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A B S T R A C T

Background. The renal assist device (RAD) is a blood purification
system containing viable renal tubular epithelial cells (TECs) that
has been proposed for the treatment of acute kidney injury (AKI)
and multiple organ failure. Perfluorocarbons (PFCs) are oxygen
carriers used for organ preservation in transplantation. The aim of
this study was to investigate the effect of PFCs on hypoxia- and
sepsis-induced TEC injury and on renal CD133þ progenitor dif-
ferentiation in a microenvironment similar to the RAD.
Methods. TECs were seeded in a polysulphone hollow fibre
under hypoxia or cultured with plasma from 10 patients with
sepsis-associated AKI in the presence or absence of PFCs and
were tested for cytotoxicity (XTT assay), apoptosis (terminal
deoxynucleotidyl transferase dUTP nick end labeling assay, cas-
pases, enzyme-linked immunosorbent assay, Fas/Fas Ligand
pathway activation), mitochondrial activity, cell polarity
[transepithelial electrical resistance (TEER)] and adenosine tri-
phosphate production. The effect of PFCs on proliferation and
differentiation of human CD133þ progenitors was also studied.
Results. In the presence of PFCs, TECs seeded into the polysul-
phone hollow fibre showed increased viability and expression of
insulin-like growth factor 1, hepatocyte growth factor and mac-
rophage-stimulating protein. Plasma from septic patients
induced TEC apoptosis, disruption of oxidative metabolism,
alteration of cell polarity and albumin uptake, down-regulation

of the tight junction protein ZO-1 and the endocytic receptor
megalin on the TEC surface. These detrimental effects were sig-
nificantly reduced by PFCs. Moreover, PFCs induced CD133þ

renal progenitor cell proliferation and differentiation towards
an epithelial/tubular-like phenotype.
Conclusions. PFCs improved the viability and metabolic func-
tion of TECs seeded within a polysulphone hollow fibre and
subjected to plasma from septic AKI patients. Additionally,
PFCs promoted differentiation towards a tubular/epithelial phe-
notype of CD133þ renal progenitor cells.

Keywords: acute kidney injury, oxygen carriers, renal assist
devices, renal replacement therapy, sepsis

B A C K G R O U N D

Acute kidney injury (AKI) affects �5% of long-term hospital-
ized patients [1]. AKI requiring renal replacement therapy
(RRT) is associated with an increased risk of mortality, multiple
organ failure and progression towards chronic kidney disease
[1]. Sepsis, the systemic inflammatory response to infections,
represents the leading cause of AKI in intensive care units
(ICUs) [2–4]. The pathogenic mechanisms of sepsis-associated
AKI are related to the ischaemic injury consequent to tissue
hypoperfusion as well as to the direct detrimental activity of
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circulating pro-apoptotic and inflammatory mediators on renal
resident cells [3, 5]. We have previously demonstrated that
plasma from septic patients induces apoptosis and functional
alterations of glomerular and tubular epithelial cells (TECs) [6].

Several studies showed that extracorporeal blood purification
techniques remove a broad range of harmful mediators mainly
by convection or adsorption mechanisms [7]. Cell therapy rep-
resents a new approach for the treatment of sepsis-associated
AKI [8, 9]. A bioartificial renal assist device (RAD) containing
living renal tubular cells has been engineered demonstrating the
adsorptive, metabolic and endocrine functions of the normal
kidney [10]. The addition of RAD to conventional haemofiltra-
tion improved the outcomes of sepsis-associated AKI in preclin-
ical models and clinical trials [11]. However, the clinical use of
RAD is limited by the problems associated with large-scale cell
culture, such as the preservation of long-term viability and the
limited transport of nutrients and oxygen (O2) [11, 12].

Perfluorocarbons (PFCs) are O2 carriers used as organ pres-
ervation liquid in pancreatic islet transplantation with the aim
of reducing hypoxia-induced apoptosis [12]. These molecules
were initially developed to preserve highly corrosive uranium,
as they are chemically and biologically inert: there is no evi-
dence that any sort of molecular modification occurs under
conditions of processing, storage and use [13]. Hence it is not
surprising that PFC derivatives have been tested as haemoglo-
bin substitutes and to improve the function of a hepatic bioreac-
tor containing adult human liver cells [13, 14]. To date, one
PFC molecule has been approved by international pharmaceut-
ical agencies: Fluosol. Fluosol has been injected in >40 000
patients during cardiac angioplasty to increase myocardial oxy-
genation, prevent procedure induced ischemic episodes and
preserve the ejection fraction [13, 15]. The use of PFCs has also
been proposed to induce stem cell differentiation: high O2 ten-
sion induced B-cell differentiation in rat embryonic pancreas
[12, 16]. Moreover, other authors demonstrated that PFCs solu-
bilize reactive oxygen species (ROS), thus acting as an uncon-
ventional scavenger [17]. Accordingly, we hypothesized that
PFCs may improve RAD efficiency by two different mecha-
nisms: (i) the induction and stabilization of the tubular cell phe-
notype within the hypoxic microenvironment of the bioreactor
and (ii) the protection of RAD cells from ROS and inflamma-
tory mediators involved in sepsis-associated cell injury. Thus
the aim of this study was to evaluate ex vivo the protective
effects of PFCs on TECs and on CD133þ renal progenitors
challenged by hypoxia and septic plasma.

M A T E R I A L S A N D M E T H O D S

Patients

We enrolled 10 patients in the study from the Intensive Care
Unit of the San Bortolo Hospital, Vicenza, Italy. Inclusion crite-
ria were the presence of septic shock in accordance with the cri-
teria defined by the International Consensus Definitions for
Sepsis and Septic Shock [18] and the presence of AKI [inclusion
at least in the injury group of risk, injury, failure, loss, end-stage
renal disease (RIFLE) criteria according to serum creatinine and/
or urine output] [19]. Exclusion criteria were age <18 years,

solid organ or bone marrow transplantation, haemorrhagic dys-
function, thrombophilia, previous evidence of end-stage chronic
kidney disease, glomerulonephritis or collagenopathies. Acute
Physiology and Chronic Health Evaluation (APACHE) II and
Sequential Organ Failure Assessment (SOFA) scores assessed
the severity of illness at the moment of ICU admission and at the
start of RRT. Outcome and renal function [estimated glomerular
filtration rate (eGFR)] were evaluated 28 days after study admis-
sion or at ICU discharge. Plasma samples were drawn from all
patients at the beginning of RRT. Informed consent was
obtained according to the Declaration of Helsinki; the Internal
Review Board of the San Bortolo Hospital authorized the study.
Plasma from 10 age- and gender-matched healthy volunteers
was used as a control for in vitro studies.

Cell isolation, characterization and culture

TECs and CD133þ renal progenitors were isolated from adult
human kidneys by magnetic cell sorting as previously described
[20]. Briefly, primary cultures of human TECs were obtained
from kidneys removed by surgical procedures from patients
affected by renal carcinomas. CD133þ renal progenitors were
isolated from the tubular fraction by using the magnetic-acti-
vated cell sorting (MACS) system (Miltenyi Biotec, Auburn, CA,
USA). Both cell types were seeded on collagen-coated polycar-
bonate transwell membranes (Corning, Cambridge, MA, USA)
and cultured with Roswell Park Memorial Institute (RPMI)
medium supplemented with 10% foetal calf serum and PFCs
(FluoroMed, Round Rock, TX, USA) (dilution 50% RPMI, 50%
PFCs) (Figure 1A). PFCs were pre-incubated with O2 at 2 atm
for 10 min [21]. For hypoxia experiments, TECs were cultured
for 24 h into an airtight humidified chamber after flushing with
a gas mixture containing 5% CO2, 94% N2 and 2% O2 at 20 atm
and 37�C for 5 min [22].

TEC culture within hollow fibres

TECs were seeded within the inner surface of a polysulphone
hollow fibre (FX80 Fresenius Medical Care, Bad Homburg,
Germany) in the presence or absence of PFCs (dilution 50%
RPMI, 50% PFCs) in the inner part of the filter [23] (Figure 1B).
After 48 h of culture, medium was removed for the determination
of cell viability (XTT assay, Trevigen, Gaithersburg, MD, USA) and
release of insulin-like growth factor 1 (IGF-1), hepatocyte growth
factor (HGF) and macrophage-stimulating protein (MSP) (R&D
Systems, Minneapolis, MN, USA) by enzyme-linked immunosorb-
ent assay (ELISA). All experiments were performed in triplicate.

In vitro assays on TECs

TECs were incubated in the presence of septic plasma (10%
dilution in RPMI), lipopolysaccharide (LPS; 30 ng/mL; Sigma
Aldrich, St Louis, MO, USA) or inflammatory cytokines [20 ng/
mL tumour necrosis factor (TNF)-a þ 20 ng/mL (interferon
(IFN)-c; Sigma Aldrich]. Then 5 � 104 cells/well were incubated
with appropriate agonists and 10 lM BrdU (Roche Diagnostics,
Mannheim, Germany) or 250 lg/mL XTT in a medium lacking
phenol red. The absorption values 405 nm (BrdU) or 450 nm
(XTT) were measured in an automated spectrophotometer at dif-
ferent time points. The effect of PFCs and septic plasma on TECs
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was investigated by cytotoxicity (XTT-based assay), apoptosis
[terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay-ApopTag; Millipore, Temecula, CA, USA],
ELISA for caspase-3, -8 and -9 activities (Millipore), cell polarity
measured as transepithelial electrical resistance (TEER) and
uptake of fluorescein-labelled albumin; all the protocols have
been already described [22, 24]. Fluorescence-activated cell sort-
ing (FACS) analysis for Fas and Fas ligand expression was per-
formed after staining with phycoerythrin-conjugated specific
primary antibodies (Biolegend, San Diego, CA, USA).
Immunofluorescence studies for analysis of the mitochondrial
protein PGC-1a, the tight junction protein ZO-1 and the endo-
cytic receptor megalin were performed using specific primary
antibodies (Santa Cruz Biotech, Santa Cruz, CA, USA) and Alexa
Fluor 488–conjugated secondary anti-isotype antibodies (Life
Technologies, Carlsbad, CA, USA) [6]. Nuclei were counter-
stained in blue with 2.5 mg/mL Hoechst. Mitochondrial mem-
brane potential was assessed by the fluorescent dye MitoTracker
Red 7513 (reduced chloromethyl-X-rosamine; Invitrogen) [25].
The ATP Assay Kit (Abcam, Cambridge, MA, USA) was used to
quantify colorimetrically (optical density 570 nm) the total

adenosine triphosphate (ATP) in TEC lysates. For all in vitro
assays, cells were cultured for 24 h unless otherwise specified.

In vitro assay on CD133þ human renal progenitor cells

The effect of PFCs on CD133þ progenitor proliferation was
tested by BrdU assay. Cell differentiation towards an epithelial/
tubular phenotype was assessed by measuring TEER and by
quantifying the number of tubular-like structures onto
Matrigel-coated plates (Becton Dickinson, Franklin Lakes, NJ,
USA) [26]. Immunofluorescence studies and FACS analysis for
E-cadherin, megalin, alkaline phosphatase, aminopeptidase A,
aquaporin-1 (AQP-1) and lipocalin-2 [neutrophil gelatinase-
associated lipocalin (NGAL)] were performed with specific pri-
mary antibodies (all from Santa Cruz Biotech) and Alexa Fluor
488–conjugated secondary anti-isotype antibodies [6]. Nuclei
were counterstained in blue with 2.5 mg/mL Hoechst.

Statistical analysis

All data are expressed as averages 6 SD unless otherwise
specified; experiments were performed in triplicate. Statistical
analysis was performed by analysis of variance with the

FIGURE 1: Schematic representation of the experimental models used in the study. (A) In vitro culture of TECs or CD133þ renal progenitor
cells seeded on collagen-coated polycarbonate membranes in the presence of PFCs. (B) In vitro culture of TECs injected within the inner part
of a polysulphone hollow fibre in the presence of PFCs.
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Newman–Keuls, Kolmogorov–Smirnov or Dunnet multicom-
parison test as appropriate.

R E S U L T S

Protective effect of PFCs on hypoxia-induced TEC
injury

When TECs were cultured for 168 h in hypoxic conditions,
PFCs induced a significant increase of cell viability (XTT assay
in Figure 2A). In addition, PFCs exerted an anti-apoptotic effect
on hypoxic TECs at the different time points (TUNEL assay in
Figure 2B). This protective effect of PFCs on hypoxia-induced
TEC injury may be ascribed to the preservation of mitochondrial
function (Mitotracker; Figure 2C) and of ATP production
(Figure 2D). We then tested the effect of PFCs on the viability of
TECs seeded within the inner surface of a polysulphone hollow
fibre to mimic the operative condition of the RAD. We observed
that PFCs significantly increased TEC viability (XTT assay in
Figure 3A) and the release of the growth factors IGF-1, HGF and
MSP (Figure 3B–D). Moreover, PFCs also increased ATP pro-
duction in TECs seeded within the hollow fibre (Figure 3E).

PFCs inhibited apoptosis and functional alterations of
TECs incubated with plasma collected from septic
patients

Since we previously described that plasma from septic
patients induced apoptosis of cultured TEC [6], we investi-
gated the potential protective effect of PFCs in the same con-
ditions. We selected 10 patients with sepsis-associated AKI
and we collected plasma samples at the start of RRT. Clinical
parameters of enrolled patients (including SOFA, APACHE
II and RIFLE scores, need of mechanical ventilation and hae-
modynamic support, isolated microorganisms and antibiotic
therapies) are detailed in Table 1. We first confirmed that
septic plasma induced a significant increase of TEC apoptosis
that was not observed with plasma from 10 healthy volun-
teers (Figure 4A) [6]. PFCs significantly decreased TEC apop-
tosis induced by septic plasma and the anti-apoptotic effect
of PFCs was also observed in TECs cultured with LPS (30
ng/mL) or with inflammatory cytokines (TNF-a 20 ng/mL,
IFN-c 20 ng/mL) (Figure 4A). In addition, hypoxia sensi-
tized TECs to the pro-apoptotic effect induced by septic
plasma, LPS or inflammatory cytokines (Figure 4A). The

FIGURE 2: Effect of PFCs on viability, apoptosis and mitochondrial function of TECs seeded on collagen-coated polycarbonate membranes under
hypoxic conditions. (A) Time-course analysis of viability (XTT-based assay) of hypoxic TECs in the presence or absence of PFCs. PFC-treated
TECs showed an enhanced viability (#P < 0.05 vehicle versus PFCs). Data are expressed as average OD intensity 6 1 SD. (B) Time-course analy-
sis of TEC apoptosis (TUNEL assay) induced by hypoxia in the presence or absence of PFCs. Hypoxia induced a significant increase of TECs
apoptosis (*P < 0.05 hypoxia versus normoxia) that was significantly reduced by PFCs (#P < 0.05 hypoxia þ PFCs versus hypoxia). Data are
expressed as the average number of green fluorescent apoptotic cells 6 1 SD in 10 different non-consecutive microscopic fields (�100 magnifica-
tion). (C) Quantitative assessment of mitochondrial function (Mitotracker assay) after 24 h of hypoxia with or without PFCs (*P < 0.05 hypoxia
versus normoxia, #P < 0.05 hypoxia þ PFCs versus hypoxia). Data are expressed as the average OD intensity 6 1 SD. (D) ATP production by
TECs after 24 h of hypoxia with or without PFCs (*P < 0.05 hypoxia versus normoxia, #P < 0.05 hypoxiaþ PFCs versus hypoxia). Data are
expressed as average OD intensity 6 1 SD. Three experiments were performed with similar results.
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observed enhancement of apoptosis was significantly
decreased by PFCs (Figure 4A).

The detrimental effect of septic plasma on TECs was due to the
activation of both mitochondrial- and death receptor-mediated

pathways of apoptosis, as shown by ELISA for caspase-3, -8 and -
9 activities (Figure 4B). Moreover, septic plasma significantly up-
regulated the surface expression of the pro-apoptotic molecules
Fas and Fas ligand in TECs (Figure 4C). In contrast, PFCs

FIGURE 3: Biological effects of PFCs on TECs seeded within a polysulphone hollow fibre. (A) Analysis of the viability (XTT-based assay) of TECs
seeded in a polysulphone hollow fibre in the presence or absence of PFCs. PFCs significantly increased cell viability (*P < 0.05 TECs versus TECs
þ PFCs). (B–D) ELISA determination of (B) IGF-1, (C) HGF or (D) MSP concentrations in supernatants of TECs cultured within the hollow fibre
filter in the presence or absence of PFCs (*P < 0.05 TECs versus TECs þ PFCs). (E) ATP production by TECs cultured within the hollow fibre fil-
ter in the presence or absence of PFCs (*P < 0.05 TECs versus TECs þ PFCs). Five different experiments were performed with similar results.

Table 1. Main characteristics of the selected patients

ID M/F Age (years) Origin of sepsis Cause AP II SOFA RIFLE Amines Nora Outcome Antibiotics
(l/kg/min) (after microbiology

results)

1 F 72 Surgical wound Staphylococcus aureus 28 13 F Yes 0.6 Died Vancomycin
2 M 67 Unknown Torulopsis glabrata 22 10 I Yes – Survived Amikacin, fluconazole

Escherichia coli
3 M 78 Urinary Klebsiella pneumoniae 28 12 F Yes 0.5 Survived Gentamycin
4 M 71 Surgical wound Staphylococcus aureus 29 15 F Yes 0.9 Died Teicoplanin
5 M 63 Lower airways Staphylococcus aureus 30 11 I Yes 0.8 Died Vancomycin
6 M 72 Endocarditis Staphylococcus aureus 21 7 I Yes 0.5 Survived Vancomycin
7 M 78 Lower airways Staphylococcus aureus 22 6 R Yes – Survived Vancomycin
8 F 88 Lower airways Klebsiella pneumoniae 24 11 F Yes 0.7 Died Tigecyclin
9 M 69 Bowel Escherichia coli 30 15 F Yes 0.6 Died Amikacin
10 M 68 Bile duct Escherichia coli 22 9 F Yes 0.7 Survived Amikacin

APII: APACHE II score; M: male; F: female; Nora: noradrenaline; R: risk; I: injury; F: failure.
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FIGURE 4: Anti-apoptotic effect induced by PFCs on TECs cul-
tured with septic plasma and hypoxic condition. (A) Evaluation of
TEC apoptosis (TUNEL assay) induced by septic plasma, LPS (30
ng/mL) or inflammatory cytokines (TNF-a 20 ng/mL, IFN-c 20
ng/mL) in the presence or absence of PFCs. RPMI medium con-
taining 10% septic plasma, LPS or inflammatory cytokines induced
a marked increase of TEC apoptosis (black columns, *P < 0.05
septic plasma, LPS or cytokines versus vehicle). No pro-apoptotic
effect was observed stimulating TECs with control healthy plasma.
Co-incubation with PFCs significantly decreased the number of
apoptotic cells (black columns, #P < 0.05 septic plasma versus sep-
tic plasma þ PFCs, LPS versus LPS þ PFCs, TNF-a þ IFN-c
versus TNF-a þ IFN-c þ PFCs). Hypoxia induced a significant
increase in TEC apoptosis (

�
P< 0.05 hypoxia versus normoxia). In

contrast, incubation with septic plasma but not with healthy plasma
induced an enhanced effect on hypoxic-induced TEC apoptosis
(white columns, §P < 0.05 septic plasma versus control plasma).
This effect was significantly decreased by co-incubation with PFCs
(white columns, †P < 0.05 septic plasma þ PFCs versus septic
plasma). Under hypoxia, incubation with LPS or inflammatory
cytokines induced a marked increase of TEC apoptosis (white col-
umns, DP < 0.05 LPS, TNF-a þ IFN-c versus vehicle). In the
same manner, co-incubation with PFCs decreased the pro-apoptotic
effect (white columns, †P< 0.05 LPS þ PFCs versus LPS, TNF-
aþ IFN-c versus TNF-a þ IFN-c þ PFCs). Analysis of variance
with Newmann–Keuls multicomparison test was performed. (B)
Septic plasma induced a marked increase of caspase-3, -8 and -9 in
TECs (*P < 0.05 septic plasma versus vehicle), whereas no signifi-
cant increase in caspase-3, -8 and -9 activities was observed after

FIGURE 5: PFCs prevented septic plasma-mediated mitochondrial
dysfunction in TECs. (A) The specific staining with the red fluorescent
dye MitoTracker demonstrated that septic plasma but not control
healthy plasma altered the mitochondrial membrane potential of
TECs. PFCs preserved mitochondrial integrity in septic plasma-treated
TECs. (B) Quantification of red fluorescence intensity of 10 different
images from the same experiments. TECs incubated with septic
plasma significantly decreased mitochondrial activity (*P < 0.05
septic plasma versus vehicle). PFCs prevented mitochondrial damage
in septic plasma-treated TECs (#P < 0.05 septic plasma versus septic
plasma þ PFCs). (C) ATP production by TECs stimulated with
plasma from septic patients in the presence or absence of PFCs
(*P < 0.05 septic plasma versus vehicle, #P < 0.05 septic plasma
versus septic plasma þ PFCs).

stimulation with control plasma. Co-incubation of septic plasma
with PFCs decreased caspase-3, -8 and -9 activities (#P < 0.05
septic plasma versus septic plasmaþPFCs). (C) Septic plasma
increased Fas and Fas ligand expression (*P < 0.05 septic plasma
versus vehicle) in TECs. After stimulation with control plasma, no
increase of Fas and Fas ligand expression was observed. PFCd
significantly inhibited Fas and Fas ligand up-regulation (#P < 0.05
septic plasma versus septic plasmaþPFCs).

FIGURE 4: Continued

Potential use in RAD for sepsis-associated AKI and multiple organ failure 1115

D
ow

nloaded from
 https://academ

ic.oup.com
/ndt/article/33/7/1110/4753708 by guest on 21 January 2021



significantly reduced both caspase activation and Fas/Fas ligand
expression (Figure 4B and C). The mitochondrial dysfunction
induced by septic plasma in TECs was further confirmed by the
specific staining with the red fluorescent dye MitoTracker: septic
plasma but not control healthy plasma altered the mitochondrial
membrane potential of TECs, whereas PFCs preserved mitochon-
drial integrity (Figure 5A and B). Furthermore, PFCs preserved
ATP production (Figure 5C) and the expression of PGC-1a, a
protein involved in mitochondrial biogenesis that was significantly
reduced in TECs exposed to septic plasma (Figure 6A and B).

In addition to the pro-apoptotic effect, septic plasma, LPS
and inflammatory cytokines induced functional alterations of
TECs, such as the loss of cell polarity assessed by TEER (Figure
7A) and the ability to uptake albumin (Figure 7B). The

co-incubation with PFCs preserved cell polarity and albumin
uptake of TECs cultured in different detrimental conditions
(Figure 7A and B). In accordance with the loss of cell polarity,
septic plasma induced down-regulation of the tight junction
protein ZO-1 and the endocytic receptor megalin (Figure 8A
and B). The decreased expression of ZO-1 and megalin in septic
plasma–incubated TECs was less marked when cells were cul-
tured in the presence of PFCs (Figure 8A and B).

PFCs promoted CD133þ renal progenitor cell
proliferation and differentiation towards a
tubular-like phenotype

Since a percentage of cells present in the RAD may have a
renal progenitor phenotype [8], we analysed the effect of PFCs
on cultured CD133þ human renal progenitor proliferation and

FIGURE 7: PFCs preserved cell polarity and albumin uptake in
hypoxic TECs treated with septic plasma, LPS or inflammatory cyto-
kines. (A) RPMI medium with 10% septic plasma, LPS (30 ng/mL) or
inflammatory cytokines (TNF-a 20 ng/mL, IFN-c 20 ng/mL) induced
a marked alteration of TEC polarity assessed by a significant decrease
of TEER (*P < 0.05 septic plasma, LPS, TNF-a þ IFN-c versus
vehicle). No significant alteration of TEER was observed stimulating
TECs with control plasma. Co-incubation of PFCs with septic
plasma, LPS or inflammatory cytokines prevented a loss of cell
polarity (#P < 0.05 septic plasma versus septic plasma þ PFCs,
LPS versus LPS þ PFCs, TNF-a þ IFN-c versus TNF-a þ IFN-c
þ PFCs). (B) Quantitative analysis of three different FACS experi-
ments showing that septic plasma (10% diluted in RPMI), LPS (30
ng/mL) or inflammatory cytokines (TNF-a 20 ng/mL, IFN-c 20 ng/
mL) significantly decreased albumin uptake by TECs (*P < 0.05 sep-
tic plasma, LPS, TNF-a þ IFN-c versus vehicle). No alteration of
albumin uptake was observed in TECs treated with control plasma.
Co-incubation of PFCs with septic plasma, LPS or inflammatory cyto-
kines limited the inhibition of albumin uptake (#P < 0.05 septic
plasma versus septic plasma þ PFCs, LPS versus LPS þ PFCs,
TNF-a þ IFN-c versus TNF-a þ IFN-c þ PFCs).

FIGURE 6: PFCs prevented a septic plasma–induced decrease of the
mitochondrial protein PGC-1a. (A) Representative images showing
that septic plasma but not control plasma decreased TEC expression of
PGC-1a, a protein involved in mitochondrial biogenesis. PFCs exerted
a protective effect in septic plasma–incubated TECs by preserving
PGC-1a expression. (B) Quantification of fluorescence intensity in
TECs (PGC-1a expression in 10 different non-consecutive microscopic
fields). TECs incubated with septic plasma significantly decreased this
marker of mitochondrial biogenesis (*P < 0.05 septic plasma versus
vehicle). PFCs prevented a PGC-1a decrease in septic plasma–treated
TECs (#P < 0.05 septic plasma versus septic plasma þ PFCs).
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differentiation. We found that PFCs induced a slight prolifera-
tive effect on CD133þ renal progenitors (BrdU assay in Figure
9A). This effect was similar to that observed in the presence of
10 ng/mL of epidermal growth factor (EGF) and 10 ng/mL of
platelet-derived growth factor-a (PDGF-a), molecules known
to mediate progenitor cell proliferation [27, 28]. Moreover,
PFCs induced the differentiation of CD133þ renal progenitors
towards an epithelial/tubular-like phenotype, as shown by the
acquisition of cell polarity assessed by the increase of TEER
(Figure 9B) and by the induction of scattering, branching mor-
phogenesis and formation of tubular-like structures in vitro when
cells were cultured onto Matrigel-coated plates (Figure 10A
and B). This effect was similar to that observed when culturing
cells in a medium containing fibroblast growth factor-4 (10 ng/
mL) and hepatocyte growth factor (20 ng/mL), which are known
to induce progenitor cell differentiation (Figure 10A and B) [29].
Furthermore, PFCs induced in CD133þ renal progenitors the
expression of markers of mature TECs such as E-cadherin,
megalin, alkaline phosphatase, aminopeptidase A, aquaporin- 1
(AQP-1) and lipocalin-2 (NGAL) (Figure 11A and B).

D I S C U S S I O N

In the present study, we demonstrated that the O2 carrier of
PFCs preserves TEC viability under hypoxic conditions. This
effect was observed both in vitro, by using collagen-coated
transwell plates in the presence of low O2 tension, and ex vivo,

by re-creating an extracorporeal circuit in which TECs were
seeded within the hollow fibres of a polysulphone hemofilter. A
similar beneficial effect was observed for TEC injury induced by
septic plasma: cells were protected from apoptosis, loss of cell
polarity and dedifferentiation. We also found that PFCs pro-
moted proliferation and differentiation of CD133þ human
renal progenitors towards an epithelial/tubular-like phenotype.
This finding suggests that high O2 tension has a putative role in
renal progenitor cell differentiation, thus favoring tissue regen-
eration. Taken together, these results advocate for the potential
use of PFCs to improve the performance of RADs for the treat-
ment of sepsis-associated AKI and multiple organ failure.

The association between AKI and sepsis leads to an increase
in mortality and progression towards chronic kidney disease
[30]. In recent years, several studies have questioned the old
pathogenic model of sepsis-induced AKI based only on sys-
temic hypotension and tissue hypoperfusion. In contrast, the
role of detrimental circulating factors (e.g. bacterial products,
cytokines, molecules released after cell lysis, etc.) is now evident
[3, 4, 31]. We previously demonstrated that plasma collected
from critically ill patients with sepsis-associated AKI induces
apoptosis and functional alterations of glomerular and tubular
epithelial cells [24]. This is in accordance with the results
recently published by Lerolle et al. [32] showing the presence of
kidney tubular cell apoptosis and leucocyte infiltration in early
postmortem autopsy of patients with sepsis and AKI. A primary
mechanism of TEC dysfunction is mitochondrial injury leading

FIGURE 8: PFCs prevented septic plasma–induced down-regulation of the tight junction protein ZO-1 and the endocytic receptor megalin in
TECd. (A) Representative images showing that septic plasma, but not control plasma, decreased expression of ZO-1 and megalin in TECd.
PFCd preserved the expression of these epithelial/tubular markers in septic plasma–stimulated TECs. (B) Quantification of green fluorescence
intensity of 10 different non-consecutive microscopic fields: septic plasma significantly decreased ZO-1 and megalin expression in TECs (white
columns, *P < 0.05 septic plasma versus control plasma). PFCs prevented the loss of expression of ZO-1 and megalin in septic plasma-stimu-
lated TECs (grey columns, #P < 0.05 septic plasma versus septic plasma þ PFCs).

Potential use in RAD for sepsis-associated AKI and multiple organ failure 1117

D
ow

nloaded from
 https://academ

ic.oup.com
/ndt/article/33/7/1110/4753708 by guest on 21 January 2021



to organelle autodigestion (mitophagy) or disruption, thus
causing caspase release and cell apoptosis [33]. Consistently,
different authors have demonstrated that the sepsis milieu halts
renal oxidative metabolism independently from arterial oxygen
tension [4, 33]. This phenomenon seems related to cytochrome
dysfunction with local production of oxidizing species [34].

We herein show that PFCs significantly inhibited septic
plasma-induced TEC apoptosis. The anti-apoptotic effect of
PFCs was ascribed to the limitation of both the death receptor
and mitochondrial pathway of apoptosis as demonstrated by
the decrease of Fas/Fas ligand expression and of caspase-3, -8
and -9 activities and by the maintenance of potential mitochon-
drial membrane and of PGC-1a expression. These findings
have a particular relevance considering the new unifying patho-
genic theories, suggesting that sepsis-induced AKI is associated
with an adaptive response of tubular cells to injury orchestrated
by mitochondria and by bioenergetic modulation [35].
Moreover, Tran et al. [36] recently demonstrated that PGC-1a
knockout mice had normal renal function but suffered persis-
tent injury following endotoxemia, suggesting that the up-
regulation of PGC-1a is essential for recovery from AKI.

Another typical tubular cell alteration in the course of
sepsis-associated AKI is the loss of cell polarity with the con-
comitant down-regulation of sodium, urea and glucose trans-
porters and of tight junction molecules such as ZO-1 [37–39].
These functional alterations induced by the inflammatory
microenvironment lead to an increased delivery of sodium and
chloride to the distal tubule segment, thus triggering tubulo-
glomerular feedback and consequently GFR impairment [40].
In this study, we found that PFCs preserved TEC polarity and
function as demonstrated by the maintenance of TEER, ability
to uptake albumin and megalin/ZO-1 expression.

Considering the putative role of circulating mediators in
sepsis-associated AKI and multiple organ failures, different

FIGURE 9: PFCs induced proliferation and differentiation of human
CD133þ renal progenitors. (A) PFCs increased the proliferation rate
of CD133þ renal progenitors evaluated by the XTT-based assay.
Similar results were obtained using a cell culture medium containing
10 ng/mL EGF and 10 ng/mL PDGF-a (*P < 0.05 PFCs or EGF þ
PDGF-a versus vehicle). (B) As assessed by TEER analysis, PFCs
induced differentiation of CD133þ renal progenitors. Similar results
were obtained using a cell culture medium containing 10 ng/mL
fibroblast growth factor-4 and 20 ng/mL hepatocyte growth factor
(*P < 0.05 PFCs or HGF þ fibroblast growth factor 4 versus
vehicle). Unstimulated TECs were used as an experimental control
(*P < 0.05 TECs versus vehicle).

FIGURE 10: PFCs induced scattering, branching morphogenesis
and formation of tubular-like structures of CD133þ renal progeni-
tors. (A) Representative images of CD133þ renal progenitors culti-
vated in the presence of PFCs for 48 h on Matrigel-coated plates
showing the formation of tubular-like structures. Similar results were
obtained using a cell culture medium containing 10 ng/mL fibroblast
growth factor 4 (FGF-4) and 20 ng/mL hepatocyte growth factor.
Unstimulated TECs were used as an experimental control.
Magnification: �100. Five different experiments were performed
with similar results. (B) Quantification of the number of tubular-like
structures in 10 different non-consecutive fields. PFCs induced a sig-
nificant increase of tubular-like structures formed by CD133þ renal
progenitors cultured on Matrigel. Similar results were observed in
the presence of a cell culture medium containing FGF-4 (10 ng/mL)
and HGF (20 ng/mL) (*P < 0.05 PFCs or HGF þ FGF-4 versus
vehicle). Unstimulated TECs were used as an experimental control
(*P < 0.05 TECs versus vehicle).
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extracorporeal blood purification techniques have been devel-
oped to control metabolic, electrolyte and acid–base alterations
as well as to remove from the bloodstream harmful inflamma-
tory mediators [41, 42]. Recent randomized clinical trials did
not show a beneficial effect induced by high convective dialysis
dose on mortality of septic AKI patients [4, 43, 44]. Several pre-
clinical and clinical ongoing studies are investigating the possi-
ble role of high cut-off or adsorption membranes on mortality
and AKI progression in septic patients [45]. In this setting, the
development of cell-based therapies able to support standard
diffusion- and convection-based extracorporeal techniques may
improve the suboptimal treatment of sepsis-associated AKI.

A bioartificial RAD containing living TECs has been devel-
oped that demonstrates adsorptive, metabolic and endocrine
functions of the normal kidney [10]. The use of RAD amelio-
rated Gram-negative bacteria–induced septic shock in uremic
animals [10]; moreover, in phase I/II clinical trials, RAD induced
a significant decrease in 28-day mortality and a more rapid
recovery of renal function in patients with sepsis-associated AKI

[8, 10, 11]. On this basis, the association of RAD with conven-
tional haemofiltration therapy may improve the outcome of
these critically ill patients. However, the widespread clinical use
of RAD is limited by major problems, such as the preservation of
long-term TEC viability in large-scale culture and the limited
supply of nutrients and O2 within hollow fibres [46].

PFC molecules are able to solubilize oxygen and other gasses
in aqueous solutions; this effect is mainly dependent on gas par-
tial pressure in accordance to the Henry’s law [25]. Of note, as
PFC molecules are highly hydrophilic, they remain compart-
mentalized in the extracellular space and do not have a direct
cytoprotective role [13]. The use of PFCs as O2 carriers began as
early as the 1960s [47] and later PFC emulsions were used to
enhance O2 transport in cell cultures [10]. In engineered cardiac
tissues, PFCs have been shown to improve mass transport of O2

by increasing the convective and diffusive flux [12]. Moreover,
in another study aimed at investigating O2 transport in tubular
vessels, a mathematical model demonstrated that supplementa-
tion of PFCs generally increased the O2 transfer rate for both

FIGURE 11: PFCs induced the expression of epithelial/tubular markers in CD133þ renal progenitor cells. Representative (A) fluorescence
microscope images and (B) relative quantification of fluorescence intensity in 10 non-consecutive microscopic fields of CD133þ renal progeni-
tors cultured in the presence of PFCs for 48 h and stained for the following epithelial/tubular markers: E-cadherin, megalin, alkaline phospha-
tase, aminopeptidase A, aquaporin-1 (AQP-1) and lipocalin-2 (NGAL). PFCs significantly increased the expression of E-cadherin, megalin,
alkaline phosphatase, aminopeptidase A, AQP-1 and NGAL (*P < 0.05 PFCs versus vehicle).
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dispersion patterns, particularly at high O2 tension [12, 46, 47].
These observations acquire a particular relevance for the clinical
application of bioreactors to support organ failure, where living
cells may suffer from hypoxia and lack of nutrients. This is in
accordance with previously published papers showing that
PFCs improve the metabolic function of hepatocytes seeded in
a radial-flow bioreactor [12, 14]. In this study we observed that
PFCs improved TEC viability as assessed by preservation of
mitochondrial activity and biogenesis. This effect could be a
consequence of the enhanced oxygen delivery to mitochondria
combined with the increased local clearance of ROS and other
detrimental/oxidizing molecules as NO derivatives [48]. Our
results suggest that the maintenance of TEC viability may
improve the clearance of circulating inflammatory and immu-
nologically active mediators, even in hypoxic conditions. This is
of specific relevance in the setting of RAD, where TECs seeded
in the inner part of the hollow fibre are concomitantly exposed
to low O2 tension and to the detrimental activities of pro-
apoptotic molecules circulating in the plasma of patients with
sepsis-associated AKI. Moreover, the maintenance of viable
TECs within the RAD may also lead to the release of tubulo-
trophic growth factors such as IGF-1, HGF and MSP that
potentially contribute to tissue regeneration after AKI [26].

Another interesting finding of this study is the potential use
of PFCs for renal progenitor cell differentiation. Indeed, PFCs
are employed as preservation liquid in islet transplantation as
well as for their ability to improve b-cell viability and to induce
the differentiation of pancreatic precursors into b-cells in the
presence of high O2 tension [12]. We herein found that PFCs
induced differentiation of CD133þ human renal progenitor cells
towards a tubular phenotype, as assessed by the acquisition of
cell polarity typical of mature epithelial cells, by the ability to
induce scattering and branching morphogenesis and by the
increased expression of tubular-specific molecules such as mega-
lin, alkaline phosphatase, aminopeptidase A, AQP-1 and NGAL.
This may have a peculiar relevance for the clinical application of
RAD, in which the presence of kidney-derived cells with a pro-
genitor phenotype has been recently demonstrated [8, 11].

We have to acknowledge that this study is providing only ex
vivo and in vitro results: indeed, this is a preliminary experience
that could lead to future development of a RAD with enhanced
metabolic activities, similar to what was recently published
about the bioreactor using viable hepatocytes [14]. However, we
believe that our results may open some new clinical scenarios.
To date, the major limits to bioreactor use are the difficulties
related to storage and transport; interestingly, preservation
medium containing PFCs may address both these issues.
Moreover, different PFC molecules have been approved for
intravenous use during cardiac stenting, for ocular surgery and
as contrast agents during radiology procedures [15, 49, 50].
Hence, one could hypothesize a future use of PFC-based solu-
tions during extracorporeal therapies for organ support in crit-
ically ill patients. Additionally, the RAD architecture should
minimize PFC diffusion to patients’ blood, as fluorocarbon
molecules should not pass the tubular cell layer.

In conclusion, the results of the present study suggest that
PFCs protect TECs from injury related to hypoxia and inflam-
matory mediators and promotes CD133þ renal progenitor cell

differentiation. These observations have a potential relevance
for improving the metabolic performances of bioartificial RAD
for the therapeutic treatment of sepsis-associated AKI and mul-
tiple organ failure.
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