
ORIG INAL ART ICLE

Liver sinusoidal endothelial cells and acute non-oxidative hepatic
injury induced by Pseudomonas aeruginosa pyocyanin
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Pseudomonas aeruginosa is an increasingly important cause

of sepsis and death in organ transplant recipients, particu-

larly those receiving liver transplants (Wagener & Yu 1992;

Singh et al. 2004; Aduen et al. 2005). Pseudomonas aerugin-

osa has a special affinity for tissue vasculature, typically sur-

rounding blood vessels circumferentially (Soave et al. 1978;

Schaber et al. 2007) and congregating in postcapillary ven-

ules (Fetzer et al. 1967). Pseudomonas aeruginosa induces

apoptosis in the endothelial cell line, ECV304 (Takahashi

et al. 1990; Valente et al. 2000) and produces a number of
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Summary

The liver sinusoidal endothelial cell (LSEC) is damaged by many toxins, including

oxidants and bacterial toxins. Any effect on LSECs of the Pseudomonas aeruginosa

virulence factor, pyocyanin, may be relevant for systemic pseudomonal infections

and liver transplantation. In this study, the effects of pyocyanin on in vivo rat livers

and isolated LSECs were assessed using electron microscopy, immunohistochemistry

and biochemistry. In particular, the effect on fenestrations, a crucial morphological

aspect of LSECs was assessed. Pyocyanin treatment induced a dose-dependent reduc-

tion in fenestrations in isolated LSECs. In the intact liver, intraportal injection of

pyocyanin (11.9 lM in blood) was associated with a reduction in endothelial poros-

ity from 3.4 ± 0.2% (n = 5) to 1.3 ± 0.1% (n = 7) within 30 min. There were

decreases in both diameter and frequency of fenestrations in the intact endothelium.

There was also a decrease in endothelial thickness from 175.8 ± 5.8 to

156.5 ± 4.0 nm, an endothelial pathology finding previously unreported. Hepatocyte

ultrastructure, liver function tests and immunohistochemical markers of oxidative

stress (3-nitrotyrosine and malondialdehyde) were not affected. Pyocyanin induces

significant ultrastructural changes in the LSEC in the absence of immunohistochemi-

cal evidence of oxidative stress or hepatocyte injury pointing to a novel mechanism

for pyocyanin pathogenesis.
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virulence factors including pyocyanin. Pyocyanin is a phen-

azine dye with broad range of activities including redox

activity (Hassan & Fridovich 1980; Britigan et al. 1997),

immunomodulation (Muhlradt et al. 1986; Muller et al.

1989), pro-inflammatory effects (Lau et al. 2004), genera-

tion of reactive oxidative species (ROS) (Cheluvappa et al.

2007b), succinic dehydrogenase enzyme inactivation (Har-

man & Macbrinn 1963), cytotoxicity (Britigan et al. 1997;

Lau et al. 2004), pro-apoptotic effects (Usher et al. 2002)

and induction of senescence (Muller 2006).

There are several reasons to suspect that pyocyanin might

have important effects on the liver sinusoidal endothelial cell

(LSEC). Pyocyanin has been shown to induce oxidative

stress and morphological changes in endothelial cells (Briti-

gan et al. 1992). Within the liver, the LSEC is very sensitive

to both oxidative stress (Cogger et al. 2001; Cheluvappa

et al. 2007b) and the effects of bacterial lipopolysaccharides

(LPS) (Dobbs et al. 1994; Seto et al. 1998). LSECs are perfo-

rated with fenestrations, pores with diameters ranging from

30 to 300 nm, that facilitate the transfer of lipoproteins,

particularly triglyceride-rich chylomicron remnants, between

blood and hepatocytes (Fraser et al. 1995). Previously, we

found that pyocyanin reduced porosity in isolated LSECs.

This was prevented by treatment with catalase, suggesting

that the mechanism involves hydrogen peroxide (H2O2)-

induced oxidative stress (Cheluvappa et al. 2007b). Another

possible mechanism for these LSEC changes is the alteration

of caveolin-1 expression. LPS, which induces defenestration

in LSECs (Dobbs et al. 1994), also induces the over-expres-

sion of caveolin-1 (Kamoun et al. 2006), a key component

of fenestrations (Ogi et al. 2003). Similarly, pyocyanin could

influence fenestrations through its interactions with proteins,

such as F-actin or caveolin-1, that maintain fenestrations

(Braet et al. 2003; Ogi et al. 2003).

The LSEC has a key role in the maintenance of liver func-

tion and its viability following transplantation. The rejection

of donor livers is associated with demonstrable LSEC anti-

bodies (Sumitran-Holgersson et al. 2004). LSEC apoptosis

correlates with preservation–perfusion-related dysfunction of

donor rat livers (Zhu et al. 2006) and LSEC apoptosis without

concomitant hepatocellular injury occurs in preservation

injury during liver transplantation (Gao et al. 1998). For such

reasons, changes induced in the LSEC are likely to have signif-

icant clinical outcomes in terms of liver transplantation.

Therefore, we postulated that the effects of pyocyanin on

the LSEC are an important component of the toxicity of

pseudomonal sepsis. Better knowledge of the pathogenesis of

the changes in LSECs induced by pyocyanin may partially

explain the mechanisms of liver allograft rejection

(Sumitran-Holgersson et al. 2004) and hyperlipidaemia of

sepsis (Spitzer et al. 1988; Fraser et al. 1995; Harris et al.

2000).

Methods

Synthesis of pyocyanin

Pyocyanin was chemically synthesized by the photolysis of

phenazine methosulphate (Knight et al. 1979) and purified

(Muller & Sorrell 1992) as described earlier. The purity of

pyocyanin was ascertained and the concentration quantified

by utilizing its known absorption spectrum and extinction

coefficient values as elucidated earlier (Watson et al. 1986).

Animal protocols, LSEC isolation and pyocyanin

treatment

Animal studies were approved by the Sydney Southwest Area

Health Service Animal Welfare Committee. All rats were spe-

cific pathogen-free males obtained from the Animal Research

Centre (Perth, Australia). Each rat used was anesthetized

with ketamine and xylazine (50 and 5 mg ⁄ kg respectively;

Troy Laboratories, Smithfield, Australia) by intraperitoneal

injection. LSECs were harvested from livers of Sprague-Daw-

ley rats (aged 2–3 months, 250–350 g) according to method-

ology described previously (Cogger et al. 2004). The

resulting cells were plated onto collagen-coated Thermanox

cover slips (Nalge Nunc Int., Rochester, NY, USA) at a den-

sity of 1.60 · 106 per ml at 37 �C ⁄ 5% CO2 in RPMI-1640

media with 2% FCS (GIBCO�; Invitrogen Corporation,

Carlsbad, CA 92008, USA) and antibiotics (100 U ⁄ ml peni-

cillin, 100 lg ⁄ ml streptomycin) and cultured for at least

16 h. A series of dose–response experiments in triplicate were

performed to assess the effects of pyocyanin at the following

concentrations: 0, 10, 20, 50 and 100 lM. These concentra-

tions were chosen because pyocyanin has been detected

in vivo at concentrations of 1–130 lM (Wilson et al. 1988).

The in vivo experiments were performed in Fisher F344

rats (aged 2–3 months, approximately 200 g). A mid-line

laparotomy incision was made in anesthetized animals and

saline (n = 5) or pyocyanin (n = 7) was injected into the por-

tal vein. Pyocyanin, when injected portally, was calculated

to give a final systemic concentration of 11.9 lM. Total

blood volume was calculated for each rat using the follow-

ing formula (Lee & Blaufox 1985): blood volume

(ml) = 0.06 · body weight (g) + 0.77. The laparotomy was

closed and respiratory rate monitored. After 30 min, the

incision was re-opened. Blood was collected from the inferior

vena cava for biochemical analysis, and the liver was

removed and processed for scanning electron microscopy,
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transmission electron microscopy and immunohistochemistry

as described previously (Cheluvappa et al. 2007a,b). Two

lobes were snap frozen in liquid nitrogen for biochemical

analyses.

Electron microscopy

Scanning electron microscopy of LSECs and liver tissue

blocks was performed as described previously (Cheluvappa

et al. 2007a,b) using a Jeol JSM-6380LV scanning electron

microscope (Jeol, Akishima-Shi, Japan). For an analysis of

isolated LSECs, three representative micrographs from each

of four cellular fields per cover slip were taken at 15,000·
magnification. For liver tissue blocks, 12 representative fields

from at least three liver blocks per animal were photo-

graphed at 25,000· magnification. Micrographs were analy-

sed using ImageJ (http://rsb.info.nih.gov/ij/) to determine

endothelial porosity, average fenestration diameter, fenestra-

tion density and presence of gaps. Fenestrations are dis-

tinctly patent pores in contrast to caveolae which are closed

pores. Fenestrations contribute to endothelial porosity, while

caveolae do not owing to the mechanical barricade that the

latter pose. Hence, open pores (fenestrations) alone were

counted from electron micrographs, but not closed or

membrane-covered pores (caveolae).

Transmission electron microscopy of liver tissue sections

was performed as described previously (Cogger et al. 2004).

Briefly, two technically eligible blocks per liver were examined.

Sections from each block were chosen at random for

ultrastructural measurement. Twenty representative micro-

graphs per animal were taken at 19,000· and 10 at 4600·
using a Philips CM10 Transmission Electron Microscope fitted

with a Megaview III camera and Analysis� software (Olym-

pus, Tokyo 163-0914, Japan). The 19,000· micrographs were

analysed using ImageJ to measure endothelial thickness.

The 4600· micrographs were analysed using ImageJ for

morphological aberrations in hepatocyte ultrastructure.

Light microscopy and immunohistochemistry

Liver specimens were fixed in 4% paraformaldehyde-buf-

fered saline and embedded in paraffin for light microscopy

and immunohistochemistry. Four-micrometre sections were

stained with haematoxylin and eosin for light microscopy.

Immunohistochemistry was used to detect the differences in

staining intensity, distribution and pattern of caveolin-1,

which is present on the plasma membrane of LSEC fenestra-

tions (Ogi et al. 2003); 3-nitrotyrosine, which marks tyro-

sine nitration occurring during oxidative stress; and

malondialdehyde, which indicates lipid peroxidation occur-

ring during oxidative stress. Immunohistochemical staining

was performed using an indirect polymer immunoperoxidase

method. Four-micrometre sections of fixed liver tissue were

deparaffinized in xylene (3 · 3 min) and taken to absolute

ethanol (3 · 2 min). Endogenous peroxidase was blocked by

incubating slides in 3% H2O2 in absolute methanol for

10 min at room temperature. After hydrating the sections,

the slides utilized for nitrotyrosine and caveolin-1 immuno-

histochemistry were heated at 125 �C for 4 min in a

Decloaking Chamber (Biocare Medical, Concord, CA

94520, USA) with epitope retrieval buffer and then cooled.

This was followed by incubation with goat serum for

20 min. Without washing, the primary antibodies were

applied and incubated overnight. The primary antibodies

used were rabbit anti-human caveolin-1 antibody (N-20;

Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse

monoclonal anti-nitrotyrosine antibody (ab7048; Abcam,

Cambridge CB4 OWN, UK) and rabbit polyclonal anti-

malondialdehyde antibody (ab6463; Abcam). The epitope

retrieval buffers used were citrate buffer (0.01 M, pH 6.0)

for caveolin-1 and Tris buffer (0.05 M Tris–EDTA, pH 8.0)

for 3-nitrotyrosine immunohistochemistry. No pretreatment

was needed for tissues for malondialdehyde immunohisto-

chemistry. During immunostaining, all slides were washed in

washing buffer (0.001 M Tris, pH 7.6) containing Tween20.

After the primary incubation, the secondary antibody,

affinity-purified goat anti-mouse or anti-rabbit immunoglob-

ulin-linked polymeric horseradish peroxidase (AP340P-

50ML ⁄ AP342P-50ML; Chemicon, Temecula, CA 92590,

USA; now Bioscience Research Reagents, Millipore, Biller-

ica, MA 01821, USA) was applied for 30 min. After buffer

wash, the sections were treated with diaminobenzidine

(DAB) chromogenic substrate solution for 5 min and slides

were washed in water. The slides were then immersed in

1% aqueous CuSO4 solution for further intensification of

staining and counterstained with haematoxylin, dehydrated

and mounted. The slides were graded by three blinded

observers and a consensus was reached according to staining

distribution (periportal, zone 2, pericentral) and intensity of

staining (0, +, ++, +++) and semi-quantitatively assessed.

Blood biochemistry

Protein quantification, blood biochemistry and liver function

tests were carried out by the Biochemistry Department,

Diagnostic Pathology Unit, Concord RG Hospital, using the

automated Roche Diagnostics Modular Analytics Serum

Work Area (F. Hoffmann-La Roche Ltd). Briefly, the princi-

ples utilized in these assays are enclosed in brackets as

follows: total protein (biuret ⁄ endpoint with blank), albumin
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(BCG-Citrate buffer), alanine transaminase (ALT) and aspar-

tate transaminase (AST) (IFCC modified) and alkaline phos-

phatase (ALP) (AMP buffer-IFCC).

Western blot analysis for pyocyanin interaction with

caveolin-1

To determine whether pyocyanin irreversibly binds to cave-

olin-1 and alters protein size, caveolin-1 electromobility was

examined using Western blot. Twenty micrograms of cell

lysate from SK-HEP-1 cells, an endothelial cell line that

expresses caveolin-1 (Heffelfinger et al. 1992), were treated

with pyocyanin; and controls were separated by SDS-PAGE.

Lanes were run with 100 lM pyocyanin or 2 lM pyocya-

nin in the presence of lysate or with 100 lM pyocyanin

alone. Lysate, when loaded, was always 20 lg per well.

After transfer onto nitrocellulose membrane (Amersham

Biosciences, Piscataway, NJ 08855-1327, USA; Now part of

GE Healthcare, Chalfont St Giles, BUCKS, HP8 4SP, UK),

the blot was blocked, incubated with primary antibodies to

caveolin-1 (Santa Cruz Biotechnology), washed and incu-

bated with a rabbit anti-goat IgG secondary antibody con-

jugated to horseradish peroxidase (Amersham Biosciences).

Proteins were visualized using chemiluminescence.

Statistical analysis

Statistical analysis was performed using SigmaStat Statistics

Software (spss Inc, Chicago, IL, USA). Data are presented

as the mean ± standard error of the mean. The Mann–

Whitney test was used to compare groups and considered

significant when P < 0.05. The Mann–Whitney test was

performed only when the Kolmogorov–Smirnov normality

test failed on the data sets tested.

Results

Effect of pyocyanin on isolated LSECs

Treatment of LSECs with pyocyanin concentrations ranging

from 0 to 100 lM induced a dose-dependent decrease in

LSEC porosity (Figure 1) as measured by scanning electron

micrograph morphometry.

Scanning electron microscopy of liver sinusoids

Scanning electron micrograph analysis of liver sinusoids

(Figure 2a,b) revealed a decrease in porosity of liver sinu-

soids with pyocyanin treatment, with significant contribu-

tions from both fenestration diameter and fenestration

Figure 1 Pyocyanin dose and porosity of LSECs. Porosity (%)

of isolated LSECs decreased as concentration of pyocyanin

increased from 0 to 100 lM.

(a)

(c)

(b)

Figure 2 Scanning electron microscopy of liver sinusoids from

control and pyocyanin-treated rats. The fenestrations of the

control liver sinusoid (a) are larger in diameter and higher in

frequency (number of fenestrations per lm2) than those of the

pyocyanin-treated liver (b). The arrow-head indicates a single

fenestration and the full arrow, a sieve-plate circumscribing

many fenestrations. Original magnification 25,000·, scale

bar = 1 lm. (c) is a histogram of fenestration diameters

measured on scanning electron micrographs, showing a lower

proportion of smaller fenestrations in pyocyanin-treated liver

endothelium than in control livers. There was a non-significant

trend towards an increased number of gaps (>300 nm) with

pyocyanin treatment.
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frequency (number of fenestrations per lm2) (Table 1). Pyo-

cyanin treatment was associated with smaller fenestration

diameters than those seen in control liver sinusoids

(Figure 2c). The number of gaps (diameter >300 nm) was

slightly raised with pyocyanin treatment, although statisti-

cally insignificant (Figure 2c).

Transmission electron microscopy of liver sinusoids and

the space of Disse

Transmission electron micrograph analysis revealed normal

hepatocyte architecture in both control and pyocyanin treat-

ment groups (Figure 3). The hepatocellular nuclei, mitochon-

dria and endoplasmic reticulum were well preserved and had

normal morphology. Pyocyanin treatment was associated

with a statistically significant decrease in endothelial thickness

from 175.8 ± 5.8 to 156.5 ± 4.0 nm (Figure 3c,d, Table 1).

Table 1 Electron micrograph morphometry of the liver endo-

thelium and perisinusoidal hepatocytes from rat livers with and

without pyocyanin treatment in vivo

No

treatment

(n = 5)

Pyocyanin

treatment

(n = 7) P-value

Scanning electron microscopy

Porosity % 3.4 ± 0.2 1.3 ± 0.1 <0.001

No. of fenestrations (lm2) 5.5 ± 0.3 2.4 ± 0.1 <0.001

Fenestration diameter (nm) 80.4 ± 0.6 71.0 ± 0.8 <0.001

Transmission electron microscopy

Endothelial thickness (nm) 175.8 ± 5.8 156.5 ± 4.0 <0.01

With pyocyanin treatment, scanning electron micrograph analysis

revealed a decrease in porosity, fenestration diameter and fenestra-

tion frequency of liver sinusoids. With pyocyanin treatment,

transmission electron micrograph analysis revealed a decrease

in endothelial thickness. Data are presented as numerical values ±

standard error of the mean.

(a) (b)

(c) (d)

Figure 3 Transmission electron microscopy of livers from con-

trol and pyocyanin-treated rats. Organelle size and number were

unaffected by pyocyanin treatment with normal morphology of

mitochondria (M) observed in control and pyocyanin-treated

rats: (a) control liver sinusoid, (b) pyocyanin-treated liver sinu-

soid. S; sinusoidal lumen, scale bar = 2 lm, original magnifica-

tion 4600·. At original magnification 19,000·, a decrease in the

thickness of the endothelium (E) was seen in the pyocyanin

treatment group. The space of Disse (D), hepatocytes (H) and

hepatocellular endoplasmic reticulum (ER) appeared normal in

both groups: (c) control liver sinusoid, (d) pyocyanin-treated

liver sinusoid. F; fenestrations, scale bar = 1 lm.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4 Light microscopy and immunohistochemistry of livers

from control and pyocyanin groups. Light microscopy of liver

sections stained with eosin and haematoxylin staining. (a) Con-

trol liver, (b) pyocyanin-treated liver. Malondialdehyde immu-

nohistochemistry [(c) control liver, (d) pyocyanin-treated liver],

3-nitrotyrosine immunohistochemistry [(e) control liver, (f) pyo-

cyanin-treated liver] and caveolin-1 immunohistochemistry [(g)

control liver, (h) pyocyanin-treated liver] revealed no changes

across the hepatic lobule with pyocyanin treatment. Immuno-

histochemical stains appear brown, original magnification 100·.
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Light microscopy and immunohistochemistry of livers

Light microscopy (Figure 4a,b), 3-nitrotyrosine immuno-

histochemistry (Figure 4c,d) and malondialdehyde immuno-

histochemistry (Figure 4e,f) of livers revealed no observable

changes with pyocyanin treatment.

Investigation of relationship of caveolin-1 to pyocyanin-

induced endothelial changes

Caveolin-1 immunohistochemistry (Figure 4g,h) of livers

revealed no observable changes with pyocyanin treatment.

Western blot analysis (Figure 5) showed that pyocyanin did

not alter caveolin-1 mobility.

Blood biochemistry

Liver function tests (total protein, albumin, ALT, AST and

ALP) showed no significant change with pyocyanin treat-

ment (Table 2).

Discussion

Pyocyanin over a wide range of concentrations is associated

with a substantial loss of LSEC porosity. Pyocyanin also

induces significant acute changes in the in vivo liver sinusoi-

dal endothelium without evidence that these changes are med-

iated by reactive oxygen and nitrogen species. These LSEC

changes were not accompanied by evidence of structural or

biochemical hepatocellular changes. The data indicate that

the ultrastructure of LSECs is highly sensitive to pyocyanin.

Many toxins have been shown to induce LSEC injury. In

particular, oxidative stress has been shown to have dramatic

effects on the morphology of the LSEC. We found that

H2O2 (0.7 mM) delivered via the portal vein in the perfused

liver had effects that were largely confined to the perisinu-

soidal areas (Cogger et al. 2001) and that tert-butyl hydro-

peroxide injected into the portal vein in vivo and in isolated

LSECs caused disruption of the liver sieve plates (Cogger

et al. 2004). As regards pyocyanin, Britigan et al. showed

that pyocyanin induced oxidative injury in pulmonary artery

endothelial cells (Britigan et al. 1992; Miller et al. 1996).

Pyocyanin induced H2O2 production by human umbilical

vein endothelial cells with marked depletion of intracellular

glutathione, and these changes were preventable by catalase

(Muller 2002). In our previous study exploring the effects of

pyocyanin on isolated LSECs (Cheluvappa et al. 2007b),

catalase which inactivates hydrogen peroxide to water,

prevented pyocyanin-induced morphological changes in the

LSECs, specifically defenestration. In the current study, pyo-

cyanin treatment induced a dose-dependent loss of porosity

in isolated LSECs. Furthermore, portally injected pyocyanin

in vivo led to a significant reduction in porosity of the endo-

thelium showing that this effect is seen both in vivo and in

vitro. In addition, we noted a decrease in endothelial thick-

ness with pyocyanin, a change which has not been reported

with any other toxic injury to the LSEC.

It is important to note that the ultramicroscopic LSEC

changes were present without any morphological hepatocellu-

lar alterations including mitochondrial morphology and fre-

quency or any other signs of hepatocyte injury or oxidative

stress. This indicates that the LSEC is an initial site of injury

induced by pyocyanin, and indeed may even have a role in

protecting hepatocytes from endo- and xenobiotics. There

were no changes in malondialdehyde and 3-nitrotyrosine

immunohistochemistry. This is in contradistinction to our

studies in isolated LSECs where an increase in markers of oxi-

dative stress was found. It is plausible that in vivo, hepato-

cyte-derived antioxidants prevented any overall changes in

markers of oxidative stress but not sufficient to prevent defen-

estration of the LSEC. Alternatively, it is possible that pyocya-

nin induces defenestration in vivo through mechanisms

independent of oxidative stress such as influencing caveolin-1.

Caveolin-1 is a membrane protein involved in the mainte-

nance of fenestrations (Braet et al. 2003; Ogi et al. 2003).

Normal liver caveolin-1 immunohistochemical staining is

a b c d e

22 kDa

Figure 5 Western blot analysis for caveolin-1. SDS-PAGE gel

run with 20 ll of SK-HEP-1 cell lysate with 2 lM pyocyanin

(lane a), 100 lM pyocyanin (lane b) or no pyocyanin (lanes

d,e); or with 100 lM (lane c) pyocyanin alone and stained for

caveolin-1. Lysate, when loaded, was always 20 lg per well

(lanes a,b,d,e). Band migration was unaltered for SK-HEP-1 cell

lysate with and without pyocyanin treatment.

Table 2 Liver function tests with and without pyocyanin treat-

ment in vivo

No treatment

(n = 5)

Pyocyanin

treatment (n = 7)

ALP (U ⁄ l) 186.6 ± 16.7 174.2 ± 12.2

ALT (U ⁄ l) 69.0 ± 13.7 71.5 ± 8.4

AST (U ⁄ l) 90.6 ± 14.3 120.2 ± 33.4

Protein (g ⁄ l) 52.0 ± 1.2 54.4 ± 1.0

Albumin (g ⁄ l) 33.2 ± 0.8 34.4 ± 0.8

Liver function tests showed no statistically significant changes with

pyocyanin treatment. Data are presented as numerical values ± stan-

dard error of the mean.
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usually evident in LSECs which line the sinusoids, bile cana-

liculi, as well as portal and hepatic arterioles and venules

(Yokomori et al. 2001). It has been demonstrated that LSEC

defenestration, which occurs in models of pathological liver

states, such as cirrhosis (Nopanitaya et al. 1976) and type 1

diabetic liver (Jamieson et al. 2007), is accompanied by cave-

olin-1 over-expression. Similarly, LPS which induces defenes-

tration in LSECs (Dobbs et al. 1994) also induces over-

expression of caveolin-1 (Kamoun et al. 2006). However, we

were unable to demonstrate any caveolin-1 immunohisto-

chemical changes with the liver endothelial defenestration

induced by pyocyanin. We also investigated the possibility of

pyocyanin binding to caveolin-1 or altering the properties of

caveolin-1. We were unable to demonstrate any alteration in

caveolin-1 using an immunoblot method. These results

exclude the possibility that pyocyanin induces defenestration

via any major effects on caveolin-1. Therefore, it is possible

that pyocyanin induces defenestration through mechanisms

independent of oxidative stress or interaction with caveolin-1.

As pyocyanin has been shown to influence the expression and

secretion of numerous cytokines (Muhlradt et al. 1986; Leidal

et al. 2001), further investigations into the expression and

activity of these cytokines may serve to reveal the mechanism.

The novelties of the present study are manifold. First, we

have shown that the in vitro findings elucidated in our

previous study (Cheluvappa et al. 2007b) were reproducible

in vivo, which is more pathophysiologically relevant. Sec-

ondly, the contributing parameters leading to the loss of

endothelial porosity were different in the in vitro model

(Cheluvappa et al. 2007b) in contrast to the in vivo model

that we utilized here. In the in vitro model, fenestration fre-

quency was the only determining factor. In this in vivo

model, the fenestration diameter was as significant a contrib-

uting factor as fenestration frequency. The ultrastructural

changes recorded in this in vivo study are more likely to be

pathophysiologically representative. Thirdly, using trans-

mission electron microscopy, we have described endothelial

thinning, a novel ultrastructural change induced by pyo-

cyanin. The significance of endothelial thinning, a patho-

logical change unreported in extant literature, is yet to be

elucidated. Fourthly, the mechanism of pyocyanin pathogen-

esis has always been attributed to oxidative stress injury. In

this study, we demonstrated with clarity that pyocyanin

induces in vivo sinusoidal changes in the absence of clear-

cut oxidative stress indicators. These findings point to a

novel mechanism for pyocyanin pathogenesis.

The observation that pyocyanin influences endothelial

morphology may have significant clinical implications.

LSECs have been shown to be important in tolerance induc-

tion in liver transplantation and rejection of donor livers cor-

relates closely with the presence of LSEC antibodies

(Sumitran-Holgersson et al. 2004). Thus, there is a possibility

that pyocyanin-induced LSEC perturbations with or without

the induction of free radicals may impact graft outcome and

prognosis following pseudomonal sepsis. It has also been

reported that hyperlipidaemia is an important response to

sepsis. The mechanism for sepsis-associated hyperlipidaemia

is multifactorial, but impaired catabolism of lipoproteins is a

contributory factor (Spitzer et al. 1988; Harris et al. 2000).

LSECs, which are perforated with fenestrations that facilitate

transfer of lipoproteins between blood and hepatocytes, have

an increasingly recognized role in hyperlipidaemia (Fraser

et al. 1995). We have shown that conditions associated with

reduced numbers of fenestrations, such as aging (Hilmer

et al. 2005) and treatment with the surfactant poloxamer

407 (Cogger et al. 2006), are associated with impaired lipo-

protein uptake by the liver and hypertriglyceridaemia. The

results with pyocyanin support the concept that hyperlipida-

emia associated with sepsis might in part be a result of LSEC

defenestration. In the current study, the 30 min duration of

pyocyanin exposure would not have been sufficient to cause

profound changes in blood lipoprotein levels.

In conclusion, the P. aeruginosa toxin, pyocyanin, caused

loss of fenestrations over a range of concentrations in isolated

LSECs as well as the in vivo liver endothelium. The ultra-

structural LSEC changes in the absence of hepatocellular

injury indicate that the LSEC is a prime target for pyocyanin.

Pyocyanin-induced LSEC changes seen in vivo in the absence

of free radical or oxidative stress injury points to a novel

mechanism for the pathogenesis of P. aeruginosa pyocyanin.
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