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OBJECTIVE — The aim of this study was to evaluate whether long-term administration of
L-arginine acting through a normalization of NO/cyclic-guanosine-39,59-cyclic monophosphate
(cGMP) pathway was able to ameliorate peripheral and hepatic insulin sensitivity in 12 lean type
2 diabetic patients.

RESEARCH DESIGN AND METHODS — A double-blind study was performed for 3
months. In the first month, patients were treated with their usual diet. Then they were randomly
allocated into two groups. In group 1, patients were treated with diet plus placebo (orally three
times per day) for 2 months. In group 2 patients were treated for 1 month with diet plus placebo
(orally, three times per day) and then for 1 month with diet plus L-arginine (3 g three times per
day). At the end of the first and the second month of therapy, patients underwent a euglycemic-
hyperinsulinemic clamp combined with [6,6-2H2]glucose infusion. A total of 10 normal subjects
underwent the same test as control subjects.

RESULTS — In group 1, no changes in basal cGMP levels, systolic blood pressure, forearm
blood flow, glucose disposal, and endogenous glucose production were observed throughout. In
group 2, L-arginine normalized basal cGMP levels and significantly increased forearm blood flow
by 36% and glucose disposal during the clamp by 34%, whereas it decreased systolic blood
pressure and endogenous glucose production by 14 and 29%, respectively. However, compared
with normal subjects, L-arginine treatment was not able to completely overcome the defect in
glucose disposal.

CONCLUSIONS — L-Arginine treatment significantly improves but does not completely
normalize peripheral and hepatic insulin sensitivity in type 2 diabetic patients.
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C ontradictory results have been
found concerning the influence of
insulin on nitric oxide (NO), a po-

tent molecule with vasodilatory function.
Baron et al. (1,2) showed that insulin-
mediated vasodilation is largely depen-

dent on the action of insulin on NO
release, whereas Petrie et al. (3) have
shown that endothelial NO synthesis and
insulin sensitivity are positively corre-
lated in healthy individuals. In addition,
in obese patients and patients with type 2

diabetes, the insulin-mediated vasodila-
tory response seems blunted (4). How-
ever, Yki-Jarvinen et al. (5) were unable to
find any correlation between insulin ac-
tion and increment in blood flow in nor-
mal and obese subjects, although all agree
that methacoline-induced vasodilation is
impaired in insulin-resistant subjects.

L-Arginine is a precursor for NO, and
both in vitro and in vivo studies have
demonstrated that L-arginine can aug-
ment vascular dilation under certain con-
ditions (6). Experimental studies in
cholesterol-fed rabbits have shown that
dietary supplementation with L-arginine
causes attenuation of endothelial dys-
function with increased NO activity, re-
sulting in reduced platelet activation (7),
monocyte adhesion (8), and a marked
reduction in aortic and coronary athero-
sclerosis (9). Moreover, in young hyper-
cholesterolemic adults, the administration
of L-arginine results in significant im-
provement in endothelium-dependent
dilatation and positively effects the
atherogenetic process after 4 weeks (10).
Although the effect of acute administra-
tion of L-arginine on insulin secretion in
humans is well known (11), little is
known about the effect of long-term ad-
ministration of L-arginine on insulin sen-
sitivity in type 2 diabetic patients.

Therefore, the aim of this study was to
evaluate whether long-term administra-
tion of L-arginine acting through a nor-
malization of NO/cyclic-guanosine-39,59-
cyclic monophosphate (cGMP) pathway
was able to ameliorate peripheral and he-
patic insulin sensitivity in 12 lean type 2
diabetic patients with good metabolic
control.

RESEARCH DESIGN AND
METHODS — The protocol of the
study was approved by the local ethics
committee, and informed consent was
obtained from each volunteer. A total of
12 lean type 2 diabetic patients (age 58 6
3 years, BMI 25.3 6 0.9 kg/m2) with good
metabolic control (glycated hemoglobin
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Clinica Medica Generale e Terapia Medica, Università Vita-Salute, IRCCS H. San Raffaele; the 4University of
Milano-Bicocca, Faculty of Medicine, Milan, Italy; and the 5Department of Diabetes and Metabolism, School
of Clinical Medical Sciences, University of Newcastle, Newcastle upon Tyne, U.K.

Address correspondence and reprint requests to PierMarco Piatti, Metabolic Diseases Unit, Medicine I
Division, IRCCS H. San Raffaele, Via Olgettina 60, 20132 Milan, Italy. E-mail: piermarco.piatti@hsr.it.

Received for publication 19 December 2000 and accepted in revised form 6 February 2001.
Abbreviations: cGMP, cyclic-guanosine-39,59-cyclic monophosphate; CV, coefficient of variation; NO,

nitric oxide; NOS, NO synthase.
A table elsewhere in this issue shows conventional and Système International (SI) units and conversion

factors for many substances.

E m e r g i n g T r e a t m e n t s a n d T e c h n o l o g y
O R I G I N A L A R T I C L E

DIABETES CARE, VOLUME 24, NUMBER 5, MAY 2001 875



5.7 6 0.1%) and who were treated with
diet alone were admitted to the study. The
inclusion criteria were as follows: normal
glycated hemoglobin associated with sta-
ble body weight 6 months before the start
of the study; absence of diabetic compli-
cations, except for background retinopa-
thy; diet treatment; normal systolic and
diastolic blood pressure in the absence of
antihypertensive treatment; normal elec-
trocardiogram at rest; no history of isch-
emic heart disease; and normal renal and
liver function.

To establish values of fasting circulat-
ing cGMP in a large population of type 2
diabetic patients and in normal subjects,
25 type 2 diabetic patients treated with
diet and metformin and/or sulfonylureas
and 40 normal control subjects matched
for age, sex, body weight, and BMI were
studied.

Table 1 shows the clinical and meta-
bolic characteristics of all subjects in-
cluded. No differences were found for
systolic blood pressure, whereas a signif-
icant increase in fasting plasma glucose
and glycated hemoglobin were found in
type 2 diabetic patients compared with
normal control subjects. Fasting plasma
glucose levels, glycated hemoglobin, and
diastolic blood pressure were lower in pa-
tients submitted to placebo or L-arginine
treatment compared with the other type 2
diabetic patients.

Research design
The study design (Fig. 1) consisted of a
double-blind study for a total duration of
3 months. In the first month, all patients
were treated with usual diet, then they
were randomly allocated into two groups
of six subjects each. The first group was
treated with diet plus placebo (orally

three times per day) for 2 months. The
second group was treated with diet plus
placebo (orally three times per day) for 1
month and with diet plus L-arginine (L-
arginine aspartate, orally 3 g three times
per day) during the second month. The
dosage of L-arginine was the lowest one
possible in order to create endothelial ef-
fects without changing insulin secretion.
Both the active drug and the placebo were
prepared as identical powder formula-
tions, which were mixed with water and
200 mg of aspartame.

Every 14 days, patients were re-
viewed by a dietitian to maintain a con-
stant body weight throughout the study.

At the end of the first and second
month of therapy, patients underwent a
euglycemic-hyperinsulinemic clamp (in-
sulin infusion 25 mU z kg–1 z h–1) (12).
The 3 days before the test, all subjects kept a
constant diet to control for differences in
food intake. In particular, animal- and
vegetable-nitrogen daily intakes were
maintained identical to rule out the role of
nitrogen intake with diet in NO produc-
tion and clearance, which could represent
a bias in the study.

After an overnight fast and 12 h after

the last administration of placebo or L-
arginine, a 20-gauge plastic cannula (Ab-
bocath T; Abbocath, Ireland LTD, Sling,
Ireland) was inserted in a dorsal vein of
one hand in retrograde position, and the
hand was maintained at 55°C for inter-
mittent sampling of arterialized blood.
Another 20-gauge plastic cannula used
for 20% dextrose infusion was placed in a
large antecubital vein.

Insulin sensitivity was also evaluated
in 10 normal subjects who underwent an
identical euglycemic-hyperinsulinemic
clamp.

Hormonal and metabolic evaluations
Baseline samples for plasma glucose, se-
rum insulin, cGMP (second messenger of
NO), and potassium levels were with-
drawn before the start of the euglycemic
clamp.

During both euglycemic clamps,
samples for blood glucose were taken ev-
ery 5 min from the start of the test, and
samples for insulin were withdrawn every
30 min.

To evaluate the changes in insulin
sensitivity, we used the M value and the
rate of disappearance, which was evalu-
ated isotopically by means of a primed
(5 mg/kg) continuous (0.05 mg z kg21

z min21) infusion of [6,6-2H2]glucose, as
previously reported in (13–16).

Hemodynamic measurements
On the morning of the test, forearm blood
flow (17) and systolic and diastolic blood
pressure were measured at the beginning
of the euglycemic-hyperinsulinemic
clamp after at least 30 min of rest with the
patients in the supine position and at the
end of the euglycemic-hyperinsulinemic
clamp.

Forearm vascular resistance was cal-
culated as mean blood pressure divided

Figure 1—Research design.1, Dietician visit; *euglycemic-hyperinsulinemic clamp.

Table 1—Basic characterization of type 2 diabetic patients and normal subjects

Type 2 diabetic patients
submitted to L-arginine
or placebo treatment

Pool of type 2
diabetic patients

Normal
subjects

Sex (M/F) 8/4 14/11 22/18
Age (years) 57.8 6 3.2 53.8 6 2.0 56.3 6 1.2
Body weight (kg) 67.0 6 4.7 70.2 6 2.3 70.0 6 1.6
BMI (kg/m2) 25.3 6 0.9 26.1 6 0.7 25.1 6 0.4
Systolic blood pressure (mmHg) 124 6 3 129 6 2 129 6 2
Diastolic blood pressure (mmHg) 70 6 2 80 6 4* 74 6 2
Glycated hemoglobin (%) 5.7 6 0.1 7.2 6 0.3* 4.9 6 0.2†
Fasting plasma glucose (mmol/l) 7.2 6 0.2 7.9 6 0.3* 5.6 6 0.1†

Data are means 6 SEM, unless otherwise indicated. *P , 0.05 vs. type 2 diabetic patients submitted to
L-arginine or placebo therapy; †P , 0.05 vs. both groups of type 2 diabetic patients.
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by forearm blood flow and expressed in
arbitrary units.

Assays
Plasma glucose was measured with a glu-
cose oxidase– based analyzer (Yellow
Springs Instrument, Yellow Springs, OH).
Glycated hemoglobin was assayed using
a commercial kit (Unimate, Roche). Se-
rum insulin levels (intra-assay coefficient
of variation [CV] 3.0%, inter-assay CV
5.0%) were assayed with a microparticle
enzyme immunoassay (IMX; Abbott Lab-
oratories, Abbott Park, IL). Serum C-
peptide (intra-assay CV 2.5%, interassay
CV 5.0%) were assayed with a radioim-
munoassay kit (Medical System, Genoa,
Italy). cGMP was assayed with a radioim-
munoassay kit (Amersham International,
Buckinghamshire, U.K.). Isotopic enrich-
ment of [6,6-2H2]glucose was determined
using a gas chromatography–mass spec-
trometry method, as previously reported
(15).

Calculation and statistical analysis
All results are expressed as the mean 6
SEM at each time interval. Comparisons
within groups were performed by Stu-
dent’s t test for paired data. Comparisons
among groups were performed by analy-
sis of variance followed by the Scheffe F
test when appropriate. Linear regression
analyses were also used as appropriate. A
two-tailed probability level ,0.05 was
considered statistically significant.

RESULTS — Table 2 shows that there
were no changes in body weight, glycated
hemoglobin, serum potassium, diastolic
blood pressure, and heart rate in both
groups. In contrast, systolic blood pres-
sure remained unchanged in group 1,
whereas it significantly decreased after L-

arginine therapy in group 2 (128 6 4 vs.
110 6 3 mmHg; P , 0.05) (Table 2).

Preclamp values
In group 1, basal blood glucose, serum
insulin (Fig. 2), serum C-peptide (from
0.68 6 0.04 to 0.70 6 0.09 nmol/l; NS),
endogenous glucose production, plasma
cGMP, blood flow, and peripheral vascu-
lar resistance remained unchanged (Ta-
ble 3) during the 2 months of placebo
therapy.

In group 2, compared with placebo,
L-arginine had no effect on blood glucose,
serum insulin levels (Fig. 2), and serum
C-peptide (from 0.71 6 0.09 to 0.62 6
0.06 nmol/l; NS). Endogenous glucose
production decreased by 9.3% (from
18.0 6 1.3 to 16.4 6 0.9 mmol z kg–1 z
min–1; P 5 0.07) (Table 3). During the
same period, plasma cGMP significantly
increased by 60.5% (from 2.76 6 0.35 to
4.43 6 0.54 nmol/l; P , 0.03), and base-
line blood flow increased by 36% (from
2.19 6 0.26 to 3.01 6 0.22 ml z 100 ml–1

z min–1; P , 0.02) (Table 3). Correspond-
ingly, peripheral vascular resistance de-
creased from 43.0 6 3.9 to 27.6 6 1.9 UI
(P , 0.01) (Table 3).

Basal cGMP levels were positively
correlated with basal blood flow (r 5
0.58, P , 0.003; data not shown) and
negatively correlated with basal endoge-
nous glucose production (r 5 20.41, P ,
0.05; data not shown).

The analysis of differences between
the two treatments demonstrated that in
group 2 there was a significant increase in
cGMP levels (P , 0.001) and forearm

Figure 2—Insulin and glucose levels during the euglycemic-hyperinsulinemic clamp period in
groups 1 (left panels) and 2 (right panels). F, Placebo therapy (1st month); f, placebo therapy
(2nd month); M, L-arginine therapy.

Table 2—Clinical and anthropometric data after placebo or L-arginine therapy in groups
1 and 2

Group 1 Group 2

Placebo 1st
month

Placebo 2nd
month

Placebo 1st
month

L-Arginine
2nd month

Body weight (kg) 68.2 6 6.0 68.0 6 6.1 74.1 6 5.7 74.3 6 5.9
Systolic blood pressure (mmHg) 120 6 4 120 6 5 128 6 4 110 6 3*
Diastolic blood pressure (mmHg) 71 6 3 67 6 3 70 6 3 67 6 2
Heart rate (pulse/min) 67 6 3 71 6 4 70 6 2 66 6 3
Glycated hemoglobin (%) 5.8 6 0.1 5.8 6 0.2 5.6 6 0.2 5.5 6 0.2
Serum potassium (mmol/l) 4.12 6 0.15 4.13 6 0.15 3.98 6 0.11 4.01 6 0.08

Data are means 6 SEM. *P , 0.05 vs. placebo 1st month.
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blood flow (P , 0.02) (Table 3) com-
pared with group 1.

Circulating cGMP levels were similar
in groups 1 and 2 submitted to placebo
treatment and in the pool of type 2 dia-
betic patients and were significantly lower
than those in normal subjects (2.60 6
0.22 and 2.72 6 0.31 vs. 4.93 6 0.33
nmol/l, respectively; P , 0.01). Interest-
ingly, after L-arginine treatment, cGMP
levels increased, reaching the levels found
in the normal subjects (4.43 6 0.54 vs.
4.93 6 0.33 nmol/l; NS).

Basal endogenous glucose production
was significantly higher in both groups
than in normal subjects before and after
L-arginine treatment (Table 3).

Euglycemic-hyperinsulinemic clamp
During the euglycemic-hyperinsulinemic
clamp, blood glucose levels reached the
target values (5.0–5.5 mmol/l) within the
first hour of the test, and they were suc-
cessfully maintained throughout the test,
while insulin levels reached a plateau of
210–240 pmol/l in both groups (Fig. 2).

In group 1, peripheral and hepatic in-
sulin sensitivity and forearm blood flow
were not modified during the study pe-
riod (Table 3). In group 2, compared with

the first month of placebo treatment, L-
arginine significantly increased the M
value by 34% (P , 0.01) (Table 3), where-
as endogenous glucose production de-
creased significantly (P , 0.02) (Table 3).
Forearm blood flow remained signifi-
cantly higher after L-arginine than after
placebo (3.32 6 0.24 vs. 2.80 6 0.28 ml
z 100 ml–1 z min–1; P , 0.05) (Table 3).

The analysis of differences between
the two treatments demonstrated that in
group 2 there was a significant improve-
ment in M value (P , 0.03) and hepatic
insulin sensitivity (P , 0.05) compared
with group 1 (Table 3) .

The M value was significantly lower
and endogenous glucose production sig-
nificantly higher in groups 1 and 2 than in
normal subjects before and after treat-
ment.

CONCLUSIONS — The aim of this
study was to evaluate whether long-term
administration of L-arginine acting
through a normalization of the NO/cGMP
pathway was able to ameliorate periph-
eral and hepatic insulin sensitivity in 12
lean type 2 diabetic patients with good
metabolic control. Our study has shown
for the first time that an increment in NO

availability induced by the administration
of L-arginine is able to increase insulin
sensitivity, even if complete normaliza-
tion is not achieved.

Although in the present study argi-
nine levels were not measured to confirm
the effectiveness of L-arginine supplemen-
tation, the significant decrease in vascular
resistance (18) and the increase in cGMP
(19), a second messenger of NO, strongly
supports the positive compliance of pa-
tient and therapy. It is currently believed
that NO interacts with soluble guanylate
cyclase, leading to the elevation of cGMP
concentrations (19–21). A close correla-
tion between NO and cGMP has recently
been demonstrated by Albert et al (22).
The authors demonstrated that inhaled
NO produced a threefold elevation in
plasma cGMP concentrations (22). It is
interesting to note that circulating cGMP
levels were significantly lower in type 2
diabetic patients than in normal subjects
and that administration of L-arginine
completely normalized their levels. De-
creased circulating cGMP was previously
reported in first-degree relatives of pa-
tients with type 2 diabetes independent of
the degree of glucose tolerance (23).

A simple approach to explain our re-

Table 3—Variation of peripheral and hepatic insulin sensitivity and vascular indexes during placebo or L-arginine therapy in both groups of
patients compared with normal subjects

Group 1 Group 2

Normal
subjects

Placebo
1st month

Placebo
2nd month Difference*

Placebo
1st month

L-Arginine
2nd month Difference*

Basic
Plasma glucose (mmol/l) 7.3 6 0.1 7.3 6 0.2 –0.03 6 0.15 7.0 6 0.3 6.4 6 0.4 –0.52 6 0.24 5.0 6 0.2†
Endogenous glucose

production (mmol zkg–1 z
min–1)

17.8 6 1.3 17.8 6 1.4 10.2 6 0.6 18.0 6 1.3 16.4 6 0.9 –1.7 6 0.8 11.3 6 1.3†

cGMP (nmol/l) 2.43 6 0.27 2.44 6 0.25 10.01 6 0.07 2.76 6 0.35 4.43 6 0.54‡ 11.67 6 0.52§ 4.93 6 0.33†
Forearm blood flow (ml z 100

ml forearm–1 z min–1)
2.03 6 0.26 2.11 6 0.23 10.09 6 0.07 2.19 6 0.26 3.01 6 0.22‡ 10.82 6 0.18\ 2.87 6 0.24

Peripheral vascular resistance
(UI)

46.0 6 4.9 43.3 6 5.2 –2.7 6 3.6 43.0 6 3.9 27.6 6 1.9‡ –15.3 6 3.0\ 31.4 6 2.8

Euglycemic clamp
Steady-state plasma glucose 5.7 6 0.2 5.7 6 0.3 10.08 6 0.04 5.4 6 0.1 5.2 6 0.2 –0.30 6 0.12 5.0 6 0.1†
Endogenous glucose

production (mmol z kg–1

z min–1)

6.22 6 1.16 6.77 6 0.61 10.50 6 1.93 6.11 6 0.33 4.29 6 0.39‡ –2.09 6 0.61\ 4.96 6 0.18†

M value (mmol z kg–1 z min–1) 11.3 6 2.0 11.7 6 1.6 10.39 6 1.10 11.3 6 1.1 15.1 6 1.3‡ 13.96 6 0.77\ 24.2 6 0.7†
Forearm blood flow (ml z 100

ml forearm–1 z min–1)
2.46 6 0.26 2.36 6 0.24 –0.10 6 0.35 2.80 6 0.28 3.32 6 0.24 10.52 6 0.11 3.10 6 0.29

Peripheral vascular resistance (UI) 37.1 6 3.4 37.7 6 3.8 11.19 6 5.28 32.4 6 3.5 29.6 6 5.3 –2.68 6 3.89 28.3 6 2.5

Data are means 6 SEM. *Negative differences correspond with a decrease, whereas positive differences correspond with an increase of variables after therapy; †P ,
0.01 vs. groups 1 and 2; ‡P , 0.05 vs. placebo 1 month; §P , 0.001 vs. group 1; \P , 0.05 vs. group 1.
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sults is to propose that insulin resistance
is associated with an impairment in the
ability of NO to generate its messenger,
leading to a decrease in cGMP generation
and a relative decline in insulin’s ability to
produce vasodilation. Although specula-
tive, this formulation is consistent with
the results of this article and with Petrie et
al.’s (3) conclusion that there is a relation-
ship between insulin resistance and the
endothelial response to inhibition of NO
synthesis as well as with evidence that the
vasodilatory response is decreased in
insulin-resistant individuals (4). The sig-
nificant correlation between basal cGMP
and forearm blood flow supports this
hypothesis.

The results of the present study are
contradictory to previous reports show-
ing that acute intravenous administration
of agents with endothelium-dependent
vasodilation activity, such as adenosine or
bradykinin, failed to improve glucose uti-
lization, despite a significant increment in
local blood flow (24,25). The discrepancy
between our data and those shown in the
previous studies (24,25) may be the result
of different experimental approaches,
such as those which acutely infused intra-
venous bradikynin (24) or adenosine (25)
for a few hours. In the present study, L-
arginine was administered chronically for
30 days.

On the other hand, it is possible that
an increase in NO availability could also
improve glucose metabolism indepen-
dently from its vasodilation activity. In
fact, cGMP levels were inversely and sig-
nificantly correlated with basal endoge-
nous glucose production. In support of
this hypothesis, recent studies have
shown that NO synthase (NOS) is ex-
pressed in skeletal muscle (26) and that
NO per se could influence muscle glucose
metabolism in studies in animals and in
vitro (27). In fact, NOS inhibition by N-
monomethyl-L-arginine inhibits glucose
transport in incubated skeletal muscle
preparations (28), and it has been shown
that sodium nitroprusside, an NO donor,
increases glucose transport both in the ab-
sence and presence of insulin in rat exten-
sor digitorum longus muscle in vitro (29).
Insulin-resistant obese Zucker fa/fa rats
were found to have a defect in the meta-
bolic pathway of NO, and the administra-
tion of Zaprinast, a selective cGMP
phosphodiesterase inhibitor, increased
both cGMP levels and glucose uptake in
skeletal muscle (28). In addition, we re-

cently demonstrated that L-arginine is
able to enhance glucokinase activity in
cultured rat hepatocytes (30).

However, even if L-arginine treatment
totally normalized NO activity (measured
through cGMP levels), it was not able to
completely overcome the defect of insulin
sensitivity in type 2 diabetic patients; this
suggests that the pathogenesis of insulin
resistance in these patients is multifacto-
rial and that other genetic, environmen-
tal, or metabolic factors need to be taken
into account.

The results of the present study are in
agreement with in vitro and in vivo stud-
ies in animals showing that although NO
is a mediator of glucose-induced cGMP
production in islets, the resulting increase
in cGMP is not correlated with insulin se-
cretion (31). Moreover, Pueyo et al. (19)
have shown that the administration of
Nv-nitro-L-arginine methyl ester in vivo
markedly diminished NO-dependent
cGMP production without affecting insu-
lin secretion .

Because the 1-month period with L-
arginine therapy was subsequent to 1
month on diet alone, it could be argued
that the improvement in insulin sensi-
tivity was caused by prolonged diet ther-
apy. However, in group 1, no significant
effect of prolonged diet treatment was
demonstrated. In addition, body weight
did not change during the 6 months be-
fore and throughout the study, and a di-
etitian visit was performed every 2 weeks
to maintain a constant diet during the
three study periods.

In conclusion, the present study
shows that long-term L-arginine treat-
ment significantly improves peripheral
and hepatic insulin sensitivity in type 2
diabetic patients. Further studies in
which this treatment is prolonged are
necessary to confirm these preliminary
results.
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