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Abstract
Introduction
Angiotensin-converting enzyme (ACE) inhibitors have
been shown to improve endothelial function in Type 1
diabetes. However, the potential of ACE inhibitors
(ACE-I) to enhance the haemodynamic effects of 
L-arginine (L-arg), the precursor of nitric oxide (NO),
has not been evaluated. Furthermore, angiotensin
receptor blockers (ARBs), another group of inhibitors
of the renin-angiotensin system (RAS), have not been
studied in this context.  

Methods
Using a randomised, crossover design, the acute effects
of L-arg (200 mg/kg) on blood pressure (BP) and
renal haemodynamics were determined in 
uncomplicated Type 1 diabetic patients before and
after three weeks of treatment with the ACE-I
ramipril (5 mg/day) or the ARB losartan (50 mg/day).   

Results
L-arg alone did not influence BP or renal 
haemodynamics. BP responses to L-arg were not 
modulated by ACE-I or ARB. In contrast to the 
systemic responses, L-arg induced significant renal
vasodilation after treatment with ramipril (p<0.05).
Unlike ramipril, losartan did not modulate renal
haemodynamic responses to L-arg. L-arg 
administration was paralleled by increments in 
plasma L-citrulline levels, determined as a measure 
of L-arg-induced systemic NO production. 
These responses were not influenced by RAS
inhibitors. No changes in other indicators of the 
systemic and renal NO production, such as plasma
and urinary nitrates/nitrites, were detected in 
response to L-arg alone or after treatment with RAS
inhibitors.    

Conclusions
ACE-Is have greater potential than ARBs to enhance 
L-arg effects in the kidney in uncomplicated Type 1
diabetes. Neither RAS inhibitor influenced the systemic
effects of L-arg. The lack of changes in renal NO 
indicators parallelling the haemodynamic responses,
suggests that the effects of ACE-I on L-arg-induced
renal haemodynamic changes could be also 
attributable to NO-independent mechanisms.

Introduction
Pharmacological actions of angiotensin-convert-

ing enzyme (ACE) inhibitors are characterised by
decreased generation of angiotensin II (Ang II),
and by protecting the endothelium-dependent
(ED) vasodilator bradykinin (BK) from degrada-
tion into inactive peptides.1 Corresponding to this
dual effect of ACE inhibitors (ACE-I), it has been
demonstrated that ACE-I can improve endothelial
function and nitric oxide (NO) bioavailability in
various disease conditions.2-5 Unlike ACE-Is, the
pharmacological effects of angiotensin type 1
receptor blockers (ARB), another class of
inhibitors of the renin-angiotensin system (RAS),
have been attributed mostly to the inhibition of
Ang II actions mediated by the AT1-receptor.
However, there is also increasing evidence sug-
gesting that AT1-receptor blockade may enhance
NO-dependent vascular functions.6,7

Type 1 diabetes is associated with a variety of
disturbances in vascular and renal NO produc-
tion,8,9 including impaired ED, i.e. NO-dependent,
vasodilation.10,11 ACE-I have also been shown to
enhance ED vasodilation in Type 1 diabetic
patients.11,12

Most of the studies focussing on the effects of
ACE-I on endothelial vascular function in this con-
dition relied on measurements of local arterial
responses to muscarinic agonists,11 flow-mediated
endothelial NO synthase (eNOS) activation,12-14

and NO donors or inhibitors.11 Measurements of
haemodynamic responses to L-arginine (L-arg)
represent an alternative approach for testing NO-
dependent vascular functions.15 ACE-I can
enhance renal vasodilator responses to L-arg in
patients with hypertension.16 Furthermore, we
have reported that both ACE-Is and ARBs possess
the potential to enhance systemic and renal
haemodynamic responses to acute L-arg adminis-
tration in healthy subjects.6 However, the effects
of ACE-I on L-arg-induced responses, as well as the
capability of ARBs to modulate NO-dependent vas-
cular functions, have not been studied in Type 1
diabetes.

In the present study, we tested the hypothesis
that, similar to healthy subjects, ACE-I can modu-
late systemic and renal haemodynamic responses
to L-arg in Type 1 diabetes. Furthermore, we
sought to determine whether ARBs have a similar
capacity to modulate L-arg-induced responses as
ACE-Is.To address these issues,we investigated the
effects of acute L-arg administration on blood
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pressure (BP), renal haemodynamics, and indica-
tors of systemic and renal NO generation, before
and after short-term treatment with the ACE-I,
ramipril, or the ARB, losartan, in uncomplicated,
normotensive Type 1 diabetic patients.

Methods
Subjects 
Eleven male normotensive and normoalbuminuric
(3.9+0.9 µg/min) Type 1 diabetic patients (age
31+2 years; duration of diabetes 11+2 years; BMI
23.5+0.7 kg/m2; HbA1C 7.2+0.2%) participated in
the randomised, crossover study after giving
informed consent. The patients were recruited
from the outpatient clinic of the Diabetes Center
of the Institute for Clinical and Experimental
Medicine. On fundoscopic examination, ten
patients had no signs of retinopathy, and one had
background retinopathy. None of the subjects was
a smoker and none of them used chronic medica-
tion of any type except insulin.The subjects were
advised not to change their dietary habits during
the study period and to refrain from tap water and
foods rich in nitrates during the 48-hour period
preceding each study session. All study sessions
were performed at the Centre in a facility designed
for human physiological studies. The study proto-
col was approved by the local ethical committee.

Study design  
Three consecutive measurements of systemic and
renal haemodynamic changes in response to L-arg
infusion were performed in each subject.The first
series of measurements was designed to explore
the effects of L-arg under control conditions.The
participants were admitted to the test laboratory
at 0715 hours after an overnight fast and did not
ingest any food until the renal studies were com-
pleted. The blood glucose was clamped at the
ambient level with a continuous insulin infusion
(Actrapid HM) with rate ranging between 0.5 to 2
U/hour.Measurements of glomerular filtration rate
(GFR, inulin clearance), renal plasma flow (RPF,
clearance of paraminohippuric acid [PAH]), and
continuous monitoring of heart rate (HR),brachial
(Dynamap) and digital (Finapres, Ohmeda,
Englewood, CA) BPs during the control (baseline)
and L-arg hydrochloride infusion (Ardeapharma,
Sevetin, Czech Republic, 200 mg/kg body weight)
were performed as previously described.6

After completion of control measurements, the
subjects were randomised to receive either the
ACE-I, ramipril, (Tritace, Hoechst, Germany) 5

mg/day or the ARB, losartan, 50 mg/day (Cozaar,
Merck Human Health, USA).The treatments were
started the day after the control measurements,
and clearance studies were repeated after three
weeks of treatment, as described above. The
second series of measurements were followed by
a wash-out period lasting for four weeks.The treat-
ment with the other agent was then initiated and,
after another three weeks, the subjects underwent
the third series of measurements under the same
protocol as already described.

Analytical methods 
Plasma and urinary inulin and PAH and concentra-
tions, serum lipid levels, plasma amino acid con-
centrations, and serum and urinary NO2-/NO3-
(NOx), were analysed as previously described.6

Plasma insulin was determined by radioimmuno-
assay (Immunotech, Prague, Czech Republic).

Calculations and statistics 
GFR and effective RPF were considered to be
equal to the clearances of inulin and PAH, respec-
tively. Inulin and PAH clearances were calculated
using standard formulae. Filtration fraction (FF)
was estimated as the GFR divided by RPF. Renal
vascular resistance (RVR) was calculated as mean
brachial arterial pressure divided by renal blood
flow. Brachial mean arterial pressure (MAP) was
considered to be a sum of diastolic and 1/3 pulse
pressures. GFR, RPF, and RVR were expressed per
1.73 m2 of body surface area. Urinary concentra-
tions of NOx were corrected for urinary inulin
concentrations.

Data are expressed as mean+SEM. All analyses
were performed by analysis of variance (ANOVA)
followed by Scheffé test, using Statview SE and
Graphics software (Brainpower, Calabasas, CA). A
p value of less than 0.05 was viewed as statistical-
ly significant.

Results
Blood pressure and renal function
BP values are shown in Table 1. Ramipril or losar-
tan did not influence baseline BP. L-arg infusion
had no impact on brachial or digital BP under
control conditions. Pre-treatment with ramipril or
losartan did not influence these responses. Basal
HR determined during the control experiments
(64+3 beats/minute) did not change in response
to L-arg infusions, both before or after treatment
with ramipril or losartan. The changes in renal
haemodynamics are summarised in Figure 1.

34
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Table 1 Baseline values of brachial and digital blood pressure

Basal L-arg Basal L-arg Basal L-arg Basal L-arg Basal L-arg Basal L-arg

DM-control 103+4 103+3 67+2 67+2 79+2 79+3 113+5 115+5 62+3 64+3 79+4 81+4
DM-ACE-I 105+1 102+4 69+2 68+3 81+2 79+3 115+5 115+6 64+4 65+6 80+4 82+6
DM-ARB 100+3 103+3 67+2 66+2 78+2 78+2 111+5 115+5 58+4 61+3 76+4 79+4

DM = diabetes; ACE-I = angiotensin-converting enzyme inhibitor; ARB = angiotensin receptor blocker; L-arg = L-arginine

Brachial (mmHg) Digital (mmHg)
SBP DBP MAP SBP DBP MAP
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Baseline GFR was reduced with both ramipril and
losartan treatments. Control L-arg infusion
induced no changes in GFR and these responses
were not influenced by treatment with RAS
inhibitors. Similar to GFR, control L-arg did not
influence RPF. In contrast to control experiments,
significant renal vasodilator responses to L-arg
were observed after ramipril treatment. Unlike
ramipril, renal vasodilator responses to L-arg were
not enhanced by losartan. Although there was a
clear trend towards reduction in FF in response to
control L-arg and a further enhancement of this
response after ramipril, the changes in this para-
meter in all three experiments did not reach sta-
tistical significance. Analysis of RVR showed the
same trends in responses to L-arg as observed in
RPF.

Metabolic parameters and hormonal
changes
The patients demonstrated modest hypergly-
caemia. Blood glucose levels remained stable
during the L-arg infusions and were similar in all
three experiments (Table 2).There were no differ-
ences between the experiments in basal or post
L-arg plasma insulin levels (see table 2). At base-
line, plasma lipid parameters (total cholesterol,
4.0+0.3 mmol/L; LDL, 2.3+0.2 mmol/L; HDL,
1.4+0.1 mmol/L; triglycerides, 0.6+0.1 mmol/L)

remained identical when analysed after treatment
with the RAS inhibitors or following the L-arg
administrations (data not shown). Both ramipril
and losartan induced increases in PRA, compared
with control experiments, suggesting effective
inhibition of the RAS (see table 2). L-arg had no
acute effects on PRA.

Systemic and renal production of NO 
Basal and post-infusion plasma L-arg levels were
similar in all experiments (Table 3). An increase
in plasma L-citrulline paralleled the rise in
plasma L-arg, suggesting enhanced conversion of
amino acids. Baseline plasma L-citrulline (see table
3) concentrations were not affected by ramipril or
losartan. Furthermore, the increments in plasma
L-citrulline levels after administration of L-arg,deter-
mined as one of the indicators of systemic NO
generation, were not influenced by ramipril or
losartan, compared with control infusion. Basal
plasma concentrations and urinary excretion of
NOx were not influenced by ACE-I or ARB treat-
ment or by L-arg administration (see table 3).

Discussion 
We compared acute BP and renal haemodynamic
responses to L-arg administration in normoalbu-
minuric Type 1 diabetic patients, before and after
treatment with an ACE-I or ARB. The patients

PAPER

Figure 1 Effect of L-arginine on renal haemodynamics, and its modulation by pre-treatment with angiotensin-converting
enzyme inhibitor (ACE-I) ramipril or angiotensin receptor blocker (ARB) losartan. *p<0.05 vs. basal; †p<0.05 vs. control
experiment
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demonstrated a complete lack of BP responses to
L-arg, both before and after treatment with RAS
inhibitors. In contrast to systemic responses, renal
vasodilator responses to L-arg were enhanced by
pre-treatment with ramipril. Unlike ramipril, losar-
tan did not influence renal responses to L-arg.

It has been suggested that ED vasodilation in
Type 1 diabetes, with or without microalbumin-
uria (MAU), could be improved by treatment with
ACE-Is.11,12 However, equivocal results have been
reported in this area and recent studies have not
reported beneficial effects of ACE-I on flow-medi-
ated dilation in brachial arteries.13,14 Reflecting
more recent negative evidence on the impact of
ACE-I on endothelial function in Type 1 dia-
betes,13,14 systemic haemodynamic responses to L-
arg were not enhanced by treatment with
ramipril. Furthermore, BP responses to L-arg were
not modulated by losartan.

Methodological differences may provide expla-
nations for the disparate findings between our
study and previous studies demonstrating little
effect of ACE-I on ED functions in uncomplicated
Type 1 diabetes,13,14 and studies that reported
opposite findings.11 Available evidence on the
effects of ACE-I on ED vasodilation in diabetic
patients relied on blood flow measurements in
confined conduit arterial limb systems, using the
specific stimulation of eNOS function by receptor-
mediated mechanisms with muscarinic agonists.11

To our knowledge, no previous studies have inves-
tigated whether inhibition of the RAS can enhance
the vasodilator actions of L-arg in Type 1 diabetes.
In contrast to local administration of muscarinic
agonists acting via eNOS, administration of L-arg
involves NO generation by all NOS isoforms that
are also involved in the control of BP.17,18

Furthermore, the two previous studies that have
reported, similar to our present observations, neg-

ative data with respect to the effects of ACE-I on
ED vasodilation in Type 1 diabetes,measured flow-
mediated responses.13,14 This is also a different
approach to agonist-stimulated ED vasodilation.
Flow/shear stress activation of eNOS involves
receptor- and calcium-independent signalling via
Akt kinase.19 Thus, it appears that ACE-I may
improve receptor-mediated eNOS activation,
whereas there is insufficient evidence for any ben-
eficial effects of ACE-I on NO bioavailability using
other methodological approaches.

The lack of effects of ACE-Is and ARBs on L-arg-
induced systemic responses could paradoxically be
also a result of enhanced baseline activity of NOS
enzymes. Consequently, increased delivery of the
substrate would induce relatively small further
increases in NO production and weak haemody-
namic responses.This interpretation is supported by
clinical evidence in Type 1 diabetic patients, both
with20 or without21 MAU, suggesting increases in
whole-body NO production. In addition, experimen-
tal evidence has demonstrated the contribution of
NO to increased local perfusion in non-renal
tissues.22 Indeed, diabetic patients in the present
studies demonstrated higher baseline plasma and
urinary NOx compared with healthy subjects
studied previously under the same protocol.6

Control L-arg administration did not influence
renal haemodynamics. However, unlike the BP
responses, significant renal vasodilation was
observed when L-arg was administered after
ramipril. This observation is in accordance with
our previous studies in healthy subjects6 and with
studies by Mimran et al.16 in patients with hyper-
tension.The reason why the ACE-I enhanced renal,
but not systemic vasodilator responses to L-arg
could be related to specific features in the control
of renal haemodynamics as compared with other
vascular beds and to alterations in the activity of

PAPER

Table 2 Metabolic and hormone parameters

Basal L-arg Basal L-arg Basal L-arg

DM-control 9.0+0.9 8.9+0.8 19+5 20+5 1.4+0.4 1.6+0.4 
DM-ACE-I 7.8+0.6 8.5+0.5 14+3 15+3 3.6+1.0* 3.7+1.1*
DM-ARB 7.7+0.5 7.9+0.5 15+3 25+8 6.7+1.8† 8.2+1.9†

BG = blood glucose; IRI = immunoreactive insulin; PRA = plasma renin activity; L-arg = L-arginine; DM = diabetes; ACE-I = angiotensin-
converting enzyme inhibitor; ARB = angiotensin receptor blocker; *p<0.05 vs. control experiment; †p<0.01 vs. control experiment

BG [mmol/L] IRI [mU/L] PRA[ng/ml/min]

Table 3 Indicators of systemic and renal activity of nitric oxide (NO) 

Basal L-arg Basal L-arg Basal L-arg Basal L-arg

DM-control 74+9 2780+372* 33+4 44+5* 28+3 27+2 43+7 43+6

DM-ACE-I 85+8 2792+286* 41+7 50+5* 27+2 27+3 47+13 51+14

DM-ARB 73+12 3204+606* 38+5 45+5* 24+2 21+2 38+5 42+5

L-arg = L-arginine; L-cit = L-citrulline; UNOx/in = urinary nitrites/nitrates concentration expressed per mg of urinary inulin; DM = diabetes; 
ACE-I = angiotensin-converting enzyme inhibitor; ARB = angiotensin receptor blocker; *p<0.01 vs. basal

Plasma L-arg Plasma L-cit Plasma NOx UNOx/in
[µmol/L] [µmol/L] [µmol/L] [µmol/mg]
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vasoactive systems in diabetes. An interplay
between NO and Ang II is one of the important
determinants of renal haemodynamics.23,24 The
renal vascular tree is very sensitive to NO.23,24

Diabetes is considered to be a state in which renal
activity of the RAS is enhanced.25 Considering all
these factors, it is possible that, unlike the periph-
eral vascular beds, the diabetic kidney is more sen-
sitive to modulation of NO bioavailability by ACE-I.
These shifts in renal NO bioavailability may be too
subtle to be detected by available clinical indica-
tors.

Unlike ramipril, and in contrast to previous
observations in healthy subjects6 and in patients
with essential hypertension,7 ARBs in the present
studies did not significantly modulate the renal
vasodilator actions of L-arg. This observation sug-
gests that ARBs possess lower ability to modulate
renal NO availability in the diabetic kidney.

We measured several indicators of systemic
and renal NO production.Plasma L-citrulline levels
rose significantly after L-arg administration, possi-
bly reflecting enhanced conversion of amino acids
by NOS and consequently enhanced systemic NO
production. However, we did not detect any cor-
responding L-arg-induced changes in BP, albeit the
lack of effect of treatment with RAS inhibitors on
increments in plasma L-citrulline corresponds to
the lack of modulation of BP responses by these
compounds. Similar to other investigators,26 we
were unable to detect L-arg-induced changes in
NO indicators that would parallel renal functional
changes. In addition to the fact that the above-
mentioned NO indicators may not be sufficiently
sensitive for detection of L-arg-induced changes in
the systemic and renal bioavailability of NO, we
cannot exclude a possibility that ramipril
enhanced the renal effects of L-arg via a NO-inde-
pendent mechanism.27

Several limitations of the present studies
should be mentioned. We tested fixed doses of
RAS inhibitors at about 50% of the maximal dose.
Despite significant increases in PRA, used as a sur-
rogate marker of RAS inhibition, the degree of the
system blockade achieved after three weeks of
treatment with ramipril or losartan remains uncer-
tain. It is possible that treatment with maximal
doses of the inhibitors would lead to more com-
plete RAS inhibition, as well as to more prominent
enhancement of NO-dependent pathways.
Furthermore, it is conceivable that a higher dose
of the ARB might have produced a response
similar to the ACE-I. Therefore, our observations
should be interpreted with caution, with respect
to a lack of dose ranging.

In conclusion, short-term treatment with the
ACE-I, ramipril, or the ARB, losartan, did not modu-
late the acute effects of L-arg on BP in normoten-
sive and normoalbuminuric Type 1 diabetic
patients. In contrast to systemic responses,
ramipril enhanced L-arg-induced renal vasodila-
tion. This phenomenon was not observed after
losartan. Therefore, ARBs seem to have a weaker
potential than ACE-Is to enhance L-arg effects in
the kidney in uncomplicated Type 1 diabetes.
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