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Abstract  
Gut-derived lipopolysaccharide (LPS) plays a role in the pathogenesis of liver 

diseases like fibrosis. The enzyme alkaline phosphatase (AP) is present in, amongst 

others, the intestinal wall and the liver and was previously shown to 

dephosphorylate LPS. Therefore, we investigated the effect of LPS on hepatic AP 

expression and the effect of AP on LPS-induced hepatocyte responses.  

LPS-dephosphorylating activity was expressed at the hepatocyte canalicular 

membrane in normal and fibrotic animals. In addition to this, fibrotic animals also 

displayed high LPS-dephosphorylating activity around bile ducts. The enzyme 

was shown to dephosphorylate LPS from several bacterial species. LPS itself 

rapidly enhanced the intrahepatic mRNA levels for this enzyme within 2 hr by a 

factor 7. 

Furthermore, in vitro and in vivo studies showed that exogenous intestinal AP 

quickly bound to the asialoglycoprotein receptor on hepatocytes. This intestinal 

isoform significantly attenuated LPS-induced hepatic TNFα and nitric oxide (NOx) 

responses in vitro. The enzyme also reduced LPS-induced hepatic glycogenolysis in 

vivo. This study shows that LPS enhances AP expression in hepatocytes and that 

intestinal AP is rapidly taken up by these same cells, leading to an attenuation of 

LPS-induced responses in vivo. Gut-derived LPS-dephosphorylating activity or 

enzyme upregulation within hepatocytes by LPS may therefore be a protective 

mechanism within the liver.  
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Introduction  
Lipopolysaccharide (LPS) or endotoxin is a highly toxic molecule derived from the 

outer membrane of Gramnegative bacteria. The toxic part of LPS is located in the 

lipid A part of the molecule, which is the most well conserved moiety among LPS 

serotypes from a variety of Gramnegative bacteria. Two phosphate groups coupled 

to two glucosamines in the lipid A part largely determine the toxicity of LPS (17; 

39). Removal of a single phosphate group results in the formation of a non-toxic 

monophosphoryl lipid A (MPLA) moiety (6; 24; 46).  

Systemic LPS can elicit a systemic inflammatory response syndrome (SIRS) 

characterized by fever, diffuse intravascular coagulation, shock, multiple organ 

failure and eventually death (2; 16). At present, sepsis is still the most important 

cause of death in intensive care units (25) and the 10th cause of death overall in the 

United States (5), accounting for about 215.000 deaths a year (4). Elevated LPS 

levels in the blood may be the result of a serious bacterial infection, an impaired 

host-defence system or damage to barriers like the skin or the intestine or 

alternatively from a reduced capacity of the liver to remove LPS from the blood. 

Several diseases are now associated with bacterial translocation from the gut 

(Silverman et al, 2003, report at www.xoma.com/pdf/kpmgendo.pdf) e.g.: trauma, 

hemorrhagic shock, burn injuries, inflammatory bowel disease, cardiovascular and 

liver surgeries, acute pancreatitis and necrotizing enterocolitis. Impaired clearance 

of LPS by the liver is usually observed during liver diseases like cirrhosis and 

hepatitis B and C (22; 43). These diseases demonstrate the importance of an intact 

liver and intestinal wall to prevent LPS-induced diseases.  

The liver is the major LPS-removing organ. The majority of systemic LPS is 

removed from the bloodstream by Kupffer cells and likely also endothelial cells. 

Kupffer cells modify the endocytosed LPS (48) and somehow pass it on to the 

hepatocytes that subsequently excrete these products into the bile (18). Part of the 

LPS though, is removed from the circulation directly by the hepatocytes (40). 

Direct uptake of LPS by hepatocytes is significantly enhanced by binding of LPS to 

proteins such as apoE (38) and particles like chylomicrons (12; 13), VLDL, LDL (11) 

and HDL (11).  
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In 1993, Poelstra et al (6; 33; 34) were the first to postulate a role of the endogenous 

enzyme alkaline phosphatase (AP) in LPS detoxification. This enzyme appeared to 

be able to remove phosphate groups from LPS, thus attenuating the toxicity of this 

molecule. Until then, the only physiological role for AP that was identified was a 

role in bone formation (36).  

As the enzyme is present within the liver, and in fact is upregulated during several 

liver diseases, we now addressed the question whether this enzyme plays a role in 

the protection of the liver against LPS. Cholestasis and sepsis are characterized by 

both elevated serum AP and LPS levels (23; 49). Commonly, these elevated AP 

levels are regarded as a reflection of liver damage. In view of the LPS-detoxifying 

activity of AP, we now tested whether these elevated AP levels may be an adaptive 

physiological response upon LPS. To answer this question, we examined the LPS-

dephosphorylating activity of the liver and measured intrahepatic changes in this 

activity after LPS administration and after induction of fibrosis both at the enzyme 

and RNA level.  

In addition, AP activity is also high on the membranes of enterocytes lining the gut 

and this intestinal enzyme is also present as a soluble enzyme in plasma from 

where it is rapidly taken up by hepatocytes (3; 7; 26). This expression pattern and 

pharmacokinetic profile might be indicative for a hepatoprotective role. Therefore, 

we also tested whether exogenous intestinal AP (iAP) might protect hepatocytes 

from LPS-induced damage. Our data show that intestinal AP is likely to be 

targeted to hepatocytes and support the hypothesis that this enzyme is part of the 

endogenous defence system against LPS. 

  

Materials & Methods 

Chemicals  
Highly purified calf intestinal alkaline phosphatase (ciAP, specific activity 2530 

U/mg) was obtained from AM-Pharma (Bunnik, The Netherlands). 

Lipopolysaccharide (LPS) from Escherichia Coli, Serotype O55:B5, obtained from 

Sigma (Sigma Co., St Louis, USA), was used in all in vitro and in vivo studies. All 

other chemicals were of analytical grade.  
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Animals  
Male Wistar rats (Harlan, Zeist, The Netherlands) were housed under standard 

laboratory conditions; a regular light/dark cycle and laboratory chow and acidified 

water ad lib. All animal experiments were approved by the Local Committee on 

Animal Experimentation.  

 

Enzymehistochemistry 
LPS-dephosphorylating activity of endogenous AP in rat livers was examined by 

incubating cryostat sections (5 µm) with LPS as a substrate according to Wachstein 

and Meisel (27). Briefly, sections were fixed in 4% formalin-macrodex and 

subsequently incubated for 120 min. in Tris/HCl buffer pH 7.6 containing LPS 

(final conc. 3.2 mg/ml), MgSO4 (final conc. 0.01 M) and Pb(NO3)2 (final conc. 0.06% 

w/v) at 37°C. A lead phosphate precipitate will be formed at the site of enzyme 

activity, which is converted by incubation with Na2S to a lead sulphate precipitate, 

which appears as a dark brown staining. Specificity of this staining has previously 

been demonstrated by inhibition of AP activity using levamisole (34) and L-

phenylalanine (47). LPS was omitted in control incubations.   

 

Immunohistochemical staining of the CD14 receptor  
Acetone-fixed cryostat sections (5 µm) of BDL3 rat liver, lung, kidney and small 

intestine were prepared and subsequently incubated with a rabbit polyclonal 

antibody against the CD14 receptor (cat.no. sc-9150, Santa Cruz, Biotechnology, 

Inc.), or PBS (control sections). After inhibition of endogenous peroxidase (0.25% 

H2O2), sections were incubated with GARPO (goat anti-rabbit IgG conjugated with 

horseradish peroxidase). Peroxidase activity was visualized with 3-amino-9-

ethylcarbazole (AEC) according to standard methods. Finally, sections were 

counterstained with haematoxylin. 

 

Immunohistochemical staining of collagen III  
This staining was performed as described for the CD14 receptor staining. A goat 

polyclonal antibody against collagen III (cat.no. 1330-01, Southern Biotechnology 
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Associates, Inc., Birmingham, USA) was used and RAGPO (rabbit anti-goat IgG 

conjugated with horseradish peroxidase) was used as a secondary antibody. 

 

In vivo experiments  
Experiments were carried out in normal rats and in rats with established liver 

fibrosis 3 weeks after bile duct ligation (BDL3). The rats were divided into three 

groups. Control animals received saline i.v. at t = 0 whereas others received 1 

mg/kg LPS i.v. at t = 0. Part of the animals were treated with 100 U or 1000 U ciAP 

i.v. 1 min. prior to the LPS injection. After 2 hr, the rats were sacrificed under 

O2/N2O/forene (Isoflurane, Abbott Laboratories Ltd, Queensborough, Kent, UK) 

anaesthesia. Livers were taken out, partly frozen in isopentane and stored at –80°C 

for immunohistochemical staining and partly snap-frozen in liquid nitrogen for 

RNA isolation. Blood was collected to measure liver enzymes. If indicated, 

kidneys, lungs and intestines were taken out and handled as described above for 

the liver. 

 

Slice experiments  
BDL3 rats were sacrificed under O2/N2O/forene anaesthesia and livers were taken 

out and stored in University of Wisconsin organ preservation solution (UW) until 

slice preparation. Precision-cut liver slices (10-14 mg) were prepared as described 

previously (29) and stored in UW on ice until incubation. Slices were incubated 

individually at 37°C in 6-well plates (Greiner, Alphen a/d Rijn, The Netherlands) in 

3.2 ml Williams’ medium E supplemented with Glutamax I (Gibco BRL, Paisley, 

Scotland), 50 mg/ml gentamicin (Gibco BRL) and saturated with 95% O2 / 5% CO2. 

Slices were incubated for 24 hr with or without 10 µg/ml LPS. Slices incubated with 

LPS were incubated with or without ciAP (1.56 or 15.6 U/ml). Medium of the slices 

was stored at -20°C until NOx measurement or at -80°C until TNFα measurement. 

Also, slices were embedded in Tissue-Tek and stored at -80°C until the 

preparation of cryostat sections. 
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Real-time quantitative PCR analysis  
RNA was isolated from rat liver pieces using the QIAGEN RNeasy Mini Kit. 

Quality of the RNA was checked on a 2% agarose gel and the RNA concentration 

was determined with a ribogreen assay. The Reverse Transcription System from 

Promega was used to convert 1.6 µg of RNA into complementary DNA (cDNA). 

Reverse transcriptase PCR was performed for 10’ at 25°C, 60’ at 45°C and 5’ at 

95°C, using olido-dT (0.633 µg per reaction) primers. Then 1.25 µl of cDNA was 

amplified by quantitative real-time PCR using the SYBR Green PCR Master Mix 

from Applied Biosystems. PCR reactions were carried out in a ABI PRISM 7900HT 

Sequence Detection System (Applied Biosystems) in a volume of 21.25 µl. Genes of 

interest were amplified using the following primers: glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) (forward primer 5’-CCATCACCATCTTCCAGGAG-3’; 

reverse 5’-CCTGCTTCACCACCTTCTTG-3’), liver/bone/kidney AP (forward 

primer 5’-GCAAGGACATCGCCTATCAG-3’; reverse 5’-

AGTTCAGTGCGGTTCCAGAC-3’) and glutamate-pyruvate-transaminase (GPT) 

(forward primer 5’-TGTGCCTCCTGGAAGAGACT-3’; reverse 5’-

TGTTGCGTCAGAGACTGTCC-3’). GAPDH was used as a housekeeping gene and 

levels of AP and GPT were normalized to GAPDH levels. Data obtained were 

analyzed using the comparative threshold cycle (CT) method as described in the 

User Bulletin #2 of the ABI PRISM 7700 Sequence Detection System (Applied 

Biosystems). Data are expressed as fold induction or repression of the gene of 

interest compared to the control condition as calculated by the formula 2-∆∆CT.  

 

NOx assay  
Nitrite and nitrate (indicated as NOx) production by rat liver slices was assayed by 

determining the NOx levels in the media of slices. This assay was performed 

according to Bentala et al (6). 

 

TNFα assay 
TNFα levels in rat serum and in media of liver slices were determined using a 

sandwich ELISA according to Bentala et al (6). 96-wells ELISA plates were coated 

overnight with a monoclonal anti-rat TNFα capturing antibody (R&D Systems). 
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Sera from rats were diluted 2 or 5 times prior to transferring them to the plate 

whereas samples from the incubation media of rat liver slices were measured 

undiluted. Recombinant-rat TNFα (R&D Systems) was used to prepare a TNFα 

standard curve. Biotinylated rabbit anti-mouse/rat TNFα (R&D Systems) was used 

as a detection antibody according to standard methods. 

 

PAS staining  
The glycogen content of hepatocytes was visualized by a PAS staining. Briefly, 

cryostat sections (5 µm) were fixed in 4% v/v formalin in methanol, subsequently 

incubated in 1% periodic acid, washed, incubated in Schiff’s reagens, washed with 

tap water and counterstained with haematoxylin. The hepatic glycogen content 

appears as a purple staining. 

 

Clearance of iAP and uptake by hepatocytes  
Uptake of exogenous AP by hepatocytes was studied in rats in vitro and in vivo. In 

vivo, 3 rats received 100 U calf intestinal AP i.v. and 3 rats received 10 mg 

asialofetuin (AsF) i.v. 1 min. prior to the ciAP injection. Blood samples were taken 

at t = 0, 1, 2, 5, 10, 20, 30 and 60 min. after ciAP administration. Serum AP-activity 

was measured at pH 9.8 using para-nitrophenyl-phosphate (pNPP) as a substrate 

according to standard methods (9). Pharmacokinetic parameters were assessed 

with the computer program MultiFit (Dr. J.H. Proost, Groningen, The 

Netherlands). 

In vitro, precision-cut rat liver slices were incubated, as described above, for 2 hr 

with 15.6 U/ml ciAP alone or with 15.6 U/ml ciAP plus 0.5 mg/ml AsF and 5 µm 

cryostat sections were stained for AP activity using β-glycerophosphate as a 

substrate according to the method of Gomorri (21).  

 

Statistics 
Results are expressed as the mean ± SD of at least three separate experiments. Data 

were analyzed using a two-sided Student’s t-test and considered significant at p< 

0.05. 
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Results 

LPS dephosphorylation in rat liver 
Since the liver is the major LPS-removing organ of the body, we first tested 

whether the liver itself is capable of dephosphorylating, and thus detoxifying, LPS 

by means of its endogenous AP activity. The LPS-dephosphorylating activity of rat 

livers was examined in 5 µm cryostat sections using an enzymehistochemical 

staining method at pH 7.6 with LPS as a substrate and lead phosphate as the 

product. LPS-dephosphorylating activity was examined in normal as well as BDL3 

rat livers, which are known to have elevated AP levels. Figure 1 shows LPS 

dephosphorylation in cryostat sections of normal (Fig. 1A) and BDL3 (Fig. 1B & 

1C) rat livers. Control sections (Fig. 1D), which were incubated with vehicle 

instead of LPS, showed no staining at all. In normal rat livers, a clear dark brown 

staining, reflecting the dephosphorylating activity was found. Lead phosphate 

precipitates were located around hepatocytes, showing a clear canalicular staining 

pattern (8). In BDL3  rats, a similar staining pattern was found around hepatocytes, 

but in addition to this, a very strong staining around bile ducts was also seen (Fig. 

1C).  

 

Dephosphorylation of different LPS-serotypes by endogenous hepatic AP 
In order to investigate whether rat liver AP is capable of dephosphorylating LPS 

from several bacterial species, the enzymehistochemical staining was also carried 

out with LPS from five other bacterial species: next to wild-type E.Coli, we tested 

Salmonella typhimurium, Pseudomonas aeruginosa (serotype 10), Shigella flexneri 

(serotype 1A), Klebsiella pneumonia (Sigma Co., St Louis, USA) and Salmonella 

minnesota Re 595 (List Biological Laboratories Inc., Campbell, CA, USA). Light 

microscopical evaluation clearly showed that LPS from all bacterial species tested 

was dephosphorylated, albeit different staining intensities were found (Table 1). A 

semi-quantitative evaluation by two independent observers was performed by 

ranking the sections in order of increasing staining intensity. 
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Figure 1: Staining for phosphatase activity in the rat liver using LPS as a substrate. Dark 

staining (arrows) indicates sites of LPS dephosphorylation (PbS precipitate). Figure 1 shows 

enzyme activity in representative sections of normal (A) and BDL3 (B & C) rat livers 

respectively. Figure D depicts a control rat liver section incubated without the substrate LPS 

(magnification 400*). Sections of normal and BDL3 rat livers were also stained for collagen 

III deposition to show that fibrosis had developed 3 weeks after bile duct ligation. The 

collagen III stained sections are shown as inserts in figures A and B (magnification 100*). 

The insert in figure C depicts a higher magnification of the bile duct epithelial (BDE) cells 

(magnification 1000*). The insert clearly shows that AP activity is present along the BDE 

cells (black staining) but that these cells themselves do not show any AP activity. 

 

A

DC

 

B
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Table 1: Semiquantitative evaluation of LPS-dephosphorylating activity in rat liver sections 

using LPS from six different bacterial species in BDL3 rat liver sections. 

 

Bacterial source of LPS Intensity of LPS dephosphorylation 

E. Coli (serotype O55:B5) ++ 

Shigella flexneri (serotype 1A) +/- 

Salmonella typhimurium +++ 

Pseudomonas aeruginosa (serotype 10) ++++ 

Klebsiella pneumonia +++++ 

Salmonella minnesota Re 595 + 

  

 

Localization of the CD14 receptor and AP activity in rats 
Together with the toll-like receptor 4 and MD2, the CD14 receptor (CD14r) is part 

of the LPS-signaling system. As AP is present at sites were possible pathogens, e.g. 

Gramnegative bacteria, may enter the body (e.g. lung epithelium, intestine) or 

where LPS may accumulate (liver, kidney), it is interesting to see how AP activity 

is related to CD14r expression. To address this issue, an immunohistochemical 

staining of the CD14r was performed on cryostat sections of BDL3 rat livers, lungs, 

kidneys and intestines. This staining was compared to the staining of AP activity in 

these organs. 

In the kidney, we found a striking colocalisation of AP activity and CD14r 

expression. Both AP activity and CD14r were located at the brush borders in the 

renal tubuli (Fig. 2C and 2D). Also in lungs, livers and intestines, AP activity and 

CD14r expression were found although they did not completely colocalise. In 

lungs, the CD14r expression was detected at the apical side of the alveolar 

epithelial cells (Fig. 2E) whereas the AP activity was detected at the basal side of 

alveolar epithelial cells (Fig. 2F). In livers, CD14r expression was localized on bile-

duct epithelial cells (Fig. 2A), whereas AP activity was detected around the bile 

duct on fibroblast-like cells (Fig. 2B). In contrast, hepatocytes that showed AP 

activity along their membrane did not show any detectable CD14r expression.  
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A B

C D

E F

a

G H

I J

Figure 2: CD14r expression and 

AP activity in rat liver (A, B), 

kidney (C, D), lung (E, F) and 

small intestine (G, H). Figures A, 

C, E and G show the localization 

of the CD14r, indicated by the 

red staining, whereas figures B, 

D, F and H show AP activity, 

reflected by brown staining. 

Pictures show occasional staining 

for CD14r in all organs 

examined. Staining for AP 

activity is also seen in every 

organ. AP staining is frequently 

localized in the same areas as the 

CD14r staining (details see text). 

Figures I and J are negative 

controls (omission of the first 

antibody) of the two organs in 

which the CD14r staining was 

most intense, that is, the liver (I) 

and the kidney (J). Fig. D: 

a=artery (magnification 400*). A 

full color version of this figure 

can be found on page 170. 

 

 

 

 

 

 

Other studies however, do report a low CD14r expression in hepatocytes (44) while 

recent studies also indicate CD14r expression in activated human stellate cells 

(myofibroblasts) around the proliferative bile ducts (31). Within the small intestine, 

AP activity was found along the entire villus (Fig. 2H), whereas CD14r expression 

was only detected in the crypts and the lowest part of the villus (Fig. 2G). This 

corresponds with literature data (30). In the small intestine there is thus a 

colocalisation of AP activity and CD14r expression in the lower half of the villi at 
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the bottom of the crypts. In conclusion, AP and CD14r are localized in all organs 

tested, with a colocalisation in kidneys, livers and intestine. Within the lung, both 

are in close proximity of each other. An exception seems to be the arterial wall. In 

the tunica adventitia of blood vessels, high AP activity was found (Fig. 2D) but no 

CD14r expression was seen at all. 

 

AP activity after LPS administration in vivo 
From literature it is known that several diseases are associated with elevated AP 

levels as well as high LPS levels, e.g. cholestasis, sepsis and liver fibrosis. In order 

to test whether both events can be related to each other, rats received LPS (1 

mg/kg) or saline i.v. and the effect on AP activity in the blood and AP mRNA 

levels in livers was assayed. We studied mRNA levels 2 hr after injection of LPS to 

exclude a role for the many mediators that are produced several hours after an LPS 

challenge. After 2 hr, normal rats did not show a significant change in serum AP 

levels in response to LPS administration (Fig. 3A). In literature, increases of AP 

activity in serum after LPS administration were also reported in normal rats but in 

other conditions; e.g. at intervals longer than 2 hr after LPS injection and at higher 

LPS concentrations (19). Also the levels of other markers of liver damage (37), 

lactate dehydrogenase (LDH), glutamate-oxalacetate-transaminase (GOT), GPT 

and gamma-glutamyl transferase (γ-GT) did not show a significant elevation 2 hr 

after an LPS challenge (data not shown). In contrast, in serum of BDL3 rats, 

significant increases in serum markers were found at t = 2 hr (Fig. 3A). AP activity 

in serum rose from 414 ± 48 (saline-treated rats) to 541 ± 94 (LPS-treated rats; p < 

0.05). This paralleled an increase in serum levels of LDH (from 2674 ± 1581 to 5835 

± 2114), GOT (from 374 ± 116 to 1466 ± 483) and GPT (from 78 ± 15 to 134 ± 23).  

To examine whether the elevated AP levels are the result of release from damaged 

hepatocytes or de novo synthesis, we studied mRNA expression in these livers 

using real-time PCR. In both normal and BDL3 rats, a significant induction of AP 

mRNA could be detected 2 hr after LPS administration (Fig. 3B). Real-time PCR 

revealed a 7-fold induction of AP mRNA in normal livers of rats receiving LPS 

compared to control rats receiving saline. BDL3 rats showed almost the same 

result, but with a maximum fold of induction of 5.  
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Figure 3: Serum AP levels and intrahepatic mRNA levels for AP and GPT in normal and 

BDL3 rats, 2 hours after administration of saline or LPS. A: serum AP levels, B: intrahepatic 

mRNA expression for AP, C: intrahepatic mRNA expression for GPT. It can be seen that LPS 

causes an elevation in serum AP levels in BDL3 rats, but not in normal rats. In contrast, 

mRNA levels for AP are significantly elevated in both normal and BDL3 livers at this 

timepoint. These elevated AP mRNA levels are not associated with increased intrahepatic 

GPT mRNA levels (C). Bars represent n=4 ± SD per group, * = p<0.05 versus saline. 
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This increase could be mimicked in vitro by incubation of liver slices with LPS. In 

these slices there is no influx of neutrophils (that have high mRNA levels for AP) 

thus excluding a role for these cells as the source of this mRNA (data not shown). 

To assess whether this induction in mRNA levels for AP parallels the increase in 

markers reflecting liver damage, we also measured GPT mRNA levels. Figure 3B 

depicts the GPT mRNA levels and data clearly show that these mRNA levels 

remain constant (normal rats) or even slightly decrease (BLD3 rats). This means 

that although both serum GOT and serum AP are elevated after LPS in BDL3 rats, 

only in case of AP this is associated with an increase in mRNA for AP. Elevated AP 

and GPT levels in the blood observed after LPS-induced liver damage therefore 

seem to have a different physiological background. 

 

Uptake of intestinal AP by hepatocytes 
Intestinal AP (iAP) is a glycoprotein with terminal galactose groups that is 

produced by enterocytes. From literature it is known that iAP originating from 

dogs is taken up from the circulation by the asialoglycoprotein receptor (ASGP-R) 

on hepatocytes (7; 26). We also tested this in our system with our highly purified 

calf iAP (ciAP) preparations. To this end, we examined the plasma half-life of ciAP 

in serum and also tested the effect of asialofetuin (AsF), a well-known blocker of 

the ASGP-R, on plasma disappearance. Our results (Fig. 4A) clearly confirm the 

particular literature data. The plasma concentration versus time curve in rats that 

only received ciAP show a short distribution half-life of 2.8 min. and an 

elimination half-life of 39 min. Assessment of the effect of AsF on the 

pharmacokinetic profile shows that AsF can almost completely prevent ciAP 

clearance from the blood. These data demonstrate that the ASGP-R is most likely 

involved in the clearance of ciAP.  

We also examined binding and uptake of intestinal AP by hepatocytes in vitro. To 

show these events, rat liver slices were incubated with ciAP alone or with ciAP 

plus AsF and AP activity was detected by enzymehistochemistry (Fig. 4B). In slices 

incubated with ciAP alone, high AP activity was found in the cytoplasm of 

hepatocytes whereas in slices incubated with ciAP plus AsF no AP activity was 

detected at all. The absence of AP activity in hepatocytes treated with ciAP plus 
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AsF confirmed that ciAP is preferentially bound to and taken up via the ASGP-R 

on hepatocytes. 

  

  

 

Figure 4: A Serum AP activity after 

i.v. administration of 100 U ciAP, 

with or without prior administration 

of the ASGP-R blocker asialofetuin 

(AsF, 10 mg/rat). Serum AP activity 

was measured at pH 9.8 at different 

timepoints after ciAP administration; 

B AP activity in rat liver slices. Rat 

liver slices were incubated for 2 hr 

with 15.6 U/ml ciAP alone (upper 

picture) or with 15.6 U/ml ciAP plus 

0.5 mg/ml AsF (lower picture) and 

thereafter embedded in Tissue-Tek®. 

Cryostat sections were stained for AP 

activity at pH 9 using β-glycero-

phosphate as a substrate according to 

the method of Gomorri (21). Arrows 

indicate the presence of AP activity in 

hepatocytes. It can be seen that AsF 

blocks the uptake of ciAP in vivo and 

in vitro (magnification 400*). 

 

 

 

 

 

 

In vitro studies with intestinal AP 
To assess the effect of this exogenous iAP on hepatocytes in vitro, slices prepared 

from BDL3 rat livers were incubated with 10 µg/ml LPS for 24 hr with or without 

ciAP. Concentrations of 1.56 and 15.6 U/ml ciAP were tested and NOx production 
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in the medium was assayed. After stimulation of BDL3 liver slices with LPS, NOx 

levels in the medium rose from 5.4 ± 1.3 µM (control without LPS) to 114.4 ± 13.7 

µM at t = 24 hr after addition of LPS. Importantly, our data also show that NOx 

levels in the medium were significantly reduced when 1.56 and 15.6 U/ml ciAP 

were added to the medium (Fig. 5A). 
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Figure 5: NOx and TNFα levels in the medium of rat liver slices after incubation with LPS 

and ciAP. A NOx-levels in the medium of rat liver slices in response to LPS. BDL3 rat liver 

slices were incubated for 24 hr with 10 µg/ml LPS with or without 1.56 or 15.6 U/ml ciAP.  

B TNFα-levels in medium from BDL3 liver slices treated with LPS and incubated with or 

without ciAP. BDL3 rat liver slices were incubated for 24 hr with 10 µg/ml LPS with or 

without 1.56 or 15.6 U ciAP. TNFα and NOx production of liver slices under basal conditions 

was 46 ± 27 pg/ml resp. 5.4 ± 1.3 µM and after addition of LPS levels rose to 560 ± 108 pg/ml 

resp. 114.4 ± 13.7 µM. These amounts were set to 100% in each experiment. Each bar 

represents the mean ± SD (* : p<0.05 versus no ciAP) of 3 different experiments (3 slices per 

experiment). 
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In addition, we looked at the TNFα response in slices upon LPS. Also for these 

experiments, only slices from BDL3 rat livers were used, because these rats 

produced much higher amounts of TNFα in response to LPS. After incubation of 

slices with LPS, TNFα levels reached a maximal response at t = 24 hr and the level 

had risen from 46 ± 27 pg/ml (control without LPS) to 560 ± 108 pg/ml (data not 

shown). We observed (Fig. 5B) that slices incubated with ciAP displayed a 

significantly lower TNFα response upon LPS compared to slices incubated with 

LPS alone (p < 0.05). 

 

In vivo studies with intestinal AP 
We also tested the effect of LPS and ciAP on hepatocytes in vivo. Because of the 

early timepoint of sacrifice after the LPS challenge (t=2 hr), endogenous AP activity 

was not increased yet (data not shown) and only direct effects of LPS can be found. 

One of the earliest effects of LPS on the liver is stimulation of glycogenolysis (45). 

This glycogen degradation is an early event in hepatocytes responding to stress or 

illness. We therefore examined the glycogen content of hepatocytes in rat livers 

after LPS administration using a PAS staining. Figure 6 clearly shows that 2 hr 

after LPS administration, the glycogen content in hepatocytes is very strongly 

reduced in livers of rats that received LPS (Fig. 6B) compared to rats that received 

saline (Fig. 6A). All of the rats (n=9) treated with LPS showed a strong reduction in 

PAS staining throughout the whole liver (Fig. 6B). In contrast, all of the rats (n=6) 

treated with 1000 U ciAP after LPS clearly exhibited a partially retained PAS 

staining (Fig. 6C), whereas none of the control rats, rats receiving ciAP alone (n=3) 

or saline (n=8), displayed significant disappearance of PAS staining. 
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Figure 6: Glycogen staining in hepatocytes as detected by a PAS staining on rat liver 

cryostat sections (a full color version of this figure can be found on page 171). Rats received 

saline (A, n = 9), LPS (B, 1 mg/kg, n = 9) or LPS (1 mg/kg) plus ciAP (1000 U) i.v. (C, n = 6). 

Note the reduced PAS-staining in LPS-treated rats (B) as compared to control (A), whereas 

PAS-staining was higher in rats that received LPS plus ciAP (C) as compared to untreated 

LPS-rats (B) (magnification 100*). 

 

Discussion  
Numerous papers have described AP activity in the liver and changes in this 

activity during diseases. Yet, this was not related to a possible physiological role 

for this enzyme. Until recently, the only known physiological function of AP was 

its role in bone formation (36), but obviously, the enzyme fulfils another function 

in the intestine, kidney, liver and along blood vessels. All of these organs are 

located at sites in close contact with the external environment and represent sites 

where pathogens, e.g. Gramnegative bacteria, may enter the body. The presence of 

AP at these locations as well as the simultaneous elevation of AP and LPS levels in 

the blood in several diseases combined with the observation that AP is able to 

dephosphorylate and detoxify LPS, led us to the idea that another physiological 

function of AP could be the detoxification of LPS (6; 33; 34). 

This study therefore was focused on the role of the liver-bone-kidney type of 

alkaline phosphatase (LBK-AP) in the liver and on the role of intestinal AP (iAP) in 

LPS dephosphorylation. We found that the liver by means of its AP is able to 

dephosphorylate LPS and that LPS in turn is able to induce LBK-AP mRNA levels. 

Whether this is a direct effect of LPS or mediated by other factors remains to be 
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elucidated, but the effect occurs very rapidly at a timepoint when most 

inflammatory mediators are not elevated yet.  

Within the liver, the LPS-dephosphorylating activity was present in hepatocytes 

but also in non-parenchymal cells, most likely fibroblasts and Kupffer cells (Fig. 1). 

In BDL rats, the non-parenchymal staining was mainly visible around the bile 

ducts and blood vessels. Localization of LPS-dephosphorylating activity 

corresponded with known AP localization in the liver and was inhibited by the 

LBK-AP inhibitor levamisole (34). It should be noted that this activity of the 

“alkaline” enzyme is detectable at pH 7.4. When AP activity was measured with 

conventional substrates (β-glycerophosphate) in the same concentration as LPS 

(approx. 160 µM) and at pH 7.4, no dephosphorylating activity was found at all, 

indicating that at pH 7.4 LPS is a better substrate for the enzyme than β-

glycerophosphate. We showed in the present study that LBK-AP was able to 

dephosphorylate LPS from different bacterial species albeit to a different extend 

(Table 1). This may be related to differences in chemical structure between the 

various LPS molecules that cause differences in solubility and micelle formation or 

to differences in molecular weight, resulting in differences in molarities of 

solutions with the different LPS molecules. The molecular weight of wild-type LPS 

molecules can not be determined accurately (32). 

LPS circulating in the plasma can activate LPS-responsive cells via LPS-binding 

protein (LBP). The LBP-LPS complex will bind to the CD14r (35), which is present 

in the membrane of amongst others, monocytes and macrophages (14). Cells 

lacking the membrane-bound CD14r, like endothelial cells, can be activated via a 

soluble CD14r, present in serum (15). The LBP-LPS-CD14r complex associates with 

the toll-like receptor 4 (TLR4) and myeloid differentiation protein-2 (MD-2), 

resulting in intracellular signaling (1; 42). Epithelial cells that do not express 

membrane-bound CD14r and MD-2 can be activated by soluble forms of both 

CD14r and MD-2 (15; 20; 35). As AP may be involved in LPS detoxification, a 

distribution pattern of these LPS-capturing molecules similar to AP was 

anticipated. In rat kidney, liver and small intestine, but not in the blood vessel 

wall, the CD14r colocalised with the LPS-dephosphorylating activity while in rat 

lung, CD14r expression and AP activity were detected in close proximity to each 

other. The present results support and extend another study that showed a 
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colocalisation of AP and CD14 in intracellular compartments in neutrophils (10) 

and is in line with the newly proposed function of the enzyme.  

We also studied the influence of LPS on the AP expression in the body and focused 

on the hepatic expression of the LBK-AP isoenzyme. Although AP induction by 

LPS in cardiac muscle has already been reported (28), we show for the first time 

that LPS directly induces AP mRNA levels in normal as well as BDL3 rat livers. 

The increment in hepatic mRNA levels likely precedes the rise in serum AP levels 

in normal rats (Fig. 3A & B). Other reports support this hypothesis by showing a 

rise in serum AP levels at later timepoints after LPS injection (19). Rats that 

underwent bile duct ligation are characterized by enhanced serum AP levels 

(Fig.3A) already at t = 2 hr and increased basal mRNA levels for AP compared to 

normal rats (data not shown). The reason for this increased basal AP expression 

and increased serum levels after BDL remains to be elucidated, but again, this 

might be a physiological response to the increased LPS levels that occur after BDL 

(23; 41).  

The next question we addressed was whether AP is able to protect the liver, and 

especially hepatocytes, from LPS-induced damage. This was examined in vitro in 

rat liver slices and in vivo in rats using exogenous calf intestinal AP (ciAP). We 

used exogenous intestinal AP to mimic the induction of endogenous AP on the 

plasma membrane of hepatocytes. From literature, it is known that intestinal AP 

rapidly binds to the asialoglycoprotein receptor (ASGP-R) present on hepatocytes 

(7; 26). We confirmed this by using a known blocker of the ASGP-R, asialofetuin, 

and studied its effects on the clearance of highly purified ciAP (Fig. 4). In addition, 

binding and uptake of intestinal AP by hepatocytes was confirmed in vitro in rat 

liver slices by enzymehistochemical staining for AP activity.  

The effect of ciAP on hepatocytes in vitro was assessed in BDL3 liver slices which 

contain all the resident liver cell types in their original phenotype and context, 

including the cell-cell contacts. TNFα and NOx are rapidly produced by hepatic 

cells in response to LPS and addition of ciAP to the medium significantly reduced 

both NOx and TNFα levels (Fig. 5A & B).  

Also in vivo, ciAP exhibited a protective effect. Our hypothesis that intestinal AP 

protects hepatocytes against LPS-induced damage was supported by a glycogen 

PAS staining on the rat livers. We explored the glycogen content of hepatocytes as 
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a parameter because it is strikingly influenced by LPS (45). On the basis of this 

parameter, our study clearly showed a protective effect of intestinal AP in all rats 

examined after a challenge with LPS. 

In conclusion, our results demonstrate that liver AP dephosphorylates LPS (Fig. 1 

and Table 1) and that the LPS-dephosphorylating activity in various organs 

colocalises with or is closely located near the CD14r (Fig. 2). Furthermore, LPS 

rapidly induces mRNA for AP in hepatocytes while at the same time intestinal AP 

is rapidly transferred from the intestine to hepatocytes (Fig. 4). The combined AP 

induction and AP-transfer from the small intestine to the liver likely reflects a 

physiological response to LPS. It is well-known that dephosphorylated LPS is non-

toxic (6; 24; 46). The hepatoprotective effect of AP is supported by a reduction of 

TNFα and NOx levels in vitro (Fig. 5) and a decreased glycogenolysis (Fig. 6) in 

hepatocytes in vivo induced by intestinal AP. Our study may provide new 

perspectives for a possible treatment of Gramnegative sepsis and illustrates the 

relevance of cross-talk between the liver and the intestine. 
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