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Abstract 
 
Background 
ACE inhibitors (ACEi) are drugs of first choice in proteinuric renal diseases, but the antiproteinuric 
response may vary highly. We previously observed a relative therapy resistance to blockade of the 
renin-angiotensin-aldosterone system (RAAS) during the night. Since higher residual proteinuria is 
associated with more rapid renal function loss, it is important to enhance the nocturnal antiproteinuric 
response. We therefore questioned whether altered dosing of ACEi would overcome the relative 
nocturnal therapy resistance. 
 
Methods 
Fourteen nondiabetic proteinuric patients on stable RAAS inhibition, with residual proteinuria of >1 
gram/day, started with trandolapril (4 mg) in the morning after withdrawal of all other RAAS inhibition. 
Other antihypertensive medication was continued. After 6 weeks, patients were randomised to evening 
(4 mg) or bid (2x2 mg) dosing of trandolapril in a crossover fashion (6 weeks each). Patients collected 
2x24 h urine in day- and nighttime portions every 6-week period. Proteinuria and blood pressure were 
measured. 
 
Results 
Residual proteinuria and blood pressure were equal during all therapy regimen periods. Blood pressure 
day/night rhythm was similar during all periods. Daytime and nighttime proteinuria were similar during all 
dosing periods. Evening and bid dosing resulted in a significantly higher hourly urinary protein excretion 
during the day than during the night, but this did not affect total residual proteinuria. Sodium and protein 
intake were not significantly different among the different dosing regimens. 
 
Conclusion 
Altering the dosing time of the ACEi, trandolapril, does not affect the antiproteinuric response. 
Therefore, once daily dosing of the long-acting ACEi, trandolapril, at maximum dose results in its 
optimal antiproteinuric effect. 

110 



Altered dosing of ACEi

 
 

Introduction 
Intervention in the renin-angiotensin-aldosterone system (RAAS) with ACE inhibitors (ACEi) or 
angiotensin receptor blockers (ARB) is the preferred antiproteinuric therapy for renal disease since 
these drugs reduce proteinuria beyond their blood pressure lowering effect1;2. This specific property of 
RAAS inhibitors results in a reduced rate of renal function loss compared to non-RAAS antihypertensive 
treatment3. Yet, in a given patient population, there is a large variability in antiproteinuric therapy 
response to ACEi4. This is of clinical importance because the lower the residual proteinuria (presumably 
<1 gram) the better kidney function is preserved on the long term5;6. 

Proteinuria usually displays a circadian rhythm with maximum urinary protein excretion during the 
day7, probably involving diurnal changes in blood pressure, renal haemodynamics8;9, glomerular 
permeability9 and tubular reabsorption. We previously observed a relative therapy resistance during the 
night to the antiproteinuric action of a single morning dose of the ACEi, trandolapril10, despite 
comparable reduction of blood pressure during both daytime and nighttime. Consequently, nighttime 
protein excretion under ACEi contributes relatively strongly to the residual proteinuria, and may thus 
represent an important target for optimisation of the therapeutic response. As ACEi are routinely dosed 
in the morning, we questioned whether alternative timing of dosing may overcome nocturnal therapy 
resistance in nondiabetic patients with residual proteinuria during RAAS inhibition. 

 
Methods 
Patients 
This study was performed in accordance to the Declaration of Helsinki, approved by the local Medical 
Ethical Committee, and all patients gave their informed consent. Fourteen Caucasian, nondiabetic 
patients with chronic renal disease and glomerular residual proteinuria of more than 1 gram/day on 
RAAS-inhibiting therapy were enrolled. Patients had to have an age between 18 and 70 yrs, and a 
creatinine clearance (CLcr) ≥ 30 ml/min/1.73m2. Exclusion criteria were uncontrolled hypertension 
(systolic blood pressure (SBP) >180 mmHg or diastolic blood pressure (DBP) > 100 mmHg) during the 
run-in period, a history of myocardial infarction, unstable angina, heart failure, coronary by-pass surgery 
or cerebrovascular accident during the past 6 months, frequent use of nonsteroidal anti-inflammatory 
drugs (> 2 doses weekly), use of immunosuppressants, high rate of renal function loss (decline in CLcr 
> 6 ml/min/year during the previous year), serum potassium ≥ 6 mmol/l, intolerance or contra-indication 
for the use of ACEi and inability to understand the patient information. 

The characteristics of the 14 patients enrolled in this study are shown in Table 1. 
 
Study protocol 
This prospective randomised study was performed open-label and on an ambulatory basis (Fig. 1). 
Patients visited the outpatient clinic with 6 weeks intervals. All RAAS inhibition was stopped prior to the 
study, while other antihypertensive medication was continued during the study. Patients were instructed 
to take their nonstudy medication on regular fixed times of the day, preferably in the morning. The study 
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consisted of 4 periods with a duration of 6 weeks each. After an initial run-in period of 6 weeks of 
morning dosing of trandolapril (4 mg), the patients were randomised to periods of evening dosing (4 mg 
at 10.00 p.m.) and bid (2x2 mg at 8.00 a.m. and 8.00 p.m.) in a crossover fashion (6 weeks each). To 
control for time influences, all patients received again a morning dose of trandolapril (4mg at 8.00 a.m.) 
during the final period of the study. 
 

morning (4 mg)

evening (4 mg)

bid (2x2 mg)

evening (4 mg)

bid (2x2 mg)

morning (4 mg)

6 weeks6 weeks 6 weeks 6 weeks

outpatient clinic visit
 

Figure 1. Study design. Half of the patients (n=7) were randomly allocated to the upper arm and the other half (n=7) to 
the lower arm. 

 
Measurements 
The patients visited the outpatient clinic in the morning after an overnight fast, without taking any blood 
pressure affecting medication. A blood sample was drawn and blood pressure was measured in a 
supine position with a Dinamap apparatus for 15 min with a 1 min interval. The mean of the last 5 
measurements was taken for analysis. In addition, 9 patients underwent a 24h blood pressure 
measurement in each study period at 15 min intervals during the day and 30 min intervals during the 
night using an ambulatory blood pressure meter (Spacelabs model 90207). 

At the end of each 6-week period, patients collected 2x24 h urine in daytime and nighttime 
portions. The daytime period was from 8.00 a.m. until 10.00 p.m., whereas the nighttime period was 
from 10.00 p.m. until 8.00 a.m. Patients were instructed to adhere to a mild sodium restricted diet (<100 
mmol Na/day) throughout the study. 

Proteinuria was measured using the benzethonium chloride method. Serum and urinary creatinine 
were analysed by Jaffé-reaction. Urinary sodium was measured with an ionselective electrode and 
urinary urea was measured enzymatically using urease. 

 
Statistical analysis 
Results are expressed as mean ± SEM. Missing value analysis was performed for the 24 h blood 
pressure measurements using expectation maximisation. In case of normally distributed data, a 
repeated measures analysis of variance was performed for comparison between the different study 
periods. In case the data were not normally distributed a nonparametric test for k related samples was 
performed (Friedman test). A p-value <0.05 was considered statistically significant. 
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Power-analysis, based on an additional antiproteinuric response of 25% after shifting from morning 
dose to evening dosing or bid and a standard deviation of 25% showed that at least 10 patients were 
needed for a desired power of 0.8 and an alpha of 0.05. 

 
Table 1. Baseline patient characteristics. Data are expressed as mean ± SEM. 

Male/female 7/7 
Age (yrs) 47±5 
BMI (kg/m2) 30.3±2.0 
Diagnosis 3 FGS, 2 MGP, 3 IgA, 3 other, 3 no/NCBx 
Residual proteinuria (g/24 h) 3.4±0.9 
SBP (mmHg) 130±7 
DBP (mmHg) 69±10 
CLcr (ml/min) 91.4±19.8 
Antihypertensive medication (number of users) 

ACEi 
ARB 
Both ACEi and ARB 
Diuretics 
Beta-blokkers 
Calcium antagonists 

 
12 
6 
4 
9 
4 
4 

BMI = body mass index, FGS = focal glomerulosclerosis, MGP = membranous glomerulopathy, IgA = IgA nephropathy, 
no/NCBx = no or nonconclusive biopsy 

 
Results 
The residual proteinuria of patients at recruitment was 3.4±0.9 g/24 h on their own RAAS-inhibiting 
medication (Table 1). After six weeks of morning dosing of trandolapril 4 mg patients showed a similar 
residual proteinuria of 3.2±0.4 g/24 h. Changing of dosing in subsequent 6-week periods to the evening 
(4 mg) and bid (2x2 mg) did not influence residual proteinuria significantly (Fig. 2A). Sodium and protein 
intake were not significantly different among the different dosing regimens, although the sodium intake 
was higher than prescribed (Table 2). Urinary creatinine and potassium excretion remained stable 
throughout the study. 

Subsequently, we examined whether changing of the dosing time affected the distribution of 
residual proteinuria between daytime and nighttime (Fig. 2B). Both daytime and nighttime urinary 
protein excretion were not significantly different among the 4 dosing periods. In both periods of morning 
dosing, the hourly protein excretion was equal in daytime and nighttime periods. However, during bid 
and evening dosing, the hourly protein excretion was significantly higher during daytime compared with 
nighttime. However, this small change in the circadian rhythm of proteinuria did not affect the total 24 h 
proteinuria. 
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Figure 2. Influence of dosing regimen periods on total (A), and day- and nighttime proteinuria (B). * = p<0.05. 

 
 
 
 
 

Table 2 Proteinuria blood pressure and urinary urea and sodium excretion during the 4 treatment periods. Data are 
expressed as mean ± SEM.

,  
 

Dosing time trandolapril  
Morning Bid Evening Morning 

Uprot (g/24 h) 
daytime (mg/h) 

nighttime (mg/h) 

3.2±0.4 
136±14 
125±20 

3.1±0.5 
141±20 
117±22 

3.5±0.5 
157±24 
125±23 

3.0±0.5 
133±19 
118±26 

SBP (mmHg) 
daytime (mmHg) 

nighttime (mmHg  )

131±5 
125±3 
111±2 

126±5 
124±4 
106±3 

131±6 
128±4 
108±3 

129±5 
121±3 
108±4 

DBP (mmHg) 
daytime (mmHg) 

nighttime (mmHg) 

75±3 
79±2 
68±2 

74±3 
80±2 
63±2 

77±3 
82±2 
65±2 

78±2 
81±2 
67±4 

Uurea (mmol/24 h) 364±32 345±29 342±28 331±23 
UNa+ (mmol/24 h) 178±17 161±14 174±12 156±18 
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Three patients showed a favourable response of >25% reduction in residual proteinuria on switch 
from morning to evening dosing. Five patients had such a response on switch from morning to bid 
dosing. These numbers are too small to identify specific patient characteristics which determine a 
favourable response to a switch in dosing time. 

Both SBP and DBP were equal during all therapy regimen periods (Fig. 3A, C). Ambulatory 
measurement showed comparable reductions of SBP and DBP during the night for all dosing regimens, 
without any significant differences between the dosing regimes (Fig. 3B, D). 
 
Discussion 
In this study, we found no effect of altering the dosing time of the long-acting ACEi, trandolapril, on 
residual proteinuria in nondiabetic renal patients. Daytime and nighttime urinary protein excretions were 
similar during all dosing regimens. Changing from morning dosing to bid or evening dosing results in a 
slightly higher hourly protein excretion during daytime compared with nighttime. However, this small 
change in circadian rhythm in urinary protein excretion does not significantly increase residual 
proteinuria. Furthermore, blood pressure levels and its diurnal pattern were similar in all dosing regimes. 
We observed an about equal rate of proteinuria during daytime and nighttime in nondiabetic patients 
treated with a single morning dose of the long-acting ACEi, trandolapril. As in untreated proteinuric 
patients proteinuria during daytime exceeds nocturnal proteinuria10, our data confirm a relative therapy 
resistance to ACEi during nighttime. Importantly, proteinuria, SBP and DBP did not differ between the 
first and the last period of morning dosing of trandolapril, indicating that the patients were stable during 
the study. 

The effect of changing the dosing time of RAAS blockade in proteinuric patients is scarcely 
studied. Only preliminary data are available from a study in Japanese proteinuric patients comparing 
morning dosing, evening dosing, and tid dosing of 3 mg of trandolapril11. The antiproteinuric effect of 
trandolapril was most prominent during evening dosing, while tid dosing resulted in variable responses. 
In contrast to these data, in our study, which was well controlled for both time influences and urine 
collection errors, we found no effect of changing the dosing time of 4 mg of trandolapril on the 
antiproteinuric response. Besides the aforementioned differences in study design, a difference in 
genetic background of the patients or the use of a sub-optimal dose in the Japanese patients may be an 
explanation for this difference. 

Trandolapril is a long-acting ACEi. The effective half-life of its active metabolite, trandolaprilat, is 
approximately 15-23h12;13, due to its lipophilicity and saturable binding to ACE. We chose to use 
trandolapril at a dose of 4 mg per day, since with this drug and dose the optimal antiproteinuric effect is 
achieved14. In spite of using an optimal antiproteinuric dose of a long-acting ACEi, we previously 
observed nocturnal therapy resistance to its antiproteinuric effect when the drug was administered in the 
morning10. Trandolapril is claimed to inhibit the RAAS for 24 hours by once daily dosing, supported by 
effective blood pressure reduction for 24 hours10;15. Indeed, in our study no differences in SBP or DBP 
were observed during different dosing regimens. It should be noted that ACEi in specific compartments
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Figure 3. Influence of dosing regimen periods on blood pressure. Through systolic and diastolic blood pressure (A, C) 
were measured with a Dinamap apparatus during outpatient clinic visits. Day- and nighttime systolic and diastolic (B, 
D) blood pressure, as measured with an ambulatory blood pressure meter. * = p<0.05. 
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(e.g. kidney tissue) may not last for 24 hours and antiproteinuric and systemic haemodynamic 
responses might therefore dissociate from each other1. However, in view of marginally changed 
nocturnal proteinuria and unchanged blood pressure, the influence of pharmacokinetic factors on the 
nocturnal therapy resistance seems to be limited. 

What could then explain the relative therapeutic resistance of nocturnal proteinuria to ACEi? A 
possible explanation may be offered by the physiological diurnal variation in the activity of the RAAS, 
having its peak renin and aldosterone activity early in the morning and the lowest activity during the 
evening16, and ACE-activity peaking in the afternoon17. Recent evidence suggest that optimal efficacy of 
RAAS blockade is dependent on activation of the system, as shown by an augmentation of the 
antiproteinuric response to ACEi by diuretics and low salt diet18. Consequently, the lower nocturnal 
activity of RAAS may impair its therapeutic efficacy. Such proposition is supported by the observation 
that blockade of the RAAS on another level by the renin inhibitor, remikiren10, and dual RAAS inhibition 
with an ACEi and an ARB19 were also less effective in reducing nighttime proteinuria. Therefore, 
augmentation of the nighttime RAAS activity and the application of non-RAAS-inhibiting antiproteinuric 
strategies may be more effective in reducing nighttime proteinuria. 

We conclude that altering the dosing time of the ACEi, trandolapril, is not an effective strategy to 
further reduce residual proteinuria. This means for clinical purpose, that once daily dosing of the long-
acting ACEi, trandolapril, at maximum dose results in its optimal antiproteinuric effect. Further research 
should be directed at unravelling the mechanism of nocturnal therapy resistance to the antiproteinuric 
effect of ACEi. 
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Abstract 
 
Background 
Transforming growth factor ß1 (TGF-ß1) plays an important role in vascular dysfunction in early 
diabetes. These vascular changes are characterised by reduced vasoconstriction and vascular 
remodelling. Previously, we demonstrated that TGF-ß1 impairs angiotensin II (Ang II)-induced 
contraction, which was mediated by reduced calcium mobilisation. However, the effect of TGF-ß1 on 
Ang II-induced vascular remodelling, mediated by phosphorylation of MAP kinase, is unknown. 
Therefore, the aim of this study is to investigate the effect of TGF-ß1 on Ang II-induced activation of the 
MAP kinase pathway in cultured rat aortic smooth muscle cells (RASMC). 
 
Methods 
Primary RASMC were isolated, cultured and used between passage 3 and 12. Phosphorylation of MAP 
kinase, ERK p42/p44, was determined by western blotting with a phospho-specific antibody. 
Angiotensin type 1 receptor (AT1R) and AT1R mRNA levels were measured by [3H]-candesartan-binding 
and real-time PCR, respectively. AT1R promoter activity was assessed using RASMC transduced with 
the firefly luciferase gene under control of the AT1R promoter. 
 
Results 
In TGF-ß1 pretreated cells, Ang II-induced phosphorylation of ERK p42/p44 was inhibited by 29% and 
46% for p42 and p44, respectively, and AT1R density was reduced by 31%, without an effect on 
receptor affinity. Both ERK phosphorylation and AT1R density were similarly modulated by varying 
incubation time and dosage of TGF-ß1. Furthermore, pretreatment with TGF-ß1 resulted in a 64% 
reduction in AT1R mRNA levels, without affecting mRNA stability. Rather, TGF-ß1 decreased AT1R 
mRNA transcription rate by 42%. 
 
Conclusion 
TGF-ß1 attenuates Ang II-mediated MAP kinase signalling in RASMC through downregulation of AT1R 
levels, which is mainly dependent on the inhibition of transcriptional activity of the AT1R gene. 
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Introduction 
Vascular alterations are a common feature in patients with diabetes mellitus and consist of abnormal 
growth, proliferation and migration of cells. In a prior study, we demonstrated that transforming growth 
factor ß1 (TGF-ß1) plays an important role in mediating macrovascular and microvascular dysfunction in 
early diabetes1. One of the prominent vascular changes induced by diabetes and mediated by TGF-ß is 
decreased sensitivity of vascular smooth muscle cells (VSMC) to angiotensin II (Ang II). We previously 
demonstrated that aortic ring contraction in response to Ang II was impaired in diabetic rats, but 
completely restored to normal in diabetic rats treated with anti-TGF-ß1 antibodies1. Further, VSMC 
isolated from diabetic rat aorta exhibited impaired Ang II-induced cytosolic calcium signalling, but 
calcium signalling was normal in VSMC from diabetic rats treated with anti-TGF-ß1 antibodies in vivo. 
Further, the effect of diabetes on Ang II-induced calcium signalling was replicated in vitro by 
administration of TGF-ß1 and TGF-ß2 to aortic VSMC in culture. As a possible mechanism, a 
downregulation of inositol-1,4,5-triphosphate receptors may be involved in TGF-ß-mediated impairment 
of Ang II-induced calcium signalling in VSMC1. 

Ang II signalling is mediated through two types of receptors, the angiotensin II type 1 (AT1R) and 
the angiotensin II type 2 (AT2R) receptor. Ang II-mediated vascular contraction and vascular 
hypertrophy are mediated mainly through the AT1R2. The AT1R is a G-protein coupled seven-
transmembrane receptor that signals through several signalling pathways. Ang II-induced vascular 
contraction is mediated mainly through the PLC/IP3/calcium route, while Ang II-induced vascular 
remodelling in diabetes is mediated mainly through the MAP kinase signalling pathway2. The 
involvement of the MAP kinase ERK pathway in vascular remodelling has been demonstrated in several 
in vitro experiments. Inhibition of the MAP kinase pathway with the MEK inhibitor, PD98059, completely 
blocked the growth stimulatory effects of Ang II on VSMC2. In addition, upregulation of the fibrinotic 
plasminogen activator inhibitor-1 (PAI-1) in VSMC by Ang II was blocked by PD980593. 

Although we have reported an inhibitory effect of TGF-ß1 on the Ang II activation of the 
PLC/IP3/calcium route, the effect of TGF-ß1 on Ang II-induced activation of the MAP kinase signalling 
pathway in VSMC is still unclear. Therefore, the aim of this study is to investigate the effect of TGF-ß1 
on Ang II-induced activation of the MAP kinase pathway in cultured rat aortic smooth muscle cells. 
 
Materials and Methods 
Cell culture 
Primary rat aortic smooth muscle cells (RASMC) were isolated from rat aorta as described earlier1. Cells 
were cultured in DMEM supplemented with 1000 mg/l glucose, L-glutamine, 25 mM HEPES, pyruvate 
(Gibco BRL, The Netherlands), 10% of Bovine Calf Serum (PAA laboratories, Germany), 100 units/ml of 
penicillin and 100 μg/ml streptomycin (Gibco BRL, The Netherlands) in a humidified incubator at 37 °C 
and 5% CO2. When cells reached confluence, they were passaged in a 1:4 ratio with trypsin EDTA 
(Gibco BRL, The Netherlands). For all experiments, cells were used between passage 3 to 12. 
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Western blotting 
Cells were washed three times using ice-cold phosphate buffered saline (PBS) and subsequently lysed 
in 300 μl of ice-cold RIPA buffer (1% Igepal ca-630, 1% SDS, 5 mg/ml sodium deoxycholate, 1 mM 
sodium orthovanadate, 10 mM ß-mercapto-ethanol, 40 μg/ml PMSF, 100 μg/ml benzamidine, 500 ng/ml 
pepstatin A, 500 ng/ml leupeptine and 500 ng/ml aprotinin in PBS). Protein concentrations were 
determined using Bio-Rad protein assay (Bio-Rad, The Netherlands). On a 7.5% SDS-PAGE gel 10 μg 
of total protein was run, transferred to nitrocellulose, and immunoblotted with the MAP kinase ERK p42/ 
p44 (1:1,000 dilution) antibody (sc-7383, Santa-Cruz, Germany). 
 
Saturation binding assay 
RASMC were cultured on 24-well cell culture plates. Twenty-four hours before the start of the binding 
assay, the medium was replaced with fresh medium or fresh medium supplemented with 10 ng/ml TGF-
ß1. After 24 hours of incubation, cells were washed three times with HBSS at 37 ˚C. Tritium-labelled 
candesartan ([3H]-candesartan) (629 Bq/mmol) was added in a concentration series of 0-10 nM in a 
volume of 0.5 ml HBSS. Nonspecific binding was determined by adding 1 μM cold candesartan. After 1 
hour of incubation at 37 ˚C, plates were placed on ice and the cells were washed three times with ice-
cold PBS. Cells were subsequently lysed with 500 µl of 1 N NaOH, the lysate was transferred to a 
scintillation vial containing 3 ml of scintillation fluid. Vials were counted for three minutes in a scintillation 
counter. Analysis of the binding data was performed according to the method of Scatchard. 

Real-time PCR 
The expression of AT1R mRNA in RASMC was analysed using real-time two-step quantitative RT-PCR. 
Quantification was performed with SYBR Green PCR reagents (Molecular Probes Europe, Leiden, The 
Netherlands) and an ABI PRISM 5700 sequence detection system (Applied Biosystems, Nieuwerkerk 
a/d IJssel, The Netherlands). A 50 μl PCR mixture contained 0.5 unit Taq polymerase (Eurogentec, 
Belgium), 5 μl of the supplied reaction buffer, 250 nM dATP, 250 nM dCTP, 250 nM dGTP, 500 nM 
dUTP, 2 mM MgCl2, 50 ng cDNA, 500 nM of each gene specific primer, 1 μl of 50x ROX reference dye 
(Invitrogen, Breda, The Netherlands) and 1 μl of 10x Sybr Green I (Molecular Probes Europe, Leiden, 
The Netherlands). The PCR profile consisted of 5 min at 95 °C, followed by 40 cycles with heating to 95 
°C for 15 s and cooling to 60 °C for 1 min. PCR product specificity and purity was evaluated by gel-
electrophoresis and by generating a dissociation curve following the manufacturer's recommendations. 
Sequence-specific PCR primers were purchased from Eurogentec (Seraing, Belgium). The PCR 
primers used were as follows: AT1R sense, 5'-CACCAATATCACAGTGTGCGC-3'; antisense, 5'-
AGCGTCGAATTCCGAGACTC-3'. 

AT1R promoter assay 
An 854bp genomic DNA fragment corresponding to position -828 to +25 of the transcription initiation site 
of the rat AT1a receptor was cloned in pGL3-basic reporter vector (Promega, Leiden, The Netherlands). 
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RASMC were cultured in a 24-well plate and infected with 2 µg of AT1R reporter vector per well. Forty-
eight hours after infection, cells were treated with TGF-ß1 (10 ng/ml). Luciferase activity was 
determined using the Luciferase Assay System (Promega, Leiden, The Netherlands). 

Statistical analyses 
Results are presented as mean ± SEM unless indicated otherwise. Differences between concentration-
response curves were analysed using repetitive-measurement ANOVA (SigmaStat 1.01, Jandel 
Scientific) and differences between other variables were tested using a Student's t-test. Differences 
were considered significant at p<0.05. 
 
Results 
Stimulation of RASMC with Ang II resulted in a dose-dependent increase in phosphorylated MAP kinase 
p42 and p44 (Fig. 1). In control cells, maximal levels of phosphorylated p42/p44 were observed at 3 nM 
Ang II. Pre-incubation of the cells for 24 hours with TGF-ß1 (10 ng/ml) resulted in a right-shift of the 
dose-response curve to Ang II (Fig. 1), showing a 50-fold increase in EC50. Pre-incubation for 24 hours 
with TGF-ß1 (10 ng/ml) did not affect basal phosphorylated MAP kinase p42/p44 levels (Fig. 1, see 0 M 
Ang II). 
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Figure 1. TGF-ß1 impairs Ang II-induced MAP kinase signalling. Incubation of RASMC cells with TGF-ß1 (10 ng/ml) for 
24 hours results in a right-shift of the dose-response curve to Ang II (n= 3). 
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Figure 2. TGF-ß1 impairs Ang II-induced MAP kinase signalling in a dose-dependent manner. RASMC were pretreated 
for 24 hours with different concentrations of TGF-ß1. After 5 minutes of stimulation with Ang II (3 nM), cells were 
harvested and phosphorylation of ERK p42/p44 was determined (n=3). 
 

Bound (dpm)

0 200 400 600 800 1000 1200

B
ou

nd
/F

re
e

0

2000

4000

6000

8000

control
TGF-ß1

 
Figure 3. Scatchard plots for the binding of candesartan. Cells were cultured for 24 hours in the absence ( ) and 
presence of TGF-ß1 (10 ng/ml) ( ) (n= 3). 
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Figure 4. Time course o TGF-ß1-mediated downregulation of ATf f   1R and inhibition o  Ang II-induced ERK activation in
RASMC. A) Effect of TGF-ß1 on candesartan binding. B) Effect of TGF-ß1 on Ang II-induced ERK phosphorylation. 
Data are expressed as % of values obtained in cells unexposed to TGF- ß1 (n=3). 

 
We next examined the dose-dependency of this Ang II-inhibiting effect of TGF-ß1 on 

phosphorylation of p42/p44 (Fig. 2). TGF-ß1 impaired Ang II-induced MAP kinase signalling in a dose-
dependent manner with a maximal effect at 10 ng/ml. 

To establish the mechanism of TGF-ß1-impaired Ang II-induced MAP kinase signalling, we first 
examined regulation of AT1R by assessing receptor binding characteristics. Scatchard analysis of the 
equilibrium binding studies showed that Bmax and equilibrium Kd values were 985±24 dpm and 0.09±0.01 
nM for control cells, respectively (Fig. 3). Incubation of cells with TGF-ß1 significantly decreased Bmax to 
680±18 dpm, without an effect on Kd (0.07±0.01 nM). These data demonstrate pretreatment with TGF-
ß1 to result in a downregulation of AT1R, without changes in receptor affinity. 

We next investigated whether the timing of AT1R downregulation matched the timing of the 
inhibition of Ang II-mediated MAP kinase signalling. RASMC cells were incubated with TGF-ß1 (10 
ng/ml) at different incubation times and both the levels of specific candesartan binding and 
phosphorylated p42/p44 were determined (Fig. 4). These results demonstrate that the timing of the 
inhibition of Ang II-mediated MAP kinase signalling parallels the downregulation of AT1R. 

To establish the mechanism of AT1R downregulation by TGF-ß1, we determined AT1R mRNA 
levels in RASMC after incubation with TGF-ß1 (10 ng/ml) with different incubations times (Fig. 5A). 
Incubation with TGF-ß1 for 4 hours and longer resulted in decreased AT1R mRNA levels. Next, we 
investigated whether decreased AT1R mRNA levels by TGF-ß1 were the result of decreased 
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transcriptional activity of the AT1R gene. Incubation of RASMC with TGF-ß1 (10 ng/ml) resulted in 
decreased AT1R promoter activity after 12 hours of incubation (Fig. 5B). 

Further, we investigated whether the decrease in AT1R mRNA levels by TGF-ß1 is resulting from 
changes in AT1R mRNA stability. To this end, all transcription of mRNA was blocked by incubating the 
cells with actinomycin D prior to administration of TGF-ß1. In control cells, the half-life of AT1R mRNA 
levels was approximately 6 hours. Incubation with TGF-ß1, did not affect the half-life of AT1R mRNA 
levels (Fig. 6), resulting in identical rates of AT1R mRNA decay for both TGF-ß1-treated and control 
cells. Also, identical AT1R mRNA decay rates were observed in untreated and treated cells when TGF-
ß1 was added to the cells 1 hour before the addition of actinomycin D (data not shown). Therefore, 
incubation with TGF-ß1 does not affect the stability of the AT1R mRNA. 
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Figure 5. Time course of TGF-ß1 effect on AT1R mRNA and AT1R promoter activity. A) Effect of TGF-ß1 on AT1R 
mRNA levels. B) Effect of TGF-ß1 on AT1R promoter activity (n=3). * p<0.05 vs. baseline. 

 
Discussion 
The present study demonstrates that TGF-ß1 inhibits the Ang II-induced MAP kinase signalling pathway 
in cultured RASMC. In TGF-ß1 pretreated cells, we observed an inhibition of Ang II-induced 
phosphorylation of ERK p42/p44 and a reduction in AT1R density, without an effect on receptor affinity. 
In addition, AT1R mRNA levels were downregulated and accompanied by a decrease in transcriptional 
activity of the AT1R gene, without a reduction in AT1R mRNA stability. 

The kinetics of impaired Ang II-mediated MAP kinase by TGF-ß1 closely followed the kinetics of 
AT1R downregulation. In contrast, the downregulation of AT1R promoter activity reached statistical 
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significance after 12 hours of incubation with TGF-ß1, while AT1R mRNA levels were already decreased 
after 4 hours of incubation. However, AT1R promoter activity was assessed by measuring luciferase 
activity in RASMC cells transduced with a luciferase gene driven by the AT1R promoter. Therefore, the 
lag-time between the drop in AT1R mRNA levels and AT1R promoter activity is likely to be the result of 
relatively stable levels of luciferase mRNA and luciferase protein. As the downregulation of AT1R mRNA 
levels by TGF-ß1 did not involve changes in the stability of the AT1R mRNA, we conclude that the 
downregulation of AT1R mRNA by TGF-ß1 is most likely resulting from decreased transcription of the 
AT1R gene. 
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Figure 6. Effect of TGF-ß1 on AT1R mRNA stability. AT1R mRNA levels were determined after blockage of transcription 
with actinomycin D in the absence ( ) and presence of TGF-ß1 ( ) (n=3). 

 
Several studies have demonstrated that the hypertrophic effects of Ang II on VSMC in 

experimental models of diabetes are mediated mainly through the MAP kinase signalling pathway2;4. In 
a recent paper by Wang et al5, it has been demonstrated that activation of AT1R by Ang II in VSMC, 
results in the activation of the smad2/3 signalling pathway, a profibrotic pathway that is also activated by 
TGF-ß. Our study demonstrates for the first time that TGF-ß1 inhibits the Ang II-mediated MAP kinase 
signalling pathway. 

Downregulation of AT1R levels has been previously described in TGF-ß1-treated primary renal 
proximal tubule cells6. Decreased transcriptional activity of the AT1R promoter by TGF-ß appears to be 
a general mechanism for downregulation of AT1R levels in multiple tissues in experimental diabetes6;7. 
Indeed, decreased levels of AT1R in VSMC exposed to high glucose was already reported in 19927, 
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although the involvement of TGF-ß1 and its effects on MAP kinase signalling has not been 
demonstrated before. 

The pathophysiological relevance of the inhibitory effect of TGF-ß1 on MAPK signalling is still 
unclear. However, the balance between vascular fibrosis and vascular proliferation is controlled by the 
relative levels of Ang II and TGF-ß5;8. Therefore, the inhibitory effect of TGF-ß1 on Ang II-mediated MAP 
kinase signalling may be part of a feedback loop that controls the balance between Ang II and TGF-ß1 
signalling. 

In conclusion, in this study we provide the pharmacological characteristics of the TGF-ß1-induced 
decrease in Ang II-mediated MAP kinase signalling in rat aortic smooth muscle cells. We demonstrate 
that TGF-ß1 attenuates Ang II-mediated MAP kinase signalling in rat aortic smooth muscle cells through 
downregulation of AT1R levels, which seems mainly dependent on the inhibition of transcriptional 
activity of the AT1R gene.  
 
 
References 
1.  Sharma K, Deelman L, Madesh M, Kurz B, Ciccone E, Siva S, et al. Involvement of transforming 

growth factor-beta in regulation of calcium transients in diabetic vascular smooth muscle cells. 
Am J Physiol Renal Physiol 2003; 285:F1258-F1270. 

2.  Touyz RM, Deng LY, He G, Wu XH, Schiffrin EL. Angiotensin II stimulates DNA and protein 
synthesis in vascular smooth muscle cells from human arteries: role of extracellular signal-
regulated kinases. J Hypertens 1999; 17:907-916. 

3.  Suzuki M, Akimoto K, Hattori Y. Glucose upregulates plasminogen activator inhibitor-1 gene 
expression in vascular smooth muscle cells. Life Sci 2002; 72:59-66. 

4.  Natarajan R, Scott S, Bai W, Yerneni KK, Nadler J. Angiotensin II signaling in vascular smooth 
muscle cells under high glucose conditions. Hypertension 1999; 33:378-384. 

5.  Wang W, Huang XR, Canlas E, Oka K, Truong LD, Deng C, et al. Essential role of Smad3 in 
angiotensin II-induced vascular fibrosis. Circ Res 2006; 98:1032-1039. 

6.  Park SH, Han HJ. The mechanism of angiotensin II binding downregulation by high glucose in 
primary renal proximal tubule cells. Am J Physiol Renal Physiol 2002; 282:F228-F237. 

7.  Williams B, Tsai P, Schrier RW. Glucose-induced downregulation of angiotensin II and arginine 
vasopressin receptors in cultured rat aortic vascular smooth muscle cells. Role of protein kinase 
C. J Clin Invest 1992; 90:1992-1999. 

8.  Yokote K, Kobayashi K, Saito Y. The role of Smad3-dependent TGF-beta signal in vascular 
response to injury. Trends Ca diovasc Med 2006; 16:240-245. 

 
 
 

130 




