Indomethacin Stimulates Glucose Production in Adults With Uncomplicated
Falciparum Malaria
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In healthy subjects, basal hepatic glucose production is (partly) reqgulated by paracrine intrahepatic factors. It is unknown if
these paracrine factors also influence basal glucose production in infectious di with iner d glucose production. We
compared the effects of 150 mg indomethacin (n = 9), a nonendocrine stimulator of glucose production in healthy adults, and
placebo (n =7) on hepatic glucose production in Vietnamese adults with uncomplicated falciparum malaria. Glucose
production was measured by primed, continuous infusion of [6,6-2H;lglucose. After indomethacin, the plasma glucose
concentration and glucose production increased in all subjects from 5.3 = 0.1 mmol/L to a maximum of 7.1 = 0.3 mmol/L
(P < .05) and from 17.6 % 0.8 pmol - kg~! - min~1to a maximum of 26.2 = 2.5 pmol - kg1 - min—* (P < .05), respectively. In the
control group, the plasma glucose concentration and glucose production declined gradually during 4 hours from 5.4 = 0.2
mmol/L to 5.1 = 0.1 mmol/L (P < .05) and from 17.1 + 0.8 pmol - kg~ - min~"1 to 15.1 = 1.0 pmol - kg~'- min~" (P < .05),
respectively. There were no differences in plasma concentrations of insulin, counterregulatory hormones, or cytokines
between the groups. We conclude that indomethacin administration results in a transient increase in glucose production in
patients with uncomplicated falciparum malaria in the absence of changes in plasma concentrations of glucoregulatory
hormones or cytokines. Thus, this study indicates that in uncomplicated falciparum malaria, the rate of basal hepatic glucose
production is also regulated by paracrine intrahepatic factors.
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LUCOSE PRODUCTION is regulated by the interplay of
several mechanisms. Major factors involved in the
regulation of glucose production are the gluconeogenic precursor
supply, the classic glucoregulatory hormones, and the plasma
glucose concentration. In healthy adults, gluconeogenic precur-
sor supply does not play a major role in the regulation of overall
glucose output in the postabsorptive state unless the supply
diminishes below a certain level.l-2 Of all the classic hormones,
the ratio between plasma insulin and glucagon concentrations
seems to be the main determinant of glucose production.’®
However, when somatostatin is infused, glucose production
decreases only transiently, suggesting that these hormones are
not pivotal for maintenance of basal glucose production.* This
suggestion is supported by the observation that changes in
plasma glucose influence glucose production independently of
changes in glucoregulatory hormones, a process frequently
referred to as autoregulation.’ These data together indicate that
other, probably intrahepatic, mechanisms must be operative in
maintaining basal glucose production. Potential mediators of
this process are Kupffer cell products. In the liver, there is
intensive interaction between Kupffer cells and hepatocytes,
and in vitro animal data suggest that products of Kupfter cells
influence glucose production by hepatocytes. In these studies, it
has been shown that stimulated Kupffer cells produce prostaglan-
dins,® which in turn modulate hepatic glycogenolysis.”® Other
Kupffer cell products are cytokines (like tumor necrosis factor
[TNF] and interleukin-6 [IL-6]} and nitric oxide,®!® which also
affect glucose production.!"!3 In vivo in healthy adults, indo-
methacin (a prostaglandin synthesis inhibitor) stimulates he-
patic glucose production by mechanisms unrelated to factors
outside the liver."* This observation suggests that in healthy
adults basal glucose production is not maximally stimulated,
but is partly inhibited, possibly by paracrine intrahepatic factors
like prostaglandins. It is unknown if these paracrine factors also
influence basal glucose production in infectious diseases with
increased glucose production such as malaria.
In uncomplicated falciparum malaria, glucose production is
increased by 25%.!% Theoretically, in patients with malaria, as
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in healthy subjects, the rate of glucose production can also be
influenced by intrahepatic paracrine factors like prostaglandins.
In this case, indomethacin should be able to increase the rate of
glucose production. As glucose production is maximized, it can
be hypothesized that under circumstances of increased basal
glucose production, the inhibiting influence of intrahepatic
paracrine factors is lessened; the effect of indomethacin will
then be reduced.

To evaluate the effects of indomethacin on glucose produc-
tion, we measured glucose production by infusion of [6,6-
2H,]glucose before and after oral administration of 150 mg
indomethacin or placebo in patients with uncomplicated falcipa-
rum malaria.

SUBJECTS AND METHODS
Subjects

Sixteen consecutive patients with uncomplicated falciparum malaria
admitted to Bao Loc General Hospital, Lam Dong Province, Vietnam,
were recruited. Nine patients were allocated to the indomethacin
protocol, and seven patients served as controls and received placebo.
Exclusion criteria were as follows: complicated malaria according to
World Health Organization criteria,'® pregnancy, age less than 16 years,
treatment with quinine (quinine stimulates insulin secretion!”), concomi-
tant infectious disease, and severe malnutrition. Each patient provided
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informed consent. The study protocol was approved by the institutional
review board of Cho Ray Hospital, Ho Chi Minh City, under whose
jurisdiction research in the Lam Dong Provincial Hospital is performed.

Study Design

Patients were recruited immediately after laboratory confirmation of
the clinical diagnosis and exclusion of quinine use by a quinine dipstick
test,1® Each patient was treated with artemisinine derivatives.!® On the
day of admission, all subjects had a standard dinner at 6 pM, followed by
a fast, except for water ingestion, until completion of the study.

The study design is shown in Fig 1. On the morning after admission,
an intravenous cannula was inserted into a forearm vein for isotope
infusion. A second cannula for blood sampling was introduced into a
suitable vein of the contralateral arm. The catheters were kept patent by
a slow isotonic saline infusion.

After obtaining a baseline blood sample for determination of back-
ground isotopic enrichment, plasma glucose, and basal hematologic and
biochemical tests, a primed (3.2 mg/kg), continuous (40 pug - kg ™! - min~1)
infusion of [6,6-2H,]glucose (99%; Isotec, Miamisburg, OH) dissolved
in sterile isotonic saline and sterilized by passage of the solution
through a millipore filter (0.2 pum, Minisart; Sartorius, Gottingen,
Germany) was administered by a motor-driven, calibrated syringe pump
(Perfusor Secura FT; Braun, Melsungen, Germany). The rate of
[6,6-2H,]glucose infusion was calculated from the measured concentra-
tion of glucose in the infusate. After 90 minutes of [6,6-2H;]glucose
infusion for equilibration, three blood samples were collected at inter-
vals of 15 minutes for determination of the plasma glucose concentra-
tion and [6,6-2H;]glucose enrichment. Blood samples for measurement
of plasma concentrations of insulin, counterregulatory hormones,
cytokines, alanine, and lactate were also collected after 120 minutes.

At time 0, after 2 hours of [6,6-?H,]glucose infusion, either 150 mg
indomethacin or placebo was administrated. Blood samples for measure-
ment of the plasma glucose concentration and [6,6-H;]glucose enrich-
ment were obtained every 15 minutes for the first 2 hours after the
intervention and every 30 minutes for the last 2 hours of the study.
Samples for determination of plasma insulin, counterregulatory hor-
mones, and cytokines were collected every 30 minutes until the end of
the study, and a blood sample for plasma alanine and lactate was
obtained again at the end of the study.

Blood samples for plasma glucose, [6,6-H;lglucose enrichment,
insulin, counterregulatory hormones, and cytokines were collected in
prechilled heparinized tubes, and samples for alanine and lactate in
fluoride tubes. All samples were kept on ice and centrifuged promptly.
Aliquots of separated plasma were stored at less than —20°C and were
transported on dry ice before assay.

Assays

All measurements were performed in duplicate, and all samples from
each individual subject were analyzed in the same run. The glucose
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concentration and [6,6-?Hj]glucose enrichment in plasma were mea-
sured by gas chromatography/mass spectrometry using selected ion
monitoring. The method was adapted from Reinauer et al,?® using
phenyl-p-D-glucose as an internal standard.

The plasma insulin concentration was measured by commercial
radioimmunoassay (RIA) (Pharmacia Diagnostics, Uppsala, Sweden),
glucagon by RIA (Daiichi Radioisotope Laboratories, Tokyo, Japan;
glucagon antiserum raised in guinea pigs against pancreatic-specific
glucagon, cross-reactivity with glucagon-like substances of intestinal
origin < 1%), and cortisol by fluorescence polarization immunoassay
on TDx (Abbott Laboratories, Chicago, IL). Catecholamines were
determined by high-performance liquid chromatography with fluores-
cence detection.?!

The plasma alanine concentration was determined by an amino acid
analyzer (Chromocon 500; Tegimenta AG, Rotkreuz, Switzerland), and
plasma lactate by an enzymatic method (Boehringer Mannheim,
Almere, The Netherlands) on a Cobas Bio centrifugal analyzer (Boeh-
ringer Mannheim, Mannheim, Germany).

Cytokine assays. TNF concentrations were measured by an enzyme-
amplified sensitivity immunoassay (EASIA; Medgenix, Amersfoort,
The Netherlands) with a detection limit of 5 pg/mL. Soluble TNF
receptors type I and type II were assayed by an EASIA (Medgenix) with
a detection limit of 0.1 and 0.5 ng/mL, respectively. Plasma concentra-
tions of IL-1 were measured by an immunoradiometric assay (Medge-
nix) with a detection limit of 10 pg/mL, and IL-6 was determined by an
enzyme-linked immunosorbent assay (CLB, Amsterdam, The Nethes-
lands) with a detection limit of 2 pg/mL.

Calculations and Statistics

Glucose output was calculated by the steady-state (baseline samples)
and non-steady-state equations of Steele? in their derivative form. The
effective volume of distribution for glucose was assumed to be 165
mi/kg.

Results are reported as the mean = SEM unless otherwise stated.
Data within the groups were analyzed by ANOVA for randomized block
design, and by Fisher’s least-significant difference test for multiple
comparisons when indicated. Data between the groups were analyzed
by the Mann-Whitney U test. Statistical significance was set at P less
than .05.

RESULTS
Clinical Data

Sixteen Vietnamese adults with uncomplicated acute falcipa-
rum malaria were studied: nine (eight men) in the indomethacin
group and seven (six men) in the control group. Clinical and
laboratory characteristics of both groups are listed in Table 1.
There were no significant differences between the groups for
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any clinical or laboratory parameters. In both groups, values
obtained in the women were not different from those in the men.
Therefore, they are not described separately. All patients
responded quickly to therapy and had an uneventful recovery.

Glucose Kinetics

The baseline plasma glucose concentration and glucose
production rate were not different between the two groups. After
indomethacin, the plasma glucose concentration and glucose
production increased in all subjects from 5.3 = 0.1 mmol/L to a
maximum of 7.1 = 0.3 mmol/L (or 34% * 4%, P < .05) and
from 17.6 = 0.8 pmol - kg™ ! - min~! to a maximum of 26.2 =
2.5 umol - kg=! - min~! (or 61% = 25%, P < .05; Fig 2). The
maximal rate of glucose production after indomethacin oc-
curred at different time points in the different patients, varying
from ¢ = 30 to t = 120 minutes. Compared with the control
values, the plasma glucose concentration and glucose produc-
tion increased significantly after indomethacin administration
(Fig 2).

In the control group, the plasma glucose concentration and
glucose production declined gradually during 4 hours from
54+ 0.2 mmol/Lto 5.1 = 0.1 mmol/L (or 5% = 2%, P < .05)
and from 17.1 * 0.8 pmol-kg™!-min~! to 15.1 £ 1.0
umol - kg™! - min~! (or 12% = 2%, P < .05), respectively
(Fig 2). '

Hormones

Baseline plasma concentrations of insulin and counterregula-
tory hormones were not different between the two groups (Fig
3). Plasma concentrations of insulin, cortisol, glucagon, and
adrenaline were not significantly different between the two
groups at any time point. Plasma noradrenaline concentrations
were different between the groups only at + = 120 minutes
(P =.04).

Cytokines

Baseline plasma concentrations of TNF and IL-6 were not
different between the two groups, and plasma concentrations of
these cytokines were not significantly different between the two
groups at any time point (Fig 4).

Table 1. Clinical and Laboratory Characteristics of 16 Adult Patients
With Uncomplicated Malaria

Characteristic indomethacin (n = 9) Placebo (n = 7}

Age (yr} 28328 243*19
BMI 18.2 = 0.8 18.9 = 0.3
Body temperature (°C) 377 =03 37.7 = 0.3
Duration of illness (d) 3.6+05 46+ 1.1
Parasitemia {/uL) 3,500 (60-81,120) 4,425 (351-23,916)
Hemoglobin (g/dL) 13.2 0.7 13.2 = 0.2
AST (U/L) 9+ 1 81
ALT {U/L) 1M1 +3 9=x2
Bitirubin (mg/dL) 1.2 =03 0.9 = 0.1
Creatinine (mg/dL) 1.0 = 0.1 1.0 = 0.1

NOTE. Values are the mean + SEM, except for parasitemia {median
and range). There were no significant differences between the groups.

Abbreviations: BMI, body mass index; AST, aspartate transaminase;
ALT, alanine transaminase.
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Fig 2. Effects of indomethacin (@) and placebo (O} on the plasma
glucose concentration, glucose production, and enrichment in adults
with uncomplicated malaria. Values are the mean + SEM. *P < .05 v
placebo.

DISCUSSION

Administration of the prostaglandin synthesis inhibitor indo-
methacin to patients with uncomplicated falciparum malaria
resulted in a transient 3-hour 61% increase in glucose produc-
tion associated with increased plasma glucose. This stimulatory
effect of indomethacin on glucose production was not explained
by any change in the plasma concentration of insulin, counter-
regulatory hormones, or cytokines. Therefore, from the data
obtained in our study, we conclude that indomethacin stimulates
glucose production in patients with uncomplicated falciparum
malaria through mechanisms unrelated to changes in the plasma
concentration of glucoregulatory hormones or cytokines. How-
ever, since no samples were obtained from the portal vein, these
data do not preclude the possibility that pancreatic hormones or
cytokines in the portal vein were different between the two
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Fig 3. Effects of indomethacin (@) and placebo (O) on the plasma
concentration of insulin and counterregulatory hormones in adults
with uncomplicated malaria. Values are the mean = SEM. *P < .05 v
placebo.

groups. This study indicates that in uncomplicated falciparum
malaria, the rate of basal hepatic glucose production is also
regulated by prostaglandins.

Theoretically, the possibility cannot be excluded that indo-
methacin affects the volume of distribution of [6,6-*H,]glucose.
However, since this effect of indomethacin would affect the
tracer and tracee similarly, this would not influence glucose
enrichment and, as a consequence, the calculation of glucose
production.

The waning effect of indomethacin evident 30 minutes after
administration is probably not due to diminishing drug levels.
Following oral administration, absorption of the drug is rapid
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and complete, with peak plasma levels achieved after 1 to 2
hours. The biological half-life of the drug is about 5 to 10
hours.?* The waning effect on glucose production can be
ascribed to an autoregulatory response by the liver, as it is well
known that increased plasma glucose inhibits glucose produc-
tion in humans independently of changes in glucoregulatory
hormones.”* The absence of an increase in plasma insulin
despite a significant increase in plasma glucose is explained by
the inhibiting effect of indomethacin on glucose-stimulated
insulin secretion.?

The relative change in glucose production and plasma
glucose (61% and 34%, respectively) suggests that the increase
in plasma glucose is caused by the increase in glucose
production rather than by a decrease in glucose uptake. How-
ever, an effect on peripheral glucose uptake cannot be excluded.
The published data on the effects of indomethacin on peripheral
glucose uptake are conflicting. Some studies described an
inhibitory effect of indomethacin on insulin-stimulated glucose
uptake in muscle/adipose tissue,’6*’ whereas another study
reported no effect of indomethacin on insulin-stimulated glu-
cose uptake?® Consequently, the possibility exists that the
peripheral effects of indomethacin contribute to the degree of
increase in plasma glucose in addition to the change in hepatic
glucose production.

Previously, we have shown that glucose production in
Vietnamese adults with uncomplicated falciparum malaria is
increased by 25%.)° We have also shown that in healthy
caucasian adults, fasting from 14 to 20 hours decreases glucose
production by 18%. In the present study, glucose production
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Fig 4. Effects of indomethacin (®) and placebo (O) on the plasma
concentration of TNF and IL-6 in adults with uncomplicated malaria.
Values are the mean = SEM.
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decreased gradually by 12% in Vietnamese subjects with
uncomplicated malaria who did not receive indomethacin.
These data indicate that the response to short-term fasting is
similar in healthy caucasian adults and Vietnamese subjects
with uncomplicated falciparum malaria, despite higher basal
glucose production rates in the latter. We have also shown that
administration of indomethacin to healthy caucasians induces a
31% increase in glucose production that Iasts for 1 hour.!* In the
present study, indomethacin induced a 61% increase that lasted
for about 3 hours. These data suggest that, contrary to expecta-
tion, the role of prostaglandins in the regulation of basal glucose
production is more important in uncomplicated falciparum
malaria patients than in healthy subjects.

In this study, we administered indomethacin, a prostaglandin
synthesis inhibitor. Inhibition of prostaglandin synthesis by
indomethacin resulted in an increase in glucose production and
plasma glucose in patients with uncomplicated falciparum
malaria. These results are in contradiction with in vitro animal
studies, in which it has been shown that stimulated Kupffer cells
produce prostaglandins, which in turn stimulate hepatic glyco-
genolysis.”® However, our data are in accordance with data
obtained in healthy adults, in whom indomethacin stimulated
glucose production.!* The discrepancy between the effects of
prostaglandins in vitro and the modulation of prostaglandin
synthesis in vivo could be explained by differences in the
regulation of these processes between animals and humans or
by other effects of indomethacin besides its influence on
prostaglandins.

Indomethacin not only inhibits prostaglandin synthesis but
also modulates cytokine production, probably indirectly by
inhibiting the synthesis of prostaglandins.?*-31 Kupffer cells
produce several cytokines.S TNF and IL-6 can stimulate glucose
production in humans.'2 Basal levels of TNF and IL-6 in this
study were elevated concomitantly with the increase in glucose
production. These cytokines could therefore contribute to the
elevated glucose production before indomethacin administra-
tion in our malaria patients. After indomethacin administration,
plasma concentrations of TNF and IL-6 did not change, and
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changes in the plasma concentration of these cytokines there-
fore do not explain the increase in glucose production induced
by indomethacin in these patients. Several studies have shown
changes in the production of cytokines within tissues without a
concurrent elevation of the circulating levels.?>34 Therefore, the
absence of changes in the plasma level of the cytokines after
indomethacin does not preclude the possibility that a paracrine
influence by cytokines inside the liver is an operative mecha-
nism in uncomplicated falciparum malaria.

In this respect, Kupffer cell products are probably important
mediators. In the literature, there is evidence that Plasmodium
Jalciparum pigment from parasites sequestered in the host
microvasculature stimulates monocytes and macrophages to
release TNF and IL-1.% Malaria pigment is also taken up by
Kupffer cells in the liver.3637 After stimulation, Kupffer cells
produce prostaglandins, various cytokines, and nitric oxide,®
products with a known influence on glucose production.’%11-13
Therefore, these mediators may contribute to the regulation of
glucose production in falciparum malaria. However, since it is
difficult to evaluate the paracrine interaction of Kupffer cells
and hepatocytes in vivo, this remains an interesting speculation.

In conclusion, indomethacin administration produced a tran-
sient increase in glucose production, resulting in increased
plasma glucose in uncomplicated falciparum malaria patients.
This stimulatory effect of indomethacin on glucose production
was not explained by any change in the plasma concentration of
glucoregulatory hormones or cytokines. Thus, basal glucose
production in patients with uncomplicated falciparum malaria is
possibly regulated also by other, most likely intrahepatic,
factors, probably including prostaglandin.
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