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Abstract Abstract 

Inn healthy subjects, basal endogenous glucose production is partly regulated 

byy paracrine intrahepatic factors. Administration of indomethacin, a prostaglandin 

synthesiss inhibitor, resulted in a transient stimulation of endogenous glucose 

productionn without changes in glucoregulatory hormone concentrations. It is 

unknownn whether similar paracrine factors influence basal endogenous glucose 

productionn in type 2 diabetes mellitus. The effects of 150 mg indomethacin, a non-

endocrinee stimulator of glucose production in healthy adults, and placebo, on 

endogenouss glucose production were measured in a randomized placebo controlled 

studyy in patients with type 2 diabetes mellitus (3 men and 3 women, mean age 58.5 yrs 

andd mean BMI 28.6 kg.m2). Endogenous glucose production was measured before 

andd during 6 hours after administration of placebo/indomethacin, by primed, 

continuouss infusion of [6,6-2H2] glucose. After indomethacin, plasma glucose 

concentrationn and endogenous glucose production increased in all subjects by 14% 

(p<0.05)) and 48% (p<0.05), respectively. In the control experiment, plasma glucose 

concentrationn and endogenous glucose production declined gradually in all subjects 

byy 22% (p<0.001) and 17% (p=0.004), respectively. The stimulation of glucose 

productionn coincided with inhibition of insulin secretion by 52% within one hour after 

administrationn of indomethacin (p<0.001). In the control experiment insulin secretion 

decreasedd gradually by 18% after six hours (p<0.001). Thus, indomethacin inhibits 

insulinn secretion and stimulates endogenous glucose production in type 2 diabetes. 

Introduction Introduction 

Inn type 2 diabetes mellitus hyperglycemia is attributed to both increased 

endogenouss glucose production (EGP) and impaired glucose uptake (GU) by 

peripherall  tissues (1;7). Theree is a close correlation between the degree of elevation 

off  EGP and the severity of fasting hyperglycemia in type 2 diabetes mellitus 

(10;; 13). The impairment of adequate suppression of EGP in view of the present 

hyperglycemiaa and hyperinsulinemia is associated with increased gluconeogenesis 

(GNG)) by enhanced delivery of gluconeogenetic substrates and increased 

efficiencyy of intrahepatic substrate conversion (4). In addition, regulation of EGP 

byy glucose per se seems to be impaired in type 2 diabetes mellitus (19). In healthy 

adults,, there are indications that besides regulation of glucose production by the 

classicc hormones, other, probably intrahepatic, mechanisms must be operative in 

maintainingg basal endogenous glucose production, a process frequently referred to 
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ass autoregulation (20). Potential mediators of this proces are Kupffer cell products. 
Inn the liver, there is intensive interaction between Kupffer cells and hepatocytes, 
andd in vitro animal data suggest that products of these Kupffer cells influence 
glucosee production by hepatocytes. For instance, stimulated Kupffer cells produce 
prostaglandinss (6), cytokines (6; 17), and nitric oxide (NO) (2; 17), and all these 
mediatorss can affect glucose production (2; 12). Indomethacin influences the 
secretionn of all these mediators: prostaglandins, cytokines, as well as NO. 
Administrationn of indomethacin in our previous study stimulated EGP in healthy 
adultss without any influences in the plasma levels of glucoregulatory hormones, 
insulinn as well as C-peptide (5). These data suggest that intrahepatic produced 
paracrinee mechanisms could influence EGP. The influence of these paracrine 
factorss on EGP was further confirmed in patients with uncomplicated falciparum 
malaria,, in which the already increased basal EGP could be increased even more by 
indomethacinn without any change in plasma glucoregulatory hormones or 
circulatingg cytokines (8). This lead us to conclude that in healthy adults as well as 
inn patients with certain infectious diseases, basal EGP is not maximaly stimulated, 
butt is partially inhibited, possibly by paracrine factors like prostaglandins, 
cytokiness and/or NO. It is currently unknown if these paracrine factors also 
influencee basal EGP in other conditions with increased EGP like type 2 diabetes 
mellituss and if so, if dysregulation of paracrine regulation is an important co-factor 
inn maintaining increased EGP in type 2 diabetes mellitus. 

Too evaluate the effects of indomethacin on EGP in type 2 diabetes mellitus, 
wee measured endogenous glucose production in a placebo controlled crossover 
studyy by infusion of [6,6-2H2]glucose before and after administration of 150 mg 
indomethacinn in patients with type 2 diabetes mellitus. 

SubjectsSubjects and Methods 

Subjects Subjects 
Sixx patients with type 2 diabetes mellitus were studied. Their clinical 

characteristicss are shown in table 1. Their mean glycosylated hemoglobin level 
wass 8.5% (range 7.0-10.5%), and except for the presence type 2 diabetes, they 
weree otherwise healthy and were taking no other medication known to affect 
glucosee metabolism. None had been treated with insulin. Oral antidiabetics were 
discontinuedd 72 hours before the start of the study. All consumed a weight-
maintainingg diet of at least 250 g carbohydrate for 3 days before the study. Written 

33 3 



ChapterChapter 2 

informedd consent was obtained from all the patients. The studies were approved by 
thee Institutional Ethics and Isotope Commities. 

TableTable 1. Clinical characteristics of the 6 patients with type 2 diabetes mellitus 

sex x 

f f 

m m 

f f 

f f 

m m 

m m 

age e 

(y) ) 

51 1 

65 5 

54 4 

67 7 

37 7 

57 7 

BMI I 

(ke/m2ï ï 

34.7 7 

28.4 4 

29.1 1 

33.2 2 

24.7 7 

21.7 7 

FPG G 
(mmol/1) ) 

7.9 9 

10.0 0 

12.5 5 

8.7 7 

12.6 6 

17.8 8 

FPI I 
(pmol/1) ) 

105 5 

80 0 

100 0 

70 0 

50 0 

65 5 

FPC-pept t 
(pmol/1) ) 

1122 2 

835 5 

1050 0 

1320 0 

600 0 

655 5 

FPG,, FPI, FPC-pept: mean fasting plasma glucose, insulin and C-peptide concentrations 
att the start of the two experiments (indomethacin vs placebo) after a 17 hour fast 

StudyStudy design (figure 1) 

Eachh subject served as his or her own control and completed two study 
protocolss separated by at least 8 weeks. On one occasion, the subjects were studied 
afterr taking indomethacin 150 mg orally and on the other occasion after taking 
placeboo (control experiment). The sequence of both studies was determined by 
randomm assignment. The subjects were studied in the postabsorptive state, after a 
14-hrr fast. A 19-Gauge catheter was inserted in a forearm vein for infusion of [6,6-
H2]glucose.. Another 19-gauge catheter was inserted retrogradely into a wrist vein 

off  the contralateral arm and maintained at 60 °C in a thermoregulated plexiglass 
boxx for sampling of arterialized venous blood. 

Afterr obtaining a baseline sample for determination of background isotopic 
enrichmentt and plasma glucose concentration, a primed, continuous (0.22 JLX 
mol/kg/min)) infusion of [6,6-2H2]glucose (99% Isotec, Miamisburg, OH) dissolved 
inn sterile isotonic saline and sterilized by passage of the solution through a 
milliporee filter (0.2 (Im, Minisart; Sartorius, Gottingen, Germany) was started, and 
continuedd throughout the study. The priming dose was increased according to the 
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FigureFigure 1: study design 

Hoodsamples s 

\\ IUÜUI1 1 \ \ \ 

feé-^lgliKose feé-^lgliKose 

8.000 11.00 1200 13.00 14.00 15.00 16.00 17.00 

t t 
1500 n£ 
indomethacin/placebo o 

formulaa derived by Hother-Nielsen et al (13): adjusted prime = normal prime (17,6 
jjmol/kg)) x [actual plasma glucose concentration (mmol/L) / 5 (= normal plasma 
glucose)]. . 

Fastingg plasma glucose concentration was measured at the bedside using a 
Precisionn Q.I.D.™ glucometer (Medisense®, Abbott Laboratories Company, 
Chicago,, 111). After 165 minutes of [6,6-2H2]glucose infusion , three blood samples 
weree collected at 5 minute intervals for determination of the plasma glucose 
concentrationn and [6,6-2H2]glucose enrichment. Blood samples for measurement of 
plasmaa concentrations of insulin, counterregulatory hormones and cytokines (IL-6 
andd TNF) were also collected after 175 minutes. 

Att time 0, after a three hour equilibration period of [6,6-2H2]glucose 
infusion,, either 150 mg of indomethacin or placebo was administered. Blood 
sampless for measurement of plasma glucose concentration, [6,6-2H2]glucose 
enrichment,, glucoregulatory hormones and cytokines were obtained every 15 
minutess for the first two hours after the intervention and every hour thereafter untill 
thee end of the study. Blood samples for free fatty acids (FFA) were collected at 
timee 0, 45 min and 6 hours after the intervention. 

Assays Assays 

Alll  measurements were performed in duplicate, and all samples from each 
individuall  subject were analyzed in the same run. The glucose concentration and 
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[6,6-2H2]glucosee enrichment in plasma were measured by gas 
chromatography/masss spectrometry using selected ion monitoring. The method 
wass adapted from Reinauer et al, using phenyl-P-D-glucose as internal standard 
(21). . 

Plasmaa insulin concentration was measured by commercial RIA 
(Pharmaciaa Diagnostics, Upsala, Sweden), C-peptide by 125I radio-immunoassay 
(Bykk Santec, Dietzenbach, Germany), plasma Cortisol levels by fluorescence 
polarizationn immunoassay on technical device X (Abbot laboratories, Chicago, 111), 
Growthh hormone by chemiluminescence immunometric assay (Nichols Institute 
Diagnostics,, San Juan Capistrano, CA), glucagon by RIA (Linco Research Inc., St. 
Charles,, MO); glucagon-antiserum elicited in guinea pigs against pancreatic 
specificc glucagon; cross reactivity with glucagon-like substances of intestinal 
originn less than 0.1%), and plasma epinephrine and norepinephrine by high 
performancee liquid chromatography with fluorescence detection, using a-methyl 
norepinephrinee as internal standard. 

CytokineCytokine assays. TNF concentrations were measured by an enzyme-
amplifiedd sensitivity immunoassay (EASIA; Medgenix, Amersfoort, the 
Netherlands)) with a detection limit of 5 pg/mL. Plasma concentrations of IL-6 were 
measuredd by an enzyme-linked immunosorbent assay (CLB, Amsterdam, the 
Netherlands),, with a detection limit of 2 pg/mL. 

CalculationsCalculations and statistics 

EGPP was calculated by the non-steady state equations of Steele (27) in 
theirr derivative form, since it has been known that in patients with Type 2 Diabetes 
thee fasting state is not a steady state (13). The effective distribution volume for 
glucosee was assumed to be 165 mL/kg. 

Resultss are reported as the mean  SEM. Data were analyzed by a two-
sidedd non-parametric test for paired samples (Wilcoxon Signed Rank test). Data 
withinn the groups were analyzed by ANOVA for randomized block design, and by 
Fisher'ss least-significant difference test for multiple comparisons when indicated. 
AA p-value of less than 0.05 was considered to represent a statistical significant 
difference. . 
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Results Results 

PlasmaPlasma glucose concentration and endogenous glucose production (fig 2) 
Meann baseline plasma concentrations of glucose were not significantly 

differentt between the two experiments (10.3 6 mmol/L and 11.2 + 1.7 mmol/L, 
controll  vs indomethacin). 

Inn the control experiment, plasma glucose concentration and endogenous 
glucosee production decreased gradually in all subjects, by 22% (pO.001) and 17% 
(p<0.004),, respectively, during the 6 hour observation period. 

Afterr administration of indomethacin, plasma glucose concentration and 
endogenouss glucose production increased transiently in all subjects. Plasma 
glucosee concentration increased from 11.2  1.7 to a maximum of 12.8  1.7 
mmol/LL (or by 14%) (p<0.05 vs control). Glucose production increased from 12.0 

 1.7 to a maximum of 17.8 + 1.9 (Xmol/kg/min (or by 48%) (p<0.05 vs control). 

HormoneHormone and cytokine concentrations (fig 3 and 4) 
Baselinee values of insulin, C-peptide and counterregulatory hormones were 

nott different between the two studies (figure 2 and 3). In the control experiment 
plasmaa insulin and C-peptide concentrations decreased gradually in all patients 
fromfrom 88  15 to 72  17 pmol/L (or by 18%) (pO.001) and from 952  134 to 720 

 88pmol/L(orby22%)(p<0.001). 
Afterr administration of indomethacin plasma insulin and C-peptide 

concentrationss decreased transiently in all subjects from 78  11 to a nadir of 38
55 pmol/L (or by 52%) at t=1.75 hours (p<0.05 vs control) and from 992  120 to a 
nadirr of 497  75 at t = 1.5 hours (p<0.05). 

Basall  levels of plasma glucagon, Cortisol, adrenaline and noradrenaline 
levelss were not significantly different between the two studies and remained 
similarr throughout the study. Basal levels of growth hormone were not different 
betweenn the two studies, but a statistical significant rise in growth hormone levels 
wass noticed 2 and 3 hours after administration of indomethacin, reaching basal 
levelss again at 4 hours. 
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FigureFigure 2: plasma glucose concentration and endogenous glucose production (EGP) after 

administrationadministration of indomethacin (closed circles) or placebo (open circles). The X axis 

representsrepresents time (hours) * represents a statistical significant difference between the groups 

(p<0.05) (p<0.05) 
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FigureFigure 3: Plasma insulin, C-peptide, and glucagon concentrations after administration of 

indomethacinindomethacin (closed circles) or placebo (open circles). The x-axes represents time 

(hours);(hours); * represents a statistical significant difference between the groups (p<0.05) 
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Basall  plasma levels of free fatty acids (FFA) were elevated but not 
statisticallyy different between the two studies. At the end of the study plasma levels 
off  FFA were lower in the indomethacin experiment (p<0.05) . Basal levels of TNF 
weree below the detection limit of the assay during both experiments and remained 
unchangedd (separate data not shown). Basal levels IL-6 were not elevated and not 
statisticallyy different between the two studies. The plasma levels did not change 
significantlyy during both experiments. 

FigureFigure 4: plasma Cortisol, growth hormone (gh), adrenalin, noradrenalin and interleukin-6 

(IL-6)(IL-6) concentrations after administration of indomethacin (closed circles) or placebo 

(open(open circles). 
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Discussion Discussion 

Administrationn of the prostaglandin synthesis inhibitor indomethacin to 
patientss with type 2 diabetes mellitus resulted in inhibition of insulin secretion, 
reflectedd in decreased insulin and C-peptide levels. This was accompanied by a 
transientt increase of 48 % in glucose production and an increase in plasma glucose 
concentrations.. This inhibitory effect of indomethacin on insulin secretion and 
associatedd stimulation of endogenous glucose production occurred without any 
changess in counterregulatory hormone, except growth hormone, or cytokine 
concentrations. . 

Indomethacinn increased endogenous glucose production to a similar extent 
inn patients with type 2 diabetes compared to the effects in healthy volunteers (~6 
umol/kg/minn vs 5-7 jimol/kg/min from basal) (5) (8). Nonetheless, the increase in 
plasmaa glucose concentration was much higher in the diabetics (3.5 mmol/L vs 1.5-
22 mmol/L from basal). The combination of the same increase in endogenous 
glucosee production and a difference in the change in glucose concentration must be 
duee to a decrease in glucose clearance. A good explanation for this difference 
betweenn healthy volunteers and patients with type 2 diabetes is the finding that 
insulinn secretion was significantly reduced by indomethacin in type 2 diabetes but 
nott in healthy volunteers. A statistical significant rise in growth hormone levels 
wass measured 2 and 3 h after administration of indomethacin. Growth hormone 
itselff  can stimulate endogenous glucose production (15) but it is unlikely that 
endogenouss glucose production was driven by growth hormone or vice versa. The 
changess in endogenous glucose production and insulin concentrations occurred 
withinn 45 minutes after administration of indomethacin, whereas plasma growth 
hormonee concentrations started to rise more than 90 minutes after administration of 
indomethacin.. Moreover, if growth hormone was driven by the rise in endogenous 
glucosee production, an inhibition rather than a stimulation of growth hormone 
secretionn would be expected (29). At the end of the indomethacin experiments FFA 
concentrationss were somewhat lower than in the control experiments. This can be 
duee to the rebound in insulin concentration after initial inhibition. 

Inn our study the increase in glucose concentration and glucose production 
coincidedd with the decrease in peripheral C-peptide levels and insulin 
concentrations.. Sindelar et al, recently published data on the relationship of portal 
veinn insulin concentration and basal hepatic glucose production in overnight fasted 
consiouss dogs. Within 15 minutes, after a selective fall of portal insulin 
concentrationn from 150 to 30 pmol/L, basal hepatic glucose production increased to 
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aa maximum of 22 umol/kg/min above basal, and after 3 hours hepatic glucose 
productionn was still significantly increased by 6 umol/kg/min above basal (26). 
Therefore,, unlike in healthy volunteers, in type 2 diabetes the observed stimulatory 
effectt of indomethacin on endogenous glucose production is likely to be the result 
off  inhibition of pancreatic insulin secretion. 

Thee effect of a single oral dose of indomethacin on basal insulin levels in 
humanss has been investigated in only four studies to our knowledge (5;8;16;28). In 
threee of these four, basal insulin levels remained unaffected, whereas in the fourth 
aa small, but significant fall from 9.5 to 6.4 (lU/ml was observed 1 hour after 50 mg 
off  indomethacin vs 8.0 to 6.9 u.U/ml after placebo (28). 

Thee effect of indomethacin on glucose-induced acute insulin secretion is 
differentt from that under basal circumstances. All studies, but one (28), in humans 
showingg an inhibitory effect of indomethacin on insulin secretion (for review, see 
reff  (22)) were done in experimental settings involving glucose infusions. 
Therefore,, the effect of indomethacin on peripheral insulin levels differs depending 
onn basal versus glucose-stimulated conditions. In our type 2 diabetic patients 
insulinn secretion was stimulated, as can be deducted from the two- to threefold 
increasee in basal insulin levels compared to normal values (5). It can thus be 
postulatedd that the effect of indomethacin under conditions were insulin secretion 
iss stimulated chronically, like in the present study, resembles the situation of acute 
glucosee stimulated insulin secretion. Indomethacin has no effect on insulin 
secretionn under basal conditions, as is reflected by our experiments in healthy 
humanss (5). 

Althoughh indomethacin is a prostaglandin synthesis inhibitor, it is unlikely 
howeverr that the effect of indomethacin on the beta cell is due to inhibition of 
prostaglandinn synthesis. Prostaglandin E2, synthesized by the pancreatic islet, 
inhibitss glucose-induced insulin secretion (23). Thus inhibition of prostaglandin 
synthesiss would result in stimulation rather than inhibition of insulin secretion. 
However,, besides inhibition of prostaglandin synthesis indomethacin also 
stimulatess cytokine production. In healthy humans indomethacin is a potent 
stimulatorr of interleukin (IL)-l-beta, both in vitro as well as in vivo (9). IL-1 beta 
stimulatess the generation of the inducible form of cyclooxygenase (COX-2), the 
enzymee responsible for generation of prostaglandin E2 from arachidonic acid. The 
effectt of IL-1 can be either directly by increasing gene expression of COX-2 
mRNA,, or indirectly through production of nitric oxide (NO) (18). Thus, 
stimulationn of IL-1 by indomethacin could result in inhibition of insulin secretion, 
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throughh stimulation of COX-2 . A similar IL-1 mediated effect by indomethacin 
cann stimulate growth hormone release (24;25), through stimulation of growth 
hormonee releasing hormone (GHRH) by IL-1 (11). Growth hormone secretion can 
thuss be stimulated directly by indomethacin, independently of endogenous glucose 
production. . 

Anotherr possibilityy for inhibition of insulin secretion by indomethacin is its 
abilityy to affect the insulin receptor itself, by inhibiting autophosphorylation of the 
betaa subunit of the insulin receptor (3). Very recent publications indicate that that a 
functionall  insulin receptor is a prerequisite for a normal glucose-stimulated insulin 
secretionn (14). Insulin stimulates its own release by a positive feedback loop 
throughh binding to its own receptor in the beta cell. Impairment of the function of 
thee insulin receptor by indomethacin by inhibiting autophosphorylation of the beta 
subunitt could lead to inhibition of insulin secretion. The dose of 150 mg of 
indomethacinn used in this study is equivalent to the daily therapeutic recommended 
dosee as antiflogistic or anti inflammatory agent. Our data suggest that this dose can 
influencee glucoregulation in patients with type 2 diabetes mellitus. 

Inn conclusion, in patients with type 2 diabetes mellitus, indomethacin 
blockss insulin secretion and stimulates endogenous glucose production. 
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