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Connective tissue growth factor (CTGF) has been postulated
to have prosclerotic and angiogenic properties. The aim of
this present study was to characterize retinal CTGF expres-
sion in the absence and presence of diabetes and in the context
of treatment with the angiotensin-converting enzyme (ACE)
inhibitor, perindopril. Retinas were obtained from control,
diabetic, and diabetic plus perindopril-treated (3 mg/d) rats.
CTGF gene expression was quantitated by RT-PCR and local-
ized by in situ hybridization. CTGF protein expression was
analyzed by Western blotting and localized by immunohisto-
chemistry. Diabetes was associated with a greater than 2-fold
increase in CTGF mRNA levels, which was attenuated by per-

indopril treatment. CTGF immunoreactivity was increased
almost 2-fold in diabetes and was ameliorated by the ACE
inhibitor perindopril. By in situ hybridization and immuno-
histochemistry, the major site of CTGF gene expression in the
retina of diabetic rats was the ganglion cell layer. Based on the
known in vivo effects of CTGF, it is postulated that this growth
factor plays a pivotal role in mediating diabetes-associated
retinal pathology. Furthermore, the protective effects of ACE
inhibitors on retinal pathology may partly be mediated via
effects on retinal CTGF expression. (Endocrinology 145:
860–866, 2004)

DIABETIC RETINOPATHY is the leading cause of blind-
ness in the working-age population (1). The disease

progresses in three stages, ultimately resulting in an ad-
vanced stage of proliferative retinopathy with fibrovascular
proliferation, neovascularization, and retinal detachment (1).
Several growth factors have been implicated in the regula-
tion of angiogenesis in disease states such as diabetes, the
most notable being vascular endothelial growth factor
(VEGF) (2–4). More recently, the cytokine, connective tissue
growth factor (CTGF), has been implicated in the process of
angiogenesis (5, 6) in addition to its previously described role
in fibroblast proliferation, cell adhesion, and the stimulation
of extracellular matrix production (7, 8). Furthermore, VEGF
has recently been shown to increase CTGF gene expression
in bovine retinal capillary cells (9). However, to date there
have been no studies to demonstrate the presence and dis-
tribution of CTGF in the normal retina or the effects of di-
abetes on this growth factor at this site. Therefore, the aim of
this study was to investigate the gene and protein expression
and distribution of CTGF in diabetic and normal rat retinas
using complementary techniques including real time-PCR,

in situ hybridization, Western blotting, and immunohisto-
chemistry.

Surgical interventions, such as laser photocoagulation for
neovascularization and vitrectomy for membrane prolifera-
tion and retinal detachment, can often result in the loss of
peripheral vision. For this reason the discovery of new non-
invasive therapies for the treatment and prevention of dia-
betic retinal disease is urgently required. Findings from the
EUCLID study group have highlighted the importance of the
renin-angiotensin system in the pathogenesis of diabetic ret-
inopathy. This multicenter study found that after treatment
with the angiotensin-converting enzyme (ACE) inhibitor, lis-
inopril, patients with type 1 diabetes were less likely to
develop proliferative diabetic retinopathy (10). Furthermore,
after ACE inhibition, VEGF has been shown to be reduced in
the diabetic retina (11, 12). For this reason, a further aim of
this study was to examine the effect of the ACE inhibitor,
perindopril, on the expression of CTGF in the diabetic retina.

Materials and Methods
Animal model

Diabetes was induced in male Sprague Dawley rats, weighing 200 g,
by iv injection of the �-cell toxin streptozotocin (60 mg/kg). Two to 4 U
ultralente insulin (Ultratard HM, Novo-Nordisk, Bagsvaerd, Denmark)
were administered daily to each diabetic animal to promote well-being
and improve survival. Body weight, urinary albumin excretion rate,
blood glucose (millimoles per liter), glycated hemoglobin, and blood
pressure were measured after 4, 8, and 12 wk of diabetes. Control
animals were followed concurrently (sham-injected with citrate buffer
alone). A separate group of diabetic animals was treated with the ACE
inhibitor, perindopril (Servier, Neuilly, France), at a dose of 3 mg/d in
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Tween, Tris-buffered saline and 0.1% Tween; VEGF, vascular endothe-
lial growth factor.
Endocrinology is published monthly by The Endocrine Society (http://
www.endo-society.org), the foremost professional society serving the
endocrine community.

0013-7227/04/$15.00/0 Endocrinology 145(2):860–866
Printed in U.S.A. Copyright © 2004 by The Endocrine Society

doi: 10.1210/en.2003-0967

860

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/145/2/860/2500611 by guest on 21 August 2022



drinking water. All animals were killed at 12 wk. Perindopril was com-
menced on the first day of insulin therapy in this group of diabetic rats.
The dose of perindopril was based on previous studies that have dem-
onstrated the ability of this concentration of perindopril to stimulate
plasma renin activity and suppress plasma ACE activity, both markers
of inhibition of the renin-angiotensin system (13). Throughout the study
animals were given access to food and water ad libitum. All animal
procedures were in accordance with guidelines set by the Austin and
Repatriation Medical Center ethics committee and the National Health
and Medical Research Council of Australia.

Isolation of total RNA and synthesis of cDNA

Retinas were first minced and homogenized using an Ultra-Turrax
homogenizer (Janke & Kunkel IKA, Labortechnik, Staufen, Germany) in
TRIzol (Life Technologies, Inc., Gaithersburg, MD), and total RNA was
isolated. cDNA was synthesized with a reverse transcriptase reaction
carried out using standard techniques (SuperScript First Strand Syn-
thesis System for RT-PCR, Life Technologies, Inc.) with random hex-
amers, deoxy-NTPs, and total RNA extracted from control, diabetic, and
perindopril-treated diabetic rat retinas. An aliquot of the resulting sin-
gle-stranded cDNA was used in the real-time PCR experiments as de-
scribed below. To assess genomic DNA contamination, controls without
reverse transcriptase were included.

Real-time PCR

Real-time PCR is a fully quantitative method for the determination of
amounts of mRNA. Briefly, gene-specific 5�-oligonucleotide correspond-
ing to the rat CTGF (5�-GAGGAAAACATTAAGAAGGGCAAA), CTGF
3�-oligonucleotide primer (5�-CGGCACAGGTCTTGATGA), and CTGF
probe [6-carboxy fluorescein (FAM)-5�-TTTGAGCTTTCTGGCTGCAC-
CAGTGT-tetramethylrhodamine (TAMRA)] were designed using the
software program Primer Express (PE Applied Biosystems, Foster City,
CA). The primers and probes were manufactured by PE Applied Bio-
systems. The probe is labeled with a FAM reporter dye at the 5� end and
a TAMRA dye as the quencher on the 3� end. The increase in FAM
reporter dye fluorescence emission is recorded during PCR amplifica-
tion by the PRISM 7700 sequence detector (PE Applied Biosystems).
Similarly, the fluorescent dye attached to the 18S ribosomal mRNA was
VIC, and dual detection was possible using the multiplexing protocol.
The generation of amplicons was defined by the point during cycling
when amplification of the PCR product is first detected. The parameter,
threshold cycle (CT), is defined as the fractional cycle number at which
fluorescence, generated by cleavage of the probe, passes a fixed thresh-
old above the baseline.

Real-time amplification was measured in a reaction volume of 25 �l.
A volume of 0.6 �l of cDNA (60 ng) sample was used for the CTGF
reaction and the 18S ribosomal mRNA control reaction. The real-time
reaction consisted of a two-step PCR (PRISM 7700, PE Applied Biosys-
tems) with 10 min at 95 C and 40 cycles of 15 sec at 95 C and 1 min at
65 C. The reaction took place with 500 nmol/liter forward and reverse
primer and 50 nmol/liter FAM/TAMRA CTGF probe and VIC/TAMRA
18S ribosomal probe, in 1� TaqMan universal PCR master mix (PE
Applied Biosystems). Each sample was run and analyzed in triplicate,
and the CT value for the CTGF probe was subtracted from the CT value
of 18S ribosomal mRNA to obtain �CT. The control samples were then
used as the calibrator with a given value of 1, and the diabetic groups
were compared with this calibrator.

In situ hybridization: CTGF riboprobe

The 1047-bp human CTGF cDNA sequence (coding for the open
reading frame) was inserted in the sense direction into the BamHI and
XhoI sites of the pcDNA3 vector (Promega Corp., Madison, WI). The
vector was digested with KpnI and transcribed with SP6 polymerase to
provide the antisense CTGF riboprobe. The site-specific expression of
CTGF mRNA was determined by in situ hybridization, with background
hybridization controlled for by the inclusion of a sense riboprobe (14).
Antisense and sense riboprobes labeled with [35S]CTP were prepared
using the Promega Transcription System. Between 500 ng and 1 �g
linearized template cDNA were transcribed in a reaction mix containing
1� transcription buffer; 10 mm dithiothreitol (DTT); 0.6 mm each of ATP,

GTP, and UTP; 100 �Ci 35S; 0.5 �l RNasin; and 1 �l of the appropriate
RNA polymerase. If the probe length was greater than 400 bp 4.25 pm
cold CTP was added to the transcription reaction. The reaction was
incubated at 37 C for a period of 90 min. After this time 1000 U de-
oxyribonuclease (ribonuclease-free; Roche, Basel, Switzerland) were
added, and the reactions were incubated for a further 15 min at 37 C. The
riboprobe was precipitated with ammonium acetate and ethanol using
yeast tRNA as carrier, then reconstituted in 10 mm DTT. The length of
the purified riboprobe was adjusted to approximately 150 bp using
alkaline hydrolysis, followed by further purification with sodium ace-
tate and ethanol, and was resuspended in 10 mm DTT.

Four-micrometer-thick sections were cut onto slides pretreated with
aminopropyltriethoxysilane and baked overnight at 37 C. Before hy-
bridization, sections were dewaxed in histolene and then rehydrated in
graded ethanols and distilled water. The samples were equilibrated in
P Buffer containing 50 mm Tris-HCl (pH 7.5) and 5 mm EDTA (pH 8.0),
followed by a 10-min incubation in 125 �g/ml pronase E (Sigma-Aldrich
Corp., St. Louis, MO) at 37 C. Samples were then rinsed twice for 2 min
each time in 0.1 m sodium phosphate buffer, postfixed in 4% parafor-
maldehyde for 10 min, and washed twice more in 0.1 m sodium phos-
phate buffer. The sections were rinsed in distilled water, dehydrated in
70% ethanol, and left to air-dry.

A hybridization buffer containing 2 � 104 cpm/�l 35S-labeled ribo-
probe, 0.72 mg/ml yeast RNA, 50% deionized formamide, 100 mm DTT,
10% dextran sulfate, 0.3 m NaCl, 10 mm Na2HPO4, 10 mm Tris-HCl (pH
7.5), 5 mm EDTA (pH 8.0), 0.02% BSA, 0.02% Ficoll 400, and 0.02%
polyvinyl pyrrolidone was prepared. The buffer was vortexed and in-
cubated at 85 C for 5 min before adding 25 �l to each section to be
covered by a 22 � 22-mm coverslip. The slides were then hybridized
overnight in a light-proof, humidified chamber at 60 C.

Coverslips were removed in a solution containing 50% formamide
and 2� standard saline citrate prewarmed to 55 C. This was followed
by two 30-min washes in the above solution in a shaking water bath.
Sections were rinsed three times in ribonuclease buffer containing 10 mm
Tris-HCl (pH 7.5), 5 mm EDTA (pH 8.0), and 0.5 m NaCl, then incubated
at 37 C in the same buffer containing 150 �g/ml ribonuclease A (Roche)
for 1 h. Samples were washed in 2� standard saline citrate for 1 h at 55
C, followed by dehydration in graded ethanols. After air-drying, the
slides were exposed to BioMax MR film (Eastman Kodak Co., Rochester,
NY) for 3–5 d.

Slides were coated in LM-1 emulsion (Amersham Pharmacia Biotech,
Little Chalfont, UK) in a darkroom, dried for at least 1 h, and then
incubated at 4 C in a light-proof container with desiccant for a period
of 2–4 wk depending on the autoradiography results. The slides were
equilibrated to room temperature, then immersed in Kodak D19 devel-
oper (Eastman Kodak Co.) for 4 min, 1% acetic acid for 1 min, and Illford
Hypan fixative (Integrated Sciences, Melbourne, Australia) for 4 min,
followed by rinsing in distilled water for at least 15 min. The sections
were then fixed in 4% formaldehyde and treated with a progressive
hematoxylin/eosin stain.

Generation of anti-CTGF polyclonal antisera for
immunohistochemistry

A peptide corresponding to residues 247–260 (EENIKKGKKCIRTP)
of human CTGF, was generated as four-branched multiple antigenic
peptides and were purified by C18 reverse phase HPLC (Mimotopes Pty.
Ltd., Clayton, Australia). The peptide sequence was chosen because it
is not present in other CTGF family members and is conserved for CTGF
across murine and human species (15). Each peptide was used to im-
munize two New Zealand White rabbits. Each rabbit was injected sc with
1 mg peptide in Freund’s complete adjuvant, followed 2 wk later by a
sc injection of 0.5 mg Freund’s incomplete adjuvant, then two sequential
im injections of 0.5 mg in PBS at 10-d intervals. The antiserum used was
collected as a terminal bleed, in each case 10 d after the final im boost.
The rabbit antiserum to peptide 247–260, referred to as 197, was used for
the immunohistochemical studies.

Western blotting

Retinas from six control, diabetic, and diabetic plus perindopril-
treated animals were pooled, quickly removed, minced with a scalpel
blade, resuspended in buffer [10 mm HEPES, 150 mm NaCl, 1 mm EGTA,
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5 mm MgCl2, and 0.02% NaN3, pH 7.4, containing 0.5 �g/ml pepstatin
(Sigma-Aldrich Corp.), 0.25 �g/ml leupeptin (Sigma-Aldrich Corp.), 0.1
mg/ml benzamidine (Sigma-Aldrich Corp.), and 0.1 mg/ml bacitracin
(Sigma-Aldrich Corp.)], homogenized at 13,000 rpm with the Ultra-
Turrax (Janke and Kunkel IKA, Labortechnik), and centrifuged at
1,000 � g (4 C) for 30 min. The resultant supernatant was harvested and
stored in aliquots at �80 C.

Before each run, the protein concentration of each sample was de-
termined using a bicinchoninic acid protein assay kit (Pierce Chemical
Co., Rockford, IL). A mini-Protean II apparatus (Bio-Rad Laboratories,
Hercules, CA) was used with a 10% sodium dodecyl sulfate-denaturing
gel system. Samples were prepared after thawing by centrifugation
(10,000 � g; Eppendorf 5414C) for 5 min. Each sample was adjusted up
to a desired protein content of 50 �g, an equal volume of 2� sodium
dodecyl sulfate loading buffer (with 200 mm dithiothreitol) was added,
and the sample was incubated at 95 C for 5 min. Samples and molecular
weight markers (Kaliedoscope, Bio-Rad Laboratories) were loaded onto
the gel, and after running the proteins at 120 V through the stacking gel,
the voltage was increased to 160 V. Proteins were trans-blotted onto
nitrocellulose filters (Hybond P, Amersham-Pharmacia Biotech) using a
transfer tank at 15 V for 30 min. At the end of the transfer, the filters were
blocked with 10% nonfat skim milk powder in Tris-buffered saline and
0.1% Tween (TBS/Tween) for 1 h at room temperature with gentle
rocking. The primary antiserum used was anti-CTGF, specifically di-
rected against amino acids 223–348 (ab6992, abcam, Cambridgeshire,
UK; 1:1,000 with 10% skim milk powder in TBS/Tween) and was in-
cubated overnight at room temperature. The following day the mem-
brane was washed thoroughly three times (10-min washes) in wash
solution (TBS/Tween). Positive bands were developed using the West-
ern Blotting Analysis system (Amersham Pharmacia Biotech), in which
horseradish peroxidase-labeled secondary antirabbit antibody was di-
luted at 1:2,000 and incubated for 1 h at room temperature. After wash-
ing three times, the filter was exposed to x-ray film (Kodak-Biomax) at
four different exposure times (1 min and 30, 15, and 5 sec). Exposed
Biomax film of bands representing CTGF protein were quantified on an
Automated Imaging System (Imaging Research, Inc., St. Catherines,
Canada).

Immunohistochemistry

Immunohistochemical staining for CTGF protein was performed as
outlined below. Four-micrometer-thick paraffin serial sections were pre-
pared from 4% paraformaldehyde-fixed, paraffin-embedded rat retina.
Sections were dewaxed and hydrated, then endogenous peroxidase was
quenched for 20 min using 3% (vol/vol) hydrogen peroxide in PBS.
Endogenous immunoglobulins were blocked by incubation for 20 min
with 10% normal goat serum/PBS. The primary antiserum (197 at a 1:500
titer) was applied at room temperature for 1 h. Specific staining was
detected using the standard avidin-biotin complex method (16). Briefly,
slides were incubated for 20 min with the secondary antibody (biotin-
conjugated goat antirabbit IgG, DAKO, Copenhagen, Denmark) at a
concentration of 1:250. The avidin-biotin Vectastain ABC system (Vector
Laboratories, Burlingame, CA) was then applied for 20 min. After thor-
ough washing, the final detection step was carried out using 3,3�-
diaminobenzidine (Sigma-Aldrich Corp.) as the chromogen. Sections
were lightly counterstained with hematoxylin.

Statistics

Data are shown as the mean � sem. Comparisons were performed by
ANOVA using StatView 5.0 (Brainpower, Calabasas, CA). P � 0.05 was
viewed as statistically significant. For RT-PCR and Western blotting
data, values for control animals were arbitrarily standardized to 1, and
data for diabetic animals were expressed relative to this control value.

Results
Clinical data

The diabetic rats demonstrated hyperglycemia, modestly
elevated blood pressure, and increased urinary albumin ex-
cretion compared with the control group. Perindopril treat-
ment reduced blood pressure and urinary albumin excretion,
but had no significant effect on body weight or glycemic
control (Table 1).

RT-PCR

Retinal CTGF gene expression was increased more than
2-fold in retinas of diabetic compared with control rats (con-
trol, 1.0 � 0.2 arbitrary units; diabetic, 2.4 � 0.4; P � 0.01).
CTGF mRNA levels in perindopril-treated diabetic rats were
similar to those in control animals (diabetic plus perindopril,
1.2 � 0.2) and significantly less than in untreated diabetic rats
(P � 0.01; Fig. 1).

In situ hybridization

Using in situ hybridization, CTGF mRNA was localized to
the retinal ganglion cell layer (GCL; Fig. 2A). An increase in
CTGF mRNA signal was seen in the GCL of diabetic rats (Fig.
2, B and C). This indicates that the increase in CTGF mRNA
seen in whole retinas from diabetic rats (Fig. 1) is primarily
localized to the GCL. In the diabetic rats receiving perindo-
pril, the CTGF mRNA was at a level of intensity and cellular
distribution similar to those in the nondiabetic controls
(Fig. 2D).

Western blotting

Western immunoblotting detected three groups of immu-
noreactive bands, all different forms of CTGF. There were
monomeric forms at approximately 36–38 kDa, ho-
modimeric forms at approximately 70 kDa, and lower mo-
lecular mass fragment forms (Fig. 3) as reported by others
(15). No such bands were detected when normal rabbit serum
was used in place of the polyclonal CTGF antiserum (data not
shown). When the monomeric immunoreactive bands were

TABLE 1. Physiological and biochemical parameters

n Body weight
(g)

SBP
(mm Hg)

Blood glucose
(mmol/liter) HbA1c (%) AER (mg/24 h)

Control 8 605 � 18 118 � 4 6.0 � 0.1 3.5 � 0.1 0.9 �/� 1.6
Diabetic 11 456 � 17a 140 � 6a 23.7 � 1.6a 9.4 � 0.5a 2.5 �/� 1.4a

Diabetic � P 10 419 � 11 110 � 7b 21.0 � 1.5a 8.5 � 0.3a 0.4 �/� 1.2b

P, Perindopril; AER, albumin excretion rate; SBP, systolic blood pressure; HbA1c, glycated hemoglobin. Data are shown at wk 12 unless
otherwise specified as the mean � SEM, except for AER values, which are shown as the geometric mean �/� tolerance factors. Data for blood
glucose and HbA1c are shown as the means for wk 4, 8, and 12.

a P � 0.01 vs. control.
b P � 0.01 vs. diabetic.
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quantitated using semiquantitative Western analysis, an 85%
increase in the level of the monomeric CTGF protein was
measured in the retinas of diabetic rats compared with the
controls. The higher molecular weight forms of CTGF were
also increased in diabetic animals. Compared with the dia-
betic animals, the increase in monomeric CTGF in diabetic
animals treated with perindopril was attenuated by 65%
toward a level similar to that seen in control retinas.

Immunohistochemistry

In retinas of control rats, CTGF immunoreactivity was
sparsely distributed within the GCL and inner nuclear layer
(Fig. 4A). After 12 wk of diabetes, CTGF immunoreactivity
was increased in the GCL, but not in the inner nuclear layer
(Fig. 4, B and C), compared with controls (Fig. 4A). These
data show that the observed increase in CTGF protein
present in whole retinas of diabetic rats (Fig. 3) was localized
to the GCL, and it parallels the observed increase in CTGF
mRNA in the GCL in diabetic rats (Fig. 2, B and C). Treatment
of diabetic rats with the ACE inhibitor perindopril (Fig. 4D)
inhibited the up-regulation of CTGF immunostaining in the
GCL that was observed in untreated diabetic rats.

Discussion

This study has demonstrated the presence of CTGF mRNA
and protein in the normal adult rat retina. Moreover, we have
shown that the levels of both CTGF mRNA and protein are
increased in the retina after streptozotocin-induced diabetes
and that this increase could be attenuated with the ACE
inhibitor, perindopril.

Despite the occurrence of apoptosis, fibrovascular prolif-
eration, and neovascularization in diabetic retinopathy, pro-
cesses that can occur in cells and tissues as a result of CTGF
induction, there have been no studies examining the expres-
sion of CTGF in any type or grade of diabetic retinopathy.
CTGF immunostaining has recently been localized to both
cellular and fibrotic regions of epiretinal membrane in non-
diabetic proliferative vitreoretinopathy (17). Although the
link between hyperglycemia and CTGF up-regulation has
not been previously reported in the diabetic retina, other
studies have documented both in vitro and in vivo increases

FIG. 1. Quantitation of CTGF mRNA in control (Con; n 	 6), diabetic
(Diab; n 	 6), and diabetic plus perindopril-treated (Diab � Peri; n 	
6) rats, measured by real-time RT-PCR. Data are shown as the
mean � SEM. *, P � 0.01 vs. control; †, P � 0.01 vs. diabetic plus
perindopril.

FIG. 2. Localization of CTGF mRNA by in situ hybridization to the
GCL using a 35S-labeled riboprobe in control (A), diabetic, lightfield
(B) and darkfield (C), and diabetic plus perindopril-treated retina (D).
Original magnification, �850.

FIG. 3. Western immunoblot of whole retina preparations obtained
from samples of control (lane 1), diabetic (lane 2), and diabetic plus
perindopril-treated (lane 3) animals run under reducing conditions
and after probing with a polyclonal antibody to residues 223–348 of
human CTGF. The immunoreactive bands detected were for mono-
meric CTGF (
36–38 kDa), a dimeric form of CTGF (
70 kDa), and
low molecular mass fragment forms of CTGF.
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in CTGF in response to hyperglycemia and to the diabetic
milieu in a range of nonretinal cell populations (18, 19) and
at various sites of diabetic vascular complications, including
the kidney (14, 19) and aorta (20).

A variety of cellular mechanisms could mediate CTGF
up-regulation in the retina by diabetes. CTGF can be in-
creased by reactive oxygen species (21), advanced glycosyl-
ation end products (22), cellular stretch (23), TGF� (18), pro-
tein kinase C (PKC)-dependent pathways (24), and hypoxia
(25), albeit in a variety of cell types. Each of these factors is
more active in diabetic retinopathy. In addition, CTGF ex-
pression is induced in bovine retinal capillary cells by VEGF
(9), itself a factor strongly implicated in diabetic retinal com-
plications. That the rodent model of diabetic eye disease
presented in this current work is a preproliferative model of
diabetic retinopathy that demonstrates early retinal changes
of increased permeability and increases in VEGF (11) is con-
sistent with the concept that one of the factors that up-
regulates retinal CTGF may be VEGF.

The GCL is the main site of CTGF mRNA and protein
up-regulation in the diabetic retina in this study. In addition
to retinal ganglion cells, this layer contains astrocytes, and
the end-feet of another population of retinal glial cells, Mül-
ler cells. Although the precise site of CTGF production can-
not be deduced from these experiments alone, we postulate
that it is produced by astrocytes and/or Müller cells. Pre-
vious studies have detected CTGF in astrocytes, ependymal
cells, and tanycytes (26), whereas Müller cells have been
reported to synthesize VEGF and its tyrosine kinase recep-
tors (27, 28). After the production of CTGF by these cells, the
factor may either remain within the cell or be deposited

outside the cell, leading to the accumulation of extracellular
matrix.

Whether CTGF acts predominantly in an intracrine, au-
tocrine, or paracrine manner in the retina has yet to be de-
termined, as does the identification of a functional receptor
for CTGF. Recently, the integrin �v�3 has been reported to
function as a receptor on endothelial cells for CTGF-medi-
ated endothelial cell adhesion, migration, and angiogenesis
(5, 6). Furthermore, immunoreactivity for the integrin �v�3/
�v�5 has been detected in retinal and intravitreal growing
vascular cells, the GCL, and the inner and outer nuclear
layers in the retina in a murine model of ischemia-induced
retinal neovascularization (29). Thus, integrin �v�3 appears
to be a likely candidate as a site of cellular CTGF binding in
the retina.

CTGF protein exists in a number of molecular weight
forms, including glycosylation variants, proteolysed frag-
ments, and high molecular weight forms (15, 22, 30). In this
study we observed that retinal CTGF exists in monomeric,
high molecular weight, immunoreactive and fragment forms
by Western immunoblot. These immunoreactive forms were
specifically detected on Western immunoblot using a num-
ber of anti-CTGF antisera, including antisera directed against
differing ends of the CTGF molecule. CTGF has a self-dimer-
ization domain, and rodent as well as human CTGF have
been shown by others to exist in a molecular weight form
consistent with CTGF homodimers (15). Whether dimeric
CTGF varies in its bioactivity compared with monomeric
CTGF has not been reported.

The exact consequences of up-regulation of CTGF in the
GCL in diabetic retina are speculative. In addition to its role

FIG. 4. CTGF immunoreactivity (dilu-
tion of 1/500) in control (A), diabetic (B
and C), and diabetic plus perindopril-
treated (D) retinas, showing localiza-
tion to the GCL. Original magnification,
�850; except for C, �1700.
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in ECM production, cell adhesion, neovascularization, and
fibroblast proliferation (7, 8), CTGF is involved in apoptosis
(31, 32). This may in part explain the finding that retinal
ganglion cells are significantly reduced in experimental di-
abetes (33). That CTGF alone induces neovascularization in
vascular endothelial cells and yet may bind directly to VEGF
and modulate VEGF-mediated vascular neogenesis (34) ex-
emplifies the complex behavior of this growth factor. Clearly,
further in vitro and in vivo studies need to be performed
before the role of CTGF in various cell types and stages of
diabetic retinopathy is defined. The current studies of CTGF
in the diabetic retina together with the growing body of work
implicating CTGF as a factor contributing to renal compli-
cations in diabetes (19, 35, 36) suggest that CTGF may be a
mediator in the development of complications in a number
of microvascular tissues in diabetes.

A major finding from this study was that the ACE inhib-
itor, perindopril, resulted in a significant attenuation of both
the CTGF mRNA and protein up-regulation in the diabetic
retina. Using immunohistochemistry and in situ hybridiza-
tion, this reduction was localized to the retinal GCL. This
result suggests that angiotensin II (Ang II) mediates, at least
in part, the overexpression of CTGF in the retina of diabetic
rats. Whether the effect of perindopril on CTGF in the current
work is through the observed attenuation of blood pressure
or through other mechanisms is unclear. Although this is the
first study to examine the association between the renin-
angiotensin system and CTGF in diabetic retinopathy, a re-
cent study by our group has shown that perindopril treat-
ment inhibits the overexpression of CTGF in the aorta of
diabetes-induced apolipoprotein E-deficient mice (20). Fur-
thermore, Ang II has been shown to partly mediate the over-
expression of the CTGF gene in arterial smooth muscle cells
in an experimental model of cyclosporine-induced myocar-
dial damage (37). More recently, angiotensin II-induced
CTGF expression in vascular smooth muscle cells was shown
to involve a range of intracellular signals, including PKC and
reactive oxygen species (38). Furthermore, it has previously
been shown that ACE inhibition reduces retinal PKC expres-
sion in experimental diabetes (39).

In addition to a direct effect of Ang II on the regulation of
CTGF in the diabetic retina, Ang II may mediate the in-
creased CTGF expression indirectly, via the up-regulation of
VEGF. In vitro experiments have shown that Ang II directly
stimulates the secretion of VEGF in cultured vascular smooth
muscle (40) and in cardiac endothelial cells (41, 42). ACE
inhibition has also been shown to reduce retinal VEGF ex-
pression in streptozotocin-induced diabetic rats (11) as well
as in the model of retinopathy of prematurity (43). Together
with the findings that CTGF is induced by VEGF via the
VEGF receptors, kinase domain receptor and Flt1, in retinal
vascular cells (9), the increase in CTGF in the diabetic retina
may be a result of the induction of VEGF by Ang II.

In summary, these results have provided evidence that
CTGF mRNA and protein are expressed in the GCL and inner
nuclear layer in the adult rat retina. More importantly, CTGF
mRNA and protein are up-regulated in the GCL after strep-
tozotocin-induced diabetes, an increase that could be atten-
uated using the ACE inhibitor, perindopril. This study sug-
gests that Ang II-mediated CTGF expression, either directly

or indirectly via the up-regulation of VEGF induced by di-
abetes, may contribute to the pathogenesis of diabetic reti-
nopathy. However, one must be cautious in interpreting
these findings, because animal models of diabetic retinopa-
thy do not exhibit advanced retinal lesions such as those seen
in man.
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