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Endotoxemia-induced Lymphocyte Apoptosis Is Augmented
by a Hyperinsulinemic–Euglycemic Clamp
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Background: Sepsis and endotoxemia are associated with
lymphocyte apoptosis. This has been regarded as harmful, contributing to further immune suppression in already immunecompromised patients. Because normalization of blood glucose
improves outcome in critically ill patients, the authors hypothesized that one of the effects of insulin and normoglycemia
would be inhibition of lymphocyte apoptosis. Therefore, in this
experimental study in pigs, the authors examined the separate
and combined effects of acute endotoxemia and a hyperinsulinemic– euglycemic clamp (HEC) on lymphocyte apoptosis.
Methods: After 60 min of stabilization, 38 anesthetized and
mechanically ventilated pigs (weight, 35– 40 kg) were divided
(by randomization performed before the experiment) into four
groups and were then studied for 570 min. Group 1 received no
intervention. Group 2 received a HEC (5 mM p-glucose, insulin
infusion rate of 0.6 mU · kgⴚ1 · minⴚ1) for 570 min. Group 3
received a lipopolysaccharide infusion for 180 min. Group 4
was given a combination of a HEC and a lipopolysaccharide
infusion. After the 570-min study period, the pigs were killed,
and tissue was sampled from the spleen and frozen. In four
sections of each sample, the apoptosis of B and T lymphocytes
were analyzed using stereologic methods: The number of apoptotic B and T cells was estimated by fluorescence immunohistochemistry with anti–active caspase-3 and either anti-CD21 (B
lymphocytes) or anti-CD3⑀ (T lymphocytes). The number of
apoptotic B and T lymphocytes was then compared using twoway analysis of variance, and the interaction between endotoxemia and the clamp (hyperinsulinemia and euglycemia) was
investigated.
Results: Endotoxemia induced apoptosis of B (P < 0.001) and
T lymphocytes (P ⴝ 0.016) in the spleen, and this effect was
independent of the clamp. The ratios of apoptotic cells in the
spleen tissue of pigs with and without endotoxemia were 2.4
(confidence interval, 1.7–3.4) and 1.6 (confidence interval, 1.1–
2.2) for B and T lymphocytes, respectively. Independent of
endotoxin infusion, HEC increased the number of apoptotic
lymphocytes (P ⴝ 0.029 and P ⴝ 0.038 for B and T lymphocytes,
respectively). The ratios of the number of apoptotic spleen cells
in pigs treated and not treated with HEC were 1.5 (confidence
interval, 1.0 –2.1) and 1.5 (confidence interval, 1.0 –2.1) for B
and T lymphocytes, respectively.
Conclusion: In this porcine model, both endotoxemia and a

HEC increased the number of apoptotic B and T lymphocytes in
the spleen. Contrary to our hypothesis, lymphocyte apoptosis
during acute endotoxemia was augmented by a HEC.
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The model has been presented previously.8 The National Committee on Animal Research Ethics (Copenhagen, Denmark) approved the protocol, and the work
was conducted according to the guidelines in the Guide
for the Care and Use of Laboratory Animals.12
Thirty-eight female Landrace pigs (weight, 35– 40 kg)
were fasted overnight but were allowed free access to
water. They were premedicated with 10 mg/kg ketamine and 0.25 mg/kg midazolam intramuscularly. Further ketamine (10 mg/kg) was given intravenously before intubation and mechanical ventilation. Anesthesia
was maintained with a continuous intravenous infusion
of 60 g · kg⫺1 · h⫺1 fentanyl and 6 mg · kg⫺1 · h⫺1
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INCREASED lymphocyte apoptosis has been proposed to
be an important cause of immunodepression and mortality in critical illness.1 An increased number of apoptotic lymphocytes has been observed in experimental endotoxemia and was later also found in autopsy studies of
septic patients.2– 4 A reversal of lymphocyte apoptosis
with caspase-3 inhibitors showed increased survival
among septic mice.5 Furthermore, apoptotic cells have
shown excessive immune-modulating mechanisms.
Fadok et al.6 revealed that macrophages digesting apoptotic cells inhibited the production of proinflammatory
cytokines, and Sauter et al.7 demonstrated that dendritic
cells consuming apoptotic cells did not exhibit costimulatory factors and were unable to activate T cells.
We have previously found that a hyperinsulinemic–
euglycemic clamp (HEC) attenuates plasma concentrations of tumor necrosis factor ␣, glucagon, and free fatty
acids in an acute endotoxemic porcine model.8 It has
also been shown that the use of insulin for normalization
of blood glucose concentrations decreases mortality and
morbidity in critically ill patients.9 Although it has been
suggested that the metabolic control, as reflected by
normoglycemia, rather than the infused insulin dose per
se, was related to the beneficial effects of intensive
insulin therapy,10,11 we hypothesized that the positive
effects of a HEC could in part be ascribed to an insulininduced inhibition of lymphocyte apoptosis. We tried to
elicit this question by studying the effects of a HEC on
splenic lymphocyte apoptosis in a porcine model of
acute endotoxemia.
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Hyperinsulinemic–Euglycemic Clamp. Insulin (Insulin Actrapid; Novo-Nordisk, Copenhagen, Denmark)
was infused intravenously at a constant rate of 0.6 mU ·
kg⫺1 · min⫺1 for 570 min. Plasma glucose was clamped
at 5 mM/l by infusion of 20% glucose.

midazolam. Neuromuscular blocking drugs were not
used. Blood samples were collected from the arterial
catheter every 30 min and more frequently in relation to
lipopolysaccharide infusion for analysis of blood gases
and acid– base status.
Hemodynamic Monitoring
Continuous observations were performed of arterial
blood pressure, heart rate (from the electrocardiogram),
and pulmonary artery pressure. Pulmonary capillary
wedge pressure was measured intermittently. Cardiac
output was monitored using an Edwards Vigilance Monitor (Edwards Lifescience Corp., Irvine, CA).
Experimental Design
Thirty-eight pigs were allocated into four groups (fig.
1). The animals in group 1 (anesthesia, n ⫽ 10) were
subjected to general anesthesia solely for 570 min. In
group 2 (HEC, n ⫽ 9), the animals were in addition
exposed to a HEC for 570 min. In group 3 (lipopolysaccharide, n ⫽ 10), the animals were stabilized for 1 h
before they were given a 180-min infusion of lipopolysaccharide. Finally, the animals in group 4 (lipopolysaccharide–HEC, n ⫽ 9) were subjected to a combination of
HEC and lipopolysaccharide infusion. During the 570min study period, the animals in group 1 (anesthesia)
and group 2 (HEC) received 10 ml · kg⫺1 · h⫺1 isotonic
saline, whereas animals in the two other groups received
20 ml · kg⫺1 · h⫺1 to maintain adequate blood pressure
during and after lipopolysaccharide infusion. At study
termination, the animals were killed by evisceration of
the heart preceded by a fentanyl bolus of 1 mg.
Lipopolysaccharide Infusion Escherichia coli. Lipopolysaccharide endotoxin, (Escherichia coli 026:␤6,
Bacto Lipopolysaccharides; Difco Laboratories, Detroit,
MI) was dissolved in saline 120 min before each experiment to dissolve any precipitate. After a stabilization
period, lipopolysaccharide infusion was started at baseline at a rate of 2.5 g · kg⫺1 · h⫺1, and it was increased
stepwise to 15 g · kg⫺1 · min⫺1 during 30 min. After
this, the fusion was kept at a rate of 2.5 g · kg⫺1 · h⫺1
during 150 min and was thereafter discontinued.
Anesthesiology, V 102, No 4, Apr 2005
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Fig. 1. Illustration of the four groups and their individual treatments. HEC ⴝ hyperinsulinemic– euglycemic clamp; LPS ⴝ
lipopolysaccharide.

Measurement Sequence and Laboratory Analyses
Blood for determination of insulin was drawn every
half hour. Plasma glucose concentrations were measured
every 5–10 min. They were determined in duplicate
immediately after sampling (Beckman Instruments, Pale
Alto, CA). Serum insulin concentrations were measured
in duplicate by a two-site immunospecific insulin enzyme-linked immunosorbent assay (DAKO Diagnostics,
Cambridgeshire, United Kingdom).
Preparation of the Sections. Immediately after evisceration of the heart, tissue samples were taken from the
spleen (0.5 ⫻ 0.5 ⫻ 0.5 cm). These were covered in
Tissue-Tek® (Sakura Finetek, Europe, B.V., The Netherlands), transferred first to liquid nitrogen (⫺180°C) and
then to dry ice (⫺80°C), after which they were stored in
a freezer at ⫺80°C.
Four arbitrary sections (two for each of the B- and
T-lymphocyte investigations) were sliced 5 m thick by
a freeze microtome. The sections were washed in phosphate buffered saline (PBS), fixed in acetone (⫺20°C for
5 min), and air-dried for 20 min. Hereafter, they were
stored in a ⫺80°C freezer. Sections were thawed in pairs
in a 37°C incubator for 10 min, after which they were
rehydrated in PBS. Endogen peroxidases were blocked
with a 3% hydrogen peroxide solution dissolved in methanol. The frozen sections were again blocked with a
PBS-BB (1% bovine serum albumin, 0.3 Triton ⫻ 100,
0.2% powdered milk) for 30 min. Incubation with first
primary antibody anti-CD21 (purified mouse anti-human
monoclonal anti-CD21 immunoglobulin [Ig] G1, -R; BD
Pharmingen, Broenby, Denmark; 0.5 g/ml) or antiCD3⑀ (rat anti-human CD3; Serotec, Kidlington, Oxford,
United Kingdom; 10 g/ml) was performed for 60 min in
a moisturizing chamber. Antibodies to human CD21 was
chosen because of previous workshop findings.13 Human CD3⑀ antibody was used because of empirical experience with higher morphologic and fluorescence
quality. The sections were washed in PBS and incubated
with the first secondary antibody (goat anti-rat IgG-rhodamin 4 g/ml or goat anti-mouse IgG-rhodamine,
2.3 g/ml; both Santa Cruz Biotechnology, Santa Cruz,
CA) for 60 min in a moisturizing chamber. Hereafter, the
sections were incubated with the second primary antibody for 60 min (anti–active caspase-3; R&D Systems,
Abingdon, Oxon, United Kingdom; 2.5 g/ml). They
were washed in PBS and incubated with the second
secondary antibody for 60 min (swine anti-rabbit IgGhorseradish peroxidase; DAKO A/S, Glostrup, Denmark;
2.8 g/ml). The frozen sections were again washed in
PBS before incubation with tyramide signal amplification
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(NEN Life Science, PerkinElmer, Boston, MA) for 10 min.
The sections were rewashed in PBS and rinsed in distilled water. They were mounted with Vectorshield
(Vector Laboratories, Inc., Burlingame, CA) and sealed
with nail polish. They were kept cool overnight (4°C),
and fluorescence microscopy was performed the following day.

QA共B-pos/GC兲 ⫽

冘Q共B-pos兲 .
a共p兲 䡠 冘P共GC兲

(1)

T Lymphocytes. The total number of double positive
T lymphocytes in the counting frame (Q(T-pos)) was
counted by a systematic uniformly random sampling
process. Using the motorized section stage, the computer was programmed to a certain step-distance in x
and y coordinates, thereby visualizing approximately
120 two-dimensional unbiased counting frames per pig.
Each counting frame was examined with a shift in the
fluorescence light, as done with the B lymphocytes.
Furthermore, the number of counting frames corners,
(c), hitting the spleen was noted. Each corner was calculated to correspond to one fourth of the area of the
entire frame, a(c). The total amount of double positive
cells per spleen area, QA(T-pos/spleen), was estimated:

冘Q共T-pos兲 .
Q 共T-pos/spleen兲 ⫽
a共c兲 䡠 冘c共spleen兲
A
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(4)

where d is the average diameter of approximately 50
counted positive profiles, and t is the thickness of the
section. Nv is thereby a parameter estimating the number
of apoptotic B lymphocytes per m3 GC and the number
of apoptotic T lymphocytes per m3 spleen.
Statistical Analysis
Two-way analysis of variance (ANOVA) was used to
analyze data for interaction between HEC and endotoxemia and was further used to compare the effect of HEC
and endotoxemia on the group’s number of apoptotic
lymphocytes per m3 GC (Nv(B-pos/GC)) or spleen
(Nv(T-pos/spleen)). Probability values less than 0.05
were considered as significant. After assessment of probability plots and ln(mean)-ln(SD) plots, all data were
ln-transformed. All statistical analyses were made using
STATA 8.0 (StataCorp, College Station, TX).

Results
Plasma glucose and insulin concentrations in the four
groups are shown in figures 2A and B.
B Lymphocytes
The number of apoptotic B lymphocytes in the GC of
the spleen tissue is shown in figure 3. Both endotoxemia
and the HEC significantly increased the number of apoptotic B lymphocytes, but there was no significant interaction of the ln-transformed data between the two factors (two-way ANOVA, P ⫽ 0.55).
Independent of the clamp, endotoxemia significantly
increased the number of apoptotic B lymphocytes per
m3 GC (two-way ANOVA, P ⬍ 0.001). The ratio between the number of apoptotic B lymphocytes/m3 GC
in the spleen tissue of the endotoxin-treated and non–
endotoxin-treated pigs was 2.4 (confidence interval,
1.7–3.4).
Independent of endotoxemia, HEC significantly increased the number of apoptotic B lymphocytes (twoway ANOVA, P ⫽ 0.029). The ratio between the number
of apoptotic B lymphocytes/m3 GC in the spleen tissue
of clamped and nonclamped pigs was 1.5 (confidence
interval, 1.0 –2.1)
T Lymphocytes
The number of apoptotic T lymphocytes in spleen
tissue is shown in figure 4. Both endotoxemia and the
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Fluorescence Microscopy and Stereology
The stereologic analyses were preformed using an
Olympus BX 50 microscope (Olympus, Copenhagen,
Denmark). Pictures were taken with a 3-CCD (chargedcoupled device) video camera (KY-F55; JVC, Copenhagen, Denmark). Fluorescence light was delivered by a
reflected light fluorescence attachment (BX-FLA; Olympus) and powered by a U-RFL-T power supply unit
(Olympus). Using the software CAST 2.0 (Visiopharm,
Hoersholm, Denmark), a motorized section stage (Marzhauser, Wetzlar-Steindorf, Germany) was controlled, and
counting grids were superimposed onto the digital images. All stereologic examinations were preformed by an
examiner blinded to the treatment.
B Lymphocytes. The number of double positive B
lymphocytes was counted using CAST 2.0. (Visiopharm).
The screen was divided into a certain amount of tests
points with a given area per point, a(p). All germinal
centers (GCs) found in the section were examined. Each
GC was examined by a shift in the fluorescence light
looking for both fluorescin isothiocyanate (showing active caspase-3) and rhodamin (CD3⑀ or CD21) with a
100⫻ objective. The total amount of points, P(GC), hitting the GC and the number of double positive cells,
Q(B-pos), were noted. The number of double positive B
lymphocytes per GC area, QA(B-pos/GC), could therefore be estimated:

An average from the two sections was calculated, and
the amount of double positive cells per volume, Nv, was
estimated14:
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cause of human errors, whereas initially 3 from the
B-lymphocyte investigation and 8 from the T-lymphocyte
investigation were regarded as unusable because of tissue damage. These 3 and 8 samples were recut,
restained, and recounted. Two samples from the B-lymphocyte investigation and 6 samples from the T-lymphocyte investigation still had to be discarded because of
bad quality.

Fig. 2. Glucose concentrations (A) and insulin concentrations
(B) in the four groups. ● ⴝ group 1 (anesthesia); ⫹ ⴝ group 2
(hyperinsulinemic– euglycemic clamp);  ⴝ group 3 (endotoxemia); □ ⴝ group 4 (hyperinsulinemic– euglycemic clamp ⴙ
endotoxemia). The two dotted lines indicate blood glucose concentrations at 3.5 and 5.0 mM.

HEC significantly increased the number of apoptotic T
lymphocytes, but there was no significant interaction of
the ln-transformed data between the two factors (twoway ANOVA, P ⫽ 0.29).
Independent of the clamp, endotoxemia increased the
number of apoptotic T lymphocytes per m3 spleen
(two-way ANOVA, P ⫽ 0.016). The ratio between the
number of apoptotic T lymphocytes/m3 spleen tissue
in endotoxin-treated and non– endotoxin-treated animals
was 1.6 (confidence interval, 1.1–2.2).
Independently of endotoxemia, HEC also increased the
number of apoptotic T lymphocytes (two-way ANOVA,
P ⫽ 0.038). The ratio between the number of apoptotic
T lymphocytes/m3 spleen in the clamped and nonclamped pigs’ spleens was 1.5 (confidence interval,
1.0 –2.1).
Nine tissue samples from the B-lymphocyte investigation and 13 from the T-lymphocyte investigation had to
be discarded. Seven tissue samples were discarded beAnesthesiology, V 102, No 4, Apr 2005

Discussion
This study showed that acute endotoxemia in pigs
induced apoptosis of splenic B and T lymphocytes. This
observation is in accord with previous porcine studies of
endotoxemia showing an increased number of apoptotic

Fig. 4. Graph of Nv(T-pos/spleen) showing the number of apoptotic T lymphocytes/m3 spleen tissue on log10 scale. The
x-axis shows the four groups: A (anesthesia), C (hyperinsulinemic– euglycemic clamp), E (endotoxin), and EI (hyperinsulinemic– euglycemic clamp ⴙ endotoxin).
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Fig. 3. Graph of Nv(B-pos/GC) showing the number of apoptotic
B lymphocytes/m3 germinal center on log10 scale. The x-axis
shows the four groups: A (anesthesia), C (hyperinsulinemic–
euglycemic clamp), E (endotoxin), and EI (hyperinsulinemic–
euglycemic clamp ⴙ endotoxin).
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has known antiinflammatory mechanisms, this is in accord with the increased lymphocyte apoptosis found in
the current study.
We have previously demonstrated that a HEC decreased the glucagon and free fatty acid response to
acute endotoxemia.8 This correlates with the conclusions of Weekers et al.,21 who suggest that the prophylactic treatment with insulin to achieve normoglycemia
prevents excessive inflammation, catabolism, acidosis,
and impaired innate immune function in critically ill
patients.
Consequently, insulin could be considered an antiinflammatory molecule with, dependent on the underlying
condition, both beneficial and harmful effects. In addition, the positive effect of insulin by normalizing blood
glucose and decreasing glucagon and free fatty acid concentrations may in some conditions override the possible negative effects of antiinflammation. In addition,
because an antiinflammatory effect might be considered
positive in the early phase of sepsis, timing might be
pivotal for the end result of the inflammatory modulation
by insulin and normoglycemia in this condition.
This study has several limitations. (1) The HEC model
ensures high insulin concentrations and normoglycemia.
This method is not equivalent to the clinical intensive
insulin treatment, but it has several advantages: It maintains high insulin availability and fixates blood glucose
concentrations while avoiding both hyperglycemia and
hypoglycemia. Because increased glucose availability has
not, to our knowledge, been shown as proapoptotic, the
HEC should not interfere with our results. (2) The study
relies on estimation of the number of double positive
cells per volume as outcome. If the volume of the spleen
is altered in the different groups, the data could be
incorrect. However, if the spleen changes volume during
acute endotoxemia, it would probably increase because
of inflammation. That would produce less cells per volume spleen, and our results become even more significant. On the other hand, the spleen might shrink when
releasing erythrocytes as a compensatory mechanism to
increase a possible reduced blood volume induced by
endotoxemia. However, the animals were adequately
fluid resuscitated and did not show any major signs of
hypovolemia. (3) Cells changing in shape or size could
influence the results. We assumed that the cell size was
the same in all groups, but cells undergoing apoptosis
experience a phenomenon called blebbing. Blebbing is a
process in which the internal structures of the cell are
externalized with intact cell membrane. These vesicles
may contain active caspase-3, which can be colored and
counted as multiple apoptotic cells. Nv is calculated
from the average diameter of 50 positive cells. If there is
a significant difference in the average size of the cells
between the four groups, the estimates may be incorrect. However, we later studied approximately 100 cells
per group and found no significant difference in cell
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spleen B memory cells3 and unspecified lymphocytes.2
The other major finding was that the HEC independently
of endotoxemia increased the number of apoptotic lymphocytes in spleen tissue. Furthermore, the HEC augmented lymphocyte apoptosis during acute endotoxemia. This was in contrast to our hypothesis and, to our
knowledge, has not been reported previously.
The incentive for our project was first the study by Van
den Berghe et al.9 showing that tight glucose control by
insulin infusion improved outcome in critically ill patients. Second, it was hypothesized by Hotchkiss and
Karl1 that apoptotic cells may trigger sepsis-induced anergy and thereby contribute to the severe immunosuppression observed during critical illness. Hotchkiss and
Karl based this hypothesis on the fact that large numbers
of lymphocytes and gastrointestinal epithelial cells become apoptotic during sepsis in critically ill patients4,15,16 and that inhibition of apoptosis decreases
mortality rates of septic mice.5,17 The results of this
study could not support our hypothesis, i.e., that some of
the beneficial effects of insulin could be mediated by
decreased lymphocyte apoptosis. In contrast, we found
that insulin therapy, in the form of HEC, was associated
with increased apoptosis of splenic lymphocytes. This
effect of insulin was unexpected because it has been
regarded as an antiapoptotic molecule in relation to
other cell types.18 –20
However, the question remains, why do insulin treatment and metabolic control decrease morbidity and mortality in critical illness when HEC exhibited proapoptotic
features in our porcine study and apoptosis is associated
with increased mortality rates in other animal experiments?
First, results from animal studies are only indicative
and not conclusive regarding pathophysiology and the
effects of interventions in humans. Second, our model is
an endotoxemia model and does not accurately reflect
all aspects of critical illness or sepsis. Our model is
especially different from classic sepsis in respect to time,
where we focus on the acute response contrary to longterm critically ill sepsis patients. Third, based on a multivariate logistic regression analysis, Van den Berghe et
al.11 concluded that blood glucose control rather than
the absolute amounts of infused insulin was related to
the beneficial effect of intensive insulin therapy. In accordance with this finding, Finney et al.10 showed in a
prospective, observational study that increased insulin
administration was positively associated with death in
the intensive care unit regardless of the prevailing blood
glucose concentration. Therefore, in critical illness, it is
not clear whether insulin per se contributes to the improved outcome. Finally, we have previously found in
the same model of endotoxemia that HEC inhibited a
tumor necrosis factor-␣ response in plasma, indicating
an antiinflammatory effect. This down-regulated proinflammatory response by insulin has been demonstrated
in other human and animal studies. Because apoptosis
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profile diameter among the four groups. The use of a
disector-sampling technique22 could have eliminated the
bias concerning cell size and shape. (4) Because it is hard
to explain why a HEC itself should increase the number
of apoptotic lymphocytes, it is intriguing whether a
larger number of test animals would disclose a significant
interaction between HEC and endotoxin, thereby indicating that a HEC had an effect only during endotoxemia
and not on the healthy anesthetized pigs. Finally, it was
not always possible to analyze the section because of bad
quality. In total, 34% of the samples from the T-lymphocyte examinations and 24% of the samples from the
B-lymphocyte examinations had to be discarded. Nevertheless, we had sufficient samples to perform an adequate analysis.
In conclusion, this experimental porcine study
showed that both endotoxemia and a HEC increased the
number of apoptotic B and T lymphocytes in spleen
tissue. Further we showed that a HEC augmented lymphocyte apoptosis during acute endotoxemia. The reasons and consequences of these results remain unclear,
and further studies are needed to resolve these issues.
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