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Early septic insult in neonatal pigs increases serum and urinary soluble Fas
ligand and decreases kidney function without inducing significant renal
apoptosis
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ABSTRACT
Apoptosis of renal tubular and glomerular cells during kidney disease involves activation of Fas
ligand (FasL)-dependent death pathway. The significance of FasL in neonates with septic acute
kidney injury (AKI) is unresolved, but an increase in renal FasL production, and/or infiltration of
circulating FasL into the kidneys may occur following initial septic insult. Here, we examined
whether soluble Fas ligand (sFasL) levels are altered during early phase of septic AKI in neonates.
Six hours of polymicrobial sepsis elicited by cecal ligation and puncture (CLP) elevated serum C-
reactive protein (CRP) (a bacteremia and sepsis marker) concentration in anesthetized and mech-
anically ventilated neonatal pigs. Serum creatinine and urea nitrogen concentrations were
increased by �39% and 46%, respectively, following 6 h of CLP in the pigs. The urinary level of
NGAL, an early marker of AKI was also elevated by �71% in the septic pigs. The basal concentra-
tion of sFasL in the serum and urine of neonatal pigs was similar. Six hours of CLP significantly
increased serum and urine sFasL levels in the pigs by �24% and 68%, respectively. However,
there was no evidence of caspase activation to suggest an induction of cellular apoptotic process
in the kidneys of the septic pigs. These findings suggest that an increase in circulating and urin-
ary sFasL during early septic AKI in neonatal pigs is not associated with renal apoptosis.
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Introduction

The immune response to pathogen exposure includes
the release of a wide variety of vasoactive and inflam-
matory mediators that can alter vascular resistance,
hemodynamics, and/or provoke cell death.1,2 Pro-
inflammatory cytokines, including interferon-gamma
(IFN-c) and tumor necrosis factor (TNF) alpha, whose
levels are elevated during sepsis activate cellular signal
transduction pathways that promote apoptotic cell
death.1,2 Binding of TNF-a to its receptor TNFR1 results
in the formation of a signaling complex containing
adaptor proteins, including TNFR-associated death
domain protein, receptor-interacting protein 1, TNF-
receptor-associated factor 2, and Fas-associated death
domain protein (FADD).2,3 The recruitment of these pro-
teins and succeeding activation of the initiator and exe-
cutioner caspases trigger apoptosis via cleavage of
cellular proteins.2,3

Fas death receptor (Apo-1/CD95/TNFRSF6) and
its cognate ligand FasL are members of the TNF
superfamily that regulate the physiological and

pathophysiological mechanisms of immune response.4,5

Activation of Fas by FasL is a major trigger of the extrin-
sic pathway of apoptosis.4,5 Similar to the TNF-a/TNFR1-
mediated death-signaling cascades, binding of FasL to
Fas induces trimerization of the receptor, and sequential
recruitment of FADD and pro-caspase-8 to form an
active death-inducing signaling complex (DISC).4,5 DISC
formation results in the activation of caspases and
apoptotic events.4,5 In the kidneys, the FasL/Fas system
has been demonstrated in glomerular mesangial cells,
fibroblasts, and tubular epithelial cells.6,7 Renal FasL is
upregulated in rats and mice with proliferative glomer-
ulonephritis and lupus nephritis, respectively.7 FasL-
positive infiltrating lymphocytes in the interstitium and
Fas expression in renal tubular epithelium were found
to be significantly higher in renal allograft biopsy speci-
mens from kidney transplant recipients with acute
rejection when compared with recipients with no rejec-
tion.8 Increased FasL and/or Fas expressions have also
been linked to renal tubular apoptosis in animal models
of chronic kidney disease, endotoxemia, and renal
ischemia/reperfusion injury.9–13
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FasL is synthesized as a transmembrane protein that
can be cleaved by metalloproteinases to produce a sol-
uble form (sFasL).14,15 Similarly, Fas can also occur as
both a membrane-bound Fas and a soluble isoform
(sFas).16 However, sFas is derived from alternative splic-
ing of Fas mRNA.16 Fas and FasL expressions are upre-
gulated in peripheral blood mononuclear cells of
critically ill adult patients with multiple organ dysfunc-
tion syndromes.17 An increase in serum sFas levels in
adult trauma patients who developed sepsis has also
been reported.18 Plasma sFas concentration was found
to be elevated during severe sepsis with multiple organ
failures, whereas plasma sFasL was only increased in
multiple organ failures associated with liver injury in
children.19 Whether sFasL/sFas alterations in critically ill
children correlate with renal injury is unclear.

Acute kidney injury (AKI), a disorder characterized by
an abrupt deterioration of renal function is a significant
problem in neonatal intensive care unit.20 Sepsis, one of
the leading causes of AKI in hospitalized neonates,
remains life-threatening disease, with severe sepsis con-
tributing up to 26% of neonatal mortality.21 Although
FasL is locally produced in normal kidneys,7 its signifi-
cance in septic AKI in neonates is poorly understood.
However, an increase in renal FasL production and/or
circulating FasL infiltration into the kidneys in response
to inflammation may occur following initial septic insult.
In the present study, we used a neonatal pig model to
test the hypothesis that FasL shedding is elevated dur-
ing the early phase of septic AKI in neonates. We also
examined whether changes in sFasL levels are associ-
ated with renal apoptosis in septic neonates.

Materials and methods

Animals

The use of animals in this study was in compliance with
the NIH Guide for the Care and Use of Laboratory
Animals. All experimental procedures were approved by
and carried out in accordance with the guidelines of
the Institutional Animal Care and Use Committee of the
University of Tennessee Health Science Center.
Neonatal pigs (male; 3–5 days old; Nichols Hog Farm,
Olive Branch, MS) were used in this study. The neonatal
pigs were anesthetized and maintained as we have pre-
viously described.22 Briefly, the animals were anesthe-
tized with ketamine hydrochloride (20mg/kg) and
xylazine (2.2mg/kg) intramuscularly and maintained on
a-chloralose (50mg/kg, intravenously) at 37 �C. The pigs
were intubated via tracheostomies and mechanically
ventilated. The right femoral artery was catheterized for
continuous measurement of mean arterial pressure (MAP).

A femoral vein was also catheterized for anesthetic and
fluid administration and blood sampling. Arterial blood
gas and pH were measured periodically and ventilation
adjusted to maintain PCO2, PO2, and pH at physiological
�30mmHg, >85mmHg, and 7.4, respectively.

Polymicrobial sepsis induction

To induce sepsis in an anesthetized and mechanically
ventilated neonatal pig, �4 cm midline laparotomy was
performed to expose the cecum and terminal ileum.
The cecum was ligated below the ileocecal valve with a
non-absorbable silk suture and punctured with a 22-
gauge needle in 6–7 places. Fecal matter was then
extruded from the punctured cecum into the periton-
eum. The cecum was returned to the abdominal cavity,
and the incision site was stitched in two layers. Sham-
operated neonatal pigs were subjected to the same
procedure, but without cecal ligation and puncture
(CLP). Following the surgical procedure, the animals
were given 1mL of saline intraperitoneally once and
maintained on isotonic fluid intravenously at a rate of
200lL/min throughout the experiment. Animals were
monitored for 6 h. The zero-time point for each experi-
ment represents the time the CLP surgical procedure
was completed.

Kidney injury and apoptosis assay

Kidney function in the neonatal pigs was evaluated by
measuring serum concentration of creatinine and urea
nitrogen. Serum creatinine concentration was deter-
mined by mass spectrometry (isotope dilution LC-MS/
MS) at the UAB/UCSD O’Brien Core Center for Acute
Kidney Injury Research (University of Alabama at
Birmingham). Blood urea nitrogen (BUN) level was
measured using a colorimetric detection kit (Arbor
Assays, Ann Arbor, MI). Neutrophil gelatinase-associated
lipocalin (NGAL) was measured in the urine using the
pig NGAL ELISA kit (BioPorto Diagnostics, Hellerup
Denmark). sFasL concentration was quantified in serum
and urine using the porcine sFasL ELISA kit
(MyBioSource Inc., San Diego, CA).

Apoptosis was investigated in kidney cryosections
(10lm thickness) using the FLICA 660 caspase-3/7
apoptosis assay kit (ImmunoChemistry Technologies,
Bloomington, MN), following the manufacturer's instruc-
tions. Images were acquired using a Zeiss LSM 710 con-
focal microscope. The FLICA 660 caspase-3/7 detection
probe was excited at 660 nm and emission collected at
680–690 nm. We also measured the expression of pro-
apoptotic proteins caspase-3 and Bax in renal cortical
lysates of the pigs using Western immunoblotting.
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Western immunoblotting

Slices of neonatal pig kidney cortex were homogenized
in ice-cold RIPA buffer. Protein lysates were mixed with
sample buffer containing a reducing agent (Life
Technologies, Grand Island, NY) and boiled at �70 �C
for 10min. SDS-polyacrylamide gel electrophoresis was
used to analyze the protein samples. Immunoreactive
proteins were visualized and documented using the
Kodak Imaging system (Carestream Molecular Imaging,
Rochester, NY).

Chemicals and antibodies

Doxorubicin was purchased from LC Laboratories
(Woburn, MA). Rabbit polyclonal anticaspase-8 and anti-
caspase-3 antibodies were purchased from Sigma-
Aldrich (St. Louis, MO). Mouse monoclonal anti-b-actin,
rabbit polyclonal anti-FADD, and rabbit polyclonal anti-
Bax antibodies were obtained from Abcam (Cambridge,
MA), Bioss Inc. (Woburn, MA), and Abgent Inc. (San
Diego, CA), respectively. HRP-conjugated anti-rabbit
and anti-mouse secondary antibodies were purchased
from Abcam.

Data analysis

All data are expressed as mean ± standard error of
mean (SEM). Statistical significance was determined
using Student’s t-tests for paired or unpaired data and
analysis of variance with Student–Newman–Keuls for
multiple comparisons tests. A p values <.05 was consid-
ered significant.

Results

Early polymicrobial sepsis induces acute kidney
injury in neonatal pigs

To confirm sepsis, we measured serum level of the bac-
teremia and sepsis marker CRP using the pig CRP ELISA
kit (Immunology Consultants Laboratory, Portland OR).
Basal level of CRP in sham-operated and septic neonatal
pigs was similar (Figure 1). There was a slight, but statis-
tically insignificant increase in serum CRP concentration
6 h after sham operation (Figure 1). By contrast, serum
CRP concentration was increased by �59% following
6 h of CLP. These data confirmed the presence of sepsis
in pigs subjected to CLP. None of the animals died dur-
ing the study period. Whereas the MAP dropped in con-
trol pigs after 6 h of sham operation (possibly due to
prolonged anesthesia), hypotension was more signifi-
cant in the septic pigs (mean± SEM change in MAP;
sham (n¼ 6) vs. CLP (n¼ 7): �10.2 ± 3.7 vs. �20.1 ± 3.4;
p< .05).

Next, we tested the hypothesis that 6 h of sepsis
impairs kidney function in neonatal pigs by measuring
serum creatinine and BUN levels in the animals. Serum
creatinine and BUN concentrations were increased by
�39% and 46%, respectively, following 6 h of CLP
(Figure 2(A,B)). The concentration of urinary NGAL (an
early marker of AKI23) in neonatal pigs subjected to 6 h
of CLP was elevated by �71% (Figure 2(C)). These find-
ings demonstrate renal insufficiency following 6 h of
neonatal sepsis.

Early polymicrobial sepsis increases serum and
urine sFasL in neonatal pigs

To examine whether sFasL level is altered during early
phase of septic AKI in neonates, we measured the basal
level of sFasL in neonatal pig serum and urine. As
shown in Figure 3(A), the concentration of sFasL in neo-
natal pig serum and urine was �0.39 and 0.41 ng/mL,
respectively (p> .05). Six hours of CLP significantly
increased serum sFasL level by �24% (Figure 3(B)).
Moreover, the concentration of sFasL in the urine was
elevated by �68% in the septic neonatal pigs (Figure
3(C)). These data suggest that (1), serum and urine con-
centration of sFasL in neonatal pigs is similar, (2), serum
and urine levels of sFasL is increased during early stages
of septic AKI in neonatal pigs, and (3), the kidney is the
major source of elevated urine sFasL during septic neo-
natal AKI.

Early polymicrobial sepsis does not induce renal
apoptosis in neonatal pigs

FasL-mediated cell death requires FADD and caspase-8
induction.4,5 Here, we examined whether FADD and

Figure 1. Six hours of cecal ligation and puncture elevates
serum concentration of C-reactive protein in neonatal pigs.
Mean data obtained from ELISA showing the serum concentra-
tion of C-reactive protein at 0 and 6 h in sham-operated
(n¼ 6) and septic (n¼ 7) neonatal pigs. #p< .05 versus 0 h
CLP; �p< .05 versus 0 and 6 h Sham.
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Figure 2. Early polymicrobial sepsis induces acute kidney injury in neonatal pigs. Mean data illustrating: (A) serum concentration
of creatinine (LC/MS-MS assay), (B) serum concentration of urea nitrogen (BUN; colorimetric plate assay), and (C) urine concentra-
tion of neutrophil gelatinase-associated lipocalin (NGAL; ELISA) in sham-operated (6 h; n¼ 6) and septic (6 h; n¼ 7) neonatal pigs.�p< .05 versus Sham.

Figure 3. Early polymicrobial sepsis increases serum and urine sFasL in neonatal pigs. Mean data showing: (A) basal sFasL levels
(ELISA) in the serum and urine of neonatal pigs (n¼ 6), (B) serum sFasL concentration in sham-operated (6 h; n¼ 6) and septic
(6 h; n¼ 7) neonatal pigs, and (C) urine sFasL concentration in sham-operated (6 h; n¼ 6) and septic (6 h; n¼ 7) neonatal pigs.�p< .05 versus Sham. NS: not significant.
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caspase-8 protein expressions in the kidney are altered
during the early phase of septic AKI in neonates. As
shown in Figure 4(A) and (B), FADD protein expression
was unchanged in kidney cortical samples isolated from
septic neonatal pigs. Western blot analysis using a poly-
clonal anti-caspase-8 antibody detected full length
(�55 kDa) procaspase-8 in the kidney cortical samples
(Figure 4(C)). The expression level of the �55 kDa pro-
tein was not significantly different in kidney cortical
samples from sham-operated neonatal pigs when com-
pared with their septic counterparts (Figure 4(C,D)). No
further protein fragments representing active caspase-8
were observed in the samples, suggesting a lack of pro-
teolytic processing of inactive caspase-8 in the samples
(Figure 4(C)).

Furthermore, we tested the hypothesis that renal
apoptosis is absent following 6 h of CLP in neonatal
pigs. The far-red fluorescent dye-labeled FLICA 660 cas-
pase-3/7 probe is nonfluorescent in nonapoptotic cells.
However, caspase-3-positive, apoptotic cells produce
red fluorescence when stained with the probe. Our data
show that kidney slices from sham-operated and septic
neonatal pigs were negative for caspase-3 activation
(Figure 5(A)). As a positive technical control to confirm
the efficacy of FLICA 660 caspase-3/7 probe, we treated

neonatal pig kidney slices with doxorubicin, an inducer
of renal apoptosis. As shown in Figure 5(A), caspase-3-
positive, apoptotic cells were detected in doxorubicin-
treated kidney slices. Also, Western immunoblotting
showed that full-length (�35 kDa) caspase-3 protein
expression was similar in sham-operated and septic
neonatal pig renal cortical lysates (Figure 5((B),(C)).
Cleaved caspase-3 (<20 kDa) immunoreactive bands
were essentially absent in samples from both sham-
operated and septic neonatal pigs (Figure 5(B)).
Similarly, pro-apoptotic protein Bax immunoreactive
bands were weak, and unchanged in the septic kidney
samples (Figure 5(D),(E)). Together, these findings sug-
gest that increased serum and urine sFasL production
during early septic AKI in neonatal pigs does not pro-
mote renal apoptosis.

Discussion

Data here indicate that both circulating and excreted
FasL concentrations are significantly increased in neo-
natal pigs after 6 h of sepsis, and associate with an ele-
vation in the levels of inflammatory and AKI markers.
Despite the striking elevation in sFasL production,
apoptosis was absent in the kidneys of the septic pigs,

Figure 4. Early polymicrobial sepsis does not alter protein expression of FADD and caspase-8 in neonatal pig kidney cortex. (A
and C) Western immunoblot images, (B and D) Mean data demonstrating protein expression levels of FADD and caspase (Casp;
�55 kDa)-8 in kidney cortex isolated from sham-operated and septic neonatal pigs (6 h; n¼ 4 each). Smaller protein fragments
representing active caspase-8 were not observed in the samples. NS: not significant.
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suggesting that an early production of sFasL does not
result in renal apoptotic cell death during polymicrobial
sepsis in neonates.

Although widespread apoptosis of immune cells dur-
ing sepsis is well established,24–26 whether renal cell
death occurs during septic AKI remains controversial.
Lipopolysaccharide (LPS) administration triggered renal
apoptosis in mice via tumor necrosis factor receptor 1,
caspase, and Fas activation.12,27–29 Whereas LPS induced
renal tubular apoptosis in infant pigs,30 adult pigs sub-
jected to fecal peritonitis developed AKI without renal
tubular necrosis.31 In human, apoptosis was docu-
mented in �3% of tubular cells in the kidneys of adult
patients who died of septic shock compared with
�0.2% in their nonseptic counterparts.32 Other studies
have shown that renal tubular necrosis and apoptosis

and glomerular apoptosis are essentially absent in post-
mortem kidney samples from adult septic patients.26,33

Unlike LPS endotoxemia, CLP model closely mimics the
clinical features seen in human sepsis.34–36 Using the
CLP model, we show that although renal insufficiency
occurred following 6 h of sepsis, there was no evidence
of caspase activation to suggest an induction of the cel-
lular apoptotic process. Whether long-term sepsis in
neonates induces renal apoptosis requires further
investigations.

The role of sFasL in Fas-mediated cytotoxicity is con-
tentious, with some uncertainty on the effectiveness
on sFasL in triggering apoptosis. Human, but not mouse
sFasL promoted apoptosis of Fas-bearing W4 cells.37

sFasL in bronchoalveolar lavage fluid of patients with
acute lung injury induced apoptosis of distal lung

Figure 5. Early polymicrobial sepsis does not induce renal apoptosis in neonatal pigs. (A) Three-dimensional reconstruction of
z-stack images obtained from kidney sections (n¼ 4 animals each) of sham-operated and septic neonatal pigs that were probed
with the FLICA 660 caspase-3/7 apoptosis assay kit. As a positive control to confirm the efficacy of FLICA 660 caspase-3/7 probe,
caspase-3 positive (red fluorescence), apoptotic cells were detected in doxorubicin (Doxo)-treated kidney slices. (B and D) Western
immunoblot images. (C and E) Mean data showing protein expression levels of caspase (Casp)-3 and Bax in kidney cortex isolated
from sham-operated and septic neonatal pigs (6 h; n¼ 4 each). Cleaved caspase-3 (<20 kDa) immunoreactive bands were essen-
tially absent in samples from both sham-operated and septic neonatal pigs. Scale bar is 100 lm. NS: not significant.
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epithelial cells.38 Similarly, sFasL shed from colon
adenocarcinoma cells elicited apoptosis of Fas-express-
ing Jurkat cells.39 However, other studies have shown
that the cytotoxic activity of sFasL may be lacking or
less potent.40,41 sFasL may also act as a negative regula-
tor that limits Fas-mediated cell death by competing
with mFasL for Fas binding.41–43 FADD, the apoptotic
adaptor protein is essential for the induction of Fas-
mediated apoptosis by recruiting procaspase-8 to the
DISC.4,5 Inflammatory cytokines stimulated apoptosis
and increased FADD expression in human proximal
tubular cell lines.13 FADD mRNA and protein expres-
sions were also increased in the aorta and lung tissues
of mice subjected to CLP.44,45 Furthermore, FADD
siRNA administration reduced apoptosis in aortic endo-
thelial cells, spleens, and lungs and improved survival
of septic mice.44,45 These reports suggested the
involvement of FADD in organ injury during septic
shock. In this study, FADD protein expressions were
unaltered in renal cortical samples from septic neonatal
pigs when compared with the control. Caspase-8, a
cytosolic protein is synthesized as an inactive procas-
pase. When activated, the sequential proteolytic cleav-
age of procaspase-8 (�55 kDa) results in intermediate
(p43/p41 and p12) and small active fragments (p10 and
p18) that trigger the apoptotic cell death pathway.46

Data here suggest that caspase-8 is not activated in the
kidneys of neonatal pigs subjected to 6 h of sepsis.
Similarly, the executioner caspase-3 and pro-apoptotic
protein Bax are not induced in the kidneys of the septic
pigs. Taken together, our data indicate that an increase
in circulating and urinary sFasL is not associated with
renal apoptosis in septic neonatal pigs. Perhaps, an
early increase in sFasL production during sepsis is a
mechanism to inhibit mFasL/Fas interaction as a
defense against renal apoptosis.

The basal concentration of sFasL in the serum and
urine of neonatal pigs was similar. However, following
6 h of CLP, sFasL level was �44% more in urine com-
pared with serum of the pigs. FasL is locally produced
in the kidneys.6,7 FasL expression is also increased in
kidney-infiltrating leukocytes during injury.47 Hence, we
speculate that FasL that is locally shed in the kidneys
contribute significantly to urinary sFasL. Given that new-
born kidneys are morphologically and functionally
immature, sick neonates are more susceptible to AKI
during adverse perinatal conditions.20,48 Hence, identifi-
cation of circulating and/or excreted immunologic
mediators that are altered during early septic AKI may
be of importance in timely detection and treatment of
AKI in sick neonates. Here, we show that the degree of
urinary sFasL elevation in neonatal pigs following 6 h
of sepsis is similar to that of NGAL, an early

maker of AKI.23 Given that pig and human renal systems
are closely related,49 sFasL level may serve as a bio-
marker for early diagnosis of septic AKI in human neo-
nates. Hence, further studies are needed to explore
sFasL importance in septic AKI in human neonates. In
conclusion, we present new findings suggesting that
circulating and excreted sFasL are increased early in
septic AKI in neonates; an effect that is not associated
with renal apoptosis.
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