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CHAPTERR 4 
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Abstract: Abstract: 

Thee purpose of the present in vivo study was to determine the role of nitric oxide (NO) 

inn the regulation of glucose metabolism in response to endotoxin, bv blocking NO 

synthesiss with A^'-monomethyl-L-arginine (L-NMMA) . In five dogs, the appearance 

andd disappearance rate of glucose (by infusion of [6.6-2H2]glucose). plasma glucose 

concentrationn and plasma hormone concentrations were measured on five different 

occasions:: saline infusion, endotoxin alone (Kcoli, 1.0 pg/kg. i v). and endotoxin 

administrationn plus three different doses of primed, continuous infusion of L-NMMA . 

Endotoxinn increased rate of appearance of glucose from 6 to 3 

(.imol/kg/minn (p<0.05). rate of disappearance of glucose from 13.9Ü.1 to 1 

(.imol/kg/minn (pO.001). plasma lactate from 1 to 1 mmol/1 (pO.01), and 

counterregulatoryy hormone concentrations. L-NMMA did not affect the rise in rate of 

appearancee and disappearance of glucose, plasma lactate or die counterregulatory 

hormonee response to endoxin. Plasma glucose levels were not affected by endotoxin, 

withh or without L-NMMA . In conclusion, in vivo inhibition of NO synthesis by high 

dosee L-NMM A does not affect glucose metabolism in response to endotoxin, 

indicatingg that NO is not a major mediator of glucose metabolism during endotoxemia 

inn dogs. 
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NONO and glucose production in sepsis-

Introduction Introduction 

Sepsiss is characterized by profound changes in glucose metabolism. In early stages of 

sepsis,, hyperglycemia is found, because of increased glucose production and impaired 

glucosee utilization, both of which are associated with insulin resistance (30). In 

advancedd stages of sepsis, hypoglycemia can be encountered, presumably due to both 

impairedd production and increased utilization of glucose (5,15,25). The 

pathophysiologicall  mechanisms behind these changes in glucose metabolism during 

sepsiss have not been completely elucidated. Sepsis is also characterized by an 

increasedd production of glucose-counterregulatory hormones and cytokines (e.g. 

interleukinn (IL)-l , IL-6 and tumor necrosis factor) (8). When infused in healthy 

subjects,, these hormones and cytokines induce insulin resistance resulting in 

hyperglycemiaa (1,33). The increased production of these mediators in sepsis cannot, 

however,, explain hypoglycemia. 

Anotherr mediator overproduced in sepsis is nitric oxide (NO) and NO is known to 

influencee glucose metabolism. In vitro studies consistently show that NO is a 

powerfull  inhibitor of glucose production by its ability to inhibit gluconeogenesis and 

glycogenolysiss (2,12,20,28,29). In vivo in humans it has been shown that insulin can 

enhancee glucose uptake by inducing vasodilation via direct stimulation of NO 

productionn although the quantitative importance of this phenomenon is questioned 

(3,31).. The in vivo data on the potential role of NO in the regulation of glucose 

productionn are less clear. In endotoxin-treated rodents inhibition of NO production by 

eitherr A^-monomethyl-L-arginine (L-NMMA ) or knockout of NO synthase (NOS) 

doess not influence glucose production. However, in endotoxin-treated pigs, L-NMMA 

inhibitss glucose production (30). These data suggest that, in certain species, NO is 

involvedd in the regulation of glucose metabolism, not only in vitro but also in vivo. 

Becausee one of the features of septic shock is overproduction of NO, NO could be an 

importantt mediator of hypoglycemia in sepsis via above-mentioned mechanisms. 

Endotoxinn is often used to mimic the response to inflammation. In endotoxic shock in 

animals,, the increase in NO production is directly related to the degree of hypotension 

andd inhibitors of NOS can reverse or prevent the hypotension induced by endotoxin 

(19).. Via variable hypoperfusion of the organs involved in glucose metabolism, shock 

inn itself will influence glucose metabolism, independently of specific effects of NO. If 

NOO has a specific insulin-like effect on glucose metabolism, it can be expected that 

blockingg NO after endotoxin administration will influence glucose metabolism, 
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causingg higher production and diminished peripheral uptake, without concomitant 

inductionn of hemodynamic instability. 

NOO is a gas with an extremely short half life and has only paracrine effects (19). The 

involvementt of NO in the responses to endotoxin in vivo can only be studied 

indirectly,, e.g. by administration of the L-arginine analog. L-NMMA , a competitive 

NOSNOS inhibitor (21,23). 

Too evaluate the role of NO in the in vivo regulation of glucose metabolism after 

endotoxin,, glucose metabolism was studied in five dogs on five occasions: during 

salinee infusion, after endotoxin administration, and after endotoxin administration 

duringg three different doses of L-NMMA . In addition, we measured plasma 

concentrationss of L-NMMA . The chosen dose of endotoxin (1.0 u.g/kg) results in a 

majorr stimulation of glucose production without the induction of hemodynamic 

instabilityy (18). 

Material ss and methods 

ExperimentalExperimental animals: five male mongrel dogs (weight ) were studied on five 

differentt occasions. Before the study, all dogs were observed for 2 weeks. Only dogs 

withh normal stools, no febrile disease, normal physical examination and laboratory 

resultss (liver function tests, creatinine. leucoc>1e counts and hemoglobin content) were 

included.. The dogs were fed with a standard diet once a day consisting of 64% 

carbohydrate,, 7% fat, 26% protein, 3% fiber, based on dry weight (D. B. Brok, Hope 

Farms,, Woerden, The Netherlands). 

Thee study7 was approved by the Ethical Committee for Animal Experiments of the 

Academicc Medical Center, University of Amsterdam and was performed according to 

thee guidelines of the Dutch Law for Animal Experiments. 

StudyStudy design: Each dog was studied on five different occasions with an interval of at 

leastt three weeks between two experiments: saline infusion, endotoxin alone 

{Escherichia{Escherichia coli, l.O u.g/kg. i.v). and after endotoxin administration plus three 

differentt doses (on separate occasions) of primed continuous administration of 

L-NMM AA (10 mg/kg, l mg/kg/hr (dose l); 10 mg/kg., 5 mg/kg/hr (dose 2); 30 mg/kg, 

55 mg/kg/hr (dose 3). The order in which the studies were performed, was determined 

byy balanced assignment. 
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Thee dogs were trained on a daily basis to get acquainted to the experimental setting in 

orderr to lie still during the study. Four days before each experiment, a femoral artery 

catheterr was inserted under general anesthesia (Isoflurane 1%. Forene, Abbott 

Laboratories,, Queensbourough, Kent, United Kingdom and N2O/O2 [1:1] ventilation). 

Afterr insertion the catheter was filled with heparin (200 U/ml), closed, and placed in a 

subcutaneouss pocket. 

Eachh study period started at 8.00 AM after an 18-h overnight fast. On the morning of 

thee experiment, the skin around the pocket was anesthetized with lidocaine and 

opened.. Subsequently, the femoral artery catheter was obtained from the pocket and 

attachedd to a monitor for continuous intra-arterial blood pressure monitoring (Hewlett 

Packard)) and blood sampling. A catheter was inserted into the right cephalic vein for 

infusionn of saline and ad-ministration of endotoxin. Another catheter was inserted into 

thee left cephalic vein for infusion of [6,6-2FL]glucose and. depending on the protocol. 

L-NMM AA mono-acetate salt (Calbiochem.-Novabiochem.Co, San Diego, CA, USA). 

Afterr blood samples were obtained for determination of basal glucose concentrations 

andd enrichments, a primed (17.6 (imol/kg), continuous infusion (0.22 umol/kg/hr) of 

[6,6-2H2]glucosee was started. Equilibration of stable isotope enrichment was reached 

afterr 2 hours of isotope infusion. At time (0=0, baseline blood samples were obtained, 

followedd by the administration of endotoxin. In the L-NMMA studies a primed, 

continuouss infusion of L-NMMA was started 5 min prior to endotoxin administration. 

Endotoxinn was given at a dose of 1.0 (.ig/kg (derived from E. coh. 011LB4, Lot 

31H4000,, phenol extracted: Sigma Chemical Co., St. Louis. MO, USA) suspended in 

sterilee pyrogen free saline. A stock solution of 100 u,g/ml was made, divided into 

severall  tubes (Costar, Cambridge, Mass, USA) and stored at -20°C. Prior to injection, 

thee endotoxin solution was thawed at 37°C, vortexed for 3 min. diluted and vortexed 

againn for 10 min. 

MeasurementsMeasurements and blood samples: rectal body temperature was measured before and 

everyy 30 min after endotoxin administration. Mean arterial blood pressure and heart 

ratee were monitored continuously and recorded every 5 min. Arterial blood samples 

forr the determination of plasma glucose concentrations and enrichments were 

obtainedd before (f= -120, -15, -10, -5 and 0 min) and after (t= 30. 60, 90, 120. 180 and 

2400 min) endotoxin administration. Arterial blood samples for the determination of 

plasmaa IL-6, lactate, glucagon, insulin, catecholamines, adrenocorticotropic hormone 

(ACTH),, Cortisol and L-NMMA levels were obtained before and after (/= 60. 120 180 
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andd 240 min) endotoxin administration. An additional blood sample for the 

determinationn of plasma L-NMMA levels was obtained at t=l 5 min. 

Att the end of each experiment all catheters were removed and the dogs remained 

underr special care for the next 48 hours. 

SampleSample processing: blood samples for determination of plasma glucose concentration 

andd enrichment, IL-6 and insulin levels were collected in preclnlled heparinized tubes 

andd stored on ice. Blood samples for the measurement of plasma ACTH levels and 

hematologicc parameters were collected in EDTA tubes. Whole blood was added to 

reducedd glutathion-EGTA buffer and trasylol for the determination of catecholamines 

andd glucagon. Perchloracetic acid (10%) was added to blood collected in sodium 

fluoridefluoride tubes for measurement of lactate. Within 5 min of sampling, blood samples 

weree ccntrifuged (3000 rpm. 4°C. 10 min) and plasma was stored at -20°C until 

measurement. . 

BiochemicalBiochemical analysis; all measurements were performed in duplicate All samples of 

eachh animal were analyzed in the same run. Plasma insulin concentration was 

determinedd by RIA (Insulin RIA 100, Pharmacia Diagnostic AB. Uppsala, Sweden; 

intra-assayy coefficient of variation 3-5%; inter-assay coefficient of variation 6-9%; 

detectionn limit 2 mU/1). plasma glucagon concentration by RIA (Daiichi Radioisotope 

Labs,, Tokyo, Japan; intra-assay coefficient of variation 3-5%; inter-assay coefficient 

off  variation 9-13%; detection limit 15 ng/1). plasma concentrations of norepinephrine 

andd epinephrine by high performance liquid chromatography and fluorescence 

detection,, using a-methylnorcpinephrine as an internal standard (32) (mtra-assav 

coefficientss of variation for norepinephrine and epinephrine were 6% and 7%, both 

forr concentrations of 0.5 nmol/1; the inter-assay coefficients of variations were 12% 

forr concentrations of 1.4 nmol/1 for norepinephrine and 14% for concentrations of 0.4 

nmol/11 for epinephrine); plasma Cortisol levels by fluorescence polarisation 

immunoassayy on technical device X (Abbott Labs, Chicago. IL. USA); intra-assay 

coefficientt of variation 6.4 and 3.6% at plasma levels of 200 nmol/1 and 800 nmol/1. 

resp.;; interassay coefficient of variation 9.0 and 4.7%. resp.; detection limit was 50 

nmol/1).. Plasma ACTH levels were determined by ILMA (Nichols Institute, San Juan 

Capistrano,, CA, USA) with intra-assay coefficient of variation of 3.7% and 4.3% at 

plasmaa levels of respectively 32 ng/ml and 319 ng/ml and interassay coefficient of 

variationn of 5.1% and 5.4%. respectively. 

IL-66 bioactivity was measured with a IL-6 dependent B-9 hybridoma cell line (kindly 

providedd by LA . Aarden, Sanguin Blood Supply Foundation. CLB-division, 
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Amsterdam,, The Netherlands) (11). The detection limit was 1 pg/ml. IL-6 standard 

containedd human recombinant IL-6 (kindly provided by LA . Aarden). 

Glucosee concentrations and enrichments were determined by Gas Chromatography-

Masss Spectrometry (Gas Chromatograph model 5890 II, Mass Spectrometer model 

59899 A, Hewlett Packard, Fullerton, CA, USA; column Heliflex AT-1, 30 cm x 0.25 

mmm x 0.2 urn, Alltech, Deerfield. IL, USA), p-Phenyl-glucose was used as internal 

standardd (20) [intra-assay coefficient of variation 1 to 4%, interassay coefficient of 

variationn 1.5 to 5%; detection limit 1.5 mJVl (0.5% enriched)]. Plasma L-NMM A 

concentrationn was determined by ninhydin detection on a cation exchanger (Beekman 

7300,, Beekman Instruments Inc., Mijdrecht, The Netherlands), plasma lactate by 

enzymaticc method (Boehringer Mannheim, Almere, The Netherlands) on a Cobas Bio 

Centrifugall  Analyzer. 

StatisticalStatistical analysis and calculations: all values are expressed as . Non-

steadyy state equations and, when appropriate, (basal values) steady-state equations, 

weree used to calculate the rate of appearance and disappearance (PM) of glucose as 

adaptedd for the use of stable isotopes (26). The distribution volume of glucose was 

assumedd to be 165 ml/kg. Changes from basal values within each study and 

comparisonss between each study at each time point were tested by analysis of 

variancee for randomized block design, using the Newman-Keuls test when 

appropriate.. A P value <0.05 was considered to be statistically significant. 

Results s 

ClinicalClinical parameters 

Endotoxinn administration increased body temperature from 1 to 2 °C 

(p<0.05),, heart rate from 0 to 5 bpm (p<0.05) and blood pressure from 3 

too 6 mmHg (p<0.05). L-NMMA administration did not affect endotoxin-induced 

feverr or tachycardia (not significant vs. endotoxin). The endotoxin-induced increase in 

meann blood pressure was highest during the highest dose of L-NMMA infusion 

66 mmHg vs. endotoxin alone 6 mmHg, p<0.05). With the other two lower 

dosess of L-NMMA mean blood pressures were in between those values. 

L-NMMA L-NMMA 

Beforee L-NMMA administration, L-NMMA was not detectable in plasma. During 

L-NMM AA infusion, plasma L-NMMA levels were stable and the following values 

weree obtained: 3 umol/1 (prime 10 mg/kg, continuous infusion 1 mg/kg/h; p<0.01 
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versuss basal), 6 umol/1 (prime 10 mg/kg, continuous infusion 5 mg/kg/h; p<0.01 

versuss basal), 2 umol/1 (prime 30 mg/kg, continuous infusion 5 mg/kg/h; 

p<0.011 versus basal). These values were significantly different between the three 

studiess (p<0.05) (Fig. 1). 

L-NMMAA (prime) 

L-NMMAA (continuous infusion) 

275 5 
250 0 

200--

150 0 

100 0 

50 0 

0 0 

POO)) C(5)-| 
(XO.OS S 

P(10)) C(S) = 

P<10)) CO) 
p<r0.05 5 

p<0.05 5 

60 0 120 0 1800 240 
Timee (min) 

FigFig 1. Plasma Pf-monomethyl-L-arginine (L-NMMA ) before and after 

administrationn of L-NMMA . P(10) C(l) = L-NMMA : prime 10 mg/kg (continuous 

infusionn 1 mg/kg/hr); P(10) C(5) = prime 10 mg/kg (continuous infusion 5 mg/kg/hr); 

P(30)) C(5) = prime 30 mg/kg (continuous infusion 5 mg/kg/hr). Values are means

SE. . 

GlucoseGlucose metabolism 

Endotoxinn increased endogenous glucose production from 6 to 3 

Ltmol/kg/minn (p<0.05). L-NMMA , irrespective of the dose, did not affect the rise in 

glucosee production caused by endotoxin. There was no effect of endotoxin on plasma 

glucosee levels with or without L-NMMA . LPS induced a significant increase in the Ra 

off  glucose (p< 0.001). L-NMM A did not influence the LPS induced increase in Rj 

glucose.. Endotoxin increased plasma lactate levels from 1 to l 

(p<0.01).. The combined administration of endotoxin and L-NMMA resulted in a 

similarr increase in plasma lactate levels (Figs. 2 and 3). 
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L-NMMAA or salin e 

|| endotoxi n or salin e 

00 60 120 180 240 
Tim ee (min ) 

endotoxinn  L-NMMA 
oo o saline  P(10) CO) 

 endotoxin » » P(10) C(5) 
»» » P<30) C(5) 

FigFig 2. Plasma lactate, plasma glucose concentration, and glucose production before 

andd after administration of saline, endotoxin and combined endotoxin and L-NMM A 

administration.. Endotoxin was given at time = 0 as a bolus (1.0 Lig/kg). L-NMM A 

wass started 5 min before endotoxin. P<0.05 between endotoxin and saline for plasma 

lactatee and rate of appearance (R.0 of glucose. Values are means  SE. 
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30 0 

25 5 
c c 

JJ 20 

^^  15 

| 1 0 H H 

5 5 

0 0 

L-NMMAA or salin e 

jj  endotoxi n or salin e 

00 30 60 90 120 150 180 210 240 

T im ee (min ) 

-- sal ine 
- e n d o t o x i n n 

endo tox inn + L-NMMA 

—— P(10) C(1) 

-*—— P(30) C(5) 

- ^ P ( 1 0 )) C(5) 

FigFig 3. Rate of disappearance (R<j) of glucose after administration of saline, endotoxin 

andd combined endotoxin and L-NMMA administration. LPS versus saline: p< 0.001. 

ResponsesResponses of the counterregulatory hormones and IL-6. 

Endotoxinn increased plasma insulin levels from 1 to 2 mLVl (p<0.05), glucagon 

fromfrom 7 to 5 ng/1 (p<0.05), ACTH from 1 to 5 ng/1 (p<0.01) and 

Cortisoll  from 60=1=18 to 2 nmol/1 (pO.01). Tlie effect on insulin secretion was 

transient,, while it was sustained on the other hormones. Endotoxin did not affect 

plasmaa catecholamine levels. L-NMMA , irrespective of tine dose, did not affect this 

counterregulatoryy response to endotoxin. Endotoxin increased plasma IL-6 levels 

fromfrom below detection limit to 1 ng/ml (pO.001), and this was not affected by 

L-NMM AA infusion, irrespective of the dose (Figs. 4-6). 
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L-NMMAA or salin e 

700 0 

600 0 
endotoxi nn or salin e 
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x x 
h--
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800 0 

X X 
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FigFig 4. Plasma adrenocorticotropic hormone (ACTH) and Cortisol concentrations 

beforee and after administration of saline, endotoxin and combined endotoxin and 

L-NMM AA administration. Values are means  SE. 
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L-NMMAA or saline 

ii endotoxin or saline 
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FigFig 5. Plasma levels of insulin, glucagon, epinephrine, and norepinephrine before 

afterr administration of saline, endotoxin, and combined endotoxin and L-NMMA 

administration.. Values are means  SE. 
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L-NMMAA or saline 

II endotoxin or saline 

00 60 120 180 240 
Timee (min) 

endotoxinn • L-NMMA 
o - . - oo saline » • POO) CO) 
•• • endotoxin * * POO) C(5) 

** * P(30) C(5) 

FigFig 6. Arterial interleukin-6 (IL-6) levels before after administration of saline, 

endotoxinn and combined endotoxin and L-NMMA administration. Values are means 

. . 

Discussion n 

Inn this in vivo study, the role of NO in the regulation of the glucose production in 

responsee to endotoxin was studied in dogs by administration of the NOS inhibitor 

L-NMMA .. Endotoxin increased the glucose production and the R<i of glucose by 

~~ 70% with concomitant increases in IL-6 and the counterregulatory hormones, except 

forr the catecholamines. L-NMMA administration increased blood pressure. However, 

thee effect of endotoxin on glucose production, Rj of glucose, glucoregulatory 

hormoness or IL-6 were not affected by escalating doses of L-NMMA infusion. These 

dataa indicate, that NO is not a major mediator of the regulation of glucose metabolism 

afterr endotoxin administration in dogs. 

Thee question arises whether the present results can be explained by an insufficient 

inhibitionn of NO synthesis. Direct measurement of NO production on whole body 

80 0 

oo 60-

^c c 
too 40 
_ j j 

20 0 
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levell  is fraught with major problems. In blood, NO has a half-life of seconds due to its 

bindingg to haemoglobin, and changes in plasma NO concentration are therefore often 

deducedd from the concentration of nitrate as a stable end product of NO (19). The 

plasmaa nitrate concentration, however, depends not only on NO production but also 

onn nitrate ingestion and nitrate clearance and is therefore not a vers sensitive 

parameterr for whole body NO production (6,7:9.14). The only way to evaluate the 

potentiall  regulators- role of NO on glucose kinetics is by inhibiting NO s\nthesis 

concomitantlyy with indirect measurements of NO activity. L-NMMA , an L-arginine-

analog,, is a competitive inhibitor of NOS and strongly inhibits NO s\nthesis in vivo 

(19).. NO is a major regulator of vascular tone by inducing vascular smooth muscle 

relaxation;; intravenous administration of L-NMMA raises blood pressure through an 

increasee in systemic vascular resistance (19). A rise in blood pressure during 

L-NMM AA infusion can therefore be used as a sign of inhibition of NO production In 

vitrovitro it has been shown that L-NMM A at concentrations of ~ 40 uM causes 40-50% 

suppressionn of LPS induced NO-synthcsis and, at concentrations of -100 pM. a 

60-80%% suppression of NO synthesis in both macrophages and endothelial cells 

(16,23).. NO concentration in exhaled air reflects endogenous NO production in health 

andd disease, including local production of NO in the respirator}' tract and lungs (17). 

Comparisonn of in vivo data on the influence of L-NMMA administration on the NO 

productionn in exhaled air obtained by our group in humans with those obtained by 

MacAllisterr et al. (16) in vitro in macrophages indicates that the same concentration of 

L-NNMAA induces the same degree of suppression of NO production in vitro as in vivo 

(F.. Sprangers, W.T. Jellema, C.E. Lopuhaa, E. Endert, M.T. Ackermans, J.J. van 

Lieshout,, J.S van der Zee, JA. Romijn and HP. Sauerwein, unpublished 

observations).. These in vitro and in vivo data suggest that in our study, NO 

production,, at least in macrophages and endothelial cells, was inhibited for 60-80% 

withh the highest L-NMM A dose. It seems unlikely that insufficiently high L-NMMA 

concentrationss would reach the Kupffer cells. L-NMMA is water soluble and. 

consideringg the fenestration of the intrahepatic vessels, hepatocytes and Kupffer cells 

wouldd also have been exposed to high L-NNMA concentrations. It is therefore 

unlikelyy that the present results can be explained by insufficient inhibition of NO 

synthesis. . 

InIn vitro, NO inhibits hepatic glucose production, glycogenosis, and gluconeogenesis 

(2,12,20,28,29).. From these in vitro data, one could hypothesize that NO may have an 

inhibitoryy role in the regulation of glucose production after endotoxin. Glucose 
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productionn in our dogs increased by 72% to 3 pmol/kg/min after endotoxin. If 

thiss would have been the highest possible glucose production rate in postabsorptive 

dogs,, then, with L-NNMA, no further increase could be expected. However, Wolfe et 

al.. (35) have shown that glucose production rate can be increase by another 100% in 

consciouss postabsorptive dogs with a higher dose of endotoxin. Another explanation 

forr the absence of an effect of L-NMMA on endotoxin-induced glucose production 

couldd be that the observation period of 4 h was too short to study the role of nitric 

oxidee by blocking its synthesis. This is also unlikely because a near-maximal 

inductionn of NOS in hepatocytes has been described to be reached within 2-3 h 

(4,13,14,27).. The most likely explanation for our findings is that NO has no important 

rolee in the regulation of glucose production in endotoxemia in dogs. This conclusion 

iss supported by the data obtained by Ou et al. (22) in rodents. They infiised L-NMM A 

inn the portal vein of rats for 12 hours and reduced the endotoxin-induced increase in 

plasmaa nitrate and nitrite by - 60%. There were no changes in the suppression 

inducedd by endotoxin in gluconeogenesis. In mice they showed that the 

gluconeogenicc response after endotoxin was not different between knock-out mice 

withoutt inducible NOS and wild-type mice. They concluded that the effect of 

endotoxemiaa on gluconeogenesis in intact organs and in vivo in rodents is induced via 

NO-independentt pathways. The data by Trager et al. (30) indicate the existence of 

speciess differences in the role of NO in the induction of dys regulation of glucose 

metabolismm by LPS. However their data also suggest that NO stimulates glucose 

production,, a finding in complete contradiction to all other data published in literature 

aboutt this subject and therefore needing conformation. 

Thee absence of an effect of L-NMMA on the LPS-stimulated Rd of glucose in our 

studyy is less convincing than the absence of an effect on glucose production. Although 

theree was no statistical difference between the LPS-stimulated K\ of glucose with and 

withoutt L-NMMA , the values obtained during L-NMMA seemed to be lower than 

duringg LPS alone. This absence of a statistical effect can be due to the large variability 

off  Rd glucose after LPS alone in combination with the small sample size. However, 

thee absence of any dose-effect relationship between L-NMMA dose and Rd glucose 

makess this possibility less likely. 

Inn conclusion, in vivo inhibition of NO synthesis by high dose L-NMMA in dogs does 

nott affect glucose production and probably does not affect glucose uptake in response 

too endotoxin, indicating that, in dogs like in rodents, NO is not a major mediator of 

glucosee metabolism during endotoxemia. 

103 3 



ChapterChapter 4 

Acknowledgements Acknowledgements 

Wee are indebted to the Department of Experimental Surgery, especially to Cees 

Verlaann and Marlous Klein, and to the Ties van de Berg of the Gemeenschappelijk 

Dierenn Instituut Amsterdam for their dedication and their skillfull support. J.A. 

Romijnn is a clinical investigator supported by The Netherlands Organization for 

Scientificc Research (NWO) and the Dutch Diabetes Foundation. 

References References 

1.. Bessey, P. Q.: J. M. Wattcrs, T. T. Aoki, and D. W. Wilmore. Combined hormonal mtusion simulates 

thee metabolic response to injury. Ann.Sn/-g. 200; 264-281, 1984. 

2.. Brass, E. P. and W. II . Vetter. Inhibition of glucagon-stunulated glycogenosis by S-nitroso-N-

aeetylpenicillamine.. Pharmacology & Toxicology 12: 369-372, 1993. 

3.. Catver, A., J. Collier, and P. Vallance. Inhibition and stimulation of nitric oxide s\iithesis in the 

humann foreann arterial bed of patienLs with insulin-dependent diabetes. J.CTin.Invest. 90: 2548-2554. 

1992. . 

4.. Chang, C. C, C. C. McConnick. A. W. Lin, R. R. Dietert, and Y. J. Sung. Inhibition of nitric oxide 

synthasee gene expression in vivo and in vitro by repeated doses of endotoxin. Am.J.Phvsiol. 271: 

G539-G548,, 1996. 

5.. Deutschman, C. S., K. M. Andrejko, B. A. Haber, L. Bellin, E. Elenko, R. Harrison, and R. Taub. 

Sepsis-inducedd depression of rat glucose-6-phosphatase gene expression and activity. Am J.Physiol. 

273:: R1709-R1718, 1997. 

6.. Granger, D.L., N.M. Anstey, W.C. Miller, and J.B. Weinberg. Measuring nitric oxide production in 

humann clinical studies. Methods in Enzymology 301: 49-61, 1999. 

7.. Green, L.C., K. Ruiz de Luzunaga, DA. wagner, W. Rand, N. Istfan, V.R. Young, and S.R. 

Tannenbaum.. Nitrate biosynthesis in man. Proceedings of the National Academy of Sciences of the 

UnitedUnited states of America 78: 7764-7768,1981. 

8.. Guirao, X. and S. F. Lowry. Biologic control of injury and inflammation: much more than too littl e or 
tooo late. World J.Sutg. 20:437446, 1996. 

9.. Gustafsson, L.E., A.M. Leone, M.G Persson, N.P. Wiklund, and S. Moncada. Endogenous nitric 

oxidee is present in the exhaled air of rabbits, guinea pigs and humans. Biochemical and Biophysical 

researchresearch Communications 181: 852-857,1991. 

10.. Haynes, W.G., J.P. Noon, BR. Walker, and D.J. Webb. L-NMM A increases bloodpressure m man. 
LancetLancet 342:931-932, 1993. 

11.. Helle, M., L. Boeije, and L. A. Aarden. Functional discrimination between interleukin 6 and 

interleukinn 1. Eur.J.Immunol. 18: 1535-1540, 1988. 

12.. Horton, R. A., E. D. Ceppi, R. G. Knowles, and M. A. Titheradge. Inhibition of hepatic 

gluconeogenesiss by nitric oxide: a comparison with endotoxic shock. Biochem.J. 299: 735-739, 1994. 

104 4 

http://Ann.Sn/-g


NONO and glucose production in sepsis 

13.. Horton, R A., R. G. Knowles, and M. A. Titheradge. Endotoxin causes reciprocal changes in hepatic 

nitricc oxide synthesis, gluconeogenesis, and tlux through phosphoenolpyruvate carboxykinase. 

BiochemicalBiochemical & Biophysical Research Communications 204: 659-665, ] 994. 

14.. Knowles, R. G., M. Merrett, M. Salter, and S. Moncada. Differential induction of brain, lung and liver 

nitricc oxide synthase by endotoxin in the rat. BiochemJ. 270: 833-836, 1990. 

15.. Lang, C. H. and C. Dobrescu. Sepsis-induced increases in glucose uptake by macrophage-nch tissues 

persistt during hypoglycemia. Metabolism 40: 585-593, 1991. 

16.. MacAllister, R. J., G. S. Whitley, and P. Vallance. Effects of guanidino and uremic compounds on 

nitricc oxide pathways. Kidney International 45: 737-742, 1994. 

17.. Matsumoto, A., Y. Hirata, M. Kakoki, D. Nagata, S. Momomura, T. Sugimoto, H. Tagawa, and M. 

Omata.. Increased excretion of nitric oxide in exhaled air of patients with chronic renal failure. 

Clin.Sci.Clin.Sci. 96:67-74,1999. 

18.. Moeniralam, H. S,, W. A. Demelman, E. Endert, R. Koopmans, H. P. Sauerwein, and J. A. Romijn. 

Thee decrease in nonsplenic interleukin-6 (EL-6) production alter splenectomy indicates the existence 

off  a positive feedback loop of IL-6 production during endotoxemia in dogs. Infect.Imnmn. 65: 2299-

2305,, 1997. 

19.. Moncada, S. and A. Higgs. The L-argüune-nitric oxide pathway. New England Journal of Medicine 

329:2002-2012,1993. . 

20.. Moy, J. A., J. N. Bates, and R. A. Fisher. Effects of nitric oxide on platelet-activating factor- and 

alpha-adrenergic-stimulatedd vasoconstriction and glycogenolysis in the perfused rat liver. 

J.Biol.Chem.J.Biol.Chem. 266: 8092-8096, 1991. 

21.. Nava, E., R. M. Palmer, and S. Moncada. Inhibition of nitric oxide synthesis in septic shock: how 

muchh is beneficial? LOTICBÏ 338: 1555-1557, 1991. 

22.. Ou, J., L. Molina, Y. M. Kim, and T. R. Billiar. Excessive NO production dose not account for the 

inhibitionn of hepatic gluconeogenesis in endotoxemia. AmJ.Physiol. 271: G621-G628, 1996. 

23.. Rees, D. D., R. M. Palmer, R. Schulz, H. F. Hodson, and S. Moncada. Characterization of three 

inhibitorss of endothelial nitric oxide synthase in vitro and in vivo. Br J.Pharmacol. 101: 746-752, 

1990. . 

24.. Reinauer, H., F. A. Gries, A. Hubinger, O. Knode, K. Severing, and F. Susanto. Determination of 

glucosee turnover and glucose oxidation rates in man with stable isotope tracers. Journal of Clinical 

ChemistryChemistry & Clinical Biochemistry 28: 505-511, 1990. 

25.. Romijn, J. A. and H. P. Sauerwein. Hypoglycemia induced by septic shock. Neth.J.Med. 33: 68-73, 

1988. . 

26.. Rosenblatt, J. and R. R. Wolfe. Calculation of substrate flux using stable isotopes. AmJ.Physiol. 254: 

E526-E531,1988. . 

27.. Spitzer, J. A. Cytokine stimulation of nitric oxide formation and differential regulation in hepatocytes 

andd nonparenchymal cells of endotoxemic rats. Ilepatology 19: 217-228, 1994. 

28.. Sprangers, F., H. P. Sauerwein, J. A, Romijn, G. M. van Woerkom, and A. J. Meijer. Nitric oxide 

inhibitss glycogen synthesis in isolated rat hepatocytes. BiochemJ. 330: 1045-1049, 1998. 

29.. Stadler, J., D. Barton, H. Beil-Moeller, S. Diekmann, C. Hierholzer, Erhard, and C. D. Hetdecke. 

Hepatocytee nitric oxide biosynthesis inhibits glucose output and competes with urea synthesis for 

L-arginine.. AmJ.Physiol. 268: G183-G188, 1995. 

105 5 



ChapterChapter 4 

30.. Trager, K., P. Radermacher, K. M. Rieger, A. Vlatten, J. Vogt, T Iber, Adler, J, U. Wachter, R. 

Grover,, M. Georgieff, and B. Santak. Norepinephrine and nomega-monomethyl-L-arginine in porcine 

septicc shock: effects on hepatic 02 exchange and energy balance. American Journal of Respiratory & 

CriticalCritical  Care Medicine 159: 1758-1765, 1999. 

31.. Utriainen, T., S. Makimattila, A. Virkamaki, R. Bergholm, and H. Yki-Jarvinen. Dissociation between 

insulinn sensitivity of glucose uptake and endothelial function in normal subjects. Diahetologia 39 : 

1477-1482,, 1996. 

32.. Van der Hoorn FA, F. Boomsma, I. Man, and M. A. Schalekamp. Determination of catecholamines in 

humann plasma by high-performance liquid chromatography: comparison between a new method with 

tluorescencee detection and an established method with electrochemical detection. Journal of 

ChromatographyChromatography 487: 17-28, 1989. 

33.. Vim der Poll, T., J. A. Romijn, E Endert, J J. Bonn, H. R. Buller, Sauerwein, and HP. Tumor 

necrosiss factor mimics the metabolic response to acute infection in healthv humans. AnU.Physiol. 

26PE457-E465,, 1991. 

34.. Wolfe, R. R. Substrate utilization/insulin resistance in sepsis/trauma. Baillieres 

Clin.Endocrinol.Metah.Clin.Endocrinol.Metah. 11: 645-657, 1997. 

35.. Wolfe, R. R., D. Elahi, and J. J. Spitzer. Glucose and lactate kinetics after endotoxin administration in 

dogs.. Am J.Physiol. 232: E180-E185, 1977. 

106 6 


