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Abstract
Aims/hypothesis Endogenous NO inhibits insulin release in
isolated beta cells and insulin-degrading enzyme activity in
hepatocytes, while NO release from endothelial cells has
been suggested to enhance insulin action. We assessed the
overall effect of systemic inhibition of endogenous NO
synthesis on glucose homeostasis in humans.
Methods Twenty-four non-diabetic volunteers underwent two
hyperglycaemic (+7mmol/l) clamps with either saline or L-NG-
nitroarginine methyl ester (L-NAME, at rates of 2.5, 5, 10 and
20 μgmin−1kg−1) infusion. Another five volunteers underwent
an OGTT with either saline or L-NAME (20 μgmin−1kg−1)
infusion. Blood pressure and heart rate were measured to mon-
itor NO blockade; during the OGTT, endothelial function was
assessed by peripheral arterial tonometry and insulin secretion
by C-peptide deconvolution and insulin secretion modelling.
Results Compared with saline, L-NAME at the highest dose
raised mean blood pressure (+20±2 mmHg), depressed heart
rate (−12±2 bpm) and increased insulin clearance (+50%).

First-phase insulin secretion was impaired, but insulin sensi-
tivity (M/I index) was unchanged. During the OGTT,

L-NAME raised 2 h plasma glucose by 1.8 mmol/l (p<0.01),
doubled insulin clearance and impaired beta cell glucose
sensitivity while depressing endothelial function.
Conclusions/interpretation In humans, systemic NO block-
ade titrated to increase blood pressure and induce endothelial
dysfunction does not affect insulin action but significantly
impairs glucose tolerance by increasing plasma insulin clear-
ance and depressing insulin secretion, namely first-phase and
beta cell glucose sensitivity.

Keywords Insulin clearance . Insulin secretion . Insulin
sensitivity . Nitric oxide

Abbreviations
GIR Glucose infusion rates
IDE Insulin-degrading enzyme
ISR Insulin secretion rate
L-NAME L-NG-nitroarginine methyl ester
NOS Nitric oxide synthase

Introduction

Both insulin and glucose promote NO synthesis in tissues
(endothelium, beta cells, skeletal muscle, liver and brain)
that participate in the maintenance of glucose homeostasis
[1, 2]. The reduced NO bioavailability that is often found in
conditions of impaired glucose homeostasis is expected to
involve most of these tissues since it is sustained by en-
hanced oxidative stress, a systemic process.
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Despite a large number of experimental studies and a few
clinical studies, whether and to what extent systemic NO
production participates in the physiological regulation of
glucose metabolism in humans remains undetermined. Stud-
ies utilising competitive inhibitors (arginine analogues) to
block constitutive NO synthesis have demonstrated effects
on glucose control that are rather heterogeneous both within
and among different tissues. In isolated beta cells, the phys-
iological glucose-induced rise in NO is permissive for insu-
lin release, but higher NO concentrations dose-dependently
curtail glucose-stimulated insulin secretion [3–5]. In intact
skeletal muscle tissue (perfused limb protocols in animal
models and humans), insulin promotes endothelial NO re-
lease, thereby allowing optimal tissue perfusion and deploy-
ment of a full metabolic action [6]. Exposure of isolated
skeletal muscle cells to NO promotes glucose transport via
an insulin-independent pathway [7].

In the liver, studies in animals have found that physiolog-
ical endogenous NO production has a minor effect on hepatic
glucose production by increasing both glycogenolysis [8] and
glucose uptake [9]. In humans, the infusion of the arginine
analogue L-NG-nitroarginine methyl ester (L-NAME) raised
blood pressure but had no effect on fasting hepatic glucose
production [10]. Other studies showing a direct role of NO in
inducing hepatic insulin resistance have used models in which
excess NO was generated through liver-specific overexpres-
sion of the inducible nitric oxide synthase (NOS) isoform [11].
In liver homogenates, NO has recently been shown to dose-
dependently inhibit the specific protease insulin-degrading
enzyme (IDE), which is largely responsible for whole-body
insulin clearance [12]. The physiological relevance of this
effect has not been assessed either in experimental animals
or in humans. Finally, in anaesthetised rats, blocking NO
synthesis selectively in the central nervous system with an
intracerebroventricular L-NAME infusion produced a mild
impairment of both peripheral insulin sensitivity and
arginine-induced insulin secretion [13].

On aggregate, the available information indicates that
NOS inhibition in the beta cell would result in an enhanced
insulin secretion, while in the liver would produce an upre-
gulation of insulin degradation and in the peripheral tissue
(acting on tissue perfusion and on the central nervous sys-
tem) would induce insulin resistance. The present study was
undertaken to measure the size of these effects during a
partial and systemic NO synthesis inhibition in humans,
and to verify whether these multiple changes eventually lead
to deterioration of glucose tolerance.

Methods

Study design We first evaluated the effect of increasing

L-NAME infusion rates (2.5, 5, 10 and 20 μg−1min−1kg−1)

on blood pressure, heart rate and insulin secretion, action and
clearance using a 2-h hyperglycaemic clamp. Next we evaluat-
ed the effect of the highest L-NAME dose (20 μg−1min−1kg−1)
on glucose tolerance, insulin secretion and insulin clearance
during a standard OGTT, with simultaneous measurements of
blood pressure and endothelial function.

Participants A total of 29 non-diabetic volunteers of either
sex (ten women and 19 men, age 39±7 years, BMI 27±
4 kg/m2) were recruited from hospital employees and stu-
dents and from the outpatient clinic. Each participant re-
ceived a standard OGTT to exclude diabetes and signed a
written informed consent on which the study details and its
potential risks were described. This investigation was ap-
proved by the institutional review board and was carried out
in accordance with the Declaration of Helsinki as revised in
2000 (www.vma.net/e/policy/b3.htm).

Four groups of five participants each underwent two con-
secutive hyperglycaemic clamp studies 1–2 weeks apart, per-
formed in single-blind fashion and random order with respect
to L-NAME (2.5, 5, 10 or 20 μg−1min−1kg−1) or vehicle
(normal saline) infusion. Four participants received saline
twice (L-NAME 0) to establish reproducibility. The remaining
five individuals underwent two consecutive OGTTs during an

L-NAME (20 μg−1min−1kg−1) or saline infusion administered
in single-blind fashion and in random order.

Hyperglycaemic clamp Participants arrived at the metabolic
ward at 8:00 hours after an overnight fast. A 20 G polyeth-
ylene catheter was placed in a retrograde manner into a wrist
vein, and the hand was placed in a heating pad for sampling
of arterialised blood. A second cannula was inserted into an
antecubital vein for insulin, glucose and test drug infusion.
After baseline blood sampling at time −30 min, either saline
or L-NAME was infused throughout the study until time
130 min. After drawing two further blood samples (−10 and
0 min), a glucose bolus, calculated to rapidly increase the
glucose concentration into the readily accessible glucose
distribution volume (150 ml/kg), was delivered in 90 s,
followed by a continuous glucose infusion adjusted to
achieve and maintain plasma glucose levels of 7.0 mmol/l
above fasting values for 120 min. Plasma glucose was
measured (Glucose Analyser; Beckman, Fullerton, CA,
USA) every 5–10 min, and blood samples for hormone
measurements were collected every 2 min for the first
10 min and every 20 min until 120 min. At 120 min, an
arginine bolus (5 g in a 20% water solution) was injected,
and blood was collected every 2 min for the next 10 min.
Heart rate and blood pressure were measured using an
automatic device (Press-Mate; Colin, Courbevoie, France).

OGTT Participants arrived at the metabolic ward at
08:00 hours after an overnight fast. A cannula was inserted
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into an antecubital vein in the left arm for blood-drawing.
After two baseline samples at time −30 and 0 min, partic-
ipants drank 75 g of a glucose solution (50% in water) and
blood sampling was repeated at time 15, 30, 60, 90 and
120 min. Either saline or L-NAME (20 μg−1min−1kg−1)
infusion was started at time −30 min, and continued to
120 min. At −30, 0, 60 and 120 min, heart rate, blood
pressure and basal and postischaemic peripheral arterial
tonometry (Endo-PAT2000; ItamarMedical, Caesarea, Isra-
el) measurements were taken to evaluate the haemodynamic
effects of the L-NAME infusion.

Analytical determinations Plasma insulin and C-peptide
were measured using an electrochemiluminescence immune
assay method (Cobas E411; Roche, Rotkreuz, Switzerland).

Data analysis Glucose infusion rates (GIRs) during the
clamp were averaged over 10-min intervals, and the mean
value between times 60 and 120 min was considered the
steady-state GIR; glucose utilisation (M value) was then
calculated by correcting the 60–120-min GIR for the change
in the body glucose pool (assuming a glucose distribution
volume of 200 ml/kg body weight). Individual insulin sen-
sitivity (M/I) was expressed as the M value normalised for
the mean 60–120-min plasma insulin concentration. Insulin
secretion rate (ISR), expressed in pmolmin−1 per m2 of body
surface area, was calculated by deconvolution of plasma
C-peptide data according to the method of van Cauter et al
[14]. First-phase insulin secretion was defined as the area
under the ISR curve (ISR-AUC) between time 0 and 8 min,
second-phase insulin secretion as the ISR-AUC from 60 to
120 min, and the arginine response as the ISR-AUC from
120 to 130 min. AUCs were calculated by the trapezoid rule.
Insulin clearance, expressed in l/min per m2 of body surface
area, was estimated from the ratio of ISR and insulin AUC.
During the OGTT, ISR was calculated by deconvolution of
plasma C-peptide concentrations. Insulin clearance during
the OGTT was estimated as the ratio of ISR-AUC to the
corresponding insulin AUC.

Beta cell function was assessed using a model that
describes the relationship between insulin secretion and
glucose concentration, which has previously been illustrated
in detail [15, 16]. Briefly, the model expresses insulin se-
cretion as the sum of two components. The first component
represents the dependence of insulin secretion on absolute
glucose concentration through a dose–response function; the
second component, termed rate sensitivity, represents the
dependence of insulin secretion on the rate of change of
glucose concentration. Characteristic variables of the dose–
response are the slope within the observed glucose range,
named the beta cell glucose sensitivity, and the insulin
secretion at a fixed glucose concentration value (usually
5 mmol/l), denoted as fasting secretory tone. The dose–

response is also modulated by a potentiation factor, which
is a function of time and is named the potentiation ratio.

Statistical analysis Paired differences were tested by the
Wilcoxon sign-rank test, and differences between plasma
concentration curves with the use of ANOVA for repeated
measures. A p value ≤0.05 was considered statistically
significant.

Results

Hyperglycaemic clamp In response to a square wave of
hyperglycaemia (+7 mmol/l), ISR and plasma insulin con-
centrations displayed the typical biphasic pattern (Fig. 1); in
both the L-NAME 0 (saline) and L-NAME 2.5 experiments,
the responses were superimposable for the two occasions
(electronic supplementary material [ESM] Fig. 1). As

L-NAME infusion was escalated, we observed progressively
lower plasma insulin concentrations but superimposable ISR
(Fig. 1) and plasma C-peptide (data not shown). With both

L-NAME 10 and 20, the plasma insulin curve was statisti-
cally different from that for saline (ANOVA for repeated
measures, p=0.04 and p=0.001, respectively). On average,
with L-NAME 20 plasma insulin concentrations were 50%
lower than with saline, resulting in significantly lower GIRs
(p=0.001) (Fig. 1). The analysis of aggregated values (Table 1)
shows that none of the L-NAME doses affected fasting vari-
ables. L-NAME 2.5, 5 and 10 had no effect on insulin secre-
tion, clearance or action, while L-NAME 20 depressed first-
phase insulin secretion, doubled insulin clearance and lowered
the M value. However, whenM values were corrected for the
prevailing insulin concentration (M/I) there was no difference
between L-NAME 20 and saline.

In all the saline experiments, arterial blood pressure and
heart rate were stable throughout all the study phases (data
not shown); they were stable also with L-NAME 2.5 and 5,
whereas blood pressure increased and heart rate decreased
in proportion to infusion rates in the L-NAME 10 and 20
studies (Fig. 2). Interestingly, the administration of argi-
nine was associated with a prompt decline in blood pres-
sure and a rise in heart rate in the L-NAME 5, 10 and 20
experiments.

OGTT L-NAME infusion at 20 μgmin−1kg−1 induced a
significant deterioration in glucose tolerance, which was
more prominent during the second hour of the test (Fig. 3;
p<0.01 by ANOVA for repeated measures). Corresponding-
ly, insulin secretion was delayed and blunted, as evident
from the plasma C-peptide and insulin levels and the ISRs
(Fig. 3b–d). To assess the adequacy of the insulin secretory
response to the glucose values achieved during the OGTT,
we calculated beta cell glucose sensitivity (i.e. the slope of the
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relationship between ISR and plasma glucose). As shown in
Fig. 3e, L-NAME caused a 40% decrease in beta cell glucose
sensitivity (from 121±15 to 75±6 pmolmin−1m−2 per mmol/l;
p=0.031). Interestingly, total insulin secretion (40±3 vs 37±
2 nmol/m2) and the other model-derived variables (potentia-
tion 0.99±0.08 vs 1.58±0.32; rate sensitivity 1,117±154 vs
835±237 pmolm−2 per mmol/l) were similar, while the fasting
secretory tone (from 90±16 to 108±13 pmolmin−1m−2 at
5.0 mmol/l glucose; p<0.02) was upregulated by L-NAME.

Plasma insulin removal during the OGTT, indirectly es-
timated from the slope of the scatterplot of plasma insulin
concentration and the corresponding ISR, was 50% higher
with L-NAME 20 than saline (p=0.04 by slope comparison
test) (Fig. 3f). Interestingly, L-NAME had no effect on
plasma insulin clearance in the fasting state (saline 1.69±
0.18 vs L-NAME 1.68±0.15 l min−1m−2), but completely
prevented the physiological decline in insulin clearance
observed during the OGTT (saline 1.07±0.16 vs L-NAME
1.72±0.29 l min−1m−2; p<0.01).

A progressive increase in mean blood pressure and a
progressive decline in endothelial function were recorded
during the 2 h of the OGTT (Fig. 4).

Discussion

This study demonstrates that systemic NOS blockade—in a
degree that increases blood pressure—causes a clinically
significant deterioration of glucose tolerance, which results
from the combination of beta cell dysfunction and enhanced
degradation of secreted insulin, while peripheral insulin
sensitivity is unaffected. The current data thus demonstrate
a novel mechanism by which glucose homeostasis is main-
tained and is linked to vascular health. Following nutrient
ingestion, NO production is physiologically enhanced in the
liver, by activation of the local parasympathetic cholinergic
discharge [17], and systemically, by the concomitant rise in
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plasma insulin levels (known to activate endothelial NOS).
By inhibiting plasma insulin clearance, the NO response
reduces the burden on the beta cells. Conceivably, when
NOS activity is depressed, posthepatic insulin availability
is reduced, and beta cells are required to release more insulin
to achieve the same plasma insulin concentration. In addi-
tion, reduced NO bioavailability directly depresses beta cell
glucose sensitivity, thereby further challenging postprandial
glycaemic control. Our data explain the findings of a recent

study in healthy participants [18], which, in addition to
demonstrating that L-NAME does not interfere with gastric
emptying during an OGTT (the main objective of the study),
also reported higher glucose excursions coupled with lower
insulin levels.

One possible mechanism by which L-NAME increases
insulin clearance could be by blood flow redistribution.
Insulin degradation in liver and muscle is dependent on
blood flow (whereas in the kidney it is not, given the high
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Fig. 3 Results of the OGTT
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perfusion rate of this organ). We did not measure tissue
blood flow; however, data from experimental studies do
not support this possibility. In rats, intraportal L-NAME
administration reduces liver perfusion [19], while systemic

L-NAME has no effect on portal haemodynamics despite a
60% increase in arterial blood pressure [20]. In skeletal
muscle, systemic L-NAME infusion either does not affect
blood flow to muscle tissues or reduces it (as elegantly
demonstrated by Majumdar et al [21]). The acute increase
in blood pressure, with the attendant hormonal response, is
also unlikely to be involved: a similar rise in blood pressure,
achieved with angiotensin II infusion, had no effect on
insulin clearance in humans [22]. By inducing a reflex de-
pression of the sympathetic nervous system [23], L-NAME
should, if anything, reduce insulin clearance (which is acti-
vated by adrenergic agonists [22]). We therefore suggest that
the effect of L-NAME on insulin clearance is a direct one and
is likely to involve liver IDE, the chief enzyme system for
insulin degradation, which has been shown in vitro to be
inhibited by NO: the lower the NO availability, the stronger
the activation of the enzyme [12].

Clearly, our data describe an acute phenomenon and
cannot predict whether chronic NOS inhibition would result
in a persistent decline in glucose tolerance. In rats, the
administration of L-NAME in drinking water for 14 days
resulted in a deterioration of glucose tolerance coupled with
an early insulin secretion defect [24]. Under more extreme

conditions, liver-selective IDE knockout mice show an ini-
tial improvement in glucose tolerance, but with ageing the
animals develop insulin resistance secondary to chronic
hyperinsulinisation and insulin receptor downregulation
[25]. In clinical conditions characterised by chronic, low-
grade inflammation, liver inducible NOS activation might
reduce insulin clearance. In fact, obese individuals show a
degree of hyperinsulinaemia that is neither entirely explained
by the degree of obesity and/or insulin resistance nor fully
accounted for by saturation of insulin removal [26].

With regard to the haemodynamic effects of NOS block-
ade, we documented a dose-dependent rise in arterial blood
pressure and fall in heart rate (Fig. 2) as well as a recovery of
both variables upon adding arginine, the precursor of NO.
These effects, and the significant decline in endothelial func-
tion (Fig. 4), mimic the pathological features of essential
hypertension, a model of chronically reduced vascular NO
availability. However, it should be noted that essential hyper-
tension has been associated with reduced insulin clearance
[27]. This discrepancy is likely to be explained by the fact that
essential hypertension is frequently associated with chronic
primary insulin resistance and hyperinsulinaemia, which, in
turn, is associated with reduced insulin clearance (due to
saturation of first-pass insulin removal). The effect on insulin
clearance we report here is independent of insulin secretion.

During both intravenous and oral glucose stimulation, an
inhibitory effect of L-NAME on beta cell function was also
observed, manifesting itself as reduced first-phase insulin re-
lease and beta cell glucose sensitivity, respectively. This find-
ingmay suggest the involvement of gastrointestinal hormones.
In this regard, however, Gentilcore et al [18] reported that
neither the glucagon-like peptide 1 nor the gastrointestinal
peptide (GIP) response to anOGTTwasmodified by L-NAME
(infused at rates inducing blood pressure and heart rate
changes very similar to ours). Therefore, neural control mech-
anisms, such as the parasympathetic cholinergic outflow to the
pancreas (the cephalic phase of insulin secretion [28, 29]), may
be involved. It is also pertinent to note that the inhibitory effect
of L-NAME on insulin secretion is in contrast with previous
work. We and others [3–5] have reported that, in rodent beta
cell cultures, endogenous NO production does inhibit insulin
secretion. This discrepancy could be due to differences in
species or experimental conditions.

The lack of effect on peripheral insulin sensitivity con-
flicts with data in humans showing that L-NAME infusion
reduces insulin-dependent glucose metabolism by prevent-
ing optimal tissue perfusion. However, the discrepancy is
only apparent since this effect is in quantitative terms either
negligible or extremely small. In fact, the first study show-
ing that the forearm vasodilatation occurring during system-
ic insulin infusion could be prevented with L-NAME
reported no concomitant reduction in whole-body glucose
uptake [30]. Similarly, the study that demonstrated that
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L-NAME could abolish insulin-induced vasodilatation in one
leg was not associated with a significant effect on whole-body
glucose disposal since the non-vasodilated leg showed an
almost fully compensatory increase in fractional glucose ex-
traction [31]. On the other hand, supplying NO to the forearm
of individuals with insulin resistance did not produce an
improvement in the limb’s insulin-stimulated glucose uptake
[32, 33]. Finally, our study design is not adequate to detect
minor changes (less than 25%) in insulin sensitivity; the
hyperglycaemic clamp test is not a tool as sensitive as the
euglycaemic clamp in measuring insulin sensitivity (essential-
ly because the insulin–glucose dose–response curve is not
linear) and the size of each study group is small. However, it
is important to note that the trend forM/I was to increase with

L-NAME.
One possible limitation of this study is that the study

groups were rather heterogeneous with respect to insulin
sensitivity, insulin clearance and blood pressure as shown
in Table 1 and Fig. 3. However, given the paired study
design, the high reproducibility of the tests (saline vs saline
and saline vs L-NAME 2.5; see ESM Fig. 1) and the size of
the effects, we consider it unlikely that the differences
between the groups might have affected our main results.

In summary, we have shown that systemic NOS blockade
raises blood pressure and generates endothelial dysfunction
at the same time as inducing a clinically significant deteri-
oration of glucose tolerance, due to increased insulin clear-
ance and impaired insulin secretion.
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