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Abstract The mechanisms responsible for the accelerated
atherosclerosis observed in type 2 diabetes are not fully
understood. One of the earliest events in the development
of atherosclerosis is endothelial dysfunction, namely, a re-
duction in nitric oxide (NO) synthesis or its bioavailability
within the peri-endothelial environment, where it is respon-
sible for maintenance of vascular tissue integrity. The clin-
ical evaluation of this pathway is hampered by the fact that
in vivo NO cannot be directly measured; however, exploit-
ing a novel, complex and elegant experimental setup,
McVeigh and co-workers (Diabetologia 1992;35:771–776)
were the first to document that NO bioavailability in type 2
diabetic patients is indeed reduced. In this edition of ‘Then
and now’ that paper is reappraised not only for its original-
ity, but also for the broad and extensive evaluation of the
vascular functions explored, the complete clinical character-
isation of patients enrolled and for the fact that all the major
findings were subsequently replicated.
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L-NMMA NG-Monomethyl-L-arginine
PET Positron-emitting tomography

Background

The endothelium plays a central role in maintaining
vascular homeostasis through the release of vasodilating
and vasoconstricting substances. Seminal work by
Furchgott and Zawadzki in 1980 [1] revealed that the
endothelium is responsible for vascular relaxation in-
duced by acetylcholine, a muscarinic receptor agonist.
The clinical relevance of this pathway in human disease,
including hypertension and hypercholesterolaemia, was
reported in 1990 [2, 3]. Endothelial biology took centre
stage in 1998 when the Nobel Prize in Physiology or
Medicine was awarded to Robert F. Furchgott, Louis J.
Ignarro and Ferid Murad for their discoveries concerning
the role of NO as a signalling molecule controlling
vasodilation. The translational impact of this key dis-
covery has been suggested by in vitro studies that have
established a role of the endothelium—and NO—in pro-
tecting vessels from atherosclerosis [4]. With regard to
diabetes, early after the seminal paper by Furchgott and
Zawadzki [1], endothelial dysfunction was demonstrated
in experimental animal models of diabetes [5], while its
mechanisms were described by Bucala et al. [6].

The Diabetologia paper

The work byMcVeigh and co-workers [7] was the first in vivo
demonstration of the presence of endothelial dysfunction in
type 2 diabetic patients. Specifically, they demonstrated that,
in type 2 diabetic patients, the ability of resistance vessels to
vasodilate in response to endothelium- or smooth muscle cell-
dependent stimuli was impaired (Fig. 1c, d, respectively),
while neither the vascular structure (Fig. 1a) nor unstimulated
(basal; Fig. 1b) endothelium-dependent blood flow appeared
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to be compromised (as illustrated in the figures from the
original paper reproduced in Fig. 1). The authors also showed
that this vascular dysfunction is caused by reduced NO re-
lease. To accomplish this, they used a technique that relies
upon the measurement of perfused forearm blood flow by
strain-gauge plethysmography in response to an intra-arterial
infusion of either acetylcholine (an endothelium-dependent
dilator) or nitroglycerine (a smooth-muscle-dependent dila-
tor). This method is still considered state-of-the art for the
study of endothelial function in resistance arteries. The num-
ber of vascular tests, combined with the thorough clinical
characterisation of the patients, makes this study a very rich
source of information. In addition to the ‘standard’ responses
to acetylcholine and nitrates, the investigators also evaluated
the response to ischaemia and the effect of blocking NO
synthesis with NG-monomethyl-L-arginine (L-NMMA)—a
competitive inhibitor of NO-synthase—on both acetylcholine-
stimulated and basal blood flow.

The main findings by McVeigh et al [7] have since
been replicated and have stood the test of time. In
particular, the impaired vasodilatory response to nitrates,
a somewhat neglected aspect of vascular dysfunction in
diabetes, has been confirmed by other investigators,
notably in the elegant study by Creager and co-workers
[8]. Similarly, the lack of significant associations be-
tween the vascular dysfunction and the presence of
vascular complications or degree of metabolic control,
although quite surprising, has been reported by subse-
quent studies [9, 10]

Limitations

The finding that vascular dysfunction in type 2 diabetes is
caused by reducedNO release is highly original. Nevertheless,
the study by McVeigh et al [7] was subject to limitations that
warrant some discussion. For example, the post-ischaemic
vasodilatory response following only 5 min of ischaemia does
not accurately explore structural changes of the resistance
vessels, as claimed in the paper; rather, it provides another
index of endothelial function, since the vasodilation is largely
sustained by the blood flow acceleration caused by the drastic
reduction in peripheral resistance. The mean absolute blood
flow values achievedwith the 5min ischaemia (15mlmin−1 dl−1)
are far below what is now known to be the maximal blood
flow of the forearm (~30 ml min−1 dl−1). Reflecting min-
imal resistance, maximal blood flow makes it possible to
estimate vascular structural changes; maximal flow rates
are usually obtained after 10 min of ischaemia combined
with 1 min of forearm exercise [11].

Another limitation of the study by McVeigh et al is
related to the authors’ suggestion that the endothelial dys-
function in type 2 diabetes was caused by reduced NO
synthesis. The L-NMMA infusion rate used was low
(500 μg/min) and the infusion occurred only after interrupt-
ing the maximal acetylcholine infusion (to describe the
kinetics of blood flow recovery). To determine the extent
to which an impaired response to acetylcholine is caused by
reduced NO synthesis, a more correct approach is to repeat the
stepwise acetylcholine infusion on top of a constant infusion

Fig. 1 a Blood flow before and
after 5 min of ischaemia in 21
type 2 diabetic patients (black
symbols) and 13 nondiabetic
controls (white symbols). Blood
flow responses to intraarterial
infusions of (b) L-NMMA, at
the rate of 2 μmol/min, (c) ace-
tylcholine and (d) and glyceryl
trinitrate. The error bars repre-
sent the 95% CIs of the mean
values. *p<0.01, ** p<0.001.
Reproduced from [7] with per-
mission of Springer Science +
Business Media
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of L-NMMA (at rates ranging from 900 to 1,300 μg/min) to
fully block NO synthesis. This procedure allows the carreer
estimation of the contribution of NO to the full vascular
response to the muscarinic receptor agonist, which is known
to also activate non-NO-mediated vasodilatory pathways.

Additionally, the coexistence of a profound impairment in
the response to nitrates raises the possibility that the primary
defect in type 2 diabetes occurs in smooth muscle, as
discussed as an alternative mechanism by McVeigh et al.
Nevertheless, although not fully supported by the data, the
authors’ suggestion of a reduced NO bioavailability in type 2
diabetes was later demonstrated to be essentially correct [10].

What came afterwards

Endothelial dysfunction has been detected in several other
vascular districts: in epicardial vessels and resistance vessels
of the coronary circulation (assessed by measuring lumen
diameter or blood flow changes in response to acetylcholine);
in leg and arm conductance vessels (evaluated with the use of
the flow-mediated dilatation technique); and in the skin micro-
circulation (by laser-Doppler iontophoresis). Notably, endothe-
lial dysfunction of both coronary and forearm resistance
arteries has been shown to predict coronary events. Patients
with type 2 diabetes not only show an impaired vasodilation
but also a basal (unstimulated) enhanced release of endothelin-
1, a potent vasoconstrictor [12]. The endothelium produces
other vasoconstrictors, the prostanoids, but they do not seem to
contribute to the vascular dysfunction in diabetes [8].

A correlation analysis performed on a cohort of 95 patients
with type 2 diabetes (Fig. 2) highlights that factors responsible
for the reduced response to acetylcholine appear to be more
closely related to the triad of inflammation–insulin resistance–
obesity than to diabetes directly. This interpretation is based
on cross-sectional association studies [9, 10], as well as

prospective randomised clinical trials [13] and clinical inves-
tigations, that provide evidence for a marginal contribution of
both chronic [14] and acute [15] hyperglycaemia, at least
within the concentration range commonly seen in type 2
diabetes.

Since insulin induces NO release in vitro and vasodila-
tion in vivo [16], theoretically, defective insulin-induced
vasodilation might impair insulin action on glucose uptake
in target tissues by curbing the supply of both substrate and
stimuli. Detailed studies in experimental animal models of
diabetes support this mechanism [17], whereas the evidence
in humans is indirect and probably relevant to pharmaco-
logical insulin concentrations. Nevertheless, the hypothesis
that endothelial dysfunction contributes to the cellular insu-
lin resistance of obesity or hypertension, when directly
tested in vivo in man [18, 19], has not been confirmed.

The mechanisms underlying endothelial dysfunction
have been partly clarified such that impaired vasodilation
is caused by a reduced NO bioavailability, which in turn
results from enhanced oxidative stress. In addition to
hyperglycaemia-induced mitochondrial dysfunction, which
is probably relevant at extreme glucose concentrations, the
enzymes NAD(P)H-oxidase and xanthine oxidase seem to
play key roles in superoxide production by endothelial cells
in response to inflammation [20]. From a therapeutic per-
spective, both enzymes are activated by angiotensin II, and
xanthine oxidase is inhibited by allopurinol, the anti-
hyperuricaemic drug. Indeed, endothelial dysfunction can
be reversed, as supported by evidence from randomised
double-blind, placebo-controlled studies showing that ena-
lapril [21], allopurinol [22], metformin [23] and thiazolidi-
nediones [13] significantly improve endothelial function in
patients with type 2 diabetes.

What is to come

Novel methods to assess endothelial function will allow a
more thorough assessment of the relevance of, and the
mechanisms behind, endothelial dysfunction in the patho-
genesis of type 2 diabetes. The perfused forearm technique
is invasive and requires sophisticated technology and exper-
tise, and is only a correlate of endothelial function in the
coronary vasculature. Pulse wave analysis with arterial to-
nometry is a validated alternative technique that is being
used on an epidemiological scale. This method gives us the
opportunity to evaluate whether information on endothelial
function has clinical utility [24]. Conversely, positron-
emitting tomography (PET) allows the non-invasive mea-
surement of the changes in myocardial perfusion induced by
pharmacological (dipyridamole) or physiological (cold)
stimuli that reflects endothelial function of the coronary
micro- and macrocirculation [25]. PET offers the unique

Fig. 2 Synthesis of correlation analysis in 95 patients with type 2 diabetes
undergoing a forearm vascular study and extensive clinical characterisa-
tion. Copyright 2006 American Diabetes Association. From [9]. Reprinted
with permission from The American Diabetes Association
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opportunity of evaluating the integrity of the endothelium
directly in the heart in clinical studies focused on both the
pathogenesis [26] and treatment [27] of endothelial
dysfunction.

The availability of novel compounds that act as NO-
donors will enable assessment of the relevance of NO in
protecting vessels from atherosclerosis. Particularly relevant
will be the use of hybrid drugs, such as the modified non-
steroidal anti-inflammatory drugs (NSAIDs), currently un-
der development [28].

The contribution of the endothelium to the maintenance
of vascular integrity is not limited to NO release. Two more
recently characterised endothelial functions appear poten-
tially relevant to atherosclerosis. They involve endothelial
cell turnover, at least the component that is sustained by the
endothelial progenitor cells (EPCs), and the shedding of cell
microparticles (EMPs) into the circulation.

The bone marrow continuously produces EPCs, which
sustain reparative processes of the endothelium. Circulat-
ing EPC levels reflect the efficiency of this process.
Clinical studies provide evidence that EPC levels are
reduced in diabetic patients and increased in response
to measures that control oxidative stress, inflammation
and traditional diabetes risk factors. Cell-based therapy
to mobilise or expand the EPC pool are under investiga-
tion [29]. EMP is an emerging marker of endothelial
dysfunction and apoptosis and levels are elevated in a
number of pathological states, including cardiovascular
disease [30]. EMP contains membrane, cytoplasmic and
nuclear constituents that are characteristic of their pre-
cursor cells (such as adhesion molecules and micro-
RNAs) that may influence vascular homeostasis [31].
EMP levels in type 2 diabetic patients correlate with
indices of endothelial dysfunction, the presence of coro-
nary artery disease and late-stage complications of the
disease [32].

In conclusion, the study by McVeigh and colleagues
rightly deserves to be considered a pioneering investigation.
These workers were the first to translate landmark discov-
eries in endothelial biology into a physiological context of
clinical relevance. Their finding that impaired endothelium-
dependent and independent vasodilation is implicated in the
pathogenesis in type 2 diabetes paved the road for many
subsequent investigations into the causes and treatment of
atherogenesis in humans.
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