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Abstract

This study investigates hemoglobin (Hb)-induced kidney injury and the protec-
tive role of the ApoHemoglobin-Haptoglobin (ApoHb-Hp) complex against heme
and Hb damage. Hb facilitates oxygen (O,) delivery but poses challenges out-
side red blood cells (RBCs) due to toxic Hb and heme mechanisms. These are
managed by binding to serum proteins like Haptoglobin (Hp) and Hemopexin
(Hpx). During hemolysis, depletion of Hp and Hpx leaves tissues vulnerable to
Hb and heme. To address this, we developed the ApoHb-Hp complex, based on
Apohemoglobin, which is produced by removing heme from Hb, conjugated with
Hp. This complex acts as a dual scavenger for Hb and heme, preventing tissue
damage. Our findings demonstrate that ApoHb-Hp significantly protects MPC5
podocytes from Hb-induced damage. Fluorescent staining showed a higher per-
centage of nephrin-positive cells in the ApoHb-Hp group, and MTT assays re-
vealed enhanced cell viability compared to Hb alone. Additionally, ApoHb-Hp
reduced reactive oxygen species (ROS) production, with the Hb group exhibiting
significantly elevated ROS levels. The ApoHb-Hp complex mitigated the depletion
of protective mechanisms, as shown by significant increases in superoxide dis-
mutase (SOD) and glutathione (GSH). Moreover, ApoHb-Hp treatment reduced
the activation of the NLRP3 inflammasome signaling pathway and inflammatory
cytokines IL-1f and IL-18. These findings underscore the therapeutic potential
of ApoHb-Hp in mitigating Hb-induced renal damage by preserving podocyte vi-
ability and reducing oxidative stress. Overall, ApoHb-Hp maintained protective
mechanisms depleted otherwise by Hb. These findings highlight ApoHb-Hp's po-
tential as a therapeutic agent against Hb-induced renal damage, offering insights
into its mechanisms and implications for treating conditions involving hemolysis.
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1 | INTRODUCTION

Hemolysis, the rupture of red blood cell membranes lead-
ing to the release of hemoglobin (Hb), is a physiological
process managed by intrinsic proteins like haptoglobin
(Hp) and hemopexin (Hpx) in mammalian organisms
(Buehler et al., 2020; Deuel et al., 2015; Tolosano &
Altruda, 2002). These proteins are crucial in mitigating
the potential adverse effects of minor hemolysis, primar-
ily by scavenging circulating Hb and heme released from
Hb within the bloodstream (Sears, 1970). However, their
limited concentrations in plasma render them insufficient
in moderated and severe hemolysis, leading to Hb and
heme toxicity and extravasation, generation of reactive ox-
ygen species (ROS), and consequential cellular and tissue
damage (Buehler & D'Agnillo, 2010; Deuel et al., 2016;
Feola et al., 1988; Muller-Eberhard et al., 1968; Vallelian
et al., 2022). Severe hemolysis can occur in various clini-
cal scenarios, including hemolytic diseases, dialysis, ex-
tracorporeal circulation machines, and chemotherapy
(Leger et al., 2015; Materne et al., 2021; Sam et al., 2023).
Addressing the substantial cases of hemolysis is critical to
prevent co-morbidities associated with these medical con-
ditions and procedures.

The toxicity of cell-free Hb is multifaceted. First, Hb
readily decomposes resulting in the dissociation of the
tetramer into ap-chain heterodimers (32kD) or even into
smaller monomers (16kDa) (Huang et al., 2013). These
sub-parts are sufficiently small to extravasate and infil-
trate tissues triggering an immune response. Second, Hb
engages with ligands beyond oxygen, particularly nitric
oxide (NO) and peroxides, leading to NO depletion, vas-
cular dysfunction, and potential oxidative tissue damage.
Third, Ferric Hb (Fe3+), produced through Hb autoxida-
tion or reactions with endogenous oxidants, can release
heme. Free heme is a potent trigger of lipid peroxidation
and inflammation and acts as an endogenous proteasome
inhibitor, compromising cellular integrity and triggering
ROS formation. The administration of Hp normalizes
vascular NO signaling following hemolysis, limiting ex-
travasation and vasoconstriction by binding with Hb and
significantly increasing the size of the resulting Hb-Hp
complex (Schaer et al.,, 2016). Supplementation of Hp
also helps in reducing Hb toxicity by scavenging heme
and reducing inflammation and tissue injury (Buehler
et al., 2020; Gentinetta et al., 2022).

In the context of renal health, the kidneys are highly
vulnerable to hemolysis and cell-free Hb in circulation in
general. Once natural scavenging systems are saturated,
the kidneys serve as the primary route for Hb clearance,
leading to excessive filtration of cell-free Hb and heme.
Dimeric Hb, when plasma Hp is saturated, can be filtered
by the glomerulus and taken up by proximal tubule cells,

New and Noteworthy

This research elucidates the diverse mechanisms
through which Hb toxicity leads to renal injury.
Furthermore, it highlights the protective capacity
of ApoHb-Hp against Hb-induced renal damage.
By delving into the disturbance of filtration bar-
rier cells, particularly podocytes, we gain insight
into the potential systemic repercussions on renal
function. This underscores the intricate interplay
between Hb toxicity and renal pathology, em-
phasizing the significance of interventions like
ApoHb-Hp in preserving renal integrity and func-
tion amidst Hb-related challenges.

releasing heme that may contribute to cellular damage
and oxidative stress (Dutra et al., 2014). Kidney injury is
a common and serious complication of hemolysis, signifi-
cantly contributing to morbidity and mortality. The dam-
age to the kidneys from Hb is thought to occur through
various mechanisms, such as oxidative stress and cyto-
toxic pathways, the formation of intratubular casts, and
direct or indirect inflammatory responses, particularly
through the activation of neutrophils and monocytes. A
deeper understanding of the complex pathophysiology be-
hind kidney injury caused by hemolysis could lead to the
development and application of new treatments aimed at
mitigating the harmful and often lethal impacts of hemo-
lysis on kidney function.

In response to this ongoing challenge, our research
group has developed a novel dual scavenger protein
named ApoHemoglobin-Haptoglobin (ApoHb-Hp) com-
plex. This engineered protein complex binds to free heme
and Hb, thereby preventing tissue cytotoxicity (Munoz
et al., 2020). To achieve this scavenging of heme and Hb,
a hypothesized mechanism of action has been previously
described (Munoz et al., 2020). ApoHb, due to its heme
vacancy, scavenges free heme, while Hp binds Hb dimers,
forming a stable complex that prevents extravasation and
heme release (Andersen et al., 2012; Buehler et al., 2009).
ApoHb-Hp's interaction with acellular Hb confines the
molecules into a stable complex preventing extravasation
and heme release (Schaer et al., 2016). Previous studies
have demonstrated the efficacy of ApoHb-Hp in reducing
microvascular constriction and lowering levels of inflam-
matory cytokines in critical organs, highlighting its po-
tential as a therapeutic candidate (Cabrales et al., 2011;
Munoz et al., 2020).

To further explore the protective potential of ApoHb-Hp,
we focused on understanding the impact of Hb on kidney
cells and exploring how this therapeutic could prevent
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renal toxic events (Baek et al., 2018; Deuel et al., 2016;
Nath et al., 2022). Podocytes, specialized cells enveloping
the capillaries of glomeruli and crucial in establishing the
kidney's filtration barrier, were chosen as the primary cells
of interest (Kawachi et al., 2006; Reiser & Altintas, 2016).
Podocytes achieve their filtration barrier function through
the intricate structure of their feet processes, allowing the
selective passage of small molecules out of the bloodstream
(Kocylowski et al., 2022). Consequently, when free heme
and Hb circulate in the bloodstream, podocytes become the
first cells in contact during their passage through the cir-
culation and kidneys, rendering them more vulnerable to
toxicities. In addition, the dimerization of Hb can disrupt
this filtration barrier, leading to detrimental effects on the
glomerulus and its podocytes.

In the present study, we aim to comprehend the ef-
fect of Hb on isolated podocytes and investigate how
ApoHb-Hp may exert a protective mechanism against
Hb-induced damage. Our study focuses explicitly on as-
sessing cell viability and the upregulation of inflammatory
pathways when podocytes are cultured with free acellu-
lar Hb. Furthermore, we aim to explore the potential of
ApoHb-Hp as a therapeutic agent capable of scavenging
Hb and preventing the upregulation of inflammatory sig-
nals, thereby enhancing cell viability.

2 | METHODS

2.1 | Samples preparation

The ApoHb-Hp complex is a combination of ApoHb and
Hp in a batch. This mixture is generated by determining a
volume ratio, represented as mL of Hp per mL of ApoHb.
This ratio indicates the quantity of ApoHb required to be
mixed with each unit volume of Hp. The complete de-
scription and protocol of the solution used in this article
is detailed elsewhere (Munoz et al., 2020). The acellular
free Hb used in these studies was prepared using tangen-
tial flow filtration, following the established procedure
(Palmer et al., 2009). Expired units of human red blood
cells were purchased from the Transfusion Services at The
Ohio State University's Wexner Medical Center. The con-
centration of Hb was assessed through spectrophotomet-
ric analysis.

2.2 | Cell culture method

Conditionally immortalized mouse podocytes (MPC5)
were procured from ATCC (Manassas, Virginia, USA). As
previously outlined (Li et al., 2013), the cells were culti-
vated in RPMI 1640 medium supplemented with 10% fetal

sssss

bovine serum and 1% penicillin-streptomycin (Sigma-
Aldrich, MI, USA) within a constant temperature incuba-
tor with 5% CO, at 37°C.

2.3 | Cell grouping procedure
MPC5 cells in the logarithmic growth stage were har-
vested and categorized as follows:

Blank Group: Cultured in standard RPMI 1640
medium.

Hb Group: Cultured in RPMI 1640 medium contain-
ing 5pM Hemoglobin (comparable to around a 0.3g/dL
plasma Hb in humans).

The cells were cultured in different groups: cell media
culture, Hb, ApoHb-Hp, or Hb + ApoHb-Hp for 24 h.

2.4 | Propidium iodide and MTT assay
for cell viability

Cell viability was assessed using the 3-(4,5-dimethylthia
zol-2-yl1)-2,5-diphenyltetrazolium Bromide (MTT) assay.
MPCS5 cells from different groups were cultured in 96-well
plates (1x10* cells/well), incubated with MTT solution
(M405849-1Set, Sigma) at a final concentration of 1mg/
mL for 4h at 37°C. Formazan crystals were dissolved with
150 pL/well of DMSO, and absorbance at 570nm was
measured with a microplate reader.

Cell death was furthered examined using Hoechst
33342/propidium iodide (PI) double fluorescence stain-
ing kits (CA1120, Solarbio). MPCS5 cells in the logarithmic
growth stage were cultured in 6-well plates and stained
with Hoechst 33342 solution in darkness at 37°C for
10min, followed by PI staining in darkness at 25°C for
15min.

2.5 | Immunofluorescent staining

Cell slides from different groups were prepared and fixed
with 4% paraformaldehyde. Subsequently, the slides were
washed with PBS, sealed with goat serum at room tem-
perature for 30min, and incubated with anti-Nephrin
(1:500, ab216341, Abcam) overnight at 4°C. After washing
in PBS with 0.05% Tween-20, slides were incubated with
goat anti-rabbit secondary antibody Alexa Fluor® 594 IgG
H&L (2 pg/mL, ab150080) in the absence of light. Nuclei
were stained with 4’,6-diamidino-2-phenylindole (DAPI)
and photographed under a fluorescence microscope. The
nephrin staining was quantified by counting the number
of nephrin-positive cells and divide them by the number
of DAPI positive cells.
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Measurement of reactive oxygen

Reactive oxygen species levels in MPC5 cells were meas-
ured using the 2’,7’-dichlorodihydrofluorescein diacetate
(DCFH-DA) (Invitrogen—C6827) fluorescence probe. Kits
were utilized for measuring ROS levels in MPCS5 cells. Cells
from each group were collected, diluted with PBS, seeded
into 6-well plates, and treated with DCFHDA solution with a
final concentration of 5mM at 37°C for 30 min. Fluorescence
intensity was detected by a fluorescence microscope, with
the emission wavelength set at 530nm and the excitation
wavelength set at 485nm, following kit instructions.

2.5.2 | Image acquisition
Fluorescent imaging measurements were performed
using Olympus BX61.

Fluorescence Motorized Polarization DIC (Tokyo,
Japan) equipped the appropriate fluorescent filters (Alexa
Fluor® 594/DAPI for Nephrin images and DCFH-DA
for ROS) and a UPlanApo 40x magnification lens.
Fluorescence was acquired using a high-light-sensitive
camera (ORCA-Fusion Digital CMOS camera C14440-
20UP, Hamamatsu Photonics, Japan).

2.5.3 | Detection of OS-related indicators and
inflammatory factors

MPCS5 cells from each group were collected, and total pro-
tein was extracted using radioimmunoprecipitation assay
lysate. Protein concentrations were measured using the
bicinchoninic acid method. Levels of OS-related indexes
(malondialdehyde, superoxide dismutase, and glutathione)
were detected by kits (Invitrogen). Inflammatory cytokine
levels (interleukin-1p and IL-18) were determined by ELISA
kits (Invitrogen). Malondialdehyde (MDA), superoxide
dismutase (SOD), and Glutathione (GSH) were quantified
using the Elisa assay. Lipid Peroxidation (MDA) Assay Kit
(Colorimetric/Fluorometric) (Abcam #118970), Mouse
Superoxide Dismutase 1 ELISA Kit (Abcam #285309), and
GSH Assay Kit (Colorimetric) (Abcam #239727).

2.5.4 | Western blotting (WB)

Total protein was extracted from cells using radioimmu-
noprecipitation assay lysate (Invitrogen). After measuring
protein concentration, proteins (40 pg) were isolated by 10%
SDS-PAGE and transferred onto polyvinylidene fluoride
membranes. Membranes were sealed with 5% skim milk for

1h and incubated with primary antibodies overnight at 4°C.
After washing with PBS, membranes were incubated with
HRP-labeled secondary antibodies (Goat anti-Human IgG
Fc Secondary Antibody, HRP—ThemoFisher A18805) and
developed by enhanced chemiluminescence (SuperSignal
West Pico PLUS Chemiluminescent Substrate—
ThermoFisher 34,580). Observations and photographs were
made using GAPDH as an internal reference.

2.5.5 | Statistical analysis

All experiments were repeated three times. The results are
presented as the mean + the standard deviation. A one-
way ANOVA was performed to compare the means across
the four groups. Post hoc comparisons were conducted
using Tukey's HSD test to identify specific group differ-
ences. A P-value of less than 0.05 was considered statisti-
cally significant. (GraphPad Prism 9, GraphPad Software,
Inc., San Diego, CA).

3 | RESULTS
3.1 | ApoHb-hp attenuated MPCS5 cell
damage induced by hemoglobin

Cells were fluorescently stained with DAPI and Nephrin
as shown in Figure 1. Fluorescent quantification of cells
was done, resulting in a significantly lower percentage of
nephrin-positive cells in the Hb cultured group compared
to the control, ApoHb-Hp, and Hb+ApoHb-Hp groups.
Hb+ApoHb-Hp group had significantly higher nephrin
levels than that of the Hb group, but they were significantly
lower when compared to control and ApoHb-Hp groups.

MTT assay to detect cell viability was done and it is shown
in Figure 2. The percentage of cell viability was significantly
highest in the control and the ApoHb-Hp groups, compared
to Hb and Hb+ ApoHb-Hp groups. Moreover, the Hb group
cell viability was significantly lower than all the groups in-
cluding the Hb+ ApoHb-Hp group suggesting a protective
mechanism from the therapeutic against Hb.

ROS detected with DCFH-DA fluorescence images with
their respective quantification are shown in Figure 3. Hb
group had significantly higher ROS production compared
to all groups. Hb+ ApoHb-Hp had a significantly lower
ROS production compared to Hb; however, it was signifi-
cantly higher compared to the control and ApoHb-Hp.

Lastly, for the all the measurements including nephrin-
positive cells, cell viability percentage, and ROS-positive
cells in Figures 1-3, there was no significant difference be-
tween the control and the ApoHb-Hp group, showing that
biocompatibility and safety of the therapeutic.
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Nephrin expression, an essential protein for the filtration barrier. Reduced Nephrin detection may indicate membrane disruption. (a-d)
Representative images of podocytes stained for Nephrin (red) and cultured with: HSA (a), Hb (b), Hb+ ApoHb-Hp (c), and ApoHb-Hp (d).
(e-h) Combined staining for Nephrin (red) and DAPI (blue) under the same conditions: HSA (e), Hb (f), Hb+ ApoHb-Hp (g), and ApoHb-
Hp (h). (i) Quantification of Nephrin-positive cells across different conditions. Data presented as mean +SD.
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3.2 | ApoHb-hp protects from protein
protective mechanisms depletion induced
by hemoglobin

ELISA quantification for Malondialdehyde (MDA),
superoxide dismutase (SOD), and Glutathione (GSH)
concentrations are shown in Figure 4. MDA is significantly
higher in the Hb group compared to the other groups.
It can be seen how the Hb+ApoHb-Hp group has a
significant decrease compared to the Hb group. However,
the ApoHb-Hp group and the control group do not show
significant differences between each other. SOD and GSH
are significantly lower in the Hb group compared to all
groups. The Hb+ ApoHb-Hp group showed a significant
increase compared to Hb showing its protective

®

mechanism. There were no significant changes between
the ApoHb-Hp and control groups.

3.3 | Activation of NLPR3
inflammasome signaling cascade in the
presence of hemoglobin compared to
ApoHb-hp

The western blot showcasing the protein levels of
NLRP3, Pro-Caspase-1, gasdermin D N-terminal domain
(GSDMD-N), apoptosis-associated speck-like protein
(ASP), and GAPDH is shown in Figure 5. It can be seen
how NLRP3, Pro-Caspase-1, GSDMD-N, and ASP are at a
significantly higher expression in the Hb group, compared
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FIGURE 3 Reactive Oxygen Species (ROS) detection in podocytes through immunofluorescence and quantification. (a-d)
Representative images of immunofluorescent staining for ROS (green) in MPC5. Podocytes cultured under different conditions: HSA (a), Hb
(b), Hb+ ApoHb-Hp (c), and ApoHb-Hp (d). (e) Quantification of ROS-positive cells, expressed as a percentage.
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FIGURE 4 Quantification of Reactive Oxygen Species (ROS) cellular response in podocytes. Podocytes were assessed for cellular
responses to oxidative stress under various conditions. The Hb-treated group demonstrates increased cellular damage, potentially leading to
apoptosis. (a) Quantification of Malondialdehyde (MDA) levels, indicating lipid peroxidation. (b) Quantification of Superoxide Dismutase
(SOD) activity, a key antioxidant enzyme. (c) Quantification of Glutathione (GSH) levels, a major cellular antioxidant.

to the rest of the groups. The ApoHb-Hp with and without all. The ApoHb-Hp group did not have significant differ-
Hb groups have significant lower protein levels than the ences compared to the control, showing equal and mini-
Hb group, with the control showing the lowest levels of =~ mal NLRP3 pathway activation as the control.
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FIGURE 5 Western blot analysis of protein expression in the NLRP3 inflammasome pathway. (a) Representative Western blot images
showing protein expression levels for NLRP3, Pro-caspase-1, GSDMD-N, and ASP in podocytes treated under various conditions. (b-e)
Quantification of protein expression levels for NLRP3 (b), Pro-caspase-1 (c), GSDMD-N (d), and ASP (e), with values normalized to GAPDH
as the loading control. Increase in expression of the molecules in the pathway is indicative of cell pyropoptosis further down the cascade.

Lastly, inflammatory cytokines levels for, IL-1f and IL-
18, are shown in Figure 6. For both inflammatory cyto-
kines, IL-1p and IL-18, they were significantly higher in
the Hb group. Compared to the Hb group, the treatment
with ApoHb-Hp showed a significant decrease. Lastly,
both the control and the ApoHb-Hp showed similar val-
ues with no significance between each other but were sig-
nificantly lower when compared to the other groups.

It can be seen in these results that the inflammasome
pathway gets activated by Hb leading to damage. The
NLPR3 activation pathway is a multiprotein cascade re-
sponsible for inflammatory signals and innate immunity.
It has been shown in past experiments that the pathway
gets activated by ROS production in response to mitochon-
drial damage and dysfunction (Kelley et al., 2019). Our re-
sults illustrate this relationship, since the Hb group has the
highest ROS production and therefore the highest protein
level of NLRP3. NLPR3 throughout secondary signaling
cascade molecules, such as ASP, activates Pro-Caspase-1,
which aid in maturation and activation of inflammatory

cytokines, IL-1p and IL-18 (Blevins et al., 2022; Kaneko
et al., 2019; Martinon & Tschopp, 2007; Zaharie
et al., 2023). Pro-Caspase-1 is also in charge of cleaving
and activating GSDMD-N, which oversees programmed
cell death, pyroptosis (Shi et al., 2015). Moreover, MDA is
a marker used to determine oxidative stress but is also in-
volved as signaling molecule to promote cell death (Ayala
et al., 2014). Lastly, GSH depletion is also associated with
progression of cell death (Franco & Cidlowski, 2012). The
activation of these signaling molecules is illustrated in our
results as the Hb group shows the highest levels of ASP,
Pro-Caspase-1, GSDMD-N, and MDA with a GSH deple-
tion which relate to a lower percentage of cell viability.

4 | DISCUSSION

Our findings validate the association between Hb-induced
kidney injury and podocyte damage, underscoring the role
of circulating Hb in various detrimental clinical outcomes.
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Moreover, our results illuminate a protective facet of
the ApoHb-Hp complex against Hb-induced podocyte
damage, suggesting a promising avenue for preventing
kidney injury when circulating Hb is unavoidable.

The kidneys are particularly vulnerable during he-
molysis, as they serve as the primary route for Hb clear-
ance once natural scavenging systems, like Hp and Hpx,
become saturated. This depletion of Hp and Hpx leads to
several pathophysiological consequences, including in-
creased oxidative stress, inflammation, and tissue dam-
age. In the absence of these protective proteins, Hb dimers
are free to extravasate into tissues and create toxic events.

Hb, released during hemolysis, is highly toxic to the
kidneys, particularly affecting podocyte function through
oxidative damage, inflammation, and disruption of the fil-
tration barrier. Podocytes, the specialized cells responsible
for maintaining the integrity of the glomerular filtration
barrier, are especially vulnerable to free Hb and heme tox-
icity. The mechanisms of injury observed in this study and
supported by existing literature indicate that hemoglobin in-
creases oxidative stress through ROS generation. Hb rapidly
oxidizes, generating free heme and iron, which catalyze ROS
formation (Deuel et al., 2016). The oxidative stress leads to
significant damage in renal tissues, compromising podocyte
function and disrupting the filtration membrane. However,
the introduction of ApoHb-Hp as a therapeutic allows to sta-
bilize the Hb molecule, preventing it from dimerizing and re-
leasing toxic heme. By reducing heme and iron exposure, the
ApoHb-Hp complex limits oxidative damage and toxicity.

As Hb dimerizes, it releases heme. Heme is highly
lipophilic which allows it to insert itself into cellular
membranes, disrupting the lipid bilayer, causing lipid
peroxidation, and impairing membrane integrity (Ayala

levels across the same conditions.

et al., 2014). In podocytes, this results in damage to struc-
tural proteins like nephrin, which is crucial for main-
taining the slit diaphragm. The loss of nephrin and other
structural proteins results in compromised filtration, lead-
ing to proteinuria and glomerular injury (Ruotsalainen
et al., 1999; Verma et al., 2018). Therefore, the sustained
expression of nephrin further underscores the potential
therapeutic benefits of the ApoHb-Hp complex in miti-
gating kidney injury and promoting overall renal health.
Additionally, free Hb and heme trigger an inflammatory
response by activating the innate immune system, re-
leasing pro-inflammatory cytokines. This inflammatory
response leads to podocyte phenotypic changes and apop-
tosis, further compromising the integrity of the filtration
barrier. This is showcased in our study by decreased cell
viability in podocytes from the Hb group and an increase
in pro-inflammatory cytokines.

As Hb continues to break down, the release of free
iron accumulates in podocytes, enhancing ROS produc-
tion (Brissot et al., 2012). This iron toxicity is particularly
damaging to podocytes as it affects mitochondrial func-
tion, leading to energy depletion and increasing the rate of
apoptosis (Baek et al., 2020). Due to the limited regenera-
tive capacity of podocytes, exposure to free Hb and heme
results in cytoskeletal disorganization and permanent loss
of these cells. Podocyte injury directly leads to proteinuria,
the hallmark of glomerular dysfunction.

The ApoHb-Hp complex exhibits a therapeutic po-
tential in mitigating these harmful effects by stabilizing
Hb and preventing it from dimerization and releasing its
heme. This allows to reduce oxidative stress, preserves
nephrin expression, and maintains the structural integ-
rity of podocytes. While our study presents the protective
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efficacy of the ApoHb-Hp complex in vitro, further inves-
tigations are necessary to explore its in vivo application.

Hb toxicity can extend beyond podocytes into the renal
tubules. Hb's tendency to dimerize and precipitate in the
proximal tubules contributes to tubular injury through oxi-
dative stress and inflammation (Belcher et al., 2010; Deuel
et al.,, 2016; Nath et al., 2022). Additionally, the scaveng-
ing of NO, an important blood flow regulator, by Hb con-
tributes to vasoconstriction, reducing renal perfusion and
worsening overall kidney function (Donadee et al., 2011).

Overall, Hb toxicity arises from multiple mecha-
nisms, including ROS formation, disruption of the fil-
tration membrane, tubular epithelial injury, and NO
scavenging. Our findings provide insights into the toxic
effects and inflammatory pathways activated by Hb and
highlight the protective role of ApoHb-Hp in modulat-
ing these responses. However, it is important to note the
limitations of this study, particularly its in vitro nature,
which lacks the complexity of in vivo conditions. The
experimental setup involved podocytes directly exposed
to media containing Hb and ApoHb-Hp, a condition not
reflective of the in vivo scenario. In vivo, conditions en-
compass endothelial cells, basement membrane cells,
and extracellular matrix surrounding podocytes, which
limits direct contact with Hb. Future studies should in-
vestigate these protective effects in vivo, with a focus on
glomerular filtration rate alterations and the interaction
between ApoHb-Hp and native serum proteins such as
Hp and Hpx.

In conclusion, this study demonstrates the potential
of ApoHb-Hp as a therapeutic in preventing Hb-induced
renal toxicities, with promising implications for enhancing
cell survival and mitigating inflammatory cascades in vitro.
Further exploration in animal models and clinical settings
will be essential to validate these findings and develop ef-
fective therapies for hemolysis-induced kidney injury.
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