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Systemic low-grade inflammation is recognized in an increasing number of chronic diseases. With the
aim of establishing an experimental human in vivo model of systemic low-grade inflammation, we mea-
sured circulating inflammatory mediators after intravenous administration of Escherichia coli endotoxin
(0.3 ng/kg of body weight) either as a bolus injection or as a 4-h continuous intravenous infusion, as well
as after saline administration, in 10 healthy male subjects on three separate study days. Only bolus
endotoxin caused an increase in heart rate, whereas a slight increase in rectal temperature was observed
in both endotoxin groups. Tumor necrosis factor alpha (TNF-«), interleukin-6, and neutrophil responses
were earlier and more pronounced in the bolus trial compared with the infusion trial results, whereas
lymphocytes increased after endotoxin bolus injection as well as infusion without any difference between
groups. Finally, endotoxin activated the hypothalamo-pituitary-adrenal axis slightly earlier in the bolus
compared to the infusion trial. The continuous endotoxin infusion model may be more representative of
human low-grade inflammation than the bolus injection model due to a less dynamic and more sustained
increase in circulating levels of inflammatory mediators over time. In conclusion, low-dose endotoxin
infusion elicits an inflammatory response, as assessed by a rise in TNF-a, and the responses are
significantly different according to whether low-dose endotoxin is applied as a bolus injection or as a

continuous infusion.

Systemic low-grade inflammation, defined by a 2- to 3-fold
increase in plasma concentrations of cytokines and acute phase
proteins (16), is associated with chronic disease such as ath-
erosclerosis, the metabolic syndrome, and type 2 diabetes mel-
litus (3, 6, 14, 24). Moreover, systemic low-grade inflammation
may be of significance in age-associated cognitive decline, in-
cluding Alzheimer’s disease and vascular dementia (9, 12, 25).
However, the molecular and physiological significance of sys-
temic low-grade inflammation in chronic disease is not yet fully
understood.

A human experimental model for sepsis has been developed
using an intravenous bolus injection of purified Escherichia coli
endotoxin (4). The human endotoxemia model is used for the
study of sepsis pathophysiology by the use of large doses of
endotoxin (2 to 4 ng/kg body weight), which elicits fever and
flu-like symptoms as well as a dramatic increase in circulating
levels of both pro- and anti-inflammatory cytokines (5). How-
ever, the extent and duration of endotoxin-induced host re-
sponses are dose dependent, and endotoxin models have also
been applied to study systemic inflammation not associated
with overt physiological stress (19).

In addition to an increase in systemic plasma concentrations
of cytokines (13) and acute phase proteins in response to the
presence of endotoxin, activation of the hypothalamo-pitu-
itary-adrenal (HPA) axis has been previously described, as
represented by a rise in plasma levels of cortisol (4) as well as
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of adrenocorticotropic hormone (13). The degree of HPA ac-
tivation appears to depend on both type and dose of endotoxin
applied and is probably mediated by cytokines released in
response to endotoxin; thus, interleukin-6 (IL-6) stimulates
cortisol production in humans (2, 21), and a reduced cortisol
response is observed after endotoxin administration to IL-6-
deficient mice (23). Conversely, the baseline plasma level of
cortisol may in itself influence the cortisol response to endo-
toxin in humans (17).

Reichenberg et al. (18) found that administration to humans
of Salmonella abortus equi endotoxin (0.8 ng/kg) induced an
approximately 100-fold increase in levels of circulating cy-
tokines (tumor necrosis factor alpha [TNF-a], IL-6, and
IL-1ra), an increase in rectal temperature of 0.5°C, and
activation of the HPA axis. In contrast, Mullington et al.
(15) administered low-dose Salmonella abortus equi endo-
toxin bolus injections (0.2 ng/kg) to healthy volunteers but
found neither activation of the HPA axis nor an increase in
body temperature. Moreover, our laboratory applied Esch-
erichia coli endotoxin bolus injections (0.2 ng/kg) and found
a modest but significant increase in cytokine levels and a
shift in leukocyte subpopulation concentrations but no ac-
tivation of the HPA axis (9).

We have implemented low-dose intravenous administra-
tion of Escherichia coli endotoxin (0.06 to 0.2 ng/kg) with the
aim of studying low-grade inflammation. This dose induces
a 2- to 100-fold increase in circulating levels of plasma
TNF-a and IL-6 (9, 10, 20). As mentioned above, however,
low-grade systemic inflammation may be a chronic condition,
and the aim of the present study was to develop a more rep-
resentative model of the pathophysiology of this condition. We
hypothesized that bolus injection and continuous infusion of a
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low-dose Escherichia coli endotoxin would induce equal in-
creases in circulating levels of inflammatory mediators repre-
sented by TNF-a and IL-6 but with different release profiles
over time.

MATERIALS AND METHODS

Subjects. Ten healthy male volunteers (mean age, 24 years = 5 years standard
deviation [SD]) participated in the study after giving oral and written informed
consent. The volunteers had an unremarkable previous medical history, includ-
ing no signs of infection within 4 weeks ahead of the first trial day, and used no
medication. Subjects underwent a thorough physical examination as well as blood
sample analysis for hemoglobin, hematocrit, white blood cell count, electrolytes,
renal and hepatic function, plasma glucose, and thyroid-stimulating hormone, all
of which were within a normal range. The study was approved by the Scientific
Ethical Committee of Copenhagen and Frederiksberg Municipalities, Denmark
(journal no. KF 11-032/02).

Study design. The study was performed in a randomized, cross-over, single-
blind fashion. On three separate study days, subjects received (i) an intravenous
bolus injection of Escherichia coli endotoxin (batch G2 B274; The United States
Pharmacopeial Convention, Inc., Rockville, MD) (0.3 ng/kg) followed by a 4-h
infusion of saline (bolus trial); (ii) an intravenous saline bolus followed by a 4-h
intravenous infusion of endotoxin (total dose, 0.3 ng/kg) (infusion trial); and (iii)
an intravenous bolus injection of saline followed by a 4-h intravenous infusion of
saline (placebo trial).

The volumes of saline were identical to the volumes of endotoxin. The placebo
trial was always placed on the second trial day. The first trial day was at least 2
weeks ahead of the second trial day to allow for a complete restitution in
inflammatory mediators upon endotoxin infusion. The study period was 8 h from
the start of infusion in all trials.

On study days subjects reported to our research unit at 7:00 a.m. after an
overnight fast. A peripheral venous catheter was placed in one antecubital vein
for infusion and in the contralateral antecubital vein for blood sampling. Non-
invasive blood pressure (mean arterial pressure), heart rate, and rectal temper-
ature were monitored continuously and recorded at baseline and every hour
throughout all trials. Blood samples were drawn at baseline and hourly until 8 h
after bolus injection.

Cytokines. Blood samples were drawn into tubes containing EDTA and cen-
trifuged instantly hereafter. Plasma was kept at —80°C until analyzed. Plasma
concentrations of TNF-a, IL-6, and cortisol were measured using an enzyme-
linked immunosorbent assay (R&D Systems, Minneapolis, MN). Samples were
analyzed in duplicate against standards of a known dilution; mean concentrations
were calculated from these duplicate measurements for each sample.

Full-blood hemoglobin, hematocrit, white blood cell and differential counts,
glucose, and lactate. Blood samples were analyzed using standard laboratory
methods.

Statistical analysis. Since data showed normal distribution by Kolmogorov-
Smirnov analysis, parametric methods were used; P < 0.05 was considered
statistically significant.

Data were analyzed using two-way repeat-measure analysis of variance
(ANOVA), applying epsilon corrections as indicated by Mauchly’s test of sphe-
ricity. Analyses were done in a general linear model analyzing the effect of time
and intervention as well as the interaction between time and intervention. This
enabled us to identify significant differences between interventions (bolus versus
placebo, infusion versus placebo, and bolus versus infusion) as well as differences
between interventions with regard to changes to specific time points (using values
at 0 h as a reference).

The time-averaged mean value (TAM) for each variable during the entire
study period was calculated as the area under the curve divided by the study
duration, i.e., 8 h, to provide a measure of the total inflammatory response
triggered during each of the three interventions. Moreover, it was part of the
prespecified objective to test whether the bolus injection produced a more
dynamic response than the continuous infusion. Accordingly, we calculated the
ratio between the peak and the TAM values as a measure of the dynamic effect
of the intervention. Mean values and peak/TAM ratios for different interventions
were compared using a one-way ANOVA followed by Bonferroni-corrected ¢
tests as appropriate to identify significant differences. All analysis was done using
SPSS Base and Advanced Models version 11.0 for Windows (SPSS Inc., Chicago,
IL). All values are presented as means =SD.
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RESULTS

No complications occurred during trials; all subjects were
well and discharged home as planned after 8 h. The time
courses of selected variables are presented in Fig. 1, and the
TAM values are given in Table 1.

Clinical observations. (i) Heart rate (Fig. 1A). The two-way
ANOVA revealed a significant effect on heart rate of inter-
vention (P = 0.01) and time (P < 0.05) and the interaction
between time and intervention (P < 0.001). The difference
between groups with regard to the effect of intervention was
significant between the bolus and placebo groups (P < 0.05) as
well as between the bolus and infusion groups (P < 0.05) but
not between the infusion and placebo groups. A significant
difference between groups with regard to time points was
found only at 4 h, when the change in the bolus group (from
baseline) differed from that in both the placebo and the infu-
sion groups. The TAM did not differ between groups (Table 1).
Taken together, the findings indicate that heart rate increased
slightly after the endotoxin bolus, with a peak at 4 h; however,
the overall change in the endotoxin groups (as assessed by the
TAM) was nonsignificant compared to placebo results.

(ii) Rectal temperature (Fig. 1B). There were significant
effects of both intervention and time (P < 0.01 for both); no
interaction was found. The difference in tissue effect of inter-
vention was significant between the bolus and placebo groups
(P < 0.01) and between the infusion and placebo groups (P =
0.01) but not between the bolus and infusion groups. No dif-
ferences between the results for the three trial groups were
observed at any specific time points. The TAMs did not differ
between groups. Taken together, these data indicate that en-
dotoxin induced an overall slight increase in rectal temperature
that was too small to be significant in point-by-point compar-
isons to the placebo trial and that did not differ with respect to
time course between the bolus and infusion groups.

(iii) Mean arterial pressure. No effect was found on this
variable (data not shown).

Cytokines. (i) TNF-« (Fig. 1C). There was a significant effect
of both intervention (P < 10~7) and time (P < 0.001) as well
as an interaction between intervention and time (P < 0.001).
The effect of intervention was significant for all comparisons
(bolus versus placebo, P < 10~7; infusion versus placebo, P <
0.001; bolus versus infusion, P < 0.01), and there were signif-
icant differences between groups with regard to changes at
most time points. Finally, the TAMs differed in all comparisons
between groups (Table 1). The peak/TAM ratio was higher in
the bolus trial than in the infusion trial (2.2 = 0.5 versus 1.8 =
0.3; P = 0.028). These findings suggest that endotoxin induced
a marked increase in plasma levels of TNF-a which was faster
and larger in the bolus than in the infusion group, with a peak
that occurred at 2 h in the former and at 5 h in the latter group.

(i) IL-6 (Fig. 1D). There was a significant effect of inter-
vention (P < 0.05) and time (P < 0.001) as well as an inter-
action between intervention and time (P < 0.01). The effect of
intervention differed between the bolus and placebo trials as
well as between the infusion and placebo trials (P < 0.05 for
both) but not between the bolus and infusion trials. The
changes over time differed between the bolus and placebo
groups from 2 through 6 h, between the infusion and placebo
groups at 4 through 6 h, and between the bolus and the infu-
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FIG. 1. Time course of clinical and biochemical variables after a bolus injection of endotoxin (®), a 4-h infusion of endotoxin (A), or
administration of a placebo (X) in young healthy subjects (n = 10). (A) Heart rate; (B) rectal temperature; (C) plasma tumor necrosis factor alpha;
(D) plasma interleukin-6; (E) plasma cortisol; (F) whole-blood lymphocyte count; (G) whole-blood neutrophil count. Data represent means + SD.
Statistical analysis was carried out using two-way ANOVA followed by post hoc ¢ tests to identify significant differences. Asterisks indicate
significant differences in overall ANOVA results between the value at 0 h and the specific time point for the three groups. Significant differences
between groups according to the post hoc comparisons of changes from baseline at the specific time point between groups are flagged as follows:
a, infusion versus placebo; b, bolus versus placebo; c, infusion versus bolus.
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TABLE 1. Time-averaged mean results”

TAM (SD)
Group Heart rate Rectal t oC TNE lit 1L-6 it Cortisol /dl Lymphocyte count Neutrophil count
(min~1) ectal temp (°C) -a (ng/liter) -6 (ng/liter) ortisol (mg/dl) (10%/liter) (10%/lter)
Placebo 61 (7) 36.8 (0.2) 1.36 (0.68) 4.03 (0.77) 0.61 (0.14) 2.1(0.5) 2.9 (1.5)
Infusion 64 (7) 37.0 (0.2) 3.88 (1.46)" 9.82 (6.26) 0.62 (0.13) 1.7 (0.4) 4.2 (0.9)
Bolus 68 (6) 37.0 (0.3) 5.37 (1.36)"< 16.8 (14.4)° 0.69 (0.18) 1.5 (0.5) 5.5 (1.6)°

“ Time-averaged means, representing total inflammatory responses, were calculated as the area under the curve (using absolute values of variables over time) divided

by the duration of the study, i.e., 8 h.
® Significantly different compared to placebo result.
¢ Significantly different compared to infusion result.

sion groups at 2, 3, 4, and 6 h. The TAMs differed significantly
only between the bolus and placebo trials; the peak/TAM ra-
tios for IL-6 did not differ between trials. Taken together, the
findings suggest that endotoxin induced an increase in IL-6
which was faster and more pronounced after the bolus in-
jection than during the infusion, with a peak at 3 h after the
bolus injection and at 6 h after start of the infusion. How-
ever, the overall production of IL-6 differed only between
the bolus and placebo groups, possibly because of the large
variability in data.

(iii) Cortisol (Fig. 1E). There were effects of both interven-
tion (P < 0.05) and time (P < 0.01) as well as an interaction
between intervention and time (P < 0.05). The differences in
results with regard to the effects of intervention were signifi-
cant between the bolus and placebo trials as well as between
the infusion and placebo trials (P < 0.05 for both), whereas no
difference was found between the bolus and infusion trials.
Significant differences between groups with regard to changes
over time were found at 1 h (infusion versus bolus and infusion
versus placebo), 3 h (bolus versus infusion), 4 h (bolus versus
placebo and bolus versus infusion), and 8 h (bolus versus pla-
cebo). The TAMs did not differ between groups. These data
suggest that plasma cortisol levels increased following endo-
toxin administration to a peak at 4 h after bolus injection and
at 6 h after the start of infusion, although the latter result did
not attain statistical significance.

Immune cells. (i) Lymphocyte count (Fig. 1F). Significant
effects of intervention (P < 10~ °) and time (P < 0.01) as well
as an interaction between intervention and time (P < 0.05)
were found. The differences in results with regard to the effects
of intervention were significant for the bolus versus placebo
trials (P < 10~*) and for the infusion versus placebo trials (P <
10~°) but not the for bolus versus infusion trials. The changes
in lymphocyte counts over time differed between the bolus and
placebo trials from 2 through 8 h and between the infusion and
placebo trials from 3 through 8 h but did not differ between the
bolus and infusion trials at any time. The TAMs did not differ
between trials. Together, the results suggest that endotoxin
induced a depression of circulating lymphocyte counts and that
the effects were largely similar in the bolus and the infusion
trials.

(ii) Neutrophil count (Fig. 1G). Significant effects of inter-
vention and time as well as an interaction between these two
were found (P < 0.001 for all three analyses). The effects of
intervention were significant for all comparisons (bolus versus
placebo, P < 0.01; infusion versus placebo, P < 0.05; bolus
versus infusion, P < 0.05). The changes at specific time points

differed between groups at 3 h (bolus versus placebo and bolus
versus infusion), 4 h (all three comparisons), and 5 through 8 h
(bolus versus placebo and infusion versus placebo). The TAMs
were significantly higher in the bolus than in the placebo trial
but did not differ between the bolus and infusion trials or
between the infusion and placebo trials. Thus, endotoxin in-
duced an increase in the neutrophil count that peaked earlier
in the bolus trial (at 4 h) than in the infusion trial (at 7 h);
however, the results with regard to total activation of neutro-
phils did not appear to differ between these two trials.

(iii) Hemoglobin, glucose, and lactate. Endotoxin adminis-
tration did not affect whole-blood hemoglobin, blood glucose,
or lactate concentrations (data not shown).

DISCUSSION

The main finding of the present study was that the mode of
endotoxin administration was decisive for the dynamics of the
TNF-a response. Thus, a bolus injection of endotoxin induced
a more pronounced and dynamic TNF-a response than that
elicited by a continuous infusion of an identical dose of endo-
toxin, as assessed by the repeat-measure ANOVA, the TAM,
and the peak/TAM ratio. The neutrophil response followed
the same pattern, being more pronounced in response to a
bolus of endotoxin than to an infusion of endotoxin. Regarding
the IL-6 response, a similar tendency was detected, although
the result was less distinct.

In the high-dose (2 to 4 ng/kg of body weight) endotoxin
model, which has been regarded as a model of human sepsis,
both increased heart rate (5) and decreased blood pressure (8)
have been described previously. In the present low-dose endo-
toxin models, an increase in heart rate was found only when
endotoxin was administered as a bolus, suggesting that the
presence of tachycardia depends upon, e.g., the peak level of
TNF-« or the total inflammatory response. In the present and
other studies using low-dose endotoxin, blood pressure was not
affected, suggesting that cardiovascular changes are dose de-
pendent, being more pronounced in the high-dose endotoxin
model.

TNF-a and IL-6 levels measured in the present study were
comparable to levels observed with certain chronic diseases
recently associated with low-grade systemic inflammation, i.e.,
the metabolic syndrome, diabetes mellitus, atherosclerosis,
Alzheimer’s disease, and vascular dementia (16). It would have
been of interest to study IL-1 levels as well; IL-1 is a major
pyrogen as well as a mediator of lipopolysaccharide-induced
HPA activation (22). Human IL-1 baseline levels are, however,
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below the detection limit of current laboratory methods. We
elected not to include measurement of this particular cytokine
in the study because of concerns that the accuracy of the
measurement would be insufficient to allow for strong conclu-
sions regarding this cytokine, given the low anticipated level of
inflammatory activation.

The HPA axis is activated in high-dose endotoxin models
(11) but was not activated in a recent study in which we applied
a bolus of 0.2 ng/kg endotoxin (9). In the present study, we
found an increase in plasma cortisol levels in response to a
bolus of 0.3 ng/kg endotoxin, with a peak that occurred earlier
in the bolus than in the infusion group. The difference between
groups at 1 h is difficult to interpret in the present context but
may be related to the relatively high baseline levels measured
in all three groups. Endotoxin induced a slight increase in
rectal temperature without any difference between the results
of the two endotoxin trials. Thus, it appears that the present
endotoxin doses were just sufficient to activate the HPA axis
and that the results with regard to this activation were largely
similar during both endotoxin trials, even though the inflamma-
tory loads as assessed by the TNF-a response clearly differed
between trials.

Chronic inflammation has been linked with altered metab-
olism such as insulin resistance, which can be induced by cor-
tisol (1). This study was not designed to determine metabolic
changes induced by endotoxin, however. Moreover, we in-
cluded only male volunteers, because inclusion of female vol-
unteers would have presented the logistical challenge of defin-
ing the time of the menstrual cycle for study participants; in
effect, extrapolation of our findings to apply to women may not
be justified.

We consider it a strength that a paired-samples approach
was used, but a low number of volunteers was included,
leading to low statistical power and the risk of type II errors
in data analysis due to the variability of the methods used
for cytokine and cortisol measurements. This is a potential
explanation of the finding, e.g., that the IL-6 responses did
not differ significantly between infusion and bolus trials in
the face of a significant difference in the TNF responses
between these trials.

The present study attempted to further develop the hu-
man low-grade inflammation model by endotoxin infusion
with the aim of transforming it into a more representative
model of human systemic low-grade inflammation in chronic
disease. The results confirm that continuous low-dose infu-
sion of endotoxin is safe in healthy humans. Additionally,
the infusion model induces a less dynamic and more sus-
tained release of systemic inflammatory mediators over
time. The model may be applied in future studies as a model
of chronic diseases associated with systemic low-grade in-
flammation.

In conclusion, an intravenous low-dose endotoxin infusion
elicits an inflammatory response, represented by a rise in
TNF-a, which is less pronounced and more sustained than the
rise in TNF-a induced by intravenous bolus injection of an
identical dose of endotoxin.
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