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Adverse outcome of critical illness is often caused by systemic
inflammation and sepsis. A recent study showed that mortal-
ity is significantly reduced by maintenance of normoglycemia
using intensive insulin therapy. We examined whether the
beneficial effects of intensive insulin therapy involve modu-
lations of mannose-binding lectin (MBL) and C-reactive pro-
tein (CRP) levels.

From a study of 1548 patients randomly assigned to either
conventional treatment or intensive insulin therapy at an in-
tensive care unit (ICU) we included all 451 patients who
needed prolonged intensive care (>5 d). CRP and MBL con-
centrations were measured on admission,d 5,d 15, and the last
day in the ICU.

In all patients, serum MBL concentrations increased with
time in the ICU (P < 0.0001). This acute phase response was
suppressed by intensive insulin therapy at all time points
studied (P < 0.02). Selectively in patients receiving conven-

tional therapy, MBL concentrations at baseline were almost 3
times higher in survivors than in nonsurvivors (P = 0.04).
Baseline CRP concentrations were elevated, but decreased
with time in ICU (P < 0.0001). The decrease in CRP was sig-
nificantly more pronounced in the intensive insulin-treated
patients compared with the conventionally treated patients
(P = 0.02) at all time points. Multivariate logistic regression
analysis, corrected for all other determinants of outcome, re-
vealed that the antiinflammatory action on CRP, but not on
MBL, largely explained the beneficial effects of intensive in-
sulin therapy on morbidity and mortality.

In conclusion, intensive insulin therapy exerts a powerful
antiinflammatory effect during critical illness which at least
partially explains improvement in morbidity and mortality.
Possible adverse effects of low baseline MBL are overcome by
intensive insulin therapy. (J Clin Endocrinol Metab 88:
1082-1088, 2003)

ORTALITY AMONG PATIENTS with prolonged crit-
icalillness exceeds 20% (1, 2), with most deaths being
attributable to sepsis and multiple organ failure. Each year,
these conditions affect more than 500,000 patients in the
United States alone (3). An increased susceptibility to severe
infections during critical illness as well as adverse effects of
an excessive systemic inflammatory response on organ func-
tion may be operative.

Within the last few years, two large scale studies of dif-
ferent hormone therapies have yielded remarkable results.
Intensive insulin therapy to maintain normoglycemia during
intensive care resulted in significant reductions in morbidity
and mortality (1), whereas high dose GH treatment almost
doubled mortality compared with placebo (2). In both stud-
ies the effects on mortality were present among patients
receiving prolonged (>5 d) intensive care and were predom-
inantly related to sepsis, inflammation, and lethal, multiple
organ failure, but the exact mechanisms behind the opposite
actions of insulin and GH remain speculative.

Serum levels of acute phase proteins, which are synthe-
sized in the liver, can serve as indicators of the presence and
extent of inflammation and tissue necrosis. Some of these
proteins also have intrinsic antimicrobial properties and
have been linked to innate immunity and host defense. C-

Abbreviations: CRP, C-reactive protein; ICU, intensive care unit; IQR,
interquartile range; MBL, mannose-binding lectin.

Reactive protein (CRP) is the most prominent member of the
first group (4), whereas mannose-binding lectin (MBL; also
known as mannan-binding lectin) belongs to the latter.

Measurements of CRP concentrations are widely used to
help clinicians differentiate between inflammatory and non-
inflammatory conditions and to monitor the course of a large
number of diseases (4). The exact pathophysiological role of
CRP in the inflammatory process remains unclear, but may
involve binding to ligands such as polysaccharides found on
the surface of bacteria and necrotic tissue, and activation of
leukocytes and the complement system (5).

MBL plays an important role in innate immunity by rec-
ognizing and initiating opsonization of microorganisms (6).
As a C-type lectin, MBL can bind specifically to patterns
of terminal nonreducing sugars, including N-acetylglu-
cosamine, mannose, and fucose. MBL binds to such carbo-
hydrate structures on the surface of microorganisms, upon
which it initiates complement activation through association
with serine proteases (MBL-associated serine protease-1, -2,
and -3) (7-9). This complex activates the complement system
at the levels of C4 and C2 in a series of interactions that has
been termed the lectin pathway of complement activation.
The average serum concentration of MBL in the adult pop-
ulation is between 1000-2000 ug/liter, with very large vari-
ations (6). The between-subject differences in serum concen-
trations are primarily caused by genetic factors, and point
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mutations within exon 1 as well as in the promoter region of
the MBL gene occur with high incidence. As a consequence,
approximately one third of the population has MBL concen-
trations below 500 ug/liter, and more than 10% have con-
centrations below 50 pg/liter (10). Normally within-subject
variations in MBL levels are very small (11), but serum con-
centrations increase during acute phase responses (12) and
can be specifically induced by GH administration (11). How-
ever, although the genetically determined between-subject
variations in basal MBL levels cover several orders of mag-
nitude, the within-subject changes caused by acute phase
responses or induced by GH are far smaller. Deficiency of
MBL is associated with an increased incidence of infections
(13-16), but due to the redundancy of the immune system the
increased risk may only be apparent if other coexisting im-
munological abnormalities are present. In line with this, it
was recently reported that low levels of MBL in patients
receiving cancer chemotherapy are associated with an in-
creased frequency of febrile neutropenic episodes and severe
infections (17, 18). The impact of MBL concentrations on the
course of disease in otherwise immunocompetent critically ill
patients has not been studied.

We here investigated whether low baseline MBL levels
affect outcome in critically ill patients. Furthermore, as both
MBL and CRP have pronounced and distinctive interactions
with the complement system and leukocyte activity, and
excessive inflammation may contribute to organ failure and
death, we studied the effect of intensive insulin therapy on
these inflammatory markers and documented their impact
on outcome.

Subjects and Methods

The samples used for the present study were obtained from a pro-
spective, randomized, controlled study including all patients on me-
chanical ventilation admitted to the Department of Intensive Care Med-
icine, University of Leuven (Leuven, Belgium), from February 2000 to
January 2001. On admission, patients had been randomly assigned to
receive intensive insulin therapy or conventional treatment. The main
outcome and the complete study protocol with description of study
design, end-point definitions, clinical measures, data collection, and
baseline characteristics have been published (1). The institutional review
board approved the protocol, and written informed consent was ob-
tained from the closest family member of all patients at intensive care
unit (ICU) admission.

Study design

From the total study population of 1548 patients, we included all
patients who received intensive care for more than 5 d, which was the
group in which the mortality benefit of intensive insulin therapy oc-
curred (1). Upon ICU admission, all patients were randomly assigned to
receive either intensive or conventional insulin therapy. Insulin (Ac-
trapid HM, Novo Nordisk, Copenhagen, Denmark) was administered as
an insulin infusion (50 IU Actrapid HM in 50 ml 0.9% sodium chloride)
using an infusion pump (Perfusor-FM, B. Braun, Melsungen, Germany).
In the intensive treatment group the insulin infusion was started if blood
glucose levels exceeded 6.1 mmol/liter and was adjusted to keep blood
glucose between 4.4—6.1 mmol/liter, whereas in the conventional treat-
ment group the insulin infusion was started at blood glucose levels
above 12 mmol/liter and was adjusted to keep blood glucose between
10-11 mmol/liter (Fig. 1).

Bloodstream infection was defined by a blinded investigator as the
presence of bacterial pathogens, excluding contamination according to
strict criteria (19), in blood cultures obtained when central body tem-
perature steeply rose above 38.5 C. The use of antibiotics was recorded
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F1c. 1. Blood glucose levels upon admission; on the morning of d 1,
5, and 15; and on the last day of intensive care in the intensive
insulin-treated group ([J) and the conventionally treated group () of
prolonged critically ill patients. Data are the mean * SEM. As in-
tended, blood glucose levels were significantly different between the
two groups (P < 0.0001) at all time points after random-
ization.

as the total number of days on any systemic antibiotic treatment. The
number of days during which leukopenia (=4,000 cells/ul) or leuko-
cytosis (=12,000 cells/ul) was present and the number of days during
which an episode of hypothermia (=36 C) or hyperthermia (=38 C)
occurred were also analyzed. The incidence of acute renal failure re-
quiring renal replacement therapy was recorded. Weekly electromyo-
graphy screenings were performed for the diagnosis of critical illness
polyneuropathy. The occurrence at any time during ICU stay of a pos-
itive electromyography for critical illness polyneuropathy, as defined by
an electrophysiologist who was blinded for treatment allocation, was
analyzed. The cause of death for all patients who died was established
clinically by the attending physician and was confirmed on postmortem
examination by a pathologist who was unaware of treatment assignment.

MBL and CRP measurements

Blood samples were drawn within 24 h after admission to the ICU
(baseline), and subsequently on d 5 and 15 and/or the last day of
intensive care (i.e. the day of discharge or death) for determination of
serum MBL and CRP. Samples at all time points were available in 203
of 209 patients who stayed in the ICU for more than 15 d, whereas
complete sets of samples from baseline, d 5, and last day were available
in 439 patients.

Serum MBL concentrations were measured in all available samples
by an investigator who was blinded for treatment allocation using an
in-house, time-resolved immunofluorometric assay (20). In brief, mi-
crotiter wells were coated with mannan, followed by incubation with
diluted samples. After washing, europium-labeled monoclonal anti-
MBL antibody (131-1, Immunolex, Copenhagen, Denmark) labeled with
europium using reagents from Wallac, Inc. (Turku, Finland) was added,
and after incubation and washing the amount of bound labeled antibody
was assessed by time-resolved fluorometry (Delphia, Wallac, Inc.). Se-
rum CRP concentrations were measured by immunoturbidimetric assay
(Roche-Itachi-Modular-P, Roche, Basel, Switzerland). Normal CRP lev-
els in healthy volunteers are below 5 mg/liter.

Statistical analysis

Differences between intervention groups were evaluated by Mann-
Whitney U and ? tests. Changes in MBL and CRP concentrations over
time during the ICU stay were analyzed by Friedman'’s test for several
related samples. Spearman correlation with two-tailed probability val-
ues was used to estimate the strength of association between variables.
The impact of randomization schedule and baseline MBL and CRP levels
on outcome variables (mortality, acute renal failure, bacteremia, pro-
longed need for antibiotic treatment, and polyneuropathy) was assessed
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by multivariate logistic regression analysis. In addition, multivariate
logistic regression analysis was used to assess whether the changes in
MBL and CRP over time explained clinical outcome variables. Data are
given as medians with interquartile ranges unless specified otherwise,
and statistical significance was assumed for P < 0.05. All statistical
calculations were performed with StatView 5.0.1 for Macintosh (SAS
Institute, Inc., Cary, NC).

Results
Clinical patient characteristics and outcome

The 451 patients who required intensive care for more than
5d (long-stay patients) were included for this analysis. These
patients needed intensive care for a median of 20 d [inter-
quartile range (IQR), 9-24], and their mean age at ICU ad-
mission was 61 = 15 yr. The 208 patients who had been
randomized to intensive insulin therapy received insulin
throughout the ICU stay at a median dose of 70 IU/d (IQR,
47-93), whereas 124 of the 243 patients in the conventional
treatment group received insulin for 41% (IQR, 14-92%) of
the ICU stay at a median dose of 32 IU/d (IQR, 14-58) on the
days insulin was given. There were no significant differences
in age, sex, body mass index, reason for intensive care, or
severity of illness scores between the 2 treatment groups on
admission.

As previously reported (1), 71 of these long-stay patients
died during intensive care. The cause of death was multiple
organ failure with or without a proven septic focus in 83%
of the cases, acute cardiovascular collapse in 13%, and severe
brain damage in 4% of the cases. In the intensive insulin
therapy group, the mortality during intensive care was sig-
nificantly lower than in the conventional treatment group
(10.6% wvs. 20.2%; P = 0.005) (1). The incidence of acute renal
failure requiring replacement therapy was reduced from 24%
to 15% (P = 0.01) by intensive insulin therapy, and the in-
cidence of critical illness polyneuropathy decreased form
45% to 22% (P < 0.0001).

Bacteremia occurred in 15% of intensive insulin-treated,
long-stay patients compared with 25% of the conventionally
treated patients (P = 0.01). Of all positive blood cultures, 34%
were polymicrobial, with coagulase-negative staphylococci,
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enterococcus species, and nonfermenting, Gram-negative
bacilli being the most frequently isolated pathogens. There
were no significant differences in causative pathogens be-
tween the 2 study groups. A total of 445 patients received
treatment with antibiotics for a median duration of 10 d (IQR,
6-18). Intensive insulin therapy significantly reduced the
duration of antibiotic treatment from a median of 12 d (IQR,
6-21) to 9 d (IQR, 6-16; P = 0.002). Intensive insulin therapy
also reduced the number of days during which leukopenia
or leukocytosis was present from a median of 6 d (IQR, 2-13)
to 4 d (IQR, 1-10; P = 0.02) and the number of days with
hypo- or hyperthermia from a median of 10 d (IQR, 5-16) to
7 d (IQR, 4-11; P = 0.0004) independent of its preventive
effect on bloodstream infections.

Serum MBL concentrations

Upon ICU admission, the average serum MBL concentra-
tion was 1019 pg/liter (median, 726 ug/liter; IQR, 245-1520),
which is comparable with the level documented in healthy
Danish and British subjects (6, 11). Admission MBL concen-
trations were identical in both insulin therapy groups [724
png/liter (IQR, 255-1520) in the intensive insulin-treated
group and 820 ug/liter (IQR, 241-1518) in the conventionally
treated group; P = 0.96]. Also, the number of patients with
abaseline MBL level below 500 ug/liter and the number with
baseline MBL below 50 ug/liter was equal in both study
groups (41% and 9.8%, respectively, in the intensive insulin
group and 40% and 8.9%, respectively, in the conventionally
treated group; P = 0.9 and P = 0.8, respectively).

Overall, baseline MBL levels tended to be lower in non-
survivors (median, 550 ug/liter; IQR, 190-1390) than in sur-
vivors (median, 738 pg/liter; IQR, 260-1675; P = 0.13). In a
subanalysis of the 243 conventionally treated patients, non-
survivors revealed significantly lower baseline MBL concen-
trations compared with survivors [387 ug/liter (IQR, 190-
1289) vs. 897 ng/liter (IQR, 246-1686), respectively; P = 0.04;
Table 1]. The association between low levels of MBL and
increased risk of death was even stronger on d 5 (P = 0.012)
and on the last day in the ICU (P = 0.002). Likewise, the

TABLE 1. Serial measurements of MBL and CRP concentrations in the two treatment groups

Intensive insulin therapy

Conventional treatment

Died in ICU ICU survivor P Died in ICU ICU survivor P
All patients n = 22 n = 186 n =49 n =194
MBL concentrations Day 1 1170 (170-1593) 705 (268-1520) 0.79 387 (190-1287) 897 (246-1686) 0.045
[ng/liter, median (IQR)]
Day 5 1295 (269-1960) 1220 (275-2113) 0.97 460 (158—-2140) 1321 (346-2706) 0.012
Last day 1308 (331-3615) 1567 (370-2971) 1.0 990 (240-2408) 1960 (569-3848) 0.002
CRP concentrations Day 1 111 (76-163) 135 (62-217) 0.78 129 (57-229) 137 (75-211) 0.37
[mg/liter, median (IQR)]
Day 5 185 (108-225) 137 (73-196) 0.055 161 (99-275) 148 (98-217) 0.14
Last day 167 (113-208) 56 (26-94) <0.0001 137 (94-175) 66 (34-102) <0.0001
Patients with bacteremia
n=4 n =28 n =16 n =43
MBL concentrations Day 1 1135 (417-1440) 765 (215-1724) 0.89 320 (11-1259) 1035 (335-1825) 0.090
[ng/liter, median (IQR)]
Day 5 1183 (647-1394) 1053 (184-1814) 0.93 680 (14-2293) 2285 (488-3925) 0.067
Last day 1479 (597-2979) 1273 (374-2142) 0.76 330 (26-1888) 2550 (700-2550) 0.008
CRP concentrations Day 1 151 (54-161) 121 (66-178) 0.65 138 (61-231) 169 (71-210) 0.64
[mg/liter, median (IQR)]
Day 5 137 (116-191) 111 (60-201) 0.42 131 (64-224) 147 (105-193) 0.67
Last day 145 (88-187) 37 (25-86) 0.04 140 (89-158) 54 (28-114) 0.006
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fraction of conventionally treated patients with MBL con-
centrations below 500 ug/liter was 54% among nonsurvivors
compared with 36% among survivors (P = 0.02).

However, multivariate logistic regression analysis including
all patients and corrected for all upon admission risk factors
revealed that insulin therapy (adjusted odds ratio, 0.52; 95%
confidence interval, 0.28—0.95; P < 0.04), but not baseline MBL
concentration (per 100 ug/liter MBL added: adjusted odds
ratio, 0.990; 95% confidence interval, 0.950-1.020; P = 0.4)
significantly determined outcome. Also, there was no relation
between the cause of death and serum MBL concentrations at
any time point (data not shown). Likewise, insulin therapy
schedule, but not baseline MBL concentration, significantly de-
termined the incidence of bacteremia, acute renal failure and
polyneuropathy, duration of antibiotic treatment, and number
of days during which leukopenia/leukocytosis or hypo-/
hyperthermia was present, as indicated by multivariate logistic
regression analysis.

In all patients regardless of treatment group, MBL con-
centrations increased significantly with time in intensive care
(P < 0.0001; Fig. 2). This rise was independent of the baseline
MBL concentration and was mostly attributable to the sur-
vivors, with the highest relative increases in serum MBL
concentrations observed in the conventionally treated sur-
vivors. Intensive insulin therapy blunted the rise in serum
MBL levels significantly at all time points (Fig. 3). However,
the beneficial effect of insulin on mortality and morbidity
was not significantly related to the suppressive effect on
serum MBL concentrations, as indicated by multivariate
logistic regression analysis (Table 2). The suppressive ef-
fect of insulin on MBL levels was present even among
survivors without bloodstream infections (n = 155 in the
intensive treatment group and n = 145 in the conventional
treatment group; P < 0.05 at all time points; data not
shown). Regardless of treatment group, patients who de-
veloped bacteremia revealed a lower relative increase in
MBL levels on d 15 compared with those who did not
develop bacteremia (P = 0.02).
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F1G. 2. Serial measurements of MBL concentrations in patients re-
ceiving prolonged (>5 d) intensive care. Bars represents medians,
boxes indicate IQRs, and whiskers show the 10th and 90th percentiles.
P values refer to Friedman’s test for several related samples.
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Fic. 3. Relative change in MBL concentrations from d 1 (A%) in
patients receiving intensive insulin therapy ([]) or conventional ther-
apy (). P values refer to between-group comparison with Mann-
Whitney U test.

Serum CRP concentrations

Serum CRP concentrations upon ICU admission were
equally elevated in both study groups [median 132 ug/liter;
interquartile range, 64-217) in the intensive insulin group
and median 135 pg/liter (interquartile range, 70-214) in the
conventionally treated group; P = 0.8] and were equal in
survivors and nonsurvivors. It was the insulin therapy
group, and not the baseline CRP level, that significantly
determined the risk of bacteremia, polyneuropathy, acute
renal failure, and mortality, as indicated by multivariate
logistic regression analysis. Both a high baseline CRP level
and being randomized to the conventional insulin therapy
group significantly and independently increased the risk of
prolonged (>10 d) antibiotic treatment and of prolonged
inflammation, as indicated by multivariate logistic regres-
sion analysis.

The acute phase CRP response started to level off after d
5 in both groups (Fig. 4). Intensive insulin therapy signifi-
cantly suppressed serum CRP concentrations at all time
points (Fig. 4), an effect that was also present in those patients
who did not develop bacteremia. The suppressive effect of
intensive insulin therapy on CRP after d 5 at least partially
explained its beneficial effect on acute renal failure and mor-
tality, but not polyneuropathy (Table 2), as indicated by
multivariate logistic regression analysis, which is in contrast
to the effect of insulin on serum MBL concentrations. Indeed,
after correction for other risk factors and compared with a
CRP level of less than 50 mg/ liter, the relative risk of death
increased 41-fold (95% confidence interval, 11-160) for a CRP
concentration exceeding 200 mg/liter on the last day of in-
tensive care (P < 0.0001; Fig. 5). On d 15 and on the last day,
nonsurvivors in both study groups had equally high CRP
levels, which were significantly higher than the CRP levels
in conventionally and intensively insulin-treated survivors,
with the suppressive effect of insulin on CRP levels also
present among survivors only (Table 1).

There was a positive correlation between the number of
days on which a substantially elevated CRP level (>150
mg/liter) was noted and the number of days with leukope-




1086 J Clin Endocrinol Metab, March 2003, 88(3):1082-1088

Hansen et al. ® Antiinflammatory Actions of Insulin

TABLE 2. Multivariate logistic regression analysis of the impact of changes in MBL and CRP on the last day of intensive care, corrected
for other risk factors of morbidity and mortality, including the randomized insulin therapy group

OR 95% CI P
ICU mortality
Other than cardiac surgery 1.377 0.541-3.504 0.5
Age (per added year) 1.026 0.995-1.058 0.1
Delayed admission 0.480 0.198-1.162 0.1
History of diabetes 0.628 0.184-2.148 0.5
Admission hyperglycemia (>11 mmol/liter) 1.799 0.720-4.495 0.2
History of malignancy 1.683 0.690-4.103 0.3
First 24-h APACHE-II (per unit) 1.083 1.009-1.163 0.03
Intensive insulin therapy 0.738 0.347-1.569 0.4
Relative change in MBL (per % added) 1.000 0.998-1.002 0.9
CRP (per 50 mg/liter added) 1.900 1.600-2.540 <0.0001
Acute renal failure
Other than cardiac surgery 0.912 0.470-1.768 0.8
Age (per added year) 1.003 0.984-1.022 0.8
Delayed admission 0.712 0.385-1.316 0.3
History of diabetes 0.982 0.424-2.275 1.0
Admission hyperglycemia (> 11 1.193 0.590-2.413 0.6
mmol/liter)
History of malignancy 0.788 0.379-1.635 0.5
First 24-h APACHE-II (per unit) 1.127 1.067-1.191 <0.0001
Intensive insulin therapy 0.717 0.416-1.233 0.2
Relative change in MBL (per % added) 1.001 1.000-1.002 0.2
CRP (per 50 mg/liter added) 1.250 1.050-1.400 0.02
Critical illness polyneuropathy
Other than cardiac surgery 1.171 0.664-2.066 0.6
Age (per added year) 1.005 0.990-1.021 0.5
Delayed admission 1.305 0.799-2.131 0.3
History of diabetes 0.566 0.262-1.222 0.2
Admission hyperglycemia (> 11 1.041 0.556-1.951 0.9
mmol/liter)
History of malignancy 1.039 0.595-1.816 0.9
First 24-h APACHE-II (per unit) 1.052 1.006-1.100 0.03
Intensive insulin therapy 0.363 0.232-0.572 <0.0001
Relative change in MBL (per % added) 1.001 1.000-1.002 0.05
CRP (per 50 mg/liter added) 0.996 0.992-1.000 0.04

APACHE II denotes Acute Physiology and Chronic Health Evaluation and is an indicator of severity of illness, with higher values indicating
more severe illness. The prevention of acute renal failure and mortality with intensive insulin therapy appears largely mediated by its effect
on CRP, but not on MBL. Insulin-induced prevention of polyneuropathy involves other pathways besides its effect on inflammation. OR, Odds

ratio; CI, confidence interval.

nia/leukocytosis (p = 0.43; P < 0.0001) and hypo-/hyper-
thermia (p = 0.46; P < 0.0001). There were no significant
correlations between the relative changes in MBL and CRP
from baseline at any time point.

Discussion

Protracted critical illness is associated with substantial met-
abolic and immunological derangements and a high risk of
death (21). Here, we have documented strong antiinflamma-
tory effects of intensive insulin therapy in prolonged critically
ill patients, as reflected by reduced duration of leukocytosis/
leukopenia and hypo-/hyperthermia, and suppression of the
acute phase responses of MBL and CRP, independent of its
effect on severe infections. We also found that the beneficial
effects of intensive insulin therapy on organ failure and mor-
tality were at least partially linked to the antiinflammatory
effects, more specifically to the lowering of circulating CRP
concentrations. In addition, we observed that low on-admission
concentrations of MBL may predict a poor outcome among
patients treated with conventional intensive care, but that the
adverse effects of low baseline MBL levels can be overcome by
intensive insulin therapy.

More than two thirds of patients admitted to intensive care
units develop signs of the systemic inflammatory response
syndrome (22), caused by either infection or tissue damage,
and a substantial number of these patients progress to shock
and multiple organ failure. Stress hyperglycemia is a prom-
inent feature in critically ill patients. Maintaining normogly-
cemia with insulin significantly prevented multiple organ
failure and bloodstream infections, and shortened the dura-
tion of antibiotic treatment, the number of days with leuko-
penia/leukocytosis, and the duration of hypo-/hyperther-
mia; together these resulted in less lethality. Whether these
beneficial effects are attributable to the prevention of hyper-
glycemia, the increased availability of insulin, or a combi-
nation of both remains speculative. Multivariate logistic
regression analysis revealed that the antiinflammatory effect
of intensive insulin therapy, as indicated by the lowering of
circulating CRP, to a large extent explained the prevention
of acute renal failure and mortality. Although, theoretically,
suppression of the acute phase CRP response with insulin
could be a secondary phenomenon to its effect on severe
infections and mortality, it was present even among unin-
fected survivors, which points to a direct antiinflammatory



Hansen et al. ® Antiinflammatory Actions of Insulin

P=0.02

P=038

P=0.004

CRP (mg/l)

100 7

admission day 5 day 15 last day

FiG. 4. Serial measurements of CRP concentrations in patients receiv-
ing intensive insulin therapy ((J) or conventional treatment (E£). P values
refer to between-group comparison with Mann-Whitney U test.
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Fic. 5. Relative risk of death with increasing serum CRP concentra-
tion on the last of intensive care, adjusted for reason for ICU admis-
sion, delayed admission, history of diabetes and malignancy, hyper-
glycemia upon admission, severity of illness, relative change in MBL
level on the last day of intensive care, and randomized insulin therapy
group, as estimated by multivariate logistic regression analysis. Data
are presented as adjusted odds ratios and 95% confidence intervals.

effect. In rat hepatoma cells, insulin has been shown to inhibit
cytokine-induced transcription of acute phase proteins (23).
However, in the current study, the direct hepatic effects of
insulin cannot with certainty be distinguished from its effects
on glycemic control, as both occurred concomitantly. In pa-
tients with type II diabetes, treatment with insulin, but not
improved glycemic control per se, has been shown to reduce
circulating CRP (24), which is in favor of a direct effect of
insulin on the hepatic acute phase response. Insulin is indeed
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emerging as a molecule with strong antiinflammatory prop-
erties, suppressing the generation of a range of early proin-
flammatory substances, including TNFa, macrophage migra-
tion inhibitory factor, superoxide anions, and intranuclear
nuclear factor-«B (25, 26). A recent study, however, showed that
short-term hyperinsulinemia per se can also induce proinflam-
matory responses in euglycemic healthy volunteers (27). In
addition, hyperglycemia has been shown to exert direct proin-
flammatory effects in nondiabetic rats (28).

A number of publications have reported a possible asso-
ciation between low levels of MBL and increased risk of
infections, particularly in patients who are immunocompro-
mised, such as children with immature antibody repertoire
(15, 16), patients with acquired immunodeficiency syndrome
(29), or patients with malignancies receiving chemotherapy
or stem cell transplantation (17, 18, 30). Only 1 report of
unusual and severe infections in 5 adults with no other
known immune deficiency suggested that MBL deficiency
may confer a life-long risk of infection (31). The current
subanalysis of the 243 conventionally treated patients re-
vealed that MBL levels on admission were almost 3 times
higher in survivors as in nonsurvivors, in favor of a vulner-
ability associated with low MBL levels in critically ill patients
who are presumably immunocompetent. Intensive insulin
therapy, however, not only reduced the risk of severe infec-
tions and lethality, but also overruled the increased vulner-
ability associated with low MBL levels, which may point to
a common pathway. Indeed, although a selection bias cannot
be totally ruled out, our observations suggest that the con-
ventionally treated, critically ill patients, because of hyper-
glycemia and/or lack of insulin effect, may be less immu-
nocompetent than the intensive insulin-treated group, and in
that situation a low MBL level does seem to predispose to
adverse outcome. The association between low levels of MBL
and outcome of conventionally treated ICU patients was not
restricted to severe MBL deficiency, but was evident even
when using a concentration of less than 500 ug/liter as a
cut-off level for functional MBL deficiency, as previously
suggested by Peterslund et al. (18).

MBL is known to activate complement after binding to a
broad range of pathogens (32), and it seems plausible that
MBL may protect against sepsis and multiple organ failure
through early neutralization of invading microorganisms.
However, the exact antimicrobial mechanism of MBL prob-
ably depends on the nature of the infecting organism and
may involve enhanced phagocytosis through deposition of
complement factors on the surface of the microorganism or
direct destruction through the membrane attack complex
(C5b-9) (6). As intensive insulin therapy overcomes the ad-
verse effects of a low baseline MBL level, immune enhance-
ment through similar mechanisms may be operative.

The high prevalence of point mutations in the MBL gene
has been interpreted as evidence of some biological advan-
tage associated with low circulating MBL (6). Recent studies
have shown that MBL mediates complement activation after
endothelial hypoxia, thereby potentially aggravating the re-
sulting postischemic injury (33). Likewise, it has been sug-
gested that CRP directly participates in local inflammatory
processes in infarcted tissues during sepsis (34). Conse-
quently, suppression of the acute phase response of CRP and
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MBL may partially mediate the advantageous effects of in-
tensive insulin therapy in critically ill patients with ischemic
injury and of glucose-insulin-potassium infusion in patients
after acute myocardial infarction (35, 36).

In conclusion, we found that intensive insulin therapy
suppresses the hepatic acute phase response, as indicated by
circulating CRP levels, and that this antiinflammatory prop-
erty at least partially explains the beneficial effects on organ
failure and mortality in surgical critically ill patients. Low
levels of MBL may predict a poor outcome in protracted
critical illness, but the unfavorable effects of low baseline
MBL can be neutralized by intensive insulin therapy.
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