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Summary

b-Glucans are glucose polymers with a variety of stimulatory effects on the
immune system. The objective of this study was to determine the effect of
prophylactic oral administration of soluble Saccharomyces cerevisiae-derived
b-1,3/1,6-glucan (SBG) on the outcome of experimental endotoxaemia and
shock-associated organ injury. Male Wistar rats were pretreated with SBG
orally (SBGpo, 20 mg/kg/day) for 14 days, subcutaneously (SBGsc, 2 mg/kg/
day) for 3 days, or vehicle (placebo). Rats were anaesthetized and subjected to
endotoxaemia by intravenous infusion of Escherichia coli lipopolysaccharide
(LPS) (6 mg/kg) or saline infusion (sham). We observed significant levels of
plasma b-glucan in the SBGpo group (P < 0·5), although the SBGsc group had
levels approximately 40-fold higher despite a 10-fold lower dose. SBG prophy-
laxis caused enhanced blood pressure recovery following LPS-induced blood
pressure collapse. Oral treatment with SBG attenuated the LPS-induced rise in
plasma creatinine levels (P < 0·05), indicating protection against renal injury.
SBG also attenuated the plasma levels of aspartate aminotransferase and
alanine aminotransferase (SBGpo, P < 0·01; SBGsc, P < 0·01), indicating pro-
tection against LPS-induced hepatic injury. A moderate increase in baseline
interleukin (IL)-1b levels was observed in the SBGsc group (P < 0·05). In the
LPS-challenged rats, plasma levels of proinflammatory cytokines was moder-
ately reduced in both SBG-treated groups compared to placebo. SBG treat-
ment, particularly oral administration, had a striking effect on the
haemodynamics of LPS-treated rats, although only a minute fraction of the
orally administered b-glucan translocated to the circulation. Enhanced organ
perfusion may thus be responsible for the attenuated levels of indicators of
kidney and liver injury seen in SBG-treated rats.
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Introduction

Sepsis, a systemic host response to infection, with multiple
organ dysfunction syndrome (MODS), continues to be the
main cause of morbidity and mortality in intensive care
units [1]. Systemic administration of b-glucans has been
shown to mediate protection against sepsis and MODS [2,3],
modulate cytokine profiles [4,5] and prolong survival [5–8]
in experimental animal models. b-Glucans have also been
shown to possess an array of beneficial properties, including
enhancing protection against infections [6,8,9], tumour
development [10,11] and radiation injury [12,13], lowering
plasma lipids [14,15], increasing salivary IgA secretion [16],

promoting wound healing [17], mediating protection
against myocardial ischaemia and reperfusion injury [18] as
well as restoring haematopoiesis following bone marrow
injury [19]. These heterogeneous glucose polymers consist of
a backbone of b-(1→3)-linked b-D-glucopyranosyl units
with b-(1→6)-linked side chains of varying length and
distribution. They are major cell wall structural components
in fungi and are also found in some bacteria and plants
(reviewed in [20]).

Recognition of bacterial components such as Gram-
negative lipopolysaccharide (LPS) by the innate immune
system trigger the release of potent mediators of inflamma-
tion that result in an exaggerated pathogenic inflammatory
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response in the circulation and vital organs. The proinflam-
matory cytokines tumour necrosis factor (TNF)-a, interleu-
kin (IL)-1a and IL-6 are thought to be important mediators
during the early stage of sepsis and MODS. Synergistic
effects between these cytokines, secondary inflammatory
mediators and reactive oxygen intermediates have been
shown to be involved in the pathogenesis of sepsis and asso-
ciated organ injury (reviewed in [21,22]).

The immunomodulating potential of b-glucans has been
attributed to their ability to prime and activate leucocytes.
Several receptors, expressed both by immune and non-
immune cells, have been implicated in recognition of
b-glucans, including the type 3 complement receptor, scav-
enger receptors, lactocylceramide and dectin-1 (reviewed in
[23]). Several reports indicate that orally administered
b-glucans may exert biological effects [2,10,11,24–26].
However, no reports on the absorption and pharmacokinet-
ics of orally administered soluble glucans have been available
until recently [8].

We designed this study to investigate the protective capac-
ity of orally administered soluble b-glucan in an experimen-
tal rat model of LPS-induced shock and shock-associated
organ injury. The specific objectives of the investigation
were: (1) to establish whether an orally administered
Saccharomyces cerevisiae-derived water-soluble b-glucan was
absorbed from the gastrointestinal tract and translocated to
systemic circulation, (2) to examine the effect of this
b-glucan on haemodynamic parameters during the progres-
sion of endotoxin-induced shock, (3) to investigate whether
b-glucan administration mediate protection against devel-
opment of organ injury/dysfunction and (4) to study the
effect of b-glucan on systemic inflammation.

Materials and methods

Materials

Endotoxin free (< 0·5 EU/ml) SBG, a S. cerevisiae-derived
water-soluble b-1,3/1,6-glucan was provided by Biotec Phar-
macon ASA (Tromsø, Norway). LPS from Escerichia coli
(B6:026, chromatography purified) was from Sigma
(St Louis, MO, USA).

Animals

Male Wistar rats (Taconic Europe, Denmark) were main-
tained in the minimal disease unit at the Centre for
Comparative Medicine at Rikshospitalet-Radiumhospitalet
University Hospital, Oslo, Norway for at least 1 week before
they were entered into experiments. Animals were supplied
with water (reversed osmosis and ionic-exchange-treated)
and fed conventionally (Rat and Mouse no. 3 Breeding,
Special Diets Services, Witham, Essex, UK) ad libitum. Cages
were kept at 21 � 1°C and 55 � 10% relative humidity.
Light conditions consisted of alternating 12-h light/dark

cycles with 1 h dusk and dawn with gradual decrease or
increase of light intensity. The present investigation was
approved by the national ethics committee for animal
experiments.

Surgical procedure and sample collection

Rats [275 (244–306) g; mean and (range)] were anaesthe-
tized with thiopental sodium [intraval sodium, 120 mg/kg,
intraperitoneally (i.p.)]. Anaesthesia was maintained by
supplementary injections of thiopental sodium as required
and the rectal temperature was maintained at 37°C using a
homeothermic blanket (Harvard Apparatus, Holliston, MA,
USA). Surgery was carried out essentially as described pre-
viously [27]. Briefly, the trachea was cannulated to facilitate
respiration. The right carotid artery was cannulated to facili-
tate repeated blood sampling and connected to a pressure
transducer (Harvard Apparatus) for monitoring of mean
arterial blood pressure. The jugular vein was cannulated for
the administration of LPS or vehicle (saline). The urine
bladder was also cannulated to facilitate urine flow. Cardio-
vascular parameters were allowed to stabilize for approxi-
mately 30 min before animals were subjected to
endotoxaemia. Rats were given saline 1 ml/kg/h intrave-
nously (i.v.) throughout the experiment for fluid
resuscitation. Blood samples were collected from the cannu-
lated artery immediately prior to LPS or saline (sham) infu-
sion and at 1, 3 and 6 h thereafter. Blood samples were
collected in heparinized microcentrifuge tubes and plasma
was obtained by immediate centrifugation at 2200 g for
3 min at room temperature. Plasma samples were stored at
-70°C for subsequent analysis.

Experimental design

Rats were divided into the following experimental groups:

1 SBGpo group: SBG was administered orally to rats by tube
feeding [20 mg/kg body weight (bw), 400–600 ml of a
10-mg/ml solution] daily for 14 days prior to surgery. Fol-
lowing surgery, LPS (6 mg/kg) (n = 8) or vehicle (sham,
n = 5) was administered via the jugular vein over a 10-min
period.

2 SBGsc group: SBG was administered in three subcutane-
ous injections (2 mg/kg bw, 100–120 ml of a 5-mg/ml
solution) 48 h, 24 h and immediately prior to surgery.
Following surgery, LPS (6 mg/kg) (n = 8) or vehicle
(sham, n = 5) was administered via the jugular vein over a
10-min period.

3 Placebo group: rats received subcutaneous injections or
oral instillation of equal volumes of vehicle [phosphate
buffered saline (PBS)] as described above for SBG. Fol-
lowing surgery, LPS (6 mg/kg) (n = 8) or vehicle (sham,
n = 10) was administered via the jugular vein over a
10-min period.
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Measurement of biochemical indicators of organ
dysfunction and injury

Liver injury was assessed by measuring rise in plasma levels
of alanine aminotransferase (ALAT, a specific marker for
parenchymal injury), aspartate aminotransferase (ASAT, a
non-specific marker for parenchymal injury), bilirubin (a
marker of hepatic secretory dysfunction) and g-glutamyl-
transferase (g-GT, and indicator of liver dysfunction and
liver injury). Renal dysfunction was assessed by measuring
the rises in serum levels of urea and creatinine (an indicator
of reduced glomerular filtration rate), whereas pancreatic
injury was assessed by measuring amylase. All the above-
mentioned organ function markers were measured by
enzymatic photometric assays (Roche Automated Clinical
Chemistry Analyser; Roche Diagnostics, Indianapolis, USA).

Measurement of plasma cytokines

Plasma cytokine levels were measured with a rat-specific
Bio-Plex multiplex suspension array assay (Bio-Rad Labora-
tories, Hercules, CA, USA). Measurements and data analysis
were performed on a Bio-Plex system, powered by xMAP
technology by Luminex, operated with Bio-Plex Manager 4·0
software (Bio-Rad Laboratories). The instrument was cali-
brated with the CAL2 settings (LOW RP1 target value) using
Bio-Plex calibration beads (Bio-Rad Laboratories). All
samples were diluted 1 : 4 in Bio-Plex rat serum sample
diluent buffer (Bio-Rad Laboratories) and the assays carried
out according to manufacturer’s instructions. Plasma
samples were analysed as single samples, whereas standards
were analysed in duplicate.

Measurement of plasma b-glucan

Plasma b-glucan levels were determined with FungitellTM,
a 1,3-b-D-glucan specific protease zymogen-based
colorimetric assay according to the manufacturer’s
instructions (Associates of Cape Cod Inc., East Falmouth,
MA, USA). Samples and standards were analysed in
duplicate.

Statistical analysis

Plasma b-glucan levels are expressed as mean � standard
error of the mean (s.e.m.) values. These data failed the
D’Angostino and Pearson omnibus normality test and were
analysed by non-parametric analysis of variance (anova)
(Kruskall–Wallis test) with Dunn’s multiple comparison
test. Mean arterial blood pressure and cytokine measure-
ments are expressed as mean � s.e.m. values and analysed
by two-way anova with Bonferroni’s multiple comparison
test. Data representing plasma levels of indicators of organ
dysfunction and injury are analysed by anova with

Bonferroni’s multiple comparison test. Highly suspect
outlier values were identified by Grubb’s outlier detection
test and excluded from further analysis. All statistical analy-
sis was carried out using GraphPad Prism, version 4
(GraphPad Software, San Diego, CA, USA). Differences at
P = 0·05 were considered statistically significant.

Results

Absorption and translocation of orally administered
SBG

Male Wistar rats were divided into arbitrarily three groups:
group 1 received 20 mg SBG/kg bw daily via feeding tube for
14 days prior to surgery (SBGpo); group 2 received 2 mg
SBG/kg bw subcutaneously 48 h, 24 h and immediately prior
to surgery (SBGsc); and group 3 received PBS orally or sub-
cutaneously prior to surgery (placebo). To determine the
extent of b-glucan absorption into circulation in the SBGpo
group, plasma concentration of b-glucan was examined by
means of the FungitellTM method. We found significant levels
of plasma b-glucan in the SBGpo group compared with
placebo (P < 0·05), although the SBGsc group had levels
approximately 40-fold higher despite a 10-fold lower dose
(Fig. 1).
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Fig. 1. Plasma b-glucan concentration following oral and

subcutaneous soluble Saccharomyces cerevisiae-derived

b-1,3/1,6-glucan (SBG) administration. SBG, a S. cerevisiae-derived

water-soluble b-glucan, was administered by oral gavage [20 mg/kg

body weight (bw)] daily for 14 days (SBGpo, n = 13) or as

subcutaneous injections (2 mg/kg bw) on 3 consecutive days

(SBGsc, n = 13) to male Wistar rats. Placebo control animals received

corresponding volumes of phosphate-buffered saline (n = 17). Blood

samples were collected from the cannulated carotid artery. Plasma

b-glucan levels were measured with a 1,3-b-D-glucan specific,

protease zymogen-based, colorimetric assay. Data are presented as

mean � s.e.m. on a log scale. *P < 0·05, **P < 0·01 as determined by

non-parametric analysis of variance with Dunn’s multiple

Comparison Test.
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Effect of SBG on mean arterial blood pressure in
endotoxaemia

To investigate the effect of prophylactic SBG-treatment on
haemodynamics during LPS-induced shock, mean arterial
blood pressure (MAP) was monitored. Baseline levels of
MAP for all groups of animals ranged from 136 � 5 to
147 � 7 mmHg, and did not differ significantly between
groups. MAP in sham-control animals decreased gradually
throughout the experiment (Fig. 2). SBG administration,
mucosal or systemic, did not affect MAP of the sham-control
animals significantly (data not shown). Systemic administra-
tion of LPS caused an immediate and dramatic decrease in
MAP. Approximately 40 min after initiation of the LPS infu-
sion, MAP levels started to increase and continued to do so
until the 2·5 h time-point at which the blood pressure again
started to decrease slowly (Fig. 2). Oral administration of

SBG enhanced the recovery of MAP compared with placebo
treatment and MAP remained higher in this group through-
out the experiment (P < 0·05 at 5·5 h and P < 0·01 at 6 h
versus placebo). Subcutaneous injection of SBG also resulted
in enhanced MAP recovery (P < 0·05 at 6 h versus placebo),
although to a lesser extent than did oral SBG prophylaxis.

Effect of SBG on indicators of organ injury

Organ injury was assessed by quantification of plasma level
of various biochemical markers 6 h following intravenous
LPS administration. LPS infusion caused a twofold increase
in levels of plasma creatinine compared to sham (P < 0·001).
The creatinine level in the SBGpo group was reduced by
approximately 25% compared to the placebo group
P < 0·05). This effect was not observed in the SBGsc group
(Fig. 3a). LPS infusion also caused a 3·5-fold increase in the
plasma urea level compared to sham (P < 0·001). Although
not statistically significant, the SBGpo group had a minor
reduction in plasma urea compared to placebo control
animals after LPS administration (P = 0·07). The plasma
urea level in the SBGsc group remained at the placebo level
and was significantly higher than in the SBGpo group
(P < 0·05) (Fig. 3b).

LPS-infusion to placebo-treated rats caused an approxi-
mately 10-fold elevation in ASAT level compared to sham
(P < 0·001). Both the SBGpo group (P = 0·01) and the SBGsc
group (P = 0·01) had significantly attenuated plasma ASAT
levels compared with placebo following LPS infusion
(Fig. 4a). Intravenous LPS administration caused an
approximately 25-fold increase in mean plasma ALAT level
compared to sham animals (P < 0·001). Mean ALAT values
in both SBG-treated groups were significantly reduced com-
pared to the placebo-treated animals (SBGpo; P < 0·01,
SBGsc; P < 0·01) (Fig. 4b).

Administration of LPS also caused increased plasma levels
of g-GT, bilirubin and pancreatic amylase compared to sham
animals. However, these variables were not altered by either
oral or subcutaneous prophylaxis with SBG (data not shown).

Effect of SBG on baseline plasma cytokine levels

Prophylactic treatment with SBG resulted in a statistically
significant increase in plasma level of IL-1a in the SBGsc
group (P < 0·05) compared to placebo-treated animals prior
to LPS infusion (Fig. 5a).A slight elevation in IL-2, IL-6, IL-10
and IFN-g levels was also observed, whereas TNF-a levels
were modestly reduced following SBG treatment. These
changes were, however, not statistically significant (Fig. 5).

Effect of SBG on plasma cytokine levels following LPS
infusion

Blood samples were collected 1, 3 and 6 h after intravenous
infusion of LPS, and plasma levels of cytokines were
analysed. Administration of LPS caused an immediate and
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Fig. 2. Effect of soluble Saccharomyces cerevisiae-derived

b-1,3/1,6-glucan (SBG) administration on mean arterial blood

pressure (MAP) in endotoxaemia. Rats were pretreated with SBG or

placebo as described, followed by anaesthesia and general surgery to

catheterize the jugular vein and carotid artery. MAP was allowed to

stabilize for approximately 30 min before intravenous infusion of

lipopolysaccharide (LPS) (SBGpo n = 8, SBGsc n = 8 and placebo

n = 8) or vehicle (sham n = 20) over a 10-min period. The end of the

infusion defined the 0 h time-point. MAP was recorded at baseline

(BL), 0 h and every 30 min until the 6 h time-point at which the rats

were sacrificed. Overall mean MAP at baseline was 142 � 2 mmHg,

with variation between all groups of animals ranging from 136 � 5 to

147 � 7 mmHg. No statistically significant differences were observed

between the sham animals, regardless of SBG or placebo pretreatment

(SBGpo n = 5, SBGsc n = 5 and placebo n = 10) (data not shown),

thus the data were combined to one sham group. MAP dynamics are

presented as percentage of BL, mean � s.e.m. *P < 0·05, **P < 0·01,

***P < 0·001 versus placebo as determined by two-way analysis of

variance with Bonferroni’s multiple comparison test.
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substantial rise in plasma level of TNF-a (Fig. 5b). Subse-
quently, levels decreased gradually but remained consider-
ably higher than baseline values even after 6 h. Conversely,
the plasma level of IFN-g increased gradually and remained
high at the 6 h time-point (Fig. 5c). Following LPS infusion,

plasma levels of IL-1a, IL-2, IL-6 and IL-10 increased
rapidly, levelled off and remained at an elevated level
throughout the experiment (Fig. 5).

In the SBGsc group, the LPS-induced rise in IFN-g and
IL-6 levels were significantly attenuated (IFN-g; P < 0·001,
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experimental end-point, 6 h after intravenous infusion of

lipopolysaccharide (LPS) (SBGpo n = 8, SBGsc n = 8 and placebo

n = 8) or vehicle (sham n = 20), plasma samples were collected and

examined for levels of creatinine (a) and urea (b) by automated

enzymatic photometric assays. No statistically significant differences

were observed between the sham animals, regardless of SBG or

placebo pretreatment (SBGpo n = 5, SBGsc n = 5 and placebo n = 10)
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b-1,3/1,6-glucan (SBG) prophylaxis on indicators of liver injury and

hepatic dysfunction in the endotoxic rat. Rats were pretreated with

SBG or placebo and underwent surgery as described. At the

experimental end-point, 6 h after intravenous infusion of

lipopolysaccharide (LPS) (SBGpo n = 8, SBGsc n = 8 and placebo

n = 8) or vehicle (sham 20), plasma samples were collected and

examined for levels of aspartate aminotransferase (ASAT) (a) and

alanine aminotransferase (ALAT) (b) by automated enzymatic

photometric assays. No statistically significant differences were

observed between the sham animals, regardless of SBG or placebo

pretreatment (SBGpo n = 5, SBGsc n = 5 and placebo n = 10) (data

not shown), thus the data were combined to one sham group. In the

placebo group oral and subcutaneous pretreatment is indicated by

open (�) and closed circles (�), respectively. Each data point

represents one animal, bars represent median values. **P < 0·01,

***P < 0·001 as determined by analysis of variance with Bonferroni’s

multiple comparison test.
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IL-6; P < 0·001) compared to placebo-treated animals at 6 h
(Fig. 5c,d). SBGsc-treated animals also had significantly
higher plasma levels of IL-10 compared to both placebo
(P < 0·001) and SBGpo (0·001) at 1 h (Fig. 5f).

In the SBGpo group, levels of IFN-g (P < 0·01) and IL-6
(P < 0·001) were also significantly attenuated compared to
placebo control rats at 6 h (Fig. 5c,d). Furthermore, levels of
IL-1a (P < 0·01) and IL-2 (P < 0·01) were significantly
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attenuated compared to placebo control rats at 6 and 3 h,
respectively (Fig. 5a,e).

Neither SBGsc nor SBGpo treatment reduced the
elevated levels of TNF-a significantly, although a tendency
towards reduction in TNF-a level was observed at 3 and 6 h
(Fig. 5b). In the sham animals, no significant differences in
plasma levels between placebo and SBG treatment were
observed for any of the studied cytokines at 1, 3 and 6 h
(data not shown).

Discussion

In this report we demonstrate for the first time that prophy-
lactic treatment with orally administered water-soluble
b-1,3/1,6-glucan produces a beneficial effect on haemody-
namics and attenuates critical organ injury in the LPS-
challenged rats.

Several animal sepsis models exist, but none fully resemble
the timing of disease onset, progression and the use of sup-
portive therapeutic intervention in clinical human sepsis.
Systemic injection of LPS, a key mediator in Gram-negative
sepsis, has been demonstrated to produce pathophysiologi-
cal alterations, including systemic inflammation, haemody-
namic disturbance and organ dysfunction similar to those
reported for septic patients. We chose to investigate the
outcome of oral prophylactic b-glucan treatment in the
applied endotoxin-based model because the time of onset,
the amount of circulating endotoxin and the severity of the
sepsis-like reaction is tightly controlled [28].

Whether b-glucans are absorbed from the gastrointestinal
tract has been a matter of dispute. Recently, Rice et al. [8]
administered fluorescently labelled b-glucans orally to rats
and detected fluorescence in plasma shortly after adminis-
tration, suggesting rapid uptake. However, they did not
address whether the detected fluorescence originated from
fluorochromes associated with b-glucan in plasma or from
detached fluorochromes. Conversely, in a recent phase I
clinical trial Lehne et al. [16] reported lack of systemic
absorption of orally administered soluble b-glucan. We
found that oral administration of SBG to rats produced
plasma levels of b-glucan 17-fold higher than that observed
by us in the placebo control animals. The total amount of
b-glucan in plasma was estimated to be approximately 30 ng
following 14 consecutive days of oral administration of
5–6 mg per day. Thus only a minute fraction of a single oral
dose of SBG was translocated to plasma and the biological
relevance of intestinal absorption remains uncertain. Phar-
macokinetic analysis and further comparisons between the
two chosen routes of delivery were beyond the scope of this
work. Tissue levels of SBG were not quantified due to meth-
odological limitations.

Dendritic cells (DCs) sample constitutively the intestinal
mucosa for food- and environmental antigens, commensal
microbes and their products. These DCs migrate from the
intestinal epithelium and Peyer’s patches to the mesenteric

lymph nodes (MLNs), where they are involved in the devel-
opment of oral tolerance and systemic immunity [29]. We
speculate that mucosal DCs sample or interact with soluble
b-glucan locally via projections across the epithelium and
then migrate via afferent lymphatics to the MLNs, where
immune modulation is initiated. In support of this hypoth-
esis, Rice et al. [8] reported recently that orally administered
b-glucan was bound and internalized by intestinal epithelial
cells and gut-associated lymphoid tissue leading to
increased dectin-1 and Toll-like receptor 2 expression asso-
ciated with increased survival in experimental sepsis. Fur-
thermore, Hong et al. [11] demonstrated that fluorescent
b-glucan particles were taken up by gastrointestinal mac-
rophages and shuttled to the spleen, lymph nodes and the
bone marrow.

In severe sepsis and septic shock the release of proinflam-
matory mediators leads to haemodynamic disturbances. The
present investigation demonstrated clearly that oral, as well
as subcutaneous, administration of SBG had beneficial
effects on the mean arterial blood pressure in rats after
experimental induction of endotoxaemia. The protective
effect became pronounced as the shock response progressed
and at the 5·5- and 6-h time-points, MAP in the orally
treated group was significantly higher than in the placebo
control group. MAP in the subcutaneously treated group was
significantly elevated at 6 h compared to placebo.

We observed a gradual decrease in blood pressure in the
sham animals, similar to what has been described in this
model previously [30]. We find it plausible that the gradual
fall in MAP is caused by the stress of the surgery in a non-
sterile environment: cannulation, repeated blood sampling
and the fact that the animals are under anaesthesia for more
than 6 h. Reduced blood pressure in sham animals over time
resulted in no statistically significant difference in MAP
between placebo and sham-treated animals at the late time-
points, although a clear trend was observed. Furthermore, a
single animal with vastly improved MAP dynamics was
observed in the placebo group, explaining the large s.e.m.
value. Nevertheless, indicators of organ injury and cytokine
levels for this animal indicated development of a significant
shock reaction with organ injury.

The cellular and molecular mechanisms behind the
observed haemodynamic protection effect of orally admin-
istered SBG on MAP remain unknown. Although controver-
sial, b-glucans have been demonstrated to hold anti-oxidant
properties [31]. Accordingly, SBG treatment may affect the
oxidative status, and hence mediate indirect effects on
myocardial- and smooth muscle contraction and conse-
quently enhance blood pressure.

Infusion of LPS to rats resulted in increased plasma levels
of creatinine and urea, indicating impaired glomerular fil-
tration due to renal injury. Here we demonstrated that oral
administration of SBG significantly attenuated plasma crea-
tinine levels and also resulted in a minor reduction of plasma
urea in the endotoxic rats. However, subcutaneous delivery
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of the soluble b-glucan did not mediate the same level of
protection against renal injury.

To monitor liver injury we measured plasma levels of
ALAT and ASAT, caused by hepatocyte leakage, although
ASAT may also be released from skeletal and heart muscle
cells (reviewed in [32]). Accordingly, our observation that
SBG significantly attenuated the plasma levels of ASAT and
ALAT indicated strongly that SBG had a protective effect
against LPS-induced hepatic injury. Both subcutaneous and
oral administration of soluble b-glucan mediated protection
against liver injury and dysfunction in contrast to the better
efficacy of oral b-glucan in reducing kidney injury. The
mechanism behind the organ-protective capacity of
b-glucan, however, remains elusive. We hypothesize that the
superior blood pressure in the SBG-treated rats may contri-
bute to the reduced kidney and liver injury, reflecting the
benefit of enhanced organ perfusion.

Our observations on the organ-protective effect of SBG
are in agreement with recent papers. Sener et al. [2] and
Toklu et al. [26] demonstrated reduced TNF-a levels follow-
ing administration of b-glucan in animal models of sepsis,
suggesting that the organ-protective capacity of SBG may be
due to modulation of the cytokine profile in the endotoxic
rat. We found that prophylactic subcutaneous treatment
with SBG produced a moderate increase in baseline plasma
levels of IL-1a, whereas the expression level for the other
cytokines studied was not significantly changed, regardless of
delivery route. The literature on the effects of b-glucan on
cytokine expression is inconsistent, probably reflecting a
complex biological interplay as well as the use of different
experimental systems and a variety of b-glucan preparations.
In agreement with our findings, Rasmussen and coworkers
[7] demonstrated that treatment with aminated soluble
b-glucan and b-glucan-derivatized microbeads resulted in
increased levels of IL-1 but no change in TNF-a in a murine
model. Although Engstad et al. [33] found that soluble
b-glucan induced production of IL-8 and monocyte tissue
factor as well as minor amounts of TNF-a, IL-6 and IL-10 in
human whole blood cultures, Wakshull and coworkers [34]
found no production of inflammatory cytokines following
glucan exposure in a similar assay. b-Glucan treatment of
isolated leucocytes and monocytic cell lines has, to a variable
degree, induced or had no effect on production of
inflammatory cytokines [4,35]. Furthermore, conflicting
data exist regarding the activation or inhibition of the
transcription factors nuclear factor-kappa B (NF-kB) and
NF-interleukin-6 (IL-6) transcription factor by b-glucan
[5,35]. These inconsistencies contribute to the enigma asso-
ciated with the mechanisms by which b-glucans work.

LPS activates an immense range of genes, including an
array of inflammatory mediators with the capacity to cause
injury to vital organs (reviewed in [36]). In contrast to Sener
et al. [2] and Toklu et al. [26], we did not observe a statisti-
cally significant reduction in TNF-a levels following SBG
treatment. Thus, the observed organo-protective effect of

SBG appears not to be coupled solely to the modulation of
this key mediator of inflammation. We found that LPS-
induced increase in plasma IL-1a, IFN-g, IL-6 and IL-2 levels
were attenuated at later time-points following prophylactic
treatment with SBG, suggesting that these mediators in the
early phase of sepsis may return more rapidly to baseline
levels in SBG-treated rats. In accordance with our data,
Nakagawa et al. [37] reported that soluble b-glucan
extracted from Candida albicans significantly suppressed
endotoxin-induced IL-6, IL-2 and IFN-g production in cul-
tures of human monocytes or peripheral blood mono-
nuclear cells. In contrast to our observations, Soltys and
Quinn [4] reported a reduction in TNF-a production and
described a substantial increase in IL-6 production from
lymphocytes and monocytes isolated from b-glucan-treated
mice following a subsequent challenge with LPS in vitro.

The subtle changes in the cytokine profile reported here
are unlikely to explain solely the observed beneficial effect of
SBG on organ function and haemodynamics in the endot-
oxaemic rat. Nevertheless, the cytokine data demonstrate
that SBG prophylaxis does affect the systemic inflammation
induced by LPS infusion. Notably, this is the case even after
oral applications that produce low plasma levels of SBG. The
contribution of this cytokine modulation on the observed
organoprotective and haemodynamic effect remains
unknown.

The present work identified a discrepancy between the
effects of oral and subcutaneous administration of b-glucan.
Plasma IL-10 and urea levels were significantly higher in the
subcutaneously treated group at 1 and 6 h, respectively, com-
pared to the orally treated animals. Interestingly, renal pro-
tection was seen only in the SBGpo group, despite the fact
that the plasma level of SBG in the SBGsc group was much
higher. Moreover, the higher plasma level of SBG in the
SBGsc group did not lead to superior protection of the liver,
recovery of MAP or modulation of cytokines compared to
oral administration. Thus, it seems that the plasma level does
not correlate with the observed effect of SBG for any of the
parameters tested. This suggests that discrete cellular and
molecular mechanisms may be involved in the mode of
action, depending on the route of delivery. Further research
is required to elucidate this discrepancy.

In conclusion, we demonstrated a striking positive effect
on the haemodynamics during the progression of LPS-
induced shock in rats that had received prophylactic SBG
treatment. In spite of the fact that only a small fraction of
orally administered b-glucan was absorbed from the gas-
trointestinal tract to the circulation, oral administration of
SBG had a more pronounced effect than subcutaneous
injection. We observed attenuated levels of indicators of
kidney and liver injury following SBG treatment, which may
be due to enhanced organ perfusion. Additionally, SBG pro-
phylaxis caused subtle changes in the cytokine profile,
including attenuated levels of mediators of inflammation
subsequent to endotoxin challenge. Characterization of how
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b-glucans exert their biological effects may add to the under-
standing of the workings of the innate immune system and
may be helpful in identifying new targets and applications
for b-glucans in human therapy.
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