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Insulin sensitivity after r-arginine treatment

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

vpe 2 diabetic patients

submitted w o -argmime Poal of type 2 Normal
or placebe treatment diabetic patients subijicts
Sex (M) H/4 [4/1 1 22/18
Age Lyearsd FT8=x 3.2 538 2.0 6.3+ |2
Body weight (kg) 67041 702 = 2.3 70016
BMI Ckg/m ™) 25309 26,1 = 0.7 251 =04
systolic bload pressure (mmHg) |24 = 3 |29 % 2 129+ 2
Diastolic blood pressure tmmbg) O£ 2 el == 4~ T2
Glycated hemoglabin (5] Q] 72X 0.3" 49+ 027
Fasting plasma glucose (mmol/]) T2 0.2 7.9=+03" 5.6:F10.1%

[l dre means = SEM. unless otherwise mdicated
= FRHTTITIE O [‘I|,|,q'|'|'1|11 'h'-'m]“"‘.l-. P <

5.7 £ 019 and who were treated with
diet alone were admited to the study. The
melusion eriteria were as [ollows: normal
glycated hemoglobin associated with sta-
ble body weight 6 months helore the start
ol the study; absence ol diabetic compli-
cattons, except [or background retnopa-
thy, diet treatment; normal systolic and
diastolic blood pressure in the absence ol
antihypertensive treatment: normal elec-
rrocardiogram at rest, no history ol isch-
ermic heart disease; and normal renal and
liver lunction,

To establish values ol lasting circulat-
ing cGMP i a large population ol type 2
diahetic patients and in normal subjects,
25 type 2 diabetic patients treated with
diet and metlormin and/or sullonylureas
and 40 normal control subjects matched
[or age, sex, body weight, and BMI were
studied

Table 1 shows the climcal and meta-
holic charactenstics ol all subjects in-
cluded. No difterences were found for
systolic blood pressure, whereas a signil-
icant increase in lasting plasma glucose
and glycated hemoglobin were lound in
type 2 diabetic patients compared with
normal control subjects Fasting plasma
glucose levels, glycated hemoglobin, and
diastolic blood pressure were lower in pa-
tents submitted to placebo or L-arginine
treatment compared with the other type 2
diahetic patients

Rescarch design

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

"P o< 005 vs rype 2 dhabenc patlents submtted 1o
05 vs, hoth ErOUpPSs il Py 2 thiabetic natients

three times per day) for 2 months The
second group was treated with diet plus
placebo (orally three times per day) lor |
month and with diet plus -arginine (-
arginine aspartate, orally 3 g three times
per-day) during the second month. The
dosage of t-arginine was the lowest one
possible in arder to create endothelial el-
lects without changing imsulin secretion,
Both the active drug and the placebo were
prepared as identical powder lormula-
tens, which were mixed with water and
200 mg ol aspartame

Every 14 days, patients were re-
viewed by a dietiban to maintain a con-
stant hody weight throughout the study

At the end ol the first and second
month of therapy. patients underwent a
cuglycemic-hyperinsulinemic clamp (in-
sulin infusion 25 mU « kg '« k=" (12)
The 3 days belore the test, all subjects kept a
constant diet to control lor diflerences in
[ood intake. In particular, animal- and
vegelable-nitrogen daily intakes were
maintained identical to rule our the role of
nitrogen intake with diet in NO produc-
tjion and clearance. which could represent
4 biag in the study

Alter an overnight last and 12 h alter

the last admimistration ol placebo or |-
argining, 4 20-gauge plastic cannula (Ah-
bocath T, Abbocath, Ireland LTD, Sling,
[reland) was mserted in a dorsal vein o
one hand in retrograde position, and the
hand was mantained at 55°C lor inter-
mittent sampling ol artenalized blood
Another 20-gauge plastic cannula used
for 20% dextrose infusion was placed ina
large antecubital vein

[nsulin sensitivity was also evaluated
in 10 normal subjects whe underwent an
identical euglycemic-hyperinsulinemic
clamp.

Hormonal and metabolic evaluations
Baseline samples [or plasma glucose, se-
rum msulin, cGMP (second messenger ol
NOY, and potassinm levels were with-
drawn belore the start ol the euglycemic
clamp,

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

To evaluate the chanpes in insulin
sensitivity, we used the M value and the
rate ol disappearance, which was evalu-
atedl isatapically by means ol a primed
(3 mg/kg) contnuous (0.05 mg -+ kg
«min Y infusion ol ll'.'uh—:]'|;[.!-.L|LIL'L!5C. as
previously reported in {13-16),

Hemodynamic measurements
(n the morning ol the test, forearm blood
low {177 and systolic and diastolic blood
pressure were measured at the beginmng
ol the euglycemic-hyperinsulinemic
clamp alter at least 30 min of rest with the
patients in the supime position and at the
end ol the euglycemic-hyperinsulinemic
clamp,

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

S S
-30 -15 0 +15 +3() +45 +60  Days
Placebo Therapy | Placebo Therapy
(ATID) (3TID) Group 1
Control Period
Placebo Therapy |L-arginine Therapy| Group 2
(3 TID) (3¢ TID)

i

Figure 1—Rescarch design. 1, Dietician visit; *cuglycemic-hyperinsulinemic clanp
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Fable 2—Clinical and anthropometric data after placebo or 1-arginine therapy in groups

I and 2

Placebo sl

Loty |

Ciroup 2

Placeha 2ndd Placeho s -Arginine

muonth muonth montlh 21l month
Body wetghn (ket 8.2 60 B * 6| 7d4 | + 57 74 3+ 54
svatolic Blood pressure Gmmldg) | 20) * 4 120 * 5 |28 =+ 4 LT 3
Diastalic blood pressure tmmbge) 23 Gbf = 3 o N bf +.2
Hewrt rate (pulse/mm) Gl % 3 i T0/+2 it + 3
Glycated hemoglobin () S8+ 01 TR+ 02 36 = ()2 35+ 2
Serurm potassiam (mimaoldd) 4+ 122015 413 +015 3498 =011 201 2008

EXald e meins 't SEM TP

hy lorearm blood How and expressed in
arbitrary units

Assays

Plasma glucose was measured with a glu
cose oxidase—based analyzer (Yellow
springs lnstrument, Yellow Springs, OH)
Glycated hemoglobim was assayed using
a vommercial kit (Unimate. Roche? Se-
rum insulin levels Gintra-assay coellicien
ol vanation [CV] 3.0%, inter-assay CV
2.0%) were assayed with a microparticle
cnzyme immunoassay (IMX, Abbott Lih-
aratories, Abbotr Park, L), Serum C-
peptide (intra-assay CV 2.5%, interassay
CV 5 0%) were assayed with a radioim-
munoassay kil (Medical System, Genoa,
laly) ¢GMID was assayed with a radioim-
munoassay kit (Amersham International,
Buckinghamshire, UK ). lsotopic enrich-
ment ol [6,6-"H, |eglucose was determined
using a gas chromatography-mass spec
trometry methaod, as previously reported
(157

Calculation and statistical analysis
All results are expressed as the mean #
SEM at each time mterval. Comparisons
within groups were performed by St
dent's 1 1est lor |‘lLl]I'!.'L| cata ( HHI]‘IILH"lhnIh
among groups were performed by analy-
s1s ol vanance lollowed by the Schelle F
test when appropriate Linear regression
.lil'.'l]‘:.'?'ut'.‘-'- were also used as dPProprates A
two-tatled probabilny level <005 was
considered statsucally significant

RESULTYS — 1.hlc 2 shows that there
were no changes m body weight, glycated
hemoglobin, serum potassium, diastolic
blood pressure, and heart rate in both
groups, In contrast, systolic bload pres
sure remained unchanged in group |
whereas i1 sigmbheantly decreased alter 1-

WS vs placehe 1sl month

arginine therapy i group 2 (128 £ 4 vs
IO = 3 mimHe, P < 0.05) (Table 29

Preclamp values

In group |, basal blood glucose, serum
insulin (Fig, 2), serum C-peptide (from
V.08 £ .04 10070 £ 0.09 nmol/, NS)
criciogenous glucose production, plasma
cMI'. blood How, and perpheral vascu-
ar resistance remained unchanged (Ta-
ble 3) during the 2 months of placebo
the Fapy

Insulininf. (25 mU « kg™' - h7™)

300-
240- r &

Insulin
(pmol/l)

120-

60 4

8.3-
Glucose
(mmol/1) =

5:54

2.8

Time (min)

0 30 60 9% 120

Piatti and Associates

In group 2, compared with placebe,
L-arginine had noellect on blood glucose,
serum insulin levels (Fig. 21, and serum
C-pepude (rom 071 = 0.09 10 0.62 *
006 nmol/l; NS). Endogenous glucose
production decreased by 9.3% (lrom
B0+ 13w 164 £ 09 wmol « kg ' -
min ', P = 0.07) (Table 3). During the
same period, plasma cGMP signiheantly
inereased by 60.3% (Irom 2,76 2 0,35 1o
443 = 054 nmol/, P < 0.03), and base-
line blood How increased by 36% (Irom
210+ 02610301 =0.22ml- 100 ml™!
-min ', P < 002) (Table 3). Correspond-
mgly. peripheral vascular resistunce de-
creased lrom43.0 = 3910 27.6 £ 19U
P << 001 (Table 3)

Basal cGMP levels were positively
correlated with basal bload Hlow (r =
058, P < 0003, data not shown) and
negatively correlated with hasal endoge-
nous glucose production(r = —0.41, P <
0.05; data not shown)

The analysis ol dillerences berween
the two treatments demonstrated that in
group 2 there was a signilicant increase in
cGMP levels (P < 0.001) and lorearm

Insulininf. (25mU - kg™'- h™h
300 -

240 -

120 -

60 |
'U T T T 1 1

8.31

5.5-

2.8 : ' : :
0 30 60 9%

Time (min)

120

Figure 2—/nsulin and glicose Tevels during the cuglycemic-hyperinsulinemic clamp pertod in
groups | tlefr panels) and 2 (right panels) @, Placcho therapy (st month); B, placebo therapy

Cnd month); L1 -argmine therapy
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Insulin sensitivity after L-arginine treatment

Table 3—Variation of peripheral and hepatic insulin sensitivity and vascular indexes during placebo or t-arginine thervapy in both groups of

patients compared with normal subjects

Group | Grop 2
Placebo Placeba Plavebo | -Argimine Norrl
lst month  2nd month  Dilference® st month  2nd month Dillerence subjects
Basic
Plasma glucose (mmol/]) 132 0.1 Fi3+02 DO03=015 70x0.3 4204 —0.52 = 0.24 3.0:20.21
Endogenous glucose 8= 13 If8 14 +0.2 206 18013 I64z=x08 —.7 08 J1.3= 1.3%
production (wmol kg™ -
mim )
cGMP (nmol/l) 243+ 027 244 2025 4001 2007 276+ 035 443 *0547 +1.67 0528 4493 = 0.33%
Forearm blood [low (ml - 100 203026 211 2023 £000+007 219+ 026 301 2 022% +082 018 287024
ml lorearm™ < min™')
Peripheral vascular resistance 46.0FX 49 433252 27+36 430239 276X 19F =153x3Q]| 31428
(U1
Euglycemic clamp
Steady-state plasma glucose 372002 57203 4008004 54*0.I 5.2 x 0.2 -0.30 £ 0.12 5:0=0.0.11
Endogenous glucose 6,22+ 1.16 677 061 +050%= 103 611 * 033 429039 =209 & 061 496 = 0181
production (pmol * kg™
cmin )
M value (pmol = kg ' mim ') 113220 117216 4039110 11311 131 ==13%F 396 Q77 242=x0.7%
Farearm blood How (ml - 100 246 026 2360234 0I10*F03 280+ 028 332024 +052 %01 .10 %= (0.29
ml forearm™" * min™")
Peripheral vascular resistance (U} 37.1 £ 34 377X 38 <+l ]9X528 32435 200=X5 } ~268 * 389 283X 2.5

Dt are means = SEM . *Negative differences correspond with a decrease, whereas positive differences correspond with an increase of varahles alter therapy, #
O 01 vs, groups 1 and 2, 7P < 005 vs placebo | month; 3P < 0 001 vs. group | P < 005 vs group |

blood Hlow (P < 0.02) (Table 3) com-
pared with group |

Circulating ¢cGMP levels were similar
in groups | 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 =
022 and 2.72 £50.31 ‘ws. 493 X 033
nmol/l, respectively; P << 0.01). Interest-
ingly, alter L-arginine treatment, ¢cGMP
levels increased, reaching the levels lound
in the normal subjects (443 £ 0.54 vs.
403 + 033 nmol/1; NS)

Basal endogenous glucose production
was significantly higher i both groups
thar in normal subjects before and alter
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/) within the
lirst hour of the test, and they were suc-
cessfully maintained throughout the test,
while insulin levels reached a plateau ol
210-240 pmol/l in bath groups (Fig 2).
In group |, peripheral and hepatic in-
sulin sensitivity and forearm blood [low
were nol modified during the study pe-
riod (Table 3). In group 2, compared with

the hrst month ol placebo treatment, 1-
arginine significantly increased the M
value by 349% (P < 0.01) (Table 3}, where-
as endogenous glucose production de-
creased signiticantly (P < 0.02) (Table 3)
Forearm blood llow remained signili-
cantly higher alter v-argimne than alter
placebo (3.32 = 0.24 vs. 2.80 £ 0.28 m|
100 ml™" » min" P < 0.05) (Table 3)

The analysis of dillerences herween
the two treatments demonstrated that in
group 2 there was a signilicant improve-
ment in M value (P < 0.03) and hepatic
insuhin sensiivity (P << 0.05) compared
with group 1 (Table 3)

The M value was signihicantly lower
and endogenous glucose production sig-
nificantly higher in groups 1 and 2 than in
normal subjects belore and alter treat-
ment

CONCLUSIONS — The aim of this
study was to evaluate whether long-term
administration ol L-arginine acting
through a normalization ol the NO/cGMP
pathway was able 10 ameliorate periph-
eral and hepatic insulin sensitivity in 12
lean type 2 diabetic palients with good
metabolic control. Our study has shown
lor the first time that an increment in NO

I.;:

availability induced by the adminmstration
ol t-argimine 15 able o increase msulin
sensitivity, even il complete normaliza-
tion 1s not achieved

Although i the present study argi-
nine levels were not measured 1o conhirm
the ellectiveness ol (-arginine supplemen-
ation, the signihcant decrease in vascular
resistance (18) and the increase in ¢cGMP
(19, a second messenger ol NO_ strongly
supports the positive compliance ol pa-
tent and therapy. 1t ts currently believed
that NO interacts with soluble guanylate
cyclase, leading to the elevation ol ¢cGMP
concentrations (19=21), A close correla-
tion between NO and ¢GMP has recently
been demonstrated by Albert et al (22),
[he authors demonstrated that inhaled
NO produced a threelold elevation in
plasma ¢cGMP concentrations (22). 1t is
interesting to note that circulating cGMP
levels were signihcantly lower in type 2
diabetic patients than in normal subjects
and that admimistration ol t-arginine
completely normalized their levels. De-
creased circulating cGMP was previously
reported in hrst-degree relatives ol pa-
tients with type 2 diabetes independent of
the degree ol glucose tolerance (23)

A simple approach to explain our re-

878

IDMABETES CARE, VOLUME 24, NUMBER 5, May 2001



sults 15 1o propose that msulin resistance
1s assoctated with an mmpairment i the
ability ol NO 1o generate its messenger,
leading to a decrease in ¢cGMP generation
and a relative decline in insulin's ability 1o
produce vasodilation. Although specula-
uve, this lormulation 1s consistent with
the results of this article and with Petnie et
al ‘s (3) conclusion that there 1s a relation-
ship between insulin resistance and the
endothelial response to inhibition of NO
synithesis as well as with evidence that the
vasodilatory response is decreased in
insulin-resistant incividuals (4). The sig-
nificant correlation between hasal ¢cGMP
and lorearm blood llow supports this
hypothesis

The results ol the present study are
contradictory 1o previous reports show-
ing that acute intravenous administration
ol agents with endothelium-dependent
vasodilation activity, such as adenosine or
hradykinin, failed 1o improve glucose uti-
lization, despite a signhcant 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
ol dilferent experimerital approaches,
such as those which acutelv infused intra-
venous bradikynin (24) or adenosine (25)
lor a lew hours. In the present study, |-
arginine was administered chronically for
30 ciys.

On the other hand, it is possible that
an inerease in NO availability could also
mmprove glucose metabolism indepen-
dently trom us vasodilation activity In
fact, cGMP levels were inversely and sig-
niticantly correlated with basal endoge-
nous glucose production. In support of
this hypothesis, recent studies have
shown that NO synthase (NOS) (s ex-
pressed i skeletal muscle (26) and that
NO per se could influence muscle glucose
metabolism in studies in ammals and 1n
vitro (27). In fact, NOS inhibition by N-
monomethyl-r-arginine inhibits glucose
transport in incubated skeletal muscle
preparations (28), and it has been shown
that sodiuvm mitroprusside, an NO donaer,
increases glucose transport both i the ab-
sence and presence ol insulin in rat exten-
sor digitorum longus muscle in vitro (29,
Insulin-resistant obese Zucker fa/fa rats
were lound 1o have a delect in the mela-
holic pathway of NO, and the administra-
tion of Zaprinast, a selective ¢GMP
phosphodiesterase nhibitor, increased
both cGMI levels and glucose uptake in
skeletal muscle (28). In addinon, we re-

ceritly demuonstrated that L-arginine s
abrle to enhance glucokinase acuvity in
cultured rar hepatocyres (30

However, even il t-arginine treatment
totally normalized NO activity (measured
through ¢GMP levels), it was not able 1o
completely overcome the defect ol insulin
sensitivity in type 2 diabetic panents; this
suggests that the pathogenesis ol msulin
resistance in these patients is multifacto-
nal and that other genenc, environmen-
tal. or metabolic [actors need to be taken
o account

The results of the present study are in
agreement with in vitro and n vivo stud-
ies i animals showing that although NO
s a mediator ol glucose-induced ¢cGMP
production in islets, the resulting increase
in ¢GMP 1s not correlated with insulin se-
cretion (31). Moreover, Puevo et al. (19)
have shown that the administration ol
Nw-nitro-t-arginine methyl ester i vivo
markedly dimimshed NO-dependent
cGMP production without aftecting insu-
lin secretion

Because the 1-month period with 1-
arginine therapy was subsequent to |
month on diet alone, it could be argued
that the improvement in insulin sensi-
vty was caused by prolonged dier ther-
apy. However. in group 1, no signihcan
eflect ol prolonged diet treatment was
demonstrated  In addition, body weight
did not change during the 6 months be-
lore and throughout the study, and a di-
etinan visit was perlormed every 2 weeks
to maintain a constant diet during the
three study penods.

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