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Augmented renal clearance (ARC) as observed in the critically ill (pediatric) population

can have a major impact on the pharmacokinetics and posology of renally excreted

drugs. Although sepsis has been described as a major trigger in the development

of ARC in human critically ill patients, mechanistic insights on ARC are currently

lacking. An appropriate ARC animal model could contribute to reveal these underlying

mechanisms. In this exploratory study, a state of ARC was induced in 8-week-old piglets.

Conscious piglets were continuously infused over 36 h with lipopolysaccharides (LPS)

from Escherichia coli (O111:B4) to induce sepsis and subsequently trigger ARC. To

study the dose-dependent effect of LPS on the renal function, three different doses

(0.75, 2.0, 5.0 µg/kg/h) were administered (two ♂ piglets/dose, one sham piglet),

in combination with fluid administration (0.9% NaCl) at 6 ml/kg/h. Single boluses of

renal markers, i.e., creatinine [40 mg/kg body weight (BW)], iohexol (64.7 mg/kg BW),

and para-aminohippuric acid (PAH, 10 mg/kg BW) were administered intravenously to

evaluate the effect of LPS on the renal function. Clinical parameters were monitored

periodically. Blood sampling was performed to determine the effect on hematology,

neutrophil gelatinase-associated lipocalin, and prostaglandin E2 plasma levels. All piglets

that were continuously infused with LPS displayed an elevated body temperature, heart

rhythm, and respiratory rate∼1–3 h after start of the infusion. After infusion, considerably

higher total body clearances of iohexol, creatinine, and PAH were observed, independent

of the administration of LPS and/or its dose. Since also the sham piglet, receiving no

LPS, demonstrated a comparable increase in renal function, the contribution of fluid

administration to the development of ARC should be further evaluated.
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INTRODUCTION

Sepsis and septic shock are both significant causes of morbidity
and mortality in the intensive care population. The incidence of
sepsis, based on data of high-income-countries, is estimated at
31.5 million cases per year, with potentially 5.3 million deaths
annually (1). Furthermore, it is assumed that the incidence of
sepsis is the highest in neonates and children (2). In septic
patients, important pathophysiological changes may occur as
a consequence of the underlying disease state and medical
interventions (3–6). One of the organs frequently affected is
the kidney.

Deterioration of the kidney function as result of acute
kidney injury is frequently reported as a serious complication
of sepsis. Currently, renal dose adjustments have only been
recommended in patients with impaired renal function because
these patients may be at risk for drug toxicity (7). Recently,
the phenomenon of augmented renal clearance (ARC) has
increasingly been recognized in subsets of critically ill (pediatric)
patients, with sepsis being suggested as one of the main triggers
(4, 7–11). These patients display a considerably enhanced drug
excretion, potentially leading to subtherapeutic concentrations.
Therefore, increased dosages may be necessary to maintain
therapeutic concentrations of various renally excreted drugs.
This is particularly relevant for renally excreted antibiotics in
critically ill patients, since detrimental effects of altered drug
disposition on morbidity and mortality have been suggested
(9). In addition, these subtherapeutic plasma concentrations
may predispose to emergence of resistant target pathogens
(4, 7–11). Although sepsis has been described as a trigger
in the development of ARC, profound insights on the
underlying mechanisms of ARC are currently lacking. An
appropriate ARC animal model that could be obtained through
the induction of sepsis would contribute to reveal these
underlying mechanisms.

Sepsis animal models can be generally classified based upon
the type of initiating agent [lipopolysaccharides (LPS), live
bacteria, fecal content] and the species in which sepsis is induced.
The species is an important variable to consider (12). Small
laboratory animal species, such as rats, mice, and guinea pigs,
are frequently used for survival studies or when a large number
of animals is required, mainly due to their low cost. On the
other hand, sheep is frequently used in chronic, unanesthetized
models (12). The pig has become important as experimental large
animal species over the last years (12). Pigs closely resemble
humans with respect to size, anatomy, and physiology of the
kidneys and other organ systems (cardiovascular, gastrointestinal
tract, and liver) (13). Furthermore, it has been demonstrated
that mature renal values of the glomerular filtration rate
(GFR), effective renal plasma flow (ERPF), anion secretion, and
tubular reabsorption were in the same order of magnitude in
humans and pigs (14). Therefore, pigs can provide a more
accurate and reliable prediction of human pharmacokinetic (PK)

behavior of drugs compared with classically used rodent and

even to other non-rodent species (13, 15). In addition, as the

costs associated with conventional pigs are relatively low, they

are increasingly used for physiological and pharmacological

studies, including experiments in the area of sepsis and
septic shock (12, 16).

A sepsis-like state can be obtained by the injection of
an exogenous (endo) toxin. Endotoxins, such as LPS, are
components on the outer membrane of the cell wall of
Gram-negative bacteria and are involved in the pathogenesis
of sepsis. Since the LPS model is simple, sterile, and partly
resembles with human sepsis pathophysiology, the LPS
infusion/injection model has been widely used for sepsis
research. Nevertheless, large differences are present within
the published endotoxicosis models. This can partly be
explained by the variation in administration route. LPS can be
administered either intraperitoneally (17, 18), or intravenously
(IV) either as bolus injection (19, 20), or via continuous
infusion (21, 22). In contrast to a single bolus IV injection,
a continuous LPS infusion is considered to mimic clinical
endotoxemia/septicemia more accurately because endotoxins
are released into the circulation over an extended period of
time (16). Large variations are also present in the reported type
and dose of LPS, resulting in important differences in host
response. In dogs, the hemodynamic response observed in the
case of a very low-dose continuous IV infusion of LPS is quite
different from a high-dose IV bolus of LPS (16, 23). A third
relevant difference between these preclinical LPS-induced sepsis
models is the extent to which supportive therapy is applied.
Intravascular volume resuscitation, intubation, mechanical
ventilation, and inotropic agent infusion are different techniques
often used in the intensive care unit (ICU) to increase the
survival rate of the critically ill patient. Some of the published
models do not use any of these supportive therapies, possibly
making them less relevant as a model for the human septic
critically ill population (24).

The main objective of the current explorative study was
to develop a juvenile, porcine ARC model by inducing sterile
sepsis. For this purpose, LPS was IV administered to 8-
week-old, conscious piglets over a 36-h period. Juvenile pigs
were used because the increasing evidence that ARC is
highly prevalent in the critically ill pediatric population (25).
Three different LPS doses (i.e., 0.75, 2.0, and 5.0 µg/kg/h)
were selected to evaluate possible dose-dependent responses.
Subsequently, the effect of this continuous infusion on the
renal function and hematology parameters was established.
Renal effects of LPS were evaluated using the GFR markers,
iohexol, and exogenously administered creatinine, and the
ERPF marker, para-aminohippuric acid (PAH). Furthermore,
neutrophil gelatinase-associated lipocalin (NGAL, lipocalin-2)
was used as biomarker for sepsis-induced AKI (26–28). In
addition, renal morphological changes were investigated. Since
prostaglandins play an important role in the control of renal
blood flow, febrile response and increased PGE2 levels have
been observed in septic patients, and plasma PGE2 levels
were additionally quantified in the studied pigs (29–31). As
fluids are often administered as supportive therapy in septic
(pediatric) patients and may contribute to the development of
ARC, a constant rate infusion (CRI) of 0.9% NaCl solution
at a rate of 6 ml/kg/h was given simultaneously with the
LPS administration (32, 33).
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MATERIALS AND METHODS

Animals
The current study was conducted with consent of the Ethical
Committee of the Faculty of Veterinary Medicine and the Faculty
of Bioscience Engineering of Ghent University (EC 2017/24).
Care and use of animals were in full compliance with the Belgian
(Belgian Royal Decree of May 29, 2013) and European legislation
on animal welfare and ethics (2010/63/EU) (34, 35).

Seven, 8-week-old, male piglets (Landrace x large white,
Seghers Hybrid R©, RA-SE Genetics, Belgium) were purchased.
Upon arrival, the piglets were group housed in standard pig
stables (2.30 × 2.40m), where ad libitum water and feed
(Piggistart Opti R©, Aveve, Leuven, Belgium) were provided.
Stable temperature was on average 23.2 ± 0.45◦C. During
the whole experiment, the stables were enriched with rubber
toys and cotton towels. After an acclimatization period of
3 days, a double lumen catheter (two-lumen central venous
catheterization set, 7 Fr, 60 cm; Arrow R© International) was
surgically placed in the external jugular vein following the
procedure described by Gasthuys et al. (36, 37). After surgery,
the piglets were housed individually to avoid displacements of
the catheters. Catheters were flushed twice daily with heparinized
0.9% NaCl solution (50 IU/ml), and the bandages were
changed daily.

Experimental Design
A graphical illustration of the trial design is shown in
Supplementary Figure 1. Following surgery, the piglets could
recover for 1 day. The next day, the following renal markers were
administered IV to all piglets [18.47± 1.96 kg body weight (BW)]
to obtain baseline measurements of the renal function: iohexol
[64.7 mg/kg BW, Omnipaque 300 R© (GE Healthcare, Eindhoven,
The Netherlands)], PAH (10 mg/kg BW), and creatinine (40
mg/kg BW). The commercially available powders of creatinine
hydrochloride and sodium PAH, both purchased from Sigma-
Aldrich (Bornem, Belgium), were dissolved simultaneously
in a 0.9% NaCl solution at a final concentration of 0.14
g/ml creatinine and 0.035 g/ml PAH. Iohexol and the PAH-
creatinine solution were consecutively administered as bolus
injection through the proximal lumen of the jugular catheter.
Subsequently, venous blood samples (1.5ml) were collected
from the distal lumen into K3-EDTA collection tubes (Vacutest
Kima R©, Piove di Sacco, Italy) at 0 (prior to administration), 5,
15, 30, 45, 60min and 2, 3, 6, 8, and 12 h post-administration and
immediately kept on ice. Samples were centrifuged (2,095 × g,
10min, 4◦C) within 2 h of sampling, and aliquots of plasma were
stored at ≤-15◦C until analysis.

After 1 day of recuperation period, the piglets (19.54 ±

1.75 kg) were continuously infused over 36 h with ultrapure LPS
from Escherichia coli (O111:B4) (InVivogen, Toulouse, France).
Six piglets were randomly assigned to one of the three different
LPS doses (0.75; 2.0; 5.0 µg/kg/h), which were IV administered
through the proximal catheter (two piglets/dose). The LPS was
dissolved in 0.9% NaCl solution. The final concentration of the
LPS solution was as such that each piglet received concomitantly
0.9% NaCl solution at 6 ml/kg/h as fluid therapy. One piglet

was included as sham animal and received only fluid treatment.
The animals’ clinical condition was scored continuously by
qualified personnel observing symptoms and behavior during
the LPS challenge. More specifically, the occurrence of nausea,
vomiting, shivering, and lateral/sternal decubitus was registered.
Body temperature was measured by a Lifechip Biothermo
(Allflex,Vitré, France), placed in the musculus gluteus maximus
during surgery. Also heart rhythm and respiration frequency
were recorded without fixating the piglets. These measurements
were performed hourly on the first 4 h of the LPS infusion,
followed by two hourly measurements for the remaining part of
the experiment.

Blood samples (1ml) for PGE2 analysis were collected
into heparin- (10 IU; Leo Pharma) and indomethacin-coated
(10µg/ml) microcentrifuge tubes, before (0 h) and at 0.5, 1, 2,
3, 4, 6, 8, 12, 18, 24, 30, and 36 h after the start of the LPS
infusion. Indomethacin was added to prevent ex vivo artifactual
eicosanoid generation (38). Samples were immediately placed on
ice and centrifuged (3,500 × g, 10min, 4◦C) within 2 h. Plasma
was isolated, aliquoted, and stored at ≤-70◦C until analysis.

In order to quantify the effect on the renal function, the
abovementioned renal markers were administered IV at 4 and
24 h after the start of LPS infusion. Each time, 1.5 ml-blood
samples were collected at the same time points as described
for the baseline measurement. Additionally, a 1.5 ml-blood
sample before and at 12, 24, and 36 h of LPS administration
was taken to evaluate the changes in white blood cell count and
formula. These measurements were performed by Medvet BVBA
(Antwerp, Belgium).

To quantify plasma NGAL (pNGAL) levels, additional blood
sampling (1ml) was performed just before and at 4 and 24 h after
the start of the infusion. Samples were immediately placed on ice
and centrifuged (2,095 × g, 10min, 4◦C) within 2 h of sampling.
To evaluate urinary NGAL (uNGAL) levels, urine pouches were
attached to the prepuce of the piglets 4 h after the start of the
infusion following the method of Gasthuys et al. (37). Only
the urine of the first voiding was subjected to NGAL analysis.
Voided urine and plasma were aliquoted and stored at ≤-70◦C
until analysis.

After the 36 h of LPS administration, euthanasia was
performed by administration of an overdose of sodium
pentobarbital (Sodium pentobarbital 20% R©, Kela, Hoogstraten,
Belgium). Immediately after euthanasia, samples were taken from
both kidneys for morphological evaluation.

Processing of Renal Markers in Plasma
and Pharmacokinetic Analysis
Plasma concentrations of iohexol, PAH, and creatinine were
measured simultaneously using an in-house validated ultra-high
performance liquid chromatography-tandem mass spectrometry
method (UHPLC-MS/MS), as previously described by Dhondt
et al. (39). The lower limit of quantification (LLOQ) in
plasma was 0.25µg/ml for iohexol and PAH, and a relative
LLOQ of 60.14 ± 7.64% was obtained for creatinine. The
relative LLOQ was calculated as the ratio of the lowest spiked
creatinine concentration that could be measured with acceptable
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accuracy and precision and the basal/endogenous concentration
of creatinine in the matrix.

Plasma concentration–time data of iohexol, PAH, and
creatinine were analyzed using compartmental PK analysis using
Phoenix R© 8.1. software (Certara, USA). Plasma concentrations
below LLOQ/rLLOQ were excluded from the analysis. The
estimated primary parameters were volume of distribution (Vd)
and total body clearance (CLTOT). Since glomerular filtration
rate (GFR) in humans is generally indexed by body surface area
(BSA), the Meeh-equation (BSA

(

dm2
)

= 9 × BW (kg)2/3) was
used to convert BW to BSA.

Analysis of Prostaglandins in Plasma
PGE2 is rapidly converted to its major inactive metabolite 13,14-
dihydro-15-keto PGE2 (PGEM). Subsequently, PGEM can be
further metabolized to 13,14-dihydro-15-keto PGA2 (PGAM)
and finally to bicyclo PGE2 (Supplementary Figure 2) (40,
41). Therefore, both plasma concentrations of PGE2 and its
metabolites PGEM and PGAMwere quantified using an in-house
validated UHPLC-MS/MS method (De Baere et al., unpublished
data). In brief, a sample preparation consisted of a liquid–liquid
extraction procedure using hexane:ethyl acetate (50:50; v/v)
acidified with 25µl of 1N hydrochloric acid. After evaporation of
the supernatant under a gentle nitrogen stream (40 ± 5◦C), the
dry residue was reconstituted in 125 µl of water/MeOH (90:10,
v/v). A 10-µl aliquot of the final clear solution was injected onto
the UHPLC-MS/MS instrument. The LLOQ was set at 25, 100,
and 50 pg/ml for PGE2, PGEM, and PGAM, respectively. The
limit of detection was established at 4.06, 30, and 18.5 pg/ml for
PGE2, PGEM, and PGAM, respectively.

Analysis of Neutrophil
Gelatinase-Associated Lipocalin in Plasma
and Urine
Plasma and uNGALwere quantified using a commercial enzyme-
linked immunosorbent assay (Pig Lipocalin-2 ELISA-kit, Abcam,
Cambridge, United Kingdom), according to the manufacturer’s
protocol. The intra- and interday variation for this assay was
estimated to be below 4 and 10%, respectively.

Morphological Analysis
Immediately after euthanasia, four tissue samples of the renal
cortex of each kidney were taken. Tissue samples of 0.5
cm3 were fixed in phosphate-buffered saline containing 4%
formaldehyde for 24 h and were subsequently dehydrated
in graded concentrations of ethanol. Thereafter, samples
were embedded in paraffin. Tissue sections of 5µm were
deparaffinized, rehydrated, and then stained with hematoxylin
and eosin (H&E). The samples were evaluated using a
BX61 Olympus microscope (Olympus Soft Imaging solutions
GMBH, Munster, Germany). All histological examinations were
performed in a blinded way. Every tissue slice was evaluated
using a visual field enlargement of 200:1 to get a first overview
and finally scored using a visual field enlargement of 400:1.
In total, 32 cortical fields were evaluated for each piglet. The
samples were evaluated on tubular injury, i.e., dilatation of the

tubulus diameter/flattening of the tubular cells, cast formation,
and tubular cell vacuolization/degradation.

Statistical Analysis
The correlation between GFR values, calculated as iohexol and
exogenous creatinine CLTOT, was determined by a Pearson
correlation test after removing potential outliers. A Bland–
Altman plot was used to measure bias over the range of measured
GFR values by comparison of both clearances. To obtain such a
plot, the % difference between the GFR values obtained by the
two methods at baseline, and after 4 and 24 h of LPS infusion was
plotted against the average of the GFR values. Due to the limited
sample size, no further statistical analysis was performed. Where
appropriate, mean± standard deviation (SD) is presented.

RESULTS

Body Temperature
At the start of the experiment (time = 0 h), the mean (±SD)
baseline body temperature (BT) of all piglets was 38.2 ± 0.98◦C.
After the start of the LPS administration, an increase in BT
was observed in all LPS-challenged piglets. This elevated BT
remained generally present during the whole duration of LPS
infusion, as shown in Figure 1. The change in BT against the
baseline measurement was provided instead of the absolute body
temperatures to correct for the depth of the temperature chip as
possible confounding factor. Maximal body temperatures were
reached within a wide time interval of 2–30 h after the start of the
LPS infusion and ranged between 39.9 and 42.2◦C.

Clinical Scoring
Before the start of the LPS challenge, all piglets were in good
health, had a normal appetite, and displayed no adverse signs.
Within 1 h after the start of the LPS administration, lethargy was
observed in all LPS-receiving piglets but not in the sham piglet.

FIGURE 1 | Change in body temperature over time during a 36 h continuous

intravenous infusion of either 0.9% NaCl solution (6 ml/kg/h, sham, n = 1) or

0.9% NaCl solution (6 ml/kg/h) in combination with LPS (0.75; 2.0, and 5.0

µg/kg/h, n = 2/group). The change in body temperature is calculated as the

difference between the body temperature at each time point and the

temperature just before the start of the infusion. R1 and R2 present two

replicates for each dose.
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TABLE 1 | Overview of the clinical observations after administration of LPS (0.75; 2.0 or 5.0 µg/kg/h, n = 2/group) in combination with 6 ml/kg/h of 0.9% NaCl solution to

8-week-old piglets.

Clinical symptoms LPS-0.75 µg/kg/h (n = 2) LPS-2.0 µg/kg/h (n = 2) LPS-5.0 µg/kg/h (n = 2) Sham (n = 1)

Prevalence Time a.s.i. (h) Prevalence Time a.s.i. (h) Prevalence Time a.s.i. (h) Prevalence Time a.s.i. (h)

Tremor 2/2 <1 h 2/2 1–2 h 2/2 1–2 h 0/1 N/A

Lateral/sternal decubitus 2/2 <2 h 2/2 <2 h 2/2 <2 h 0/1 N/A

Lethargy 2/2 <1 h 2/2 <1 h 2/2 <1 h 0/1 N/A

Vomiting 1/2 <1 h 1/2 2 h 1/2 1 h 0/1 N/A

The sham piglet only received 0.9% NaCl solution. The time of the onset of the symptoms after start of infusion (a.s.i.) is also presented.

a.s.i., after start of the infusion; N/A, not applicable.

FIGURE 2 | Time course of heart rate (A) and respiratory rate (B) during a 36 h continuous intravenous infusion of either 0.9% NaCl solution (6 ml/kg/h, sham, n = 1)

or 0.9% NaCl solution (6 ml/kg/h) in combination with lipopolysaccharides (LPS) (0.75, 2.0, and 5.0 µg/kg/h, n = 2/group).

Table 1 provides an overview of the clinical symptoms occurring
during the LPS infusion.

Between the animals receiving LPS, the severity of the
symptoms seemed quite comparable. Lateral and sternal
decubitus was generally observed within 2 h after start of the
infusion (a.s.i.) and continued over the whole period of LPS
administration. Anorexia, as demonstrated by a complete loss of
interest in feed and drinking water, was observed in all piglets
receiving LPS. This was probably attributed to the LPS induced
nausea which resulted in vomiting in 50% of the piglets receiving
LPS within 2 h a.s.i. In contrast to the other piglets in the
LPS group, piglets receiving 0.75 µg/kg/h showed to a minimal
extent a regained appetite and less lethargy at 8 h a.s.i. The latter
manifested itself as occasional standing up. Tremor was observed
in all LPS piglets, which was associated with the elevated BT and
was present especially on the first hours of the LPS infusion. Both
elevated heart rhythm and respiratory rate were typically noticed
within 8 h a.s.i. but were not LPS dose dependent (Figure 2).
In contrast, the sham piglet demonstrated normal behavior
throughout the whole experiment, which manifested itself in
playing, eating, social interaction, and sleeping.

Hematology
Important hematological changes were observed during the 36 h
of LPS administration. In general, no pronounced differences
were observed between the three LPS doses. Overall, an initial

drop in leukocyte count was observed after 12 h, but recovery was
present after 24 h (Figure 3A). An initial decrease in neutrophil
count was observed after 12 h, which was followed by a strong
increase in neutrophil count after 24 and 36 h relative to the
count before the start of the LPS administration, as shown
in Figure 3B. A significant decrease in lymphocyte count was
noticed after the start of the LPS administration. This decrease
reached its maximum after 12 h, but recovery was noticed after
24 h of LPS infusion, as illustrated in Figure 3C. Regarding
the monocyte count, a pronounced decrease in monocytes was
observed after 12 h with slight recovery at 24 and 36 h after the
start of the LPS infusion (Figure 3D). An overall tendency of
faster recovery was noticed in the piglets receiving a low dose of
LPS (0.75 µg/kg/h), but this was not substantiated by statistical
analysis. The basophil count decreased notably after 12 h of LPS
infusion, but again, recovery was noticed after 24 h (Figure 3E).
Furthermore, a marked increase in eosinophil count after 36 h
of LPS administration could be observed in the LPS-treated
piglets (Figure 3F), although this tendency was also observed in
the sham piglet.

Prostaglandin Plasma Concentrations
In the LPS groups, plasma concentrations above the LOQ
were measured for PGE2 and PGEM. Only in one piglet, a
single quantifiable PGAM plasma concentration was observed.
The PGE2 plasma concentrations ranged from <LOD to
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FIGURE 3 | Hematological changes in leukocyte (A) neutrophil (B), lymphocyte (C), monocyte (D), basophil (E), and eosinophil (F) count over time during a 36 h

continuous intravenous infusion of saline (6 ml/kg/h, sham, n = 1) or saline (6 ml/kg/h) in combination with LPS (0.75; 2.0, and 5.0 µg/kg/h, n = 2/group).

FIGURE 4 | Plasma concentrations of PGE2 (A) and 13,14-dihydro-15-keto PGE2 (PGEM) (B) over time during a 36 h continuous intravenous infusion of either 0.9%

NaCl solution (6 ml/kg/h, sham, n = 1) or 0.9% NaCl solution (6 ml/kg/h) in combination with LPS (0.75; 2.0, and 5.0 µg/kg/h, n = 2/group). Values below LOQ were

depicted as LOQ/2, values below the LOD were set as 0.

0.420 ng/ml. PGEM plasma concentration ranged from <LOD
to 0.502 ng/ml. Both PGE2 and PGEM plasma concentrations
increased to reach peak value already at 1–2 h a.s.i. in all LPS
receiving piglets, whereas in the sham piglet, negligible levels
of PGE2 or PGEM were measured (Figure 4). After 4 h of LPS
infusion, the PGE2 concentrations in the LPS group were already
largely below the LOQ, and no detectable PGEM concentrations
were perceived 8 h a.s.i. Due to the high inter-individual
variability, no differences in the plasma concentrations
of both prostaglandins could be noticed between the
different LPS doses.

Clearances of Renal Markers
To evaluate the effect of LPS on the renal function, three types
of renal markers were administered simultaneously to each
piglet. For one piglet (0.75 µg/kg/h-R1), the administration
of the PAH-creatinine solution was only partially successful.
Therefore, no clearance values for PAH and creatinine were
available for that piglet after 24 h of LPS administration. For
iohexol and creatinine, a two-compartmental model with first-
order elimination was selected as structural PK model. For PAH,
a one-compartmental model with first-order elimination best
fitted the data.
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FIGURE 5 | Total body clearances of the renal markers iohexol [A, 64.7 mg/kg body weight (BW)], para-aminohippuric acid (PAH, B, 10 mg/kg BW) and creatinine (C,

40 mg/kg BW) at baseline, and at 4 (infusion-4 h) and 24 (infusion-24 h) hours after the start of a 36 h continuous intravenous infusion of either 0.9% NaCl solution (6

ml/kg/h, sham, n = 1) or 0.9% NaCl solution (6 ml/kg/h) in combination with LPS (0.75; 2.0, and 5.0 µg/kg/h, n = 2/group). R1 and R2 represent the two replicates

per dose.

FIGURE 6 | Correlation (A) and agreement (B) between iohexol and creatinine total body clearances. B presents a Bland-Altman plot of the difference between

iohexol and creatinine clearance, expressed as percentage [(creatinine clearance—iohexol clearance)/average)] vs. the average of the clearances. The measurements

at the distinct measuring periods are depicted with different symbols.

As can be seen in Figure 5A, an increase in iohexol clearance,
a marker of the GFR, was observed in all but one pig after 4 and
24 h of CRI infusion. This increase was more pronounced 24 h
than 4 h a.s.i. Remarkable was the observation that the sham pig,
only receiving a CRI of 0.9% NaCl solution, also demonstrated
an enhanced iohexol clearance. A decreased renal function was
observed in the piglet (replicate 2) receiving a dose of 2 µg/kg/h
LPS. In this piglet, only one measurement of the GFR could be
performed, since iohexol was not yet completely cleared from the
body 20 h after the first iohexol administration.

Similar results were obtained for the PAH clearance, which is
an indicator of the renal plasma flow. Overall, an increase in PAH
clearance was observed a.s.i. In accordance with the results of
iohexol, in one piglet receiving 2.0µg/kg/h LPS, a decreased PAH
clearance was observed (Figure 5B). Compared with the results
of iohexol, the differences in clearance at 4 and 24 h of infusion
were less pronounced.

For exogenous creatinine, quite similar results were obtained
as for iohexol (Figure 5C). A moderate, but highly significant
correlation (r = 0.75; p = 0.0006) was observed between
iohexol and exogenous creatinine clearances (Figure 6A). Two
GFR measurements (2 µg/kg/h-R2, infusion-4 h and 5 µg/kg/h-
R1, infusion-24 h) were considered as statistical outliers and
therefore removed from the data set. Furthermore, the GFR
calculated as exogenous creatinine clearance was, on average,
25.80± 16.66% higher than when calculated as iohexol clearance.
This difference is illustrated in a Bland–Altman plot (Figure 6B).

Neutrophil Gelatinase-Associated
Lipocalin Plasma and Urinary
Concentrations
At baseline, pNGAL concentrations ranged from 112 to 315
ng/m in all piglets. pNGAL levels increased in all LPS-treated
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FIGURE 7 | (A) Plasma neutrophil gelatinase-associated lipocalin (NGAL) concentrations at baseline, and at 4 and 24 h after the start of 36 h a continuous intravenous

infusion of either 0.9% NaCl solution (6 ml/kg/h, sham, n = 1) or 0.9% NaCl solution (6 ml/kg/h) in combination with LPS (0.75; 2.0 and 5.0 µg/kg/h, n = 2/group). (B)

NGAL concentrations in voided urine, collected after 4 h after the start of the respective infusions.

piglets as depicted in Figure 7A. The piglet showing a decreased
renal function demonstrated the most pronounced increase in
pNGAL concentrations after 24 h of LPS infusion. Additionally,
pNGAL levels seemed LPS dose independent. In all but one LPS
treated pig, elevated uNGAL concentrations, ranging between
369 and 451 ng/ml, were observed compared with the sham piglet
(Figure 7B). Again, the LPS effect seemed dose independent.

Morphological Parameters
Upon necropsy, macroscopic renal abnormalities were observed
in the piglet demonstrating a reduced renal function. Various
multifocal petechiation areas were observed on the cross
sections of both its kidneys as presented in Figure 8C. No
macroscopic differences were observed between the other LPS-
receiving piglets and the sham piglet (Figures 8A,B). Similar
observations were made at microscopic level. Again, a clear
effect of LPS infusion was observed at the level of the tubules
and glomeruli in the piglet displaying a diminished renal
function. Destruction of the lining epithelium of the renal
tubules was observed, resulting in casts filling the lumens of the
tubules Figure 8F. Furthermore, again, no differences in lesions
could be observed between the other LPS receiving piglets and
sham piglet Figures 8D,E.

DISCUSSION

The complex nature of human sepsis have contributed to the
development of experimental sepsis animal models to study the
human pathophysiology of sepsis (24). The piglet has proven to
be very relevant as preclinical model in biochemical research due
to its high degree of anatomical and physiological similarities
with humans (15). The structure, function, and physiology of
the mature porcine kidney is postulated to be comparable to
that of humans, making pigs especially an interesting model
to study renal (patho)physiology in case of sepsis (13, 14, 42).
Furthermore, renal porcine maturation, including maturation of

renal blood flow and GFR, development of tubulo-glomerular
feedback, and response to diuretics, demonstrated similarities
with the human infant (43).

In the current study, a 36-h continuous infusion with LPS
was performed to elicit the clinical signs of sepsis and to
study sepsis-induced changes in renal function. Conscious, non-
sedated animals were used to avoid the possible confounding
effects of anesthesia (44). The administered doses were selected
based on literature (45–47). The three different doses were
chosen in order to assess a possible dose-dependent effect of
LPS on kidney function. Equally important, these doses were
still low enough to allow the piglets to survive without any
pulmonary or cardiovascular support. Fluid therapy was applied
as this better simulates human sepsis in clinical settings. The
rate of saline administration in this study was based on the
daily amount of IV fluids given to critically ill children and the
reported porcine daily water intake values of that age category.
In the study of Van Der Heggen et al. the amount of IV fluids
administered to pediatric patients admitted to the ICU ranged
between 3.4 and 6 ml/kg/h (interquartile range) (25). Reported
porcine daily water intake values are highly variable and ranges
between 4.2 and 7.7 ml/kg/h (48–50). With a value of 6 ml/kg/h,
fluid requirements of pigs are met, and the IV fluid volumes
administered to pediatric ICU patients are approached. The sham
piglet received saline at an equal rate, since it is postulated that
fluid administration can also contribute to the development of
ARC (10).

Within 1 h after the start of the LPS infusion, BT increased
and stayed generally elevated during the whole experimental
period. PGE2 is postulated to be an important mediator of
fever (51). To the best of our knowledge, this is the first study
examining the time course of PGE2 and its metabolites, PGEM,
and PGAM, after continuous administration of LPS. The 36-h
LPS infusion initially evoked a transient peak in both PGE2 and
PGEM plasma levels approximately at 1 h after the start of the
LPS administration, after which plasma concentrations of both
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FIGURE 8 | Pictures of a longitudinal section of the kidney and after H&E staining (magnification 400×) of the renal cortex of the sham pig receiving saline (6 ml/kg/h)

(A,D), a pig receiving saline (6 ml/kg/h) in combination with a 5 µg/kg/h LPS infusion (B,E) and the pig demonstrating a reduced renal function after 36 h of saline

infusion (6 ml/kg/h) in combination with 2 µg/kg/h LPS (C,F). Scale bar represents 40µm.

compounds declined. After 3–6 h, no to negligible levels were
present. These observations were similar to those reported in
case LPS was administered as a single bolus injection (52–54).
However, in contrast to the study of Wyns et al. (52), where
quantifiable PGAM concentrations were observed up to 3 h after
bolus LPS injection, most PGAM levels were below LOQ in the
current study. Nevertheless, quantifiable PGEM concentrations
were observed, which was not determined in the former study.
Notwithstanding, PGE2 is considered to be a central mediator
in the febrile response, the BT in the current study remained
elevated even after plasma PGE2, and PGEM concentrations
declined. This indicates that PGE2 plasma levels and BT a have
minor direct association (55). Besides a BT elevation, the piglets
demonstrated a concomitant increase in heart and respiratory
rates. These latter changes were generally present till 8 h a.s.i.
Endotoxin tolerance could be responsible for this observation,
although this phenomenon is primarily described after repeated
LPS challenge. Nonetheless, there are indications in rat and pigs
that it also occurs during continuous LPS administration (22, 56).

Regarding hematological changes, similar trends in changes
in white blood cell counts as observed in the current study
after continuous LPS infusion are reported in other animal
models after LPS administration either as a bolus injection or
infusion (57–60). Generally, an initial drop occurs in counts of
leukocytes, neutrophils, lymphocytes, and monocytes after (the

start of) the LPS administration that is followed by recovery.
Changes in leukocyte count reflect predominantly the evolution
in neutrophil and lymphocyte count, since monocytes, and
especially basophils and eosinophils, each account for only a
minor percentage of the total leukocytes. In the present study,
a small drop in neutrophil count against baseline was observed,
whereafter a strong elevation in neutrophils was present at 24 h
a.s.i. This observation was similar as observed in the bolus model
of Williams et al. (57). In the present study, the peak observed
24 h a.s.i. was followed by a slight decrease in neutrophil count
36 h a.s.i., though levels remained above baseline measurements.
For the lymphocyte andmonocyte counts, a notable decrease was
observed after 12 h of LPS infusion. In both cases, a recovery in
count was noticed after 24 and 36 h, but the counts stayed below
the initial baseline measurements. In contrast, in the porcine
LPS bolus model of Williams et al. (57), a decline in circulating
lymphocyte andmonocyte levels was present at 5.5 h after the LPS
dosing, but at 24 h, these counts rose above baseline.

Sepsis frequently causes multiple organ dysfunction (MOD)
with the kidney as one of the most vulnerable organs. Several
studies have shown that LPS infusion is able to cause renal
dysfunction accompanied with a decrease in GFR (61–63). In this
study, a concept was introduced to simulate ARC by infusion
of a low to medium dose of LPS over a prolonged period of
time in piglets. This ARC porcine model could contribute to
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the unraveling of the mechanisms underlying ARC. During the
study, five out of six endotoxemic piglets showed a marked
increase in GFR after LPS administration. One piglet showed
a severe decrease in GFR, which can be caused by the porcine
dermatitis and nephropathy syndrome (PDNS) (64). The cause
of PDNS is uncertain, but it hypothesized that a type III
hypersensitivity reaction provokes the disease (65). Hereby, LPS
can act as an antigen in the immune complexes formed during
this reaction. Typically, pathological findings of PDNS were
present in this piglet, among which enlarged and pale kidneys
with petechial hemorrhages (Figure 8C) and serous effusions in
body cavities (Supplementary Figure 3) (64). No distinct skin
lesions were observed in this piglet.

Likewise, the five piglets receiving LPS in combination with
0.9% NaCl solution, the sham piglet, only receiving 0.9% NaCl
solution, displayed an elevated GFR over the time course of the
study. Though the definitive causes of ARC remain an enigma,
fluid resuscitation is regarded as a factor in the development
of ARC. The chief theory is that increased fluid administration
leads to a raise in cardiac output, thereby augmenting the
circulation in the kidneys (66). However, in multiple human
studies, the volumes of administered fluids and fluid balance
were not considered as significant covariates for the prevalence
of ARC (10, 25, 67–69). Previously, Wan et al. (70) demonstrated
that extensive fluid administration over a short period of time
(1 L/15min) significantly increased creatinine clearance in sheep.
More recently, it was shown that continuous fluid administration
in pigs led to increases in iohexol and amikacin clearances. This
illustrates the potential detrimental impact of fluid therapy on
drug pharmacokinetics and drug efficacy (71).

To the authors’ knowledge, the plasma exogenous creatinine
clearance test has not been previously performed in pigs,
in contrast to humans, birds, cats, and dogs (72–75). The
exogenous creatinine clearance, which is a measure of the GFR,
demonstrated an acceptable correlation with iohexol (r = 0.75, p
= 0.0006), the former being, on average, 25.80% higher compared
with the latter. Also in cats and birds, the plasma clearance of
exogenous creatinine was higher than that of iohexol (72, 75).
This discrepancy could be attributed to the fact that creatinine,
besides being filtrated, is also partially tubular secreted, as
reported by several in humans (73, 76, 77). Overall, it can be
concluded that for the accurate estimation of the GFR, iohexol
clearance seems more appropriate compared with exogenous
creatinine clearance. In this study the total PAH clearance was
used to estimate the renal plasma flow. Four out of six LPS-
receiving piglets as well as the sham pig showed an increase in
PAH clearance after the start of therapy. Since piglets are also
able to metabolize PAH very efficiently, the total clearance of
PAH in the current study represents both renal and metabolic
clearance (14). Hence, the changes in PAH clearance could be
due to changes in renal plasma flow, liver blood flow, and/or
metabolizing capacity.

The intracellularly stored granule protein NGAL is released
in large amounts by neutrophilic granulocytes and is a well-
known biomarker for early detection of human AKI. Indeed,
AKI can be observed by an increase in pNGAL and especially
in uNGAL levels before changes in creatinine levels occur (78).

However, recent data suggest that pNGAL levels are, to a greater
extent, related to the systemic inflammatory response rather than
to the pathophysiology associated with AKI (79). Consequently,
pNGAL can be considered as a marker of inflammation and
more specifically reflects neutrophilic granulocyte activation in
plasma (79). Nevertheless, in the current exploratory study, the
highest pNGAL levels after 24 h of LPS infusion were observed
in the pig demonstrating a reduced kidney function. Also, in
the other piglets receiving LPS, a marked increase in pNGAL
concentrations was observed. Notwithstanding this intriguing
novel observation, these increased pNGAL concentrations were
neither reflected in a decrease in renal function, as determined
by a lower GFR, nor as morphological damage at the level of
the kidneys. This observation suggests that also in pigs, the
increase in pNGAL concentrations is not necessarily linked to a
decrease in renal function or microscopically renal damage. In
addition, only a minor association between uNGAL and renal
function/damage was observed. Most surprisingly, the reduced
renal function and microscopical damage of piglet 2 µg/kg/h-R1
was not accompanied by a more pronounced increase in uNGAL
levels when compared with the other LPS-treated piglets without
renal microscopic damage. Further investigation is necessary to
evaluate if the elevation of uNGAL in the LPS-treated piglets in
the absence of renal microscopic damage could be an early sign
of AKI development [renal stress concept, as proposed in human
septic AKI (80)] or is the result of an enhanced renal elimination
of extrarenally generated NGAL.

Although lack of statistical analysis due to the small sample
size is a limitation of the current study, it serves as an important
proof-of-concept for future experimental porcine sepsis models.
With regard to the dose–response relationship between LPS
and the investigated parameters, no substantial dose-dependent
effects of the three investigated doses could be found. In addition,
ARC was successfully induced in these studied pigs. Since the
sham pig also demonstrated ARC, fluid administration may
contribute to a larger extent to the development of ARC than
initially thought. Therefore, it would be interesting to evaluate
on a large scale the effect of fluid administration on the renal
function. Furthermore, it should be investigated whether LPS
administration without concomitant fluid administration would
also result in ARC or would rather induce AKI.
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