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BACKGROUND AND PURPOSE
Recently, two phase-II trials demonstrated improved renal function in critically ill patients with sepsis-associated acute kidney
injury treated with the enzyme alkaline phosphatase. Here, we elucidated the dual active effect on renal protection of alkaline
phosphatase.

EXPERIMENTAL APPROACH
The effect of human recombinant alkaline phosphatase (recAP) on LPS-induced renal injury was studied in Sprague–Dawley rats.
Renal function was assessed by transcutaneous measurement of FITC-sinistrin elimination in freely moving, awake rats. The
mechanism of action of recAP was further investigated in vitro using conditionally immortalized human proximal tubular epithelial
cells (ciPTEC).

KEY RESULTS
In vivo, LPS administration significantly prolonged FITC-sinistrin half-life and increased fractional urea excretion, which was
prevented by recAP co-administration. Moreover, recAP prevented LPS-induced increase in proximal tubule injury marker, kidney
injury molecule-1 expression and excretion. In vitro, LPS-induced production of TNF-α, IL-6 and IL-8 was significantly attenuated
by recAP. This effect was linked to dephosphorylation, as enzymatically inactive recAP had no effect on LPS-induced cytokine
production. RecAP-mediated protection resulted in increased adenosine levels through dephosphorylation of LPS-induced ex-
tracellular ADP and ATP. Also, recAP attenuated LPS-induced increased expression of adenosine A2A receptor. However, the A2A

receptor antagonist ZM-241385 did not diminish the effects of recAP.

CONCLUSIONS AND IMPLICATIONS
These results indicate that the ability of recAP to reduce renal inflammationmay account for the beneficial effect observed in septic
acute kidney injury patients, and that dephosphorylation of ATP and LPS are responsible for this protective effect.
Abbreviations
AKI, acute kidney injury; ciPTEC, conditionally immortalized proximal tubular epithelial cells; dLPS, detoxified LPS; IAP,
intestinal alkaline phosphatase; KIM-1, kidney injury molecule-1; NGAL, neutrophil gelatinase-associated lipocalin;
PBMCs, peripheral blood mononuclear cells; PFA, paraformaldehyde; recAP, human recombinant alkaline phosphatase;
TLR4, toll-like receptor 4
© 2015 The British Pharmacological Society



Tables of Links

TARGETS LIGANDS

GPCRsa Catalytic receptorsc Adenosine IL-1β

A1 receptor NLRP3 ADP IL-6

A2A receptor TLR4 AMP IL-8

A2B receptor Enzymesd ATP IL-10

A3 receptor iNOS cAMP LPS

P2Y receptors MPO CGS-21680 TNF-α

Ligand-gated ion channelsb IFN-γ ZM-241385

P2X receptors

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://www.guidetopharmacology.
org, the common portal for data from the IUPHAR/?BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are permanently archived in the
Concise Guide to PHARMACOLOGY 2013/?14 (a,b,c,dAlexander et al., 2013a,b,c,d).

Alkaline phosphatase in renal injury BJP
Introduction
Acute kidney injury (AKI) in critically ill patients admitted to
the intensive care unit is frequently observed and is associ-
ated with a high mortality rate and an increased risk of end-
stage renal disease amongst survivors (Goldberg and Dennen,
2008; Case et al., 2013). The most common cause of AKI in
the critically ill is sepsis. Its pathophysiology is complex,
and suggested to be mediated by both inflammation and
alterations in the renal microcirculation (Romanovsky et al.,
2014), for which a specific treatment is currently unavailable.
LPS, a part of the outer membrane of Gram-negative bacteria,
plays a major role in the inflammatory cascade observed dur-
ing sepsis. LPS induces both systemic and renal inflammation
through signalling via its pattern recognition receptor Toll-
like receptor 4 (TLR4), localized on immune cells and on
proximal tubule epithelial cells (PTEC), resulting in epithelial
inflammation, endothelial inflammation and hypoxia
(Cohen, 2002; Ince, 2005; Kalakeche et al., 2011). Due to
the complex pathophysiology of sepsis, which involves sys-
temic and renal inflammation combined with renal hypoxia,
to be effective a treatment should aim to target all or a combi-
nation of these processes (reviewed by Peters et al., 2014).

Alkaline phosphatase (AP), a dephosphorylating enzyme, is
a molecule that might exert such a dual mechanism of action.
Bovine intestinal AP (IAP), originally developed as an anti-
sepsis treatment as it dephosphorylates, and thereby thought
to detoxify LPS, appeared to be renal protective in a sub-
population of critically ill patients with sepsisassociated AKI
(Heemskerk et al., 2009; Pickkers et al., 2012). Currently,
human recombinant AP (recAP) has been developed and is
now being tested in a large multicentre phase II clinical trial.
However, importantly, the specific renal protectivemechanism
of action of AP is still unknown. Possibly, AP can detoxify LPS,
which is composed of an oligosaccharide core component, a
polysaccharide chain and the toxic lipid A part with two phos-
phate groups. Removal of one of these two phosphate groups
by AP results in a non-toxic LPS molecule, which can still bind
to TLR4 but then acts as an antagonist (Bentala et al., 2002).
Another potentially protective mechanism of AP is dephos-
phorylation of ATP, an endogenous signalling molecule
released during cell stress, induced by for example inflamma-
tion and hypoxia. Excreted ATP attracts phagocytes and acti-
vates platelets and the NLRP3 inflammasome, further
enhancing inflammation and tissue injury (Eltzschig and
Eckle, 2011; Eltzschig et al., 2012). Upon dephosphorylation,
possibly by exogenous AP, ATP yields ADP, AMP and adenosine,
of which the latter exerts renal protective and anti-
inflammatory effects via binding to one of the four adenosine
receptors A1, A2A, A2B and A3 (Bauerle et al., 2011). Potentially,
AP enhances the conversion of ATP into adenosine, thereby
increasing adenosine levels and exerting its anti-inflammatory
and tissue-protective effects (Bauerle et al., 2011). This study
was designed to investigate whether recAP provides protection
during LPS-induced AKI in rats, in vivo, and to unravel the mo-
lecular mechanisms of action behind these effects in a unique
human conditionally immortalized PTEC model, ciPTEC
(Wilmer et al., 2010). It is presumed that thesemolecularmech-
anisms are related to dephosphorylation of the harmful mole-
cule(s) LPS and/or ATP.
Methods

Animals
Animal experiments were performed according to the
National Animal Protection Law (Tierschutzgesetz 13.7.2013)
and Animal Welfare Ordinance (TierSchVersV 13.8.2013), and
the European Union Guidelines for the Care and the Use of
Laboratory Animals (Directive 2010/63/EU). Protocols were
approved by the institutional review board for animal experi-
ments (13/145). Male specific-pathogen free Sprague–Dawley
rats (RjHan:SD, n = 18), weighing 150–200 g, were purchased
at Janvier (Le Genest-Saint-Isle, France). Animals were housed
(three rats per cage) in a specific-pathogen-free facility in
open cages with aspen chip bedding, on a 12/12 h
light/dark cycle at 20–24°C with a relative humidity of 50 ±
5%. Standard laboratory chow (Ssniff, type R/M; ssniff
Spezialdiäten GmbH, Soest, Germany) and water were avail-
able ad libitum. All procedures used were as humane as possi-
ble. Studies involving animals were reported in accordance
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with the ARRIVE guidelines for reporting experiments involv-
ing animals (Kilkenny et al., 2010; McGrath et al., 2010). The
drug and molecular target nomenclature confirms to
IUPHAR/BPS Guide to Pharmacology (Pawson et al., 2014)
and the Concise Guide to Pharmacology (Alexander et al.,
2013a,b,c,d).
Experimental protocol
Rats were randomly divided into three groups: placebo (n = 6),
LPS (n = 6) or LPS + recAP (n = 6). A baseline plasma sample
(lithium-heparin blood) was collected 7 days preceding the ex-
periment through a tail vein puncture using a Multivette
(Sarstedt, Etten-Leur, the Netherlands). Three days preceding
the experiment, the baseline renal function was assed as FITC-
sinistrin half-life (t1/2) (Schock-Kusch et al., 2011). At t = 0 h,
placebo (0.9% NaCl, saline) or 0.3 mg kg�1 body weight (BW)
LPS (E. coli 0127:B8; Sigma-Aldrich, Zwijndrecht, the Nether-
lands; dissolved in saline) was administered to rats, weighing
298 ± 5 g, as an i.v. bolus into the tail vein to induce LPS-induced
renal failure. Dose–response experiments demonstrated this
dose to be optimal to induce renal failure (not shown). At t =
1.5 h plasma was obtained as described earlier. At t = 2 h, rats re-
ceived an i.v. bolus into the tail vein of placebo or recAP (1000 U
kg�1 BW, diluted in saline; kind gift from AM-Pharma, Bunnik,
the Netherlands) followed by a second measurement of renal
function. Previous dose–response experiments indicated this
dose to be optimal to prevent AKI in several animal species
(unpublished data). At t = 5 h, all animals received 5 mL saline
(s.c.) to prevent dehydration, followed by a 16 h urine collection
period. At t = 21.5 h the third transcutaneous measurement was
performed. At t = 24 h, rats were anaesthetized (i.p., 3 mg kg�1

BW xylazine and 80 mg kg�1 BW ketamine 10%), a retrobulbar
lithium-heparin blood sample was withdrawn to obtain plasma,
and whole body perfusion was started [6 min, saline + 50 IU
mL�1 heparin, 210 mbar; 3 min, 4% paraformaldehyde (PFA;
210 mbar)], which killed the animals. After saline perfusion,
the right kidney was carefully removed, snap frozen and stored
at �80°C until processing. The left kidney, removed after PFA
perfusion, was stored in 4% PFA at 4°C until processed for histo-
logy and immunohistochemistry. One animal from the LPS +
recAP group and one urine sample from the placebo group were
excluded because of injection and collection difficulties,
respectively.
Renal function measurements
Renal function was assessed in freely moving awake rats
through transcutaneously measured elimination kinetics of
FITC-sinistrin (Fresenius Kabi, Linz, Austria), a commercially
available marker of glomerular filtration rate (GFR), by using a
novel measurement device as described previously (Schock-
Kusch et al., 2009; Schock-Kusch et al., 2011). Briefly, rats were
anaesthetized by isoflurane inhalation (5% induction, 1.5–2%
maintenance; Abbott Laboratories, Illinois, USA) and shaved
on the back. The optical part of the device was fixed on this
depilated region using a specifically designed double-sided ad-
hesive patch (Lohmann GmbH, Neuwied, Germany), whereas
the electronic part of the device was incorporated into a rodent
jacket (Lomir Biomedical, New York, USA). After the baseline
signal had been established, FITC-sinistrin (5 mg 100 g�1 BW,
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diluted in buffered saline) was injected in the tail vein. Thereaf-
ter, the animals were allowed to recover from anaesthesia,
while the measurement continued for approximately 120 min
post-injection. Half-life was calculated by a one-compartment
model applied on the transcutaneously measured FITC-
sinistrin elimination kinetics (Schock-Kusch et al., 2009).
Parameters of renal function were determined in plasma and
urine samples using the Cobas c311 chemistry analyser (Roche
Diagnostics, Mannheim, Germany). Fractional urea excretion
and endogenous creatinine clearance were calculated with
average plasma values obtained at 1.5 and 24 h.
Histology and immunohistochemistry
After fixation for at least 24 h, tissue was processed, embed-
ded in paraplast and sectioned at 3 μM thickness. For rou-
tine histology, periodic acid-Schiff (PAS) and haematoxylin
and eosin (H&E) staining were performed on renal tissue.
Renal injury was assessed using a scoring system with a
scale from 0 to 4 (0 = no changes; 4 = severe damage, e.g.
marked changes to the tubule cell). Kidney injury molecule
(KIM)-1 was detected by primary antibody goat-anti-rat
KIM-1 (1:50; AF3689, R&D Systems, Abingdon, UK) and
secondary antibody rabbit-anti-goat IgG (1:200; P0449,
DAKO, Heverlee, Belgium). Immunostaining was visualized
with VECTASTAIN Eline ABC system reagents (Vector Labs,
Amsterdam, the Netherlands) and 3,3′-diaminobenzidine
(Sigma-Aldrich, Zwijndrecht, the Netherlands), followed by
H&E counterstain. All scoring was performed in a blinded
fashion.
Tissue homogenization
Snap frozen kidneys were homogenized by the TissueLyser LT
(Qiagen, Venlo, The Netherlands) according to manufac-
turer’s instructions, in Tissue Protein Extraction Reagent
(Thermo Scientific, Illinois, USA), supplemented with com-
plete EDTA-free protease inhibitor cocktail tablets (Roche
Applied Science, Almere, the Netherlands). Total protein con-
tent was determined using the bicinchonicic acid protein as-
say kit (Thermo Scientific), and samples were stored at �80°C
until assayed.
Urinary purine content
Adenosine, AMP, ADP, ATP and cAMP content was deter-
mined by HPLC. In brief, 4 volumes of urine were mixed
with 1 volume of chloroacetaldehyde (6× diluted in 1 M
acetate buffer, pH 4.5; Sigma-Aldrich), followed by derivati-
zation (60 min, 70°C, 20 g) and centrifugation (3 min, RT,
12045 g), whereafter the supernatant was transferred to a
HPLC vial and injected. Purines were separated by HPLC
system (Agilent Technologies) using a Polaris C18-A column
(150 × 4.6 mm) with gradient elution using eluent A (0.1 M
K2HPO4, 10 mM tetrabutylammonium bisulphate (TBAHS)
(pH 6.5), and 2% MeOH) and eluent B (H2O: ACN: THF;
50:49:1). Retention times were 7.1 (adenosine), 8.4 (AMP),
12.5 (ADP), 16.2 (ATP) and 14.8 min (cAMP). Quantification
was based on peak areas of the samples and reference stan-
dards measured with fluorescence (excitation and emission
wavelengths set at 280 and 420 nm, respectively).
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Cell culture
Routinely, ciPTEC were cultured at 33°C as described (Wilmer
et al., 2010). Preceding an experiment, cells were seeded in
a wells plate (48 400 cells per cm2), incubated for 1 day at
33°C followed by a 7-day maturation period at 37°C. On
the day of the experiment, cells were pre-incubated for 2 h
with recAP (1, 5 or 10 U mL�1), also referred to as chimeric
AP (Kiffer-Moreira et al., 2014), followed by incubation for 24 h
with 10 μg mL�1 LPS (E. coli 0127:B8; Sigma-Aldrich; n = 5)
dissolved in 10 mM HEPES HBSS, pH 7.4 (HEPES: Roche
Diagnostics; HBSS: Gibco, Life Technologies, Bleiswijk, the
Netherlands). Alternatively, 10 U mL�1 recAP (17 μg mL�1)
was administered to LPS-incubated cells simultaneously or
after 2 h. Control cells were incubated with culture medium
solely. Detoxified LPS (dLPS; E. coli 055:B5; Sigma-Aldrich, 10
μg mL�1) and inactive recAP (17 μg mL�1, kind gift from
AM-Pharma) were used as negative controls. In different sets
of experiments (n = 5), LPS was substituted for human TNF-α
recombinant protein (Ebioscience, Vienna, Austria), or super-
natant of peripheral blood mononuclear cells [PBMCs,
prestimulated for 24 h with or without LPS (1 ng mL�1)].
In addition, cells were pre-incubated for 45 min with TLR-4
receptor antagonist LPS from R. sphaeroides (LPS-RS; 5–
500 μg mL�1; Invivogen, Toulouse, France; n = 5), dissolved
in culture medium, or with A2A receptor agonist CGS-21680
Figure 1
RecAP prevents the LPS-induced deterioration in renal function in vivo. Rena
sinistrin t1/2. AKI was induced in rats by LPS (0.3 mg kg�1 BW, t = 0 h), fol
surements were performed at t = 2 h and t = 21.5 h (A, B: examples of FI
points). Urine was collected between t = 5 and t = 16 h, and plasma was sa
urea excretion and (D) creatinine clearance with the average plasma value o
75th percentile] (Placebo, LPS n = 6; LPS + recAP n = 5), #P < 0.05 compared
kidney injury.
(0.001–10 μM; Sigma-Aldrich) or antagonist ZM-241385
(0.001–10 μM; Tocris, Abingdon, UK; n = 4), dissolved in
DMSO (Sigma-Aldrich), followed by the administration of
LPS (10 μg mL�1) for 24 h. RecAP (10 U mL�1) was added
90 min after ZM-241385 administration. All experiments
were at least performed in duplicate.
Isolation of peripheral blood mononuclear cells
PBMCs were isolated from buffy coats obtained from
healthy blood donors (blood bank Nijmegen, n = 5) by
differential centrifugation over Ficoll-Pague Plus (GE
Healthcare, Diegem, Belgium). PBMCs were resuspended
in RPMI-1640 medium (Gibco) enriched with 0.5 mg
mL�1 gentamicin (Sigma-Aldrich), 1 mM pyruvate (Gibco)
and 2 mM glutamax (Gibco). Cells were seeded in 96-well
plates at a density of 0.5 × 106 cells per well, pre-incubated
with or without AP (10 mL�1) for 2 h, followed by LPS in-
cubation (1 ng mL�1) for 24 h. All experiments (n = 5) were
performed in duplicate.
Purine release and cell viability assay
Supernatant was collected 20 min after LPS administration,
with or without recAP-pretreatment, followed by direct
l function was assessed by the transcutaneous measurement of FITC-
lowed by recAP treatment (1000 U kg�1 BW) at t = 2. The t1/2 mea-
TC-sinistrin kinetics obtained for one rat at the two respective time
mpled at t = 1.5 and t = 24 h, allowing calculation of (C) fractional
f t = 1.5 and t = 24 h. Data are expressed as median [25th percentile,
with placebo. RecAP, recombinant alkaline phosphatase; AKI, acute
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measurement of ATP production using the ATP Biolumines-
cence Assay Kit CLS II (Roche Diagnostics, Mannheim,
Germany) according to manufacturer’s protocol, and mea-
surement of total purine content, by HPLC as described
earlier, in Krebs–Henseleit buffer containing 10 mM HEPES
(pH 7.4). Cell viability was assessed after 20 min and 24 h of
LPS incubation by performing the MTT assay, as described
(Moghadasali et al., 2013).

Cytokines, AP and renal injury markers
Human ELISA kits (R&D Systems, Abingdon, UK) were used
to determine TNF-α, IL-6 and IL-8 in supernatant according
to manufacturer’s instructions. Plasma cytokine levels
(IL-1β, IL-6, IL-10, TNF-α, INF-γ) were determined by a simul-
taneous Luminex assay according to the manufacturer’s
instructions (Millipore, Cork, Ireland). KIM-1 and neutrophil
gelatinase-associated lipocalin (NGAL) were determined by
ELISA (R&D Systems) according to manufacturer’s
instructions. AP activity levels (AP IFCC Gen.2; Roche Diag-
nostics, Mannheim, Germany) were determined in plasma
using the Cobas c311 chemistry analyser (Roche Diagnostics,
Mannheim, Germany).
Table 1
Plasma and urinary parameters

Placebo

Plasma parameters

Creatinine (μmol L�1) 18 [15–20]

Urea (mmol L�1) 10.0 [8.6–11.1]

Lactate (mmol L�1) 1.1 [0.9–3.4]

Glucose (mmol L�1) 8.0 [7.3–8.8]

Protein (mg mL�1) 56 [54–57]

Calcium (mmol L�1) 2.8 [2.7–3.1]

Inorganic phosphorus (mmol L�1) 2.91 [2.77–3.20]

Sodium (mmol L�1) 150 [148–157]

Potassium (mmol L�1) 4.25 [4.16–4.31]

Urinary parameters

Creatinine (mg) 5.7 [4.7–5.8]

Urea (mg) 272 [215–317]

Albumin (μg) 0 [0–54]

Glucose (mg) 1.6 [1.0–2.1]

Protein (μg) 37 [28–50]

Calcium (μmol) 3.4 [3.0–5.6]

Inorganic phosphorus (mmol) 0.50 [0.31–0.93]

Sodium (mmol) 1.6 [1.3–2.0]

Potassium (mmol) 1.3 [1.2–2.2]

Plasma parameters were determined 24 h after LPS administration. Urinary param
are expressed as median (25th percentile, 75th percentile). Significant differen
LPS n = 6; LPS + recAP n = 5; urinary parameters: placebo n = 5. #P < 0.05 c
recombinant alkaline phosphatase.
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Real-time PCR analyses
RNAwas extracted from frozen cell pellet or pulverized kid-
neys (2000 1/min, 30 s; Mikro-dismembrator U, Sartorius
Stedim Biotech, Aubagne Cedex, France) by Trizol reagent.
RNA was reverse-transcribed into cDNA using Moloney
Murine Leukemia Virus (M-MLV) Reverse Transcriptase
(Invitrogen, Breda, The Netherlands). Real-time quantita-
tive PCR was performed using Taqman® (Applied
Biosystems, California, USA). Genes were amplified and
normalized to the expression of GAPDH (ciPTEC: Ct: 18.9
± 0.1; renal tissue: Ct: 24.8 ± 0.2). Differences between
groups were calculated by the comparative ΔΔCt method.
Primers/probe sets are summarized in Supplemental Table 1.
Statistical analysis
Normal distribution of the in vivo data could not be assumed
because of the sample size, and therefore, data are expressed
as median (25th percentile, 75th percentile). Normality of
the in vitro data was assessed by Kolmogorov–Smirnov test
and expressed as mean ± SEM or median (25th percentile,
75th percentile). Differences between groups were estimated
LPS LPS + recAP

22 [19–25] 18 [16–20]

17.5 [13.4–20.9]# 12.1 [11.4–14.6]

1.6 [1.3–2.3] 1.3 [1.1–1.6]

7.5 [5.9–8.4] 9.0 [8.5–9.4]

56 [52–57] 54 [54–58]

2.7 [2.6–2.7] 2.7 [2.6–2.8]

3.06 [2.88–3.31] 2.90 [2.80–3.13]

154 [147–155] 150 [141–154]

4.33 [4.17–4.53] 4.28 [3.97–4.93]

6.2 [5.3–6.6] 5.8 [5.1–6.2]

489 [450–524]# 442 [402–476]

0 [0–663] 310 [0–419]

1.6 [1.1–2.3] 0.8 [0.5–1.6]

71 [42–87]# 56 [41–83]

6.3 [5.4–9.1] 5.9 [4.1–11]

0.63 [0.61–0.97] 0.64 [0.56–0.76]

1.5 [1.3–1.7] 1.5 [1.4–2.4]

2.0 [1.7–2.8] 1.9 [1.8–2.0]

eters were determined between 5 and 21 h after LPS administration. Data
ces estimated using Kruskal–Wallis test with Dunns post-test. Placebo,
ompared with placebo; *P < 0.05 compared with LPS. recAP, human
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by ANOVAwith post hoc comparisons using Bonferroni’s mul-
tiple comparison test or by Kruskal–Wallis test with Dunn’s
post-test. A two-sided P-value less than 0.05 was considered
statistically significant. All tests were performed with
Graphpad Prism 5.00 for Windows (Graphpad Software Inc.,
California, USA).
Results

RecAP treatment during LPS-induced AKI in
rats attenuates impaired renal function
To investigate the renal protective effects of recAP in detail
in vivo, AKI was induced in rats by LPS, and renal function
was assessed by measurement of the FITC-labelled sinistrin
kinetics, as previously reported (Schock-Kusch et al., 2011).
FITC-sinistrin is cleared by the kidneys only through filtra-
tion, and its disappearance from the plasma compartment
can bemeasured transcutaneously in real time (Schock-Kusch
et al., 2009; Schock-Kusch et al., 2011). This allows the pro-
gression of AKI to be investigated in a more accurate manner
as compared with the commonly used creatinine clearance
(Devarajan, 2011). Preceding LPS injection, a baseline blood
sample was drawn to determine physiological parameters
and plasma cytokines, and baseline FITC-sinistrin half-life
(t1/2) was determined from the kinetics measured to ascertain
homogeneity between groups (data not shown). After 1.5 h,
Table 2
Renal gene expression levels

Ct values

Placebo LPS LPS + recAP

Cytokines

IL-1β 27.5 [26.8–28.9] 26.5 [26.1–27.2] 27.1 [26.2–27

IL-6 37.4 [36.3–38.0] 33.5 [33.3–34.8] 34.7 [34.4–36

IL-10 34.9 [34.0–35.7] 32.5 [32.1–32.7] 32.8 [32.3–33

TNF-α 36.6 [36.2–37.3] 35.5 [35.2–36.3] 37.0 [36.4–38

INF-γ 36.2 [35.7–37.1] 35.3 [34.7–36.3] 35.4 [35.2–36

Injury markers

KIM-1 31.7 [30.9–32.5] 22.5 [21.4–24.5] 24.6 [24.4–26

NGAL 29.0 [28.5–29.6] 22.8 [22.1–25.9] 23.8 [23.3–28

MPO 32.2 [32.8–33.3] 31.1 [30.0–32.7] 32.7 [30.9–35

BAX 25.0 [24.7–25.7] 24.8 [24.5–25.2] 25.1 [24.4–25

iNOS 36.0 [35.4–36.9] 35.0 [34.7–35.4] 35.4 [33.1–36

Adenosine receptors

A1 28.6 [28.1–29.2] 27.9 [27.3–28.6] 29.1 [28.2–30

A2A 27.1 [26.7–27.2] 26.3 [26.0–27.0] 27.4 [26.7–27

A2B 29.0 [28.9–29.3] 28.4 [28.1–29.0] 29.0 [28.9–30

A3 34.3 [33.5–34.9] 34.3 [33.2–35.0] 35.0 [33.8–36

Data are expressed as median [25th percentile, 75th percentile]. Significant
Placebo, LPS, n = 6; LPS + recAP, n = 5. #P < 0.05 compared with placebo.
LPS treatment resulted in increased plasma cytokine levels,
abnormalities in several plasma parameters (Supplemental
Table 2), piloerection, diarrhoea and reduced spontaneous
activity, confirming the presence of systemic inflammation.
Two hours after LPS administration, rats were treated with
recAP (1000 U kg�1 BW) or placebo (saline), directly followed
by transcutaneous renal function measurements. LPS
prolonged FITC-sinistrin half-life, revealing a significant re-
duction in renal function. This trend was attenuated by recAP
treatment (Figure 1A). In all groups, renal function fully
recovered within 24 h (Figure 1B). Also, recAP treatment
prevented the LPS-induced increase in plasma urea levels
(Table 1) and fractional urea excretion (Figure 1C), whereas
no differences were observed in endogenous creatinine clear-
ance (Figure 1D). RecAP bio-activity was confirmed in plasma
by an eightfold increase 22 h after injection [placebo: 286
(266–329) U mL�1, LPS: 254 (243–285) U mL�1, LPS + recAP:
2158 (2012–2274) U mL�1; P < 0.001].
RecAP prevents renal injury during LPS-induced
AKI in vivo
The renal protective effect of recAP on LPS-induced AKI was
investigated further through evaluation of specific tubular in-
jury markers and renal histology. LPS administration resulted
in a significant increase in renal IL-6 expression levels, while
other cytokines and injury markers (MPO; BAX, Bcl2-
associated X protein; iNOS) were not affected (Table 2). RecAP
Fold increase (2^ΔΔCt)

Placebo LPS LPS + recAP

.6] 1.2 [0.5–1.8] 1.3 [0.7–2.6] 1.5 [0.9–2.6]

.4] 1.0 [0.7–1.6] 4.7 [3.8–6.3]# 4.1 [2.9–8.1]#

.4] 1.0 [0.6–1.8] 2.9 [1.4–4.6] 4.7 [3.0–8.5]#

.1] 1.1 [0.8–1.5] 1.1 [0.8–1.2] 0.9 [0.6–1.5]

.1] 1.1 [0.6–1.6] 1.2 [0.7–2.0] 1.6 [1.1–2.2]

.5] 0.8 [0.6–1.9] 430 [195–530]# 113 [43–336]

.6] 1.2 [0.4–1.9] 41 [9–53]# 28 [12–44]

.1] 1.0 [0.4–2.9] 1.4 [0.4–3.9] 0.6 [0.3–3.2]

.9] 0.9 [0.7–1.5] 0.7 [0.3–2.1] 1.0 [0.5–1.3]

.2] 0.9 [0.7–1.6] 1.5 [0.5–3.2] 1.8 [1.3–4.3]

.4] 1.3 [0.4–2.3] 0.7 [0.5–1.4] 0.8 [0.3–1.5]

.9] 1.2 [0.5–1.9] 0.6 [0.5–1.1] 0.8 [0.6–1.2]

.2] 1.1 [0.6–1.7] 0.7 [0.5–1.2] 0.8 [0.7–1.0]

.1] 1.0 [0.9–1.2] 0.5 [0.4–0.7]# 0.6 [0.4–1.0]

differences estimated using Kruskal–Wallis test with Dunns post-test.
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Figure 2
RecAP prevents renal injury during LPS-induced AKI in vivo. (A) Urinary excretion and renal protein content of (A–B) KIM-1 and (D–E) NGAL
were determined by ELISA. Paraffin-treated kidney sections were stained with (C) anti-KIM-1 to visualize KIM-1 protein expression or (F) with
PAS. Scale bars (E) 40 μm (left panel), 20 μm (right panel), (F) 40 μm. Arrows present cell swelling/foamy appearance; asterisks present debris.
Data are expressed as median [25th percentile, 75th percentile] (Placebo, LPS n = 6; LPS + recAP n = 5; urinary parameters: placebo n = 5),
#p < 0.05 compared with placebo. RecAP, recombinant alkaline phosphatase; KIM, kidney injury molecule; NGAL, neutrophil gelatinase-
associated lipocalin.
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Figure 3
RecAP treatment attenuates the LPS-induced cytokine production in human proximal tubule epithelial cells (ciPTEC). CiPTEC were pretreated
with recAP (1-5-10 U mL�1) followed by LPS-incubation (10 μg mL�1) for 24 h and subsequently TNF-α, IL-6 and IL-8 production was mea-
sured (A) on gene level in cells by qPCR (10 U mL�1 recAP) and (B) on protein level in supernatant by ELISA. (C) recAP (10 U mL�1) was
administered 2 h preceding LPS exposure, simultaneously with LPS or 2 h after LPS exposure, followed by measurement of TNF-α, IL-6
and IL-8 protein content. (D) ciPTEC were pretreated with inactive AP for 2 h, lacking hydrolyzing properties, followed by LPS incubation
(10 μg mL�1) for 24 h, thereafter TNF-α, IL-6 and IL-8 protein content was measured. Control cells were incubated with culture media. Data
are expressed as mean ± SEM (n = 5), #P < 0.05 compared with control, *P < 0.05 compared with LPS. RecAP, recombinant alkaline
phosphatase.
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could not reduce renal IL-6 expression levels, but did enhance
renal expression of the anti-inflammatory cytokine IL-10
(Table 2). Furthermore, LPS administration resulted in a sig-
nificant increase in the urinary excretion of KIM-1, which
was accompanied by increased renal gene expression levels.
This effect was prevented by recAP co-administration
(Figure 2A, Table 2). Similar effects of recAP were observed
for renal protein levels of KIM-1 (Figure 2B), which was local-
ized primarily to the apical surface of the proximal tubules
(Figure 2C). RecAP treatment had no effect on the urinary
excretion and renal protein levels of NGAL, but could prevent
the LPS-induced increase in renal NGAL expression
(Figure 2D–E, Table 2). Despite these differences in renal in-
jury, no differences in histology were found between the
treatment groups. Changes observed ranged from no damage
Figure 4
The effects of recAP are not restricted to LPS-induced inflammation and can
2 h followed by a 24-h incubation with (A) TNF-α (10 ng mL�1) or (B) supern
1 ng mL�1 LPS) or directly with 1 ng mL�1 LPS, thereafter IL-6 and IL-8 pro
pre-incubated for 2 h with recAP (10 U mL�1) followed by LPS exposure (1 n
Control cells were incubated with culture media. Data are expressed as mean
with LPS. RecAP, recombinant alkaline phosphatase.
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(graded 0) to minimal degenerative changes, like foamy
appearance and minimal swelling of proximal tubular cells
(graded 1) and foamy appearance and moderate swelling
as well as a few cases of apoptosis (graded 2) [placebo: 1
(0.75–2), LPS: 1.5 (0–2), LPS + recAP: 1 (0–1.0); Figure 2F].
LPS-induced AKI in vivo leads to reduced
urinary adenosine excretion
To elucidate the renal protective mechanism of recAP, we in-
vestigated the role of the adenosine, which has previously
been demonstrated to exert anti-inflammatory and tissue-
protective effects in the kidney through binding to one of
the adenosine receptors A1, A2A and A2B, whereas binding to
the A3 receptor has antiprotective effects (Di Sole, 2008;
be renal specific. CiPTEC were pretreated with recAP (10 U mL�1) for
atant of LPS-stimulated peripheral blood mononuclear cells (PBMCs,
duction was measured at the protein level by ELISA. (C) PBMCs were
g mL�1) for 24 h. IL-6 and TNF-α production was measured by ELISA.
± SEM (n = 5), #P< 0.05 compared with control, *P< 0.05 compared
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Bauerle et al., 2011). LPS treatment tended to reduce the gene
expression levels in the kidney for all four adenosine
receptors, of which only the A3 receptor reached statistical
significance (Table 2). Interestingly, LPS administration
significantly decreased the urinary excretion of adenosine
[placebo: 77 (50–82) pg adenosine 10 μg�1 creatinine, LPS: 17
(6–33) pg adenosine 10 μg�1 creatinine; P< 0.01], without af-
fecting the excretion of cAMP, ATP, ADP and AMP (data not
shown). This may suggest translocation of adenosine to the
proximal tubule cells where it is taken up by equilibrative
Figure 5
The effect of recAP on LPS-induced ATP and ADP release in vitro.
CiPTEC were pretreated with recAP (10 U mL�1) followed by incu-
bation with LPS (100 μg mL�1) in Krebs–Henseleit buffer containing
10 mM HEPES (pH 7.4). After 20 min, supernatant was collected to
determine the purine content by HPLC. Control cells were incubated
with buffer. Data are expressed as mean ± SEM (n = 5), #P < 0.05
compared with control, *P < 0.05 compared with LPS. RecAP, re-
combinant alkaline phosphatase.

Table 3
Adenosine receptor gene expression levels in ciPTEC

Ct values

Control LPS recAP recA

A1 28.9 [28.4–30.6] 29.5 [29.3–30.1] 28.9 [28.1–29.8] 29.6

A2A 31.5 [30.6–33.0] 29.2 [29.0–30.4] 32.1 [31.4–32.8] 30.1

A2B 27.9 [27.1–29.3] 27.9 [27.7–28.8] 28.2 [27.6–29.2] 28.6

A3 36.3 [35.9–36.8] 35.9 [35.4–36.7] 36.9 [36.3–37.8] 36.8

Data are expressed as mean ± SEM, and median [25th percentile, 75th perc
differences of the fold increase were estimated using one-way ANOVA with Bo
compared with LPS.
nucleoside transporter-1, thereby restoring intracellular
ATP levels (Grenz et al., 2012; Weinberg and Venkatachalam,
2012). RecAP treatment had no effect on adenosine receptor
gene expression (Table 2), or on urinary adenosine excre-
tion [LPS + recAP: 11 (5–32) pg adenosine 10 μg�1 creati-
nine; P < 0.01 compared with placebo] compared with
LPS alone.

RecAP attenuates the LPS-induced inflammatory
response in vitro
After establishing the renal protective of recAP during LPS-
induced AKI in vivo, we aimed to unravel themolecular mech-
anism behind these effects in ciPTEC. Pre-treatment of
ciPTEC (Wilmer et al., 2010) with recAP attenuated the LPS-
induced cytokine production of TNF-α, IL-6 and IL-8 at the
gene and protein level (Figure 3A-B). Doses above 10 U
mL�1 recAP did not provide additional protection (not
shown). DLPS was used as a negative control and had no
effect. Similar protective results at the protein level were
obtained when recAP was administered simultaneously with
LPS or 2 h after LPS exposure (Figure 3C). A control experi-
ment was performed to verify whether recAP dephosphory-
lates the cytokines excreted in the medium, which was not
the case (not shown). To confirm that the recAP-induced
reduction in cytokine production was due to the dephospho-
rylating nature of the enzyme, the effect of inactive recAP
that lacks hydrolyzing properties was investigated. Inactive
recAP did not attenuate the LPS-induced inflammatory
response in ciPTEC (Figure 3D).

The in vitro effects of recAP may be renal
specific and not restricted to LPS-induced
inflammation
The renal protective mechanism of recAP was investigated
further by incubating ciPTEC with the pro-inflammatory
cytokine TNF-α, which cannot be dephosphorylated by calf
IAP (Chen et al., 2010). The TNF-α induced cytokine produc-
tion of IL-6 and IL-8 was also attenuated by recAP pretreat-
ment, whereas inactive recAP had no effect (Figure 4A).

In the pathogenesis of sepsis-associated AKI, LPS
induces a local inflammatory response through binding to
Fold increase (2^ΔΔCt)

P + LPS Control LPS recAP recAP + LPS

[28.9–29.9] 1 ± 0 0.6 ± 0.1 1.2 ± 0.2 0.7 ± 0.1

[29.4–30.3] 1 ± 0 4.1 ± 0.4# 0.8 ± 0.1 2.9 ± 0.2#*

[27.7–28.7] 1 ± 0 0.8 ± 0.1 0.8 ± 0.1 0.7 ± 0.1

[35.7–38.1] 1 ± 0 0.6 ± 0.2 1.3 ± 0.4 0.6 ± 0.1

entile], depending on the distribution of each parameter. Significant
nferroni post-test. n = 5. #P < 0.05 compared with placebo *P < 0.05
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Figure 6
Proposed renal protective mechanism of recAP. LPS binds to TLR4, expressed on the apical membrane of proximal tubule epithelial cells, provok-
ing an inflammatory response resulting in the release of pro-inflammatory cytokines and ADP and ATP. Both purines signal through purine P2
receptors (P2R), resulting in several inflammatory effects further enhancing the pro-inflammatory cascade. RecAP can dephosphorylate and
thereby detoxify LPS by removal of one phosphate group. This results in an LPS molecule, which can still bind to TLR4 but cannot activate
the inflammatory cascade, reducing renal inflammation. Also, recAP can dephosphorylate ATP and APD into adenosine (ADO), which may bind
to adenosine receptors resulting in tissue-protective and anti-inflammatory effects. RecAP, recombinant alkaline phosphatase.
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TLR4 expressed on PTEC (ciPTEC Ct: 30.5 ± 3.9; n = 5;
Supplemental Figure 1) (Kalakeche et al., 2011). Another
hallmark of the disease is the systemic inflammatory
response, which affects both renal epithelial and endothe-
lial cells causing the development of AKI (Peters et al.,
2014). To mimic this endotoxin-induced renal inflamma-
tion, ciPTECs were incubated with the supernatant of LPS-
stimulated PBMCs (1 ng mL�1 LPS). This induced the
production of IL-6 and IL-8, which was decreased when
ciPTECs were pretreated with recAP (Figure 4B, TNF-α was
not detectable). To exclude this cytokine production to be
caused by LPS present in the cytokine mix itself, ciPTECs
were directly incubated with the 10 000-fold lower LPS dose
(1 ng mL�1), which had no effect on the cytokine produc-
tion (Figure 4B). Together with the finding that inflamma-
tory responses mediated by TNF-α were attenuated by
recAP treatment, this suggests the presence of another
mediator targeted by recAP. In contrast, pretreatment of
PBMCs with recAP did not affect the LPS-induced inflam-
matory response in these cells (Figure 4C), which suggests
that the effects of recAP might be kidney specific.
RecAP exerts renal protective effects in vitro
through ADP and ATP removal
A second potential target of recAP is ATP, released during
cell stress caused by, for example, inflammation and
hypoxia (Eltzschig et al., 2012). Extracellular ATP has detri-
mental effects, but can be converted by ectonucleotidases
(amongst which AP) into AMP and eventually into adeno-
sine. Interestingly, we observed increased extracellular ATP
concentrations following LPS incubation, which was more
pronounced with a higher LPS concentration but reversed
by recAP pre-incubation. The increase relative to control
4942 British Journal of Pharmacology (2015) 172 4932–4945
after a dose of 10 μg mL�1 LPS was 127 ± 21%, and after
co-administration of recAP 72% ± 13% (P < 0.05). After a
dose of 100 μg mL�1 LPS, this increased even further to
320 ± 36%, which was attenuated by co-treatment with re-
cAP to 94 ± 21% (P < 0.001). Subsequently, ATP and ADP
are directly converted into AMP and adenosine by recAP
(Figure 5). LPS did not affect cell viability after 24 h of ex-
posure (not shown). Furthermore, while the A1, A2B and
A3 receptor expression levels in ciPTEC were not affected
by LPS incubation (Table 3), the A2A receptor expression
was up-regulated upon LPS treatment and, subsequently, at-
tenuated by recAP co-treatment (Table 3). Inhibition of this
receptor by the A2A receptor antagonist ZM-241385 could
not prevent the recAP-mediated protection, whereas A2A re-
ceptor stimulation by the agonist CGS-21680 had no effect
on the LPS-induced inflammatory response (Supplemental
Figure 2). This suggests that recAP exerts its renal protective
effect primarily through removal of ATP and ADP rather
than enhanced A2A receptor signalling (Figure 6).
Discussion and conclusions
In this study, a direct protective effect of recAP during LPS-
induced renal inflammation was demonstrated in vivo and
in vitro. First, the renal protective effect of recAP was con-
firmed in rats, which were protected from LPS-induced renal
damage by recAP. These findings corroborate the results of
two phase-II clinical trials, which demonstrated that bovine
IAP treatment resulted in a swifter recovery of renal function
and less urinary excretion of markers of tubular injury in pa-
tients with sepsis-associated AKI (Heemskerk et al., 2009;
Pickkers et al., 2012). Second, recAP provided protection
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during the LPS-induced cytokine response in ciPTEC. Our
results suggest that these effects can be attributed to the
dephosphorylating nature of recAP, as enzymatically inactive
recAP had no effect.

In our rat model, renal dysfunction after LPS administra-
tion was proven by increased FITC-sinistrin half-life, that is,
decreased GFR, as well as increased fractional urea excretion.
These effects were counteracted by recAP treatment. Half-life
was determined reliably by transcutaneous measurement,
allowing renal function to be determined in freely moving,
awake, animals sequentially, and is therefore superior to cur-
rently used methods like creatinine clearance (Schock-Kusch
et al., 2009; Devarajan, 2011; Schock-Kusch et al., 2011). In
the complex pathogenesis of sepsis-associated AKI, the inter-
action between LPS and TLR4, specifically present on PTEC,
induces a local inflammatory response within the kidney,
which leads the development of AKI (Good et al., 2009). To
investigate if recAP can affect this pathway, we mimicked
LPS-induced renal inflammation in our human ciPTECmodel
and could demonstrate a recAP-mediated decrease in the LPS-
induced cytokine production of TNF-α, IL-6 and IL8. These
effects were not restricted to solely LPS-induced inflamma-
tion, because recAP attenuated the TNF-α-induced cytokine
response as well. According to earlier findings, calf IAP
incubation with TNF-α does not result in free phosphate
release (Chen et al., 2010), suggesting the presence of another
target molecule of recAP in addition to TNF-α.

Intracellular ATP is a vital source of energy essential for
several functions, including membrane transport. ATP levels
within the cell are tightly regulated and transport to the
extracellular compartment is low, but may occur through,
for example, ion channels, exocytosis and gap junction
hemichannels (Solini et al., 2015). Under pathophysiological
conditions, induced by, for example, inflammation or hyp-
oxia, extracellular ATP release is enhanced and binding to
the purine P2X and P2Y receptors can accelerate inflamma-
tion and tissue injury through NLRP3 inflammasome activa-
tion and the attraction of phagocytes and inflammatory
cells (Eltzschig et al., 2012). Also, ATP-P2 receptor signalling
is suggested to have an important role during the develop-
ment and progression of several kidney diseases, including
diabetic nephropathy, glomerulonephritis, kidney allograft
rejection and polycystic kidney disease (Solini et al., 2015).
As inflammation is of major importance in the pathogenesis
of these nephropathies and LPS can enhance ATP release, as
demonstrated in macrophages (Hasko and Pacher, 2008),
dephosphorylation of ATP in addition to LPS may potentially
be an effective therapeutic approach. The capacity of recAP to
dephosphorylate both molecules was demonstrated previ-
ously in vitro (Kiffer-Moreira et al., 2014). Here, we provide
additional evidence in a human renal cell line in which recAP
pretreatment rapidly converted the LPS-induced cellular
release of not only ATP but also ADP, into the cytoprotective
adenosine within 20 min after LPS stimulation. ADP is
known to be released during cellular distress and enhances
inflammation through platelet activation via P2 receptor sig-
nalling (Eltzschig et al., 2012). The recAP-mediated dephos-
phorylation of ATP and ADP most likely also explains the
reduction of IL-6 and IL-8 when only recAP was administered.
As ATP release upon LPS incubation peaks within 20 min, and
recAP stills provides protection when administered 2 h after
LPS administration, we believe that dephosphorylation of
both compounds contributes to the cytoprotective effect of
the enzyme. This is supported by the finding that LPS, but
not monophosphorylated lipid A, is a substrate for human
placental AP (Bentala et al., 2002). As recAP was developed
by replacing the crown domain of a human intestinal AP with
the crown domain of human placental AP, recAP most likely
also discriminates between di- and monophosphorylated
lipid A (Kiffer-Moreira et al., 2014).

Adenosine, derived from ATP and ADP hydrolysis, exerts
renal protective and anti-inflammatory effects through bind-
ing to the A1, A2A, A2B and A3 receptors (Yap and Lee, 2012). In
ciPTEC, LPS-treatment increased the expression levels of the
A2A receptor, which was attenuated by recAP co-treatment.
The finding that inhibition of this receptor could not prevent
the recAP-mediated protection, whereas A2A receptor stimu-
lation had no effect on the LPS-induced inflammatory
response, suggests that recAP exert its renal protective effect
primarily through removal of ATP and ADP rather than
enhanced adenosine formation. Probably, the reduction in
A2A receptor expression levels by recAP co-treatment is a
reflection of the attenuated inflammatory response (Eltzschig
et al., 2012). In contrast to the in vitro data, LPS tended to re-
duce the expression of all four adenosine receptors in vivo.
This finding could be explained by the differences in the dis-
tribution of adenosine receptors within the kidney. In vitro,
we were able to determine the effects of LPS on PTEC solely;
whereas in vivo, the complete organwas evaluated, with aden-
osine receptors present on glomeruli, arterioles and various
parts of the tubular and collecting duct system (Vallon et al.,
2006). This, together with inter-species differences and a
different experimental set-up, does not allow a direct transla-
tion of these results.

During systemic inflammation, circulating levels of en-
dogenous AP are depleted (Bentala et al., 2002), whereas renal
injury results in decreased AP enzyme activity levels on the
brush-border membranes in the kidney (Khundmiri et al.,
1997). RecAP treatment could not prevent LPS-induced cyto-
kine release by human peripheral bloodmononucleated cells,
while recAP did show protective effects in the ciPTEC, which
may suggest that the beneficial effects of recAP treatment
could be limited to the kidney. This is in contrast to earlier
findings, which showed that the systemic effects of bovine
IAP weremediated by reducing circulating levels of C-reactive
protein, IL-6 and LPS-binding protein in patients with sepsis-
associated AKI (Pickkers et al., 2012). However, our results
support the finding that bovine IAP could not prevent or cure
sepsis itself (Heemskerk et al., 2009). RecAP treatment could
prevent the LPS-induced increases in urinary KIM-1 excretion
and renal protein and gene expression levels. These results
are in accordance with the results of the phase-II trials,
showing that bovine IAP treatment reduced the urinary ex-
cretion of proximal tubule injury markers KIM-1 and gluta-
thione S-transferase (GST)-A1. During AKI, KIM-1 is readily
upregulated, and the protein is transferred to the proximal tu-
bule apical membrane (Bonventre, 2008). In contrast, recAP
treatment could not prevent the LPS-induced urinary NGAL
excretion and renal protein levels in rats but did prevent the
increase in renal gene expression levels. NGAL production
by both proximal and distal tubules is significantly increased
by ischaemic, septic or nephrotoxic injury, resulting in
British Journal of Pharmacology (2015) 172 4932–4945 4943
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enhanced secretion of the marker into plasma and urine
(Peacock et al., 2013). As NGAL is derived from multiple
segments of the tubule, and can be released systemically from
other organs as well, it appears plausible that the protective
effects of recAP are less pronounced compared with KIM-1.
In addition, in humans, the excretion of the distal tubule in-
jury marker GST-P1 was not attenuated by bovine IAP. To-
gether, these findings suggest that the protective effects
specifically take place in the proximal segment. In vivo, LPS
injection results in systemic inflammation, but does not
completely reflect human sepsis as it only mimics a Gram-
negative bacterial part. Thereby, our model presented as
relatively mild AKI, with a full recovery of GFR within 24 h
for all groups. Whether the protective effects of recAP can
be observed in a more severe form of septic AKI is currently
being investigated in a large multicentre phase II clinical trial
(Clinical Trial Register number: NCT02182440).

In summary, we are the first to show that recAP’s mecha-
nism of action in the pathogenesis of sepsis-associated AKI
encompasses a dual mode of action and that recAP is a suit-
able replacement for bovine IAP. LPS triggers the inflamma-
tory cascade by binding to TLR4 on the apical membrane of
PTEC, resulting in the release of several inflammatory media-
tors, including ATP and ADP, which further enhance the pro-
inflammatory cascade through purine P2 receptor signalling.
RecAP dephosphorylates ATP and ADP into adenosine,
thereby providing protective effects by attenuating P2 recep-
tor activation. In addition, recAP possibly dephosphorylates,
and thereby detoxifies, LPS, preventing activation of TLR4.
These results explain the observed attenuated AKI in sepsis
patients, supporting the notion that recAP is a promising
treatment for these patients. Our observation that the renal
protective effects of recAP were not restricted to LPS-induced
inflammation may pave the way for investigating beneficial
effects of recAP treatment for other inflammatory-based
nephropathies.
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