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Abstract

Aims/hypothesis The angiotensin II (type 1) (AT1) receptor
mediates many biological effects of the renin—angiotensin
system (RAS), leading to remodelling of cardiac tissue. The
present study was designed to analyse changes in the
function and expression of the AT1 receptor as principal
effector of the RAS in myocardium from type 2 diabetic
patients compared with non-diabetic myocardium as con-
trol. In addition, we determined the effect of treatment with
ACE inhibitors or AT1 receptor blockers on expression
levels of the receptor in diabetic patients.

Methods Gene expression of the AT1 receptor was ana-
lysed by quantitative RT-PCR and protein expression was
determined by immunoblot analysis in human right atrial
myocardium. We investigated functional coupling of the
receptors by measuring contractility in isolated trabeculae
stimulated with increasing concentrations of angiotensin II.
Results Diabetic myocardium showed a significant increase
in protein expression (170+£16% of control) and median
mRNA expression (186% of control) of the ATI receptor.
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The additional receptors were functionally coupled, result-
ing in a stronger inotropic response upon stimulation with
angiotensin II (89+5.5% vs 29+1.6% in controls), whereas
receptor affinity was similar in both groups. However,
myocardium from diabetic patients treated with ACE
inhibitors or AT1 receptor blockers showed no increase in
AT1 receptor expression.

Conclusions/interpretation AT1 receptor expression in
myocardium of type 2 diabetic patients is dynamic,
depending on the level of glycaemic control and the
activity of the RAS. These findings could at least in part
explain the strong therapeutic benefit of RAS inhibition in
diabetic patients.
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Abbreviations
AT1  angiotensin II (type 1)

FOC force of contraction
PKC protein kinase C
RAS renin—angiotensin system

+7T  peak rate of tension increase
—T  peak rate of tension decay

Introduction

The common characteristic of diabetes mellitus is hyper-
glycaemia. However, the aetiology of the disease can differ
substantially. The predominant type 2 diabetes affects 95%
of diabetic patients and is commonly associated with other
metabolic disorders like obesity, hyperlipidaecmia and
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hypertension. Type 2 diabetes is characterised by an
insulin-resistant state with a defective cellular response to
the high serum levels of glucose and insulin. In contrast,
type 1 diabetic individuals (the remaining 5%) typically
show no signs of metabolic syndrome and have low levels
of insulin due to the destruction of pancreatic beta cells.
Both, glucose and insulin have been implicated in gene
regulation that may promote the development of cardiovas-
cular disease in diabetic patients [1, 2].

The renin—angiotensin system (RAS), and especially the
angiotensin II (type 1) (AT1) receptor, has been implicated
in the cardiovascular pathophysiology of diabetes. Angio-
tensin I, the principal effector of the RAS, is a myocardial
growth factor and an independent risk factor for cardiovas-
cular disease [3]. Angiotensin II may account for enhanced
release of free radicals, induces vasoconstriction and may
also be involved in cell proliferation and fatty streak
formation via AT1 receptor activation [4]. There is a broad
body of evidence that AT receptor signalling also
promotes cardiovascular complications in patients with
diabetes and is probably involved in the pathogenesis of
diabetic cardiomyopathy and coronary artery disease, by far
the leading cause of death in the diabetic population [5].
Accordingly, major clinical trials in patients with type 2
diabetes and hypertension have provided evidence that
blockade of the RAS by the use of ACE inhibitors or AT
receptor antagonists may be superior to alternative antihyper-
tensive agents in the prevention of cardiovascular events,
independently of their antihypertensive potency [6-9].

Table 1 Clinical and biochemical characteristics of participants

The present study was therefore designed to evaluate, in
non-failing myocardium of type 2 diabetic patients, the
changes in AT1 receptor density and function that could
account for the beneficial effects of RAS inhibition.

Subjects and methods
Patients

Human right atrial tissue was obtained from patients
suffering from type 2 diabetes mellitus and from non-
diabetic individuals as control, all of whom were undergo-
ing aortocoronary bypass surgery without signs of cardiac
failure as determined by echocardiography. In addition, a
subgroup of diabetic patients receiving long-term treatment
with ACE inhibitors or AT1 receptor blockers was analysed
to determine the effect of RAS blockade on AT1 receptor
expression. Glucose metabolism was monitored by mea-
suring serum levels of fasting glucose on three consecutive
days, as well as by determination of HbA. on the day
before surgery. Patients were carefully selected to avoid
differences in the distribution of cardiovascular risk factors,
in mean arterial blood pressure, or in the long-term medical
treatment among groups (Table 1). Drugs used for general
anaesthesia were flunitrazepam, fentanyl and pancuronium
bromide with isoflurane. The study was performed in
accordance with the principles of the Declaration of
Helsinki as revised in 2000 and was approved by the ethics

Characteristics

Control (n=7)

Diabetes (n=7) Therapy (n=7)

Clinical characteristics
Age (years) 63.9+1.3
Sex (men/women) 6/1

BMI (kg/m?) 24.9+0.7
Mean systolic blood pressure (mmHg) 120.5+£2.7
Mean diastolic blood pressure (mmHg) 68.5+1.8
HbA . (%) 5.3+0.2
BNP (ng/l) 429+208
Serum creatinine (pmol/l) 79.6£3.5
Serum cholesterol (mmol/l) 4.8+0.6

Current smoker 1
Hyperglycaemic control

Dietary therapy alone -
Oral agents alone -
Other drugs

ACE inhibitor/AT1 blocker
Diuretics

Beta-blockers

Calcium channel blockers

——_ kN O

Statins

65.6+4.3 62.6+4.0
6/1 6/1
294429 * 28.04+0.9 *
127.6+5.6 122.945.0
77.642.5 * 70.9+0.6
8.2+0.6 * 7.940.7 *
367495 454468
88.4+5.3 97.2415.0
3.840.3 5.740.6

3 4

3 3

4 4

0 7

2 5

5 4

0 0

2 4

Smokers and patients taking the respective drugs/treatments are listed in absolute numbers, all other values are given as mean+SEM. *p<0.05 vs

non-diabetic controls. BNP B-type natriuretic peptide
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committee of the University of Cologne. Patients gave
written informed consent before the operation.

Measurement of force of contraction

From the myocardial tissue sample, auricular trabeculae 0.6
to 0.8 mm wide and 6 to 8 mm long were prepared under
microscopic observation. The preparations were attached to
a bipolar platinum stimulating electrode and suspended
individually in 75-ml glass tissue chambers for recording of
isometric contractions. The bathing solution used was a
modified Tyrode’s solution containing in mmol/l: NaCl
119.8, KCl 5.4, CaCl, 1.8, MgCl, 1.05, NaH,PO, 0.42,
NaHCOj; 22.6, Na,EDTA 0.05, ascorbic acid 0.28, glucose
5.0. It was continuously gassed with 95% O, and 5% CO,
(37°C, pH 7.4). The preparations were electrically paced
with rectangular pulses of 5 ms duration at 1 Hz; the
voltage was 20% above threshold. All preparations were
allowed to equilibrate for at least 90 min in a drug-free
bathing solution until complete mechanical stabilisation.
The isometric force of contraction (FOC) was measured
with an inductive force transducer (W. Fleck, Mainz,
Germany) attached to a recording device (Helco Scriptor;
Hellige, Freiburg, Germany) or recorder (Gould, Cleveland,
OH, USA). Experiments were performed as described
previously [10].

Western blot analysis

Homogenates of atrial tissue were suspended in SDS
sample buffer containing 0.5 mmol/l Tris—HCI, 10%
glycerol, 2% SDS, 5% 2-mercaptoethanol, and 0.05%
bromophenol blue, and heated in boiling water for 5 min.
Equal amounts of protein (30 pg total protein) from all
samples were separated on 12% SDS-polyacrylamide gels
and transferred on to a polyvinylidene difluoride membrane
(Bio-Rad Laboratories, Hercules, CA, USA) overnight. The
blots were probed with an AT1 receptor-specific rabbit
polyclonal antibody against the N-terminal extracellular
domain of the AT1 receptor of human origin (AT; [N-10]:
sc-1173; Santa Cruz Biotechnology, Santa Cruz, CA, USA)
or polyclonal rabbit antibodies against canine calsequestrin
(Swant, Bellinzona, Switzerland). Immunodetection was
conducted with a goat anti-rabbit secondary antibody for
30 min at 24°C (1:5000 dilution; Sigma Chemical, St
Louis, MO, USA) and visualised by chemoluminescence
(Amersham, Bucks, UK). The linearity of the assay was
confirmed in separate experiments.

mRNA isolation

Total RNA was isolated by a single-step guanidinium
isothiocyanate method using a micro mRNA purification

kit (QuickPrep; Amersham Pharmacia Biotech, Piscataway,
NJ, USA) according to the manufacturer’s instructions.
After RNA isolation, cDNA was prepared from each
sample as previously described [11].

Real-time RT-PCR quantification

c¢DNAs and an internal reference gene (f3-actin) were
quantified using a fluorescence-based real-time detection
method (ABI PRISM 7700 Sequence Detection System
[TagMan]; Perkin-Elmer Applied Biosystems, Foster City,
CA, USA) as described previously [12]. The PCR reaction
mixture consisted of 600 nmol/l each of the primers,
200 nmol/l probe, 2.5 units of AmpliTaq Gold Polymerase,
200 pmol/l each of dATP, dCTP and dGTP, 400 pmol/l
dUTP, 5.5 mmol/l MgCl,, a 1x TagMan buffer A containing
a reference dye, prepared to a final volume of 25 ul (all
reagents from Perkin-Elmer Applied Biosystems). Cycling
conditions were 50°C for 10 s, 95°C for 10 min, followed
by 46 cycles at 95°C for 15 s and at 60°C for 1 min. The
primers and probe sequences for (3-actin were as follows:
primers, 5'-TGAGCGCGGCTACAGCTT-3" and 5’
TCCTTAATGTCACGCACGATTT-3'; probe, 6-carboxy-
fluorescein-5'-ACCACCACGGCCGAGCGG-3'-N,N,N',
N'-tetramethyl-6-carboxyrhodamine. PCR primers and
fluorogenic probes for the AT1 receptor cDNA were pur-
chased as assay-on-demand (Assay ID-no. Hs00241341 ml;
Applied Biosystems, Foster City, CA, USA); this generates
an amplicon of 144 base pairs.

For each sample, parallel TagMan PCR reactions were
performed for the AT1 receptor gene and the [3-actin
reference gene to normalise for input cDNA. The ratio
between the values obtained provided relative gene expres-
sion levels for the gene locus investigated.

Statistical analysis

Protein expression of the AT1 receptor was normalised to
calsequestrin expression as an internal protein standard and
expressed as AT1 receptor to calsequestrin ratio. Differ-
ences between groups were compared with two-way
ANOVA. TagMan analyses yield values that are expressed
as ratios between two absolute measurements (gene of
interest/internal reference gene). The Kruskal-Wallis test
was used to identify significant differences in expression
between the three groups. When the overall Kruskal-Wallis
test (comparing the three groups) was significant at the 0.05
level, pairwise comparisons were based on the Mann—
Whitney test and the nominal p value was reported.
Associations between two related variables were tested by
Wilcoxon signed rank test. Linear regression data analysis
was determined using PRISM software (Graphpad Soft-
ware, San Diego, CA, USA). The inotropic effect of

@ Springer



3070

Diabetologia (2006) 49:3067-3074

angiotensin II in each muscle strip was compared with the
drug-free situation of the very same preparation. The level
of significance was set at p<0.05. All p values reported
were based on two-sided tests.

Results

The percentage of HbA,. is a serum marker correlating
with the average glucose level over the previous 3 months
and confirmed the poor metabolic control of diabetic
patients enrolled in the present study (Table 1). Diabetes
is a strong risk factor for cardiovascular disease including
heart failure [13, 14]. For our patients contractile dysfunc-
tion was ruled out by echocardiography. This was further
supported by the almost identical serum levels of B-type
natriuretic peptide, a neurohormone that serves as a
diagnostic and prognostic marker of heart failure (Table 1).
In accordance with these in vivo data, we found no
difference in the basal FOC or other characteristics of
development and decay of isometric force in isolated atrial
muscle strips from diabetic and non-diabetic individuals.
Table 2 summarises some characteristics of the contraction—
relaxation cycle in human atrial preparations paced at 1 Hz.
Angiotensin II is known to be a strong positive inotropic
agent in atrial and ventricular myocardium of different
species [15—17]. The increase in FOC is mainly attributed
to stimulation of the L-type Ca®" current secondary to
activation of protein kinase C (PKC) [18, 19]. Accordingly,
upon stimulation with angiotensin II, we recorded a
concentration-dependent increase in FOC in myocardium
both from diabetic and from non-diabetic patients. With an
increase on average of 29+1.6%, the maximal inotropic
potency of angiotensin II in atrial preparations of non-
diabetic individuals was comparable with previous studies
[17]. However, atrial trabeculae from diabetic patients
showed a stronger response to angiotensin II with a
maximal increase on average of 89+5.5% (p<0.05 vs
control; Fig. la). Despite this difference in the maximal
response to angiotensin II, there was no change in the
sensitivity of myocardium in either group to the substance
(ICsq, control: 1.9x 1078, diabetes: 8.9x107%; NS; Fig. 1b).

Angiotensin II also had a negative lusitropic effect on
human right atrial myocardium with a prolonged time to
half-peak relaxation in both groups and an increase in the
ratio of the peak rate of tension increase and tension decay
(+7/-T). The increase in +7/—T however only reached
statistical significance in diabetic myocardium (Table 2).
The maximal inotropic response to excessive doses of
extracellular calcium in both groups was similar (FOC
[15 mmol/l Ca*] control: 10.6+1.7 mN, diabetes: 8.8+
1.5 mN; NS) indicating that inotropic potency remained
unchanged.

The positive inotropic effects of angiotensin II are
mediated by the AT1 receptor. We therefore determined
the levels of gene expression and protein expression of the
AT1 receptor in atrial myocardium from non-diabetic and
diabetic patients as a potential molecular correlate for the
different inotropic response to angiotensin II. In addition,
we determined the effect of long-term RAS blockade
therapy on expression levels of the receptor in diabetic
patients. AT1 receptor mRNA expression was detectable by
quantitative real-time PCR in all specimens of the three
groups. The median AT1 receptor mRNA expression in
relation to the internal reference gene [3-actin was: 9.0
(range 4.3-30.1) in diabetes, 4.8 (range 0.7-17.2) in
controls (p=0.01 vs diabetes) and 4.1 (range 2.8—13.2) in
diabetes with therapy (p=0.001 vs diabetes) (Fig. 2). The
level of expression of AT1 receptor mRNA in diabetic
patients showed a linear correlation (+2=0.80; slope 0.156+
0.034; p=0.006; Fig. 3) with the percentage level of HbA
in the serum, which serves as a marker for quality of
glycaemic control. There was no correlation of AT1
receptor mRNA with other clinical characteristics or with
drug therapy in the individual groups. In line with the
elevated levels of receptor mRNA, western blot analysis
showed that protein expression of the AT1 receptor was
increased by 70£16% in diabetic myocardium compared
with control. However, the densities of the AT1 receptor
between myocardium from non-diabetic patients and
diabetic patients with therapy were unchanged. Represen-
tative blots and summary data from seven individuals in
each group are shown in Fig. 4a,b.

Table 2 Characteristics of the contraction—relaxation cycle in human atrial muscle strips paced at 1 Hz

FOC (mN) +7T (mN/s) =T (mN/s) +7/-T T1/2T (ms) Tiwitch (MS)
ND (n=7) 3.68+0.7 35.7+6.8 28.9+5.3 1.23+0.03 75.0+1.5 447+11
ND + Ang I 4.48+0.7 ** 51.24£7.4 ** 40.3+£6.4 ** 1.29+0.04 79.3+1.7 ** 465+12
DM (n=17) 2.81+0.9 39.7+7.1 31.845.5 1.24+0.03 70.74£2.3 432421
DM + Ang II 4.94+1.5 * 53.6+9.4 * 39.6+6.1 * 1.34+0.04 * 76.4+3.9 * 422+13

Data are mean+SEM for non-diabetic (ND) and diabetic (DM) myocardium under control conditions and upon addition of angiotensin II (Ang II,
100 nmol/l). FOC force of contraction; +7, peak rate of tension increase; —7 peak rate for tension decay; 7,7, time to half-peak relaxation;

Thpiren duration of isometric twitch. *p<0.05 vs DM; **p<0.05 vs ND
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Fig. 1 Concentration-dependent positive inotropic effect of angioten-
sin I in isolated human atrial trabeculae of diabetic (open squares; n=
7 from five hearts) and non-diabetic (filled diamonds; n=7 from six
hearts) individuals. Myocardium of diabetic patients showed a
significantly stronger inotropic response to angiotensin II (a).
However, there was no shift in the ECsy (b), indicating that the
affinity of the receptor to angiotensin II was unaltered. *p<0.05 vs
non-diabetic myocardium

Discussion

The AT receptor mediates many biological effects of the
RAS leading to the remodelling of cardiac tissue,
including cell growth and the deposition of extracellular
matrix proteins [20, 21]. It also mediates the positive
inotropic effects of angiotensin II in cardiac tissue. Thus,
the number of AT1 receptors defines the biological
efficacy of angiotensin II. The RAS has also been
implicated in cardiovascular pathology, and the upregula-
tion of AT1 receptors in the cardiovascular system has

S
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AT1 receptor/B-actin
N
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*
10 - _kx
0 . .
ND DM DM-Tx

Fig. 2 Box and whisker plots of relative AT1 receptor mRNA
expression determined by quantitative real-time RT-PCR in myocar-
dium from non-diabetic patients (ND), diabetic patients (DM) and
diabetic patients receiving ACE inhibitors or AT1 receptor blockers
(DM-Tx). The boxes show the 25th and 75th percentile (interquartile)
ranges. Median values are shown as a horizontal bar within each box.
The whiskers show levels outside the 25th and 75th percentiles. AT1
receptor mRNA expression was significantly enhanced in diabetic
myocardium. However, this difference could not be detected in
diabetic tissue from patients treated with ACE inhibitors or ATl
receptor blockers. *p=0.01 vs DM; **p=0.001 vs DM

been reported in diseases like thyroid dysfunction,
hypertension and myocardial infarction [22-24]. Our
present findings demonstrate increased densities of the
AT1 receptor mRNA and protein in human atrial myocar-
dium of patients suffering from type 2 diabetes. These
additional receptors are functionally coupled, resulting in
a stronger positive inotropic response to stimulation with
angiotensin II. However, the increase in AT1 receptor
expression in type 2 diabetic patients could be prevented
by long-term treatment with ACE inhibitors or AT1
receptor blockers. The patients included in the present
study were carefully selected with regard to differences in

15+

= 107
2
= ] |
<
Ke)
T ]

5_

0 T T T 1

0 10 20 30 40

AT1 receptor/B-actin

Fig. 3 Relationship between the percentage level of HbA,. and the
AT1 receptor mRNA expression in individual diabetic patients (filled
squares). There was a linear correlation showing higher levels of
mRNA expression in myocardial tissue of patients with poor
glycaemic control. Gene expression is given in arbitrary units,
normalised by (-actin expression
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a positive inotropic action of angiotensin II is mainly
- attributed to an enhancement of the L-type Ca®" current,
AT1 receplor - . @ e S secondary to the activation of PKC, and is probably
Calsequestrin -~ b = e = - e e = independent of changes in pH; or changes in myofilament
ND DM responsiveness to Ca®" [18, 19]. The negative lusitropic
5 - action of angiotensin I has been well described in cat
ventricular myocardium [19]. The investigators found that
2 * this effect was also PKC dependent, and suggested that the
%% 471 T mechanism primarily relies on a decrease in Ca”" efflux
g 2 through the Na'~Ca®" exchanger produced by a prolonged
55 3 1 duration of the action potential. It is generally accepted that
EE angiotensin II stimulation of the heart in vivo is largely
5-_5 2 dependent on high concentrations of angiotensin II pro-
§§ duced by the local RAS. This may be one of the reasons
E g why concentrations of angiotensin II used in the present
Es L and in previous studies for the stimulation of cardiac tissue
in vitro [17-19] are significantly higher than the angioten-
0 - ND DM sin II concentrations present in plasma.
b The affinity of the AT1 receptor to angiotensin II in
diabetic and non-diabetic myocardium was unaltered,
= i indicating that the receptor itself is unlikely to be the
ATt receptor + b b BB o Sl e 8 & primary cause for the different inotropic response to
Calsequestiin - qugp e @D &9 e oo @i —— angiotensin II. However, AT1 receptor densities were
ND DM-Tx increased in right atrial myocardium from type 2 diabetic
e individuals, as evidenced by immunoblot analysis. This
s> finding was supported by the increased levels of ATI
_:Z% receptor mRNA, which we detected in the same diabetic
S8 31 tissue by quantitative real-time RT-PCR. These data suggest
E g that overexpression of the AT1 receptor in type 2 diabetes is
E E - T either the result of enhanced gene expression or stabilisa-
5E tion of receptor mRNA. In the literature there are
E‘Jg competing theories about the underlying molecular mech-
“'.:" § 1 anisms by which AT1 receptor expression may be upregu-
Ea lated in diabetic individuals, including transcriptional and
post-transcriptional pathways. Among other stimuli, growth
0~ ND DM-Tx factors, progesterone, lipoproteins and insulin have been

Fig. 4 Immunoreactivity of the AT1 receptor protein and calseques-
trin in non-failing human right atrial myocardium. The blots were
reacted with a polyclonal antibody against the AT1 receptor and a
polyclonal antibody against calsequestrin as an internal protein
standard. a Protein expression of the AT1 receptor was increased by
70% in myocardium of diabetic patients (DM, n=7) compared with
atrial tissue from non-diabetic individuals (ND, n=7). b In myocar-
dium from diabetic patients receiving ACE inhibitors or AT1 receptor
blockers (DM-Tx, n=7) no difference in AT1 receptor protein
expression from ND could be detected. In each panel the blots are
representative of two individual experiments. *»<0.05 vs ND

blood pressure and their medical treatment with beta
blockers and statins, since all of these factors may
influence gene expression [25-27].

Stimulation with angiotensin II had a positive inotropic,
but also negative lusitropic effect on human right atrial
myocardium. This prolonged relaxation was equally present
in myocardium from diabetic and non-diabetic patients. The

@ Springer

proposed to be involved in the regulation of AT1 receptor
expression, and numerous consensus sequences were
discovered within the promotor region of the AT1 receptor
gene, including response elements for oestrogen, cyclic
AMP or nuclear factor-kB [28]. However, the exact
mechanisms of transcriptional control of AT1 receptor
mRNA synthesis are still poorly understood.

Type 2 diabetes is characterised by an insulin-resistant
state, in which hyperglycaemia is present despite high
levels of insulin. In cultured vascular smooth muscle cells
both high glucose as well as insulin induced an upregula-
tion of AT1 receptor expression [1, 29]. The pathway for
the insulin-driven upregulation of the ATl receptor is
dependent on tyrosine kinases and presumably involves
the p42/44 mitogen-activated protein kinase, suggesting in
this case a post-transcriptional regulation of receptor
expression. Nickenig and co-workers found no influence



Diabetologia (2006) 49:3067-3074

3073

of insulin on AT1 receptor gene expression, but showed a
prolonged mRNA half-life, indicating that overexpression
of the receptor may be caused by stabilisation of AT1
receptor mRNA [1]. In the present study, levels of ATl
receptor mRNA correlated well with the percentage levels
of HbA,. in the serum of diabetic patients (Fig. 3),
indicating that the level of hyperglycaemia may play a role
in the regulation of AT1 receptor expression in human atrial
myocardium. Further studies will be required to determine
the exact mechanisms of transcriptional and post-transcrip-
tional control of AT1 receptor expression in diabetes.

Our data on type 2 diabetes in man expand previous
observations from animal models of type 1 diabetes
induced by treatment with streptozotocin. In the streptozo-
tocin model of diabetes a tissue-specific differential
regulation of the AT receptors has been demonstrated with
increased levels of AT1 receptor protein and mRNA in
cardiovascular tissue [30, 31]. The ATI1 receptor mediates
many cellular effects involved in the pathology of fibrosis,
hypertension and arteriosclerosis [4], disease states with a
high prevalence in the diabetic population. However, there
has so far been no indication that the circulating RAS
enhances stimulation of AT1 receptors. In the model of
streptozotocin-induced diabetes, mRNA levels of cardiac
angiotensinogen [30] and plasma levels of angiotensin II
[32] and renin, as well as ACE activity [33], were
unaltered. In patients with type 2 diabetes, plasma renin
activity was even depressed [34] suggesting a predominant
regulation by locally produced angiotensin II.

Continuous stimulation of G-protein-coupled receptors
frequently results in tachyphylaxis following the down-
regulation of receptor numbers on the cell surface. For the
AT1 receptor a transient downregulation of mRNA levels
upon prolonged stimulation with angiotensin II has been
described in vitro in isolated rat aortic vascular smooth
muscle cells [35, 36] and in cultured glomerular mesangial
cells [37]. Our data on freshly dissected human myocardi-
um, however, suggest a different regulation of AT1 receptor
expression. In the present study, myocardial samples from
diabetic patients had increased levels of AT1 receptor
mRNA and protein, and also showed an enhanced inotropic
response to stimulation with angiotensin II. On the other
hand, mRNA and protein densities of the receptor were
unchanged in heart tissue from diabetic patients who were
being treated with ACE inhibitors or AT receptor blockers
compared with non-diabetic controls, indicating that the
level of AT1 receptor expression in the heart correlates with
the activity of the RAS. This finding is supported by other
in vivo studies. In a previous work on spontaneously
hypertensive rats, Suzuki and co-workers [38] found
increased levels of AT1 receptors in this model of cardiac
hypertrophy. Normalisation of blood pressure with AT1
receptor blockers regressed cardiac hypertrophy and com-

pletely reversed the increase in receptor message and
density. In the adrenal gland, Iwai et al. [39] confirmed
this relationship between AT1 receptor expression and RAS
activity, showing that administration of ATl receptor
blockers reduced the level of AT1 receptor mRNA, whereas
the prolonged infusion of angiotensin II increased the
expression level of this receptor mRNA.

There are two caveats. First, we cannot rule out that
partial internalisation of the receptor protein may influence
the present results. Two, the data were obtained using
human atrial myocardium. However, human ventricular
myocardium does not show any inotropic response to
stimulation with exogenous angiotensin I or II [17].

In summary, the present data provide evidence that
human atrial myocardium of type 2 diabetic patients has
increased densities of AT1 receptor mRNA and protein.
These additional receptors are functionally coupled, result-
ing in a stronger response to stimulation with angiotensin II.
However, the expression level of AT1 receptor mRNA in
diabetic myocardium was downregulated by RAS inhibition
with AT1 receptor blockers or ACE inhibitors. Our results
clearly show that AT1 receptor density in myocardium of
type 2 diabetic patients is dynamic, depending on the level of
hyperglycaemic control and the activity of RAS. This
suggests that some of the pathophysiological changes in
diabetes may be due to receptor regulation. This could at
least in part explain the strong therapeutic benefit of RAS
inhibition for patients with type 2 diabetes, as evidenced in
several large clinical trials.
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