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Abstract Aims/hypothesis: We quantified the glomerular
expression of thrombospondin-1 (THBS1, also known as
TSP-1), transforming growth factor beta 1 (TGFB1, also
known as TGF-β1) and connective tissue growth factor
(CTGF) at each stage of diabetic nephropathy. We also
examined the roles of THBS1 and CTGF in mediating
high-glucose- and glycated-albumin-induced synthesis of
the matrix protein, fibronectin, by mesangial cells.
Methods: THBS1, latent and active TGFB1, and CTGF,
were detected by immunohistochemistry and in situ hy-
bridisation in biopsies from 19 insulin-dependent diabetic
patients with incipient, manifest and advanced diabetic
nephropathy, and in 11 control kidneys. Findings were
quantified by image analysis. Human mesangial cells
were cultured with normal or high glucose, albumin or
glycated albumin (Amadori product), +/−THBS1 or CTGF
antisense oligonucleotides, or with peptideW, an inhibitor of
TGFB1 bioactivation by THBS1. Proteinsweremeasured by
western blot analysis or ELISA. Results: In glomeruli of
normal kidneys, mRNA and protein levels for THBS1,
latent-TGFB1 and CTGF were low. They were increased in

the incipient stage of diabetic nephropathy, predominantly
in mesangial areas, with further increases at later stages of
the disease. Little or no active TGFB1 immunostaining was
detected prior tomanifest diabetic nephropathy. In contrast to
high-glucose conditions, increases in fibronectin synthesis
that were stimulated by glycated albumin were not depen-
dent on THBS1 activation of latent TGFB1. However, in-
creased fibronectin synthesis in both conditions required
CTGF. Conclusions/interpretation: Increased glomerular
expression of all three factors occurs from the earliest stage
of diabetic nephropathy. In contrast to THBS1, CTGF is
required for mesangial synthesis of fibronectin stimulated
by high glucose or glycated albumin, and is thus a potential
therapeutic target.
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Introduction

Diabetic nephropathy is the leading cause of end-stage renal
failure in the Western world [1–3]. Morgensen et al. have
defined incipient, manifest and advanced stages of the
disease, which usually develops over a period of years [4].
The later stages of diabetic nephropathy are accompanied
by a pronounced increase in glomerular extracellular ma-
trix, giving rise to diffuse or nodular glomerular sclerosis.

Prolonged hyperglycaemia stimulates the development
of diabetic nephropathy in man and in animals [2, 3, 5] via
(1) the effects of elevated glucose and its metabolites on
cells, (2) hyperosmolarity, (3) oxidative stress, and (4) by
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the Amadori products and advanced glycated end-prod-
ucts, formed by non-enzymatic glycosylation of proteins
[6]. Transforming growth factor beta 1 (TGFB1, also known
as TGF-β) and connective tissue growth factor (CTGF)
appear to be key players in the pathogenesis of diabetic
nephropathy [7–9]. Both are upregulated by high glucose
and by glycated proteins, and both promote mesangial cell
hypertrophy and extracellular matrix accumulation [5, 10–
13]. CTGF is rapidly induced by TGFB1 and appears to
mediate some of the fibrogenic effects of this growth factor
[9, 13–15], but no systematic study of its expression at the
protein level, or the relationship of this to TGFB1 expres-
sion at various stages of diabetic nephropathy, has been
performed.

TGFB1, synthesised as a latent precursor, must be acti-
vated to exert its effects [16]. Mesangial thrombospondin-1
(THBS1, also known as TSP-1) expression is increased in
high-glucose conditions and is a key activator of latent
TGFB1 (L-TGFB1) in vitro [17], and in mesangial prolif-
erative glomerulonephritis in live rats [18]. Moreover,
THBS1 null mice have a similar phenotype to TGFB1 null
mice [19] suggesting that the THBS1 activation mechanism
generally plays an important role in vivo. To achieve a
better understanding of the relationship between THBS1,
TGFB1 and CTGF in diabetic nephropathy, we investigated
their expression levels in the glomerulus in the incipient,
manifest and advanced stages of disease, and whether, in
mesangial cells exposed to glycated proteins, THBS1-de-
pendent activation of TGFB1 is required for CTGF in-
duction and subsequent fibronectin expression, as occurs in
high-glucose conditions.

Subjects, materials and methods

Materials

Human serum albumin (HSA) (99%, essentially fatty-acid-
and globulin-free, cat. no. A3782) and glycated albumin
(cat. no. A8301) were from Sigma (Poole, Dorset, UK).
The glycated albumin was generated by incubating HSA
with glucose for 6 days (information supplied by Sigma).
The enzyme immunoassay kit for fibronectin was from
Takara Biomedicals (Shiga, Japan). Assays were carried
out in triplicate. Primary normal adult human mesangial
cells (CC-2259, lot F1507) were purchased from Biowhit-

taker (Wokingham, Berkshire, UK), cultured [12], and used
for experiments between passage numbers 9 and 10.

Tissues for histological investigations

Human kidney tissues were obtained from patients after
they had given their written, informed consent and in com-
pliance with permissions obtained from the local ethical
committee. The study was approved by the Ethical Com-
mittee, Medical Faculty, University ofMunster (registration
number 178/98). For controls, tumour-free kidney tissues
were obtained from 12 patients (five females and seven
males) undergoing nephrectomy for renal carcinoma. Dia-
betic changes were examined in tissues from kidney biop-
sies of eight diabetic patients with no evidence of kidney
cancer, and in tumour-free tissue of renal carcinoma kid-
neys from 14 patients with insulin-dependent diabetes
mellitus. This provided kidney tissue from patients with
incipient (n=3), manifest (n=13) and advanced diabetic
nephropathy (n=6) (details, see Table 1), as described by
Mogensen [4, 20]. From these tissues, RNase-free sections
were available for ten control, two incipient, eight manifest,
and four advanced diabetic nephropathy kidneys, for in situ
hybridisation (ISH). All 22 diabetic patients were treated
with an ACE inhibitor, Ramipril 5 mg per 24 h. If blood
pressure control was not satisfactory, the loop diuretic
torasemide, the β-receptor antagonist metoprolol and the
dihydropyridin calcium channel blocker amlodipine were
added one at a time, while keeping the dose of Ramipril
constant. Although ACE inhibitors can be effective in
reducing disease progression in diabetic nephropathy, the
criterion for entry to the study was that the patient had a
well-defined histological diagnosis of one of the stages of
diabetic nephropathy (Fig. 1a–d).

Tissues were fixed immediately with 4% formaldehyde
in 18mmol/l sodiumphosphate, pH 7.4, containing 0.15mol/l
NaCl (PBS), dehydrated and embedded in paraffin wax
under RNase-free conditions. Serial sections (2–6 μm) were
stained with periodic acid–Schiff reaction to ascertain the
absence of tumour infiltration and processed for immuno-
histochemistry or ISH.

Glomerular immunostaining and ISH were quantified by
a computer-aided image analysis system (Soft Imaging
System,Münster, Germany) where all glomeruli per section
were analysed. The lowest number of glomeruli per section

Table 1 Clinical and laboratory characteristics of study patients

Number of
patients

Age,
(years)

Duration of diabetes,
(years)

HbA1c,
(%)

Albuminuria
(mg/24 h)

Serum creatinine
(μmol/l)

Non-diabetic control patients 12 53.5 (38–62) – 4.7 (4.2–5.1) 16±0.8 79.6±8.8
Incipient diabetic nephropathy 3 36.0 (21–53) 11.0 (6–16) 8.1 (6.5–10.9) 126±29 70.7±8.8
Manifest diabetic nephropathy 13 52.4 (33–62) 15.8 (11–26) 8.7 (5.7–10.5) 1,147±69 159±26.5
Advanced diabetic nephropathy 6 54.2 (36–66) 28.5 (16–37) 8.7 (6.0–10.1) 3,695±125 513±106

Age of patients (range), duration of diabetes, and HbA1c are given as median and range
Albuminuria and serum creatinine are given as means±SEM
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was four (in the case of biopsy material), the highest was 32
(in sections derived from tumour nephrectomies). Results
were expressed as proportional area (percentage) of posi-
tive staining per glomerulus. Bowman’s capsule was not
counted as a part of the glomerulus. All morphometric
evaluations were performed by a blinded observer.

Western blotting

Cells were lysed in reducing SDS-PAGE loading buffer,
scraped off the plate, sonicated for 10 s to shear DNA, boiled
for 5 min, and resolved on 4–12% gradient gels by SDS-
PAGE followed by western blotting [9].The primary anti-
bodies were anti-human CTGF (1/2000; a kind gift from
FibroGen, South San Francisco, CA, USA) and anti-human
fibronectin (1/2000, F3648; Sigma) with a secondary horse-
radish peroxidase-conjugated antibody. Bound antibodies
were visualised using Luminol (Autogen Bioclear, Calne,
Wiltshire, UK).

In situ hybridisation

In situ hybridisation was performed as described previously
[21]. The sense and antisense riboprobes were transcribed
from linearised plasmids containing human thrombospon-
din-1 (662–1155 bp), TGFB1 (601–1582 bp) and CTGF
(116–492 bp) cDNA, respectively, using digoxigenin-la-
belled UTP and an SP6/T7-RNA polymerase kit (Roche
Diagnostics, Mannheim, Germany). Prehybridisation (2 h)
was carried out in a humid chamber at 54°C (thrombo-
spondin-1 and CTGF) or at 51°C (TGFB1). Hybridisation
with the appropriate riboprobe at a final concentration of
7.5 ng/ml was carried out for 16 h at the same temperatures,
respectively. All sections were hybridised with the sense
and anti-sense riboprobes in parallel and under the same
conditions.

Immunohistochemistry

The alkaline phosphatase anti-alkaline phosphatase tech-
nique was used as described previously [22]. Various pro-
cedures for demasking tissue antigens (enzymatically and
by heating) were used prior to incubation with the first
antibodies. The primary antibodies used were: mouse anti-
human thrombospondin-1 (1:50; Calbiochem-Novabiochem,
Bad Soden, Germany), rabbit anti-human CTGF [9] (1:1500;
FibroGen), and an affinity-purified rabbit antibody to human
L-TGFB1 (1:50; Santa Cruz, Heidelberg, Germany) raised
against a peptide mapping to the carboxy terminus of the
precursor form of human TGFB1. The active form of
TGFB1 was detected with affinity-purified chicken anti-
human TGFB1 (1:50, AF-101-NA; R&D Systems, Wies-
baden, Germany) raised against purified active rhTGFB1.
This antibody neutralises TGFB1 inhibition of mouse IL-4-
dependent [3H]-thymidine incorporation by HT-2 cells in a
dose-dependent manner [23] and specifically recognises
active TGFB1 in tissue sections without cross-reactivity to
L-TGFB1 [24]. Secondary antibodies have been described
previously [21]. The specificity of immunostaining was
tested by omitting the primary antibody, by using non-
immune serum-‘unspecific’ IgG, and by pre-absorption of
appropriate antisera with rCTGF or with a synthetic TGFB1
peptide (Santa Cruz).

Confocal microscopy

Paraffin sections were incubated with mouse anti-human
THBS1 antibody (1:50; Calbiochem-Novabiochem) and
visualised by a Texas Red-conjugated goat anti-mouse IgG
(1:500; Dianova, Hamburg, Germany). Sections were washed
extensively with PBS, blocked with PBS/1% (w/v) BSA/20%
(v/v) goat serum, and stained for α-smooth muscle actin
(α-SMA; mesangial cell marker) with fluorescein-con-
jugated mouse anti-α-SMA antiserum (1:200, clone 1A4;
Sigma). Colocalisation of THBS1withWilms’ tumour protein-
1 (WT-1), a marker recognising a podocyte-specific nuclear

Fig. 1 Glomerular morphology of diabetic patients and non-diabetic
control subjects. a Glomerulus from a non-diabetic control subject
with normal cellularity and normal mesangium. b Glomerulus from a
patient with incipient disease showing early, diffuse expansion of
mesangial matrix, normal cellularity and vasculature. c Glomerulus
with pronounced nodular and diffuse intercapillary sclerosis and

somewhat reduced cellularity (from a patient with manifest nephrop-
athy). d Glomerulus from a patient with end-stage disease showing
advanced, diffuse and nodular sclerosis, reduced cellularity, and
encroachment of the mesangium on capillary lumina. Magnification
×400
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epitope, was determined in frozen sections by application
of the mouse anti-human thrombospondin-1 antibody (1:20)
together with rabbit anti-human WT-1 (1:100; Santa Cruz).
Unspecific staining was blocked with PBS/1% (w/v) BSA/
20% (v/v) goat serum. For visualisation, Texas Red-conju-
gated goat anti-mouse IgG and fluorescein-conjugated goat
anti-rabbit IgG were used (both 1:500; Dianova). Laser
scan microscopy was carried out with a confocal micro-
scope (PCM 2000; Nikon, Duesseldorf, Germany). Non-
specific staining was determined by the use of secondary
antibodies alone.

Other procedures

Serum creatinine levels were measured with an autoana-
lyser (Hitachi 747; Roche Diagnostics), serum HbA1c with
a BN2 autoanalyser (Dade-Behring, Schwalbach, Germany)
and albuminuria with the Merck-Hitachi L-9100 autoana-
lyser (Merck, Darmstadt, Germany).

Statistical analysis

Data are given as means±SEM and analysed by ANOVA,
with Dunnett’s significance correction test (SPSS software),
or by an unpaired Student’s t-test, as appropriate. Differences
were considered significant at a p value of<0.05.

Results

Clinical characteristics and glomerular morphology
of diabetic patients and non-diabetic control subjects

Patients were classified as controls or as having incipient,
manifest or advanced diabetic nephropathy according to

Mogensen [4, 20]. Classification was based on the dura-
tion of diabetic nephropathy, clinical signs and symptoms
(Table 1) and renal morphology (Fig. 1a–d). The glomer-
ular morphology shown in Fig. 1a–d was representative of
the glomeruli depicted in Figs 2, 3, 4.

THBS1, TGFB1 and CTGF in glomeruli in normal
kidney and in diabetic nephropathy

THBS1 protein and mRNA are almost undetectable in the
tuft of normal glomeruli, but are expressed in Bowman’s
capsule (Fig. 2). Double-staining for THBS1 and α-SMA
(mesangial marker), orWT-1 (podocyte marker), confirmed
that only a few mesangial cells and podocytes within
normal glomeruli show weak expression of THBS1 (not
shown). In incipient diabetic nephropathy, intraglomerular
cells show an increased in situ signal for THBS1 and im-
munostaining for the protein, mainly in mesangial areas,
but also in a few podocytes. Bowman’s capsule continues to
stain strongly (Fig. 2b,g). A similar pattern of THBS1
expression is evident in manifest diabetic nephropathy and
in the advanced stages of the disease (Fig. 2c,d,h,i). Overall
the results indicate that glomerular THBS1 expression
increases with progression of diabetic nephropathy. Colo-
calisation of THBS1 with α-SMA provided further evi-
dence of increased mesangial deposition of THBS1 protein
in diabetic nephropathy (not shown). Only trace amounts of
THBS1 were associated with podocytes. Semiquantifica-
tion of glomerular immunostaining and ISH clearly indicate
a progressive increase of THBS1 mRNA and the corre-
sponding protein in the glomerular tuft with the advance-
ment of diabetic nephropathy (Table 2).

No TGFB1mRNAwas detectable within the glomerulus
in normal kidneys, but a weak signal associated with
Bowman’s capsule was observed (Fig. 3k) as well as a
stronger signal in certain tubular epithelial cells (not

Fig. 2 Glomerular thrombo-
spondin-1 in the normal kidney
and in kidneys from patients
with incipient, manifest or
advanced diabetic nephropathy.
Immunohistochemistry (IHC)
(a–e) and mRNA by in situ
hybridisation (ISH) (f–j) are
shown. Arrows point to THBS1
expression in the mesangium.
Arrowheads point to THBS1
expression in podocytes. The
negative controls for IHC (e)
and ISH (j), shown in tissue
sections from a patient with
manifest diabetic nephropathy,
were performed by omitting the
primary antiserum (e) or using a
digoxigenin-labelled sense ri-
boprobe for THBS1 (j). Original
magnification ×400
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shown). The tubular epithelium also showed weak immu-
nostaining for L-TGFB1, while glomerular structures were
generally devoid of stain (Fig. 3a). Likewise there was no
staining for active TGFB1 in the normal glomerulus and

weak staining was only occasionally detected in tubular
epithelial cells (Fig. 3f).

With the development of incipient diabetic nephropathy,
the ISH signal for TGFB1 mRNA increased and clear im-

Fig. 3 Precursor and active
forms of TGFB1 in glomeruli of
normal kidneys and in kidneys
from patients at the disease
stages indicated. Immunohisto-
chemistry (IHC) for latent
TGFB1 (a–e) and active forms
of TGFB1 protein (f–j). Nodular
changes (c, h) are visible in
manifest disease, as is diffuse
glomerulosclerosis (d, i) in ad-
vanced disease. k–o In situ
hybridisation (ISH) was used to
detect TGFB1 mRNA in the
same tissue samples. Arrows
indicate mesangial cells; arrow-
heads indicate podocytes. The
inset (g) shows strong staining
for active TGFB1 in tubular
epithelial cells as a positive
control. The negative controls
for IHC (e, j) and ISH (o),
shown in tissue sections from a
patient with manifest diabetic
nephropathy, were performed by
pre-adsorbing anti-precursor
TGFB1 antiserum with a syn-
thetic TGFB1 peptide (e), by
omitting the primary antibodies
(j), or by using a digoxigenin-
labelled sense riboprobe for

Fig. 4 Glomerular CTGF in normal kidney and in renal biopsies
from patients with incipient, manifest or advanced diabetic nephrop-
athy. (a–e) Immunohistochemistry (IHC) for CTGF protein. (f–j)
mRNA detected by in situ hybridisation (ISH). Nodular changes (c, h)
are visible in manifest disease, as is diffuse glomerulosclerosis (d, i) in
advanced disease. Arrows indicate mesangial cells; arrowheads in-

dicate podocytes. Negative controls for IHC (e) and ISH (j), shown in
tissue sections from a patient with manifest diabetic nephropathy, were
performed by preabsorption of the anti-CTGF antiserum with rCTGF
(e) or by using a digoxygenin-labelled sense riboprobe for CTGF (j).
Original magnification ×400
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munostaining was seen for L-TGFB1 inmesangial cells and
podocytes, as well as in tubular epithelial cells (Fig. 3b,l).
However, there was very little immunostaining of active
TGFB1 in the glomerulus at this stage (Fig. 3g). This con-
trasts with strong staining for the active factor in tubular
epithelial cells in the same section (Fig. 3g, inset). With
progression to manifest diabetic nephropathy, glomerular
staining for TGFB1mRNA and for L-TGFB1was increased
and was mainly associated with the mesangium and some
podocytes. More active TGFB1 was also seen in the glo-
merulus in manifest diabetic nephropathy, especially in
mesangial cells, but the intensity of staining was low when
compared with that in tubular epithelial cells (Fig. 3c,h,m).
With progression to advanced diabetic nephropathy, im-
munostaining for active TGFB1 became more prominent in
the glomerulus. The staining had a diffuse appearance,
suggesting that active TGFB1 is present in mesangial as
well as epithelial cells (Fig. 3i). A very similar expression
pattern for active TGFB1 was obtained using the anti-LC
(1-30) antibody, which also recognises intracellular active
TGFB1 [25]. Due to the limited availability of this anti-
body, only a few sections were examined (data not shown).
Semiquantification of the immunostainings and ISH is
given in Tables 2 and 3.

Only low levels of CTGF were found in the glomeruli of
normal kidneys (Fig. 4a,f). However, even though the ISH
signal for CTGF was low, there was some immunostaining
of the protein in podocytes. Both mRNA and protein CTGF
were also detected in distal tubules and collecting ducts
(not shown). In contrast, proximal tubules showed weak
protein staining but no detectable mRNA.

Glomeruli of patients with incipient diabetic nephropa-
thy showed definite positive signals for both CTGFmRNA
and protein (Fig. 4b,g). There was some CTGF immuno-
staining in mesangial areas and in podocytes at this early
stage of disease. The pattern of CTGF expression in mani-
fest and advanced diabetic nephropathy was similar to that
in incipient disease, but both the mRNA and protein stain-
ing were more intense. In addition to staining of podocytes,

there was strong immunostaining in the mesangium and,
in some glomeruli, in juxtaglomerular areas (not shown).
Prominent CTGF staining was also detected in Bowman’s
capsule. Semiquantification of the immunostaining and
ISH for CTGF is given in Tables 2 and 3.

Interdependency between THBS1, TGFB1
and CTGF in mediating effects of diabetic
stimuli on mesangial cells

Many cellular responses to hyperglycaemia are TGFB1-
dependent [5, 10]. THBS1 is a key activator of L-TGFB1
expressed in human mesangial cells (HMC) exposed to
high glucose [17] and TGFB1-dependent effects in this
environment were suppressed either by THBS1 antisense
oligonucleotides, or by a peptide (GGWSHW, peptide W)
blocking the THBS1 activation mechanism [26]. To test
whether THBS1 activation of L-TGFB1 is required for
induction of CTGF by high glucose or glycated albumin,
we cultured HMC for 7 days in media containing either
4 mmol/l D-glucose and 30 mmol/l D-glucose, or 4 mmol/l
D-glucose and 30 mmol/l D-glucose with either 0.6 mg/ml
HSA or 0.6 mg/ml glycated albumin, in the presence or
absence of THBS1 antisense oligonucleotide or of peptide
W. Serum-free conditioned medium was collected for day 7
and analysed for CTGF [9] (Fig. 5). As expected, both high
glucose and glycated albumin increased the level of se-
creted CTGF compared to normal glucose by about 4.6-fold
each. No additive increase was observed with high glucose
and glycated albumin together. HSA alone stimulated CTGF
secretion slightly (Fig. 6, lane 3), but 0.6 mg/ml HSA con-
tained no detectable TGFB1 bioactivity when tested with
the mink lung cell assay [17] (result not shown). Inter-
estingly, THBS1 antisense oligonucleotide alone and pep-
tide W alone blocked the increase of CTGF expression
induced by high glucose, but not that induced by glycated
albumin (Fig. 5). Neither a control oligonucleotide, nor a
control peptide had any effect under otherwise identical
conditions (data not shown). Thus CTGF expression in-
duced by high glucose is dependent on THBS1 activation of

Table 2 Semiquantification of glomerular immunostaining for
THBS1, TGFB1 and CTGF in tissue sections from non-diabetic
control patients and patients at different stages of diabetic nephropathy

Patients THBS1
(% )

Precursor
TGFB1 (% )

Active
TGFB1 (%)

CTGF
(% )

Controls 0.5±0.2 0.9±0.1 0.3±0.2 0.7±0.1
Incipient DN 5.7±1.2 10±1 3.7±0.2 6.5±0.5
Manifest DN 17±4a 39±7a 27±6a 42±10a

Advanced DN 30±6a, b 70±6a, b 56±5a, b 69±8a, b

Areas (%), not intensity, of positive intraglomerular staining for
each protein as detected by immunohistochemistry were quantified.
Data are given as means±SEM. The stage of incipient diabetic
nephropathy was excluded from the statistical evaluation because
only three cases were available. Details of numbers of renal
sections examined from different patients, see Subjects, materials
and methods section
DN Diabetic nephropathy
ap<0.05 for diabetic vs control subjects
bp<0.05 for advanced vs manifest diabetic nephropathy

Table 3 Semiquantification of in situ hybridisation staining for
THBS1, TGFB1 and CTGF in tissue sections from non-diabetic
control patients and patients at different stages of diabetic nephropathy

Patients THBS1 (%) TGFB1 (%) CTGF (%)

Controls 2.6±0.9 0.2±0.1 0.7±0.1
Incipient DN 9±2 1.6±0.1 3.8±0.6
Manifest DN 27±4a 23±3a 29±9a

Advanced DN 44±3a, b 64±6a, b 46±12a

Areas (%), not intensity, of mRNA as detected by in situ
hybridisation were quantified. Data are given as means±SEM. The
stage of incipient diabetic nephropathy was excluded from the
statistical evaluation because only two cases were available. Details
of numbers of renal sections examined from different patients,
see Subjects, materials and methods section
DN Diabetic nephropathy
ap<0.05 for diabetic vs control subjects
bp<0.05 for advanced vs manifest diabetic nephropathy
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L-TGFB1, while upregulation induced by glycated albumin
does not require THBS1.

High glucose treatment for 7 days increased fibronectin
levels in culture medium by 1.4-fold, while glycated al-
bumin stimulated them by about three-fold (Fig. 6), but
there was no additive effect when both were present to-
gether. HSA alone stimulated fibronectin levels 1.6-fold
more than 4 mmol/l D-glucose. Cell layer fibronectin levels,
measured by western blotting, correlated with those in the
medium under all studied conditions (data not shown).
When high-glucose cultures were treated with THBS1
antisense oligonucleotide or with peptide W, they were
reduced by 60 and 52% respectively (Fig. 6b), in accor-
dance with our previous results [17]. In marked contrast,
elevated fibronectin levels in cultures maintained with gly-
cated albumin were not significantly affected when treated

with THBS1 antisense oligonucleotide or peptideW (Fig. 6c).
Thus, as for CTGF, elevated synthesis of fibronectin in a
high glucose environment is, to a large extent, dependent on
THBS1 activation of L-TGFB1, while elevated synthesis
stimulated by glycated albumin is not.

CTGF antisense oligonucleotide abolishes TGFB1-de-
pendent induction of fibronectin in HMC [9]. To compare
the dependency of upregulated fibronectin expression on
CTGF in response to glycated albumin, we maintained HMC
cultures for 7 dayswith either 30mmol/l D-glucose, or 0.6mg/
ml glycated albumin, in the presence or absence of 2 μmol/l
CTGF antisense oligonucleotide, and measured fibronectin
levels in the serum-free medium from the last 24 h and in
the cell layer. The CTGF-antisense oligonucleotide reduced
the level of secreted CTGF protein to almost zero, both
under high-glucose and glycated albumin conditions (Fig. 7a,

Fig. 5 Effect of high glucose and glycated albumin on synthesis of
CTGF by human mesangial cells in vitro, and selective inhibition of
the high-glucose effect by THBS1 peptide W, or THBS1 antisense
(AS) oligonucleotide. Primary HMC were maintained for 6 days
in medium containing 10% fetal calf serum and either 4 mmol/l
D-glucose (lane 1), 30 mmol/l D-glucose (lane 2), or 4 mmol/l
glucose supplemented with 0.6 mg/ml human serum albumin
(HSA) (lane 3) or 0.6 mg/ml glycated albumin (lane 4), or with
both 30 mmol/l glucose and glycated albumin together (lane 5).
Cultures were maintained for a further 24 h (day 7) in the same

medium but without fetal calf serum. A further set of cultures was
treated as above but with the addition of 1 μmol/l peptide W, or
2 μmol/l THBS1 antisense oligonucleotide, throughout. The
media were then analysed for CTGF by SDS-PAGE, western
blotting (a) and scanning densitometry (b–d). Numbers (x-axes)
correspond to lane numbers (a). The results (b–d) represent the
means±SEM of three independent experiments. Statistical sig-
nificance was analysed using a two-tail unpaired Student’s t-test.
* p<0.0001 (n=6) compared with 4 mmol/l D-glucose; +p<0.001
(n=6) compared with HSA
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Fig. 6 Effect of high glucose and glycated albumin on synthesis of
fibronectin by humanmesangial cells in vitro, and selective inhibition
of the high-glucose effect by THBS1 peptide Wor THBS1 antisense
(AS) oligonucleotide. Primary HMC were maintained for 6 days
in medium containing 10% fetal calf serum and either 4 mmol/l
D-glucose (D-glc), 30 mmol/l D-glc, or 4 mmol/l glucose supple-
mented with 0.6 mg/ml human serum albumin (HSA) or 0.6 mg/ml
glycated albumin (GA), or with 30 mmol/l D-glc and GA together.
Cultures were maintained for a further 24 h (day 7) in the same

medium but without fetal calf serum. The media were analysed for
fibronectin by ELISA (a). A further set of cultures was maintained
with either high glucose (b) or glycated albumin (c), but with the
addition of 1 μmol/l peptide W or 2 μmol/l THBS1 antisense oli-
gonucleotide throughout. Statistical significancewas analysed using a
two-tailed unpaired Student’s t-test. *P≤0.05 (n=4). Error bars (b)
were too small to show. A second independent experiment gave very
similar results
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Fig. 7 Effect of a CTGF antisense oligonucleotide on fibronectin
levels in human mesangial cell cultures treated with different diabetic
conditions. Primary HMC were maintained as describes in Fig. 6.
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sense oligonucleotide (AS CTGF). The effectiveness of antisense
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analysed for fibronectin by SDS-PAGE and western blot analysis (c).
Statistical significance was analysed using a two-tail unpaired
Student’s t-test. *P≤0.05 (n=4)
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lanes 5 and 6), and also inhibited the increase in fibronectin
levels in the culture medium (Fig. 7b) and cell layer in both
conditions (Fig. 7c). Thus fibronectin synthesis induced in
mesangial cells by high glucose is dependent on CTGF
expression, which depends, in turn, on THBS1 activation of
L-TGFB1. In contrast, while the increase in fibronectin
synthesis stimulated by glycated albumin is also totally
dependent on CTGF, induction of the latter is independent
of THBS1 activation of L-TGFB1 in cells exposed to this
stimulus.

Discussion

It is well established that TGFB1 is a major driver of
fibrosis in the glomerulus and elsewhere in the renal cortex
in diabetic nephropathy [5, 10, 27, 28] and neutralising
antibodies to its isoforms attenuate matrix gene expression
in murine models [29, 30]. However, while our study found
marked increases in glomerular L-TGFB1 in incipient dia-
betic nephropathy, only very low levels of active growth
factor were detected at this stage. Active TGFB1 is present
in the urine of diabetic rats [31] and human patients with
diabetic nephropathy excrete larger amounts of TGFB1 in
the urine [21], so it is possible that, upon activation, glo-
merular TGFB1 is rapidly lost by this route. In the more
advanced stages of diabetic nephropathy, Type I collagen is
present in scarred glomeruli and active TGFB1 could
become sequestered in the tissue by formation of a tertiary
complex with it and decorin, whose expression also in-
creases with disease progression [21]. Previous in vitro
studies have shown that THBS1 expression increased in
mesangial cells exposed to high glucose [32] and suggested
that it may be a key activator of TGFB1 in diabetic ne-
phropathy [17, 33]. The present study extends these obser-
vations by showing a marked increase in glomerular
THBS1 expression in incipient diabetic nephropathy, with
further increases as the disease progresses. THBS1 is a
major activator of TGFB1 in vivo [19] and it is therefore

likely to play an important role in the development of glo-
merulosclerosis in diabetic nephropathy.

Although expression of CTGFmRNA has been reported
in a diffuse mesangial proliferative lesion in diabetic ne-
phropathy [8], this is the first semiquantitative study dem-
onstrating its upregulation at both the mRNA and protein
levels in the glomerulus in the incipient stage of the disease,
and its increasing expression level with progression of the
disease. Upregulation of CTGF was also detected in murine
glomeruli soon after the onset of hyperglycaemia in the
non-obese diabetic mouse [9]. Moreover, it can be induced
by stretching mesangial cells in vitro [34], suggesting that
increases in its expression early in diabetic nephropathy
may be a response to haemodynamic changes which occur
at that stage of the disease [35], as well as to TGFB1 [36].
Moreover, once induced, CTGF can upregulate its own
expression [9] and is able to initiate a number of changes in
mesangial cells that are characteristic of those found in
diabetic nephropathy. These include increased expression
of fibronectin [9] and its enhanced assembly into an in-
soluble matrix [37], induction of plasminogen activator
inhibitor-1 [9], cell cycle arrest and hypertrophy [13], and
rearrangement of the actin cytoskeleton [38]. The effects on
matrix protein synthesis and the cell cycle are similar to
those induced by TGFB1. Moreover TGFB1-induced ef-
fects can be blocked by CTGF antisense oligonucleotides
[9, 13, 37], indicating that CTGF is involved in someway in
mediating the effects of TGFB1. Recently we reported that
CTGF binds and activates a tyrosine kinase receptor,
NTRK1 (also known as TRKA), triggering intracellular sig-
nalling pathways and inducing the expression of Kruppel-
like factor 10 (KLF10, previously known as TGFB inducible
early growth response [TIEG]) [39]. KLF10 is a transcrip-
tional repressor for SMAD7 [40], an inhibitor of the SMAD
signalling pathway that mediates the effects of TGFB1 [41].
Thus we proposed that CTGF works in concert with TGFB1
to promote the latter’s profibrotic actions, rather than down-
stream of it [42, 43]. Hence, progressively increased CTGF
expression during diabetic nephropathy, as reported above,

L-TGFββ1THBS1

High glucose

CTGF

Fibronectin

THBS1 antisense

or Peptide W 

CTGF antisense

Glycated albumin 

CTGF

Fibronectin

CTGF antisense

? (ROS)

?

TGFβ1

L-TGFβ1

TGFβ1

Fig. 8 Proposed roles of
THBS1, TGFB1, and CTGF in
upregulating fibronectin ex-
pression in mesangial cells in
response to high glucose or
glycated albumin. THBS1 is re-
quired for activation of L-
TGFB1 in response to high
glucose but not in response to
glycated albumin, where activa-
tion may be by reactive oxygen
species (ROS). TGFB1 upregu-
lates CTGF in either condition.
CTGF is obligatory for the
upregulation of fibronectin ex-
pression in response to either
high glucose or glycated albu-
min. The pathways can be
blocked by THBS1 antisense
oligonucleotide, peptide W, or
CTGF antisense oligonucleotide,
at the points indicated
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would probably decrease the inhibitory action of SMAD7,
promoting ever increasing TGFB1 signalling in the mesan-
gial cell and glomerulosclerosis.

Many different metabolic, haemodynamic, growth and
cellular signalling factors are involved in the response to
hyperglycaemia [44]. While in vitro the stimulatory effect
of high glucose and glycated albumin on fibronectin syn-
thesis by mesangial cells required CTGF, there were two
noteworthy differences in the actions of these diabetic
stimuli. Firstly, typical diabetic concentrations of glycated
albumin (0.6 mg/ml) induced much higher fibronectin ex-
pression than high concentrations of glucose (30 mmol/l).
Secondly, increased fibronectin synthesis was highly de-
pendent on THBS1 activation of TGFB1 in high glucose,
but virtually independent of it with glycated albumin. Both
conditions upregulated CTGF to similar levels. The reasons
for these differences are not clear although it is known that
high glucose and glycated albumin act on mesangial cells
by different routes. High glucose leads to increased levels
of its intracellular metabolites including hexosamines [45],
polyols and diacylglycerol, the latter activating protein ki-
nase C isoforms, which induce TGFB1 expression [46, 47],
upregulating CTGF [9]. Glucose–protein adducts form in
high-glucose environments (the major circulating factor in
diabetes being an albumin-Amadori product like the com-
mercial glycated albumin used in this study). These interact
with a specific ligand-receptor system on mesangial cells
[48], activating protein kinase C isoforms and leading to
increased expression of TGFB1 type II receptor [35, 49].
They also generate reactive oxygen species, which can ac-
tivate latent TGFB1 and induce CTGF [50], upon which,
some actions of TGFB1 appear to be critically dependent.
Thus, both diabetic stimuli lead by different pathways to the
activation of TGFB1 and CTGF to promote its signalling
(Fig. 8).

This paper provides evidence that glomerular CTGF
expression is elevated from the earliest stages of diabetic
nephropathy, that it is involved in mediating the adverse
effects of hyperglycaemia and glycated albumin on human
mesangial cells, and supports the view that CTGF is a
potential therapeutic target in diabetic nephropathy [44].
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