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In the liver, paracrine interaction between Kupffer cells and hepatocytes influences glucose metabolism. In vitro in rats, nitric
oxide (NO), a paracrine mediator, inhibits several pathways of hepatic glucose production. The role of NO on glucose
production has not been studied in vivo in humans. Glucose production was measured during N®-monomethyl-L-arginine,
monoacetate salt (L-NMMA) infusion, an inhibitor of NO synthesis in vivo, in 6 healthy men fasting 23 hours in a saline-
controlled crossover study. During L-NMMA infusion, NO output decreased 40% to 50%, peripheral vascular resistance
increased approximately 22%, and cardiac output (CO) decreased approximately 14%. The decrease in glucose production was
not different between L-NMMA and saline. Glucose concentration, substrate supply, and glucoregulatory hormone concen-
trations were not different; epinephrine was lower with L-NMMA. A 40% to 50% inhibition of NO synthesis in vivo in humans
does not affect glucose production during short-term fasting. The hypothesis that NO is an important modulator of basal
glucose production in healthy humans in vivo should therefore be rejected.
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N HEALTHY HUMANS, nonhormonal mechanisms play fore not a very sensitive parameter for whole body NO pro-

an important role in the regulation of basal hepatic glucoseduction6-1° The only way to evaluate the potential regulatory
production. Basal glucose production is maintained at a confole of NO on glucose production during short-term starvation
stant level even in the absence of insulin and glucagon oin healthy humans is by inhibiting NO synthesis concomitantly
hepatic vagal activity, and substrates for gluconeogenesis dwith indirect measurements of NO activity. *Nmonomethyl-
not influence glucose production as long as their availability is_-arginine (L-NMMA), anvL-arginine-analogue, is a competi-
not reduced:> The mechanism behind this regulatory processtive inhibitor of nitric oxide synthase (NOS) and strongly
is not known. Recent studies show that the primary route byinhibits NO synthesis in vivél NO is a major regulator of
which insulin maintains control over glucose production may vascular tone by inducing vascular smooth muscle relaxation;
be indirect and mediated by free fatty acids (FFA), as wasintravenous adminutesistration of L-NMMA to healthy humans
described in the “single gateway hypothesis” by Bergman etraises blood pressure through an increase in systemic vascular
alé In the postabsorptive state, under basal conditions, FFAesistancés
have a clear, but modest, role in the regulation of postabsorp- We hypothesize that if NO is an important modulator of
tive glucose production, as has been described by Bodefi et ajlucose production in vivo, as suggested by the above-men-
and Fery et & inhibition of lipolysis (ie, plasma FFA) with  tioned in vitro data, inhibition of NO synthesis may influence
acipimox or nicotinic acid often leaves glucose productionpasal glucose production. This study evaluated the effect of
unaffected due to autoregulatié® In the regulation of glu-  L-NMMA infusion on glucose production in a saline-controlled
cose production, intrahepatic factors may play an importantrossover study in 6 healthy postabsorptive men. We measured
role. Experimental data suggest that products of Kupffer cellsglucose production, concentrations of glucoregulatory hor-
influence glucose metabolism. Prostaglandins produced bynones and substrates, and direct and indirect parameters of NO
stimulated Kupffer cells regulate glycogenolysis, and in hu-production (NO production by the lung, peripheral vascular

mans, the inhibitor of prostaglandin synthesis indomethacinyesistance, and plasma nitrate concentration), between 16 and
stimulates glucose production in vi¢d:*® NO is another 23 hours of fasting.

Kupffer cell product?! In vitro studies in rats show that NO
strongly inhibits gluconeogenesis, modulates glycogenolysis,
nd gl n synth :13In humans, NO h n attri
and glycoge .sy t.esjré o 'u .a s, NO a§ bee att. buted From the Department of Endocrinology and Metabolism, Metabo-
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SUBJECTS AND METHODS Every 30 minutes betweerrt 0 hour and the end of the study at 5:00
PM (t = 7 hours), blood samples were drawn for measurement of
isotopic enrichment. From= O hour till the end of the study at+ 7
Six healthy men (age, 23 0.5 years; weight, 79.% 1.5 kg; height,  hour blood samples were drawn every hour for measurement of hor-
1.86= 0.01 m; body mass index, 228 0.5) participated in the study  mone, substrate (FFA, lactate, and alanine), L-NMMA, arginine, and
after written informed consent. All were completely healthy, had not nitrate concentrations. From 3:@681 (t = 5 hours) until the end of the
experienced any febrile disease in the month prior to the study, hadtudy at 5:00°m (t = 7 hours), L-NMMA and arginine concentrations

normal blood pressure, and did not use medication. The study wagere measured every 15 minutes. The withdrawn blood volume was
approved by the Research Committee and the Medical Ethical Comsypstituted by at least an equal volume of saline.

Subjects

mittee of the Academic Medical Centre, Amsterdam. NO concentration in exhaled air was measured every hour frem t
. 0 hour until t = 7 hours after baseline sampling before starting
Study Design L-NMMA infusion and at t= 24 hours. From 1 hour before the

Each subject was studied twice, receiving L-NMMA and saline on 1 infusion of L-NMMA and/or saline (t= -1 hour) until 2 hours after
occasion and saline alone on the other (control study), whereby eachnding L-NMMA and/or saline infusion (& 7 hours), continuous
subject served as his own control (Fig 1). Both study protocols werenoninvasive finger blood pressure was measured every hour for 15
separated by at least 4 weeks. For 3 days prior to the study, alminutes. Changes in cardiac output (CO) and total peripheral resistance
volunteers consumed a weight-maintaining diet containing at leastwvere derived from the arterial pressure wa%.

250 g of carbohydrates. The subjects were fasted from &v06n the

day prior to the study until the end of the study. At 744, a catheter Assays

was placed into an antecubital vein for infusion of stable isotope . o . )
tracers. Another catheter was inserted retrogradely into a contralateral All Méasurements in each individual subject were performed in the
hand vein kept in a thermoregulated (65°C) plexiglas box for samplingS@Me run, and all samples were tested in duplicate. Glucose concen-
of arterialized venous blood. In both studies, saline was infused ad'ation and enrichment were determined according to Reinauef’et al
NaCl 0.65% at a rate of 50 mL/h to keep the catheters patent. During'Sin9 Phenylg-o-glucoside as internal standard. The gas chromatog-
both studies, the subjects were confined to bed. At @@Qqt = -2  raphy column used was a DB17 capillary column& W Scientific,
hours) blood was sampled for determination of background enrichmenf ©/S0M: CA) on an HP 5890 Series Il gas chromatograph coupled to an
of [6,6H,]-glucose and then a primed (17mol/kg), continuous HP 5989 A model mass spectrometer (Hewlett Packard, Palto Alto,
(0.22 umol/kg/min) infusion of [6,62H,]-glucose (Isotec Inc, Miamis CA). Mzass spectra were recorded at m/z 187 for glu'cose and m/z 189
burg, OH) was started and continued until the end of the study at 5:04°" 6:6Hz-glucose. The internal standard was monitored at m/z 127
PM (t = 7 hours). At t= -20, -15, -10 minutes and< 0 hour, blood and m/z 169. Plasma FFA were determined using the NEFA C kit (code

samples for determination of isotopic enrichment of glucose wereNO 994-75409 E) from Wako Chemicals GmgH (Neuss, Germany).

drawn. At t= 0 hour, blood samples for baseline values of hormonesP!asma insulin concentration was measured by radioimmunoassay
and substrates were also drawn. Immediately aftefthour, a primed  (RIA) (Insulin RIA 100, Pharmacia Diagnostic AB, Uppsala, Sweden;
(2 mg/kg), continuous (5 mg/kg/h) infusion of L-NMMA (20 mg/mL) intra-assay coefficient of variation (CV) 3% to 5%, interassay CV 6%

(Calbiochem, Novabiochem International, San Diego, CA) was started® 9%). glucagon was determined by RIA (Linco Research, St Charles,
and continued until 3:08m (t = 5 hours). MO; detection limit 15 ng/L, intra-assay CV 3% to 5%, interassay CV

9% to 13%), cortisol was measured using a fluorescence polarization
immunoassay (Abbott Laboratories, North Chicago, IL, intra-assay CV
6.4%, interassay CV 9.0%), and catecholamines were measured by
in-house high-performance liquid chromatography (HPLC) method.
- Essentially norepinephrine (inter- and intra-assay CV 13% and 6%,
Assessment of hemodynamics & exhaled NO output respectively) and epinephrine (inter- and intra-assay CV 14% and 7%,
M M v \ M M M vy respectively) were selectively isolated by liquid-liquid extraction and
[6,6-2H,]-glucose bolus derivatized to fluorescent components with 1,2-diphenylethylenedia-
mine. The fluorescent derivatives were separated by reversed phase
v liquid chromatography and detected by fluorescence detetion.
[6,6->H,]-glucose infusion J Blood lactate was determined by enzymatic method (Boehringer
Mannheim, Mannheim, Germany) on a Cobas Bio Centrifugal Ana-
lyzer. L-NMMA, plasma arginine, and alanine concentrations were
L-NMMA bolus 2 mg/kg determined in plasma by amino acid analyzer (Beckman Instruments
1 GmbH, Minchen, Germany; detection limit for L-NMMA is gmol/
|L-NMMA Smg/kg/min or saline L), using the modified .technique of Moore 'etzal. . ' '
The NO concentration was measured in exhaled air during tidal
breathing at rest in a sitting position. The nose was clipped and the
s f } } subjects inhaled NO-free air through a mouthpiece. Expired air was
t=_-2h t=0h t=5h t=7h collected via a T—valve in a Douglas bag during a 2-minute proce(_jure.
Moreover, respiratory flow and volume data were measured using a
ventilated hood (model 2900; computerized energy measurement sys-
tem, Sensor Medics, Anaheim, CA). NO samples were withdrawn with
infusion and L-NMMA and/or saline infusion after an initial bolus. t = a vacuum pump through a teflon tube (internal diameter of 4 mm,
0 hour corresponds to baseline measurements and the beginning of length 1,700 mm). Measurements were performed from the Douglas
the study (16-hour fast). Arrows indicate hourly measurements of bag before starting the L-NMMA infusion for baseline values and then
hemodynamic parameters and NO output from t = -1 hourto t = 7 every hour between+ 0 hour and t= 7 hours and at & 24 hours.
hours. NO was measured with a chemiluminescence NO/NOx analyzer CLD

8 AM 10 AM 3PM SPM

Fig 1. Study design. The bars indicate intravenous (IV) isotope
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700 AL med (ECO Physics, Durnten, Switzerland), range, 1 to100 parts RESULTS

per billion (ppb). Ambient levels of NO were beloyv 5 ppb. The NO Clinical Effects of L-NMMA Infusion

output was calculated as: NO outpatNO concentration in exhaled air

X minute ventilation/body surface ar&ses Intravenous L-NMMA-infusion was well tolerated and
Plasma NQ and NQ, were determined in deproteinized heparinized caused no clinical side-effects or laboratory abnormalities in

plasma. Plasma NDwas converted to NDusing nitrate reductase our volunteers (data not shown).

(Boehringer Mannheim). Total NO2- (ie, plasma N@ NO, from

reduced NQ) and plasma NQwere then determined spectrophoto Plasma Concentration of L-NMMA and Arginine

metrically using the Griess reactiéfhiPlasma NQ was calculated as During saline infusion alone, L-NMMA was not detectable
the difference between total N@nd plasma N®concentration. in plasma (Fig 2). In the L-NMMA study, plasma L-NMMA
Continuous noninvasive blood pressure was measured with a Filevels increased to reach a plateau of aroungAI/L after 2

napres model 5 (Netherlands Organisation for Applied Scientific Re-hOurs (t= 2 hours). After ending the L-NMMA infusion

search, Biomedical Instrumentation [BMI-TNO]). Finapres is based Onplasma L-NMMA levels decreased to below the detection Ii}nit

the volume clamp method of Panet ak” and the Physiocal criteria of L . L .

Wesseling et a8 The Finapres cuff was wrapped around the midpha- within 2.5 hours. Baseline arginine concentrations were not
different between the L-NMMA-infusion and the control ex-

lanx of the index finger of the arm used for the infusion of L-NMMA. ) : ) .
The hand with the cuffed finger was carefully positioned at heart IevelperIment and did not change ‘?'”””9 or after ending the L-
t = 0 hour until t= 7 hours: 85+ 7.2 to

to avoid hydrostatic level disturbances. Finger pressure signal, heatdMMA infusion (
rate, and an event marker were recorded on a thermo-writer (Graphte@2 = 6.4 umol/L [L-NMMA], 84 + 6.6 to 84+ 7.1 umol/L
Western Graphtec, Irvine, CA) for direct inspection and stored on alcontrol]).

personal computer at a sampling rate of 100 Hz for off-line evaluation. = . . .

Systolic and diastolic blood pressure was collected from the Finapreénh'b'tlon of NO Synthesis by L-NMMA

signal. Mean arterial blood pressure (MAP) was obtained as the integral Baseline (t= 0 hour) NO output in exhaled air was not
of pressure over 1 beat divided by the corresponding beat intervaldifferent between the L-NMMA and the control experiment
Heart rate in beats/min was computed from the interbeat interval. CQFig 3). NO output in exhaled air was lower during L-NMMA
was computed from the noninvasive arterial pressure wave with thgnfusion than during the control experimeift € .03), (t= 0
Modelflow method. It uses a nonlinear 3-element model of the aortichgyr to t = 5 hours: 72+ 8.1 to 36.8+ 3.9 nL/min/n?
input impedance to compute an aortic flow waveform from aperipheraI[L_NMMA]’ 73.3 = 6.9 to 72.7= 3.6 nL/min/n? [control]).

arterial pressure signal.Integrating the computed aortic flow wave- Two hours after ending the L-NMMA infusion @& 5 hours
form per beat provides left ventricular stroke volume (SV). CO is until t = 7 hours), the NO output in exhaled air had not yet
computed by multiplying SV and instantaneous heart rate. Total Pereturned to baseli’ne @ 7 hours: 42.5+ 8 nL/min/n? [L-

ripheral resistance (TPR) is calculated as MAP divided by CO. - . .
Changes in CO and TPR were expressed as percentage deviations fr %MMA] [ P =.02]). The NO output in exhaled air measured 24

baseline (CO [%] and TPR [%FP} SV from the noninvasive finger ours afte_r the L-NMMA infusion had started £t 24 hours)
pressure wave in healthy subjects during orthostatic stress tracked @S not different between the L-NMMA and the control group
thermodilution-based estimate of SV with a smalk{® mL) offsetze  (nOt shown in figure) (t= 24 hours: 65.9* 7.4 nL/min/n?

In addition, in critically ill patients, SV from the noninvasive finger [L-NMMA], 90.7 * 11.3 nL/min/nf [control, not significant
pressure wave accurately tracked changes in thermodilution cardiatNS]).

index for several hours, the overall discrepancy between both measure-

ments was 0.14 L mint - m?232

50— Strt stop

Calculations and Statistics <
40-

Because plasma glucose concentrations and tracer/tracee ratios faz
[6,6-°H,]-glucose remained constant during each sampling phase of th
study, calculations for steady state kinetics were applied and adapted} 30
for the use of stable isotopé%33 Glucose clearance was calculated as g
glucose Ra divided by plasma glucose concentration. For the hemodyE 20+
namic measurements (MAP, CO, TPR), 4 volunteers served as theite
own control; for the 2 subjects missing in the saline study, age- andd. 10-
gender-related subjects studied under identical conditions were used.

For all the other measurements, all 6 participants served as their own 0-
control.

Data are reported as mean SEM, unless otherwise stated. Data
were analyzed using SAS analysis of repeated measurements (proc
mixed; SAS version 6.12, SAS institute, Cary, NC). Because partici-
pants served as their own control, the effect of L-NMMA could be
calculated- by .subtracting the. differences from bas.eline values -With Fig2. L-NMMA concentration (in umol/L) in 6 healthy volunteers
L-NMMA infusion from the differences from baseline values With gyring and after LINMMA infusion (e) compared with control (o).
placebo. Subsequently, mean difference and standard errors were caistart” and “stop” arrows demarcate the L-NMMA infusion. Values
culated. Statistical significance was sefat .05. are means * SE.

Hours
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1001 2.26 = 0.19 mL/kg/min [L-NMMA] [P < .0001], 2.44+ 0.16
to 2.18 + 0.17 mL/kg/min [control] P < .0001]).
5 751 Effects of L-NMMA on Substrate Metabolism
Q
5 Plasma lactate, alanine, and FFA concentrations were not
© 50- different between the L-NMMA and the control experiment at
(@) baseline or during or after the infusion of L-NMMA (Table 1).
P
254
1259 gan Sop
0- )
100 ¢
I T T T T T T T ' T
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= 754 '
Hours : :
Fig 3. Effect of L-NMMA infusion on NO output (in nL/min/m?) in X 50+ i et 5.
6 healthy volunteers during and after L-NMMA infusion (®) compared ; H
with control (0). “Start” and “stop” arrows demarcate the L-NMMA 25 5 i
infusion. Values are means + SE. :
od E
\ Y
I 1 I 1 I T T T
Hemodynamic Effects of L-NMMA 0 1 2 3 4 5 6 7
Prior to infusion of L-NMMA, absolute values for MAP,
CO, and TPR were not different in the L-NMMA and control 125+ start stop
group (MAP: 72.6+ 5 mm Hg [L-NMMA] and 71.8* 3.3 mm :
Hg [control]; CO: 3.9+ 0.15 L/min [L-NMMA] and 4.4 + 100 e
0.35 L/min [control]; TPR: 1,478 + 127 dyne.s/cth o :
[L-NMMA] and 1,311 + 66 dyne- s/cn [control]) (Fig4). O 739 i ;
TPR % (percentage of baseline) was elevated during L-NMMA = : :
infusion compared with controlP(<.001), with a maximum 504 £<0.05 ‘:
difference after 4 hoursA(22.5 = 4.7 %). CO% was lower ; '
during L-NMMA infusion (P <.05) with a maximum differ- 254 '
ence after 3 hoursA(14 *+ 4.8 %). MAP% was not different :
between the groups. Both TPR% and CO% had returned t 0 2 H
baseline 1 hour after the end of L-NMMA infusion & 7 Y 1 . . : :
hours, TPR: 99+ 3.8%, CO: 104+ 2%). 0 3 4 5 6 7
The Effect of L-NMMA on Nitrate Concentrations 125-
Baseline nitrate concentrations were not different between the
L-NMMA-infusion and the control experiment (47 8.2 umol/L 100

[L-NMMA], 41.6 = 5.1 umol/L [control]). During both the L-

NMMA and the control experiment, the nitrate concentration ina.  75-

plasma decreased linearly between® hour and & 7 hours, and
there was no difference between the 2 studiesTthours: 21.7=
2. wmol/L [L-NMMA], 20.1 = 2.8 umol/L [control]).

Effects of L-NMMA on Glucose Metabolism

Baseline values of plasma glucose concentration and R
glucose were not different between the L-NMMA-infusion and
the control experiment (Fig 5). Between-t0 hour and t= 5
hours, glucose concentration decreased equally in both grouy
(5.1 + 0.07 to 4.9% 0.07 mmol/L [L-NMMA] (P < .0001),
5.2+ 0.08 to 4.9+ 0.14 mmol/L [control] P < .0001]); Ra

2 50-

254

0-

p<0.001

Hours

Fig 4. Effect of L-NMMA infusion on hemodynamic parameters.

glucose decreased to the same extent [136.9 to 11+ 0.9
umol/kg/min [L-NMMA] (-19%, P < .0001), 12.8+ 0.8 to
10.6 = 0.9 umol/kg/min [control], [-17%,P < .0001]), and
glucose clearance decreased to the same extent£20659 to

(A) MAP, (B) CO, (C) TPR during and after L-NMMA infusion (e)
compared with control (0).Values are expressed as means = SE of
percentual change from baseline. “Start” and “stop” arrows demar-
cate the L-NMMA infusion.
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6 sart CO. Despite this inhibition of NO production in the lungs and

: stop cardiovascular system, postabsorptive glucose production de-
% creased as much with L-NMMA as in controls. Therefore, NO
: is not a major direct or indirect modulator of postabsorptive
; glucose production in healthy subjects.
: : The first question that arises is whether the absence of an
: effect of L-NMMA on glucose production is due to the fact that

5 : L-NMMA did not inhibit NO synthesis in the glucose-produc-
5 : ing organs. Direct measurement of NO production in the liver

Plasma Glucose

: and kidney is technically impossible, and the direct measure-
: : ment of plasma (or whole blood) NO concentration is very
0- \ 4 v difficult in vivo because NO is inactivated within seconds by
f T T T T T T T hemoglobint?.19 In vivo, indirect markers of NO production
0 1 2 3 4 5 6 7 are therefore used for an estimation of local NO production.
The most frequently used markers are: (1) plasma nitrate:
nitrate is a stable endproduct of NO in vivo, because in the
presence of oxyhemoproteins, NO and N&e rapidly oxi
dized to NQ3* (2) hemodynamic parameters, ie, arterial blood
pressure, vascular resistance, and cardiac output; and (3) direct
measurement of NO production in exhaled air, as was first
described by Gustafson et®INO concentration in exhaled air
: : reflects endogenous NO production in health and disease, in-
6~ : cluding local production of NO in the respiratory tract and
. lungs19:25|n this study, the NO concentration in exhaled air,
34 H systemic vascular resistance, and nitrate concentration in
' plasma were measured.
o- H Infusion of L-NMMA rapidly caused a 40% to 50% decrease
V Y in NO output in exhaled air, which persisted throughout the
7 L-NMMA infusion, a decrease comparable to that described by
Kharitonov et &% in 67 healthy volunteers undergoing L-
Hours NMMA inhalation. The increase in systemic vascular resis-
. o L tance and the decrease in CO measured during L-NMMA
Fig 5. Effect of L-NMMA infusion on glucose concentration in . . . [ . .
mmol/L (A) and glucose production (Ra) in mol/kg/min (B) during m_fuspn in our study are in line with results _obtalned by others
and after L-NMMA infusion () compared with control (0).”Start” and with different doses of L-NMMAL1.18:35.36Thjs study showed
“stop” arrows demarcate the L-NMMA infusion. no effect of L-NMMA on plasma nitrate concentration, despite
(in)direct arguments for inhibition of NO production in the
lungs and vascular system. The plasma nitrate concentration,
. however, depends more on endogenous nitrate production, in-
Endocrine Effects of L-NMMA gestion, and clearance of nitrates than on NO produéfiéh.
Baseline insulin, glucagon, and cortisol levels were not dif- Although we did not measure dietary intake of our volunteers
ferent between the L-NMMA and control study and did not in this study, we did not find a difference in basal nitrate
differ between the L-NMMA and control experiment at any concentrations between the L-NMMA and control group after
time point (Table 1). Insulin, C-peptide, and cortisol levels 14 hours of fasting. Nitrate clearance is interindividually vari-
decreased significantly in both the L-NMMA and control ex- able, but the bulk of nitrate is excreted in 24 hours of fasting;
periments. Baseline epinephrine and norepinephrine levelstudies with L-NMMA are mainly performed in rats and dogs
were not different between the L-NMMA and control study. after more than 24 hours of fasting when most of ingested
During the L-NMMA infusion, epinephrine concentrations nitrate has already been excretéd8 Studies in humans
were lower than in the control group. mainly concern short-lasting experiments in which plasma ni-
trate concentration is not measured, with the exception of 1
DISCUSSION study in 62 healthy subjects, without data on the duration of
In this study, the physiologic effects of NO on postabsorptivefasting3” Only 1 study in healthy men measured nitrate kinetics
glucose production (16- to 23-hour fast) were evaluated byafter L-NMMA infusion. In that study by Haynes et #,a
infusion of L-NMMA, a strong inhibitor of NO synthesis in decrease in nitrate concentration was found after intravenous
vivo, in healthy humans. We documented that L-NMMA in- L-NMMA administration. In our study, baseline nitrate con-
hibited endogenous NO production as illustrated by a 40% tocentrations were twice those in Haynes’ study after the same
50 % reduction of NO output in expired air, and that L-NMMA duration of fasting; this suggests a higher contribution of nitrate
inhibited endogenous NO production in the cardiovascular sysingestion to plasma nitrate concentration in our study. It seems
tem reflected by a 22% increase of TPR and a 14% decrease tikely that the load of ingested nitrate needs to be small to be

Glucose Production
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Table 1. Plasma Concentrations of Hormones and Precursors

Group t = 0 Hour t = 2 Hours t = 5 Hours
Insulin (pmol/L) L 36 = 3.3 24 + 3.8 26 + 2.1*
C 41 = 8.3 35*+47 31 = 3.4%
C-peptide (nmol/L) L 0.28 = 0.05 0.25 = 0.04 0.22 + 0.04*
C 0.41 = 0.10 0.37 = 0.07 0.27 = 0.04*
Glucagon (ng/L) L 70 =12 61 =14 70 =17
C 8124 73 =19 70 = 15
Cortisol (umol) L 0.35 = 0.07 0.30 = 0.04 0.19 = 0.03
C 0.29 *= 0.05 0.29 *= 0.05 0.20 = 0.02
Epinephrine (nmol/L) L 0.13 = 0.03 0.15 = 0.04 0.17 = 0.03t
C 0.16 = 0.02 0.22 = 0.05 0.26 = 0.05
Norepinephrine (nmol/L) L 1.18 = 0.27 0.75 = 0.12 0.52 = 0.09
C 0.98 = 0.16 0.99 = 0.14 0.98 = 0.16
FFA (mmol/L) L 0.66 = 0.12 0.52 = 0.11 0.67 = 0.12
C 0.43 = 0.08 0.44 = 0.11 0.49 = 0.12
Lactate (mmol/L) L 0.87 = 0.11 0.82 = 0.15 0.88 = 0.13
C 0.80 = 0.08 0.71 = 0.09 0.56 = 0.08
Alanine (umol) L 244 *+ 36 281 + 39 260 = 44
C 302 + 36 321 = 57 277 = 38

NOTE. L rows represent the L-NMMA experiment and C rows the control experiment. L-NMMA infusion starts att = 0 hour and ends at t =
5 hours.

*P < .05 v basal (t = 0) values (SAS).

tP < .01 L-NMMA v control (SAS).

able to detect changes in plasma nitrate concentration derivedtro experiments were performed in rat hepatocytes in the
from NO. absence of neurohormonal influences. One in vivo study in
In our study plasma arginine was not affected by L-NMMA. humans reports on the direct effect of NO synthesis inhibition
Arginine is the principle substrate for NO synthesis, andby L-NMMA on splanchnic glucose production during short-
Castillo et at® have shown that the plasma arginine compart-term fasting. In that study, in which a more than 7-fold higher
ment contributes 54% to whole body NO formation. In the L-NMMA infusion rate was infused than in our study over a
same study, Castillo et &, however, also showed that only short time period (3 mg/kg in 5 minutes), splanchnic glucose
1.2% of plasma arginine turnover is associated with NO for-output decreased by 26% within 10 minutes, and splanchnic
mation, which explains why plasma arginine levels did notblood flow decreased by 33%These data are in contradiction
change with L-NMMA. with in vitro data and, although not discussed by the investi-
To explain the absence of an in vivo effect on glucosegators, might be explained by the effect of NO on splanchnic
production, the theoretical possibility exists that either theblood flow. In our study, we were interested in the role of NO
L-NMMA concentration was lower in the glucose-producing on glucose production during short-term fasting, and a L-
organs (liver and kidney) than in arterialized plasma or that theNMMA infusion rate was chosen that would inhibit NO syn-
influence of L-NMMA on NO production differs site-specifi- thesis without inducing major hemodynamic changes. Hepatic
cally. The first possibility is unlikely: L-NMMA is water- blood flow was not measured in our study, and we therefore
soluble and hepatocytes will, through fenestration in intrahe-cannot rule out the influence of L-NMMA on splanchnic he-
patic vessels, be exposed to the same L-NMMA concentrationsnodynamic changes.
as those measured peripherd&hin vitro, a 40uumol/L con- Explanations for the difference between in vivo and in vitro
centration of L-NMMA , comparable to the plasma L-NMMA results are: (1) species differences, which have been described
concentration in our study, caused a 55% inhibition of NO for another Kupffer cell product, ie, prostaglandins. In humans,
synthesis in macrophages, comparable to the inhibition of NQprostaglandins inhibit glucose production, whereas in rat hepa-
output measured in exhaled air in our stdflyrrom this and tocytes, prostaglandins stimulate glycogenolysig(2) NO, in
from the indisputable effects of L-NMMA seen on NO output vivo, may be, at best, a weak regulator of glucose production
and hemodynamic parameters, we deduce that L-NMMA re-with an effect that needs the absence of glucoregulatory hor-
duced NO production systemically and thus equally so in themones to become overt. (3) Finally, if the production of only a
glucose-producing organs. small amount of NO is enough to exert its maximal effect on
In vitro, pathways of glucose production are strongly inhib- glucose production, inhibition of NO production needs to be
ited by NO at various levels of glycogenolysis and gluconeo-almost complete to induce changes in glucose metabolism. In
genesis through inhibition of intermediate enzymes, such ashat case, the remaining 50% NO production found in our study
phosphoenolpyruvate carboxykinase (PEPck), glyceraldehydenay have sufficed to sustain an effect on glucose production.
3-phosphate dehydrogenase (GAPDH), glycogen phosphoryFhis seems to be illustrated by the study of Alhborg étaho
lase, and glycogen synthase phosphata$&Most of these in  showed that excessive inhibition of NO synthesis had an effect
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(directly or indirectly) on glucose output by the liver. From the would have been higher. The plasma epinephrine concentra-
above mentioned, we deduce that NO can only be a weakion, however, required to increase glucose production is much
regulator of glucose production in the physiologic state, andhigher than the epinephrine concentrations found in either of
that its effect may only become overt under extreme condition®ur groups during the study. This is inconsistent with a role for
of overproduction or inhibition, or when hormonal counter- epinephrine in our study®

regulation is not effective on glucose production. This conclu- In conclusion, the results of this study show that a 40% to
sion only relates to the regulation of glucose production in50% inhibition of NO synthesis during short-term fasting does
healthy subjects. It is possible that NO has a more importanfiot influence overall glucose production in vivo in humans. In
role in diseases in which glucose production is disturbed, as ¥itro, NO was shown to inhibit several pathways of glucose
is in type 2 diabetes. This is a real possibility, as we havemetabolism. In vivo, glucose production is a tightly controlled

shown for other mediators, that their effect is different in System of fluxes through different pathways, and stimulation of
healthy subjects and in diabetic patieffs. 1 pathway leads to inhibition of another to keep net glucose

Plasma epinephrine concentrations decreased durinaroduction constaritThe results of this study, therefore, do not
L-NMMA infusion and returned to control values shortly after €xclude an influence of NO on specific pathways of glucose

the end of the L-NMMA infusion. This is the first study to production in vivo.
describe a decrease in plasma epinephrine concentration during ACKNOWLEDGMENT
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