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Abstract 
Sepsis is induced by an excessive response of the immune system to micro-

organisms or their products. Lipopolysaccharide (LPS) is the pivotal initiator of 

Gramnegative sepsis and intervening with this initiator therefore seems rational. If 

LPS could be efficiently detoxified before reaching its receptors, inflammatory 

processes would no longer be initiated.  

In the present study, we confirm earlier studies, showing that alkaline phosphatase 

(AP) is able to dephosphorylate LPS in vitro, using a new fluorescent method to 

detect LPS. This new method uses pentamidine, a compound that fluoresces upon 

binding to diphosphoryl but not monophosphoryl lipid A.   

Having established the disappearance of LPS from samples by AP in vitro, we 

tested two isoenzymes in vivo, calf intestinal and placental AP. Despite their 

difference in plasma half-life, both ciAP and plAP strongly reduced TNFα plasma 

levels as compared with control mice in the LPS/galactosamine model. Also the 

number of pulmonary inflammatory cells was clearly attenuated in AP-treated 

mice.  

This study provides a new method to detect LPS and shows a significant 

therapeutic effect of exogenous AP in vivo. This novel approach, based on the 

detoxification of LPS itself, may provide new opportunities to remove this 

deleterious bacterial product from biological fluids.  
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Introduction 
Sepsis or systemic inflammatory response syndrome (SIRS) is a complex 

pathological response against microbial particles, involving many cells and an 

array of mediators (1). In Gramnegative sepsis, lipopolysaccharide (LPS) or 

endotoxin, a constituent of the outer membrane of Gramnegative bacteria, is the 

major initiator of this response (2).  

LPS is a powerful activator of the innate immune system and interacts with 

macrophages, monocytes, neutrophils and endothelial cells, which results in the 

rapid release of many pro- and anti-inflammatory mediators such as tumour 

necrosis factor alpha (TNFα), nitric oxide (NO), interleukin-1β (IL-1β), IL-6 and IL-

8 (3-5). TNFα, the major cytokine in the early onset of sepsis, stimulates cells in an 

autocrine, paracrine and endocrine manner to produce other cytokines (6). LPS 

also activates the blood coagulation cascade and the complement system, which 

may lead to disseminated intravascular coagulation (DIC) (7). Simultaneously, a 

marked lowering of the blood pressure is induced by vasoactive mediators such as 

NO that may ultimately lead to multiple organ failure (MOF) and death (4; 8). 

Cytokines and other mediators exert multiple synergistic and sometimes opposing 

effects that may be both detrimental and beneficial to the patient, which hampers 

the design of an efficient therapy. This problem was encountered when anti-

cytokine antibodies such as anti-TNFα were used (9; 10). 

An alternative strategy may be to aim at the neutralization or detoxification of the 

LPS molecule itself. The molecular structure of LPS plays a major role in the 

induction of biological responses. LPS consists of a hydrophilic polysaccharide 

chain, containing many heptoses and anionic KDO (2-keto-3-deoxy-octonate) 

sugars. These are covalently linked to a hydrophobic lipid portion, lipid A, which 

anchors the LPS molecule into the bacterial outer membrane. The lipid A part is 

highly conserved among bioactive LPS molecules and in general contains two core 

phosphate groups (11). 

These two phosphate groups are of great importance for the biological activity of 

LPS (12; 13) and it is thought that they, together with the acyl chains, are 

responsible for the binding of LPS to myeloid differentiation-2-protein (MD-2), 

which is part of the LPS-signaling complex MD-2/TLR4 (14; 15). The phosphate 



 

Chapter 5  

 92 

groups also strongly influence the conformation of the lipid A structure and 

thereby its ability to elicit the release of inflammatory mediators (16). Many studies 

have shown that phosphate-free synthetic lipid A 503 and monophosphoryl lipid A 

(with one phosphate group removed) are biologically completely inactive (17). 

Monophosphoryl lipid A was even found to antagonize LPS-induced responses 

(18).  

We have previously demonstrated a role for alkaline phosphatase (AP) in 

dephosphorylating LPS. We observed significant LPS dephosphorylating activity 

by AP at physiological pH levels (19; 20). From these findings we postulated that 

AP may be able to protect experimental animals from the deleterious effects of 

LPS.  

In this study, we first studied dephosphorylation of LPS by AP using a new 

method to measure LPS. Subsequently, we examined whether AP exerts protective 

effects in vivo after an LPS-challenge. Placental alkaline phosphatase (plAP) and 

calf intestinal alkaline phosphatase (ciAP), which differ considerably with respect 

to their plasma half-life, were administered to mice simultaneously with an LPS-

challenge. The effects on two crucial parameters for SIRS were examined: serum 

TNFα levels and leukocyte infiltration in different tissues. The present results 

support the idea that AP detoxifies LPS through dephosphorylation in vivo. This 

may provide a physiological role for AP and at the same time afford a new way to 

inactivate LPS in serum. 

 

Materials & Methods 

LPS  
For in vivo experiments, wild-type E.coli O55:B5 LPS (Sigma, St. Louis, USA) was 

dissolved in saline. Stock solutions (1 mg/ml) were stored at -20°C. For the 

pentamidine assay, LPS (Re chemotype) and lipid A of Salmonella Minnesota R595 

(List biological laboratories, Campbell, CA, USA) dissolved in water were used. 

Both the LPS and lipid A were dissolved according to standard procedure. Briefly, 

water was added to the vials and the vials were subsequently vortexed at 

approximately 1200 rpm. This resulted in a clear LPS solution and a somewhat 
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opalescent solution of lipid A. The LPS of the Re-chemotype contains only 

phosphate groups in the lipid A moiety, in contrast to wild-type LPS that may 

contain additional phosphate groups in the polysaccharide chain. 

 

Alkaline phosphatase 
 

Placental alkaline phosphatase (plAP) 

plAP obtained from Sigma (Sigma, St. Louis, USA) was used for in vitro 

experiments (specific activity 14 U/mg protein). For in vivo experiments, this plAP 

was further purified. Briefly, hplAP was dissolved in 0.1% deoxycholic acid (DOC) 

to solubilise possible micellular structures and to remove lipid contaminations. 

Subsequently, the solution was ultrafiltrated using a Vivaspin filter with a cut-off 

of 100 kDa and the DOC portion was removed. The AP preparation (specific 

activity: 21 U/mg protein) was dissolved in PBS containing 1 mM MgCl2 and 0.1 

mM ZnCl2 and sealed in ampulles (final concentration 100 U/ml). The plAP dosage 

administered to the Balb/c mice (1.5 U) contained 71 µg protein. 

 

Calf intestinal alkaline phosphatase (ciAP) 

ciAP was obtained from AM-Pharma, Bunnik, The Netherlands. This batch had an 

activity of 38,970 U/ml and a protein content of 15.4 mg/ml with a purity of >>90% 

as determined with FPLC techniques. The dosage administered to Balb/c mice 

(1.5U) contained 0.60 µg protein. plAP and ciAP were routinely checked using 

SDS-PAGE gel and immunoblotting methods. 

 

Alkaline phosphatase (AP) assay 
AP activities were assayed at pH 9.8 with para-nitro-phenylphosphate (pNPP, 

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

(19). Serum samples of 5 µl were used for the measurement of AP activity. 
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Pentamidine assay 
The amount of LPS in samples was determined by the pentamidine assay. 100 µl of 

each sample was put in a white 96-wells plate (Costar, cat. no. 3912) and the 

fluorescence was first measured without pentamidine to correct for auto-

fluorescence of the samples. The fluorescence was measured at an excitation 

wavelength of 275 nm and an emission wavelength of 425 nm, using a Thermomax 

microplate reader (Molecular Devices, California, USA). Subsequently, 100 µl of 0.1 

mM pentamidine solution (ICN Biomedicals Inc., Ohio, USA) was added to each 

well and the fluorescence was measured again. A calibration curve of LPS R595 of 

S.minnesota (List) was prepared in 0.05 M ammediolbuffer of pH 7.8. 

 

In vivo experiments 
Balb/c mice (male, 20-22 gram) were obtained from Harlan, Zeist, The Netherlands. 

At t=0 hour the mice received 800 mg/kg galactosamine-D (GalN-D, Sigma) to 

enhance the sensitivity of mice for LPS. Simultaneously, 0.75 mg/kg of E.coli LPS 

serotype O55:B5 (Sigma) was administered intraperitoneally (i.p.). The mice were 

randomly divided in two groups (n=7 per group). One group received 1.5 U hplAP 

intravenously (i.v.) immediately after the LPS and GalN-D injections. Whereas the 

second group received 0.2 ml saline (=vehicle) i.v. after LPS and GalN-D (i.p.) 

administration. An additional group of control animals received only GalN-D i.p. 

and saline i.v.   

For the TNFα assay, blood samples were collected (in vials containing heparin) at 

t=2 hr after injection. 24 hr after injection the mice were sacrificed, blood samples 

were taken, and tissue samples from the liver, kidney, lungs, spleen and parts of 

intestine were frozen using isopentane and stored at -80°C until histochemical 

analysis. Timepoints of sampling and volumes of blood samples were carefully 

chosen and minimized to avoid influencing the condition of the mice. Blood 

samples were also analyzed for serum AP activity. 

In a second set of experiments with ciAP, mice were randomly divided in two 

groups (n=6 per group); one group was treated with ciAP (1.5 U, i.v.) immediately 

after the LPS (0.75 mg/kg, i.p.) and GalN-D (800 mg/kg, i.p.) injections, the second 

group received saline i.v. after LPS and GalN-D administration. For analysis of 
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serum AP, blood samples were taken at t=1 min after injection, since this 

isoenzyme of AP has a short half-life (21). 2 hours post-injection, the mice were 

sacrificed and organs were handled as described above for the experiments with 

plAP. Blood was collected for the measurement of TNFα-levels. 

 

TNFα assay  
TNFα production was determined using a TNFα-ELISA kit (BD PharMingen, San 

Diego, USA). ELISA plates (Corning, NY, USA) were coated overnight with a 

monoclonal anti-TNFα antibody, diluted 1/200 (PharMingen) in Na2HPO4 buffer 

0.1 M, pH 6.0. The plates were washed and blocked with 0.01 M PBS (pH 7.4) + 1% 

BSA (Sigma, St. Louis, USA). After washing, 100 µl of mouse plasma (1:5 diluted) 

was added and the plates were shaken for two hours at room temperature. Serial 

dilutions of mouse TNFα (PharMingen) were used as a quantitative standard. 

After washing, the second antibody (biotinylated rabbit anti-mouse-TNFα, 

PharMingen) was added and incubated for one hour followed by incubation with 

streptavidine-horseradish peroxidase (Amersham) and its substrate O-

phenylenediamine dichloride (Sigma). The reaction was stopped with (100 µl) 1 M 

H2SO4 and the absorbance was measured at 490 nm in a microplate reader. 

 

Histochemical analysis 
Detection of reactive oxygen species (ROS) producing cells 

Endogenous production of reactive oxygen species-production (ROS: superoxide 

anion and H2O2) was studied in various organs. Cryostat sections (4µm) were 

stained with 3,3-diamino benzidine (DAB) according to Poelstra et al (22). Briefly, 

sections were washed in 0.1 N Tris-HCL buffer (pH 7.6) and subsequently 

incubated in 0.1 N Tris-HCL containing 0.5 mg/ml DAB for 30 min at 60°C. In situ 

ROS-production by cells that express myeloperoxidase activity (MPO) will cause 

oxidation and subsequent polymerisation of DAB. Incubation of sections with 

catalase and superoxide dismutase confirmed involvement of O2- and H2O2.  
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Data analysis 
Data are expressed as the mean ± the SD. When two groups were compared, the 

data were subjected to an unpaired two-tailed Student’s t-test, assuming similar 

variances. The differences were considered significant at p< 0.05. 

 

Results 

Pentamidine assay 
In this study, we first set up a method that allows discrimination between mono- 

and diphosphoryl lipid A. We used the observation of David et al that pentamidine 

binds to diphosphorylated LPS and emits a fluorescent signal at 425 nm (23), 

whereas no signal is emitted with monophosphoryl lipid A. 

Experiments showed a linear correlation between LPS concentrations and the 

fluorescence intensity. We used the Re chemotype of LPS (R595 S.minnesota). This 

truncated form consists of diphosphoryl lipid A plus a very short sugar chain 

without any additional Pi-groups. As can be seen in figure 1A, a strong linear 

correlation was found (R2=0.9996). This fluorescence signal was virtually absent 

when monophosphoryl lipid A of the same chemotype (S.minnesota R595) was 

used (Fig. 1B). We also incubated LPS at pH≈1 overnight to destroy its tertiary 

structure and to chemically remove at least one phosphate group from the lipid A 

moiety (24). Before the measurements, the pH was re-adjusted to pH 7.8. As 

illustrated in figure 1C, a very low signal was seen, indicating that an intact 

structure is required to induce fluorescence. Finally, we explored the specificity of 

the signal by adding serum to the LPS samples (0.1%). In the presence of serum, a 

linear correlation between LPS concentrations and fluorescence intensity was still 

notable, although some quenching was observed (Fig. 1D versus fig. 1A). 
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Figure 1: Detection of LPS by pentamidine. A Correlation between the LPS-concentration 

(R595, S.minnesota) and the Fluorescence Intensity at 425 nm (n=7). B Correlation between 

the monophosphoryl lipid A concentration and the Fluorescence Intensity (n=3) C 

Fluorescence of LPS Re 595 after overnight incubation at pH 1 (n=2). D Correlation between 

the LPS concentration and the Fluorescence Intensity in the presence of 0.1% serum (n=4). 

Values are expressed as means ± SD. 

 

Subsequently, we studied whether AP affected the measurements at 425 nm. 

Therefore, LPS was incubated with 0.5, 1.0 and 2.0 units of plAP for 2 hr at 37°C 

and 4°C at pH 7.8. Assays (final LPS conc. was 10 µg/ml) clearly showed a dose-

dependent decrease in LPS concentration at 37°C induced by plAP (Fig. 2). This 

effect was nearly absent at 4°C.  
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Figure 2: LPS detection after incubation with plAP. LPS of S.minnesota Re595, at a 

concentration of 20 µg/ml, was incubated for 2 hr at 37°C and 4°C with 0.5, 1.0 and 2.0 units 

plAP at pH 7.8. The final LPS concentration in the samples at the time of measurement was 

10 µg/ml. Note the dose-dependent decrease of the LPS concentration at increasing plAP 

concentrations at 37°C whereas at 4°C nearly no decrease was measurable. Values represent 

means of six experiments ± SD. ** denotes significant differences between the incubations at 

37°C and 4°C (** = p<0.0005). * denotes significant difference between the incubation with 

and without plAP at 4°C (* = p<0.05).  

 

To investigate whether this AP-induced decline in LPS concentrations can also be 

induced by binding of LPS to proteins, the assay was also performed with HSA. 

Equimolar concentrations of HSA instead of plAP induced a similar decrease in 

LPS concentration compared to plAP (Fig. 3A). This may be explained by the fact 

that HSA is also able to bind LPS (25). Surprisingly, the HSA-induced decrease in 

LPS concentration also appeared to be temperature dependent. To our knowledge, 

this is the first time that this effect of HSA was observed. 

In addition, we also examined the influence of 0.1% serum on the effect of plAP 

and HSA. Serum contains many components that bind to the fatty acid binding site 

of HSA or that bind LPS and these components might therefore serve as 

competitive agonists. Our data show that serum components significantly reduced 

the effect of both plAP (p<0.01) and HSA (p<0.00001) on LPS levels as measured by 

pentamidine (Fig. 3B). Serum components attenuated the effect of HSA on LPS 

levels more than the effect of plAP on LPS levels. This difference between plAP 
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and HSA was significant at p<0.05. We also tested higher serum concentrations (up 

to 10%) and noticed an increasing quenching of the fluorescent signal at increasing 

serum concentrations. 
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Figure 3: Influence of HSA and serum on the pentamidine assay. A Pentamidine assay at 37 

and 4°C with LPS plus HSA (equimolar to plAP). Assays were performed at 37 and 4°C. ** 

denotes significance between 37°C and 4°C (** = p<0.005). B Pentamidine assay at 37°C with 

plAP and HSA in equimolar concentrations with and without 0.1% serum. Incubations with 

LPS alone were set to 100%. Values represent means of six experiments ± SD (* = p<0.01 and 

*** = p<0.00001).  

 

B 
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We conclude that both plAP and HSA bind to LPS and that this interaction is 

temperature dependent. The binding of LPS to plAP seems to have a higher 

affinity than the binding to HSA, because the latter is more strongly affected by 

competition with serum components. It is also shown that a strong reduction in 

serum LPS levels can be achieved by plAP (p<0.0005). 

 

Finally, we examined the specificity of the binding of LPS to plAP. In case of 

specific binding, it should be possible to inhibit this binding with other plAP 

substrates. We chose to use the well-known substrate for the enzyme AP, β-

glycerophosphate, as a competitor for LPS (26).  
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Figure 4: Effect of the competitive substrate β-glycerophosphate on the binding of LPS to 

plAP. Assays were performed at 37°C. The LPS concentration in all incubations was 20 

µg/ml (final concentration at time of measurement 10 µg/ml). Incubation time was set at 10 

minutes. Values are expressed as average of at least 3 separate experiments. * = p<0.05 (10 

mM β-glycerophosphate versus no competitive substrate). 

 

Two concentrations of β-glycerophosphate were used, 5 and 10 mM, and as can be 

seen in figure 4, both concentrations inhibited the binding of LPS to plAP. 10 mM 

attenuated the effect of plAP more than 5 mM and the difference in LPS 
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concentrations with 10 mM competitive substrate was significant at AP 

concentrations of 10 U and higher (p<0.05).  

 

In vivo experiments with plAP 

As the enzyme AP is able to dephosphorylate LPS, shown in previous studies by 

the release of inorganic phosphate histochemically and biochemically (19; 20) and 

in the present study by the pentamidine assay in which plAP caused a decrease in 

the LPS signal (Fig. 2), we tested the effect of AP in vivo. To determine the effects of 

plAP on LPS-induced TNFα responses in an experimental model for sepsis, 1.5 U 

of plAP (71 µg protein) was administered to the mice immediately after an LPS + 

GalN-D injection. Assuming a plasma volume of 2 ml in mice, this would lead to a 

plasma level of 750 U/l. To avoid direct binding to LPS, plAP was administered 

intravenously and LPS intraperitoneally. In plAP-treated and untreated mice, 

serum AP levels were examined and blood samples were assayed for TNFα. In 

addition, the influx of inflammatory cells in various organs was examined. 

 

AP activity in serum  
The total AP activity in serum samples obtained at different timepoints was 

assayed. Serum AP activity of the mice that received plAP was markedly 

enhanced; 2 hours post-injection a 10-fold increase of the normal serum AP level 

(up to 700 U/L) was found (see Fig. 5). The AP activity in serum of mice that did 

not receive plAP remained at baseline levels throughout the experiment 

(approximately 70 U/L). The serum AP activity of the mice that received plAP was 

still significantly (p<0.0001) elevated at t=24 hours (Fig. 5). 
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Figure 5: Alkaline phosphatase in serum of Balb/c mice at different timepoints after injection 

of plAP. The mice (n=7 per group) received either LPS (i.p.) co-administered with D-

galactosamine (GalN-D), with or without 1.5 U plAP (i.v.). Control animals received GalN-D 

i.p. and saline i.v. The mice that received a plAP injection at t=0 show clearly elevated serum 

AP levels up to 24 hours post-injection. The results are expressed as the mean value ± S.D. * 

denotes significant difference between the plAP-treated and untreated group (p<0.0001). 

 

TNFα responses and detection of reactive oxygen species (ROS) producing cells 
The plasma samples obtained at 0, 2 and 4 hours post-injection of LPS and plAP 

were also analyzed for TNFα. At the timepoints t=0 and t=4 hours, TNFα levels 

were below detection limits (data not shown). However, at t=2 hours, high TNFα 

levels were found in all LPS-treated mice. These TNFα levels were significantly 

lower in the mice that received plAP after the LPS injection as compared to the 

mice that received saline after the LPS-challenge (Fig. 6A); plAP injection caused 

approximately a 75% reduction in TNFα levels (p<0.001).  
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Figure 6: TNFα levels in plasma of Balb/c mice (A) and staining for ROS-producing cells in 

lungs of mice (B). The mice (n = 7 per group) received LPS (i.p.) co-administered with D-

galactosamine (GalN-D), either with or without 1.5 U plAP (i.v.). Control animals received 

GalN-D i.p. and saline i.v. A TNFα levels at two hours after injection using plAP. The LPS-

challenged mice that did not receive plAP showed elevated TNFα levels. plAP significantly 

reduced the TNFα levels. The result are expressed as the mean value ± S.D. * = p<0.001.  

B ROS-producing cells in lungs of mice 24 hours post-injection. Note the strong staining in 

the lungs of LPS-treated mice (B) compared to control mice (A) and the reduced amount of 

ROS-producing cells in the lungs of mice that received a treatment with plAP (C). (original 

magnification 200x). 

 

An important aspect of sepsis is the massive influx of inflammatory cells that 

produce reactive oxygen species (ROS) in tissues. The DAB staining allows the 

detection of ROS-producing cells in situ. The amount of ROS-producing cells was 
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examined in various organs, 24 hours after injection of LPS. In particular ROS-

production in the lungs was very high, and profound differences between the LPS-

challenged and the control group were observed (Fig. 6B A and B). Within the 

lungs, the number of ROS-producing cells was markedly decreased in mice that 

received plAP after the LPS injection as compared to the LPS-mice receiving no 

treatment (Fig. 6B). This was observed in all mice that received plAP after the LPS 

injection (n=7). In the other organs that were examined (kidney, spleen, intestine, 

liver), the difference in ROS-producing activity between LPS-treated and control 

mice was less pronounced and hence no differences were observed between 

untreated and plAP-treated mice.  

 

In vivo experiments with ciAP 

In a second series of experiments, we tested the effects of calf intestinal AP (ciAP) 

on the LPS-challenged mice in vivo. Because of the short half-life of this isoenzyme 

(8.5 minutes (21)), only the short-term effects in our sepsis model were examined. 

We assessed the effects of ciAP on the LPS-induced TNFα response by 

administering 1.5 U (0.60 µg) of highly pure ciAP i.v. to the mice immediately after 

they had received an LPS + GalN-D injection (i.p.). Serum AP and TNFα levels in 

ciAP-treated and untreated mice were analyzed.  

 

ciAP activity  
Measurement of AP activity in serum samples obtained 1 min after injection of 

ciAP showed that AP activity rose to approximately 15-fold the normal level; 1087 

± 206.2 U/L. The AP activity in plasma of mice that did not receive ciAP remained 

at baseline levels (74.2 ± 11.3 U/L). In contrast to mice receiving plAP (Fig. 5), 2 

hours after injection of ciAP, no elevation of serum AP activity could be detected 

anymore (data not shown).  
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TNFα levels 
As the optimal timepoint for measuring TNFα levels after an LPS challenge was 

already known from the experiments with plAP, TNFα levels in the experiments 

with ciAP were only assayed at 2 hours post-injection. Highly elevated TNFα 

levels were found in LPS-treated mice, whereas in control animals no TNFα could 

be detected in plasma. TNFα levels rose to 979 ± 270 pg/ml after the challenge with 

LPS, and treatment with ciAP reduced these TNFα levels to 225 ± 94.4 pg/ml (data 

not shown) (p<0.005). This reduction in TNFα levels by ciAP is similar to the data 

obtained with plAP (Fig. 6A).   

  

Discussion 
Despite many efforts, sepsis is still a major problem world-wide, especially in the 

intensive care units, although multiple clinical trials have been performed (27). 

Recombinant activated protein C was shown to be an important asset for the 

management of this disease (28). A large phase III trial, the PROWESS study, 

revealed a significant decrease in mortality. Activated protein C however proved 

to be only beneficial in patients with a high risk of death (high APACHE II score) 

and less beneficial or even harmful in patients with a low risk of dying from sepsis 

(29), which was confirmed in later studies (30; 31). The approach presented here is 

also based on the use of an endogenous plasma enzyme. However, the major 

difference with previous strategies is that this therapy is directed at LPS, the 

initiator of the sepsis cascade rather than to secondary mediators. 

LPS is the triggering molecule in the pathogenesis of Gramnegative sepsis, and the 

involvement of different receptors in this process has been demonstrated in 

various studies (32; 33). If LPS is detoxified or neutralized, it should no longer 

recognize or activate the receptors that switch on the cascade of events during 

sepsis. In the past, many studies have been conducted in which antibodies against 

LPS or LPS-binding substances such as HDL and BPI (34; 35) were tested. 

However, the success in clinical trials of these anti-sepsis preparations has been 

limited. 
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It is known that lipid A harbours the toxicity of the LPS molecule, and that the 

dephosphorylated form of lipid A, monophosphoryl lipid A (MPLA), is no longer 

harmful. In fact, dephosphorylated LPS may even antagonize the effect of native 

LPS (18; 36) and successful attempts to use this monophosphoryl lipid A as a 

prophylactic treatment have been reported (36). 

In previous studies we showed the ability of alkaline phosphatase (AP) to 

dephosphorylate LPS in vitro, a phenomenon that was associated with reduced 

toxicity of this molecule (19; 20). By demonstrating that AP is able to 

dephosphorylate LPS at physiological pH levels, we established a potential 

physiological role for this ubiquitous enzyme whose role in vivo has been 

completely obscure.  

The aim of the present study was to demonstrate that AP is capable of removing 

diphosphorylated lipid A from samples, using a new method to measure LPS in 

vitro and to show that this activity of AP has beneficial effects in vivo during LPS-

induced sepsis. In this study, we show therapeutic effects of 2 isoenzymes of AP, 

plAP and ciAP. AP has been the subject of numerous studies ever since its 

discovery. Although this enzyme is present in macrophages and in neutrophils in 

the same granules where LPS accumulates (37), only recently attempts have been 

undertaken to elucidate its role during LPS-induced inflammation (38-44).  

In vitro studies were performed to demonstrate the LPS-dephosphorylating activity 

of AP using a truncated, well-characterized form of LPS (S. Minnesota R595). 

Previously, dephosphorylation of LPS was shown by measuring the free inorganic 

phosphate (Pi) that is released from the LPS by AP and by histochemical detection 

of in situ release of Pi from LPS (19; 20). Now we show that the binding of 

pentamidine to the phosphate groups of LPS is affected by plAP in a dose-

dependent and temperature-dependent manner. Whether this AP-induced 

decrease in pentamidine-detectable LPS is caused by binding or by 

dephosphorylation cannot be directly established using this assay. Yet, previous 

studies showed dephosphorylation of LPS by AP. The effect of HSA on the 

pentamidine-detectable LPS concentration probably reflects binding and shielding 

of the lipid A moiety (25). Unexpectedly, this HSA-effect appeared to be also 

temperature-dependent. The effects of plAP and HSA were similar when both 

were applied in equimolar concentrations but serum attenuated the effect of HSA 
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more strongly than the effect of plAP (p< 0.005), indicating that the affinity of LPS 

for plAP is higher than for HSA. Serum itself quenched the signal from LPS (Fig. 

1D), which may be related to the fact that serum contains both AP and HSA. So, 

our studies with truncated LPS and the studies of David (23) show that 

pentamidine binds to the lipid A part of LPS and we now also show with our 

inhibition studies with β-glycerophosphate, as a competitive substrate which 

specifically binds to the active site of AP,  that pentamidine-recognizable LPS is 

bound to the active site of AP. It can therefore be concluded that AP binds to the 

lipid A part of LPS. 

We subsequently performed in vivo experiments to examine a potential protective 

effect of plAP. The placental isoform of AP (a sialylated glycoprotein) has a long 

circulating half-life in serum (approximately 13 hours). Other isoforms of AP such 

as intestinal and liver-bone-kidney AP have a short half-life in serum, due to 

recognition of terminal galactose groups by endocytotic receptors on hepatocytes 

(21). Using plAP, we were able to attain high serum AP levels for a prolonged 

period of time (>24 hours). This allowed us to study both short-term (≤4 hours) and 

long-term (24 hours) effects after a single injection of plAP. 

In these in vivo experiments, we used wild-type LPS to mimic the clinical situation 

more closely. The mice received plAP immediately after the LPS challenge via 

another route of administration to avoid direct binding. We measured TNFα levels 

because these are high in the acute phase of the disease and this cytokine is of 

major importance in initiating the systemic effects during SIRS. Several studies also 

have shown a good correlation between TNFα levels and survival in sepsis (45). 

Administration of plAP prevented the elevation of TNFα profoundly; 75% 

reduction was obtained (Fig. 6A).               

We examined the inflammatory cell influx in the liver, kidney, spleen and lung, at 

the end of the experiment to assess the final outcome of the systemic inflammatory 

response. We only found marked differences between the different experimental 

groups within the lung. This organ appeared to be the primary site for 

accumulation of neutrophils after a LPS-challenge (46). LPS markedly enhanced 

the amount of ROS-producing cells in this organ, and treatment with plAP reduced 

this influx significantly (Fig. 6B).  
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To study whether the protective effect of plAP is isoenzyme dependant, we also 

tested calf intestinal AP. Using ciAP in vivo, serum AP levels up to 1000 U/L were 

reached for a short period of time. In contrast to plAP, intestinal AP is rapidly 

taken up by asialoglycoprotein receptors on hepatocytes (21). ciAP also reduced 

TNFα levels by 75% as compared to untreated LPS-challenged mice. So, despite the 

differences in pharmacokinetic profile between plAP and ciAP, both isoenzymes 

were shown to be therapeutically effective. The long serum half-life of plAP 

compared to ciAP apparently did not favour the effectivity of treatment. One 

explanation for this is that LPS has a relatively short half-life in serum and is 

dephosphorylated or bound rapidly after injection of both forms of AP. 

We conclude that a single injection of AP reduces the inflammatory response in 

mice challenged with LPS. The simultaneous presence of AP and LPS during the 

first phase of the disease appears to be essential. This study confirms and extends 

our previous study showing a therapeutic effect of AP during E.coli induced 

inflammation (39) and studies of others (42). These observations may provide a 

new strategy to attenuate the effects of LPS in vivo. Whether enzymatic 

dephosphorylation of LPS can lead to an effective anti-sepsis treatment is currently 

evaluated in a phase 2 clinical study. Our studies may also provide more insight 

into a possible physiological role of AP that is present in many organs and 

inflammatory cells. We postulate that apart from those therapeutics that aim at 

antagonizing the mediators of inflammation, therapeutic enzymes like AP that 

either neutralize or detoxify the main causative agent LPS in sepsis should be 

included in anti-sepsis research. Not surprisingly, most inflammatory cells are 

endowed with such an enzyme (37). 
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