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Abstract

Recurrent and massive intravascular haemolysis induces proteinuria, glomerulosclerosis, and progressive impair-
ment of renal function, suggesting podocyte injury. However, the effects of haemoglobin (Hb) on podocytes remain
unexplored. Our results show that cultured human podocytes or podocytes isolated from murine glomeruli bound
and endocytosed Hb through the megalin—cubilin receptor system, thus resulting in increased intracellular Hb
catabolism, oxidative stress, activation of the intrinsic apoptosis pathway, and altered podocyte morphology, with
decreased expression of the slit diaphragm proteins nephrin and synaptopodin. Hb uptake activated nuclear fac-
tor erythroid-2-related factor 2 (Nrf2) and induced expression of the Nrf2-related antioxidant proteins haem
oxygenase-1 (HO-1) and ferritin. Nrf2 activation and Hb staining was observed in podocytes of mice with intravas-
cular haemolysis. These mice developed proteinuria and showed podocyte injury, characterized by foot process
effacement, decreased synaptopodin and nephrin expression, and podocyte apoptosis. These pathological effects
were enhanced in Nrf2-deficient mice, whereas Nrf2 activation with sulphoraphane protected podocytes against Hb
toxicity both in vivo and in vitro. Supporting the translational significance of our findings, we observed podocyte
damage and podocytes stained for Hb, HO-1, ferritin and phosphorylated Nrf2 in renal sections and urinary sed-
iments of patients with massive intravascular haemolysis, such as atypical haemolytic uraemic syndrome and
paroxysmal nocturnal haemoglobinuria. In conclusion, podocytes take up Hb both in vitro and during intravascular
haemolysis, promoting oxidative stress, podocyte dysfunction, and apoptosis. Nrf2 may be a potential therapeutic
target to prevent loss of renal function in patients with intravascular haemolysis.
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Introduction

Free haemoglobin (Hb) is nephrotoxic, promoting acute
kidney injury (AKI) and contributing to the progression
of chronic kidney disease [1,2]. Renal Hb overload is
the pathophysiological consequence of recurrent and
massive intravascular haemolysis, as reported in many
hereditary and immune diseases, including sickle cell
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disease (SCD), atypical haemolytic uraemic syndrome
(aHUS), and paroxysmal nocturnal haemoglobinuria
(PNH), among others [3].

Destruction of erythrocytes releases free Hb into
plasma, where it rapidly binds haptoglobin (Hp) to form
a highly stable Hb—Hp complex that is degraded by
the liver, spleen, and bone marrow, avoiding glomeru-
lar filtration of Hb. However, persistent intravascular
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haemolysis depletes plasma Hp, allowing free Hb to
be filtered by glomeruli and incorporated into proxi-
mal tubules through the megalin—cubilin receptor sys-
tem [4]. Intracellular Hb dissociates into globin and
haem. Haem oxygenase-1 (HO-1) catalyses the con-
version of haem to biliverdin and carbon monoxide,
a reaction yielding iron, which is subsequently stored
in ferritin [5]. Therefore, the HO-1—ferritin axis mini-
mizes cellular exposure to haem and catalytically active
“free’ iron [6]. The renal toxicity of Hb is associated
with increased oxidative stress, apoptosis, and inflam-
mation [4]. Nuclear factor erythroid-2-related factor
2 (Nrf2) plays a central role in the defence against
Hb-mediated oxidative stress by activating the expres-
sion of >250 antioxidants and phase 2 detoxifying
enzymes and related proteins, including HO-1 [7].

Renal tubules are considered to be the main sites of
Hb nephrotoxicity. However, proteinuria is observed
in experimental models of recurrent exposure to haem
proteins [8], and focal segmental glomerulosclerosis
develops in experimental SCD [9] and in patients with
chronic and recurrent haemolysis, such as aHUS, PNH,
or SCD [10,11], who may develop proteinuria [12,13]
and a chronic decrease in glomerular filtration [2,14].
These data suggest a link between chronic intravascu-
lar hemolysis and glomerular dysfunction. However,
the pathophysiological mechanisms remain unclear.
Haemodynamic changes were suggested to promote
proteinuria and progressive renal damage in SCD [15];
however, there is no definitive proof of this hypothesis.
As focal segmental glomerulosclerosis implies a loss
of podocytes, additional factors that directly injure
podocytes may play a role.

Podocytes are highly differentiated epithelial cells
that play a key role in preserving glomerular filtra-
tion barrier integrity [16]. Podocyte foot processes
prevent the urinary leakage of plasma proteins [17].
Thus, podocyte injury or loss lead to proteinuria [18].
Although podocyte damage and podocyturia have
been described in haemolytic diseases [19,20], and
iron-containing deposits are observed in podocytes
[21], the effects of Hb on podocytes remain unex-
plored. We hypothesized that Hb trafficking across the
glomerular filtration barrier may injure podocytes, and
thereby impair glomerular permselectivity in patients
with persistent intravascular haemolysis, contributing to
renal disease progression. In support of this hypothesis,
the megalin—cubilin receptor system, which is involved
in Hb uptake by tubular cells, is also expressed in human
podocytes [22,23]. Thus, we investigated whether Hb
is incorporated into podocytes in vitro, and can be
detected in kidney biopsies and urinary sediments
from patients with severe intravascular haemolysis.
To further clarify the role of Hb in podocyte injury,
we analysed oxidative stress, apoptosis and structural
changes in vitro and in a murine model of intravascular
haemolysis by using wild-type and Nrf2-deficient mice.
Finally, we also examined the molecular pathways
involved in Hb-mediated podocyte injury, and explored
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whether podocyte damage is prevented by activation of
Nrf2 in vivo.

Materials and methods

In vitro studies

Human podocytes (kindly provided by MA Saleem,
Bristol, UK) are immortalized cells, transfected with a
temperature-sensitive SV40 gene construct and a gene
encoding the catalytic domain of human telomerase,
as described previously [24]. These cells were cultured
in RPMI-1640 medium with penicillin, streptomycin,
insulin, transferrin, selenite and 10% fetal bovine serum
at a permissive temperature of 33 °C, remaining in an
undifferentiated proliferative state. Once cells reached
70-80% confluence, they were cultured at 37°C for
14 days to induce differentiation [24]. Expression of the
podocyte markers nephrin and synaptopodin was used to
ensure its identity.

For uptake studies, human Hb (HbAo; Sigma-Aldrich,
St Louis, MO, USA) or mouse Hb (CSB-NP004901m;
Cusabio, College Park, MA, USA) were labelled with
an Alexa-488 labelling kit (Life Technologies, Carls-
bad, CA, USA). Podocytes were incubated for 2 h with
labelled Hb, and Hb uptake was quantified with a Fac-
sCanto II flow cytometer (BD Biosciences, San Jose,
CA, USA).

Hypodiploid and apoptotic cells were counted by
flow cytometry with propidium iodide staining and a
Annexin V/7AAD Apoptosis Detection Kit (BD Bio-
sciences), respectively. Mitochondrial membrane poten-
tial was quantified by flow cytometry with a tetram-
ethyl rhodamine methylester (TMRM) fluorescent probe
(Invitrogen, Carsbad, CA, USA).

The molecular probe 2’,7’-dichlorodihydrofluorescein
diacetate (H,DCFDA) (C6827; Invitrogen) was used for
measurement of intracellular reactive oxygen species
(ROS). NADPH oxidase-dependent ROS production
was assessed with a lucigenin-enhanced chemilumines-
cence assay [25]. Dihydroethidium (DHE) (Invitrogen)
was used to evaluate in situ production of superoxide
anion [25]. Monochlorobimane was used to quantify
reduced glutathione (GSH) [26]. HO-1 activity in
microsomal fractions from podocytes was quantified
spectrophometrically by measurement of bilirubin
production [27].

Animal experiments

Animal studies were performed in accordance with
Directive 2010/63/EU of the European Parliament, and
were approved by the Institutional Animal Care and Use
Committee (IIS-Fundacion Jimenez Diaz).

Haemolysis was induced in 12-week-old C57BL/6
mice or Nrf2-deficient mice (obtained from S. Cadenas,
Spain) by intraperitoneal administration of phenylhy-
drazine (Phe) (200 mg/kg body weight; Sigma-Aldrich).
Sulphoraphane (Sfn) (12.5 mg/kg body weight; Cayman
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Table 1. Clinical characteristics and haematological parameters of
patients with AKl-associated haemolytic anaemia
Haemolytic
anaemia secondary
to transfusion

aHUS (microangiopathic
haemolytic anaemia)

Case 1 Case 2 Case 3
Age (years) 23 56 47
Gender Female Female Male
Creatinine (mg/dl) 6.8 2 8
Hb (g/dI) 7.2 10.9 6.8
Platelets/ul 62 000 45 000 -
Hp (mg/dI) 2 <1 -
LDH (1U/1) 6760 1979 1800

LDH, lactate dehydrogenase.

Chemical, Ann Arbor, MI, USA) was administered
intraperitoneally 48, 24 and 2h before Phe injection.
Mice were killed 24 h after Phe injection, and blood and
urine samples were collected for biochemical analysis
(ADVIA 2400 Clinical Chemistry System; Siemens
Healthcare, Erlangen, Germany) and haematological
analysis (Scil Vet ABC haematology analyser; Scil,
Madrid, Spain). Dissected kidneys were fixed in 4%
paraformaldehyde and embedded in paraffin (immuno-
histochemistry/immunofluorescence), fixed with 1%
glutaraldehyde and 4% formaldehyde, and further
embedded in Durcupan resin for transmission electron
microscopy, or snap-frozen for RNA and protein expres-
sion determination, as described previously [25,28,29].
To determine Hb uptake by murine podocytes, dissected
kidneys were digested with 0.5 mg/ml collagenase
(Sigma-Aldrich) and 50 U/ml DNase I (Roche, Basilea,
Switzerland) in Hank’s balanced salt solution at 37 °C
for 20 min. Erythrocytes were lysed with a lysing buffer
(A10492-01; Gibco, Grand Island, NY, USA). Renal
cell suspensions were incubated with labelled Hb for
2h at 37 °C, and further analysed by flow cytometry.

Human renal biopsies

We identified renal biopsies from one patient with
haemolytic anaemia secondary to a severe transfusion
reaction caused by the presence of anti-Kell antibod-
ies in the transfused blood and from two patients with
aHUS-AKI and microangiopathic haemolytic anaemia
(Table 1). Patients gave informed consent, and the study
was approved by the local Ethics Committee. Control
samples were obtained from non-tumour renal tissue
after surgery in patients with kidney cancer.

Real-time quantitative polymerase chain reaction
(RT-gPCR)

Total RNA from kidneys or cultured cells was isolated
with TriPure reagent (Roche), and reverse-transcribed
with a High Capacity cDNA Archive Kit (Applied
Biosystems, Foster City, CA, USA). Quantitative gene
expression analysis was performed on an AB7500 fast
real-time polymerase chain reaction system (Applied
Biosystems) with Tagman gene expression assays (sup-
plementary material, Table S1).
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Protein studies

Proteins from renal tissues or cultured cells were iso-
lated in lysis buffer and analysed by western blotting,
as previously described [28]. Primary antibodies (sup-
plementary material, Table S2) were detected with an
appropriate horseradish peroxidase (HRP)-conjugated
secondary antibody, developed by use of Luminata
Crescendo Western HRP substrate (Millipore, Burling-
ton, MA, USA), and scanned with an ImageQuant
LAS-4000 (GE Healthcare, Little Chalfont, UK). Uri-
nary levels of nephrin and albumin were determined by
enzyme-linked immunosorbent assay (ELISA) [Exocell
(Philadelphia, PA, USA) and Abcam (Cambridge, UK),
respectively], and then normalized to urinary creatinine
concentration (Creatinine Assay Kit; Abcam).

Immunofluorescence

Immunofluorescence studies were performed on
paraffin-embedded kidney sections (3 pm), urine sedi-
ments, or cultured podocytes, as described previously
[30]. Specific primary antibodies are listed in supple-
mentary material, Table S2. Quantification of protein
expression was performed on 30 glomeruli/mouse
with Image-Pro Plus software (Media Cybernetics,
Rockville, MD, USA), with similar acquisition settings
in all tissues. Samples from each mouse were examined
in a blinded manner.

Statistical analysis

In vitro data were expressed as mean =+ standard
deviation (SD), and in vivo data were expressed as
mean + standard error of the mean (SEM). Differences
between groups were analysed with the Kruskall—Wallis
test and the Mann—Whitney U-test. Pearson correla-
tion analyses were performed for normally distributed
parameters. P values of <0.05 were considered to be sig-
nificant. Statistical analysis was performed with SPSS
11.0 statistical software (IBM, New York, NY, USA).

Results

Podocytes bind and endocytose Hb through
the megalin-cubilin receptor system, promoting
oxidative stress and podocyte dysfunction

To study whether Hb is incorporated into podocytes,
we performed both flow cytometry and confocal
microscopy studies with fluorescently labelled Hb.
Concentration-dependent Hb uptake was observed
in cultured human podocytes (Figure 1A, B; sup-
plementary material, Figure S1A, B). Preincubation
with unlabelled Hb decreased further uptake of flu-
orescent Hb, indicative of binding-dependent uptake
(supplementary material, Figure S1C). Furthermore,
Hb uptake at 4 °C was lower than at 37 °C, suggesting
energy-dependent, active Hb uptake (supplementary
material, Figure S1D). Similar results were obtained
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Figure 1. Hb uptake by podocytes is mediated by the megalin-cubilin system, and promotes oxidative stress and podocyte dysfunction.
Human podocytes were cultured in serum-free medium, and incubated with different concentrations of Alexa Fluor 488-labelled
haemoglobin (Hb) (10-250 pg/ml) for 2 h. After washing, Alexa Fluor 488-Hb uptake was determined by flow cytometry. (A and B)
Representative histogram (A) and mean fluorescence intensity (MFI) quantification (B) showing fluorescence-labelled Hb uptake by
podocytes. *p < 0.05 as compared with non-treated cells. (C) Inhibition of Alexa Fluor 488-Hb uptake (50 pg/ml) by pretreatment for 1h
with several megalin-cubilin antagonists, such as RAP (1-20 um), HDL (0.2 -1 mg/ml), or HSA (0.01-1 mwm). ROS production was estimated
by flow cytometry with the fluorescent dye H,DCFDA (5pm). (D and E) Representative H,DCFDA fluorescence histograms (D) and ROS
production quantification (E) in human podocytes incubated with different concentrations of Hb (10-100 pg/ml) for 3 h. Pretreatment for
1 h with NAC (1 mm) reduced oxidative stress. H,0, (0.3 mm) was used as a positive control. (F) Representative confocal images showing ROS
production (green) in podocytes stimulated with Hb for 3 h. Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI) (blue). Scale
bars: 50 um. (G) Differentiated podocytes were treated with Hb and DHE for 3 h. After that, production of superoxide anion (DHE-derived
fluorescence intensity) was determined by confocal microscopy (upper panel), and further quantified with Image-Pro plus software (lower
panel). Scale bars: 100 um. (H and 1) NADPH oxidase activity was determined with a lucigenin-enhanced chemiluminescence assay in
cells stimulated for 0-6h with different Hb concentrations (10-50 pg/ml) in presence or absence of the antioxidant apocynin (Apoc)
(100 pm). (J) Intracellular GSH content in podocytes treated with Hb (100 pg/ml) for 3 h. (K and L) Podocytes were stimulated with different
Hb concentrations (0-100 pg/ml) for up to 24 h before analysis of NPHST and SYNPO mRNA expression by RT-gPCR. (M) Representative
immunofluorescence images showing synaptopodin (green) in podocytes stimulated with Ho for 24 h. Phalloidin (red) and DAPI (blue) were
used to stain the actin cytoskeleton and nuclei, respectively. Arrows indicate round-shaped podocytes after Hb exposure. Note that actin
filaments showed a pericellular distribution in podocytes stimulated with Hb. Scale bars: 100 pm. Results are expressed as mean + SD of
four independent experiments. *p < 0.05 versus non-treated cells; #p < 0.05 versus Hb-stimulated cells.
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in podocytes isolated from murine glomeruli (supple-
mentary material, Figure S2). As the megalin—cubilin
receptor complex mediates Hb uptake in renal prox-
imal tubules [4] and is expressed by podocytes
[22,23], we assessed whether it contributed to Hb
uptake in podocytes. Hb uptake was inhibited by
receptor-associated protein (RAP), a specific inhibitor
of the megalin—cubilin system, and by other ligands of
these receptors, such as human serum albumin (HSA)
and high-density lipoprotein (HDL) (Figure 1C), sug-
gesting that this receptor system is involved in Hb
uptake by podocytes.

We further determined the production of ROS
in Hb-stimulated podocytes. Hb increased the pro-
duction of both hydrogen peroxide and superoxide
anion, an effect that was inhibited by the antioxidant
N-acetylcysteine (NAC) (Figure 1D-G). NADPH oxi-
dase is an enzymatic source of ROS that is highly
expressed in podocytes [31]. Hb increased NADPH
oxidase-mediated ROS production, an effect that
was partially inhibited by the antioxidant apocynin
(Figure 1H, I). Oxidative stress results from an imbal-
ance between increased ROS production and reduced
antioxidant defences. Therefore, we determined the
effect of Hb on GSH, the most abundant endogenous
antioxidant [32]. Hb reduced GSH levels in podocytes
(Figure 1J), indicating that Hb-mediated oxidative
stress results from both increased ROS production and
reduced intracellular antioxidant defences.

The slit diaphragm proteins nephrin and synaptopodin
play a key role in maintaining normal podocyte ultra-
structure and function, and are biomarkers of podocyte
injury [33]. In cultured podocytes, Hb decreased nephrin
(NPHSI) and synaptopodin (SYNPO) mRNA expres-
sion in a time-dependent and dose-dependent manner
(Figure 1K, L). Confocal microscopy confirmed the
decreased expression of synaptopodin in Hb-stimulated
podocytes (Figure IM). These cells showed a more
rounded shape and disorganization of actin filaments,
with a perinuclear distribution, as compared with
non-treated cells, suggesting an altered cytoskeletal
architecture in response to Hb.

Hb promotes apoptosis in cultured podocytes

ROS may induce podocyte apoptosis [34], so we
explored Hb-mediated apoptosis in podocytes. Hb aug-
mented the number of hypodiploid apoptotic podocytes
in a concentration-dependent manner (Figure 2A).
Staining with 7-aminoactinomycin D (7-AAD)/annexin
V confirmed the increase in the percentage of apoptotic
cells (Figure 2B). Moreover, Hb reduced the number
of attached podocytes, and promoted nuclear conden-
sation and cell shrinkage, which are features associated
with apoptosis (Figure 2C). We further explored the
molecular pathways of apoptosis induced by Hb.
Hb increased proapoptotic Bax levels and decreased
anti-apoptotic BclxL levels, resulting in an increased
Bax/BclxL ratio (Figure 2D). Hb also promoted loss
of mitochondrial membrane potential and subsequent
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cytochrome ¢ redistribution from mitochondria to
the cytoplasm (Figure 2E, F). Cytochrome c release
activates the apoptosome and caspases [35]. Pretreat-
ment with zVAD, a pan-caspase inhibitor, prevented
Hb-induced apoptosis, indicating the involvement
of caspases in Hb-mediated cell death (Figure 2C).
Moreover, exposure to Hb activated caspase-3, the
central executioner caspase, and resulted in cleavage of
poly-ADP-ribose-polymerase-1 (PARP-1), a caspase-3
substrate that is necessary for cellular survival [36]
(Figure 2G). Altogether, these results show activation
of the intrinsic apoptosis pathway in Hb-stimulated
podocytes.

Hb induces Nrf2-HO-1 signalling in podocytes

Hb activated Nrf2 in podocytes, as shown by nuclear
translocation of this transcription factor (Figure 3A,
B). Nuclear Nrf2 regulates the transcription of phase II
antioxidant enzymes, including HO-1, which degrades
intracellular haem [5]. Hb induced a time-dependent and
concentration-dependent increase in HO-1 (HMOXI)
mRNA and protein expression, as well as an increase in
HO-1 activity (Figure 3C, D; supplementary material,
Figure S3A-D). Similar results were obtained for
other Nrf2-responsive genes (supplementary material,
Figure S3D). Nrf2 (NFE2L2) targeting with specific
small interfering RNAs (siRNAs) partially reduced
Hb-mediated HMOX1 induction, suggesting the exis-
tence of alternative pathways that regulate HO-1
expression (Figure 3E). Also, restoring GSH levels with
the antioxidant NAC also reduced Hb-induced HO-1
protein and mRNA expression (Figure 3E, F). HO-1
may be induced by a number of oxidant stimuli [37].
To verify whether Hb-mediated HO-1 induction was
directly associated with haem catabolism, we deter-
mined ferritin expression. Ferritin is directly associated
with HO-1 activity, because it is the enzyme that stores
free iron released from haem by HO-1 [38]. Ferritin
expression was increased in Hb-stimulated podocytes
(Figure 3C, G; supplementary material, Figure S3A,
B), an effect that was abrogated by the HO-1 inhibitor
tin protoporphyrin IX (SnPP) (Figure 3G). These
results show that Hb activates Nrf2 and induces the
expression of metabolically active HO-1, which pro-
motes ferritin expression to decrease the levels of
intracellular Hb derivatives resulting from Hb uptake
in podocytes.

Next, we studied whether effective Nrf2 or HO-1 tar-
geting may prevent Hb toxicity (Figure 3H). Nrf2 and
HO-1 disruption by specific siRNAs or pre-stimulation
with the HO-1 inhibitor SnPP enhanced Hb-mediated
ROS production, increased depolarization of the mito-
chondrial membrane, and increased the apoptosis rate
(Figure 31-L; supplementary material, Figure S4). In
contrast, these effects were partially reversed by Sfn, an
activator of Nrf2 signalling, or cobalt protoporphyrin IX
(CoPP), a potent HO-1 inducer (Figure 31-L; supple-
mentary material, Figure S4).
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Figure 3. Hb activates the Nrf2-HO-1 pathway to promote intracellular haem catabolism and to reduce oxidative stress and apoptosis in
cultured human podocytes. (A) Immunofluorescence images showing nuclear translocation of Nrf2 (green) in podocytes stimulated with
Hb for 1h. Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI) (blue). Scale bars: 50 um. (B) Nuclear translocation of Nrf2
was confirmed by western blotting of nuclear extracts (Nuc, nucleolin) obtained from podocytes stimulated with Hb at different time
points. (C) Hb increased HO-1 and ferritin expression in a concentration-dependent manner as determined by western blotting (24 h). (D)
Representative confocal images showing increased HO-1 expression (green) in podocytes stimulated with Ho for 24 h. Nuclei were stained
with DAPI (blue). Scale bars: 50 um. (E) HMOX1 (HO-1) mRNA expression in podocytes that were pretreated for 1 h with NAC (1 mm) or were
transfected with specific NFE2L2 (Nrf2) siRNAs or scrambled (Scr) siRNA before Hb stimulation (100 pg/ml) for 6 h. (F) HO-1 expression in
podocytes stimulated with Ho (100 pg/ml) for 24 h in the presence or absence of 1 mm NAC. (G) Ferritin expression in podocytes that were
incubated with Hb (100 pg/ml) for 24 h in the presence or absence of a specific HO-1 inhibitor, SnPP (1 um). Inhibition of ferritin synthesis by
the HO-1 inhibitor SnPP demonstrates involvement of this enzyme in Hb catabolism in podocytes. In another set of experiments, podocytes
were pretreated for 16 h with Sfn, an Nrf2 inducer (2 pm), and CoPP, an HO-1 activator (3 pum), or were transfected with specific HMOXT or
NFE2L2 siRNAs (25 nm). Podocytes were then incubated with Hb in the presence or absence of SnPP (1 pm) to determine ROS production and
apoptosis by flow cytometry. (H) Representative western blot showing reduced HO-1 and Nrf2 expression in podocytes treated with HMOX],
NFE2L2 or Scr siRNA. (I and J) Representative histograms (I) and quantification of ROS production (H,DCFDA fluorescence intensity) (J) in
podocytes stimulated with Hb for 3 h. (K and L) Representative histograms (K) and quantification of the percentage of annexin V-positive
cells (early apoptotic plus late apoptotic/necrotic cells) (L) in podocytes stimulated with Hb for 48 h. Results are expressed as mean + SD
of four independent experiments. *p < 0.05 versus non-treated cells; #p < 0.05 versus Hb-stimulated cells.
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Intravascular haemolysis promotes podocyte injury
in an Nrf2-dependent way

To determine whether severe haemolysis promotes
podocyte injury in vivo, we injected Phe into Nrf2*/+
and Nrf2~/~ mice. Severe haemolytic anaemia was
observed after Phe administration, as shown by a
reduced haematocrit and a reduced erythrocyte count,
and by increased plasma and urine Hb concentrations,
in both Nrf2** and Nrf2~/~ mice (Table 2). However,
no significant differences were observed according
to Nrf2 genotype. Phe increased the urinary albu-
min/creatinine ratio, which is a marker of glomerular
damage, although this effect was significantly more
pronounced in Nrf2~~ mice (Table 2). Moreover, we
found a positive correlation between urinary Hb lev-
els and the urinary albumin/creatinine ratio (r=0.74,
p <0.05).

Hb-loaded podocytes were observed during haemol-
ysis in both Nrf2** and Nrf2~ mice (Figure 4A);
however, phosphorylated Nrf2 (pNrf2), HO-1 and
ferritin staining was mainly observed in podocytes of
wild-type mice (Figure 4A, B; supplementary material,
Figure S5). Haemolysis induced podocyte apoptosis, as
assessed by M30 staining, which is a specific marker of
caspase activity [39] (Figure 4C, D). In line with this, a
reduced podocyte number was observed in Phe-treated
mice (Figure 4E, F). Transmission electron microscopy
confirmed the presence of podocyte injury in these mice,
as shown by podocyte foot process fusion or effacement
(Figure 4G). Haemolysis decreased mRNA and pro-
tein levels of nephrin and synaptopodin, but increased
urinary nephrin levels (Figure 4H-1J). All of these patho-
logical responses were increased in Phe-injected Nrf2~/~
mice. The urinary Hb concentration was positively cor-
related with urinary nephrin levels (r=0.080, p <0.01)
and M30 staining (r=0.079, p<0.01), and nega-
tively correlated with glomerular nephrin expression
(r=-0.53, p<0.05) and podocyte number (r=—0.43,
p <0.05).

Nrf2 activation diminished podocyte injury during
haemolysis

We further investigated whether administration of
the Nrf2 inducer Sfn protected podocytes from
haemolysis-induced damage. Although haemolysis
did not change substantially in Sfn-treated mice, this
compound reduced the urinary albumin/creatinine
ratio in mice with haemolysis (Table 3). Sfn treatment
promoted glomerular Nrf2 activation and induced
glomerular HO-1 and ferritin expression, whereas it
reduced M30 glomerular staining, fusion of podocyte
foot processes and podocyte loss in Phe-treated mice
(Figure SA—G). Nrf2 induction also increased nephrin
and synaptopodin glomerular expression, but reduced
the urinary nephrin concentration (Figure SH-J).
These results support the notion that Nrf2 activa-
tion is effective in preventing haemolysis-mediated
podocyte injury.
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Published by John Wiley & Sons, Ltd. www.pathsoc.org

303

Podocytes from patients with intravascular
haemolysis are damaged and show Hb
accumulation

To determine whether Hb is incorporated by podocytes
in human disease, we studied kidney biopsies from
patients with intravascular haemolysis-associated AKI,
caused by aHUS or severe transfusion reactions. Trans-
mission electron microscopy showed podocyte damage,
as indicated by the presence of large intracellular
vacuoles that showed electron-dense iron deposits
(Figure 6A), and loss and fusion of podocyte foot pro-
cesses with iron deposits in the glomerular basement
membrane (Figure 6B). In these patients, podocytes
showed Hb staining (Figure 6C) and HO-1 and ferritin
expression (supplementary material, Figure S6), indi-
cating Hb uptake and intracellular haem degradation.
Moreover, podocytes showed pNrf2 staining in the
nucleus, suggesting activation of this transcription
factor (Figure 6C). These markers were not observed in
podocytes from healthy renal tissue.

Hb-rich podocytes are present in the urine of aHUS
and PNH patients

Injured podocytes may detach from the glomerular tuft,
so we investigated whether Hb uptake might induce
podocyte loss. To this end, we performed immunoflu-
orescence studies in urine sediments of subjects with
active and severe haemolysis, such as aHUS and
PNH. Urinary podocytes from aHUS patients showed
intracellular and membrane Hb aggregates that were
not present in podocytes from healthy individuals
(Figure 6D). Hb-loaded podocytes were also seen in
PNH patients (supplementary material, Figure S7).

Discussion

We have demonstrated, for the first time, that podocytes
bind and endocytose Hb in vitro and in vivo, resulting in
increased oxidative stress and apoptosis, and decreased
expression of important functional and structural pro-
teins of these cells (supplementary material, Figure
S8). Moreover, Nrf2 activation prevents Hb toxicity in
podocytes, and may therefore be a therapeutic target to
decrease Hb-induced renal damage. Overall, our find-
ings establish a new link between massive and persistent
intravascular haemolysis, free Hb and podocyte injury
that may explain the progressive impairment of renal
function associated with this pathological setting. This
novel concept opens the way for novel nephroprotective
strategies for intravascular haemolysis-related diseases.

Independently of the cause, excessive intravascular
haemolysis promotes Hb accumulation in the kidney
[3] and renal damage [1,40,41]. Up to now, tubular
cells have been considered to be the only sites for Hb
toxicity. However, our results indicate that podocytes
may also incorporate Hb. In agreement with our data,
iron accumulated in podocytes from SCD patients

J Pathol 2018; 244: 296310
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Figure 4. Intravascular haemolysis induces podocyte injury in an Nrf2-dependent way. Nrf2*+/+ or Nrf2=/~ mice were injected with saline
(~) or phenylhydrazine (Phe) to induce intravascular haemolysis (n=5/group). (A) Representative confocal microscopy images showing
co-localization (white arrows) of Hb (green), HO-1 (green) and ferritin (green) with the podocyte marker nephrin (red) in mice. Nuclei
were stained with 4’,6-diamidino-2-phenylindole (DAPI) (blue). Scale bar: 25 um. (B) Semi-quantification of HO-1 and ferritin positive
staining per glomerular cross-section. (C-F) Immunofluorescence images (C and E) and semi-quantification (D and F) of M30 positive
staining (green) and podocyte number [Wilms tumour-1 (WT1)-positive cells, green] per glomerular cross-section, respectively. Results are
expressed as fold time increase as compared with control mice. The podocyte marker nephrin (red) was used to delimit the glomerular
area. Nuclei were stained with DAPI (blue). Scale bar: 25 pm. (G) Representative transmission electron microscopy (TEM) images showing
fusion of podocyte foot processes in Phe-treated mice. A representative kidney from each group is shown in the lower panel. (H and 1)
Synpo and Nphs1 mRNA and nephrin protein expression measured by RT-qPCR and immunohistochemistry, respectively. (J) Urinary nephrin
concentration determined by ELISA. Results were normalized to urinary creatinine levels, and are expressed as mean + SEM. *p < 0.05 versus
saline-treated mice; #p < 0.05 versus Phe-treated Nrf2*+/+ mice.
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O
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Figure 6. Uptake of Hb and activation of the haem degradation pathway in podocytes from patients with aHUS. (A) Electron micrographs
showing podocytes (p) and adjacent basal membrane (bm) in the renal biopsy of a patient with haemolytic anaemia and AKI secondary
to a severe transfusion reaction. The images show the presence of large podocyte vacuoles (v) with deposits of electron-dense iron
(white arrows). The rectangle shows the region of interest for which a high-magnification image is shown in the upper right panel. (B)
Representative haematoxylin and eosin staining in the renal biopsy from patients with aHUS-associated AKI showing ischaemic and
sclerosed glomeruli (yellow arrow), with intracapillary erythrocyte fragmentation (red arrow), as well as generalized tubular atrophy,
thickening of tubular basal membranes, and interstitial fibrosis (upper panel, left). The right panel shows vessels with concentric myointimal
proliferation, luminal occlusion, and erythrocytes trapped within the vascular wall (red arrow). Electron micrographs of the renal biopsy
of a patient with haemolytic anaemia and AKI secondary to aHUS show the presence of endothelial oedema (green arrow), loss and
fusion of podocyte foot processes (blue arrows) and deposits of electron-dense iron (white arrows) in the glomerular basement membrane
(lower panel). (C) Representative confocal microscopy images showing co-localization (white arrows) of Hb (red) and pNrf2 (red) with
the podocyte marker synaptopodin (Syn, green) in patients with aHUS and healthy controls. Scale bars: 50 um. Nuclei were stained with
4’ 6-diamidino-2-phenylindole (DAPI) (blue). The rectangle shows the region of interest for which high-magnification images are shown
in the lower panels. Scale bars: 10um. (D) Urine sediments from both healthy individuals and aHUS patients were centrifuged onto
polylysine-coated slides with a cytospin, and immunofluorescence studies were then performed. Hb (red) was located inside podocytes
(Syn-positive cells, green) from urine sediments of aHUS patients, as determined by confocal microscopy. DAPI (blue) was used to stain
nuclei. Scale bars: 10 um.
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Table 2. Biochemical and haematological characteristics of Nrf2*/* and Nrf2=/~ mice treated with Phe or saline

Nrf2+/+ Nrf2~/~
Saline Phe Saline Phe P
Serum creatinine (mg/dl) 0.20 + 0.03 0.30 + 0.04* 0.23 + 0.02 0.45 + 0.05% %% <0.05
BUN (mg/dl) 31.42 + 1.54 48.08 + 2.76* 23.33 + 1.47 56.42 + 9.01%% <0.001
Haematocrit (%) 49.99 + 2.76 33.96 + 3.51* 46.60 + 1.68 31.25 + 2.77% <0.05
Erythrocytes (108 cells/pl) 9.78 + 0.37 7.21 + 0.31* 10.12 + 0.26 7.01 + 0.50% <0.001
Serum Hb (g/dl) 15.74 + 0.28 27.38 + 4.32* 15.44 + 0.69 25.86 + 1.15% <0.05
Urinary albumin/creatinine ratio (ug/pmol) 8.53 + 1.44 41.72 + 11.20% 5.98 + 1.24 109.21 + 33.43%%# <0.001
Urinary Hb (pg/ml) 0.35 + 0.13 3.40 + 0.74* 0.29 + 0.07 3.79 + 1.40%* <0.001

BUN, blood urea nitrogen.

Results are expressed as mean + SEM.

*p < 0.05 versus saline-treated Nrf2** mice.
p<0.05 versus Phe-treated Nrf2*+/+ mice.
P <0.05 versus saline-treated Nrf2=/~ mice.

Table 3. Biochemical and haematological parameters in Sfn-treated and saline-treated Nrf2*/+ mice with intravascular haemolysis

Control Phe
Saline Sfn Saline Sfn P
Serum creatinine (mg/dl) 0.13 £ 0.01 0.15 + 0.02 0.26 + 0.02* 0.21 + 0.01* <0.05
BUN (mg/dl) 33.66 + 1.76 30.80 + 0.9 46.16 + 6.88 39.25 + 1.79%T < 0.001
Haematocrit (%) 45.29 + 4.17 51.75 + 3.51 27.19 + 1.50* 27.69 + 0.04* <0.05
Erythrocytes (108 cells/pl) 9.18 +0.88 10.56 + 0.33 6.04 + 0.22* 6.33 + 0.09* <0.001
Serum Hb (g/dl) 16.00 + 1.26 17.95 + 0.47 23.02 + 1.03* 23.34 £ 1.77* <0.05
Urinary albumin/creatinine ratio (ng/pmol) 8.45 + 1.28 8.27 + 1.70 34.81 +£13.17* 14.02 + 2.03F <0.001
Urinary Hb (pg/ml) 0.31 + 0.21 0.96 + 0.11 3.71 + 1.42* 3.23 + 0.54* <0.001

BUN, blood urea nitrogen.

Results are expressed as mean + SEM.

*p < 0.05 versus control mice treated with saline or Sfn.
p < 0.05 versus saline-treated Phe mice.

[21]. Careful examination of well-characterized human
PNH and warm antibody haemolytic anaemia biopsies,
published with a focus on tubular injury, also revealed
ferritin in glomerular cells, probably podocytes [19,42].
We have demonstrated that Hb uptake by podocytes is
an energy-dependent, active process mediated by the
megalin—cubilin receptor system, which is expressed
in podocytes [22,23], and constitutes the principal
mechanism for Hb uptake in tubular epithelial cells
[4]. Therefore, podocytes could be cellular targets for
Hb toxicity in intravascular haemolysis. In this regard,
disturbed podocyte morphology and podocyte necrosis
were reported in experimental pre-eclampsia, character-
ized by intravascular haemolysis, proteinuria, and renal
damage [43]. Moreover, podocyte foot process efface-
ment and nephrotic-range proteinuria were described in
diverse forms of aHUS [44-46]. In fact, nephrotic-range
proteinuria can be seen in aHUS [13]. Although addi-
tional factors for podocyte injury may be invoked in
some of the above-mentioned diseases, nephrotic-range
proteinuria may also occur in non-microangiopathic
intravascular haemolytic anaemias, such as PNH [47]
and SCD [14], highlighting a potential relationship
between massive haemolysis and glomerular dysfunc-
tion. Oxidative stress is a key trigger of podocyte injury,
contributing to podocyte loss and proteinuria [34].
Hb is a potent generator of ROS [48], and increased
ROS production has been observed in experimental
models of podocyte injury [49]. We observed that Hb
increased oxidative stress by increasing ROS produc-
tion (superoxide anion and hydrogen peroxide) and
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decreasing the level of GSH, the main water-soluble
cellular antioxidant. Hb mediated ROS overproduc-
tion by NADPH oxidase, an enzyme that is highly
expressed in podocytes [31]. Oxidative stress promotes
podocyte apoptosis [34], which is an active response
to injurious factors. In our study, Hb induced podocyte
apoptosis in vitro and in haemolytic mice. Apoptosis
is triggered by the activation of diverse signalling
pathways. In the mitochondrial pathway (intrinsic path-
way), pro-apoptotic Bax migrates to the mitochondrial
membrane. Our results show that Hb upregulated Bax,
downregulated anti-apoptotic BclxL, and promoted
depolarization of the mitochondrial membrane and
cytochrome c¢ release in podocytes. Cytochrome c
release leads to the sequential activation of effector
caspases, such as caspase-3, which is the main caspase
responsible for apoptotic cell death [35], and promotes
cleavage of PARP-1, a protein that is necessary for
cell survival [36]. In podocytes, Hb triggered caspase-3
activation and PARP-1 cleavage, and pretreatment with
zVAD, a pan-caspase inhibitor, prevented Hb-mediated
apoptosis, suggesting the involvement of caspases in
Hb-induced podocyte death. These molecular mediators
have also been shown to be involved in Hb-mediated
tubular cell apoptosis [4]. The identification of molecu-
lar pathways for Hb-induced podocyte death highlights
potential targets for molecular intervention to protect
podocytes during intravascular haemolysis.

Podocytes are highly differentiated cells, with
a specific cell structure underlying their function
[17]. Podocyte injury is typically associated with

J Pathol 2018; 244: 296310
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morphological changes, such as cell hypertrophy,
actin cytoskeleton rearrangement, and foot process
effacement, leading to podocyte detachment and loss
[50]. In this regard, Hb altered podocyte morphology
and deranged cytoskeletal actin filaments. Hb also
decreased the expression of nephrin and synaptopodin,
two multifunctional proteins that maintain the structural
integrity of slit diaphragm and glomerular filtration
function [33]. Our in vivo data confirmed the existence
of podocyte injury, podocyte loss and downregulation
of these slit diaphragm proteins during haemolysis.
Dysregulation of these molecules represents a crucial
event in the development of proteinuria in glomerular
disease [17,33]. However, whether these molecules may
serve as biomarkers of podocyte damage in haemolytic
disorders is not yet known.

Nrf2 plays a pivotal role in the cellular defence
against oxidative stress [7]. Under normal conditions,
Nrf2 is bound to its cytosolic repressor Keap1, promot-
ing its degradation via the proteasome [51]. However,
stress signals modify Keapl affinity for Nrf2, allowing
Nrf2 nuclear translocation, as we observed in podocytes
following Hb stimulation or in mice with intravascular
haemolysis. Nrf2 was activated in different glomeru-
lar disorders [52], resulting in increased expression
of antioxidant enzymes [51]. In line with this, Hb
increased the expression of Nrf2-regulated genes, such
as HMOXI1, NQO1, CAT, and TXNIP, which, together,
may protect against Hb-mediated oxidative stress [51].
Renal HO-1 expression is increased in Hb-derived
nephropathies [3,19,42,53]. Moreover, examination
of published images indicated that glomerular HO-1
may locate to podocytes in warm antibody haemolytic
anaemia [19]. We observed HO-1, ferritin and pNrf2
staining in podocytes from renal sections of aHUS
patients, supporting the translational significance of
our findings. HO-1 may be induced by a number of
oxidant stimuli, including Hb [37]. Moreover, HO-1
directly upregulates ferritin to store intracellular free
iron produced by HO-1 catabolism [38]. Therefore, the
increased ferritin expression observed in Hb-treated
podocytes suggests that HO-1 induction was directly
associated with Hb uptake. Besides Nrf2, HO-1 is
upregulated by other transcription factors, such as
activator protein-1 and heat shock factor [54]. This fact
may explain why Nrf2 targeting reduced Hb-mediated
HO-1 induction in podocytes.

Accumulating lines of evidence support the pro-
tective role of Nrf2 against oxidative stress in renal
injury [55]. Nrf2 induction reduced podocyte damage in
different animal models, including focal segmental
glomerulosclerosis, crescentic ~ glomerulonephritis,
and membranous nephropathy [55]. Nrf2 activation
decreased liver damage and lung inflammation in
experimental models of SCD [56]. However, there
are no studies supporting a protective role of Nrf2
in Hb-mediated renal injury. Our data obtained in
Nrf2-deficient mice showed that the lack of Nrf2
increased proteinuria and podocyte injury during
haemolysis, whereas Nrf2 activation had a beneficial

Copyright © 2017 Pathological Society of Great Britain and Ireland.
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effect. Similarly, Nrf2 and HO-1 targeting increased
Hb-mediated oxidative stress and apoptosis in cul-
tured podocytes. Altogether, these results suggest
that Nrf2 activation may be effective in preventing
haemolysis-mediated podocyte injury. It is important to
note that sustained systemic Nrf2 induction may be toxic
and lead to a higher risk of cancer, whereas transient and
mild Nrf2 activation is probably beneficial [57]. Recent
studies have indicated that the protective effects of Nrf2
on the kidney are observed at low activation levels,
whereas harmful effects appear at higher activation lev-
els [55]. These observations might indicate that precise
administration of Nrf2 inducers may be protective; how-
ever, the specific doses must be determined carefully.

In conclusion, our study identifies podocytes as new
cellular targets of Hb-derived toxicity in pathologies
characterized by increased intravascular haemolysis.
Podocyte injury may result from Hb endocytosis,
increased oxidative stress, and apoptosis, as well as
reduced expression of the slit diaphragm proteins.
These effects may explain the progressive impairment
of renal function observed in these pathologies. More-
over, activation of the Nrf2 pathway may be a powerful
therapeutic strategy to prevent Hb-mediated podocyte
injury. These findings provide new insights into novel
aspects of Hb toxicity in the kidney, and may have
important pathogenic and therapeutic implications for
renal damage associated with massive intravascular
haemolysis.
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