1, A and B). Stimu-
lation of young fibroblasts led to positive staining for
�-SMA (Figure 1C). In contrast, addition of TGF-�1 to in
vitro aged fibroblasts did not lead to detectable staining
for �-SMA (Figure 1D). Quantitative PCR demonstrated
that under unstimulated conditions young fibroblasts
had significantly higher (�5 fold) �-SMA mRNA ex-

Figure 2. Age-dependent effect on HA assessed by size exclusion chromatography. Confluent monolayers of patient-matched young and aged dermal fibroblasts
were growth arrested in serum-free medium for 48 hours. The medium was removed and replaced with either serum-free medium alone or with serum-free
medium containing 10 ng/ml of TGF-�1 for 72 hours. Cells were subsequently labeled for 24 hours with 20 �Ci/ml [3H]glucosamine. The radiolabeled HA was
isolated from the conditioned medium and subjected to size exclusion chromatography on a Sephacryl S500 column. A: Size exclusion chromatography profile
of HA purified from resting (nonstimualted) young (closed circles) and aged (open circles) fibroblasts. B and C: Size exclusion chromatography profile of HA
purified from young (B) and aged (C) dermal fibroblasts in the presence (open circles) or absence (closed circles) of TGF-�1. All results shown are representative
of dermal fibroblasts isolated from at least two separate donors.

Figure 3. Effect of in vitro aging on extracellular HA generation. At the
indicated PDL, confluent monolayers of dermal fibroblasts were growth-
arrested in serum-free medium for 48 hours. The medium was then replaced
with either serum-free medium alone (white bars) or serum-free medium
containing 10 ng/ml TGF-�1 (black bars) for 72 hours. HA concentration in
the culture medium was quantified by ELISA. Data represent the mean � SE
from six separate experiments using cells isolated from one donor. Statistical
analysis was performed using analysis of variance to show global differences
between PDLs for basal (P � 1.1E–09) and TGF-�1 (P � 1.9E–19) conditions,
followed by Tukey’s honestly significant difference post hoc test analysis:
*P � 0.001 compared with PDL 13.
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pression than patient-matched aged fibroblasts (Fig-
ure 1E). After TGF-�1stimulation, both young and aged
dermal fibroblasts up-regulated �-SMA expression.
Young dermal fibroblasts, however, showed a median

10-fold increase in �-SMA expression compared with a
median of only sixfold increase in aged dermal fibro-
blasts in response to the same concentration and dura-
tion of TGF-�1 stimulation. Moreover, a direct comparison
between cell populations demonstrated that TGF-�1 in-
duced �-SMA expression was down-regulated by 8.5-
fold in aged fibroblasts compared with that in patient-
matched young fibroblasts.

Figure 4. Effect of age on HAS2 mRNA expression and its involvement in
TGF-�1-dependent fibroblast activation. A and B: Confluent monolayers of
patient-matched young and aged dermal fibroblasts were growth-arrested in
serum-free medium for 48 hours. The medium was then replaced with either
serum-free medium alone (white bars) or serum-free medium containing 10
ng/ml TGF-�1 (black bars), and the incubations were continued for 72 hours.
HA secreted into the culture medium was quantified by ELISA. After removal
of the culture medium, total mRNA was extracted and cDNA prepared as
described in Materials and Methods. HAS2 expression was assessed by RT-
QPCR. Ribosomal RNA expression was used as an endogenous control, and
gene expression was assessed relative to control aged fibroblasts. The compar-
ative CT method was used for relative quantification of gene expression. Data are
presented as the mean � SE of six individual experiments using cells from two
patient donors. Statistical analysis was performed by Student’s t-test: #not signif-
icant; *P � 0.01, compared with aged cells. N/S, not significant. C and D: To
further examine the role of HAS2, young dermal fibroblasts were transfected
with HAS2 siRNA or scrambled oligonucleotide control (scramble) and incu-
bated in medium supplemented with 10% FBS for 24 hours. The medium was
then replaced with serum-free medium for a further 24 hours, before addition of
serum-free medium alone (white bars) or serum-free medium containing 10
ng/ml TGF-�1 (black bars) for 72 hours. Total mRNA was extracted and HAS2
(C) and �-SMA (D) expression was assessed by RT-QPCR. Ribosomal RNA
expression was used as an endogenous control, and gene expression was
assessed relative to control scramble samples. The comparative CT method was
used for relative quantification of gene expression, and the results represent the
mean � SE of nine individual experiments using cells isolated from three
different donors. Statistical analysis was performed by the Student’s t-test: N/S,
not significant; *P � 0.01, compared with scramble.

Figure 5. Effect of aging on HA pericellular coat assembly. Subconfluent
layers of young (A and C) and aged (B and D) dermal fibroblasts were
growth-arrested in serum-free medium for 48 hours. The medium was then
replaced with either serum-free medium alone (A and B) or with 10 ng/ml
TGF-�1 (C and D) for 72 hours. Formalized horse erythrocytes were then
added as described in Materials and Methods to visualize the HA pericellular
coat. Arrows indicate the cell body; arrowheads show the extent of the
pericellular matrix. Results are representative of dermal fibroblasts from three
patient donors. Original magnification, �200.
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Young Fibroblasts Generate More HA Than
Aged Fibroblasts

Labeling of fibroblasts with [3H]glucosamine for 24 hours
under serum-free conditions demonstrated that young fibro-
blasts have increased baseline synthesis of HA compared
with that of donor-matched aged fibroblasts (Figure 2A).
Analysis of HA by size exclusion chromatography indi-
cated that there was at least 2.5-fold more HA present in
the conditioned medium of young fibroblasts than in

aged fibroblasts. Young fibroblasts also had 3.5-fold
more trypsin-accessible cell surface extract HA but had
similar amounts of HA in the cell-associated extract com-
pared with aged fibroblasts (data not shown). The major-
ity of HA produced in each of these three compartments
consisted of high-molecular-weight HA polysaccharides
of greater than 1.5 � 106 Da in size. These findings were
similar in both the young and aged cells.

The effect of TGF-�1 on HA synthesis was then as-
sessed using both [3H]glucosamine labeling and an en-
zyme-linked immunosorbent assay. The chromatography
profiles from the conditioned medium of these cells dem-
onstrated that young fibroblasts up-regulated HA gener-
ation in response to TGF-�1 stimulation (Figure 2B),
whereas aged fibroblasts were resistant to up-regulation
of HA in response to same dose and duration of TGF-�1
stimulation (Figure 2C). The chromatography profiles
from the cell-associated extract and trypsin-accessible
cell surface extract demonstrated a similar pattern (data
not shown). These results were further confirmed by mea-
surement of extracellular HA concentration in the condi-
tioned medium using an enzyme-linked immunosorbent
assay (ELISA), from cells at different PDLs (PDL 13 to 46).
In this assay, there was a significant decrease in extra-
cellular HA concentration between PDL 13 and PDL 46,
under basal conditions (P � 1.1E–09, one-way analysis
of variance; P � 0.001, Tukey’s honestly significant dif-
ference post hoc test) and after TGF-�1 stimulation (P �
1.9E–19, one-way analysis of variance; P � 0.001 Tukey’s
honestly significant difference post hoc test) (Figure 3).

Reduced HA Generation Is Associated with a
Blunted HAS2 Response

After growth arrest young and aged dermal fibroblasts
were stimulated with TGF-�1. HA was quantified by
ELISA, and in the same cells HAS2 mRNA was quantified
by QPCR. As demonstrated previously there was an age-
dependent decrease in HA concentration in the culture
supernatant and also a decrease in TGF-�1-dependent
stimulation of HA (Figure 4A). In the same cells there was
a marked attenuation of TGF-�1-dependent stimulation of

Figure 6. Overexpression of HAS2 in aged dermal fibroblasts. Aged dermal
fibroblasts were transfected with either HAS2-pCR3.1 (HAS2 transfected) or
pCR3.1 (Mock transfected). HA secreted into the culture medium 48 hours
after transfection was quantified by ELISA (A). After removal of the culture
medium, total mRNA was extracted. �-SMA expression was subsequently
assessed by RT-QPCR (B). Ribosomal RNA expression was used as an
endogenous control, and gene expression was assessed relative to mock
transfected fibroblasts. The comparative CT method was used for relative
quantification of gene expression, and results represent the mean � SE of
dermal fibroblasts from nine separate experiments using cells isolated from
three patient donors. Immunohistochemical analysis was performed to ex-
amine �-SMA protein expression on mock transfected (C) and HAS2-over-
expressing (D) aged dermal fibroblasts 48 hours after transfection. The cells
were then fixed and stained for �-SMA, mounted in Vectashield fluorescent
mountant, and viewed under UV light. Original magnification, �100. In
parallel experiments, the HA pericellular coat was visualized. Forty-eight
hours after transfection, formalized horse erythrocytes were added to mock-
transfected (E) or HAS2-overexpressing (F) aged dermal fibroblasts as de-
scribed in Materials and Methods to visualize the HA pericellular coat.
Arrows indicate the cell body; arrowheads show the extent of the pericel-
lular matrix. Results are representative of dermal fibroblasts from two patient
donors. Original magnification, �200.
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HAS2 mRNA in the aged fibroblasts (Figure 4B). The
importance of the HAS2 isoform of HA synthase was
further examined by gene silencing of HAS2 in young
cells. HAS2 siRNA transfection resulted in significant
inhibition of HAS2 mRNA expression (Figure 4C) and
abrogation of TGF-�1-dependent induction of �-SMA
(Figure 4D).

Aging Is Associated with Loss of
TGF-�1-Dependent Pericellular Coat Assembly

HA accumulation can be assessed using the exclusion of
formalized erythrocytes. In this assay erythrocytes are
excluded from the cell membrane of the fibroblasts by the
large size and negative charge of any pericellular HA
present as observed under the microscope as a zone of
erythrocyte exclusion surrounding the cells. Previously
we demonstrated that fibroblast to myofibroblast pheno-
typic conversion is associated with the formation of a HA
pericellular coat. Consistent with this finding, unstimu-
lated young or aged fibroblasts did not assemble a sig-
nificant HA pericellular coat (Figure 5, A and B) whereas
stimulation of young fibroblasts with TGF-�1 resulted in
the formation of a notable coat (Figure 5C). In contrast,
aged fibroblasts failed to assemble a HA pericellular coat
after stimulation with TGF-�1 (Figure 5D). For each con-
dition measurements of coat thickness were taken at the
widest point of 10 randomly chosen cells from three
separate experiments (three different patients). This gave
a mean thickness for the young fibroblast coat of 2.99 �
0.18 �m at baseline and 7.95 � 0.39 �m after TGF-�1
stimulation (P � 0.001, unpaired t-test). For aged fibro-
blasts the mean coat thickness at baseline was 2.27 �
0.16 �m and after TGF-�1 stimulation was 2.35 � 0.21
�m (P � 0.78, unpaired t-test).

Overexpression of HAS2 Alone Does Not
Generate a Pericellular Coat nor Alter the
Fibroblast Phenotype

Because age-dependent loss of TGF-�1-induced peri-
cellular coat assembly and the myofibroblast phenotype
were associated with reduced HAS2 expression, we
sought to examine the effect of overexpression of HAS2
on the phenotype of aged fibroblasts. Although overex-
pression of HAS2 in the aged fibroblast led to the ex-
pected increase in HA concentration in the culture super-
natant as assessed by ELISA (Figure 6A), there was no
significant change in �-SMA expression (Figure 6, B–D)
nor in the pericellular HA coat assembly (Figure 6, E and
F). For each condition, measurements of coat thickness
were taken at the widest point of 15 randomly chosen
cells from two separate patients. This gave a mean thick-
ness for the aged mock-transfected fibroblast coat of
4.82 � 0.31 �m and of 4.41 � 0.42 �m in the aged
fibroblast coat transfected to overexpress HAS2 (P �
0.42, unpaired t-test).

Figure 7. Involvement of TSG-6 in TGF-�1-dependent fibroblast activation.
A: Confluent monolayers of patient-matched young and aged dermal fibro-
blasts were growth-arrested in serum-free medium for 48 hours. The medium
was then replaced with either serum-free medium alone (white bars) or
serum-free medium containing 10 ng/ml TGF-�1 (black bars), and the incu-
bations were continued for 72 hours. Total mRNA was extracted, and cDNA
was prepared as described under Materials and Methods. TSG-6 expression
was assessed by RT-QPCR. Ribosomal RNA expression was used as an
endogenous control, and gene expression was assessed relative to control
aged fibroblasts. The comparative CT method was used for relative quanti-
fication of gene expression. Data are presented as the mean � SE of six
individual experiments with cells isolated from two patient donors. Statistical
analysis was performed by Student’s t-test:*P � 0.05, compared with aged
cells. N/S, not significant. B and C: To further examine the role of TSG-6,
young dermal fibroblasts were transfected with TSG-6 siRNA or scrambled
oligonucleotide control (scramble) and incubated in medium supplemented
with 10% FBS for 24 hours. The medium was then replaced with serum-free
medium for a further 24 hours, before addition of serum-free medium alone
(white bars) or serum-free medium containing 10 ng/ml TGF-�1 (black bars)
for 72 hours. Total mRNA was extracted and TSG-6 (B), and �-SMA (C)
expression was assessed by RT-QPCR. Ribosomal RNA expression was used
as an endogenous control, and gene expression was assessed relative to
control scramble samples. The comparative CT method was used for relative
quantification of gene expression, and the results represent the mean � SE
of nine individual experiments using cells isolated from three different
donors. Statistical analysis was performed by Student’s t-test, and statistical
significance was taken as P � 0.05. N/S, not significant.
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TSG-6 Is a Key Regulator of Pericellular HA
Assembly and Fibroblast Phenotype

The hyaladherin TSG-6 has been demonstrated to be an
important mediator of HA pericellular coat assembly.31–33

After growth arrest young and aged dermal fibroblasts
were stimulated with TGF-�1, and TSG-6 mRNA was
quantified by QPCR. In these experiments there was an
age-dependent decrease in TSG-6 expression both at
baseline and after TGF-�1 stimulation (Figure 7A). The
functional importance of an age-dependent reduction in
TSG-6 expression was subsequently examined by TSG-6
gene silencing using siRNA. After transfection with TSG-6
siRNA there was a marked inhibition in the effect of
TGF-�1 on TSG-6 mRNA expression (Figure 7B). Abro-
gation of TGF-�1-dependent induction of TSG-6 mRNA
expression was also associated with a failure of TGF-�1
to increase �-SMA in the young fibroblasts (Figure 7C).
This result led us to hypothesize that assembly of the
pericellular coat was dependent on both stimulation of
HA via HAS2 and induction of TSG-6. To explore this
hypothesis aged fibroblasts were transfected with HAS2
and subsequently stimulated with TGF-�1. In these ex-
periments the combination of HAS2 overexpression and
TGF-�1 stimulation restored the ability of the aged fibro-
blasts to form a pericellular HA coat as assessed by the
exclusion of formalized erythrocytes (Figure 8, A–C). For
each condition measurements of coat thickness were
taken at the widest point of 10 randomly chosen cells
from three separate experiments (three different pa-
tients). This gave a mean thickness for the aged mock-
transfected fibroblast coat of 3.19 � 0.27 �m and of
6.59 � 0.41 �m in the aged fibroblasts transfected to
overexpress HAS2 after TGF-�1 stimulation (P � 0.001,
unpaired t-test). Transfection with HAS2 did not, how-
ever, restore TGF-�1 responsiveness in terms of the in-
duction of �-SMA as assessed by immunocytochemical
analysis (Figure 8, D–F) and QPCR (Figure 9A), suggest-
ing a dissociation of pericellular coat formation and reg-
ulation of phenotype. In contrast and consistent with the

formation of the pericellular coat, overexpression of HAS2
and increased HA generation were associated with par-
tial restoration of the induction of TSG-6 after stimulation
with TGF-�1 in the aged fibroblasts (Figure 9B).

HAS2 Responsiveness Is Maintained in Aged
Cells in Response to Interleukin-1�

Age-dependent regulation of HAS2 was further examined
by stimulation with IL-1�. In contrast with TGF-�1 respon-
siveness that diminished with age, stimulation of aged
cells (but not young cells) with IL-1� led to a significant
induction of HAS2 gene expression (Figure 10A), and this
was also associated with an increase in HA as assessed
by ELISA (Figure 10B). In addition, TSG-6 induction was
significant after addition of IL-1� in contrast to the blunted
effect of TGF-�1 in the aged cells (Figure 10C). In con-
trast, stimulation with IL-1�, despite the alterations in
HA-associated gene regulation, did not lead to any
change in expression of �-SMA (Figure 10D). The in-
crease in HAS2 associated with induction of the hyalad-
herin TSG-6 suggests that IL-1� stimulation may induce
formation of a pericellular HA coat, and this was con-
firmed by visualization of the pericellular HA coat in
young and aged cells (Figure 11, A–D). For each condi-
tion, measurements of coat thickness were taken at the
widest point of 15 randomly chosen cells from two sep-
arate experiments (two different patients). These gave a
mean thickness for the young fibroblast coat of 3.04 �
0.19 �m at baseline and 8.25 � 0.18 �m after IL-1�

stimulation (P � 0.001, unpaired t-test). For aged fibro-
blasts the mean coat thickness at baseline was 3.15 �
0.35 �m and after IL-1� stimulation was 7.95 � 0.42 �m
(P � 0.001, unpaired t-test). This finding suggests,
therefore, that after IL-1� stimulation there is a disso-
ciation of pericellular HA coat assembly and regulation
of phenotype.

Figure 8. Effect of HAS2 overexpression on
pericellular HA coat assembly and phenotype
after TGF-�1 in aged dermal fibroblasts. Patient-
matched young (A and D) and aged (B, C, E,
and F) dermal fibroblasts were transfected either
with pCR3.1 alone (A, B, D, and E) or HAS2-
pCR3.1 (C and F). Forty-eight hours after trans-
fection, cells were incubated in serum-free me-
dium containing 10 ng/ml TGF-�1 for 72 hours.
The pericellular HA coat (A–C) was visualized
by addition of formalized horse erythrocytes.
Arrows indicate the cell body; arrowheads
show the extent of the pericellular matrix. Im-
ages are representative of dermal fibroblasts
from three patient donors. Original magnifica-
tion, �200. After stimulation the cells were
fixed, and �-SMA was visualized by immunohis-
tochemistry (D–F). Slides were mounted in
Vectashield fluorescent mountant and viewed
under UV light. Original magnification, �100.
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Phenotypic Regulation in Response to TGF-�1
Is Dependent on the Presence of the HA
Pericellular Coat

Data presented above suggest that TSG-6-dependent
regulation of the HA pericellular coat is required for
TGF-�1 phenotypic conversion. However, TGF-�1 stimu-
lation of HAS2-overexpressing cells and IL-1� stimulation
in the aged phenotype suggest that the formation of the
pericellular coat in itself does not lead to acquisition of a
myofibroblastic phenotype. The role of the pericellular
coat in TGF-�1-dependent regulation of phenotype was
examined after its digestion with hyaluronidase (con-
firmed by particle exclusion) (Figure 12, C and D). There
was no effect on TGF-�1-dependent induction of HAS2
(Figure 12A). In contrast, hyaluronidase digestion led to
inhibition of TGF-�1-dependent phenotypic activation as
determined by expression of �-SMA by Q-PCR (Figure
12B) and immunohistochemical analysis (Figure 12, E
and F).

The relationship between assembly of a pericellular
HA coat and cell surface CD44 has been well docu-
mented.34–39 In our in vitro model of aging there were no
age-related alterations in CD44 expression (data not

Figure 9. Effect of HAS2 overexpression on TGF-�1-dependent responses in
aged dermal fibroblasts. Aged dermal fibroblasts were transfected either with
HAS2-pCR3.1 or pCR3.1 alone (mock transfected). Parallel mock transfec-
tions were performed on patient-matched young dermal fibroblasts. Forty-
eight hours after transfection, cells were incubated in either serum-free
medium alone (white bars) or serum-free medium containing 10 ng/ml
TGF-�1 (black bars) for 72 hours. �-SMA (A) and TSG-6 (B) mRNA expres-
sion was assessed by RT-QPCR. Ribosomal RNA expression was used as an
endogenous control, and gene expression was assessed relative to control
mock-transfected aged cells. The comparative CT method was used for
relative quantification of gene expression, and the results represent the
mean � SE of nine individual experiments using cells isolated from three
different donors. Statistical analysis was performed by Student’s t-test, and
statistical significance was taken as P � 0.05. N/S, not significant.

Figure 10. HAS2 responsiveness is retained in aged cells after addition of IL-1�.
Confluent monolayers of patient-matched young and aged dermal fibroblasts
were growth-arrested in serum-free medium for 48 hours. The medium was then
replaced with either serum-free medium alone (white bars), serum-free medium
containing 10 ng/ml TGF-�1 (gray bars), or serum-free medium containing 1
ng/ml IL-1� (black bars) for a further 72 hours. mRNA was extracted, and cDNA
prepared as described in Materials and Methods. HAS2 (A), TSG-6 (C), and
�-SMA (D) expression was assessed by RT-QPCR. Ribosomal RNA expression
was used as an endogenous control, and gene expression was assessed relative
to control aged cells. The comparative CT method was used for relative quan-
tification of gene expression, and the results represent the mean � SE of six
individual experiments using cells isolated from two different donors. Statistical
analysis was performed by Student’s t-test and statistical significance was taken
as P � 0.05. N/S, not Significant. B: HA secreted into the culture medium of aged
cells was quantified by ELISA. Data are the mean � SE of six individual experiments
using cells isolated from two different donors. Statistical analysis was performed
by Student’s t-test: *P � 0.05; **P � 0.01, compared with control cells.
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shown). We further examined the role of CD44 and the
pericellular coat by inhibition of CD44 expression using
siRNA. QPCR was used to confirm down-regulation of
CD44 expression. It is of note that TGF-�1 itself de-
creased expression of CD44; however, CD44 siRNA re-
sulted in a further reduction in expression both in un-
stimulated and TGF-�1-treated cells (Figure 12G).
Consistent with the effects of inhibition of coat formation
using hyaluronidase, suppression of CD44 expression
was associated with abrogation of TGF-�1-dependent
induction of �-SMA (Figure 12H).

Collectively these results suggest that the pericellular
HA coat is therefore necessary but not sufficient to drive
phenotypic fibroblast to myofibroblast activation.

Discussion

Impaired wound healing in elderly individuals is charac-
terized by delayed re-epithelialization and an excessive
inflammatory response, with the latter leading to matrix
degradation by inflammatory cell-derived proteases.40 It
has been long established that there is marked alteration
in fibroblast function with increasing age. In the normal
aging human dermis, the fibroblast becomes a quiescent
cell.41 Fibroblast proliferation may also be modulated by
age, resulting in decreased cell number at the wound
site.42 Aging in an in vitro model of wounding has also
demonstrated a delay in the ability of human dermal
fibroblasts to re-establish a confluent monolayer with in-
creasing age.43 Beyond the effects of aging on cellular

migration and proliferation, a loss of responsiveness to a
variety of cytokines has been reported after in vitro and in
vivo aging in human fibroblasts.44,45

The regulation of cellular phenotype and differentiation
during tissue injury is an important determinant of wound-
healing outcomes. In this context TGF-�1 is a key regu-
lator of the wound-healing process as it is a key regulator
of the fibroblast-myofibroblast phenotype. Myofibroblasts
are responsible for closure of wounds and the formation
of the collagen-rich scar. We have demonstrated previ-
ously that fibroblasts derived from nonscarring oral mu-
cosa demonstrate intrinsic differences from donor-
matched dermal fibroblasts in terms of their ability to
differentiate into myofibroblasts.23 More specifically, fi-
broblasts from the oral mucosa are resistant to TGF-�1-
mediated phenotypic differentiation, which may in part
explain the scar-free wound healing that occurs in the
oral mucosa. In contrast, dermal fibroblasts readily dif-
ferentiate into myofibroblasts and the linear polysaccha-
ride, HA, plays a pivotal role in regulating this process of
TGF-�1-driven cellular differentiation.

In the current study we show an age-dependent defect
in myofibroblast phenotypic conversion, which may be of
relevance to the impaired wound healing associated with
aging. We subsequently sought to relate age-related
changes in HA generation to this failure of phenotypic
activation. The data clearly demonstrate a decrease in
HA generation both in unstimulated cells and also after
addition of TGF-�1 associated with in vitro aging. These
data are consistent with our previous observations suggest-
ing that increased HA generation was causally related to
TGF-�1-mediated fibroblast-myofibroblast conversion.23

Our previously published studies demonstrated a signif-
icant difference in HA generation under basal conditions
with cells capable of myofibroblastic change, ie, young
dermal fibroblasts, generating significantly more HA than
fibroblasts resistant to phenotypic change, ie, oral muco-
sal fibroblasts.23 Furthermore, we have demonstrated
that the different basal patterns of HA generation were
associated with the regulation of differing proliferative
responses to TGF-�1 by the two fibroblast populations.24

The data presented in the current study support a role for
HA in dictating the cell’s response to TGF-�1. We have
demonstrated that in vitro aging is associated with a
decrease in HA generation of dermal fibroblasts and
attenuation of the hyaladherin TSG-6. In contrast, resto-
ration of a high basal level of HA synthesis in the aged
dermal fibroblast, as a result of HAS2 overexpression,
resulted in restoration of TGF-�1-dependent induction of
TSG-6. These data are also consistent with our recent
studies in epithelial cells, which demonstrated that HA
modulates TGF-�1 signaling after interaction with its re-
ceptor, CD44.20,21

In the current study in vitro aging and resistance to
phenotypic conversion were accompanied by a failure of
induction of HAS2 after addition of TGF-�1. Previously we
demonstrated that resistance of oral mucosal fibroblasts
to TGF-�1-mediated myofibroblastic change is also as-
sociated with failure of induction of HAS2. Moreover,
silencing HAS2 gene expression using siRNA led to a
significant inhibition of TGF-�1-dependent induction of

Figure 11. Effect of IL-1� on HA pericellular coat assembly. Subconfluent
layers of patient-matched young (A and C) and aged (B and D) dermal
fibroblasts were growth-arrested in serum-free medium for 48 hours. The
medium was then replaced with either serum-free medium alone (A and B)
or 1 ng/ml IL-1� (C and D) for 72 hours. Formalized horse erythrocytes were
then added as described to visualize the HA pericellular coat. Zones of
exclusion were visualized using a Zeiss Axiovert 135 inverted microscope.
Arrows indicate the cell body; arrowheads show the extent of the pericel-
lular matrix. Images are representative of dermal fibroblasts from two patient
donors. Original magnification, �200.
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�-SMA. These observations led us to determine whether
isoform-specific overexpression of HAS2 was sufficient to
restore TGF-�1 responsiveness and phenotypic alter-
ation in in vitro aged fibroblasts. Although overexpression
of HAS2 was associated with increased HA generation,
there was no alteration in �-SMA expression, suggesting
that restoration of the age-dependent decrease in HAS2
expression was not the sole factor leading to the loss of
TGF-�1-dependent phenotypic sensitivity. This finding is
consistent with the observation that the aged cells re-
tained the ability to induce HAS2 in response to IL-1�,
suggesting that aging specifically affects TGF-�1 re-
sponses rather than causing a global defect in HAS2
regulation.

Many studies have demonstrated the importance of
HA-binding proteins, termed hyaladherins, in the organi-
zation of HA matrices. One hyaladherin that has a partic-
ular role in the formation of pericellular HA coats is TSG-6.
Fülöp et al31 have shown that TSG-6�/� mice are infertile
because of their inability to form HA-rich extracellular
matrix. In addition, we have also previously shown the
importance of TSG-6 in the formation of a pericellular HA
in epithelial cells of renal origin.33 In the current study we
have demonstrated an age-dependent decrease in
TSG-6 expression both in unstimulated cells and also
after stimulation by TGF-�1. Furthermore, silencing of
TSG-6 gene expression using siRNA led to an inhibition

Figure 12. Consequences of inhibiting HA coat assembly on TGF-�1-depen-
dent phenotypic activation of fibroblasts. Confluent monolayers of young
dermal fibroblasts were growth-arrested in serum-free medium for 48 hours.
Bovine testicular hyaluronidase (200 �g/ml) was then added in serum-free
medium at 37°C for 1 hour before the addition (to the hyaluronidase) of
either serum-free medium alone (white bars) or 10 ng/ml TGF-�1 (black
bars) for a further 72 hours. In control experiments hyaluronidase treatment
was replaced by adding serum-free medium alone. HAS2 (A) and �-SMA (B)
mRNA expression was assessed by RT-QPCR. Ribosomal RNA expression
was used as an endogenous control, and gene expression was assessed
relative to the control treatment in nonstimulated cells. The comparative CT

method was used for relative quantification of gene expression, and the
results represent the mean � SE of six individual experiments using cells
isolated from two different donors. Statistical analysis was performed by the
Student’s t-test: *P � 0.05, compared with control treatment; N/S, not signif-
icant. In parallel experiments, serum-free medium alone (C) or bovine
testicular hyaluronidase (200 �g/ml) (D) were added to growth-arrested cells
for 1 hour before the addition of 10 ng/ml TGF-�1, and the incubations were
continued for 72 hours. Formalized horse erythrocytes were then added to
visualize the HA pericellular coat. Zones of exclusion were visualized using
a Zeiss Axiovert 135 inverted microscope. Arrows indicate the cell body;
arrowheads show the extent of the pericellular matrix. Images are repre-
sentative of dermal fibroblasts from two patient donors. Original magnifica-
tion, �200. Immunohistochemical analysis was also performed to assess
dermal fibroblast phenotype after treatment with hyaluronidase. Serum-free
medium alone (E) or bovine testicular hyaluronidase (200 �g/ml) (F) was
added to growth arrested cells for 1 hour before the addition of 10 ng/ml
TGF-�1, and the incubations were continued for 72 hours. The cells were
fixed and stained for �-SMA, mounted in Vectashield fluorescent mountant,
and viewed under UV light. Original magnification, �100. The relationship
between the pericellular coat and regulation of the cell phenotype was also
examined by CD44 gene silencing (G and H). Total mRNA was extracted
from young dermal fibroblasts after transfection with CD44 siRNA or scram-
bled oligonucleotide control (scramble) and incubated in medium supple-
mented with 10% FBS for 24 hours. The medium was then replaced with
serum-free medium for a further 24 hours, before addition of serum-free
medium alone (white bars) or serum-free medium containing 10 ng/ml
TGF-�1 (black bars) for 72 hours. CD44 (G) and �-SMA (H) expression was
assessed by RT-QPCR. Ribosomal RNA expression was used as an endogenous
control and gene expression was assessed relative to control-scrambled samples.
The comparative CT method was used for relative quantification of gene expres-
sion, and the results represent the mean � SE of six individual experiments using
cells isolated from two different donors. Statistical analysis was performed by
Student’s t-test: *P � 0.05; **P � 0.01, compared with scramble.
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of TGF-�1-dependent induction of �-SMA. This result
suggests that coordinated induction of HAS2 and TSG-6
facilitation of HA pericellular coat assembly are neces-
sary to allow TGF-�1-dependent phenotypic activation of
fibroblasts, and both components of this response are
impaired with aging.

The importance of the pericellular HA coat in regulat-
ing the fibroblast-myofibroblast activation process is fur-
ther highlighted by the data demonstrating that inhibition
of coat formation by hyaluronidase enzymatic action or
CD44 gene silencing also prevented TGF-�1-mediated
phenotypic conversion. In contrast, however, formation of
a pericellular coat after stimulation with IL-1� did not
facilitate phenotypic activation. Similarly stimulation of
HAS2-overexpressing cells, although restoring the cell’s
ability to form a pericellular coat, was not associated with
phenotypic activation. These data therefore suggest that,
although necessary for TGF-�1-dependent phenotypic
activation, formation of the coat in itself is not the sole
driving force and is not sufficient to drive the myofibro-
blastic phenotype.

Understanding regulation of the fibroblast phenotype
has implications in terms of regulation of tissue fibrosis
beyond the context of wound healing. Progressive fibro-
sis of superficial tissues and internal organs can result in
an array of clinical conditions ranging from disfigurement
and progressive disability to end-stage organ failure and
death. Fibrosis is a key component of numerous chronic
diseases including pulmonary fibrosis, chronic kidney dis-
ease, liver cirrhosis, and congestive cardiac failure, well
known causes of death and disability worldwide.46–50 Fi-
brosis can be considered as a form of aberrant wound
healing in which there is progression rather than resolu-
tion of scarring. It results from unabated myofibroblast
activity leading to excessive accumulation of extracellular
matrix causing disruption of normal tissue architecture
and function. The identification of HA as a key component
of the regulatory mechanism that dictates the phenotypic
response of a fibroblast both in our previous studies of
patient-matched oral and dermal fibroblasts and in the
current model of in vitro aging therefore suggests this
may be a common mechanism regulating fibroblast be-
havior in a much wider context.

In summary, the data presented demonstrate an age-
related alteration in fibroblast behavior, which results in
an inability to undergo phenotypic transformation to be-
come a myofibroblast. This failure may have a direct
implication in impaired wound healing associated with
aging. Our data add further support to the hypothesis that
the matrix polysaccharide HA is an important component
of the regulation of fibroblast phenotype and that its
dysregulation may be casually related to failure of a
fibroblast to acquire a myofibroblastic phenotype. Finally,
the data suggest that organization of HA into a pericel-
lular coat is necessary for the activation of fibroblasts to
myofibroblasts, but that formation of the coat in itself does
not lead to phenotypic activation and restoration of coat
formation in aging cells is not sufficient to restore the
failure of phenotypic activation of fibroblasts associated
with aging.
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