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Mesangial cells (MCs) are essential for normal renal
function through the synthesis of their own extracel-
lular matrix, which forms the structural support of
the renal glomerulus. In many renal diseases this
matrix is reorganized in response to a variety of cy-
tokines and growth factors. This study examines pro-
teoglycan and hyaluronan (HA) synthesis by MCs trig-
gered by proinflammatory agents and investigates the
effect of an exogenous HA matrix on matrix synthesis
by MCs. Metabolic labeling, ion exchange and size
exclusion chromatography, Western blotting, and
immunocytochemistry were used to identify changes
in matrix accumulation. When incubated with inter-
leukin-1, platelet-derived growth factor, or fetal calf
serum, MCs initiated rapid HA synthesis associated
with the up-regulation of HA synthase-2 and in-
creased the synthesis of versican, perlecan, and
decorin/biglycan. HA was both released into the me-
dium and incorporated into extensive pericellular
coats. Adding exogenous HA to unstimulated cells that
had undetectable pericellular coats of HA selectively
reduced perlecan and versican turnover , whereas
other proteoglycans were unaffected. These results
suggest that high levels of HA in the mesangium in
disease is a mechanism controlling the accumula-
tion of specific mesangial matrix components. HA
may thus be an attractive target for therapeutic
intervention. (Am J Pathol 2007, 171:1811–1821; DOI:
10.2353/ajpath.2007.070085)

The extracellular matrix plays a key role in homeostasis and
in maintaining the structural architecture of tissues. In the
glomerulus, two separate extracellular matrices have been
described, the glomerular basement membrane and the
mesangial matrix.1 The glomerular basement membrane

forms part of the filtration mechanism, whereas the mesan-
gial matrix forms the structural matrix of the glomerulus.2

The mesangial matrix is synthesized by mesangial cells
(MCs) and is a complex mix of glycoproteins such as col-
lagen type IV, laminin, fibronectin, and a number of different
proteoglycans.3,4 In the normal kidney these components
are maintained at constant levels by the establishment of an
equilibrium between their synthesis and degradation.5 In a
variety of glomerular diseases, this equilibrium is shifted
leading to changes in the amount and composition of the
mesangial matrix.6–11 This may adversely affect glomerular
function leading to glomerulosclerosis and ultimately organ
failure. Furthermore, some matrix molecules that have low
expression levels or are not present at all in the normal
glomerulus may become expressed at high levels in dis-
ease. One such molecule is hyaluronan (HA).

HA is a water-soluble, nonsulfated glycosaminoglycan
that is a key constituent of the pericellular matrix and has
important structural functions in the extracellular matrix of
most tissues. It consists of repeating disaccharide units
of glucuronic acid and N-acetylglucosamine and is ex-
truded from the plasma membrane as a chain, which may
reach a molecular mass of as much as 107 Da. Although
in the normal kidney high levels of HA are found only in
the renal papilla, there is greatly increased interstitial
expression of both HA and its receptor, CD44, in the
cortex after acute ischemic injury, interstitial inflamma-
tion, or during progressive fibrosis.12–15 It is an abundant
extracellular component of crescents in rat autoimmune
glomerulonephritis12,16 and is elevated in proliferating
MCs in the Thy-1 model of glomerular injury.17 HA is also
expressed at high levels in the glomerulus of rejecting
kidneys18–20 and in lupus nephritis.15 In vitro MCs syn-
thesize HA in response to low-density lipoprotein,18–21

fibronectin, or growth factors such as platelet-derived
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growth factor (PDGF).22 A HA-based matrix is also pro-
duced in response to high concentrations of glucose and
is assembled by MCs into structures adhesive to mono-
cytes.14,22 The subsequent role of HA in controlling MC
function, however, has received little attention. To in-
crease our understanding of the role of HA in affecting
MC function, the present study examined the kinetics of
HA synthesis by MCs and the subsequent effect of HA on
the accumulation of proteoglycans and other matrix
constituents.

Materials and Methods

Reagents and Enzymes

Heparinase I, II, and III were purchased from Grampian
Enzymes (Orkney, UK). Endotoxin-free sodium hyaluronate
preparations of molecular weight 3.9 � 106 and 0.45 � 106

were kind gifts from Dr. Ove Wik (Pharmacia Opthalmics
Uppsala, Sweden). Chondroitin ABC lyase and chondroitin
CII lyase were from Sigma-Aldrich (Dorset, UK), protease-
free chondroitin ABC lyase was from ICN (Thene, UK).

MC Culture and Metabolic Labeling

MCs were established in culture from rat kidney as pre-
viously reported by us23,24 and used at passage 5 to 10.
They showed positive staining for intracellular myosin
and vimentin and were negative for �-smooth muscle
actin, cytokeratin, and factor VIII. The growth medium
was then removed, the cells washed three times with
phosphate-buffered saline (PBS), pH 7.3, and the cells
growth-arrested in RPMI 1640 supplemented with 0.2%
lactalbumin (LH) for 48 hours. The growth-arrested cells
were extensively washed with PBS and metabolically la-
beled either with 50 �Ci/ml carrier-free [35S]-sulfate in
sulfate-deficient Dulbecco’s modified Eagle’s medium:
RPMI (9:1) or with [6-3H]-glucosamine 20 �Ci/ml in RPMI,
supplemented with the indicated concentrations of inter-
leukin (IL)-1�, PDGF-BB, or 20% fetal calf serum (FCS) or
with 0.2% LH alone as negative control for times up to 36
hours.25,26 The radiolabeled proteoglycans and HA were
extracted from the culture medium, the cell layer, or the
cell lysate as previously reported in detail by us.24,26

Determination of Cell Growth and DNA
Synthesis

Cell numbers were determined indirectly using crystal
violet staining. Briefly, the culture medium was removed
and the cells washed three times with PBS and incubated
with 3% paraformaldehyde for 15 minutes. The fixed cells
were then stained with 1% crystal violet in methanol (di-
luted 1:1 with 3% paraformaldehyde) for 3 minutes, ex-
tensively washed with PBS, and air-dried for 15 minutes.
The cells were solubilized with 100 �l of 1% sodium
dodecyl sulfate overnight at room temperature and the
adsorbance at 540 nm determined in a microtiter plate
reader (MR 5000/340; Dynatec, Billingshurst, UK). A

standard curve revealed a direct correlation between cell
number (determined by direct cell counting in an im-
proved Neubauer hemocytometer; Weber Scientific Inter-
national, Ltd., Teddington, UK) and the adsorbance at
540 nm (r2 � 0.99078) (data not shown).

To determine DNA synthesis, rat MCs were pulsed with
1 �Ci/ml [6-3H] thymidine for 24 hours unless otherwise
stated. The medium was discarded and the cell layer
washed twice with PBS containing 1 mmol/L thymidine
before fixing with 500 �l of 5% trichloroacetic acid con-
taining 1 mmol/L thymidine at 4°C for 1 hour. The cell
layer was extracted with 500 �l of 0.1 mol/L NaOH at
20°C for 24 hours, aliquots were neutralized with 1 mol/L
HCl and the incorporated 3H thymidine determined.

Analytical Gel Chromatography

Gel filtration chromatography of the 35S-labeled proteo-
glycans was performed after digestion with either chon-
droitin ABC lyase or heparitinase I, II, and III.24,26 To
analyze [3H]-hyaluronan, papain-digested material was
divided into two batches. One was digested with hyal-
uronidase and the other left untreated, and then both
were passed over a Sephacryl-500 column as de-
scribed.26 All profiles shown were generated using ex-
tract amounts equivalent to equal numbers of cells.

Selective Digestion of Purified 35S-Labeled
Proteoglycans
35S-labeled proteoglycans were incubated either with chon-
droitin ABC lyase or a combination of heparinases I, II, and III
to remove CS/DS chains and HS chains, respectively.27,28

Pulse Chase Experiments

Cells were labeled as before with [35S]-sulfate in the pres-
ence of 5 mg/ml of HA for 24 hours. The culture medium
was removed and the cells rapidly washed five times with 2
ml pf PBS. The cultures were then chased with RPMI 1640
medium alone or containing 5 mg/ml of HA. At t � 0, 2, 6,
24, and 48 hours the chase medium was decanted and the
cell layers differentially extracted as above.

Western Blot Analysis

Purified proteoglycan extracts were digested with either
chondroitin ABC lyase or heparinase and the released
core proteins subjected to sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis and Western blotting us-
ing a rabbit polyclonal antiserum raised against cell sur-
face HSPG or a monoclonal antibody (mAb 11B4) against
rat perlecan. Rabbit anti-bovine decorin and versican
were the kind gift of Prof. D. Heinegard (University of
Lund, Lund, Sweden). The anti-HSPG was raised to cell
surface HSPG (a mixture of syndecan-1 and syndecan-2)
isolated from rat liver membranes, (provided by Dr. Mal-
colm Lyon, Paterson Institute, Manchester, UK). The mAb
11B4 (a gift from Professor John Couchman, Imperial
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College, London, UK) was prepared against a HSPG
isolated from rat aortic smooth muscle and principally
stains all basement membranes of rat tissue. Proteins
were visualized using enhanced chemiluminescence
(Pharmacia Amersham Biotech, Little Chalfont, UK).

Time Course Experiments

In these experiments rat MCs were grown to 50% conflu-
ency and made quiescent as detailed above. At time 0,
the experiments were initiated with medium containing
either 0.2% lactalbumin or 20% FCS. At T0 and at 4-hour
intervals for up to 36 hours cell numbers were determined
using the crystal violet method. In parallel experiments rat
MC cultures were incubated for 4-hour periods with 3H
thymidine for DNA synthesis, [35S]-sulfate for proteogly-
can synthesis, and 3H-glucosamine for HA synthesis.

Particle Exclusion Assay

The exclusion of horse erythrocytes was used to visualize
the HA pericellular coat. MCs at between 30 and 50%
confluence in 35-mm dishes were washed with warm
PBS. Formalinized horse erythrocytes (TCS Biosciences
Ltd., Botolph Claydon, UK) (500 �l) were added (�1 �
108/ml) and incubated at 37°C for 15 minutes. Zones of
exclusion were visualized and control incubations con-
sisted of cells treated with 12.5 U Streptomyces hyaluron-
idase for 60 minutes before the addition of erythrocytes.

RNA Extraction and Gene Expression Analysis
Using Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR)

MCs were growth-arrested and then incubated in RPMI
1640 containing either 0.2% LH or 20% FCS for the times
shown. Total cellular RNA was extracted with guanidine
isothiocyanate followed by centrifugation through 5.7
mol/L CsCl2 in 0.1 mol/L ethylenediaminetetraacetic acid.
cDNA was prepared from 1 �g of RNA by reverse tran-
scription at 42°C for 45 minutes using the random hex-
amer method. PCR amplification was performed in a total
volume of 50 �l containing 2 �l of the reverse transcrip-
tion product, 0.5 �mol/L sense and 0.5 �mol/L antisense
primers, 200 �mol/L of dNTPs, 1.25 U of recombinant
TaqDNA polymerase in the above PCR buffer. See
Jenkins and colleagues26 for details. Densitometric anal-
ysis allowed the comparison of each product with the
housekeeping gene �-actin.

Immunohistochemistry

Normal (n � 4) and patient (n � 6) biopsy sections were
obtained from the pathology archive of the Pathology
Department, University Hospital of Wales, with the ap-
proval of the local ethics committee. For HA staining,
sections were incubated with biotinylated HA-binding
protein (b-HABP), at a concentration of 5 �g/ml (Seika-
gaku Corporation, Tokyo, Japan) at 4°C overnight. The

slides were washed with PBS before incubation with flu-
orescein isothiocyanate (FITC)-avidin-D (20 �g/ml) (Vec-
tor Laboratories, Burlingame, CA), at room temperature
for 1 hour. Versican was visualized using goat-anti-hu-
man versican (Santa Cruz Biotechnology, Santa Cruz,
CA) (10 �g/�l) at 4°C overnight and FITC-conjugated
rabbit anti-goat IgG secondary antibody. After washing,
sections were mounted in Vectashield mounting medium
(Vector Laboratories). The numbers of glomeruli visible in
each section varied between 5 and 12.

MCs were cultured in LH or FCS on glass coverslips for
24 hours, washed twice with PBS, fixed in ice-cold ace-
tone/methanol (1:1) for 5 minutes, air-dried, and incu-
bated with the relevant antiserum in 1% bovine serum
albumin in PBS for 1 hour. The antisera used were all
rabbit anti-rat. The cells were washed with 1% bovine
serum albumin and incubated with FITC-conjugated goat
anti-rabbit IgG (1:80 in PBS, 1% bovine serum albumin) in
the dark for 1 hour. The cells were washed with PBS,
mounted with Vectashield medium, and examined under
a Leitz Orthoplan fluorescent microscope.

Statistics

All results are expressed as mean � 1 SD. Statistical
significance was calculated using the Student’s t-test
with a level of significance of P � 0.05.

Results

HA and Versican Expression in the Human
Glomerulus

Sections of biopsies from normal volunteers or diabetic
patients were stained with either bHABP or anti-versican
antibodies. HA was not detected in any of the normal
glomeruli examined (Figure 1a), and versican was de-

HA

Versican

Normal Diabetic
b)a)

c) d)

Figure 1. Immunohistochemical identification of HA and versican in glomer-
uli. Sections from normal (a and c) or diabetic (b and d) renal biopsies were
immunostained for either HA (a and b) or versican (c and d) as described in
Materials and Methods. Glomeruli shown are representative of at least five
glomeruli/biopsy of four normal and six patient biopsies examined. Original
magnifications, �250.
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tected at only low levels (Figure 1c). In contrast, both
were visualized in the glomeruli of diabetic patients (Fig-
ure 1, b and d).

Cytokine-Stimulated HA and Proteoglycan
Synthesis

Mesangial cells maintained in a nonproliferative state
in medium, containing 0.2% LH, constitutively synthe-
sized low levels of HA (Table 1). This synthesis was
dose dependently increased by incubation with IL-1�,
PDGF-BB, or concentrations of FCS at 1% or higher
(Figure 2). Maximal increases were 13-fold for IL-1� at
5 ng/ml, 25-fold for PDGF-BB at 25 ng/ml, and 32-fold
for FCS at 20% throughout a 36-hour incubation period
(Table 1). In addition, levels of chondroitinase ABC
lyase-degradable CSPG and DSPG also increased to
maximal levels at these concentrations of cytokines:
IL-1� induced a 2-fold and 1.4-fold increase in CS and
DS, respectively, whereas for PDGF-BB the increase
was 6.5- and 2.3-fold, respectively. Furthermore, there
was also a modest but reproducible rise in HSPG syn-
thesis (1.5-fold with 20% FCS). The identity of the core
proteins of the proteoglycans in these samples was
established by a combination of size exclusion chro-
matography (Figure 3) and immunoblotting using well
characterized antibodies (Figure 4).

Versican (Figure 4a), decorin (Figure 4b), and perle-
can (Figure 4c) were identified, released from the cells.
Furthermore, using mAb 11B4, a single band (Mr 300 �
103) was observed in the cytoskeleton matrix extract but
not the lysate extract (Figure 4d, compare lane 4 with
lane 2). In contrast, the antiserum against the cell surface

HSPG revealed four bands after treatment of the cell
lysate extract with heparinase, of approximate Mr 90 �
103, 68 � 103, 60 � 103, and 49 � 103 (Figure 4e, lane
2). Based on previous studies with this polyclonal anti-
serum, it is probable that the 90 � 103 polypeptide is
syndecan-1 and the 49 � 103 protein syndecan-2.29,30

The polypeptides at 68 � 103 and 60 � 103 are most
likely nonspecific because of cross-reaction with hepari-
nase (Figure 4e, lane 5). The polyclonal antiserum failed
to reveal any new bands in the matrix extract (Figure 4e,
lanes 3 and 4). These findings suggest that the HSPG
peak located in the cytoskeleton matrix contains base-
ment membrane proteoglycans that include perlecan
and that the HSPG peak of lower molecular weight is a
mixture of cell surface proteoglycans that include synde-
can-1 and syndecan-2. Western blot analysis with 11B4
also highlighted two bands at 200 and 180 kDa in the
culture medium (Figure 4c). These results taken with the
radiolabeling data in Figure 3 suggest that the release of

Table 1. Total Proteoglycan Synthesis by MC

Conditions 0.2% LH IL-1� PDGF-BB 20% FCS

Hyaluronan* 5 � 1 65 � 24§ 129 � 11§ 161 � 18§

CSPG† 19 � 5 45 � 6‡ 123 � 37§ 167 � 48§

DSPG† 351 � 74 416 � 138 807 � 242‡ 675 � 178‡

HSPG† 167 � 45 215 � 31 239 � 36 255 � 76
Cell numbers (�10�3) 41 � 4 43 � 15 66 � 17 65 � 6

Cells were metabolically labeled with �35S�-sulfate or �3H�-glucosamine and incubated with the agents shown for 36 hours, as described in Materials
and Methods. The conditioned medium and cell extracts were then prepared and specific activity counted as described.

*�3H�-glucosamine dpm/103 cells � 1 SD (n � 3).
†�35S�-sulfate dpm/103 cells � 1 SD (n � 3).
Statistical difference to control levels is shown as ‡P � 0.05 and §P � 0.01.
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Figure 2. Concentration-dependent HA generation in response to cytokines.
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described in Materials and Methods. They were then incubated with the
agents shown for 36 hours. The conditioned medium and cell extracts were
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Figure 3. Sepharose CL-4B elution profiles of 35S-labeled proteoglycans.
Growth-arrested MCs were labeled for 24 hours with 50 �Ci of [35S]-sulfate in
the presence of 0.2% LH (open circles) or 20% FCS (filled circles). Pro-
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dissociative Sepharose CL-4B column. Data shown are representative of five
independent experiments, each with the initial extracts corrected for equal
cell numbers.

1814 Kastner et al
AJP December 2007, Vol. 171, No. 6



MC layer associated HSPG into the culture medium in-
volves a proteolytic clip of the core protein, a finding that
is broadly in agreement with published data in other cell
systems.31,32 When the same blot was probed with anti-
cell surface HSPG, no protein bands were identified.
Based on these observations and previously published
biochemical characterization,3,24,33 the majority of the
CSPG synthesized was identified as versican, the DSPG
was a mixture of both biglycan and decorin, whereas
perlecan and the syndecans were the major constituents
of the HSPG fraction.

Time Course of Induction of HA and
Proteoglycan Synthesis

A series of pulse-labeling experiments in which cells
were labeled during consecutive 4-hour periods was per-
formed to follow the kinetics of synthesis of HA and the
CS/DS PG in quiescent compared with proliferative cul-
ture conditions (Figure 5). Conditioned labeling medium
was harvested after 4 hours and replaced with fresh
medium. This was then harvested and replaced at suc-
cessive 4-hourly intervals for a total of 36 hours. The
levels of all PG and HA synthesized during each period of
4 hours were corrected for cell number. In quiescent cells
there was no significant incorporation of [3H]-thymidine
or increase in cell number throughout the 36 hours of the
experiment (not shown). In proliferating conditions, how-
ever, both were significantly increased by 16 hours, with
cell number doubling by 36 hours (Figure 5, a and b).

Under nonproliferating conditions, HA synthesis was
undetectable during any of the 4-hour time periods (not
shown). Similarly, versican synthesis was undetectable
after the first 4 hours in nonproliferating conditions, but a
low level of synthesis was detectable between 4 and 8
hours, remaining low in each 4-hour period for the full 36
hours of the experiment (Figure 5d, black columns). DS
synthesis was fairly constant during each period of 4
hours throughout the chase period (Figure 3e, black col-
umns). In contrast, under proliferating conditions, the
synthesis of HA and versican was markedly increased
above that of quiescent cells (Figure 5, c and d; open
columns). The synthesis of HA reached a maximum in the
4-hour chase period between 4 and 8 hours and declined
in each subsequent 4-hour period to �30% of its maxi-
mum during the 20- to 24-hour period. In comparison,
versican synthesis peaked at a later time than HA, in the
period between 16 and 24 hours, coinciding with the
peak of DNA synthesis (Figure 5b). Thereafter, although
remaining considerably greater than that of quiescent
cells, versican generation declined. DSPG synthesis was
also increased in proliferative conditions, to a maximum
of twofold between 8 and 12 hours (Figure 5e, open
columns), but returned to quiescent levels by 20 to 24
hours.

The striking finding from this series of experiments
was the rapid induction of HA synthesis that had been
undetectable in quiescent cells. This was shown by
semiquantitative RT-PCR to be the result of an increase
in the steady state levels of the mRNA for the HAS2
synthase enzyme as the levels for HAS-3 did not
change (Figure 6a) and HAS-1 was undetectable in
these cells. Furthermore, RT-PCR of mRNA extracted
at 4-hour intervals demonstrated that the increase in
the level of the mRNA for HAS-2 preceded that of
versican and that the mRNA for the DSPG biglycan
stayed comparatively static (Figure 6b). In addition,
size exclusion chromatography demonstrated that the
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HA synthesized was predominantly of a high-molecular
weight (750 to 2000 kDa) (Figure 6c). Similarly there
was an increase in cell-associated HA, reflected in the
size of the pericellular HA coat visualized by particle
exclusion assay. The pericellular coat of quiescent
cells was undetectable whereas that of proliferating
MCs was extensive, leaving a clear exclusion zone
around each cell (Figure 7a). In addition, immunohis-
tochemistry indicated that in proliferating cells there
was a marked increase in the levels of pericellular
versican (Figure 7b), suggesting that the HA and ver-
sican that are induced in proliferating conditions are
rapidly incorporated into a reorganized HA-rich peri-
cellular matrix.

The Effect of HA on MC Extracellular Matrix
Synthesis

To examine whether an increase in HA could directly
influence MC matrix synthesis in the absence of any other
stimulus, quiescent cells were incubated in the presence
of HA, applied exogenously. Methyl cellulose (Sigma-
Aldrich) was used as a negative control to give a com-
parable zero shear viscosity to the highest concentration
of HA used (�100 Pa.s.). Exogenous HA induced a small
but significant concentration-dependent increase in the
accumulation of extractable [35S]-labeled proteoglycans
in the conditioned medium and cell/matrix layer through-
out a 24-hour period (Figure 8). The increase in the cell
layer, however, was greater as a proportion of the un-
treated levels than that in the medium, and methyl cellu-
lose was without effect (Table 2). Immunohistochemistry
(Figure 9a) and analysis of the cell layer extracts by
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specific enzymatic digestion and size exclusion chroma-
tography (Figure 9b) showed that this was explained by
selective threefold and ninefold increases in versican and
perlecan, respectively. There was little difference in the
accumulation of DSPG (not shown) and no significant
effect on proliferation or viability in any of the experiments
(Table 2).

Pulse Chase Experiments

Pulse-chase experiments were performed to investi-
gate whether these increases were attributable to an
alteration in the metabolic fate of the cell-associated
PGs. Cells were labeled with [35S]-sulfate in the pres-

ence of HA for 24 hours and then chased in isotope-
free medium containing either HA or culture medium
alone. At defined times the conditioned medium was
collected, the cell layer differentially extracted and
each fraction separately chromatographed on Sepha-
rose CL-4B after digestion with either chondroitin ABC
lyase or heparinase. Overall the decay of HSPG from
the cell layer was not matched by the appearance of an
equal amount in the chase medium (Figure 10a). This
suggested that some HSPG was lost from the culture,
probably by internalization and complete digestion by
the lysosomal system. This amounted to 58% under
control conditions and 49% in the presence of added
HA. Therefore the presence of HA appeared to slow
down the overall turnover of HSPG. Analysis of the
matrix and cell-associated HSPG showed that this ef-
fect was accounted for by changes in the metabolism
of perlecan. Furthermore, in the presence of HA there
was a decrease in the intracellular 35S-HS-GAG frac-
tion (Figure 10b), indicating that less of the matrix
HSPG entered the metabolic pool.

Analysis of versican showed that in control cultures the
majority was rapidly lost from the cell layer (Figure 10c).
Because this proteoglycan was not detected in the cell
medium it was probably removed from the system via
internalization and complete degradation. As with perle-
can the inclusion of HA in the chase medium served to
slow down this metabolism.

To exclude the possibility that the observed results
were attributable to nonspecific trapping of the larger
proteoglycans by the high-molecular weight HA, the
effect of an HA preparation of small hydrodynamic size
(Mr �450 kDa) was examined. This preparation, at the
same concentration, induced each proteoglycan spe-
cies to a similar degree as that of the larger molecule,
although the induction of cell layer versican was only
�50% of that of the higher molecular weight molecule
(Table 2). Furthermore, using methyl cellulose as a
viscosity control did not reproduce the effects induced
by high-molecular weight HA (Table 2). This suggested
that the observed effects were attributable to specific
interactions with HA rather than to nonspecific trapping
of the proteoglycans. There was no change in proteo-
glycan synthesis by the cells in response to oligosac-
charides generated by the digestion of HA by Strepto-
myces sp. hyaluronidase (not shown).

Table 2. Total Proteoglycan Accumulation after HA Addition

Hyaluronan

Conditioned medium Cell layer Cell number
(�10�3)HSPG CS/DS PG HSPG CS/DS PG

None 84 � 26 281 � 58 84 � 20 87 � 22 46 � 7
LMW (5 mg/ml) 133 � 50 359 � 68 165 � 43* 110 � 17* 31 � 12
HMW (5 mg/ml) 136 � 16 361 � 70 188 � 35† 156 � 18† 39 � 9
Methyl cellulose (1.5%) 61 � 19 223 � 81 93 � 27 98 � 16 43 � 8

Cells were incubated with or without HA or methyl cellulose and metabolically labeled with �35S�-sulfate as described in Materials and Methods.
Culture media were collected and cell layers extracted and purified using DEAE chromatography. Aliquots were then digested with chondroitin ABC-
lyase or heparitinase and analyzed on Sepharose CL 4B columns. Results are expressed as 35S-sulfate cpm/103cells � 1 SD (n � 5 for LMW and
HMW HA and n � 3 for methyl cellulose). *P � 0.05, †P � 0.01 compared to 0.2% LH.
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Figure 9. The effect of HA on cell-associated versican and perlecan expres-
sion. a: MCs were incubated in the presence or absence of 5 mg/ml of HA
and then fixed and immunostained with anti-versican or anti-perlecan anti-
bodies and visualized with anti-rabbit FITC-conjugated IgG. b: MCs were
radiolabeled for 24 hours with [35S]sulfate in the presence (filled circles) or
absence (open circles) of 5 mg/ml of HA. Cell layer proteoglycans were
then quantified using DEAE ion exchange and gel exclusion chromatography
as described in Materials and Methods. The results are expressed as 35S-
proteoglycans (cpm/103 cells). Data shown are representative of three
independent experiments.
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Discussion

HA and versican-rich glomerular matrices were observed
in biopsy sections of diabetic kidneys, although neither
was present in normal glomeruli. Furthermore, both have
been reported to accumulate in several other glomerular
diseases.15,19,20,34 However, the rapid initiation of HA
synthesis and the greatly increased synthesis of versican
by MCs in response to the mediators used in this report
have not been demonstrated previously. The MC re-
sponse to glomerular injury has been attributed to multi-
ple factors, including cytokines/growth factors, hor-
mones, inflammatory products, and lipids.7,35–37 Many of
these molecules have mitogenic activity for cultured MCs
(eg, PDGF). Furthermore, some have been demonstrated
to increase the rate of biosynthesis of matrix components
associated with the pathological mesangium. The growth
factor PDGF, for example, has been highlighted both in
vitro and in vivo as a particularly important mediator of
mesangial reorganization, whereas IL-1 is a major cyto-
kine implicated in inflammatory glomerular disease.36–38

Although these mediators induce different responses
from MCs, this is the first report to examine and compare
their effect on glycosaminoglycan synthesis. For these
reasons we used both PDGF and IL-1 in our experiments
with 0.2% lactalbumin hydrolysate (LH) as a nonprolifera-
tive medium and FCS as a proliferative stimulus to which
they could be compared. Both LH and FCS incubations
are conditions that we have used previously in extensive
studies on the synthesis of matrix constituents and pro-
teinases by MCs39–43 and thus represented well estab-
lished control conditions.

In scarring and wound healing, there is a well defined
sequence of matrix induction in which HA synthesis is a
very early feature. This is under the control of a range of
mediators including profibrotic cytokines and growth fac-
tors. HA synthesis is rarely induced in isolation, however,
and the formation of HA-versican matrices is a major
mechanism controlling cell function and an important
contributory factor to disease.44 HA binds to the amino
terminal G1 domain of versican and this binding together
with that of link protein is essential for the stability of the
HA-rich matrix. Indeed the HA-versican complex has
been described as an important mechanism controlling
cell shape and division, without which arterial smooth

muscle cells, for example, do not proliferate.44 The
present report confirms the importance of the HA matrix
but also demonstrates that the addition of HA to MCs
selectively alters the accumulation of matrix components
including versican and the large heparan sulfate proteo-
glycan perlecan.

HA synthesis occurs at the plasma membrane through
the action of one or more of three HA synthase en-
zymes.45–47 These enzymes orchestrate the polymeriza-
tion of HA and its translocation to the pericellular and extra-
cellular matrix. They each have distinct tissue and temporal
expression that dictates their role in regulating HA biosyn-
thesis. The transcriptional regulation of these enzymes,
however, has only recently been addressed,48–50 and it is
not clear whether agents that induce one isoform also in-
duce the others or at what level this is controlled. Neverthe-
less, in the present study it was clear that the cytokine-
induced initiation of HA synthesis was the result of a rapid,
specific, and independent induction of only HAS-2 mRNA,
similar to that reported in mesothelial cells,51 proximal tubu-
lar epithelial cells,52 and in lung fibroblasts.53 These effects
occurred independently of proliferation because IL-1� was
not mitogenic for MCs yet it was a strong inducer of both HA
and versican. In the absence of any stimulus, MCs did not
synthesize HA and synthesized only low basal levels of
versican.

To investigate the effect of HA itself on MC matrix
production, cells were incubated in the presence of in-
creasing concentrations of high-molecular weight or low-
molecular weight HA or HA oligosaccharides. There was
a significant increase in the amount of versican and the
large HSPG perlecan in the cell layer in a concentration-
dependent manner to both preparations of intact HA but
not to the fully digested oligosaccharides, which were too
short to bind to the HA receptor CD44. Previous studies
from several laboratories suggest that HA may influence
cell proliferation but that this is dependent on the cell line
under investigation and on the dose and molecular
weight of the HA.54–58 In our studies, exogenous HA in
the concentration range of 0.1 to 5 mg/ml had no signif-
icant effect on the proliferation of MCs when determined
by 3H-thymidine incorporation or by direct cell counting.
Moreover, HA had no adverse effect on cell viability.
Thus, the overall increase in the level of 35S-labeled pro-
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Figure 10. The effect of HA on the turnover of perlecan and versican. MCs were pulse-labeled for 24 hours in the presence of HA (5 mg/ml) and chased in either
medium alone (open circles) or medium containing HA (5 mg/ml) (filled circles) for periods up to 48 hours. At the time points indicated the chase medium
was decanted, the cell layer differentially extracted, and the cpm in the peaks corresponding to either perlecan (a and b) or versican (c) quantitated after digestion
with heparinase or chondroitinase ABC, respectively, as described in Materials and Methods. The intracellular HS GAG levels are shown in b. Solid lines represent
counts remaining cell-associated, and dashed lines are counts released to the medium. Results are representative of three independent experiments.
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teoglycan was not accounted for by a proliferative re-
sponse of the cells to exogenous HA. This is particularly
important for the interpretation of the data with regards to
the selective increase in HSPG and CSPG because it
suggests that HA can specifically influence the in vitro
accumulation of both of these proteoglycans by MCs,
independently of cell proliferation.

There are two potential mechanisms that would ex-
plain these results that are not mutually exclusive. First,
HA, through the formation of hydrophobic bonds, self-
associates to form a meshwork.59 The exact form of
this will depend on the molecular mass and concen-
tration of HA. Alternatively, the HA could form a scaf-
fold on which other molecules can interact to establish
a diffusion barrier. A number of proteins, glycoproteins,
and proteoglycans bind to, or interact with, HA. These
include HA-binding proteins such as cartilage link pro-
tein, TSG-6, chondroitin sulfate proteoglycans such as
versican and brevican, and the HA membrane receptor
CD44.60 All these molecules have a link module that
interacts with HA. In addition, inter-�-trypsin inhibitor,
collagen VI, and fibronectin also interact with HA to
form complexes. These interactions with HA play a
critical role in the formation and stability of the extra-
cellular matrix as well as regulating certain aspects of
cell behavior. We favor this interpretation because the
observed effects were reproduced by using HA of a
lower molecular weight, which would not form mesh-
work structures at the same concentrations.

Although HA is not found in the normal renal cortical
interstitium, it is an abundant component of glomerular
crescents and of the fibrotic interstitium observed in a
number of different renal diseases. It is still not clear
whether its presence is indicative simply of tissue under-
going reorganization and repair or whether it contributes
directly to the fibrotic processes that lead to organ failure.
Recent studies suggest that it is the extracellular, mac-
romolecular packaging of HA into pericellular coats or
into cable-like structures that may partly determine its
role.14,61,62 Although we did not look specifically for ca-
bles of HA, pericellular HA coats were observed around
MCs that had been induced to synthesize HA. When
exogenous HA was added as an approximation of an
extracellular HA matrix, there was a direct effect on the
synthesis of and incorporation of both versican and
perlecan.

Changes in the heparan sulfate content of glomeruli
in experimental models of diabetes have been de-
scribed recently.63 These changes coincide with the
accumulation of HA described by others.54,64 Further-
more, the heparan sulfate chains were not cell sur-
face,63 indicating that they were expressed on large
proteoglycans such as perlecan or agrin. Our findings
would suggest, therefore, that it is the accumulation of
HA that mediates changes in glomerular proteogly-
cans. Furthermore, because there appeared to be dif-
ferences in the proteoglycan profiles stimulated by
FCS and those accumulated by HA addition, there may
also be important distinctions in the way the cell per-
ceives endogenously produced HA and HA added
exogenously. We are currently examining this possibil-

ity. We have also recently examined the differences in
cell function dependent on the overexpression of either
HAS-2 or HAS-3. Although HAS-2 expression was as-
sociated with pericellular coat formation, HAS-3 over-
expression induced the formation of HA cables.61,62

The involvement of HA-binding proteins and matrix
constituents in these phenotypes is currently being
investigated. These findings are similar to those re-
ported recently for myofibroblasts differentiated from
fibroblasts under the influence of transforming growth
factor �1, in which the differentiation and change in
matrix synthesis are directly related to HA accumula-
tion.26 Taken together these results suggest that
changes in HA synthesis induced in a variety of cell
types may directly affect cell function and may repre-
sent one of the factors influencing whether there is
resolution or progression of disease.
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