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Abstract 
Alkaline phosphatase (AP) is an endogenous enzyme which is present in multiple 

organs in the body. AP is supposed to play a crucial role in bone formation and in 

the dephosphorylation of various substrates. One of these substrates is LPS, as has 

been reported previously by us. Despite these essential physiological functions and 

natural presence in various crucial organs, data about the regulation of 

endogenous AP activity during disease are scarce. We have recently shown that 

LPS itself induces AP mRNA in rat livers, which may represent an adaptive 

response. 

Therefore, in the present study, we further pursued this observation and aimed to 

explore the regulation of AP levels in the liver. In vitro, we stimulated the liver cell 

lines HepG2 and McA-Rh7777 as well as liver slices with LPS. Furthermore, we 

examined mRNA levels in rat livers, 2 and 24 hr after injection of LPS in vivo.  

Upon incubation with LPS, HepG2 as well as McA-Rh7777 cells did not show any 

change in AP activity. In contrast, liver slices showed a maximal AP mRNA 

elevation of about 25-fold after 4 hr. In these slices, mRNA levels for TNFα, IL-1β 

and IL-6 were also elevated upon incubation with LPS.  In vivo, liver AP mRNA 

was already 7 times elevated 2 hr after LPS injection and had returned to normal 

levels 24 hr after an LPS challenge. 

As liver cell lines, in contrast to liver slices, do not show elevated AP mRNA levels 

upon LPS stimulation, we hypothesized the involvement of pro-inflammatory 

cytokines in the regulation of AP mRNA levels. Indeed, incubation of rat liver 

slices with LPS clearly supports this hypothesis. The potential influence of these 

cytokines on AP expression in the liver might open possibilities to modify 

endogenous AP activity during disease. 
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Introduction 
Several diseases, like cholestasis and liver fibrosis, are characterized by elevated 

serum alkaline phosphatase (AP) levels like. Until now, little is known about the 

possible mechanism behind these elevated AP levels during disease, although 

recent studies have shown that this enzyme may be an important part of the 

defense system (1-5). Various compounds are known for their ability to increase 

AP activity, e.g. the bacterial product sodium butyrate (SB), retinoic acid (RA), 

dexamethasone and interleukin-6 (IL-6).  SB induces the germ-cell AP isoenzyme 

(6), RA induces the liver/bone/kidney (LBK) AP isoenzyme (7-11) and 

dexamethasone induces both the placental AP and intestinal isoenzyme (6; 8; 12). 

IL-6 induced AP activity in calf pulmonary aortic cells but it has not been 

established which AP isoenzyme was affected in this study (13). Besides these 

compounds, also bile acids like cholate, chenodeoxycholate and ursodeoxycholate 

are known to induce liver AP activity (14). So far, common players in these 

different pathways of enzyme-induction such as a transcription factors, have not 

been described in literature. 

AP is an endogenous enzyme capable of dephosphorylating and detoxifying 

lipopolysaccharide (LPS) (4; 15-17). Previous research by our group has revealed 

recently that LPS itself is also capable of elevating liver AP mRNA levels (1). LPS, a 

toxic constituent of the cell wall of Gramnegative bacteria, is a key player in 

diseases like sepsis and inflammatory bowel disease. Also, during liver fibrosis 

elevated systemic LPS levels have been reported. Increased LPS levels in the 

bloodstream may result in systemic inflammation and massive cytokine 

production of e.g. TNFα, IL-1β and IL-6. As AP is able to dephosphorylate LPS and 

as LPS itself is capable of elevating AP mRNA levels, it is of great interest to study 

the mechanism behind this phenomenon.  

Therefore, in this study, we examined the regulation of endogenous AP by LPS in 

rat liver and explored whether cytokines might play a role in this process. AP 

regulation was examined in rat liver slices which were incubated with LPS. In 

these slices, also the levels of inflammatory cytokines like TNFα, IL-1β and IL-6 in 

response to LPS were studied. Subsequently, we checked whether cytokines might 

play a role in regulating AP activity in hepatocytes. Therefore, HepG2 and McA-
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Rh7777 cells were incubated with LPS and the AP expression was analyzed. 

Finally, effects of LPS on liver AP were studied in vivo in rats that received LPS 

intravenously. The present study indicates that the process of elevation of AP in 

hepatocytes by LPS is the result of an indirect process, which may be mediated by 

cytokines.  

 

Materials & Methods 

Animals 
Male Wistar rats (± 280-320 gram, Harlan, Zeist) were housed under standard 

laboratory conditions with a regular light/dark cycle with free access to laboratory 

chow and acidified water. All animal experiments were approved by the Local 

Committees on Animal Experimentation (DEC) of the University of Groningen.  

 

Enzymehistochemistry 
LPS-dephosphorylating enzyme activity in rat livers was examined by incubating 5 

µm cryostat sections with LPS (Escherichia Coli, serotype O55:B5 from Sigma) as a 

substrate as described previously (1). When the substrate LPS was omitted from 

the incubation medium, during histochemical staining, the reaction product was 

completely absent, indicating that this method detects enzyme activity. 

 

In vitro slice experiments 
For in vitro experiments, livers of male Wistar rats were used. Rats were sacrificed 

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

UK) anaesthesia and the liver was taken out and stored in University of Wisconsin 

organ preservation solution (UW) until slice preparation.  

Precision-cut liver slices were prepared from 8 mm liver cores using a Krumdieck 

tissue slicer (Alabama R&D, Alabama, USA), as described previously (18). The 

Krumdieck tissue slicer was cooled during the preparation of the tissue slices and 

was filled with ice-cold, oxygenated Krebs-Henseleit buffer. Slices were stored in 

UW on ice until incubation. 
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Slices were incubated in 6-well culture plates obtained from Greiner (Alphen a/d 

Rijn, The Netherlands). One slice per well was incubated in 3.2 ml Williams’ 

medium E (WME) supplemented with Glutamax I (Gibco BRL, Paisley, Scotland) 

and gentamicin, 50 mg/ml (Gibco BRL).  

Rat liver slices were incubated with or without 10 µg/ml LPS (Escherichia Coli, 

Serotype O55:B5, Sigma) during time intervals of 0, 2, 4, 6, 8, 16 and 24 hr. At each 

timepoint, three slices of each condition were pooled and stored at -80°C until 

RNA isolation. Medium of the slices was stored at -20°C until NOx measurement or 

at -80°C until TNFα measurement. 

 

Quantification of IL-1β, TNFα, IL-6 and AP mRNA levels in slices by real-time 

PCR 
RNA was isolated from liver slices using the QIAGEN RNeasy Mini Kit. After 

checking the quality of the RNA on a 2% agarose gel, the RNA concentration was 

determined by the Ribogreen assay. The Reverse Transcription System from 

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

the reversed transcription reaction oligo-dT primers were used. The amplification 

of the cDNA was followed by real-time PCR using the following primers: GAPDH  

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

CCTGCTTCACCACCTTCT-TG-3’), AP (forward primer 5’-

GCAAGGACATCGCCTATCAG-3’; reverse 5’-AGTTCAGTGCGGTTCCAGAC-3’), 

IL-6 (forward primer 5’-CCGGAGAGGAGACTTCACAG-3’; reverse 5’-

ACAGTGCATCATCGCTGTTC-3’), TNFα (forward primer 5’-

ATGTGGAACTGGCAGAGGAG-3’ ; reverse 5’-GGCCATGGAACTGATGAGAG-

3’) and Il-1β (forward primer 5’-AGGCAGTGTCACTCATTGTG-3’; reverse 5’- 

GGAGAGCTTTCAGCTCACAT-3’). Real-time quantification was performed using 

the SYBR Green PCR Master Mix from Applied Biosystems. GAPDH was used as a 

housekeeping gene and levels of other genes were normalized to these GAPDH 

levels. Relative quantification was calculated using the comparative threshold 

cycle (CT) method as described earlier (1). 
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In vivo experiments with rats 
The rats were divided into two groups (n=9 per group). Control animals received 

saline i.v. at t = 0 whereas others received 1 mg/kg LPS i.v. at t = 0. In both groups, 

4 rats were killed after 2 hr and 5 rats after 24 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 histochemical staining. Blood was collected to measure liver enzymes.  

 

Cell culture 
For in vitro cell culture experiments, 2 hepatoma cell lines were used: the human 

HepG2 and the rat McA-Rh7777 cell line. The cultured human hepatoma cell line 

HepG2 was kindly provided by the Department of Gastroenterology and 

Hepatology (University Medical Centre Groningen (UMCG), The Netherlands) 

and the McA-Rh7777 was a gift from Dr. A. Grefhorst (Department of Pediatrics, 

UMCG). The HepG2 cells were cultured in T75 cm2 flaks (Corning, NY, USA) in 

DMEM (BioWhitakker, Walkersville, MD, USA) supplemented with L-glutamine, 

(final conc. 2 mM), penicillin (final conc. 100 U/ml), streptomycin (final conc. 100 

µg/ml) and 10% fetal calf serum (FCS). McA-Rh7777 cells were cultured in T75 cm2 

flasks in DMEM supplemented with L-glutamine, (final conc. 2 mM), penicillin 

(final conc. 100 U/ml), streptomycin (final conc. 100 µg/ml) 5% fetal calf serum 

(FCS) and 20% horse serum (HS). Both cell lines were incubated at 37° C with 5% 

CO2. 

 

Measurement of alkaline phosphatase activity 
The AP activity was assayed at pH 9.8 with para-nitro-phenylphosphate (pNPP, 

Sigma) as a substrate according to standard procedures as described previously 

(15). 

 

Serum alkaline phosphatase activity 
Serum AP activity was measured according to routine procedures at the University 

Medical Centre Groningen (UMCG). 
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Statistical analysis 
Data are expressed as the mean ± the SD. The data were subjected to an unpaired 

two-tailed Student’s t-test, assuming similar variances. Differences were 

considered significant at p< 0.05. 

 

Results 

Serum AP activity upon LPS administration in rats 
 We first examined the serum AP activity in rats after LPS administration. It 

is known from literature that elevated systemic LPS levels are often accompanied 

by rises in serum AP levels (19-22). In the present study, LPS administration did 

not alter serum AP levels in normal rats, either after 2 or 24 hr.  In contrast, in a 

previous study we observed a significant rise in serum AP levels in bile duct 

ligated (BDL) rats already after 2 hr (1). This is likely due to the fact that BDL-rats 

generally exhibit an increased sensitivity for LPS (23; 24). 

 

Induction of enzyme-activity and mRNA levels of AP by LPS in rat liver slices 
Subsequently, in vitro experiments with liver slices were performed. Upon 

stimulation with LPS, enzyme-activity of AP and AP mRNA levels were 

determined.  

            

A B 

 
Figure 1: AP activity in cryostat sections of rat liver slices incubated for 24 hr with (A) and 

without (B) 10 µg/ml LPS. The dark staining indicates the locations were dephosphorylation 

occurs. Magnification: 400*.  
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It can be seen in figure 1A that 24 hr stimulation of liver slices with LPS results in a 

clear induction of AP activity. The activity is reflected by the dark staining around 

the hepatocytes. In control slices incubated in vehicle without LPS, no LPS- 

dephosphorylating activity was found (Fig. 1B). 

 

After detecting the enzyme-activity, we also measured the AP mRNA levels upon 

incubation with LPS after 2, 4, 6, 8, 16 and 24 hours of incubation. The control slices 

that were incubated without LPS, displayed rather constant AP mRNA levels at 

the different timepoints, whereas the slices incubated with LPS showed a clear 

increase in AP mRNA levels. A maximum incubation of around 40-fold compared 

to t = 0 was shown after 6 hr incubation with LPS (Fig. 2 upper left).  
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Figure 2: AP, IL-1β, TNFα and IL-6 mRNA expression in rat liver slices at various 

timepoints after LPS stimulation. Representative graphs of 1 out of 3 independently 

performed experiments are shown. Each data point represents the response of 3 different 

slices, which were pooled together for analysis. 

 

At incubation times longer then 6 hr, the AP mRNA levels gradually decreased 

again, but remained significantly elevated until the end of the incubation period.  

Besides AP mRNA levels, we also examined the mRNA levels of the inflammatory 

cytokines TNFα, IL-1β and IL-6, which are known to be produced by macrophages 
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upon LPS stimulation. All inflammatory cytokines followed almost the same 

induction pattern as the AP mRNA levels. The TNFα mRNA level rose rapidly to a 

very high level, reaching a maximal induction of about 1000-fold already at t = 4 hr 

compared to t = 0 hr (Fig. 2, bottom left). Also the Il-1β mRNA levels showed a 

major induction after LPS-stimulation: mRNA levels rose to a maximum of 100-

fold induction at t = 4 hr (Fig. 2, upper right). Assessment of IL-6 mRNA levels also 

revealed a clear increase in mRNA levels. IL-6 levels displayed a maximum 

induction of approximately 50-fold at t = 4 and 6 hr (Fig 2, bottom right). 

 

AP activity upon LPS stimulation in HepG2 and McA-Rh7777 cell lines  
After showing that in rat liver slices AP mRNA levels (Fig. 2) and AP enzyme 

activity (Fig. 1) are clearly upregulated in parenchymal cells after LPS-stimulation, 

we wanted to examine whether this induction resulted from a direct or indirect 

effect of LPS on hepatocytes. Therefore, two liver hepatoma cell lines were 

incubated with LPS. As a positive control for AP-induction in cell lines, we used 

butyrate, a known inducer of AP-activity in HepG2 cells (25). After 48 hr 

incubation with butyrate, a concentration dependent increase of AP activity was 

found in HepG2 cells with a maximum induction of about threefold at 2 mM 

butyrate concentration (Fig. 3A, p<0.005).  

HepG2

0 2
0

5

10

15

20

A

*

butyrate (mM)

A
P

 a
c
it

iv
it

y
 (

U
n

it
s
)

McA-Rh7777

0.0 5.0
0

5

10

15

20

25

30

35

B

*

butryate (mM)

A
P

 a
c
ti

v
it

y
 (

U
n

it
s
)

 
Figure 3: AP activity in HepG2 (A) and McA-Rh7777 cells (B) stimulated with sodium 

butyrate. The AP activity is displayed as units per 109 cells. Each bar represents the mean ± 

SD of 11 (HepG2) and 3 (McA-Rh7777) experiments. * = p<0.005. 

 



 
Chapter 4 

 82 

The rat hepatoma cell line McA-Rh7777, also showed a clear induction of AP 

activity, which was two times higher compared to that in the HepG2 cells (Fig. 3B 

versus 3A). AP activity in McA-Rh7777 cells was almost 25 times higher in cells 

incubated with 5.0 mM butyrate compared to control cells (p<0.005). In contrast, 

after incubation with LPS, no induction of AP activity was detected in neither 

HepG2 nor McA-Rh7777 cells (data not shown). 

 

AP activity in rat livers after LPS administration in vivo 
After examination of AP induction by LPS in liver slices and hepatoma cell lines, 

we studied AP induction in vivo in rat livers after intravenous injection of LPS. Rats 

were sacrificed either 2 or 24 hr after the LPS injection. A clear induction of AP 

mRNA levels was seen 2 hr after LPS injection, which is illustrated in figure 4, 

when LPS-treated rats were compared to untreated control rats. All livers were 

also examined for AP activity by enzymehistochemical methods, which use LPS as 

well as the traditional AP substrate, β-glycerophosphate, as a substrate. 

Surprisingly no difference in enzyme activity could be seen between LPS-treated 

and untreated control rats (data not shown).  

24 hr after LPS administration, no significant difference in AP mRNA levels was 

seen when LPS-treated rats and control rats, that only received saline, were 

compared. Also at the protein level, as qualitatively examined by 

enzymehistochemistry, we did not observe differences in enzyme activity. Thus, 

after an increase upon LPS administration, AP mRNA levels had returned to basal 

levels again within 24 hour. 

 

 

 

 

 

Figure 4: AP mRNA levels in 

rat livers at 2 and 24 hr after 

administration of 1 mg/kg LPS. 

* = p<0.05 versus saline. 
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Discussion 
Lipopolysaccharide (LPS) is a component of the outer cell wall of Gramnegative 

bacteria and is highly toxic. LPS is the causative agent of sepsis, a systemic 

inflammatory process, and an important player in other diseases and conditions 

like inflammatory bowel disease, fibrosis, meningococcemia, burns and 

rheumatoid arthritis. In normal conditions, LPS is removed from the circulation by 

the liver. Predominantly macrophages within this organ and to a minor extent 

hepatocytes remove the LPS from the bloodstream (26). Diseases affecting the liver 

or the integrity of the intestinal wall both can lead to elevated LPS levels in serum. 

This is either due to a decreased capacity of the liver to remove LPS from the 

circulation or to LPS leakage from the intestinal lumen to the blood. Elevated LPS 

levels subsequently activate macrophages which produce high amounts of 

cytokines, reactive oxygen species and other inflammatory mediators. In turn, 

these cytokines may lead to enhanced vascular permeability in the intestinal wall 

(27; 28), and thus to further elevation of LPS levels. This might result in systemic 

inflammatory response syndrome (SIRS). 

In 1997, we discovered that the enzyme alkaline phosphatase (AP) is capable of 

dephosphorylating LPS, thereby detoxifying this bacterial product (15; 16). 

Moreover, pre-administration of exogenous AP was found to have beneficial 

effects in different sepsis models in mice, pigs and sheep (2-5).  

Although the enzyme is abundantly present in the body and although it is known 

that in many diseases AP levels in serum and tissue deviate from their normal 

values, little is known about the regulatory mechanisms that control endogenous 

AP expression. It is also unknown whether there is a relation between the LPS 

levels and the LPS-detoxifying enzyme AP. In many diseases in which LPS plays 

an important role, also the AP levels are abnormal (19; 21). In fact, serum AP levels 

are used as a marker for liver diseases.  

We recently found that LPS is capable of inducing AP mRNA levels in the rat liver 

(1). In addition, colocalisation of AP expression and CD14, a component of the 

LPS-signaling complex, was also found. Together these data suggest that there 

might be a close relation between AP and LPS. Unraveling the interaction between 
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the LPS-dephosphorylating activity and LPS levels may provide insight into this 

process and lead to new strategies to treat LPS-mediated diseases. 

We tried to examine this in vitro, using the human hepatoma cell line HepG2 and 

the rat hepatoma cell line McA-Rh7777. Cells were incubated with LPS and sodium 

butyrate. The latter has been reported to stimulate AP activity in HepG2 cells (25) 

and this bacterial product may serve as a positive control to show the capacity of 

the cells to enhance their AP activity. Butyrate indeed increased the AP activity of 

HepG2 cells and also that of McA-Rh7777 cells strongly. However, incubation of 

these cell lines with LPS did not result in any elevation of AP activity. An 

explanation for this may be that butyrate stimulates another isoenzyme of AP than 

LPS or that both products act via different pathways. AP can occur in the form of 

four isoenzymes; placental, intestinal, germ-cell (also called placental-like AP) and 

liver/bone/kidney AP of which the first three are tissue-specific isoenzymes. In 

literature, several studies report that butyrate stimulates the germ-cell isotype of 

AP (6; 29). We found in our in vivo experiments presented here and in a previous 

study (1) that LPS stimulates the liver/bone/kidney isoform of AP in the rat liver. 

Whether LPS is capable of inducing other isoenzymes of AP has not been 

examined yet. Another explanation might be that additional factors, for instance 

cytokines produced by other cells, are needed for the elevation of AP activity by 

LPS. In vivo, systemic administration of LPS activates Kupffer cells in the liver that 

will produce inflammatory cytokines like TNFα and IL-1β. However, in hepatoma 

cell lines, no cytokine-producing cells are present. This prompted us to the idea to 

use liver slices. In slices, all resident liver cells are present in their normal 

environment. Upon LPS stimulation, we found elevated mRNA levels of the pro-

inflammatory genes TNFα, IL-1β and IL-6 (Fig. 2). In contrast to the cell lines, we 

now found a clear increase of AP activity in hepatocytes (Fig. 1) and a concomitant 

elevation of AP mRNA (Fig. 2). These results support the hypothesis that cytokines 

may play a role in the regulation of AP activity. We subsequently tried to induce 

AP mRNA in the hepatoma cell lines using cytokines. Cytokine-rich medium from 

LPS-stimulated macrophages and cytokines alone were added to the cell lines, but 

so far none of these experiments resulted in an induction of AP activity (data not 

shown). Apparently, a complex mixture or unknown cytokines are required to 

induce this response in hepatocytes. 
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As AP is able to dephosphorylate and thereby detoxify LPS, the elevated AP levels 

both at the mRNA and the enzyme level, may represent a physiologic response to 

LPS. The AP elevations seen during liver diseases therefore may reflect a host 

defense response against gut-derived bacterial products rather than a signal of 

cellular damage. This idea is supported by the fact that enhanced activity is found 

along the hepatocyte plasma membrane in slices which occurs concomitantly with 

elevated mRNA levels for this enzyme. Whether this increase in AP activity is the 

result from de novo enzyme synthesis or re-allocation of AP from intra-cellular 

pools to the cell membrane remains to be elucidated, but the enhanced mRNA 

levels at least indicate de novo synthesis. 

From the present experimental data, we infer that more than one cell type is 

involved in the mechanism of AP regulation by LPS in hepatocytes. In the future, 

additional experiments with the various cytokines in slices, comprising all liver cell 

types, and further in vivo experiments might elucidate the exact mechanism of AP 

regulation.  

In conclusion, our studies indicate that AP activity in hepatocytes is enhanced by 

LPS and that cytokines from non-parenchymal cells are involved in the regulation 

of AP activity. This hypothesis is supported by the fact that slices, which are 

capable of cytokine production, displayed increased AP activity upon incubation 

with LPS and hepatoma cell lines did not. In addition, in vivo experiments also 

demonstrated an elevation of AP mRNA in the liver and in serum, very shortly 

after LPS administration. More detailed knowledge on the particular mechanism of 

AP regulation, might allow manipulation of AP expression. Since AP is an LPS-

detoxifying enzyme, modulation of its expression may serve as a new strategy to 

attenuate LPS-mediated responses during various LPS-related diseases.            
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