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Abstract

Introduction

Systemic inflammation may affect the brain by aggravating the stage of encephalopathy
and increasing intracranial pressure (ICP) especially if liver insufficiency with hyperammo-
nemia is present. The aim of this study was to determine if the influence of concomitant
hyperammonemia and lipopolysaccharide (LPS) on the brain can be prevented by dexa-
methasone and cyclooxygenase (COX) inhibitors.

Method

Fifty-four male Wistar rats, 6 in each group, were divided into the following groups:
Saline+saline; LPS (2mg/kg)+saline; LPS+indomethacin (10mg/kg); LPS+diclofenac
(10mg/kg); LPS+dexamethasone (2mg/kg) in experiment A. Experiment-B included
the following groups: LPS+NH3 (140umol/kg/min)+saline; LPS+NH3+indomethacin;
LPS+NH3+diclofenac and LPS+NH3+dexamethasone. ICP was monitored via a
catheter placed in cisterna magna and changes in CBF were recorded by laser
Doppler flowmetry.

Results

LPS with and without NH3 induced a similar increase in plasma 6-keto-prostaglandin-
F14 (6-keto-PGF4) concentration together with a concomitant rise in CBF and ICP.
Indomethacin and diclofenac prevented the increase in ICP by LPS alone, and with
the addition of NH3 the increase in both CBF and ICP, which was associated with

a decrease in 6-keto-PGF4. Dexamethasone only reduced the LPS induced increase
in ICP but not CBF, and partly the 6-keto-PGF4 plasma concentration in the
combined setup.
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Conclusion

These data indicate that activation of cycloooxygenases is of central importance for devel-
opment of cerebral hyperemia and high ICP during concomitant systemic inflammation
and hyperammonemia.

Introduction

Brain edema and intracranial hypertension frequently evolves in patients with acute liver fail-
ure (ALF)[1-3]. Besides the presence of hyperammonemia there is now accumulating evidence
that pro-inflammatory cytokines are also of pathophysiological importance [4-9].

Pro-inflammatory mediators, such as the tumor necrosis factor alpha (TNF-o) and prosta-
noids (products of the cyclo-oxygenases (COX)), are upregulated in response to bacterial endo-
toxins (i.e. lipopolysaccharide (LPS)), decrease the vascular tone and causes peri-vascular
edema in the brain [10-13]. In ALF patients severe infections is known to aggravate the stage
of encephalopathy and increase intracranial pressure (ICP) [10]. The reason on how infection
affects the brain in liver failure remains essentially unknown [4;14] but suggest that anti-
inflammatory interventions could be of therapeutic value. In support of this view it has been
shown that induction of mild hypothermia can prevent (and reverse) development of high ce-
rebral blood flow (CBF) and ICP in ALF [3]. To further explore the effect of anti-inflammatory
therapy we here used an established experimental model [15] to investigate if development of
cerebral hyperemia and high ICP induced by co-administration of LPS and NH3. We here test
if the cerebral hemodynamics can be prevented by the two COX inhibitors indomethacin and
diclofenac, as well as by dexamethasone.

Material and Methods

Male Wistar rats weighing 350-400g (Charles River, Sulzfeld, Germany) were used. Once re-
ceived, they were housed in plastic cages, fed on a regular chow diet with free access to water.
They were kept on a 12:12 light/dark cycle. The study was approved by the animal trial com-
mittee of the Danish Ministry of Justice.

Experimental preparation

After a period of at least 5 days the animals were anesthetized with pentobarbital (50 mg/kg
i.v.) and all efforts were made to minimize suffering. Catheters (PE-50) were placed in the fem-
oral artery, femoral veins and in the peritoneum. Heparin (500 IU) was administered through
the arterial catheter. The arterial catheter was connected to a pressure transducer which was
reset at the mid-level of the body. The rats were tracheotomized and mechanically ventilated
(Hallowell EMC; E-vet. Haderslev, Denmark) with a frequency of 60 per minute and a tidal
volume of 5-10 ml. The respirator was connected to a capnograph allowing the expiratory CO,
level to be monitored. The temperature was monitored by an intra-abdominally placed ther-
mometer and maintained at 37 £ 0.2°C by the aid of a heating blanket.

The rat was fixed in a stereo-tactic instrument; a scalp incision was made and two small
boreholes were drilled. One borehole was used for the placement of a catheter (PE-10) in cister-
na magna. The catheter was connected to a pressure transducer, which was reset at the mid-
level of the body. The other borehole was used to place a laser Doppler probe (Probe 407;
Perimed, Stockholm, Sweden) in the brain cortex for continuous measurement of blood
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velocity using laser Doppler flowmetry (LDF). Flowmetry was performed using a periflux laser
Doppler System 5000 monitor (Perimed, Stockholm, Sweden). Continuous recordings of
arterial blood pressure, ICP and LDF were stored in a computer using the software Perisoft
(Perimed, Stockholm, Sweden). This software was used to calculate the relative change in
LDF, which was used as an index of relative change in regional CBF, and to measure the aver-
age values of ICP and mean arterial blood pressure (MAP) at consecutive time intervals of

5 min. The cerebral perfusion pressure (CPP) was calculated according to the formula

CPP = MAP—ICP.

Experimental design

Experiment A
The effect of indomethacin, diclofenac and dexamethasone on LPS induced changes in CBF,
ICP and CPP was evaluated in five groups each containing 6 rats.

1. Saline + (saline)x* + saline

2. LPS + (saline) + saline

3. LPS + (saline) + indomethacin
4. LPS + (saline) + diclofenac

5. LPS + (saline) + dexamethasone

* The vehicle of ammonium acetate (NH3).

Experiment B

The effect of indomethacin, diclofenac and dexamethasone on LPS plus NH3 induced
changes in CBF, ICP and CPP was evaluated in four groups each containing 6 rats.

1. LPS + NHS3 + saline

2. LPS + NH3 + indomethacin
3. LPS + NH3 + diclofenac

4. LPS + NH3 + dexamethasone

Experimental procedure

Before the experiment was started, a stable baseline of MAP, ICP and LDF was secured. Arteri-
al blood levels of O,, CO,, pH, K" and Na* were measured by the use of a blood analyzer (ABL
505; Radiometer, Copenhagen, Denmark) before and every 30 min during the experiment.
Once a stable baseline was obtained LPS (E. Coli 0127 B8, Sigma-Aldrich) dissolved in sterile
saline (1 mg/ml) or vehicle alone was injected i.p. (1 mg/kg) and subsequently i.v. (1 mg/kg).
Ammonium acetate (NH3) at a concentration of 140 umol/kg/min or saline alone was then ad-
ministered i.v. to the animals by an infusion rate of 2.3-2.6 ml/hour and the chronometer
was started.

Indomethacin (Confortid; Activas, Copenhagen, Denmark) or diclofenac (Sigma-Aldrich)
10 mg/kg were administered i.v. 15 min after start, while dexamethasone (Fortecortin; Merck,
Darmstadt, Deutschland) 2 mg/kg was administered i.v. 30 min before start. Sterile saline was
used as vehicle in the control group.

The experiment was terminated after 70 min. Arterial blood was sampled and the animal
was decapitated. Blood samples were centrifuged and the plasma were frozen in liquid nitrogen
in heparin containing tubes.
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Table 1. Baseline measurements and arterial blood gasses at 60 min.

Baseline 60 min. Arterial blood
Group Weight (g)(g) MAP (mmHg) ICP (mmHg) PaCO, (mmHg) pH [Na+] (mM) [K+] (mM)
S+8S 379+3 121+ 4 26+0.2 40+ 1 7.45 £ 0.01 137 £ 1 42+0.1
LPS +S 378 + 14 120+ 4 2804 39+1 7.41£0.012 137 £1 3.9+0.1
LPS + dexamethasone 75 a5 118+ 4 26+0.2 40+ 1 7.46 £ 0.01° 139 +£1 42+0.1
LPS + indomethacin 368 + 14 122+ 4 29+04 39+1 7.46 +0.01¢ 138 £ 1 42+0.1
LPS + diclofenac 386 + 6 125+ 6 2904 40+ 1 7.45 + 0.01 140 1 3.9£0.1
LPS + NH3 + S 380 +8 117+ 6 29+04 41 +1 7.39 + 0.02° 135+ 2 43+0.1
LPS + NH3 + dexamethasone 386 + 16 1175 3.3+0.3 40+ 1 7.40 £ 0.02 136 * 1 46+0.2
LPS + NH3 + indomethacin 3795 124 +1 3.0+04 39+1 7.46 +0.01° 137 £ 1 46+0.1
LPS + NH3 + diclofenac 386 + 12 1205 32+04 39+1 7.45 +0.01° 137 £ 1 46+0.1

Note. Values are expressed as meant SE. Mean arterial pressure (MAP), intracranial pressure (ICP).

abp - 0.05vs. S+,
cdp < 0.05vs. LPS + S,
e P~ 0.05vs. LPS + NH3 + S

Saline (S), Lipopolysaccharide (LPS), ammonium acetate (NH3), saline (S), indomethacin (Indo), diclofenac (Diclo), dexamethasone (Dex).

doi:10.1371/journal.pone.0117416.t001

Measuring of plasma TNF-a

Plasma TNF-o levels were measured by an ELISA technique using a commercially available rat
TNF-o immuno kit (Rat TNF-o BMS622; Bender MedSystems GmbH, Vienna, Austria). The
enclosed protocols were used directly and all samples were run in duplicate.

Measuring of plasma 6-keto PGF

6-keto prostaglandin F;, (6-keto PGF,,,), a stable metabolite of prostaglandin I,, was measured
in the plasma using a commercially available EIA kit (6-keto PGF;,, EIA kit; Cayman Chemical
Company, Ann Arbor, USA) and used as an index of COX activity. The enclosed protocols
were used directly and all samples were run in triplet.

Statistical analysis

One-way analysis of variance or Kruskal-Wallis one way analysis of variance on ranks with
Tukey Test were used to compare between groups. One way repeated measures analysis of vari-
ance with Tukey Test was used to test within groups at different time intervals. Values are re-
ported as mean * SE. P<0.05 was considered to be significant.

Results

Baseline values of ICP, MAP, and body weight were similar in all the studied groups of rats in the
two experiments. The final PaCO, values were within the normal range and differences between
the groups were not observed. Although differences were observed between some of the groups,
the final pH blood values were within the normal physiological limits in all groups (Table 1). The
plasma sodium and potassium levels also remained within the normal range (Table 1).

Effect of LPS on cerebral hemodynamics (ICP, CBF, CPP)

Administration of LPS induced an increase in ICP (6.6 + 0.5 mmHg in the final time interval)
and CBF (33 + 10% in the final time interval), which in all the time intervals was significantly
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higher than those of the control group (3.1 + 0.5 mmHg and 7 + 4% in the final time interval)
(P<0.05) (Figs. 1 and 2). Contrary, the CPP gradually declined during the experiment
(P<0.05) (Fig. 3).

Effects of indomethacin, diclofenac and dexamethasone upon LPS
induced changes in cerebral hemodynamics (ICP, CBF, CPP)

The two COX inhibitors indomethacin and diclofenac prevented the increase in ICP

(3.7 £ 0.3 mmHg and 3.9 + 0.5 mmHg after 60 min) (P<0.05), while they had no effect upon
CBF (10 £ 20% and 24 + 24% after 60 min) (Figs. 1 and 2). CPP decreased in the group treated
with diclofenac at 60 min (P<0.05), while the decrease in the indomethacin group was not sig-
nificant (Fig. 3). Dexamethasone significantly reduced the increase in ICP (4.5 £ 0.2 mmHg

in the last time interval) (P<0.05), had no effect upon CBF (49 + 19% after 60 min) (Figs. 1
and 2), but prevented the fall in CPP (P<0.05) (Fig. 3).

Effect of indomethacin, diclofenac and dexamethasone upon LPS and
NH3 induced changes in cerebral hemodynamics (ICP, CBF, CPP)

The combined LPS and NH3 administration induced an increase in ICP (10.5 £ 1.7 mmHg
after 60 min) and CBF (121 + 24% after 60 min) which was substantially greater than that in-
duced by LPS alone (P<0.01). This increase was prevented by indomethacin (3.8 + 0.4 mmHg,
-3+ 9%) and diclofenac (5.0 £ 0.6 mmHg, 19 + 11%) in the time intervals 45-50 min and
60-65 min (P<0.05) (Fig. 4). In the NH3 + LPS group CPP returned to the baseline value in
the last time interval due to an increase in mean arterial pressure (data not shown). Compared
to the baseline values CPP, in the time intervals 45-50 min and 60-65 min, was reduced in

the LPS + NH3 + indomethacin and LPS + NH3 + diclofenac groups (P<0.05), while the
administration of dexamethasone had no effect on changes in ICP and CBF but prevented

the fall in CPP.

Effect of indomethacin, diclofenac and dexamethasone on LPS and NH3
induced increase in plasma TNF-a and 6-keto PGF 4

Administration of dexamethasone ameliorated (P<0.05) the increase in plasma TNF-a while
indomethacin and diclofenac did not have this effect (Table 2). The increase in plasma 6-keto
PGF;, was completely prevented by indomethacin and diclofenac, while only partly by dexa-
methasone (Table 2).

Discussion

The results of this study show that LPS induces a rise in both CBF and ICP, which are associat-
ed with a decrease in CPP, i.e. a decrease in the cerebrovascular resistance. An even more pro-
nounced increase in both CBF (33 vs. 121%) and ICP (136 vs. 286%) was observed if also
hyperammonemia was induced. These findings are in accordance with a previously conducted
study using the same experimental model [15]. Also the effect of a superimposed inflammation
induced by LPS on the brain in bile duct ligated rats shows similar results [5].

In this study we speculated that the increase in CBF and ICP induced by LPS with or with-
out hyperammonemia could be explained by the influence of different pro-inflammatory medi-
ators upon the brain vasculature causing modulation of the blood-brain barrier (BBB) with
subsequently increased permeability and relaxation of the microvessel endothelial cells that
control vascular tone [16]. In support of this view hyperemia has been reported to develop in
naive rats in response to iv infusion of TNF-o. [14]. In the present study, the TNF-o. plasma
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Fig 1. Time course showing the intracranial pressure (ICP) in the different groups of rats in
experiment A. A: Lipopolysaccharide (LPS) induced an increase in ICP which in all the time intervals was
significantly higher than the saline (S) + saline(S) group (*P < 0.05). B: Administration of indomethacin,
diclofenac or dexamethasone significantly reduced the development of increased ICP induced by LPS
(*P < 0.05).

doi:10.1371/journal.pone.0117416.9001

concentration increased following exposure to LPS which then make TNF-o a plausible
candidate. This is in accordance with previously conducted studies showing that the plasma
TNEF-a concentration increases very fast following LPS injection [17]. Products of the COX en-
zymes, which are known to be activated in response to LPS, are also able to modulate the BBB
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Fig 2. Time course showing the relative changes in cerebral blood flow (A%CBF) in experiment A. A: Lipopolysaccharide (LPS) induced an increase in
A%CBF which was already present after 15 min. (*P < 0.05). B: Indomethacin, diclofenac and dexamethasone had no effect on the LPS induced changes of

A%CBF.

doi:10.1371/journal.pone.0117416.g002

microvessel endothelial cells and the smooth muscle cells of the brain arterioles [18]. The high
plasma level of the stable prostaglandine metabolite 6-keto PGF;,, found in the present model

confirms that the COX pathway is activated. Interestingly, the addition of ammonia, does not

course any additional elevation in the TNF-o or 6-keto PGF,, plasma concentrations
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Fig 3. Time course illustrating the changes in cerebral perfusion pressure (CPP) in the different groups of experiment A. A: Compared to the
baseline value CPP was lower in the two last time intervals in the Lipopolysaccharide (LPS) group (*P < 0.05), while no changes was observed in the saline
(S) + vehicle (V) group. B. In the diclofenac administered group CPP also declined and was significantly lower at 60—65 min compared to the baseline value.
Contrary, in the indomethacin, dexamethasone the CPP did not decrease.

doi:10.1371/journal.pone.0117416.g003

indicating that the effect of hyperammonemia is not mediated through an elevation of the
prostanoids or TNF-a concentrations.

The main finding in the present study was that the two unspecific COX inhibitors indo-
methacin and diclofenac prevent the increase in ICP in the LPS group, and the increase in CBF
plus ICP in rats exposed to both LPS and ammonia. This neuroprotective effect of
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Fig 4. The effect of indomethacin, diclofenac and dexamethasone on changes of intracranial pressure
(ICP), relative changes in cerebral blood flow (A%CBF) and cerebral perfusion pressure (CPP), and in
rats exposed to lipopolysaccharide (LPS) and ammonium acetate (NH3). A + B: Indomethacin and
diclofenac prevented the development of increased A%CBF and ICP (*P < 0.05) while dexamethasone did
not have this effect. C: Compared to the baseline values CPP, in both time intervals, was reduced in the

LPS + NH3 + indomethacin and LPS + NH3 + diclofenac groups (*P < 0.05), while in the NH3 + LPS group it
returned to the baseline value in the last time interval.

doi:10.1371/journal.pone.0117416.9004
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Table 2. Plasma TNF-a and 6-keto PGF, at the end of experiment

Group TNF-a (ng/ml) 6-keto PGF,, (pg/ml)
S+8S 0x0 230+ 20

LPS+S 56.10 + 15.03% 3890 + 600%

LPS + NH3+ S 66.57 + 14.78° 3680 = 220°

LPS + NH3 + Dexamethasone 25.84 +8.01° 1230 + 170°

LPS + NH3 + Indomethacin 80.25 + 9.43 90 + 10¢

LPS + NH3 + Diclofenac 61.15 + 5.30 80 + 10°

Note. Values are expressed as mean + SE. Saline (S), Lipopolysaccharide (LPS), ammonium acetate
(NH3).

abp0.01vs. S+ S,

©4epP<0.01 vs. LPS + NH3.

doi:10.1371/journal.pone.0117416.t002

indomethacin and diclofenac in the LPS + NH3 group is associated with an almost complete
prevention of plasma 6-keto PGF,,, formation, and seems in accordance with an experimental
study that showed that indomethacin can prevent the development of hyperemia in portacaval
administered rats exposed to NH3 infusion [19]. Contrary to the two COX inhibitors, dexa-
methasone did not prevent the increase of CBF and ICP induced by LPS and NH3. This finding
may be explained by a weaker effect of dexamethasone in inhibiting the formation of vasoactive
prostanoids as we found that the plasma level of 6-keto PGF,,, is only partly reduced compared
to the LPS+NH3 group. We cannot refuse that administration of dexamethasone earlier than
30 minutes before the study was initiated might not have allowed the fully effect of dexametha-
sone. Further study will be needed.

Dexamethasone inhibits phospholipase A2 leading to a reduction in the free aracidonic
acid, the substrate of the COX enzymes which explain an only partly reduction in 6-keto
PGF,, formation [20]. The observation, however, that the small but significant increase of CBF
in the group treated with LPS alone is not reduced by the indomethacin and diclofenac, in con-
trary to ICP, may indicate that the mechanism underlying the development of high ICP and
CBF are different when hyperammonemia is also present.

It could be questioned whether the effect of indomethacin is related to inhibition of COX or
mediated by another mechanism, as hypercapnia-induced brain vasodilation can be prevented
by indomethacin, while diclofenac fails to have same effect [21;22]. Obviously, the finding that
diclofenac has the same effect as indomethacin in this study favors the involvement of vasoac-
tive prostanoids in causing brain edema and high ICP since the PaCO?2 levels in the study ani-
mals remained stable. Our results also indicate that the synergistic effect between ammonia
and endotoxin on the cerebral hemodynamic depends on a high level of vasoactive prostanoids.
However, the observation that the two COX inhibitors have no effect on the LPS induced in-
crease in the TNF-o plasma level suggests that TNF-o. is not a pro-inflammatory mediator that
actually carries out, at least not alone, the changes in cerebral hemodynamics seen in the pres-
ent model. A more likely role of TNF-o. is that it works via a signal molecule placed longer
downstream on the inflammatory cascade pathway, such as prostacycline [18;23]. Clearly more
study is needed to firmly establish the key role of TNF-o in mediating cerebral vasodilatation
and high ICP, since high levels of TNF-a. play a major role in ALF gut-liver-brain axis and neu-
rological complications [24;25].

In conclusion the results of the present study show that LPS (with and without hyperammo-
nemia), induces an increase in the plasma concentration of both TNF-o and 6-keto PGF,
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which correlate with a rise in both CBF and ICP. The COX inhibitors indomethacin and diclo-
fenac prevent the increase in 6-keto PGF,,, plasma concentration but not in TNF-o. measured
in the LPS + NH3 group. Furthermore, indomethacin and diclofenac, but not dexamethasone,
prevents the synergistic effect of LPS and NH3 on CBF and ICP, which suggests a role of vaso-
dilatory prostanoids in the development of cerebral hyperemia and high ICP in the naive rat
with concomitant systemic inflammation and hyperammonemia.

Taken together our data supports the thesis that anti-inflammatory intervention, that is
COX inhibition, is a serious candidate for treatment of HE in ALF patients with hyperammo-
nemia. One could speculate that treatment with COX inhibitors as well as dexamethasone
would be beneficial. However, we couldn’t demonstrate any changes in the cerebral haemody-
namics in the LPS + NH3 setup by dexamethasone and therefore we didn’t test the potential
synergistic effect of NSAID and dexamethasone.

All physicians should however consider the potential detrimental impacts administrating
steroids and COX inhibitors. It is widely known that prednisolone have a tendency to mask
signs of infection, sometimes even reactivate infections [28], which is a major cause of morbidi-
ty and mortality in ALF patients. COX inhibitors contain several negative physiological effects
in humans as well as in animals. For example they increase the risk of gastrointestinal haemor-
rhage by inhibiting the cytoprotective effect of prostaglandins (mucus production, bicarbonate
secretion e.g.) thereby thinning the mucosal layer and increasing the risk of ulceration. Also,
ALF patients often have thrombocytopenia and administration of COX inhibitors reduces
platelet activation through decreased thromboxane A2 synthesis/activity inhibiting platelet ag-
gregation resulting in impaired blood clotting ability.

Though sodium and potassium levels remained stable in our experimental model of ALF it
is important to remember that cirrhotic patients with acute liver failure often suffer from im-
paired kidney function due to complex circulatory changes involving splanchnic vasodilata-
tion, decreased effective circulatory volume, activation of the renin-angiotensin-aldosterone
system and renal vasoconstriction (Hepatorenal Syndrome). By constricting the afferent arteri-
ole in the glomerulus and reducing the glomerular filtration COX inhibitors could worsen kid-
ney function even more rapidly.

Overall this study suggest that NSAIDs could be of importance for future treatment regimes
in ALF by bringing the theory of the gut-liver-brain axis into account, in respect of bacterial
translocation, gram negative bacteremia, liver macrophage activation and proinflammatory cy-
tokines production [26,27]. We speculate that early anti-inflammatory intervention by COX
inhibition could prevent the detrimental consequences of brain oedema and intracranial hyper-
tension in ALF patients.

Author Contributions

Conceived and designed the experiments: FSL. Performed the experiments: HRP PNB FSL. An-
alyzed the data: JR FSL. Contributed reagents/materials/analysis tools: FSL. Wrote the paper:
JR FSL.

References

1. Blei AT (2005) The pathophysiology of brain edema in acute liver failure. Neurochem Int 47: 71-7.
PMID: 15961187

2. Clemmesen JO, Larsen FS, Kondrup J, Hansen BA, Ott P (1999) Cerebral herniation in patients with
acute liver failure is correlated with arterial ammonia concentration. Hepatology 29: 648-53. PMID:
10051463

3. Jalan R (2003) Intracranial hypertension in acute liver failure: pathophysiological basis of rational man-
agement. Semin Liver Dis 23: 271-82. PMID: 14523680

PLOS ONE | DOI:10.1371/journal.pone.0117416 February 12,2015 11/13


http://www.ncbi.nlm.nih.gov/pubmed/15961187
http://www.ncbi.nlm.nih.gov/pubmed/10051463
http://www.ncbi.nlm.nih.gov/pubmed/14523680

@’PLOS | ONE

Steroid and COX-Inhibitor Effects on Cerebral Haemodynamics in ALF Rats

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

Jalan R, Olde Damink SW, Hayes PC, Deutz NE, Lee A (2004) Pathogenesis of intracranial hyperten-
sion in acute liver failure: inflammation, ammonia and cerebral blood flow. J Hepatol 41: 613-20.
PMID: 15464242

Wright G, Davies NA, Shawcross DL, Hodges SJ, Zwingmann C, et al. (2007) Endotoxemia produces
coma and brain swelling in bile duct ligated rats. Hepatology 45 (6):1517—1526. PMID: 17523148

Zaki AE, Wardle EN, Canalese J, Ede RJ, Williams R (1983) Potential toxins of acute liver failure and
their effects on blood-brain barrier permeability. Experientia 39: 988-91. PMID: 6884496

Schilling L, Wahl M (1999) Mediators of cerebral edema. Adv Exp Med Biol 474: 123-41. PMID:
10634998

Abbott NJ, Ronnback L, Hansson E (2006) Astrocyte-endothelial interactions at the blood-brain barrier.
Nat Rev Neurosci 7: 41-53. PMID: 16371949

Hribar M, Bloc A, van der Goot FG, Fransen L, De Baetselier P, et al. (1999) The lectin-like domain of
tumor necrosis factor-alpha increases membrane conductance in microvascular endothelial cells and
peritoneal macrophages. Eur J Immunol 29: 3105-11. PMID: 10540321

Vaquero J, Polson J, Chung C, Helenowski |, Schiodt FV, et al. (2003) Infection and the progression of
hepatic encephalopathy in acute liver failure. Gastroenterology 125: 755-64. PMID: 12949721

Mozes T, Zijlstra FJ, Heiligers JP, Saxena PR, Bonta IL (1991) Sequential release of eicosanoids
during endotoxin-induced shock in anesthetized pigs. Prostaglandins Leukot Essent Fatty Acids 42:
209-16. PMID: 1651510

Pickard JD (1981) Role of prostaglandins and arachidonic acid derivatives in the coupling of cerebral
blood flow to cerebral metabolism. J Cereb Blood Flow Metab 1: 361-84. PMID: 6799530

Andresen J, Shafi NI, Bryan RM Jr (2006) Endothelial influences on cerebrovascular tone. J Appl Phy-
siol 100: 318—27. PMID: 16357085

Farkas E, Sule Z, Toth-Szuki V, Matyas A, Antal P, et al. (2006) Tumor necrosis factor-alpha increases
cerebral blood flow and ultrastructural capillary damage through the release of nitric oxide in the rat
brain. Microvasc Res 72(3): 113-9 PMID: 16854437

Pedersen HR, Ring-Larsen H, Olsen NV, Larsen FS (2007) Hyperammonemia acts synergistically with
lipopolysaccharide in inducing changes in cerebral hemodynamics in rats anaesthetised with pentobar-
bital. J Hepatol 47(2): 245-52. PMID: 17532089

Saija A, Princi P, Lanza M, Scalese M, Aramnejad E, et al. (1995) Systemic cytokine administration can
affect blood-brain barrier permeability in the rat. Life Sci 56: 775-84. PMID: 7885193

Mastronardi CA, Yu WH, McCann S (2001) Lipopolysaccharide-induced tumor necrosis factor-alpha re-
lease is controlled by the central nervous system. Neuroimmunomodulation 9: 148-56. PMID:
11752888

Trickler WJ, Mayhan WG, Miller DW (2005) Brain microvessel endothelial cell responses to tumor ne-
crosis factor-alpha involve a nuclear factor kappa B (NF-kappaB) signal transduction pathway. Brain
Res 1048:24-31. PMID: 15916752

Chung C, Gottstein J, Blei AT (2001) Indomethacin prevents the development of experimental ammonia-
induced brain edema in rats after portacaval anastomosis. Hepatology 34:249-54. PMID: 11481608

Masferrer JL, Seibert K (1994) Regulation of prostaglandin synthesis by glucocorticoids. Receptor
4(1): 25-30. PMID: 8038703

Quintana A, Raczka E, Quintana MA (1988) Effects of indomethacin and diclofenac on cerebral blood
flow in hypercapnic conscious rats. Eur J Pharmacol 149: 385-8. PMID: 3137081

Wang Q, Paulson OB, Lassen NA (1993) Indomethacin abolishes cerebral blood flow increase in re-
sponse to acetazolamide-induced extracellular acidosis: a mechanism for its effect on hypercapnia?
J Cereb Blood Flow Metab 13: 724-7. PMID: 8314925

Mark KS, Trickler WJ, Miller DW (2001) Tumor necrosis factor-alpha induces cyclooxygenase-2 ex-
pression and prostaglandin release in brain microvessel endothelial cells. J Pharmacol Exp Ther 297:
1051-8. PMID: 11356928

Chastre A, Bélanger M, Beauchesne E, Nquyen BN, Desjardins P, et al. (2012) Inflammatory cascade
driven by tumor necrosis factor-alpha play a major role in the progression of acute liver failure and its neu-
rological complications. PLoS One 7(11): e49670. doi: 10.1371/journal.pone.0049670 PMID: 23166746

Bemeur C, Butterworth RF (2013) Liver-brain proinflammatory signalling in acute liver failure: role in the
pathogenesis of hepatic encephalopathy and brain edema. Metab Brain Dis 28(2): 145-50. doi:
10.1007/s11011-012-9361-3 PMID: 23212479

Possamai LA, Thursz MR, Wendon JA, Antoniades CG (2014) Modulation of monocyt/macrophage
function: A therapeutic strategy in the treatment of acute liver failure. J Hepatol 61: 439-445. doi:
10.1016/j.jhep.2014.03.031 PMID: 24703954

PLOS ONE | DOI:10.1371/journal.pone.0117416 February 12,2015 12/13


http://www.ncbi.nlm.nih.gov/pubmed/15464242
http://www.ncbi.nlm.nih.gov/pubmed/17523148
http://www.ncbi.nlm.nih.gov/pubmed/6884496
http://www.ncbi.nlm.nih.gov/pubmed/10634998
http://www.ncbi.nlm.nih.gov/pubmed/16371949
http://www.ncbi.nlm.nih.gov/pubmed/10540321
http://www.ncbi.nlm.nih.gov/pubmed/12949721
http://www.ncbi.nlm.nih.gov/pubmed/1651510
http://www.ncbi.nlm.nih.gov/pubmed/6799530
http://www.ncbi.nlm.nih.gov/pubmed/16357085
http://www.ncbi.nlm.nih.gov/pubmed/16854437
http://www.ncbi.nlm.nih.gov/pubmed/17532089
http://www.ncbi.nlm.nih.gov/pubmed/7885193
http://www.ncbi.nlm.nih.gov/pubmed/11752888
http://www.ncbi.nlm.nih.gov/pubmed/15916752
http://www.ncbi.nlm.nih.gov/pubmed/11481608
http://www.ncbi.nlm.nih.gov/pubmed/8038703
http://www.ncbi.nlm.nih.gov/pubmed/3137081
http://www.ncbi.nlm.nih.gov/pubmed/8314925
http://www.ncbi.nlm.nih.gov/pubmed/11356928
http://dx.doi.org/10.1371/journal.pone.0049670
http://www.ncbi.nlm.nih.gov/pubmed/23166746
http://dx.doi.org/10.1007/s11011-012-9361-3
http://www.ncbi.nlm.nih.gov/pubmed/23212479
http://dx.doi.org/10.1016/j.jhep.2014.03.031
http://www.ncbi.nlm.nih.gov/pubmed/24703954

el e
@ : PLOS | ONE Steroid and COX-Inhibitor Effects on Cerebral Haemodynamics in ALF Rats

27. Godoy DA, Alvarez E, Manzi R, Pifiero G, Di Napoli M (2014) The physiological effects of indomethacin
test on CCP and ICP in severe traumatic brain injury (sTBI). Neuricrit Care 20(2): 230-9.

28. Van Damme E, Sauviller S, Lau B, Kesteleyn B, Giriffiths P, et al. (2015) Glucocorticosteroids trigger re-
activation of human cytomegalovirus from latently infected myeloid cells and increase the risk for
HCMV infection in D+R+ liver transplant patients. J Gen Virol. 96(Pt 1): 131—43. doi: 10.1099/vir.0.
069872-0 PMID: 25312585

PLOS ONE | DOI:10.1371/journal.pone.0117416 February 12,2015 13/13


http://dx.doi.org/10.1099/vir.0.069872-0
http://dx.doi.org/10.1099/vir.0.069872-0
http://www.ncbi.nlm.nih.gov/pubmed/25312585


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


