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1 Lysophosphatidylcholine (LPC) modulates the inflammatory response and reduces mortality
in animal models of sepsis. Here, we investigate the effects of LPC from synthetic (sLPC) and natural,
soy bean derived LPC, (nLPC) sources on the organ injury/dysfunction caused by systemic
administration of lipopolysaccharide (LPS) or peptidoglycan (PepG) and lipoteichoic acid (LTA).

2 Rats were subjected to (i) endotoxaemia (LPS 6mgkg–1 i.v.) and treated with sLPC (1–
100mgkg�1), (ii) endotoxaemia and treated with nLPC (10mgkg�1) or (iii) Gram-positive shock
(PepG 10mgkg–1 and LTA 3mgkg–1 i.v.) and treated with sLPC (10mg kg�1).

3 Endotoxaemia or Gram-positive shock for 6 h resulted in increases in serum makers of renal
dysfunction and liver, pancreatic and neuromuscular injury.

4 Administration of sLPC, at 1 or 2 h after LPS, dose dependently (1–10mgkg�1) reduced the organ
injury/dysfunction. High doses of sLPC (30 and 100mg kg�1) were shown to be detrimental in
endotoxaemia. sLPC also afforded protection against the organ injury/dysfunction caused by Gram-
positive shock. nLPC was found to be protective in endotoxaemic animals.

5 The beneficial effects of sLPC were associated with an attenuation in circulating levels of
interleukin-1b (IL-1b).
6 In conclusion, LPC dose and time dependently reduces the organ injury and circulating IL-1b
levels caused by Gram-negative or Gram-positive shock in the rat. Thus, we speculate that appropriate
doses of LPC may be useful in reducing the degree of organ injury and dysfunction associated with
shock of various aetiologies.
British Journal of Pharmacology (2006) 148, 769–777. doi:10.1038/sj.bjp.0706788;
published online 5 June 2006

Keywords: Endotoxin; lipoteichoic acid; lysophosphatidylcholine; LPC; LPS; oxidised lipoprotein; peptidoglycan; sepsis; shock

Abbreviations: ALT, alanine transaminase; AST, aspartate transaminase; CK, creatine kinase; HMGB1, high-mobility group
box 1; HR, heart rate; IL, interleukin; LPC, lysophosphatidylcholine; LPS, lipopolysaccharide, endotoxin; LTA,
lipoteichoic acid; MAP, mean arterial pressure; nLPC, natural, soy bean derived LPC; PepG, peptidoglycan;
sLPC, synthetic LPC

Introduction

Lysophosphatidylcholine (LPC) is the major component of

oxidised low-density lipoprotein and plays a role in the

pathophysiology of atherosclerosis (Kume et al., 1992;

Sugiyama et al., 1994; Rikitake et al., 2002). LPC is produced

by the hydrolysis of phosphatidylcholine, mainly by the action

of phospholipase A2. LPC has been shown to elicit many

immunomodulatory functions. For instance, LPC (i) enhances

the chemotaxis of macrophages, monocytes and T lympho-

cytes, (ii) activates macrophages and (iii) upregulates the

expression of adhesion molecules (Kume et al., 1992; Yun

et al., 2004). LPC is reportedly recognised by the G protein-

coupled receptors, G2A (from G2 accumulation) (Kabarowski

et al., 2001) and GPR199 (Soga et al., 2005).

Notably, LPC has also been shown to reduce tissue factor

release induced by lipopolysaccharide (LPS) from monocytes

(Engelmann et al., 1999) and to upregulate eNOS expression

(Zembowicz et al., 1995), and either of these effects may be

of benefit in conditions associated with organ injury and

dysfunction associated with shock. Yan et al. (2004) have

reported that treatment of mice with LPC reduces mortality in

animal models of septic shock caused by either caecal ligation

and puncture or intraperitoneal (i.p.) injection of Escherichia

coli. This protective effect was attributed to the ability of LPC

to (i) increase bacterial clearance, (ii) reduce neutrophil

deactivation and (iii) reduce the levels of TNF-a and

interleukin-1b (IL-1b). Chen et al. (2005) have recently

reported that LPC reduces circulating high-mobility group

box 1 (HMGB1) levels. In patients with sepsis, circulating

levels of LPC have been shown to be reduced and to inversely

correlate with patient outcome (Drobnik et al., 2003).

Although LPC has been shown to be protective in animal

models of sepsis (Yan et al., 2004; Chen et al., 2005), the effect

of LPC in a model of multiple organ injury caused by wall

fragments of Gram-positive bacteria has not been investigated.*Author for correspondence; E-mail: c.thiemermann@qmul.ac.uk
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This is of particular clinical importance, as Gram-positive

organisms account for over 50% of reported cases of sepsis

in the US between 1979 and 2000 (Martin et al., 2003).

Although Gram-positive bacteria do not contain endotoxin,

there is good evidence that wall fragments of Gram-positive

bacteria (and particularly Staphylococcus aureus) cause

systemic inflammation, shock and multiple organ failure.

Systemic administration of peptidoglycan (PepG) from

S. aureus causes inflammation and liver injury in the rat

(Wang et al., 2004), and PepG and lipoteichoic acid (LTA)

from S. aureus synergise to cause shock, systemic inflamma-

tion and multiple organ failure (De Kimpe et al., 1995;

Kengatharan et al., 1998). Thus, coadministration of LTA

and PepG reproduces key features of the pathophysiology

of Gram-positive shock.

This study was designed to establish if synthetic LPC (sLPC)

affects the (i) haemodynamic alterations, (ii) renal dysfunction,

(iii) liver injury, (iv) pancreatic injury, (v) neuromuscular

injury and (vi) alteration in plasma IL-1b and IL-6 levels

caused by systemic administration of either LPS (endotoxin,

from the Gram-negative bacterium E. coli) or, importantly, by

coadministration of PepG and LTA (from the Gram-positive

bacterium S. aureus), in the anaesthetised rat.

Commercially available LPC is either (i) synthetically

produced or (ii) produced by enzymatic action on naturally

occurring sources of purified phosphatidylcholine and there-

fore might play a role on drug effectiveness. Thus, in an

addition, we have compared the effects of sLPC with those of

a soy bean derived, natural occurring LPC (natural, soy bean

derived LPC (nLPC)) in a rat model of endotoxic shock.

Methods

Surgical procedure and quantification of organ injury
and dysfunction

This study was carried out on 154 male Wistar rats (Charles

River, Kent, U.K.) weighing 240–340 g, receiving a standard

diet and water ad libitum. The investigation was performed

in accordance with the Home Office Guidance on the Operation

of the Animals (Scientific Procedures) Act 1986, published

by HMSO, London. All animals were anaesthetised with

thiopentone sodium (Intravals, 120mg kg�1, i.p.), and anaes-

thesia was maintained by supplementary injections of thio-

pentone sodium (approximately 1–2mg kg�1 h�1 i.v.) as

required. The general surgical procedures were performed as

previously described (Millar & Thiemermann, 2002). Upon

completion of the surgical procedure, mean arterial pressure

(MAP) and heart rate (HR) were allowed to stabilise for

20min. At 6 h after administration of LPS, 1.5ml of blood was

collected into a serum gel S/1.3 tube (Sarstedt, Germany) from

a catheter placed in the carotid artery, and serum values for

indices of renal dysfunction, liver injury, pancreatic injury and

neuromuscular injury were examined.

Experimental design

Study Ia: sLPC dose and time response in a model of
Gram-negative shock Animals were assigned to eight

experimental groups. A dose of 10mg kg�1 has previously

been shown to protect against mortality in a mouse model of

caecal ligation and puncture (Yan et al., 2004) and was

therefore the included in this study; and in the dose–response

studies we tested doses ranging from 1 to 10mgkg�1:

(1) Sham-Control. Rats were treated with 2% BSA in PBS

(vehicle for sLPC, 1ml kg�1 i.v.) and vehicle for LPS

(1ml kg�1 saline i.v.), but did not receive LPS (n¼ 9).

(2) Sham-sLPC. Rats were treated with sLPC (10mg kg�1 i.v.)

and vehicle for LPS (1ml kg�1 saline i.v., n¼ 9).

(3) LPS-Control. Rats received E. coli LPS (6mgkg�1 i.v.

over 10min) and 1 h later received the vehicle for sLPC

(1ml kg�1 of 2% BSA in PBS, n¼ 12).

(4) sLPC 1mgkg�1 1 h post-LPS (sLPC 1mgkg�1 1 h). Rats

received E. coli LPS (6mg kg�1 i.v. over 10min) and 1 h

later received sLPC (1mgkg�1 i.v., n¼ 5).

(5) sLPC 3mgkg�1 1 h post-LPS (sLPC 3mgkg�1 1 h). Rats

received E. coli LPS (6mg kg�1 i.v. over 10min) and 1 h

later received sLPC (3mgkg�1 i.v., n¼ 5).

(6) sLPC 10mgkg�1 1 h post-LPS (sLPC 10mgkg�1 1 h). Rats

received E. coli LPS (6mg kg�1 i.v. over 10min) and 1 h

later received sLPC (10mgkg�1 i.v., n¼ 10).

(7) sLPC 10mgkg�1 2 h post-LPS (sLPC 10mgkg�1 2 h). Rats

received E. coli LPS (6mg kg�1 i.v. over 10min) and 1 h

later received sLPC (10mgkg�1 i.v., n¼ 6).

(8) sLPC 10mgkg�1 4 h post-LPS (sLPC 10mgkg�1 4 h). Rats

received E. coli LPS (6mg kg�1 i.v. over 10min) and 1 h

later received sLPC (10mgkg�1 i.v., n¼ 4).

Study Ib: high-dose LPC in a model of Gram-negative
shock A separate study was designed to investigate the

effects of higher doses of sLPC (30 or 100mg kg�1) 1 h after

LPS administration. As these larger amounts of sLPC were

difficult to dissolve in the amount of vehicle used in Study Ia,

we have carried out an additional study in which all groups

of animals received 2ml kg�1 of 2% BSA in PBS. Thus, the

following five groups of animals were studied:

(1) Sham-Control. Rats were treated with 2% BSA in PBS

(vehicle for sLPC, 2ml kg�1 i.v.) and vehicle for LPS

(1ml kg�1 saline i.v.), but did not receive LPS (n¼ 4).

(2) LPS-Control. Rats received E. coli LPS (6mgkg�1 i.v.

over 10min) and 1 h later received the vehicle for sLPC

(2ml kg�1 of 2% BSA in PBS, n¼ 8).

(3) sLPC 10mgkg�1 1 h post-LPS (sLPC 10mgkg�1 1 h). Rats

received E. coli LPS (6mg kg�1 i.v. over 10min) and 1 h

later received sLPC (10mgkg�1 i.v., n¼ 6).

(4) sLPC 30mgkg�1 1 h post-LPS (sLPC 30mgkg�1 1 h). Rats

received E. coli LPS (6mg kg�1 i.v. over 10min) and 1 h

later received sLPC (30mgkg�1 i.v., n¼ 6).

(5) sLPC 100mgkg�1 1 h post-LPS (sLPC 100mgkg�1 1 h).

Rats received E. coli LPS (6mg kg�1 i.v. over 10min) and

1 h later received sLPC (100mg kg�1 i.v., n¼ 3).

Study II: nLPC in a model of Gram-negative shock A

dose of 10mgkg�1 nLPC 1h after LPS administration was

chosen based on the results of Study Ia. Four experimental

groups were included:

(1) Sham-Control. Rats were treated with 2% BSA in

PBS (vehicle for nLPC, 1ml kg�1 i.v.) and vehicle for
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LPS (1ml kg�1 saline i.v.), but did not receive LPS

(n¼ 7).

(2) Sham-nLPC. Rats were treated with nLPC (10mg kg�1

i.v.) and vehicle for LPS (1ml kg�1 saline i.v, n¼ 6).

(3) LPS-Control. Rats received E. coli LPS (6mg kg�1 i.v.

over 10min) and 1 h later received the vehicle for nLPC

(1ml kg�1 of 2% BSA in PBS, n¼ 10).

(4) nLPC 10mgkg�1 1 h post-LPS (nLPC 10mgkg�1 1 h).

Rats received E. coli LPS (6mg kg�1 i.v. over 10min) and

1 h later received nLPC (10mgkg�1 i.v., n¼ 7).

Study III: sLPC in a Gram-positive shock model Animals

were assigned to four experimental groups. The time and dose

regimen of 10mgkg�1 sLPC 1h was chosen based on the

results of Study Ia:

(1) Sham-Control. Rats were treated with 2% BSA in PBS

(vehicle for sLPC, 1ml kg�1 i.v.) and vehicle for LPS

(1ml kg�1 saline i.v.), but did not receive LPS (n¼ 10).

(2) Sham-LPC. Rats were treated with sLPC (10mgkg�1 i.v.)

and vehicle for PepG/LTA (1ml kg�1 saline i.v, n¼ 7).

(3) PepG/LTA-Control. Rats received PepG/LTA

(10mgkg�1 PepG and 3mgkg�1 LTA i.v. over 10min)

and 1 h later received the vehicle for sLPC (1ml kg�1 of

2% BSA in PBS, n¼ 10).

(4) sLPC 10mgkg�1 1 h post PepG/LTA (sLPC 10mgkg�1

1 h). Rats received PepG/LTA (10mgkg�1 PepG and

3mgkg�1 LTA i.v. over 10min) and 1 h later received

sLPC (10mgkg�1 i.v., n¼ 10).

Measurements of IL-1b and IL-6 plasma levels

Carotid blood was drawn 6 h after administration of LPS or

coadministration of PepG/LTA to heparinised tubes, centri-

fuged at 6000� g and plasma was collected. A Quantikines

Rat Immunoassay from R&D Systems (Minneapolis, MN,

U.S.A.) was performed to determine the serum levels of IL-1b
and IL-6 following the manufactures protocol. Samples were

analysed using a microplate reader set to 450 nm and corrected

at a wavelength of 540 nm.

Purification of PepG

PepG was isolated from S. aureus as previously described

(Foster, 1992). Covalently attached proteins were removed by

treatment with pronase at 2mgml�1 for 1 h at 601C. Anionic

polymers were removed from the PepG by the treatment of

purified cell walls (10mg (dry weight) ml�1) with hydrofluoric

acid (48%, v v�1) for 24 h at 41C. The insoluble PepG was then

washed by centrifugation (14,000� g, 5min) and resuspension

once in 100ml of Tris-HCl (pH 8.0) and five times in distilled

water until the pH was neutral. The PepG was then recovered

by centrifugation as described above and resuspended in saline

(0.9%, w v�1) before sterilisation by autoclaving and storage

at �201C. PepG extract was subjected to sodium dodecyl

sulphate–polyacrylamide gel electrophoresis with no evidence

of any protein whatsoever. PepG was also enzymatically

digested, and it gave the expected reversed-phase high-pressure

liquid chromatography muropeptide profile with no spurious

products.

Materials

sLPC (L-A-LPC stearoyl, C18:0), nLPC (L-A-LPC from soy

beans), E. coli LPS (serotype 0127:B8), LTA from S. aureus

and BSA were obtained from Sigma-Aldrich Company Ltd

(Dorset, U.K.). Thiopentone sodium (Intraval Sodiums) was

purchased from Rhône Mérieux Ltd (Essex, U.K.). Nonpyro-

genic saline (0.9% NaCl) was acquired from Baxter Healthcare

Ltd (Norfolk, U.K.). PBS was attained from Invitrogen

(Paisley, U.K.). LPC suspensions were prepared in PBS

containing 2% BSA and ultrasonnicated for 45 s (15 bursts

of 3 s).

Statistical evaluation

All data are presented as mean7s.e.m. of n observations,

where n represents the number of animals or blood samples

studied. For repeated haemodynamic measurements a two-

way analysis of variance (ANOVA) was performed followed

by Bonferroni post-test. Data without repeated measurements

were analysed by one-way ANOVA, followed by a Dunnett’s

post hoc test for multiple comparisons. A P-value of less than

0.05 was considered statistically significant.

Results

Study I: sLPC does not attenuate the circulatory failure
associated with endotoxaemia

Prior to LPS administration, mean baseline values for MAP

and HR were similar in all experimental groups (P40.05,

Table 1). Administration of LPS (6mgkg�1) resulted in a

significant, biphasic fall in MAP when compared to Sham-

Controls (Po0.05). Therapeutic administration of sLPC did

not affect the fall in MAP caused by LPS at any time point

(P40.05). Endotoxaemia for 6 h resulted in a significant

increase in HR compared to Sham-Controls (Po0.05). This

tachycardia was not affected by sLPC (P40.05, Table 1).

Similarly, in Study Ib, therapeutic administration of sLPC

(10 or 30mgkg�1 1 h) did not affect the hypotension or

tachycardia associated with endotoxaemia (P40.05, data not

shown). Rats, which had received the highest dose of sLPC

studied (100mgkg�1) died within 5min of the administration of

sLPC and, hence, no haemodynamic data were collected (n¼ 3).

Study I: sLPC dose and time dependently attenuates the
organ injury and dysfunction caused by LPS

When compared to sham-operated controls, endotoxaemia for

6 h resulted in significant increases in serum levels of creatinine

(renal dysfunction), aspartate transaminase (AST) and alanine

transaminase (ALT) (liver injury), lipase (pancreatic injury)

and creatine kinase (CK) (neuromuscular injury) (Po0.05)

(Figure 1).

Treatment of animals with sLPC (10mg kg�1) at 1 h after

the administration of LPS attenuated the LPS-induced rise in

the serum levels of creatinine, AST, ALT, lipase and CK

(Po0.05) (Figure 1). Administration of a lower dose of sLPC

(3mg kg�1) attenuated the rise in the serum levels of AST

(Po0.05, Figure 1b), but not any of the other parameters

of organ injury/dysfunction measured. When compared to
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Table 1 Study Ia: alterations in (a) MAP and (b) HR

(a)
Group Mean MAP (mmHg)7 s.e.m.

Baseline 1 h 2 h 3 h 4 h 5 h 6 h

Sham-Control 11975 11473a 11373 11175 10575 10274 9973a

Sham sLPC 13173 11973a 12275 11373 10574 10373 10173a

LPS-Control 12673 9872b 10872 10872 9974 8973 7975b

sLPC 1mgkg�1 1 h 12575 8775b 10174 10574 9573 8875 8076b

sLPC 3mgkg�1 1 h 12672 9176b 10974 11175 10274 9673 7974b

sLPC 10mgkg�1 1 h 12875 9674b 10874 10874 10174 9374 8174b

sLPC 10mgkg�1 2 h 12376 9374b 10572 10474 9975 9174 8074b

sLPC 10mgkg�1 4 h 13274 8775b 10074 10275 9276 8977 7974b

(b)
Group Mean HR (b.p.m.)7 s.e.m.

Baseline 1 h 2 h 3 h 4 h 5 h 6 h

Sham-Control 419713 398718a 414716a 417716a 408712a 405717a 404712a

Sham sLPC 414710 415711a 424711a 425711a 41979a 42777a 414711a

LPS-Control 41679 45379b 466710b 47779b 47578b 48578b 471710b

sLPC 1mgkg�1 1 h 410710 42977 478711b 47278b 48079b 479716b 471719b

sLPC 3mgkg�1 1 h 423711 447711 476710b 469710b 468716b 474715b 477712b

sLPC 10mgkg�1 1 h 41476 43779 452718 473714b 485710b 487711b 484712b

sLPC 10mgkg�1 2 h 40077 436711 465714b 465718b 498716b 488720b 479715b

sLPC 10mgkg�1 4 h 41574 419713 456710 48579b 46278b 475710b 479714b

aPo0.05 when compared to LPS-Control.
bPo0.05 when compared to Sham-Control by ANOVA followed by Bonferroni post-test.
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Figure 1 Alterations in the serum levels of (a) creatinine, (b) AST, (c) ALT, (d) lipase and (e) CK in rats subjected to the surgical
procedure alone or subjected to endotoxaemia. Animals were treated with various sLPC doses (1, 3 or 10mgkg�1) 1 h after LPS
administration. *Po0.05 when compared with LPS-Control by ANOVA followed by Dunnett’s post hoc test.
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LPS-Controls (P40.05), a low dose of sLPC (1mgkg�1) did

not significantly alter the serum levels of any of the markers

of organ injury/dysfunction measured.

Administration of sLPC (10mgkg�1) 2 h after LPS also

attenuated the organ injury caused by LPS, although the

observed effects were less pronounced than those seen with

administration of sLPC 1h after LPS. Specifically, in rats

treated with sLPC at 2 h after LPS, the serum levels of AST

and CK were significantly lower than in the LPS-Control

group (Po0.05, Table 2). All of the observed beneficial effects

of sLPC (10mg kg�1) were lost when this dose of sLPC was

given at 4 h after injection of LPS (P40.05, Table 2).

Administration of sLPC (30mgkg�1) 1 h after administra-

tion of LPS did not attenuate the endotoxin-induced rise in

serum levels of creatinine, AST, ALT, lipase and CK (Table 3).

Interestingly, the serum ALT levels were significantly higher in

animals treated with 30mg kg�1 of sLPC than in the respective

LPS-Control animals (Po0.05). Rats, which had received the

highest dose of sLPC studied (100mgkg�1) died within 5min

of the administration of sLPC and, hence, no plasma samples

for the determination of organ injury were collected (n¼ 3).

Study II: nLPC does not attenuate the circulatory failure
associated with endotoxaemia

Before LPS administration, baseline MAP and HR were

similar in all experimental groups, ranging from 12974 to

12275mmHg and 418712 and 398711 beats per minute

(b.p.m.), respectively (P40.05, data not shown). Similarly to

Study Ia, administration of LPS caused a significant, biphasic

fall in MAP and increase in HR when compared to Sham-

Controls (Po0.05). Specifically, 6 h after LPS administration,

MAP and HR were 7873mmHg and 490715 b.p.m. com-

pared to 10574mmHg and 410 b.p.m., respectively, in sham-

operated controls. Therapeutic administration of nLPC did

not affect the fall in MAP or rise in HR caused by LPS at any

time point (P40.05, data not shown).

Study II: nLPC attenuates the organ injury and
dysfunction caused by LPS

When compared to sham-operated controls, endotoxaemia for

6 h resulted in significant increases in serum levels of creatinine

(renal dysfunction), AST and ALT (liver injury), lipase

(pancreatic injury) and CK (neuromuscular injury) (Po0.05,

Table 4).

The LPS-induced increase in serum parameters of organ

injury and dysfunction were significantly attenuated by the

administration of 10mgkg�1 nLPC (Table 4). Specifically,

nLPC attenuated the increases in serum levels of creatinine,

AST, ALT, lipase and CK when compared to animals

receiving LPS alone (Po0.05).

Study III: sLPC does not attenuate the circulatory failure
associated with Gram-positive shock

At baseline (i.e. before administration of PepG/LTA), MAP

and HR were similar in all experimental groups, ranging from

Table 2 Study Ia: the organ protective effects of sLPC in endotoxaemia are dependent on the time of sLPC
administration

Group Organ injury or dysfunction parameter (mean7s.e.m.)
Creatinine (mmol l�1) AST (IU l�1) ALT (IU l�1) Lipase (IU l�1) CK (IU l�1)

Sham-Control 2876* 199723* 7076* 1573* 462786*
LPS-Control 6076 440726 147715 3276 16597277
sLPC 10mgkg�1 1 h 4072* 272725* 104712* 1473* 794780*
sLPC 10mgkg�1 2 h 52710 312729* 11477 1873 8827168*
sLPC 10mgkg�1 4 h 6374 366751 132729 3175 11087183

*Po0.05 compared to LPS-Control by ANOVA followed by Dunnett’s post hoc test.

Table 3 Study Ib: high-dose sLPC is not organ protective in endotoxaemia

Group Organ injury or dysfunction parameter (mean7s.e.m.)
Creatinine (mmol l�1) AST (IU l�1) ALT (IU l�1) Lipase (IU l�1) CK (IU l�1)

Sham-Control 2071* 183732* 5777* 1372* 294759*
LPS-Control 6576 471767 174722 4276 15197201
sLPC 10mgkg�1 1 h 4176* 253731* 100710* 1674* 7037139*
sLPC 30mgkg�1 1 h 5878 527779 246724* 4079 12727326

*Po0.05 compared to LPS-Control by ANOVA followed by Dunnett’s post hoc test.

Table 4 Study II: nLPC protects against organ injury and dysfunction associated with endotoxaemia

Group Organ injury or dysfunction parameter (mean7s.e.m.)
Creatinine (mmol l�1) AST (IU l�1) ALT (IU l�1) Lipase (IU l�1) CK (IU l�1)

Sham-Control 2976* 135727* 69710* 1573* 457776*
Sham nLPC 2372* 115718* 71716* 1172* 420738*
LPS-Control 6576 439726 147714 3278 16597276
nLPC 10mgkg�1 1 h 4573* 216714* 8478* 1476* 550771*

*Po0.05 compared to LPS-Control by ANOVA followed by Dunnett’s post hoc test.
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13074 to 12577mmHg and 41077 and 39775 b.p.m,

respectively (P40.05). Six hours following administration of

PepG/LTA, animals exhibited a significant (Po0.05) fall in

MAP and increase in HR (8471mmHg and 471711 b.p.m,

respectively) compared to sham-operated animals (1067
2mmHg and 39976 b.p.m, respectively). sLPC did not

attenuate the hypotension or tachycardia associated with the

administration of Gram-positive cell wall fragments at anytime

point (P40.05, data not shown).

Study III: sLPC attenuates the organ injury and
dysfunction caused by Gram-positive shock

When compared to animals receiving saline alone, adminis-

tration of PepG/LTA caused a significant increase in serum

markers of organ injury and dysfunction. Specifically,

PepG/LTA caused an increase in the circulating levels of

creatinine, indicative of renal dysfunction, AST and ALT,

indicative of liver injury, lipase, indicating pancreatic injury

and, CK, indicating neuromuscular injury (Po0.05,

Figure 2).

Administration of sLPC (10mg kg�1) 1 h after LPS attenu-

ated the rises in the serum levels of creatinine, AST, ALT,

lipase and CK caused by coadministration of PepG/LTA,

compared to animals administered with PepG/LTA and

treated with sLPC vehicle alone (Po0.05, Figure 2).

sLPC attenuates the increase in plasma IL-1b caused
by LPS or PepG/LTA

Endotoxaemia for 6 h resulted in significant rises in the plasma

levels of IL-1b and IL-6 (Po0.05, Figure 3a and b).

Administration of sLPC (10mgkg�1) 1 after LPS significantly

reduced the rise in the plasma levels of IL-1b (Po0.05), but

not in IL-6, when compared to LPS-Control. Similarly,

coadministration of PepG/LTA resulted in significant rises in

the plasma levels of IL-1b and IL-6 (Po0.05, Figure 3c and d)

compared to Sham-operated animals. Administration of sLPC

(10mg kg�1) at 1 h after PepG/LTA significantly reduced the

rise in the plasma levels of IL-1b, but not IL-6, when compared
to the PepG/LTA-Control (Po0.05).

Discussion

Here, we demonstrate that the systemic administration of wall

fragments from Gram-negative (endotoxin) or Gram-positive

(PepG/LTA) bacteria results in substantial increases in the

serum concentrations of creatinine, indicating the development

of acute renal dysfunction. Administration of either LPS or

PepG/LTA also caused increases in the serum levels of the

transaminases AST and ALT, indicating hepatocellular injury,

and increased serum levels of lipase and CK, indicative of
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pancreatic and neuromuscular injury, respectively. Further-

more, development of circulatory failure (hypotension and

tachycardia) was observed, indicative of a systemic inflamma-

tory response.

LPC is a potent immunomodulator in vitro, which has

recently been reported to reduce mortality in septic mice (Yan

et al., 2004). Here, we demonstrate for the first time that

treatment with sLPC reduces the multiple organ injury and

dysfunction caused by endotoxaemia in the rat. Notably, the

protective effects of LPC were observed after a therapeutic

administration regime. When given 1 h after the onset of

endotoxaemia, sLPC (10mg kg�1) reduced the renal dysfunc-

tion and the hepatic, pancreatic, and neuromuscular injury.

This attenuation was dependent on the dose given. While

1mgkg�1 had no effect on organ injury/dysfunction, 3mg kg�1

caused a small beneficial effect (serum AST levels), while

10mgkg�1 of sLPC reduced the renal dysfunction and the

liver, pancreatic and neuromuscular injury caused by LPS.

Even when administered as late as 2 h after LPS, sLPC was still

able to reduce the liver and neuromuscular injury caused by

LPS. This may well be of clinical importance, as it has been

suggested that many therapeutic approaches for septic shock

have failed in clinical trials, as in experimental settings they

have been given prophylactically (before the onset of shock)

rather than therapeutically (after the onset of shock and

inflammation). Thus, our findings, that LPC given after the

induction of acute severe endotoxaemia protects the organs

against the associated injury and dysfunction, suggests a

broader window for the therapeutic use of LPC against the

systemic inflammatory response.

We also show for the first time that the source of the LPC

does not affect its ability to attenuate the organ injury

associated with endotoxaemia. This may be important, as

natural phosphatidylcholine derivatives (i.e. from soy bean

and egg yolk) have been used conventionally in therapeutic

phospholipid emulsions (Chono et al., 2005). However, we

have shown that sLPC, that is not from a natural source,

markedly attenuated the multiple organ injury and dysfunction

caused by acute severe endotoxaemia in the rat. Thus, sLPC

or nLPC may be of therapeutic value in phospholipid rich

therapeutics, especially in conditions involving systemic or

local inflammation.

The most novel finding of this study is our discovery that the

therapeutic administration of sLPC also attenuated the organ

injury and dysfunction in a model of Gram-positive shock

(caused by coadministration of PepG/LTA). Specifically, a

10mgkg�1 dose 1 h after LPS administration resulted in a

reduction in the serum markers of organ injury/dysfunction

associated with administration of PepG/LTA. This is of

particular significance, as Gram-positive organisms account

for over 50% of reported sepsis cases in the US between 1979

and 2000 (Martin et al., 2003). Furthermore, as the diagnosis

of the causative agent(s) causing septic shock requires time and

is often inconclusive; and in many cases septic shock is caused

by mixed bacterial infections. Thus, the search for potential

therapies, which are effective in Gram-negative as well as

Gram-positive shock are of high priority. Here, we demon-

strate that sLPC protects against the organ injury/dysfunction

caused by wall-fragments of Gram-negative (LPS) and Gram-

positive bacteria (PepG/LTA).

Interestingly, the fall in blood pressure caused by either LPS

or PepG/LTA was not prevented by LPC. This is not entirely

surprising, as many agents which do not affect the fall in blood

pressure in these models do reduce organ injury (Collin et al.,

2005), while others which do attenuate the fall in blood

pressure may not (Wray et al., 1998). Thus, there is no strict

correlation between haemodynamic effects and outcome in

this model. Furthermore, we have recently reported that

the co-administration of LPS and PepG, which does not

cause a fall in MAP does cause a significant degree of organ
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injury/dysfunction as well as systemic inflammation (Dugo

et al., 2005). Also, there is clinical evidence that an improve-

ment in blood pressure alone does not necessarily prevent

organ dysfunction and injury. For instance, raising MAP from

65 to 85mmHg in septic patients using fluid and norepinephr-

ine does not improve the impairment in either metabolic

variables (oxygen delivery, oxygen consumption or arterial

lactate) or renal function (urine flow, serum creatinine and

creatinine clearance) (Bourgoin et al., 2005). Similarly,

LeDoux et al. (2000) have shown that increasing MAP from

65 to 85mmHg with norepinephrine does not significantly

affect systemic oxygen metabolism, skin microcirculatory

blood flow, urine output or splanchnic perfusion in patients

with septic shock. Thus, we believe that the observed beneficial

effects of LPC are not due to a haemodynamic effect.

What then is the mechanism(s) by which LPC attenuates

the inflammatory response and consequently the multiple

organ injury and dysfunction? It is well established that the

production of proinflammatory cytokines is greatly enhanced

by LPS. We, therefore, investigated whether LPC affects the

plasma levels of proinflammatory cytokines IL-1b and IL-6.

We found that both severe endotoxaemia and Gram-positive

shock resulted in significant increases in the levels of these

proinflammatory mediators in the plasma. We report that the

increased production of IL-1b in both models was reduced by

the therapeutic treatment with sLPC. This is in accordance

with previous studies, in which LPC reduced the increased

circulating levels of TNF-a and IL-1b caused by caecal ligation
and puncture in the mouse (Yan et al., 2004). However,

establishing if sLPC directly reduces circulating levels of IL-1b,
or if this reduction is a consequence of other inflammatory

effects remains to be established. Interestingly, sLPC did not

affect the rise in the plasma levels of IL-6 caused by

administration of either endotoxaemia or Gram-positive

shock, thus indicting that sLPC is not acting by reducing the

inflammatory response as a whole. Although LPC does reduce

the mortality caused by caecal ligation and puncture, this was,

similarly, not associated with a reduction in the circulating

levels of IL-6 (Yan et al., 2004).

Could LPC block LPS receptor activation? Interestingly,

components of oxidised low density lipoprotein have been

reported to attenuate the LPS-induced expression of pro-

inflammatory genes by inhibiting the binding of LPS to cell

surface receptor complex on monocytes and endothelial cells,

thus preventing the inflammatory response (Walton et al.,

2003). In our model of severe endotoxaemia, however,

maximal serum concentrations of TNF-a (and therefore the

initial inflammatory response to LPS) are observed between 60

and 90min after LPS administration (McDonald et al., 2003).

Notably, here we show that sLPC is protective when given 1 h

after the administration of LPS. Thus, the beneficial effects

of LPC are unlikely to be solely due to the reduced binding

of LPS to the cell-surface receptor complex, suggesting that

LPC may possess several different protective mechanisms

downstream of LPS-receptor stimulation. This hypothesis is

further supported by our novel observation that therapeutic

administration of sLPC is also protective in a model of

Gram-positive shock, in which LPS is not directly involved.

A diverse range of other protective mechanisms have been

suggested using experimental models of inflammation, includ-

ing increased bacterial killing by neutrophils and increased

i.p. bacterial clearance in vitro (Yan et al., 2004), decreased

circulating levels of HMGB1 in septic mice (Chen et al., 2005),

reduced expression of tissue factor by monocytes/macrophages

(Engelmann et al., 1999) and increased activation of eNOS by

upregulating transcription and/or decreasing mRNA degrada-

tion (Zembowicz et al., 1995; Cieslik et al., 1998). Further

investigation of the protective mechanism(s) of LPC is

warranted.

Limitations of the study: we have carried out a full dose–

response curve to gain a better understanding of the effects and

potential side effects of sLPC. When doing this, we discovered

that a higher dose of sLPC (30mg kg�1) was not able to reduce

the organ injury/dysfunction caused by LPS, and even

significantly increased the liver injury (increase in serum levels

of ALT) caused by LPS. Most notably, three rats treated with

an even higher dose of sLPC (100mgkg�1) died within 5min of

administration of sLPC. The mechanism(s) underlying these

detrimental effect(s) of sLPC are not clear. Nevertheless, these

findings clearly indicate that higher doses of sLPC cause

adverse effects and also that the therapeutic window for the

use of sLPC in vivo is fairly narrow.

In conclusion, we report that LPC dose and time

dependently attenuates the multiple organ injury and dysfunc-

tion caused by either LPS (model of Gram-negative shock)

or PepG and LTA (model of Gram-positive shock). This

beneficial effect of LPC is not dependent on the source of LPC,

as the (beneficial) effects of both synthetic and natural LPC

(from soybean) are very similar. Although the therapeutic

window for sLPC was narrow (in LPS-shock), we speculate

that appropriate doses of LPC may be useful in reducing the

degree of organ injury and dysfunction associated with shock

of various aetiologies.
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Council, William Harvey Research Foundation, U.K. and Helsingin
Sanomat Centennial Foundation, Finland.
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