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Abstract
Aims/hypothesis Early compromised endothelial function challenges the ability of individuals with type 1 diabetes to perform
normal physical exercise. The exact mechanisms underlying this vascular limitation remain unknown, but may involve either
formation or metabolism of nitric oxide (NO), a major vasodilator, whose activity is known to be compromised by oxidative
stress.
Methods Muscle microvascular reactivity (near-infrared spectroscopy) to an incremental exhaustive bout of exercise was
assessed in 22 adults with uncomplicated type 1 diabetes (HbA1c 64.5 ± 15.7 mmol/mol; 8.0 ± 1.4%) and in 21 healthy individ-
uals (18–40 years of age). NO-related substrates/metabolites were also measured in the blood along with other vasoactive
compounds and oxidative stress markers; measurements were taken at rest, at peak exercise and after 15 min of recovery.
Demographic characteristics, body composition, smoking status and diet were comparable in both groups.
Results Maximal oxygen uptake was impaired in individuals with type 1 diabetes compared with in healthy participants (35.6 ±
7.7 vs 39.6 ± 6.8 ml min−1 kg−1, p < 0.01) despite comparable levels of habitual physical activity (moderate to vigorous physical
activity by accelerometery, 234.9 ± 160.0 vs 280.1 ± 114.9 min/week). Compared with non-diabetic participants, individuals
with type 1 diabetes also displayed a blunted exercise-induced vasoreactivity (muscle blood volume at peak exercise as reflected
by Δ total haemoglobin, 2.03 ± 5.82 vs 5.33 ± 5.54 μmol/l; interaction ‘exercise’ × ‘group’, p < 0.05); this was accompanied by
lower K+ concentration (p < 0.05), reduced plasma L-arginine (p < 0.05)—in particular when HbA1c was high (mean estimation:
−4.0, p < 0.05)—and lower plasma urate levels (p < 0.01). Nonetheless, exhaustive exercise did not worsen lipid peroxidation or
other oxidative stress biomarkers, and erythrocytic enzymatic antioxidant resources were mobilised to a comparable extent in
both groups. Nitrite and total nitrosation products, which are potential alternative NO sources, were similarly unaltered.
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Conclusions/interpretation Participants with uncomplicated type 1 diabetes displayed reduced availability of L-arginine, the
essential substrate for enzymatic nitric oxide synthesis, as well as lower levels of the major plasma antioxidant, urate. Lower
urate levels may reflect a defect in the activity of xanthine oxidase, an enzyme capable of producing NO from nitrite under
hypoxic conditions. Thus, both canonical and non-canonical NO production may be reduced. However, neither of these changes
exacerbated exercise-induced oxidative stress.
Trial registration clinicaltrials.gov NCT02051504

Keywords Aerobic fitness . Antioxidant defences . L-arginine . Nitric oxide . Oxidative stress . Physical exercise . Skeletal
muscle . Type 1 diabetes . Urate . Vasoreactivity

Abbreviations
8-iso-PGF2α 8-iso-Prostaglandin-F2α
ADMA Asymmetric dimethylarginine
CML N-Carboxymethyl lysine
DEXA Dual-energy x-ray absorptiometry
eNOS Endothelial nitric oxide synthase
HHb Deoxyhaemoglobin
NIRS Near-infrared spectroscopy
NO• Nitric oxide
NOS Nitric oxide synthase
PaO2 Partial pressure of O2 in arterial blood
PaCO2 Partial pressure of CO2 in arterial blood
RXNO Total nitrosation products
SDMA Symmetric dimethylarginine

SOD Superoxide dismutase
THb Total haemoglobin

Introduction

Endothelial dysfunction [1] is a main risk factor for the devel-
opment of micro- and/or macrovascular complications in indi-
viduals with type 1 diabetes [2]. A recent meta-analysis
highlighted the presence of early endothelial dysfunction in
these patients, without overt vascular complications [3]. This
dysfunction can even appear in response to day-to-day whole-
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body aerobic exercise, specifically at the level of microvessels
close to active skeletal muscle [4–6]. Understanding the
mechanisms involved in blunted muscle microvascular reac-
tivity to exercise in uncomplicated type 1 diabetes is of great
clinical relevance. As such, in addition to possible long-term
effects on primary determinants of diabetes complications,
impaired blood supply to skeletal muscle may be involved in
lower aerobic fitness [4–6], a strong predictor of cardiovascu-
lar mortality [7].

The exact mechanisms underlying type 1 diabetes-
associated vascular limitation to exercise remain
unknown, but could conceivably involve either formation
or metabolism of nitric oxide (NO•) [8]. Exercise-induced
dilatation of terminal arterioles increases blood flow to the
muscle and increases shear stress in upstream resistance
vessels. The latter stimulates endothelial NO• synthesis
from the semi-essential amino acid L-arginine through
the action of endothelial nitric oxide synthase (eNOS).
NO• then rapidly diffuses into the vascular smooth muscle
where it induces relaxation. Alternatively, bioactive NO•
can be formed by non-canonical pathways involving
nitrite, especially under acidic and/or hypoxemic condi-
tions, in active skeletal muscle during exercise [9].

Limited data are available about NO• metabolism in
response to acute exercise in type 1 diabetes. Fayh et al inves-
tigated whether NO• production was unaltered in adults with
uncomplicated type 1 diabetes after 45 min of exercise; they
measured plasma levels of NOx (i.e. the sum of nitrite and
nitrate) using methods that did not distinguish nitrite from
nitrate [10]. However, this result requires further validation
because only nitrite accurately reflects acute changes in
eNOS activity [9]. A study by Fujii et al, using local admin-
istration of a non-selective nitric oxide synthase (NOS) inhib-
itor, suggested no differences in NOS-dependent cutaneous
vasodilation between young athletes with type 1 diabetes
and healthy individuals during two 30-min bouts of moderate
cycling exercise [11]. However, the focus on cutaneous vascu-
lature and the unusual environmental conditions (temperatures
of 35°C) limit extrapolation of their findings to normal daily
conditions.

Our previous results suggest the involvement of chronic
hyperglycaemia in impaired muscle vasoreactivity to intense
exerc i se in uncompl ica ted type 1 diabe tes [6] .
Hyperglycaemia increases superoxide anion production
through various processes, including excess leakage of elec-
trons from the mitochondrial electron chain, activation of
protein kinase C and hence membrane-associated NAD(P)H-
dependent oxidases, and increase in intracellular advanced
glycation end-products. Superoxide anions can react with
NO• to form the powerful pro-oxidant, peroxynitrite [2]. The
latter causes peroxidation of lipids and nitr(os)ation of tyro-
sine moieties and can also uncouple eNOS, which then pref-
erentially increases superoxide anion production over NO•

production. Physical exercise can increase the oxygen flow
in skeletal muscle by a factor of 100–200 while exacerbating
the production of superoxide. In view of the complexity of the
underlying regulation, better insight into oxidative stress
markers and antioxidant capacities in response to exercise in
type 1 diabetes is warranted.

Considering the clinical implications of vascular limita-
tions to physical exercise in people with uncomplicated type
1 diabetes and the limited understanding of the underlying
mechanisms, we took a combined functional/analytical
approach measuring precursors, derivatives, and breakdown
products of NO• as well as oxidative stress-related biomarkers
together with physiological measurements of exercise-
induced muscle vasoreactivity. We hypothesised that the abil-
ity to generate NO• in response to exercise is compromised
and reactive oxygen species production is higher in people
with diabetes than in healthy individuals.

Methods

After providingwritten consent, 22 patients aged between 18
and40with type 1diabetes for at least 1 yearwere included in
the study. Ethics approval for this study was obtained from
the North-Western IV Regional Ethics Committee, N-
EudraCT (approval number: 2009-A00746-51). The
absence of macrovascular and microvascular complications
was carefully assessed by the endocrinologist (retinopathy:
fundus exam; nephropathy: microalbuminuria, urinary-
serum creatinine; peripheral neuropathy: reflexes, 10 g
monofilament, tuning fork; autonomic neuropathy: neuro-
genic bladder, response to standing, gastroparesis, enterop-
athy). Twenty-one healthy participants (normal glucose
tolerance checkedwithOGTT,WHOcriteria)were recruited
frompatients’ contacts as a control group.Body composition
wasmeasured by dual-energy x-ray absorptiometry (DEXA,
HOLOGIC). We also checked that the subcutaneous
skinfold thicknesswas 1.5 cm at the vastus lateralis to ensure
the accuracy of near-infrared spectroscopy (NIRS)measure-
men t s . Phys i ca l ac t i v i t y l eve l was as se s sed by
accelerometery over 1 week with GT1M ActiGraph and by
the Modified Activity Questionnaire [12]. Usual daily
macronutrient intake was assessed via a 3 day diary (2week-
days and1weekendday), then checked and supplementedby
a research-traineddietitian during a face to face appointment,
with special focus on nitrite, nitrate, polyphenol and antiox-
idant consumption.

Participants came to the laboratory twice, and refrained
from vigorous activity for 48 h beforehand and from smoking
on the morning of each visit. For the first visit, participants ate
a standardised breakfast (electronic supplementary material
[ESM] Table 1) and individuals with type 1 diabetes received
their usual insulin dose. A maximal graded test on a cycle
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ergometer was performed (Excalibur, Lode; 2 min resting
period, first stage at 30 W and then 20 W/2 min increments
until exhaustion; at an ambient temperature of 18–20°C), 3.4
± 0.6 h after the breakfast. Throughout exercise, ECG and
pulmonary gas exchanges were monitored (breath-by-breath

system, Ergocard). V̇O2max was recorded as the highest 15 s
mean value at test termination and was validated for all the
participants (i.e. three of the five Astrand criteria observed).
No hypoglycaemic episode occurred during maximal
exercise.

Muscle haemodynamic response was monitored continu-
ously throughout exercise. Postprandial venous and
arterialised blood samples were collected at rest and immedi-
ately after completion of maximal graded exercise (i.e. follow-
ing peak exercise); an additional venous blood sample was
taken 15 min into the passive recovery phase. During the
second visit, after an 8 h overnight fast (ESM Table 1), an
additional venous blood sample was obtained.

Exercise-induced muscle vasoreactivity A 4 cm-interspersed
NIRS (Oxymon MkIII, Artinis) emitter-detector optode was
placed on the right vastus lateralismuscle and light absorption
(two continuous wavelengths, 780 and 850 nm) was moni-
tored at a 10 Hz frequency. The Beer–Lambert law and a
normalisation against the baseline period (i.e. 2 min resting,
sitting on the cycle ergometer) were used to determine the
exercise-induced changes in muscle microvessel blood
volume (Δ total haemoglobin [THb], as the arithmetic sum
ofΔoxyhaemoglobin and Δdeoxyhaemoglobin [HHb]) [13].

Blood analyses Possible underlying mechanisms of NO•-
dependent vascular function examined in plasma, serum or
erythrocyte included: (1) NO• bioavailability (nitrite, nitrate
and total nitrosation products [RXNO]); (2) substrates (L-argi-
nine, and with a lower affinity, L-homoarginine) and deriva-
tive (L-citrulline) of NO• synthesis; (3) factors limiting NO•
production (the endogenous NOS inhibitor, asymmetric
dimethylarginine [ADMA] and the inhibitor of cellular uptake
of arginine, symmetric dimethylarginine [SDMA]); and/or (4)
factors exacerbating its elimination, i.e. free radical accumu-
lation, as reflected by antioxidant availability (total antioxi-
dant status as well as specific water-soluble [vitamin C, urate,
total free thiols] and lipophilic [vitamins A and E] antioxi-
dants; enzymatic erythrocyte defences including superoxide
dismutase [SOD], glutathione peroxidase and glutathione
reductase activities) and oxidative stress biomarkers (markers
of lipid peroxidation, 8-iso-prostaglandin-F2α [8-iso-PGF2α,
equivalent to 15-F2t-isoprostane] and malondialdehyde; an
advanced ‘glycoxidation’ end-product, N-carboxymethyl
lysine [CML]; and a marker of the accumulation of protein
oxidation products, advanced glycation end-products and

advanced lipoxidation end-products, i.e. fluorescent oxidation
products).

Note that concentrations of plasma free thiols were normal-
ised to plasma protein to evaluate the plasma reducing capac-
ity for a stable quantity of protein. As well, to get a better
insight into the effects of type 1 diabetes and exercise on
plasma total antioxidant capacity, this outcome was corrected
by urate, which is the most abundant water-soluble antioxi-
dant in blood.

In addition, we considered metabolic data (glucose, non-
esterified fatty acid [NEFA], glycerol), other vasoactive moie-
ties (including catecholamines, adiponectin, leptin, free insu-
lin [2, 14]), glucagon (which can modulate amino acid
concentrations, including L-arginine and L-citrulline [15]),
and in arterialised blood, K+, lactate and partial pressure of
CO2 (PaCO2).We also assessed factors favouring NO• release
from circulating S-nitrosylated blood proteins or nitrite (i.e.
decrease in partial pressure of O2 in arterial blood [PaO2]
and pH, increase in oxyhaemoglobin dissociation rate, i.e.
ΔHHb, as assessed by NIRS), factors influencing redistribu-
tion of nitrite and nitrate between erythrocytes and plasma
(PaCO2, arterialised blood HCO3

−), and a by-product of
NO• oxidation in nitrate (arterialised blood methaemoglobin;
MetHb). The fasting lipid profile was alsomeasured (Table 1).

The assays used for all the analyses in plasma, serum,
erythrocytes, blood, and arterialised blood are detailed in
ESM Table 2.

Blood processing Fasting and postprandial (from a forearm
catheter) venous and postprandial arterialised blood samples
were collected. Haemoglobin and haematocrit were deter-
mined on heparin venous blood samples and were used to
correct exercise-induced changes in postprandial serum or
plasma concentrations (i.e. values at peak exercise and after
15 min of recovery) according to serum or plasma volume
decrease (haemoconcentration) [16]. All venous blood
samples were then centrifuged (immediately at 855 g, 4°C,
5 min for containers with anticoagulants—EDTA, EDTA plus
aprotinin, heparin or fluorinated—and after 1 h at ambient
temperature at 1520 g, 4°C, 13 min for free-additive
containers) and resulting supernatant was removed and frozen
(−80°C) pending duplicate future analyses of all the above
plasma or serum molecules, except for vitamin C (vacutainer
protected from light), glucose, NEFA, glycerol and glucagon,
which were assayed immediately on the day of experimenta-
tion. The remaining red blood cells from heparinised
vacutainers were washed three times in NaCl 0.15 M and
finally diluted by addition of ice-cold distilled water (1:1)
mixed with vortex and stored at −80°C until duplicate analysis
of erythrocyte activities of SOD, GPx and GR. In addition,
during the first (postprandial) visit only, at rest and immedi-
ately after exercise, a microcapillary arterialised ear-lobe
(vasodilatory pomade applied 5 min before) blood sample
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Table 1 Participants’ characteristics

Participants with type 1 diabetes Healthy participants

Anthropometric and demographic data
N (Male/female sex) 22 (15/7) 21 (14/7)
Age (years) 27.3 ± 7.0 (18–39) 27.1 ± 5.8 (19–40)
BMI (kg.m−2) 23.0 ± 2.5 (17–28) 23.0 ± 2.4 (20–30)
Fat mass (%) 19.8 ± 6.5 (10.7–31.8) 19.0 ± 5.8 (9.1–28.7)
Fat mass of right leg (%) 23.3 ± 8.2 (13.0–38.0) 22.4 ± 8.1 (10.0–38.0)
Smoking status (smoker/non-smoker) 5/17 6/15
Diabetes duration (years) 8.7 ± 5.4 (1.0–19.7) NA
Age at diabetes onset (years) 18.4 ± 9.4 (1.0–35.0) NA
HbA1c (mmol/mol) 64.5 ± 15.7 (37.0–95.0)*** 32.9 ± 2.8 (28.0–39.0)
HbA1c (%) 8.0 ± 1.4 (5.5–10.8)*** 5.2 ± 0.3 (4.7–5.7)
Insulin delivery (CSII/MDI) 9/13 NA
Total insulin dose (U kg−1 day−1) 0.67 ± 0.19 (0.24–0.96) NA
Long-acting insulin analogue (MDI) or insulin basal rate (CSII) (U kg−1 day−1) 0.28 ± 0.13 (0.11–0.64) NA
Rapid-acting insulin analogue (MDI) or insulin bolus (CSII) (U kg−1 day−1) 0.39 ± 0.15 (0.00–0.65) NA

Fasting lipid profile in serum
Triacylglycerol (mmol/l) 0.96 ± 0.40 (0.49–2.10) 0.99 ± 0.25 (0.54–1.44)
Cholesterol (mmol/l) 4.61 ± 0.73 (3.44–6.07) 4.55 ± 0.60 (3.57–5.71)
HDL-C (mmol/l) 1.43 ± 0.31 (0.98–2.09) 1.35 ± 0.31 (0.88–2.15)
LDL-C (mmol/l) 2.74 ± 0.62 (1.78–4.16) 2.75 ± 0.54 (1.89–3.83)
ApoA-1 (mmol/l) 1.61 ± 0.21 (1.30–2.20)* 1.48 ± 0.21 (1.15–1.89)
ApoB (mmol/l) 0.74 ± 0.15 (0.42–0.97) 0.73 ± 0.14 (0.46–0.98)
Lipoprotein(a) (mg/l) 194.87 ± 224.70 (93.1–1030.00) 185.21 ± 160.10 (93.1–576.00)

Physical activity and aerobic fitness
V̇O2max (ml min−1 kg−1) 35.6 ± 7.7 (25.0–52.0)** 39.6 ± 6.8 (31.0–49.0)
Exercise duration (min) 19.1 ± 4.3 (11.5–26.0) 21.5 ± 4.6 (14.0–31.0)
Total activity by MAQ (MET h/week) 43.0 ± 87.0 (1.2–384.0) 55.3 ± 52.3 (0.0–176.0)
MVPA by accelerometery (min/week) 234.9 ± 160.0 (35.0–623.0) 280.1 ± 114.9 (131.0–558.0)
Sedentary time by accelerometery (h/day) 9.1 ± 2.3 (7.0–15.1) 10.4 ± 2.2 (7.2–14.2)

Usual daily nutrient intake
Total caloric (TC) intake (kJ) 8718.7 ± 2183.5 9061.8 ± 1890.1
Protein (% of TC) 16.2 ± 3.5 16.3 ± 3.3
Protein (g/kg) 1.07 ± 0.25 1.19 ± 0.34
Fat (% of TC) 37.1 ± 5.7 38.3 ± 4.5
Polyunsaturated/saturated fatty acid ratio 0.3 ± 0.1 0.4 ± 0.1
Cholesterol (mg) 323.1 ± 137.1 320.9 ± 145.3
Carbohydrate (% of TC) 47.7 ± 6.2 46.7 ± 5.7
High glycaemic index carbohydrate (% of TC) 16.2 ± 5.3 18.1 ± 4.7
Fibre intake (g) 9.1 ± 2.4 8.8 ± 2.2
Vitamins

Vitamin A (μg) 304.5 ± 95.4 367.2 ± 195.7
Vitamin B1 (mg) 1.3 ± 0.5 1.3 ± 0.4
Vitamin B2 (mg) 1.7 ± 0.4 1.8 ± 0.5
Vitamin B3 (mg) 18.2 ± 7.3 18.2 ± 6.9
Vitamin B5 (mg) 5.5 ± 1.1 5.7 ± 1.5
Vitamin B6 (mg) 2.0 ± 0.6 1.8 ± 0.5
Vitamin B9 (μg) 293.4 ± 85.6 303.6 ± 78.0
Vitamin B12 (μg) 4.3 ± 1.6 5.8 ± 4.2
Vitamin C (mg) 66.1 ± 34.6 82.3 ± 51.5
Vitamin D (μg) 10.9 ± 2.0 10.8 ± 1.6
Vitamin E (mg) 12.6 ± 6.4 11.9 ± 4.3

Minerals
Magnesium (mg) 271.9 ± 68.7 283.5 ± 56.0
Potassium (mg) 2661.7 ± 636.0 2768.3 ± 641.2
Sodium (mg) 5015.0 ± 798.0 5182.4 ± 795.6
Selenium (μg) 135.2 ± 91.9 149.2 ± 57.1

Others
Polyphenols (mg) 896.5 ± 656.9 890.7 ± 782.9
Flavonoids (mg) 197.3 ± 257.8 360.9 ± 504.8
Nitrite (mg) 1.6 ± 0.9 1.5 ± 0.8
Nitrate (mg) 67.3 ± 54.6 47.0 ± 42.2

Data are mean ± SD or number of participants for some outcomes; (min–max) is also added for some outcomes

Values significantly different from those of the healthy individuals using Student’s unpaired t tests or Mann–Whitney U tests: *p < 0.05; **p < 0.01;
***p < 0.001

Physical activity level: Accelerometery data are displayed only for 14 patients with type 1 diabetes and 16 healthy individuals because some participants
did not strictly follow our recommendations (mainly, wearing the accelerometer during all waking hours) and some accelerometer devices were
malfunctional (no signal was recorded at the end of the week)

ApoA-1, Apolipoprotein A1; ApoB, Apolipoprotein B; CSII, continuous subcutaneous insulin infusion; MAQ, Modified Activity Questionnaire, MDI,
multiple daily insulin injection; MET, metabolic equivalent of task; MVPA, moderate to vigorous physical activity; NA, not applicable

329Diabetologia (2021) 64:325–338



was collected for determination of the ‘so-called’ arterial
markers.

Statistical analyses Statistical analyses were performed using
SPSS software (version 19). Results are reported as mean ±
SD. Normality was checked with Shapiro–Wilk test. Fasting
data were compared between groups using Student’s unpaired
t tests orMann–WhitneyU tests according to data distribution.
A logarithmic transformation (log10) was applied if the distri-
bution of the residuals was not Gaussian. Using linear mixed
models, postprandial data were compared between groups
(fixed effect) and in response to exercise as a fixed effect
(for ΔTHb and ΔHHb, according to exercise intensity with

a value for every 10% V̇O2max, as well as according to abso-
lute exercise power [Watts]; for blood outcomes, with catego-
ries rest, peak exercise and, when available, recovery). A
random intercept was included for each individual to consider
the repetition of the measures performed on the same partici-
pant. The interaction between group and exercise was also
included as a fixed effect to allow the effect of exercise to
vary between groups.Within each group, to study the involve-

ment of sex, aerobic fitness (V̇O2max ), and, for people with
diabetes, HbA1c, we successively added each of these variables
(sequentially) as covariates in a mixed model with exercise and
interaction between each variable and exercise. If significant
main effects or interactions were observed, Bonferroni post hoc
comparisons were applied. Pairwise correlations were tested
using Pearson’s r or, for nonparametric data, Spearman’s ρ.
p < 0.05 was considered statistically significant.

Results

Participants’ characteristics Anthropometric data (including
body composition), demographic data, smoking status and
diet did not differ between groups (Table 1). Despite compa-
rable levels of habitual physical activity (accelerometery),

participants with type 1 diabetes displayed lower V̇O2max

than healthy individuals did (Table 1).

Exercise-induced muscle vasoreactivityMuscle blood volume
increased throughout exercise, from 70% and from 50% of

V̇O2max in participants with and without diabetes, respective-
ly, but this increase was lower among those with diabetes
(main effect ‘exercise’, p < 0.001, interaction ‘exercise’ ×
‘group’, p < 0.05, when NIRS was studied according to rela-
tive exercise intensities, with comparable results for absolute
intensities; e.g. at peak exercise, ΔTHb 2.03 ± 5.82 in diabetic
participants vs 5.33 ± 5.54 μmol/l in control participants).

Markers of NO• bioavailability and factors influencing NO•
metabolism or vasoreactivity The impaired exercise-induced

muscle vasoreactivity in type 1 diabetes was accompanied by
lower arterial K+ and lower plasma L-arginine levels at post-
prandial rest and after maximal exercise (Table 2, Fig. 1). In
addition to L-arginine, its derivatives, ADMA, SDMA and L-
citrulline were also reduced in type 1 diabetes (Fig. 1). L-
homoarginine was also measured, with no significant inter-
group difference in the fasting state, and for postprandial
values, a significant main effect for exercise (p < 0.001), no
significant effect of group (p = 0.061) and no significant inter-
action (values in the group with type 1 diabetes, fasting rest
1.4 ± 0.4, postprandial rest 1.4 ± 0.4, peak exercise 1.2 ± 0.4;
recovery 1.2 ± 0.3 μmol/l; values in the healthy individuals,
fasting rest 1.6 ± 0.6; postprandial rest 1.6 ± 0.5, peak exercise
1.4 ± 0.5, recovery 1.4 ± 0.4 μmol/l).

Serum RXNO were decreased in the fasting state in diabet-
ic vs non-diabetic participants (Table 2). However, RXNO,
nitrite and nitrate did not differ between groups in the post-
prandial state in response to exercise and recovery (Table 2).
Of note, theΔHHb increase was blunted in diabetic vs heathy
individuals (main effect ‘exercise’, p < 0.001, interaction ‘exer-
cise’ × ‘group’, p < 0.001, whatever NIRSwas studied according
to absolute or relative exercise intensities), despite a lower PaO2

(Table 2). MetHb (%) did not differ according to group or exer-
cise (all main effects NS, data not shown). Arterial HCO3

−

decreased with exercise (p < 0.001) without any intergroup
difference (data not shown). While nitrite and RXNO concentra-
tions did not change in response to exercise, serum nitrate
decreased in response to exercise in both groups (Table 2).

Oxidative stress biomarkers As free radicals and oxidative
stress may decrease NO• availability, we studied a wealth of
antioxidant readouts and oxidative stress markers. In both
groups, exercise was associated with a decrease in some of the
non-enzymatic antioxidants and an increase in erythrocyte gluta-
thione reductase activity (Table 2). Oxidative stress biomarkers
did not increase in response to exercise in either group, while
serum CML levels even decreased (Table 2). Erythrocyte gluta-
thione reductase activity was higher in cases of higher aerobic
fitness among the participants with type 1 diabetes (covariate

V̇O2max, mean estimation:+0.19, p < 0.001). While postprandial
(at rest, after exercise and during recovery) levels of oxidative
stress biomarkers did not differ between groups (Table 2), plasma
urate concentrations (and hence plasma total antioxidant status)
was lower in diabetic vs non-diabetic individuals (Fig. 2). In the
fasting resting state, patients’ plasma urate was reduced (Fig. 2)
and this was also the case for serum vitamin E corrected by
cholesterol and triacylglycerols, while plasma 8-iso-PGF2α
was higher in diabetic participants than in healthy participants
(Table 2). The fasting lipid profile was comparable between
groups (Table 1), except for the antiatherogenic apolipoprotein
A1 (Table 1) and the lipolysis marker, glycerol (Table 2), which
were higher in participants with diabetes.
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Table 2 Bioavailability of NO• and factors influencing NO• metabolism or vasoreactivity at rest (fasting and postprandial) and in response to
incremental maximal exercise (postprandial)

Participants with type 1 diabetes Healthy participants p values

Bioavailability of NO•
Serum nitrite (μmol/l) Fasting rest 0.24 ± 0.19 0.18 ± 0.09 NS

Postprandial resta 0.19 ± 0.12 0.18 ± 0.10 Exercise: NS
Postprandial peak exercisea 0.16 ± 0.11 0.14 ± 0.06 Group: NS
Postprandial recoverya 0.18 ± 0.11 0.17 ± 0.11 Interaction: NS

Serum nitrate (μmol/l)b Fasting rest 39.3 ± 11.7 37.1 ± 8.8 NS
Postprandial resta 39.7 ± 11.7 34.1 ± 11.8 Exercise <0.01
Postprandial peak exercisea 32.3 ± 10.5 31.6 ± 14.0 Group: NS
Postprandial recoverya 33.8 ± 10.5 34.7 ± 15.1 Interaction: NS

Serum RXNO (nmol/l) Fasting rest 11.2 ± 4.6 15.2 ± 6.6 <0.05 (group)
Postprandial resta 12.1 ± 4.4 12.7 ± 6.5 Exercise: NS
Postprandial peak exercisea 12.6 ± 4.9 12.2 ± 5.0 Group: NS
Postprandial recoverya 11.7 ± 3.7 10.8 ± 3.1 Interaction: NS

L-arginine/ADMA ratio Fasting rest 163.7 ± 39.8 157.5 ± 22.5 NS
Postprandial rest 129.5 ± 32.0 141.6 ± 27.8 Exercise p < 0.001
Postprandial peak exercise 99.8 ± 27.3 105.5 ± 29.0 Group: NS
Postprandial recovery 107.5 ± 26.0 124.3 ± 24.9 Interaction: NS

Oxidative stress biomarkers
Plasma MDA (μmol/l) Fasting resta 0.56 ± 0.15 0.58 ± 0.13 NS

Postprandial resta 0.61 ± 0.21 0.66 ± 0.20 Exercise: NS
Postprandial peak exercisea 0.58 ± 0.13 0.70 ± 0.27 Group: NS
Postprandial recoverya 0.63 ± 0.36 0.66 ± 0.21 Interaction: NS

Plasma free 8-iso-PGF2α (pg/ml) Fasting rest 10.45 ± 8.13 4.90 ± 5.16 <0.05 (group)
Postprandial rest 4.79 ± 3.47 5.46 ± 4.12 Exercise: NS
Postprandial peak exercise 5.18 ± 4.90 8.08 ± 8.95 Group: NS
Postprandial recovery 5.85 ± 4.52 7.49 ± 6.18 Interaction: NS

Plasma fluorescent oxidation
products (FI/ml)

Fasting rest 130.7 ± 41.2 150.0 ± 70.9 NS
Postprandial rest 127.0 ± 47.5 130.3 ± 37.2 Exercise: NS
Postprandial peak exercise 126.7 ± 53.2 122.4 ± 37.8 Group: NS
Postprandial recovery 135.1 ± 58.8 128.3 ± 33.4 Interaction: NS

Serum CML (pmol/ml) Fasting resta 51.7 ± 44.2 64.7 ± 67.2 NS
Postprandial resta 71.0 ± 53.7 71.8 ± 61.9 Exercise:<0.01
Postprandial peak exercisea 54.9 ± 47.2 60.2 ± 48.5 Group: NS
Postprandial recoverya 52.7 ± 48.9 56.9 ± 51.3 Interaction: NS

Antioxidant variablesc

Erythrocyte SOD (U/g Hb) Fasting resta 1808.5 ± 194.6 2022.3 ± 485.1 NS
Postprandial resta 1832.9 ± 233.2 1963.5 ± 388.0 Exercise: NS
Postprandial peak exercisea 1711.4 ± 292.6 1870.9 ± 195.7 Group: NS
Postprandial recoverya 1785.6 ± 349.0 1864.3 ± 280.7 Interaction: NS

Erythrocyte GPx (U/g Hb) Fasting resta 61.13 ± 11.05 59.88 ± 11.04 NS
Postprandial resta 58.88 ± 13.55 62.67 ± 10.53 Exercise: NS
Postprandial peak exercisea 59.50 ± 9.28†† 60.13 ± 8.02††† Group: NS
Postprandial recoverya 61.75 ± 10.27‡‡ 58.00 ± 8.39††† Interaction:<0.05

Erythrocyte GR (U/g Hb) Fasting resta 5.83 ± 1.28 5.74 ± 0.98 NS
Postprandial resta 5.47 ± 1.35 5.71 ± 0.89 Exercise <0.01
Postprandial peak exercisea 5.74 ± 1.28 5.92 ± 0.87 Group: NS
Postprandial recoverya 5.58 ± 1.22 5.42 ± 1.47 Interaction: NS

Plasma vitamin C (μmol/l) Fasting resta 48.5 ± 13.3 50.4 ± 15.9 NS
Postprandial resta 57.5 ± 26.2 56.6 ± 21.9 Exercise:<0.01
Postprandial peak exercisea 55.3 ± 15.7 54.0 ± 22.1 Group: NS
Postprandial recoverya 61.4 ± 18.0 61.4 ± 22.1 Interaction: NS

Serum vitamin E (μmol/l) Fasting rest 26.87 ± 4.08 24.27 ± 3.59 <0.05 (group)
Postprandial resta 27.05 ± 5.19 24.73 ± 3.45 Exercise:<0.001
Postprandial peak exercisea 25.19 ± 4.76 22.73 ± 3.06 Group: NS
Postprandial recoverya 26.70 ± 3.86 24.00 ± 2.03 Interaction: NS

Vitamin E (μmol/l)/(cholesterol +
triacylglycerol) (mmol/l) ratio

Fasting rest 4.91 ± 0.71 5.39 ± 0.55 <0.05 (group)

Serum vitamin A (μmol/l) Fasting resta 1.64 ± 0.41 2.12 ± 0.36 <0.01 (group)
Postprandial resta 1.71 ± 0.36 2.14 ± 0.34 Exercise:<0.01
Postprandial peak exercisea 1.60 ± 0.41 2.04 ± 0.29 Group:<0.01
Postprandial recoverya 1.70 ± 0.40 2.13 ± 0.36 Interaction: NS

Serum T-SH (μmol/l) Fasting rest 356.00 ± 35.10 373.40 ± 36.15 NS
Postprandial resta 353.64 ± 43.12 377.60 ± 44.16 Exercise:<0.01
Postprandial peak exercisea 319.84 ± 42.68 344.55 ± 63.07 Group: NS
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Table 2 (continued)

Participants with type 1 diabetes Healthy participants p values

Postprandial recoverya 341.77 ± 55.33 365.91 ± 55.61 Interaction: NS
T-SH/protein ratio (μmol l−1 g
protein−1)d

Fasting rest 4.92 ± 0.55 5.01 ± 0.47 NS
Postprandial resta 4.76 ± 0.64 4.91 ± 0.67 Exercise:<0.01
Postprandial peak exercisea 4.11 ± 0.62 4.30 ± 0.88 Group: NS
Postprandial recoverya 3.86 ± 1.53 4.41 ± 1.49 Interaction: NS

Total antioxidant status and
urate subtraction (mmol/l)c,e

Fasting rest 1.34 ± 0.29 1.39 ± 0.36 NS
Postprandial rest 1.36 ± 0.33 1.50 ± 0.39 Exercise:<0.01
Postprandial peak exercise 1.23 ± 0.29†† 1.34 ± 0.35††† Group: NS
Postprandial recovery 1.36 ± 0.32‡‡‡ 1.39 ± 0.39†† Interaction:<0.05

Other substances with vasoactive
properties
Plasma adrenaline (pmol/l)b Postprandial rest 709.0 ± 709.0 545.4 ± 490.9 Exercise:<0.001

Group: NS
Postprandial peak exercise 1199.9 ± 818.1 1199.9 ± 818.1 Interaction: NS

Plasma noradrenaline (pmol/l) Postprandial rest 2247.3 ± 1123.7 2957.0 ± 2247.3 Exercise:<0.001
Group: NS

Postprandial peak exercise 8752.7 ± 4731.2 9344.1 ± 4317.2 Interaction: NS
Serum adiponectin (μg/ml) Fasting rest 10.8 ± 5.8 8.2 ± 4.4 NS

Postprandial rest 10.6 ± 5.6 8.8 ± 4.7 Exercise:<0.05
Postprandial peak exercise 9.9 ± 4.5 8.3 ± 4.3 Group: NS
Postprandial recovery 10.5 ± 4.6 8.0 ± 3.2 Interaction: NS

Serum leptin (ng/ml) Fasting rest 7.2 ± 6.9 5.9 ± 6.3 NS
Postprandial rest 7.3 ± 6.0 4.9 ± 3.9 Exercise:<0.001
Postprandial peak exercise 6.8 ± 5.4 4.1 ± 3.0 Group: NS
Postprandial recovery 6.4 ± 5.4 3.3 ± 2.5 Interaction: NS

Serum free insulin (pmol/l) Fasting rest 235.5 ± 363.1 50.5 ± 19.0 <0.05 (group)
Postprandial rest 253.3 ± 293.6 72.6 ± 37.1 Exercise: NS
Postprandial peak exercise 250.6 ± 308.4 69.2 ± 47.9 Group:<0.01
Postprandial recovery 254.3 ± 282.7 77.1 ± 43.5 Interaction: NS

Arterial pH Postprandial rest 7.41 ± 0.04 7.42 ± 0.02 Exercise:<0.001
Group: NS

Postprandial peak exercise 7.26 ± 0.04 7.28 ± 0.07 Interaction: NS
PaO2 (mmHg)b Postprandial rest 94.7 ± 10.9 99.9 ± 9.2 Exercise:<0.001

Group:<0.05
Postprandial peak exercise 103.8 ± 13.6† 109.2 ± 10.9†† Interaction: NS

PaCO2 (mmHg)b Postprandial rest 38.3 ± 2.1 36.9 ± 4.5 Exercise:<0.001
Group: NS

Postprandial peak exercise 31.1 ± 4.5 29.7 ± 4.1 Interaction: NS
Arterial K+ (mmol/l) Postprandial rest 5.0 ± 0.5 5.9 ± 1.0 Exercise:<0.001

Group:<0.05
Postprandial peak exercise 4.6 ± 0.5†† 5.4 ± 0.8† Interaction: NS

Arterial lactate (mmol/l) Postprandial rest 1.3 ± 0.4 0.9 ± 0.3 Exercise:<0.001
Group: NS

Postprandial peak exercise 11.8 ± 3.0 11.3 ± 3.3 Interaction: NS
Metabolic data
Plasma glucose (mmol/l) Fasting rest 6.5 ± 3.4 5.0 ± 0.7 NS

Postprandial rest 7.0 ± 2.7 5.0 ± 0.6 Exercise: NS
Postprandial peak exercise 7.1 ± 1.8 5.3 ± 0.8 Group:<0.001
Postprandial recovery 7.3 ± 2.0 5.5 ± 1.3 Interaction: NS

Serum NEFA (mmol/l) Fasting rest 0.60 ± 0.33 0.41 ± 0.15 NS
Postprandial rest 0.29 ± 0.19 0.35 ± 0.18 Exercise:<0.001
Postprandial peak exercise 0.18 ± 0.08 0.31 ± 0.14 Group: NS
Postprandial recovery 0.32 ± 0.27 0.38 ± 0.17 Interaction: NS

Serum glycerol (mg/l)b Fasting rest 5.57 ± 3.45 3.05 ± 1.92 <0.05 (group)
Postprandial rest 3.06 ± 1.96 2.64 ± 1.54 Exercise:<0.001
Postprandial peak exercise 4.77 ± 2.29 6.98 ± 3.10††† Group: NS
Postprandial recovery 8.20 ± 3.34††† ‡‡‡ 8.84 ± 3.13††† ‡ Interaction <0.05

Plasma glucagon (ng/l)b Fasting rest 264.7 ± 113.7 181.7 ± 85.7 <0.05 (group)
Postprandial rest 211.0 ± 80.5 209.9 ± 108.2 Exercise:<0.001
Postprandial peak exercise 180.2 ± 62.9 217.4 ± 98.5 Group: NS
Postprandial recovery 228.8 ± 107.9 347.5 ± 243.8 Interaction: NS

Data for calculating exercise-induced
change in serum and plasma volume
Venous Hb (g/l) Postprandial rest 148.7 ± 13.2 146.4 ± 11.5 Exercise:<0.001

Postprandial peak exercise 161.2 ± 14.4 159.6 ± 12.4 Group: NS
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Influences of HbA1c and sex In individuals with type 1 diabe-
tes, a higher HbA1c value was a negative determinant of post-
prandial concentrations of L-arginine (mean estimation: −4.0,
p < 0.05). HbA1c did not predict any other intermediates, deriv-
atives or oxidative stress-related limiting factors of NO•
metabolism.

Regarding the effects of sex, urate and L-citrulline concen-
trations were lower in female than male participants in both
groups, in the fasting and postprandial states (all p values
<0.05, except for postprandial urate, for which a sex-related
effect was non-significant [p = 0.055] in people with diabetes)
(data not shown). This sexual dimorphism was accompanied
by a lower exercise-induced increase in ΔTHb in female vs
male participants in both groups (interaction ‘sex’ × ‘exer-
cise’, p < 0.001) (data not shown).

Discussion

Unravelling the underlying mechanisms of type 1 diabetes-
associated early vascular disorders in response to exercise
represents a crucial first step in the design of adequate thera-
peutics to enhance benefits from physical activity. NO• is a
major vasodilator recruited during exercise and is known to be
impacted by the pro-oxidant state in diabetes. However, to our
knowledge, this is the first study to explore NO• metabolism
and its oxidative stress-associated limiting factors, as well as a

plethora of hormonal/vasoactive moieties, in conjunction with
tissue vasoreactivity following exercise in participants with
type 1 diabetes vs healthy individuals. Both groups were
comparable regarding not only standard demographic criteria
but also body composition, physical activity, usual diet and
last meal dietary data (including vitamins, polyphenols and
nitrate). We found that the previously described [4–6, 17,
18] blunted exercise-induced vasoreactivity in patients with
uncomplicated type 1 diabetes vs that in healthy individuals
was accompanied by reduced circulating levels of the most
abundant water-soluble antioxidant, urate, as well as of L-argi-
nine, the major substrate for eNOS generation of NO•.
Unexpectedly, exhaustive exercise did not worsen lipid perox-
idation or other biomarkers of oxidative stress in patients with
type 1 diabetes, and antioxidant resources were mobilised to a
comparable extent in both groups.

Canonical NO• formation Since the 2000s, the scientific
community has shown interest in the impact of type 1 diabetes
on ADMA and other L-arginine analogues, sometimes with
controversial findings. This discrepancy might be partly
explained by analytical issues; only one study reported circu-
lating L-arginine in addition to ADMA in adults with uncom-
plicated type 1 diabetes vs healthy individuals using an HPLC
assay [19]. However, MS (e.g. LC-MS/MS, as used in our
study) represents the gold standard for determining L-arginine
and dimethylarginines because of its unsurpassed selectivity

Table 2 (continued)

Participants with type 1 diabetes Healthy participants p values

Postprandial recovery 151.3 ± 14.2 150.8 ± 14.0 Interaction: NS
Venous haematocrit (%) Postprandial rest 45.3 ± 4.1 44.9 ± 3.4 Exercise:<0.001

Postprandial peak exercise 48.9 ± 4.5 49.1 ± 3.5 Group: NS
Postprandial recovery 46.5 ± 4.5 46.2 ± 4.2 Interaction: NS

Data are mean ± SD

p values in the right-hand column are mixed-model main effects for postprandial values or intergroup difference with Student’s unpaired t tests/Mann–
Whitney U tests for fasting values

Main effects from mixed models (for postprandial values) include p values for an exercise effect (Exercise), a group effect (Group), and an exercise ×
group interaction (Interaction)

Pairwise post hoc analyses when an interaction or both exercise and group effects were found: time effect, significantly different from those at rest at
† p < 0.05; †† p < 0.01, or ††† p < 0.001; significantly different from those at peak exercise at ‡ p < 0.05; ‡‡ p < 0.01, or ‡‡‡ p < 0.001

Post hoc analyses, which were performed if an exercise effect was exclusively found, are detailed in ESM Table 3
a The number of participants for whom the assay was performed is lower than the total sample size, because of limited quantity of blood sampled. Details
of the exact numbers of participants for these outcomes are provided in ESM Table 4
bA logarithmic transformation was applied to data with a non-Gaussian distribution
c The specific values of total antioxidant status and urate are separately displayed in Fig. 2
dNormalised to plasma protein
e Corrected by urate

‘Fasting rest’means during the second visit, in a fasting resting state; ‘Postprandial rest’, ‘Postprandial peak exercise’ and ‘Postprandial recovery’mean
during the first visit, in a postprandial state, at rest before the exercise, at peak of exercise and after 15 min of passive recovery, respectively

FI/ml, relative fluorescent intensity per ml plasma; GPx, glutathione peroxidase; GR, glutathione reductase; MDA, malondialdehyde, equivalent to
malondialdehyde-thiobarbituric adducts; T-SH: total free thiols
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Fig. 1 L-Arginine and analogues at rest (fasting and postprandial) and in
response to incremental maximal exercise (postprandial): L-arginine (a);
L-citrulline (b); ADMA (c); SDMA (d); data are mean ± SD. Red circles,
participants with type 1 diabetes; blue squares, non-diabetic participants.
‘Fasting rest’ means during the second visit, in a fasting resting state;
‘Postprandial rest’, ‘Peak exercise’ and ‘Recovery’ mean during the first
visit, in a postprandial state, at rest before the exercise, or at peak of

exercise or after 15 min of passive recovery, respectively. There were
no significant intergroup differences in the resting fasting state
(Student’s unpaired t tests). Main effects from mixed models include p-
values for an exercise effect (Exercise), a group effect (Group), and an
exercise × group interaction (Interaction). Pairwise post hoc analyses for a
time effect: significantly different from those at rest at †p < 0.05;
††p < 0.01, or †††p < 0.001
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Fig. 2 Plasma urate and total antioxidant status at rest (fasting and post-
prandial) and in response to incremental maximal exercise (postprandial):
plasma urate (a); plasma total antioxidant status (b); data are mean ± SD.
Red circles, participants with type 1 diabetes; blue squares, non-diabetic
participants. ‘Fasting rest’ means during the second visit, in a fasting
resting state; ‘Postprandial rest’, ‘Peak exercise’ and ‘Recovery’ mean
during the first visit, in a postprandial state, at rest before the exercise,
or at peak of exercise or after 15 min of passive recovery, respectively.

Fasting values: Student’s unpaired t tests (urate) orMann–WhitneyU test
(total antioxidant status) were performed: significantly different from
those of the healthy individuals at **p < 0.01. Postprandial values:
Main effects from mixed models include p values for an exercise effect
(Exercise), a group effect (Group), and an exercise × group interaction
(Interaction). Pairwise post hoc analyses for a time effect: significantly
different from those at rest at †††p < 0.001; significantly different from
those at peak exercise at ‡p < 0.05 or ‡‡‡p < 0.001
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[20]. In participants with uncomplicated type 1 diabetes, we
found reduced postprandial levels of L-citrulline and L-argi-
nine, plus its methylated analogues ADMA and SDMA. This
result is contrary to findings in patients with overt microvas-
cular complications for whom increased L-arginine, ADMA
and SDMA levels were reported [21], possibly because of
reduced renal clearance. Future investigations are required to
identify the mechanisms involved in the drastic reduction in
postprandial L-arginine and analogues observed in the earliest
stages of type 1 diabetes, as in our study. Glucagon, which was
comparable between groups in the postprandial state, does not
seem to be involved. In line with a hyperinsulinaemic–
euglycaemic clamp study [22], the role of peripheral
hyperinsulinaemia, exhibited by the group with type 1 diabetes,
can be put forward. High insulin may inhibit protein breakdown
in type 1 diabetes [23], and hence indirectly decrease plasma
ADMA and SDMA since proteolysis is a key process in their
formation [24]. Why L-arginine is also decreased by
hyperinsulinaemia deserves further investigation. However, it is
noteworthy that, in our study, despite higher insulin levels, levels
of L-arginine and its analogues were normal in the fasting state in
participants with diabetes. It is then tempting to speculate about a
greater insulin resistance of protein metabolism in the fasting
state compared with the postprandial state, as already suggested
in type 2 diabetes [25]. In addition to hyperinsulinaemia, the role
of transient or chronic hyperglycaemia might be discussed, at
least with respect to L-arginine levels. There was a strong asso-
ciation between low plasma L-arginine and high HbA1c among
the diabetic participants in our study. Bjelakovic et al found that
in children with type 1 diabetes, elevated plasma glucose and
HbA1c levels correlated with high blood arginase activity; this
enzyme competes with NOS for L-arginine [26]. The stimulating
role of high glucose on arginase activity and consequently endo-
thelial dysfunction has been confirmed in vitro and in an animal
model of diabetes [27]. In addition to a possible deleterious
impact of hyperglycaemia on L-arginine availability, the relation-
ship between these two outcomes may also originate from a link
occurring in the opposite cause-to-effect direction: it has been
shown in diabetic rats that L-arginine inhibits haemoglobin
glycation, possibly because of competition exerted by free amino
groups of L-arginine during protein glycation [28].

L-arginine is almost the only substrate for eNOS-generating
NO•, so reduced L-arginine availability in participants with
type 1 diabetes in our study might have contributed to the
blunted exercise- induced muscle vasoreact ivi ty .
Accordingly, in healthy individuals, Penttinen et al [29]
showed that systolic BP increased more in response to maxi-
mal exercise in individuals with lower baseline plasma L-argi-
nine. Additionally, in an in vitro study, shear stress applied for
40 min increased endothelial NO• formation, and this effect
was critically dependent on the presence of extracellular L-
arginine [30]. The lower levels of the endogenous NOS inhib-
itor, ADMA, in our patients with type 1 diabetes may, at first

glance, appear inconsistent with the hypothesis of an impaired
eNOS-dependent NO• synthesis. Reduced L-arginine avail-
ability, as found in the current study, is known to uncouple
eNOS [31, 32]. In this situation, lower ADMA levels will
probably be beneficial by further limiting eNOS uncoupling
and associated superoxide production. However, some studies
suggest that low ADMA levels are not as beneficial as expect-
ed, specifically in the diabetic milieu: a paradoxical inverse
relationship between ADMA levels and all-cause mortality
has indeed been observed in patients in early stages of diabe-
tes, whereas ADMA is a prognostic marker of all-cause
mortality risk in individuals without diabetes [33]. Further
studies will be required to determine the actual impact of
low ADMA in the context of reduced L-arginine availability
in early stages of type 1 diabetes.

In addition to the issue of low L-arginine availability,
further studies should also consider the impact of insulin resis-
tance on eNOS-dependent vasoreactivity [2], in view of the
higher plasma glucose despite increased circulating insulin in
the patients of the current study.

Non-canonical NO• formation pathways and other vasoactive
moieties As eNOS-dependent NO• production is known to be
attenuated when oxygen is in short supply, alternative sources
of NO• such as nitrite and S-nitrosothiols (part of RXNO) may
become more important under exercise-induced tissue hypoxia.
As PaO2 was lower in participants with diabetes than in healthy
individuals, greater nitrite reduction into bioactive NO• might
have been expected in those with diabetes. However, this does
not seem to be the case because we did not find any intergroup
difference in serum nitrite. Because only nitrate decreased in
response to exercise in both groups, it is possible that circulating
nitrate is progressively taken up byworking skeletal muscle to be
serially reduced to nitrite and NO• [34].

While nitrite and RXNOwere not altered in the individuals with
type 1 diabetes (suggesting comparable levels of constitutive eNOS
activity [35] in spite of a lower substrate availability), future studies
should consider alternative sources of NO•, e.g. nitrosyl
haemoglobin. HbA1c has indeed a greater affinity for NO•
compared with non-glycated haemoglobin [36], so that NO• bound
to HbA1c, transported from regions of high production (i.e. the
conduit arteries), may be less readily released downstream [37].

We also measured the arterialised blood concentrations of
several ions or gases that, partially independent from the endo-
thelium, can induce smooth vascular cells hyperpolarisation.
These moieties did not differ between groups, except for K+,
which was lower in diabetic than in non-diabetic individuals.
This may be the result of peripheral hyperinsulinaemia
because insulin is known to promote K+ transfer from the
extracellular to the intracellular space, e.g. through the anabol-
ic action of insulin on skeletal muscle Na+-K+ pumps [38].
Although low K+ levels are unlikely to be involved in the
observed blunted vasoreactivity because extracellular K+
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operate mainly in the early phase of exercise hyperaemia, the
possible deleterious impact of exercise hypokalaemia on
muscle excitability and motor function warrants further
consideration.

Oxidative stress biomarkers In addition to their possible nega-
tive impact on vasoreactivity, reduced L-arginine levels
observed in diabetic participants in our study may indirectly
increase oxidative stress. Reduced availability of L-arginine
has been demonstrated to cause eNOS uncoupling [31, 32]
when molecular oxygen serves as the sole electron acceptor
and superoxide radical is the main product. The superoxide
radical produced by uncoupled eNOS can have detrimental
effects on vascular NO• availability by forming highly reac-
tive peroxynitrite. Mobilisation of antioxidant defences, and
particularly urate, to scavenge excess peroxynitrite may be
one of the underpinning pathways of significant reduction in
plasma urate observed in our participants with type 1 diabetes
[39], and still more in female compared with male participants
[40]. While high urate levels are conversely associated with
cardiovascular events in the advanced stages of diabetes (i.e.
in the context of an atherosclerotic milieu) [41], beneficial
antioxidant properties of urate are probably fully operative
in the earlier stages of the disease. In line with previous
research [42], as urate is known to strengthen the antioxidant
action of ascorbate with a reduction of lipid peroxidation, the
lower urate levels observed in the fasting state in diabetic
participants in our study, together with reduced vitamin
E/lipids ratio, may contribute to their higher 8-iso-PGF2α.
Formation of these lipid peroxidation products could also
have been facilitated by an increased rate of fasting lipolysis
(i.e. higher glycerol), a known feature of type 1 diabetes [43].

Of note, while decreased urate levels were probably partly
the result of the oxidative burden in our patients, a defect in
xanthine oxidase activity cannot be excluded. While admit-
tedly speculative, such a defect could represent another path-
way for blunted vasodilatation near maximal exercise, consid-
ering that xanthine oxidase is able to produce NO• from nitrite
under hypoxic conditions [34].

Irrespective of the status of NO• production, oxidative
stress was not exacerbated in the participants with diabetes
vs healthy participants in the postprandial state. Even more
importantly, oxidative stress biomarkers were not raised by
exhaustive exercise in either group (serum CML even
decreased in both groups). Exercise mobilised antioxidant
sources to a similar extent in both groups, with a decrease in
the ratio of total free thiols over proteins, a robust marker of
extracellular redox status, a decrease in urate as well as in total
antioxidant status corrected by urate values, while the activity
of erythrocyte glutathione reductase was increased. These
changes were likely sufficient to counter exercise-induced free
radical production. Thus, complication-free patients with type
1 diabetes are probably no more susceptible to exercise-

induced oxidative stress than non-diabetic peers. The findings
corroborate the previous few studies on uncomplicated type 1
diabetes showing that oxidative or nitrosative stress response
to intense exercise was of comparable magnitude in people
both with and without diabetes [44, 45].

A strength of our study is its thorough investigation of NO•
metabolism and related oxidative stress together with muscle
vasoreactivity in response to exercise. The emerging picture
was unexpected and seemingly counterintuitive, with unal-
tered nitrite and reduced L-arginine, ADMA and SDMA
levels. The concomitant hormonal alterations assessed show
considerable regulatory complexity around a central node of
nitrogen metabolism at the systems level. While NO• is
known to be a predominant factor of vasodilation, we cannot
exclude the involvement of other vasoactive mediators, such
as prostanoids, endothelium-derived hyperpolarisation factor,
endothelin and angiotensin II. Because L-arginine can inhibit
ACE [46], low L-arginine levels might enhance formation of
the vasoconstrictor angiotensin II.

In conclusion, our data suggest that individuals with uncompli-
cated type 1 diabetes display reduced L-arginine availability, possi-
bly in tandem with the anti-proteolytic impact of
hyperinsulinaemia. The defect in this essential substrate for enzy-
matic NO• synthesis may partly contribute to the impaired
exercise-induced vasoreactivity. Clinical implications of low L-
arginine levels are probably not limited to vasodilatation since
NO• is also essential for regulation of important processes in skel-
etal muscle, including mitochondrial respiration, glucose uptake
and force production. Thus, future work testing L-citrulline supple-
mentationmight be promising (L-citrulline raises circulating L-argi-
nine without being eliminated from the intestine as L-arginine is)
[47]. Plasma urate, the most abundant water-soluble antioxidant,
was also reduced in participants with type 1 diabetes, which may
contribute to endothelial dysfunction [48]. However, these low
urate concentrations unexpectedly did not translate into an exacer-
bated oxidative stress in response to exhaustive exercise. This
encouraging result suggests that individuals with as yet uncompli-
cated diabetes can practice physical exercise, even if intense, with-
out risking more oxidative damages.
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