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Connective tissue growth factor (CTGF) is a polypep-
tide implicated in the extracellular matrix synthesis.
Previous studies have provided evidence that angio-
tensin II (Ang II) promotes collagen synthesis and
regulates collagen degradation. We investigated
whether or not CTGF mediates the profibrotic effects
of Ang II in the heart and kidneys and the role of
calcineurin-dependent pathways in CTGF gene regu-
lation. In transgenic rats harboring human renin and
angiotensinogen genes, Ang II induced an age-depen-
dent increase in myocardial CTGF expression, which
was 3.5-fold greater compared to normotensive
Sprague Dawley (SD) rats. CTGF overexpression cor-
related closely with the Ang II-induced rise in blood
pressure. CTGF mRNA and protein were located pre-
dominantly in areas with leukocyte infiltration, myo-
cardial, and vascular lesions and co-localized with
TGF�1, collagen I, and collagen III mRNA expres-
sions. Ang II induced CTGF mRNA and protein to a
lesser extent in the kidneys, predominantly in glo-
meruli , arterioles, and in the interstitium with ample
inflammation. However, no expression was found in
the right ventricle or pulmonary arteries. Blockade of
calcineurin activity by cyclosporine A completely
normalized Ang II-induced CTGF overexpression in
heart and kidney, suppressed the inflammatory re-
sponse, and mitigated Ang II-induced cell prolifera-
tion and apoptosis. In contrast, blockade of mTOR
(target of rapamycin) pathway by everolimus, further
increased the expression of CTGF even though
everolimus ameliorated cell proliferation and T-cell-
mediated inflammation. Our findings provide evi-
dence that CTGF mediates Ang II-induced fibrosis in
the heart and kidneys via blood pressure and cal-

cineurin-dependent pathways. (Am J Pathol 2003,
163:355–366)

Hypertensive heart disease includes myocyte and non-
myocyte growth that lead to an adverse structural remod-
eling of the intramural coronary arteries and extracellular
matrix.1 The accumulation of excess fibrillar collagen is
believed to be an important pathophysiological process
that also contributes to congestive heart failure and end-
stage renal disease.2,3 The precise mechanisms respon-
sible for extracellular matrix protein accumulation in the
heart and kidneys are poorly understood. However, in
addition to mechanical load, autocrine, paracrine, and
endocrine factors such as angiotensin II (Ang II), aldo-
sterone, endothelin-1 (ET-1), bradykinin, nitric oxide
(NO), and prostaglandins, play important roles in the
regulation of cell growth, apoptosis, cell differentiation,
and matrix turnover.1 The structural homogeneity of the
heart and kidneys may thus be regulated by the balance
between stimulatory and inhibitory factors.4

Much attention has been paid to the central role of
transforming growth factor �1 (TGF�1) in the pathogene-
sis of myocardial and renal fibrosis.5,6 Connective tissue
growth factor (CTGF), a member of the recently de-
scribed CCN (CYR61/CEF10, CTGF/FISP-12, and nov)
gene family,7 is a novel cysteine-rich fibrogenic protein
induced by TGF�1. CTGF is overexpressed in various
fibrotic disorders such as renal fibrosis, myocardial in-
farction, and atherosclerosis.8–10 The mechanisms of
CTGF action at the cellular level are poorly understood.
Previous studies have demonstrated that adhesion of
endothelial cells, platelets, and fibroblasts to CTGF is
mediated through integrin receptors.11 Recently Segarini
et al12 identified the low density lipoprotein receptor-
related protein/�2-macroglobulin receptor (LRP2) as
receptor for CTGF.

The renin-angiotensin system (RAS) also participates
in the regulation of collagen synthesis, and cross-talks
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with local growth factors.3 Ang II induces extracellular
matrix protein synthesis and accumulation via AT1-recep-
tor stimulation. The effects of Ang II on fibrillar collagen
synthesis are principally mediated through TGF�1 and
endothelin-1 (ET-1).13–16 Whether or not Ang II induces
CTGF gene expression is currently unknown. Ang II may
also regulate collagen degradation by attenuating matrix
metalloproteinase activities, and by enhancing the pro-
duction of TIMP-1.17–20

We investigated CTGF in transgenic rats harboring
human renin and angiotensinogen genes (dTGR). We
then examined whether or not calcineurin-dependent
pathways participate in regulating CTGF gene expres-
sion. Since Ang II-induced protein synthesis and vascular
hypertrophy are strongly dependent on p70 S6 kinase
activation,21,22 we also studied the effects of p70 S6
inhibition by SDZ RAD (everolimus).

Materials and Methods

Experimental Animals, Drug Treatments, and
Sample Preparation

We used 3- to 4-week-old male dTGR and age-matched
normotensive Sprague Dawley (SD) rats. The dTGR are
described elsewhere.23,24 The protocols were approved
by the Animal Experimentation Committee of the Univer-
sity of Helsinki, Finland, whose standards correspond to
those of the American Physiological Society. The rats had
free access to chow (NaCl 0.8%) and drinking water.
Blood pressure- and body weight-matched dTGR and
normotensive SD control rats were divided into four
groups: dTGR control group (n � 15), dTGR � cyclo-
sporine A (CsA) group (n � 10), dTGR � SDZ RAD group
(n � 10), and SD control group (n � 10). CsA (2 mg/kg/d
s.c.) (Novartis, Basel, Switzerland) and SDZ RAD (2.5
mg/kg/d p.o.) (Novartis, Basel, Switzerland) were given
for 3 weeks.25,26 As an additional control group, a parallel
dTGR group was treated with valsartan (30 mg/kg/day
p.o., Novartis, Basel, Switzerland) for 3 weeks.27 The
temporal expression of CTGF mRNA in the heart and
kidney was examined in dTGR and SD samples taken
between postnatal weeks 4 and 7. Systolic blood pres-
sure was measured from pretrained rats by using a tail
cuff blood pressure analyzer (Apollo-2AB Blood Pressure
Analyzer, Model 179–2AB, IITC Life Science, Woodland
Hills, CA, USA). At the age of 4, 5.5, and 7 weeks, urine
was collected over 24 hours in metabolic cages for albu-
min measurements. Rats were then anesthetized with
CO2/O2 (AGA, Riihimäki, Finland) and decapitated. The
heart and kidneys were excised, washed with ice-cold
saline, blotted dry, and weighed. The right ventricle and
pulmonary artery were also harvested. Tissue samples
were snap-frozen in liquid nitrogen and samples for im-
munohistochemistry in isopentane (� 35°C). Samples for
conventional morphology, determination of apoptosis,
and in situ hybridization were fixed with 10% formaline
and processed in paraffin with routine techniques.

Myocardial and Renal Morphology

Our histological techniques for kidney and heart morphol-
ogy are described elsewhere.28,29 We relied on a quan-
titative grading scale for kidneys viewed by a pathologist
unaware of the regimens as follows: 0) normal arteriolo-
glomerular unit with open capillary lumens and a normal
afferent arteriole, arcuate and interlobular vessels nor-
mal, no tubular atrophy, interstitial inflammation, or inter-
stitial fibrosis; 1) slight thickening of the media of the
afferent arteriole, some mesangial thickening, open cap-
illary lumens in the glomerulus, patchy atrophy of tubular
epithelium, small interstitial fibrotic scars, minimal medial
thickening in larger vessels, no signs of inflammation; 2)
marked mesangial thickening, partly collapsed capillar-
ies in the glomerulus, arteriolar thickening, diffuse tubular
atrophy and small interstitial fibrotic scars, clear medial
thickening in larger vessels, occasional inflammatory in-
filtrate in the interstitium; 3) necrotic arteriologlomerular
units with medial and intimal thickening of the arteriolar
wall, diffuse tubular atrophy with proteinaceous casts,
patches of interstitial fibrosis, sometimes fibrinoid necro-
sis of larger vessels, inflammatory infiltrate in the intersti-
tium; and 4) necrotic arteriologlomerular units, necrosis of
afferent arteries, fibrinoid necrosis and occlusion of the
interlobular or arcuate arteries with thrombotic material,
atrophic and necrotic tubuli, evident interstitial fibrosis,
strong interstitial inflammation.

Furthermore, for the hearts, the arteries and ventricular
fibrous tissue formation were also evaluated in a blinded
fashion. Each sample was scored from 0 to 4 according
to morphological changes as follows: 0) myocardial ves-
sels normal, no excessive ventricular connective tissue
formation; 1) normal intima, media slightly thickened or
normal, slight increase of connective tissue around the
epicardial and intramuscular arteries; 2) normal intima,
clear medial thickening and adventitial scarring in epicar-
dial and intramuscular arteries, patchy increase of slen-
der connective tissue bundles; 3) intimal hyperplasia,
clear medial thickening and adventitial scarring in epicar-
dial and intramuscular arteries, evident myocardial in-
farcts/scars with inflammation; and 4) intimal hyperplasia,
fibrinoid necrosis of the arteries with marked medial thick-
ening and adventitial scarring, evident myocardial in-
farcts/scars with inflammation.

Northern Blots

Total RNA was collected from the heart and kidney of
7-week-old rats by the method of Chomczynski and Sac-
chi.30 Total RNA were size-separated by electrophoresis
on agarose gels whence it was blotted to nylon mem-
branes (MagnaGraph Nylon Transfer Membrane; Micron
Separations Inc., Westborough, MA; PosiBlot, Strat-
agene, La Jolla, CA). The membranes were UV-
crosslinked and stored at 4°C until hybridization. The
cDNA clones for human CTGF mRNA 1.1kb in pRc/CMV,
rat pro�1 (I) collagen mRNA (�1 R2), rat TGF�1, rat pro�1
(III) collagen mRNA (pRGR5), and rat GAPDH mRNA as
a reference probe were labeled with (32P) dCTP by ran-
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dom priming (High Prime DNA labeling kit, Boehringer
Mannheim, Mannheim, Germany). The hybridization was
performed at 42°C for 18 hours. The filters were washed
and the bound probes were detected by autoradiogra-
phy at �70°C using Kodak X-omat films (Eastman Kodak
Company, Rochester, NY). The films were developed and
scanned. The band intensities were measured with com-
puter densitometry (Bio Image Intelligent Quantifier, B. I.
Systems Corp., Ann Arbor, MI). The amount of detected
mRNA for CTGF, TGF�1, pro�1 (I) collagen, and pro�1
(III) collagen were calculated in relation to the expression
of GAPDH mRNA of the corresponding sample.

Quantitative Real-Time Reverse Transcriptase
PCR Assay (RT-PCR) for CTGF

Total RNA from the hearts of 4-week-old SD and dTGR
and from the right ventricle of 7-week-old SD and dTGR
were collected, treated with DNAase 1 (Deoxyribonucle-
ase 1, Sigma Chemical Co., St. Louis, MO, USA), and
reverse-transcribed to cDNA by incubation for 50 min-
utes at 45°C in the presence of reverse transcriptase
(Enhanced Avian HS RT-PCR kit, Sigma). Two �l of cDNA
was subjected to a quantitative real time polymerase
chain reaction (PCR) by Lightcycler Instrument (Roche
Diagnostics, Neuilly sur Seine, France) for the detection
of CTGF mRNA and GAPDH mRNA. Samples were am-
plified using FastStart DNA Master SYBR Green 1 (Roche
Diagnostics) in the presence of 0.5 �mol/L forward and
reverse primers. The following RT-PCR primers for CTGF
and GAPDH were used: CTGF forward GGCAGGGC-
CAACCACTGTGC; CTGF reverse CAGTGCACTTGCCT-
GGATGG; GAPDH forward TGGGGCAGCCCAGAA-
CATCA; GAPDH reverse GCCGCCTGCTTCACACCTT
(Sigma Genosys, United Kingdom). PCR amplifications
consisted of 10 minutes at 95°C following 40 cycles of 15
seconds at 95°C, 5 seconds at 57°C, 10 seconds at 72°C
for CTGF, amplified product 167 bp in size; 10 minutes at
95°C following 37 cycles of 15 seconds at 95°C, 5 sec-
onds at 66°C, 18 seconds at 72°C for GAPDH, amplified
product 198 bp in size. After amplification, the quality of
the PCR products were analyzed with a melting step
consisting of 95°C for 0 seconds, cooling to 63°C for 15
seconds, and finally a slow rise in the temperature to
95°C with continuous acquisition of fluorescence decline.
The quantities of CTGF and GAPDH PCR products were
quantified with an external standard curve amplified from
a purified PCR product.

In Situ Hybridization

In situ hybridization analysis was performed as described
previously.31 In brief, cDNA clones specific for human
CTGF mRNA (1.1 kb in pRc/CMV, provided kindly by G.
Grotendorst, University of Miami, USA), rat TGF�1 mRNA,
rat pro�1 (I) collagen mRNA (�1 R2), and pro�1 (III)
collagen mRNA (pRGR5) were used for hybridization.
Paraffin sections (5 �m) of the heart, kidney, and pulmo-
nary artery were deparaffinized and hydrated. Pretreat-
ment included incubation with 10 �g/ml proteinase K and

4% paraformaldehyde post-fixation. Sections were hy-
bridized with labeled RNA-probe at 50°C for 18 hours.
The slides were washed under stringent conditions in-
cluding treatment with RNase A. Digoxigenin-labeled
probes were detected following the methods from DIG-
detection kit (Boehringer Mannheim, Mannheim, Germany).
After 16 hours of color substrate incubation, the slides were
counterstained with hematoxylin and mounted. Staining
was accepted positive when seen with the antisense
probe only.

Immunohistochemistry

Cryosections (5 �m) were treated with acetone (10 min-
utes at �20°C), chloroform (30 minutes at room temper-
ature) and air-dried. Primary antibodies (mouse anti-rat
ED1, ED2, CD4, CD8 (Serotec Ltd, Oslo, Norway), anti-rat
CTGF (for paraffin sections) (Abcam, Cambridge, UK)
and anti-mouse PCNA (Stressgen Biotechnologies Corp.,
Victoria, British Columbia, Canada), were applied for 30
minutes at room temperature. The slides were then
treated with secondary antibody (peroxidase-conjugated
rabbit anti-mouse immunoglobulins; DAKO A/S, Glostrup,
Denmark) for 30 minutes at room temperature. After treat-
ment with the third antibody (HRP-F(ab�)2 goat anti-rabbit
(Zymed, San Francisco, CA) for 30 minutes at room
temperature, the reaction was made visible by an AEC
(3-amino-9-ethyl carbazole) solution containing hydrogen
peroxidase. Finally, the samples were counterstained
with hematoxyline and mounted. From the processed
renal samples, the whole cortical and medullary area was
photographed and the relative amount of primary anti-
body-positive label per sample was determined with
computerized densitometry (Leica IM500 and Leica
QWIN software; Leica Microsystems AG, Heerbrugg,
Switzerland). In situ detection of DNA fragmentation was
made by the TUNEL method according to the procedures
in Apoptosis Detection Kit (Apoptag Peroxidase in Situ
Apoptosis Detection Kit, Intergen Company, Oxford, UK).
In brief, cardiac and renal sections (5 �m) were de-
paraffinized, hydrated, and treated with proteinase K.
Endogenous peroxidase was quenched with 3% hydro-
gen peroxide. Terminal deoxynucleotidyl transferase
(TdT) enzyme was applied on the specimens and incu-
bated at 37°C for 1 hour. The sections were labeled with
anti-digoxigenin conjugate and developed with peroxi-
dase substrate. Finally, the slides were counterstained
with hematoxyline, dehydrated, and mounted. The de-
gree of apoptosis was measured by counting the number
of apoptotic cells (excluding leukocytes) in 10 high-
powered fields for each slide.

Biochemical Determinations

Urinary albumin was measured by ELISA using rat albu-
min as a standard (Celltrend, Luckenwalde, Germany).
Serum lactate dehydrogenase activity was determined
by UV-kinetic analysis (Hitachi 912, United Laboratories,
Helsinki, Finland).
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Statistical Analysis

Data are presented as mean � SEM. Statistically signif-
icant differences in mean values were tested by analysis

of variance and the Fisher’s least significant difference
test (LSD) was used for comparisons between the
groups. The differences were considered significant
when P � 0.05. The data were analyzed by using SYSTAT
statistical software (SYSTAT Inc, Evanston, IL).

Results

Four-week-old dTGR had 25 mm Hg higher systolic blood
pressure, 27% higher cardiac weight to body weight
ratio, and 10-fold increased urinary albumin excretion
compared to age-matched normotensive SD rats (Figure
1). Untreated dTGR developed marked hypertension and
pronounced cardiac hypertrophy during the follow-up
period (Table 1, Figure 2A). At the age of 7 weeks, 24
hour albuminuria in dTGR was 100-fold as compared to
normotensive SD rats (Table 1). Hearts of the untreated
dTGR showed severe pathological alterations (Figure 3B,
Table 1). Epicardial and intramuscular arteries had ad-
ventitial scarring and medial thickening. In addition,
some intramuscular arteries had marked medial/intimal
hyperplasia leading to vessel occlusion. The ventricular
muscle had patches of scars and signs of recent infarcts
with inflammation. Cell proliferation as well as apoptosis
was increased in the hearts of untreated dTGR (Figure 4,
C and D). The kidneys of untreated dTGR had also se-
vere histopathological changes as indicated by in-
creased renal damage index (Table 1). The glomeruli
were either sclerotic or necrotic. There was also marked
perivascular and periglomerular inflammation character-
ized by an abundance of ED1, ED2, CD4, and CD8
immunopositive cells (Table 2). Intrarenal arteries had
varying degrees of medial/intimal hyperplasia and fibrin-
oid necrosis of the vessel wall. The tubules were affected
to a minor extent. There were some necrotic tubules and
a part of the tubules had peritubular fibrosis with inflam-
mation. In the kidneys, Ang II-induced cell proliferation
located in the intrarenal arteries and in the interstitium.
Apoptotic cells located primarily in the epithelium of the
proximal tubules. Treatment with AT1 receptor antagonist
valsartan prevented the Ang II-induced hypertension
(SBP, 122 � 8 mm Hg) and renal inflammatory response
(ED-1, 0.26 � 0.04; ED-2, 0.16 � 0.02) (All variables P �

Figure 1. Systolic blood pressure (SBP, A), cardiac hypertrophy (CW/BW,
B), 24-hour albuminuria (dU-Alb, C), and myocardial CTGF mRNA expres-
sion (D) in SD and dTGR in postnatal week 4. dTGR had higher blood
pressure, cardiac weight-to-body weight ratio, and urinary albumin excretion
rate compared to SD rats. Myocardial CTGF mRNA expression was similar in
SD and dTGR. CTGF mRNA expression was measured by real-time RT-PCR
and calculated in relation to GAPDH mRNA expression of the corresponding
sample. Values are mean � SEM. *, P � 0.05 vs. SD, n � 6 to 10.

Table 1. Blood Pressure, Cardiac Hypertrophy, Albuminuria, Serum Lactate Dehydrogenase Concentration (s-LDH), and Tissue
Damage Indexes in Normotensive Sprague Dawley Rats (SD), Double Transgenic Rats Harboring Human Renin and
Angiotensinogen Genes (dTGR), dTGR Treated with CsA (CsA), and in dTGR Treated with SDZ RAD (SDZ RAD)

Variable SD dTGR CsA SDZ RAD P, ANOVA

Systolic BP (mmHg) 108 � 3 211 � 8* 176 � 11*† 191 � 15* �0.001
Heart weight/body

weight (g/kg)
3.11 � 0.08 5.52 � 0.14* 4.72 � 0.13* 5.60 � 0.40* 0.04

Albuminuria (mg/d)
Week 4 0.4 � 0.4 4.3 � 0.1* 0.7 � 0.1† 2.7 � 0.1* 0.041
Week 5.5 0.3 � 0.1 11.6 � 0.2* 1.5 � 0.1*† 3.7 � 0.1*† 0.001
Week 7 0.3 � 0.1 35.9 � 0.8* 3.5 � 0.2*† 6.1 � 0.1*† �0.001

s-LDH (U/l) 930 � 87 1580 � 232* 999 � 128† 2938 � 1195*†‡ 0.003
Cardiac damage index 0.9 � 0.3 2.4 � 0.2* 2.1 � 0.3* 3.8 � 0.3*†‡ 0.014
Renal damage index 0.5 � 0.2 2.7 � 0.4* 1.3 � 0.2*† 3.3 � 0.5*‡ �0.001

Values are mean � SEM, n � 4–10 in each group.
*, P � 0.05 vs. SD; †P � 0.05 vs. dTGR; ‡P � 0.05 vs. CsA-treated dTGR.
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0.05 compared to dTGR). Albuminuria (1.3 � 0.5 mg/d)
as well as manifest morphological damage in the heart
(1.1 � 0.2) and kidney (1.1 � 0.2) were also prevented by
valsartan (All variables P � 0.05 compared to dTGR).

Temporal Expression of CTGF mRNA in the
Heart and Kidneys

At age 4 weeks, the myocardial CTGF mRNA expression
in dTGR was 34% higher compared to SD rats; however,
this difference did not reach statistical significance (Fig-
ure 1D). Both in the heart and kidney of dTGR, the tem-
poral expression of CTGF mRNA revealed a strong up-
regulation in the gene expression between postnatal
weeks 4 and 5.5 (Figure 2C). The difference in CTGF
mRNA expression between weeks 5.5 and 7 was less
pronounced. At the age of 7 weeks, CTGF mRNA expres-
sion in the heart and kidneys of untreated dTGR was 3.5-
and 1.65-fold higher as compared to normotensive SD
rats, respectively.

Myocardial CTGF, TGF�1, Col I, and Col III
Gene Expressions

In untreated dTGR, CTGF mRNA expression was mark-
edly up-regulated especially in the arterial media (Figure
3B and Figure 4B). A strong CTGF mRNA expression was
also detected in the scars and infarcts of the ventricle,
where the positive label located in the outer boundaries
(fresh infarct) or throughout the area (scar). In the SD
group, a faint CTGF mRNA expression was detected in
the media of epicardial and intramuscular arteries. In the
ventricular muscle only a few positively labeled cells were
seen. In contrast, the CTGF mRNA expression in the right
ventricle of SD and dTGR rats (Figure 5C) indicated a

notable but not significant increase in the amount of
CTGF mRNA in dTGR. In the pulmonary arteries of SD
and dTGR rats (Figure 5, A and B) the CTGF mRNA-
positive signal was almost absent, indicating no differ-
ences between these groups.

Although the amount of TGF�1 mRNA-positive label
was very modest in the heart, it co-localized closely with
CTGF. In general, Col I and Col III mRNA-positive signal
was located in the adventitia of the arteries. In the un-
treated dTGR hearts, there was also Col I and Col III-
positive signals in the myocardial scars. Valsartan pre-
vented Ang II-induced CTGF gene expression
completely (0.31 � 0.05, P � 0.05 vs. dTGR). However,
valsartan had no effect on the gene expression of TGF�1

(0.15 � 0.02), Col I (0.93 � 0.11), or Col III (0.45 � 0.09).

Renal CTGF, TGF�1, Col I, and Col III Gene
Expressions

In the kidneys of dTGR, CTGF mRNA expression local-
ized mainly in the renal corpuscles, arteries, and in the
interstitium (Figure 3D and Figure 4A). There was a
marked up-regulation of CTGF mRNA expression in the
media of the intrarenal arteries. Also, an enhanced ex-
pression was detected in the interstitial and glomerular
areas with inflammation, necrosis, or fibrosis. The SD
group had a slight CTGF mRNA-positive signal mainly in
the same areas as in dTGR rats (Figure 3C). However,
there was no detectable signal in the tubules or intersti-
tium, whereas a diffuse signal was expressed in the
vascular media. The location of TGF�1 mRNA in the
kidneys of dTGR closely resembled the pattern found
with CTGF mRNA, even though the amount of positive
label was less than that seen with the CTGF probe (Table
3). In the SD group, in situ hybridization indicated Col III

Figure 2. Systolic blood pressure (SBP, A), 24-hour albuminuria (dU-Alb, B), and CTGF gene expressions in the heart and kidney (C) in dTGR during postnatal
weeks 4 to 7. CTGF mRNA expression was measured by Northern blot and calculated in relation to GAPDH mRNA expression of the corresponding sample. There
was a age-dependent increase in blood pressure, albuminuria, and CTGF mRNA expression in dTGR. Values are mean � SEM, n � 4 to 10 in each group.
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mRNA expression mainly in the adventitia of intrarenal
arteries. Neither glomeruli nor interstitium had any
marked Col III expression. The amount of Col III expres-
sion was moderately up-regulated in the dTGR group
(Table 3). This increment was localized in the interstitium
and thickened adventitial layers of arteries. The glomeruli
had different amounts of positive label. Necrotic glomer-
uli had the largest amount of Col III mRNA expression
surrounding the Bowman’s capsule, whereas fibrotic glo-
meruli were thoroughly positively labeled. The interstitium
had abundant label in the cortical fibrotic areas surround-
ing the atrophied tubuli and damaged glomeruli. The
expression of Col I resembled the expression of Col III,
though the amount of positive label was consistently less
than with the Col III probe. Treatment with valsartan pro-
tected effectively against Ang II-induced increases in
CTGF (0.78 � 0.09), TGF�1 (0.79 � 0.19), and Col III
(0.83 � 0.19) gene expressions (all values P � 0.05 vs.

dTGR). Col I expression was suppressed to a lesser
extent by valsartan (0.82 � 0.09).

Effects of Calcineurin Inhibition on Ang II-
Induced Tissue Damage and CTGF mRNA
Expression

CsA produced a modest decrease in blood pressure
(�35 mm Hg), partially prevented the development of
cardiac hypertrophy (� 14%), and decreased albumin-
uria by 90% (Table 1). CsA treatment protected against
perivascular inflammation (Table 2), cell proliferation, and
apoptosis (Figure 4, C and D). CsA treatment had no
major effect on the cardiac morphology. Although CsA
seemed to protect against the inflammation and ventric-
ular infarcts, arteries were still affected. In contrast, Ang
II-induced renal damage was effectively prevented. CsA
suppressed the Ang II-induced CTGF mRNA overexpres-
sion both in the heart and kidneys. The amount and
location of the CTGF mRNA-positive label was similar to
the SD group. CsA also totally prevented the induction of
Col I gene and Col III to a partial extent (Table 3).

Effects of mTOR Inhibition on Ang II-Induced
Tissue Damage and CTGF mRNA Expression

Everolimus did not significantly affect blood pressure or
cardiac hypertrophy in dTGR (Table 1). Although everoli-
mus partially prevented the development of albuminuria
in dTGR (Table 1), it increased mortality (6 of 10 in the
everolimus group vs. 4 of 15 in dTGR control group).
Interestingly, the myocardial damage score as well as the
renal damage score tended to be increased by everoli-
mus (Table 1). In the everolimus group there were nu-
merous infarcts with marked accumulation of leukocytes.
Intramuscular arteries had evident medial/intimal hyper-
plasia occluding the vessels. The larger epicardial arter-
ies were notably thickened and had areas of fibrinoid
necrosis and inflammation. Lesions of the intrarenal ar-
teries were similar but more severe than in the dTGR
group. Proximal tubules were necrotic and patches of
interstitial fibrosis and ED1/ED2-positive inflammatory
cells were seen throughout the sample. However, everoli-
mus partially attenuated T-cell-mediated inflammatory re-
sponse and cell proliferation in the kidneys (Table 2,
Figure 4C).

Everolimus-treated dTGR showed very intense CTGF
mRNA expression in the heart. As in the untreated dTGR
group, the CTGF mRNA expression located mainly in the
infarcted areas and vascular media. There was also a
marked induction of TGF�1, Col I, and Col III genes in the
heart of everolimus-treated dTGR that co-localized with
CTGF mRNA expression (Table 3). Treatment with
everolimus resulted in a marked induction of CTGF gene
also in the kidneys, especially in the inflamed areas of
interstitium, glomeruli, and arteries. Similar to cardiac
samples, the expression of TGF�1 Col I, and Col III genes
were markedly up-regulated in the everolimus-treated

Figure 3. Representative photomicrographs of the CTGF mRNA and protein
expressions in the kidney and heart of dTGR and SD rats. Faint CTGF mRNA
expression was found in the heart (A) and kidney (C) of SD rat, whereas in
dTGR, myocardial (B), and renal (D) CTGF mRNA expressions were intense.
In situ hybridization with hematoxyline counterstaining. CTGF mRNA-posi-
tive label can be seen especially in the vascular media and in areas with
inflammatory response (magnification, �200). E and F show the CTGF
protein expression in the kidney and heart of dTGR, respectively. Immu-
nopositive label locates mainly in the vasculature. Hematoxyline counter-
staining (magnification, �400).
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dTGR. Everolimus increased the number of apoptotic
cells both in the heart and kidneys (Figure 4D).

Discussion

CTGF is a novel cysteine-rich growth factor of the CCN
family, which is involved in cell proliferation, migration,

and extracellular matrix production.32,7 The important
finding in our study was that, in dTGR, Ang II induces
myocardial and renal CTGF mRNA and protein expres-
sion via AT1 receptor. The effect appeared to be age-
and blood pressure-dependent. Although the myocardial
CTGF mRNA expression was similar in 4-week-old juve-
nile SD and dTGR rats, an intense Ang II-induced CTGF

Figure 4. Effects of CsA and SDZ RAD treatments on CTGF gene expression in the kidney (A) and heart (B), on cell proliferation (C) and apoptosis (D) in dTGR.
Cell proliferation in the kidney was assessed by anti-PCNA immunohistochemistry. Values represent the percentage of positive signal per total surface area. The
number of apoptotic cells (excluding leukocytes) was counted in 10 randomly selected high-power fields per sample (n � 4 to 6). CsA prevented Ang II-induced
increases in renal and myocardial CTGF mRNA expressions, cell proliferation, and apoptosis. Values are mean � SEM. *, P � 0.05 compared to SD controls;
†, P � 0.05 compared to dTGR; ‡, P � 0.05 compared to CsA-treated dTGR.
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mRNA overexpression was found in dTGR already at age
5.5 weeks when the rats had not yet developed malignant
hypertension. Our findings thus underscore the impor-
tance of CTGF in the early pathogenesis of Ang II-in-
duced hypertension and tissue fibrosis. We here also
demonstrated that CTGF mRNA expression was more
pronounced in the heart compared to the kidney, and
co-localized very closely with leukocyte infiltration, as
well as TGF�1, Col I, and Col III gene expressions. Our
study thus provides evidence that Ang II-induced CTGF
gene expression may also be mediated by the inflamma-
tory response in the vascular wall. Finally, the complete
normalization of myocardial and renal CTGF mRNA over-
expression in dTGR by cyclosporine A indicated that
calcineurin-dependent pathways are involved in the
CTGF gene regulation.

Hypertension, vascular inflammation, and end-organ
damage in dTGR are due to increased Ang II synthesis
by the human RAS transgenes. Ang II concentrations in
the circulation and in tissues are about fivefold higher in
dTGR compared to non-transgenic SD controls.27,33 We
have previously shown that myocardial, renal, and vas-
cular damage in dTGR are age-dependent. In fact, im-
mediately after weaning at age 3 to 4 weeks, myocardial
and renal tissue morphology by light microscopy are

indistinguishable between dTGR and normotensive SD
rats. However, blood pressure, cardiac hypertrophy, and
24-hour albuminuria, are slightly increased in dTGR al-
ready at that age. Furthermore, marked inflammatory cell
recruitment, mainly consisting of monocytes and macro-
phages, as well as up-regulation of adhesion molecules
VCAM-1, ICAM-1, and the extracellular matrix component
fibronectin, are present in the early age of dTGR.27,34

These findings suggest that Ang II triggers inflammatory
response and exerts direct pro-inflammatory effects in
part by blood pressure-independent mechanisms related
to activation of the redox-sensitive transcription factors
NF-�B and AP-1 as well as oxidative stress. In the present
study, CTGF mRNA was also expressed in the heart,
kidneys, and vasculature in a time-dependent manner.
Myocardial CTGF mRNA expression was similar in
4-week-old SD and dTGR rats. Marked up-regulation of
myocardial and renal CTGF gene expression occurred
between postnatal weeks 4 and 5.5, and to a lesser
extent between weeks 5.5 and 7. Our findings thus pro-
vide evidence that the up-regulation of CTGF gene oc-
curs at the onset of Ang II-induced hypertension before
overt myocardial and renal damage. To further elucidate
the role of blood pressure in regulating the expression of
CTGF gene, we examined the CTGF mRNA level in the

Table 2. Immunohistochemical Markers of Renal Leukocyte Infiltration (ED1, ED2, CD4, and CD8) and Cell Proliferation (PCNA)
in Normotensive Sprague Dawley Rats (SD), Double Transgenic Rats Harboring Human Renin and Angiotensinogen
Genes (dTGR), dTGR Treated with CsA (CsA), and in dTGR Treated with SDZ RAD (SDZ RAD)

Variable SD dTGR CsA SDZ RAD P, ANOVA

ED1 0.19 � 0.05 1.20 � 0.16* 0.27 � 0.06† 1.35 � 0.25*‡ �0.001
ED2 0.15 � 0.03 0.41 � 0.07* 0.19 � 0.03† 0.37 � 0.08*‡ 0.006
CD4 0.12 � 0.01 0.38 � 0.07* 0.14 � 0.02† 0.25 � 0.06*‡ 0.001
CD8 0.08 � 0.02 0.28 � 0.08* 0.09 � 0.01† 0.07 � 0.01† 0.004
PCNA 0.01 � 0.00 0.13 � 0.03* 0.02 � 0.01† 0.07 � 0.02*† �0.001

Values are expressed as the percentage of the immunopositive label per total surface area.
Means � SEM are given, n � 4–6 in each group.
*P � 0.05 vs. SD; †P � 0.05 vs. dTGR; ‡P � 0.05 vs. CsA-treated dTGR.

Figure 5. CTGF mRNA expression in the pulmonary artery and right ventricle of dTGR and SD rats. There was only a faint CTGF mRNA expression in the
pulmonary arteries of SD rats (A) and dTGR (B). CTGF mRNA in situ hybridization (magnification, �400). No significant difference in CTGF mRNA expression
was found in the right ventricle of SD and dTGR rats (C).
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right ventricle of 7-week-old SD and dTGR rats. The
amount of right ventricular CTGF mRNA in dTGR was not
significantly higher than in the SD rats. In addition, the
almost complete absence of CTGF mRNA-positive signal
in the pulmonary arteries of SD and dTGR suggest an
important role for Ang II-induced rise in blood pressure in
the regulation of CTGF gene expression. Furthermore, we
showed earlier that myocardial CTGF mRNA expression
correlated with systolic blood pressure in SHR.29 Cell
culture studies have also revealed that static pressure
enhances CTGF gene expression.35 Chronic valsartan
treatment completely prevented CTGF overexpression
both in the heart and kidney. Our findings thus indicate
that the profibrotic effects of Ang II are blood pressure-
dependent and mediated via AT1-receptor.

The CTGF gene contains several regulatory elements
such as AP-1, CaG, TATA, M-TAT, SPI, and a unique
TGF�1-response element.7,32 Although several factors
are capable of regulating CTGF gene expression, CTGF
appears to be transcriptionally activated primarily
through TGF�1. Besides TGF�1, CTGF gene expression
is also regulated by high glucose, TNF�, VEGF, cortisol,
cAMP, thrombin, prostaglandin E2, drugs such as iloprost
and statins, as well as with cytomegalovirus infec-
tion.36–45 Furthermore, other growth factors such as
PDGF, EGF, and FGF also activate CTGF gene expres-
sion at the transcriptional level.7,32 Previous studies have
provided compelling evidence that Ang II induces fibro-
sis in the heart and kidneys primarily through the TGF�1

pathway.3,17,19 Therefore, the marked up-regulation of
cardiac and renal CTGF mRNA and protein expression
found in dTGR is likely to be mediated through TGF�1.
The close co-localization of CTGF gene expression with
Col I and Col III mRNA expressions supports this notion.
However, we were able to demonstrate a marked in-
crease in TGF�1 mRNA expression by Northern blot only
in the kidneys suggesting that, in the myocardium, CTGF
gene may have been activated via alternative transcrip-
tional pathways.

CTGF transcriptional gene regulation may also be
linked to Ang II-induced oxidative stress. Ang II stimu-
lates NADPH oxidase to produce reactive oxygen spe-
cies (ROS), which participate in the regulation of VSMC
growth, induction of vascular inflammatory response, im-
pairment of endothelial-dependent vascular relaxation,
and pathogenesis of cardiac hypertrophy.46 The mecha-

nisms whereby Ang II induces NADPH oxidase are not
completely understood. Previous studies by Touyz et
al47,48 have provided evidence that Ang II-induced acti-
vation of NADPH oxidase is linked to activation of phos-
pholipase D and protein kinase C, phosphorylation of
p47phox, translocation of cytosolic subunits, and de novo
protein synthesis. Interestingly, Ang II alone, even at
micromolar concentrations, has little if any effect on
CTGF mRNA level in cardiac fibroblasts.49 Previously we
have shown that in dTGR, Ang II-mediated leukocyte
infiltration and adhesion molecule overexpression are
due to Ang II-induced ROS formation and activation of
the redox-sensitive transcription factors NF-�B and AP-
1.50 Very recently, we showed that Ang II controls the
migration of mature dendritic MHC II-positive cells whose
maturation process seemed to be controlled by TNF�.51

In contrast, blood pressure did not influence the matura-
tion process as the infiltration of immune cells and result-
ant vascular damage was prevented by dexamethasone
without lowering of blood pressure.51

We noticed that myocardial CTGF mRNA expression in
dTGR was markedly up-regulated in the vascular media
and in the infarcted areas. Renal CTGF mRNA was local-
ized mainly in the medial layer of the arteries, in the
interstitium, and in the necrotic glomeruli. Interestingly,
both in the heart and kidneys, CTGF expression co-
localized very closely with infiltrated leukocytes suggest-
ing an important role for inflammatory response in CTGF
gene regulation. The increased CTGF mRNA expression
in areas with local inflammation could have resulted from
the release of ROS, thrombospondin-1, and TGF�1 from
the mononuclear phagocytes. In support of this notion,
ROS induced CTGF gene expression in human lens ep-
ithelial cells.52 In addition, CTGF is up-regulated in
sclerodermal skin fibroblasts that also release more O2

and H2O2 in vitro compared to normal fibroblasts.53,54

Recently Candido et al demonstrated a marked vascular
CTGF overexpression in diabetic APO-E knock-out mice,
which was inhibited by ACE inhibitor therapy. This finding
suggests a role for Ang II-induced inflammatory response
and oxidative stress in the pathogenesis of CTGF gene
regulation.55

The calcium-calmodulin, Ser/Thr protein phosphatase
calcineurin (PP2B) and its downstream transcriptional
effector nuclear factor of activated T cells (NFAT) play
pivotal roles in the immune response. Activation of cal-

Table 3. Myocardial and Renal mRNA Expressions of Collagen I, Collagen III, and TGF�1 in Normotensive Sprague Dawley Rats
(SD), Double Transgenic Rats Harboring Human Renin and Angiotensinogen Genes (dTGR), dTGR Treated with CsA
(CsA), and in dTGR Treated with SDZ RAD (SDZ RAD), GAPDH mRNA Expression Was Used for Normalization

Variable SD dTGR CsA SDZ RAD P, ANOVA

Heart
Collagen I 0.53 � 0.1 0.99 � 0.16* 0.36 � 0.1† 1.31 � 0.31*‡ 0.003
Collagen III 0.17 � 0.03 0.62 � 0.1* 0.51 � 0.1 1.31 � 0.34*†‡ 0.001
TGF�1 0.22 � 0.07 0.18 � 0.03 0.19 � 0.04 0.71 � 0.42*†‡ 0.13

Kidney
Collagen I 0.59 � 0.13 1.27 � 0.05* 0.83 � 0.11 2.11 � 0.45*†‡ 0.001
Collagen III 0.76 � 0.14 1.33 � 0.32* 0.76 � 0.09† 2.34 � 0.27*†‡ 0.001
TGF�1 0.73 � 0.18 1.41 � 0.29 0.99 � 0.27 2.67 � 0.57*†‡ 0.006

Means � SEM are given, n � 4–6 in each group.
*P � 0.05 vs. SD; †P � 0.05 vs. dTGR; ‡P � 0.05 vs. CsA-treated dTGR.
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cineurin phosphatase leads to dephosphorylation and
nuclear translocation of NFAT and regulation of several
inducible genes in T cells. In the present study we inves-
tigated the role of calcineurin-dependent pathways in
CTGF gene regulation. We showed that the calcineurin
inhibitor, CsA, effectively prevented Ang II-induced
CTGF mRNA overexpression in the heart and kidneys, as
well as the inflammatory response. Our findings are thus
in good agreement with our previous study showing
marked attenuation of Ang II-induced inflammation and
end-organ damage in dTGR by CsA.56 However, they
appear to contradict previous studies demonstrating a
pronounced up-regulation of TGF�1 and development of
renal fibrosis by CsA in sodium-depleted rats.57 We be-
lieve that the powerful immunomodulatory action of CsA
characterized by complete normalization of Ang II-in-
duced leukocyte infiltration, possibly through the down-
regulation of adhesion molecules in the arterial wall56 as
well as blockade of the synthesis of IL-2 and granulocyte-
macrophage-colony stimulating factor (GM-CSF), were
responsible for preventing the induction of CTGF gene.
Our findings suggest the involvement of macrophage-
derived TGF�1 and ROS in controlling the expression of
CTGF gene. Interestingly, we also noticed that CsA pre-
vented the Ang II-induced increase in the number of
apoptotic cardiomyocytes and renal tubular cells in
dTGR. Previous studies have revealed that CTGF in-
duces apoptosis via down-regulation of the anti-apop-
totic genes.35 Hence the beneficial effects of CsA on Ang
II-induced apoptosis may have been mediated, at least in
part, through normalization of CTGF mRNA and protein
expression.

A common response of cells to both mitogenic and
hypertrophic factors is the activation of protein synthesis.
Previous studies have provided strong evidence that p70
S6 protein kinase plays an important role in Ang II-in-
duced protein synthesis and vascular hypertrophy.21,22

Mammalian TOR (target of rapamycin) regulates cell
growth predominantly via activation of the p70 S6 ki-
nase.58 The novel immunosuppressant everolimus is a
proliferation signal inhibitor that blocks growth factor-
driven proliferation of T cells, B cells, and VSMC by
inhibiting activation of p70 S6 kinase.59 Everolimus has
been shown to reduce acute rejection, limit CsA-induced
nephrotoxicity, protect against cytomegalovirus infec-
tions, and inhibit vascular remodeling.59 Everolimus ef-
fectively prevented the development of albuminuria in
dTGR without any marked changes in systemic blood
pressure. Everolimus also partially blocked the Ang II-
induced accumulation of T cells and cell proliferation.
However, everolimus had no effect on monocyte/macro-
phage infiltration. Furthermore, CTGF and TGF�1 mRNA
expressions, as well as the number of apoptotic cells,
were increased by everolimus. Several mechanisms
could be considered. First, unlike calcineurin inhibitors,
everolimus does not influence leukocyte chemotaxis and
therefore is unable to prevent perivascular monocyte/
macrophage infiltration in the heart and kidneys. In ex-
perimental mesangial proliferative glomerulonephritis
and acute renal failure, mTOR inhibitors have been
shown to cause inflammation and apoptosis.60,61 Myo-

cardial infarctions have also been noted.62 Second, car-
diomyocytes have high need for oxygen provided by
blood vessels. Inhibition of mTOR by rapamycin has
been shown to diminish the action of VEGF and thus
inhibit angiogenesis.63 Therefore mTOR inhibition may
have induced local hypoxia in dTGR, which, in turn, could
act as an inducer of CTGF gene expression.

We believe that our findings have clinical implications.
CTGF has not received much attention as a mediator of
hypertension-induced or Ang II-induced end-organ dam-
age. CTGF co-localized very closely with infiltrated leu-
kocytes, as well as with TGF�1, collagen I, and collagen
III mRNA expressions. Calcineurin inhibition completely
normalized CTGF overexpression in dTGR indicating an
important role for calcineurin pathways in CTGF gene
regulation. The induction of CTGF gene in the heart and
kidneys occurred before any manifest histopathological
damage suggesting a possible diagnostic role for CTGF
in diseases accompanied with inflammation and/or con-
nective tissue accumulation. CTGF may develop into a
therapeutic target, albeit not necessarily via the drugs
used here.
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