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ABSTRACT

Renoprotective effect of haptoglobin and hemopexin by inhibiting ferroptosis
in ischemic-reperfusion acute kidney injury

Ye Eun Ko

Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Tae-Hyun Yo00)

Background: Recent studies showed that cell free hemoglobin (CFH) increases in patients
with sepsis and after heart surgery, which may cause acute kidney injury (AKI). Since CFH
contains catalytically active iron, CFH-related ferroptosis, an iron-dependent form of cell
death, may induce AKI. This study investigates the renoprotective effects of haptoglobin
(Hp) and hemopexin (Hx), which scavenge CFH, in an experimental AKI model in relation
to ferroptosis.

Methods: Ischemic-reperfusion injury (IRI) animal models were used as AKI animal
models. After 2, 4, 6, 8, and 24 hours, CFH and hemin levels were evaluated in both the
control and IRI groups. In addition, the IRI models were treated with different doses (100,
200 mg/kg) of Hp or Hx via intravenous injection 30 minutes after IRI surgery. CFH, hemin,
kidney injury markers, and oxidative stress markers, as well as ferroptosis markers were
evaluated 24 hours later. Furthermore, kidney injury score was evaluated from kidney
tissues based on the percentage of cell necrosis, loss of brush border, cast formation, and
tubule dilatation. Quantitative polymerase chain reaction, Western blot analysis, and
immunohistochemistry were conducted to assess the mechanism related to ferroptosis.
Results: CFH and hemin levels increased in the IRI group at each hour compared to the
control. Injection of Hp decreased CFH levels regardless of the dosage, while injection of
Hx decreased hemin levels compared to the IRI group. Creatinine, blood urea nitrogen

(BUN), neutrophil gelatinase-associated lipocalin (NGAL), malondialdehyde (MDA)



levels, and kidney injury score showed increases in the IRI group compared to the control.
Treatment with Hp or Hx resulted in decreases in creatinine, BUN, NGAL, MDA, and
kidney injury score across all dosages compared to the IRI group. In the IRI group, the
mRNA expression of cystine/glutamate antiporter system Xc (Slc7all) decreased
compared to the control, while ferritin heavy chain 1 (#th1) increased. However, treatment
with Hp or Hx resulted in an increase in Slc7all mRNA expression and a decrease in Fthl
compared to the IRI group. Additionally, protein expression and the intensity of
immunohistochemistry staining for SLC7A11 and GPX4 exhibited a decrease in the IRI
group, which was subsequently ameliorated following the administration of Hp or Hx. In
contrast, FTH1 displayed the opposite trend.

Conclusions: Hp and Hx may aid as preventive agents for ischemic-reperfusion AKI by

inhibiting ferroptosis.

Key words: acute kidney injury, ischemic-reperfusion injury, haptoglobin,
hemopexin, kidney protection
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Renoprotective effect of haptoglobin and hemopexin by inhibiting ferroptosis
in ischemic-reperfusion acute kidney injury

Ye Eun Ko

Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Tae-Hyun Yo0o0)

L. INTRODUCTION

Acute kidney injury (AKI) is highly prevalent, with an increasing incidence rate, and
AKIl-associated morbidity and mortality have emerged as serious problems worldwide. !
Even though it is a clinically crucial and serious disease, there are no effective preventive
drugs or treatment strategy for AKI. Therefore, research on the mechanisms and mediators
of AKI has been continued to develop the therapeutics. Recent studies show that cell free
hemoglobin (CFH) increases in sepsis and after heart surgery, **® which may cause AKI.’
In addition, a study reported that cell free hemoglobin is a prognostic factor for kidney
survival in patients with ECMO therapy. ® These findings suggested that CFH may be
causally related with kidney injury.

Recently, ferroptosis, which is a different form of apoptosis and iron-dependent, has
been introduced. ® Several studies showed that ferroptosis is related to the tubular cell death
in various types of AKI. '*!! The cystine/glutamate antiporter system Xc¢ (SLC7A11, xCT)
and an antioxidant enzyme, glutathione peroxidase 4 (GPX4), play key roles as mediators

in ferroptosis. Low xCT and GPX4 levels decrease intracellular cysteine levels, which



eventually lower glutathione synthesis and lipid peroxide degradation. These changes cause
intracellular lipid peroxide accumulation, and result in ferroptosis. '*'>!* In AKI animal
models, Ferrostatin-1 (Fer-1), which inhibits lipid oxidation and thereafter inhibits
ferroptosis, reduced tubular injury. '!> Furthermore, studies showed that in GPX4-null
mice, interstitial edema, tubular cell death, and proteinuria were significantly increased. '¢
The ischemic-reperfusion injury (IRI) model is one of the frequently used AKI models.
AKI that occurs during kidney transplantation and intrarenal IRI that occurs during
cardiovascular surgery are very similar models. '7 In IRI, cellular hypoxia and
reoxygenation are two significant factors. '* The imbalance between reactive oxygen
species (ROS) production and the competence of cells to detoxify these ROS generates
oxidative stress, causing the production of cell damage mediators and resulting in IRI. %!
Oxidative stress is known to be an essential element in cellular damage in hypoxia-
reoxygenation injury and consequent IRI. 2>?* Oxidative stress causes endothelial damage
and, consequently, hemolysis, and elevation of CFH. ?* Since CFH contains catalytically
active iron (Hb-Fe*"), which is related to iron-dependent cell death, CFH-related ferroptosis
may be induced. **?* Hb-Fe*" releases hemin which results in oxidation of membrane lipids
and low-density lipoprotein (LDL), ?® eventually causing ferroptosis. LDL oxidation leads
to inflammatory and cytotoxic actions which may induce further vascular injury. 272
Therefore, physiologically, to attenuate this toxicity, extracellular hemoglobin and
hemin are removed from the plasma by natural scavenger proteins, haptoglobin (Hp) and
hemopexin (Hx). *3° Hp radically changes the physiologic and biochemical
characteristics of CFH by intravascular sequestration, limiting extravascular translocation

of CFH, and controlling radical reaction. *' Recent in vitro studies show that Hp reduces

the redox capability of bound Hb-Fe*" and prevents radical transfer. ¥ Hx is the most



potent hemin-binding protein. Hx limits hemin interaction with cell-surface receptors and
protect susceptible lipoproteins from oxidation. **3¢ In hemin treated Hx-knockout mice,
scavenger protein showed reduction of hemin-induced endothelial cell activation and
kidney injury. 373% This suggests the possibility of scavenger protein as a preventive or
therapeutic agent for AKI.

The aim of this study is to figure out the renoprotective effect of Hp and Hx, which
are scavenger proteins of CFH, and explain its mechanism in relation to ferroptosis in

experimental AKI model.

II. MATERIALS AND METHODS

1. Animal study, ischemic-reperfusion injury model and treatment

All animal protocols were approved by the Committee for the Care and Use of Laboratory
Animals at Yonsei University College of Medicine in Seoul, Korea. All experiments were
conducted as the Guide for the Care and Use of Laboratory Animals, 8 edition (NIH, 2011).
C57BL/6J mice (7 weeks old) from The Jackson Laboratory (Bar Harbor, ME, USA) were
used in this study. With the body temperature maintained at around 37°C, animals were
anesthetized with the mixture of 30 mg/kg of zolazepam (Zoletil 100, Virbac, Carros,
France) and 10 mg/kg of xylazine (Rompun 10 mL, Elanco, Ansan-si, Gyeonggi-do,
Republic of Korea), in a prone position, and shaved, exposing the kidneys by incision with
a flank approach. Renal pedicles were clamped with microvascular clips and then the clips
were removed after the ischemia induction time for reperfusion. To determine the optimal
timing of Hp or Hx injection, Hp or Hx was injected via tail vein 30 minutes before, 30

minutes after, or both 30 minutes before and after IRI operation at a fixed dose of 100



mg/kg. To figure out the optimal dose of Hp or Hx, 30 minutes after IRI operation, Hp or
Hx was administered at a dose of 100 mg/kg or 200 mg/kg according to each assigned
group. Kidney function, ferroptosis marker and oxidative stress marker were measured 24

hours after IRI surgery.

2. Assessment of kidney function and kidney injury

After anesthetizing the animals by mixture of 30 mg/kg of zolazepam and 10 mg/kg of
xylazine, 500-700 pL of blood was collected from the heart tip after central line incision.
Blood was injected into EDTA tube, lightly inverted 3 to 4 times, and then put in ice. After
centrifuged at 15,000 rpm for 10 minutes at 4°C, upper layer was isolated and referred to
other institution for analysis. Plasma creatinine and blood urea nitrogen (Roche, Mannheim,
Baden Wiirttemberg, Germany) were analyzed to evaluate kidney function. Kidney tubular
injury was assessed by mRNA quantification of the renal epithelial injury biomarker,
NGAL (R&D Systems, Minneapolis, MN, USA). The qualitative scoring system of scale
from 0 to 4 based on percentage of area with kidney injury was used to evaluate the
slides***’; 0= no kidney injury, 1= minimal injury with <10% affected, 2= moderate injury
with 11-25% affected, 3= significant injury with 26-45% affected, and 4= significant injury
with 46-75% affected severe injury with 76-100% affected. More than ten 200x fields per

kidney were evaluated.

3. Measurement of cell free hemoglobin, hemin, and lipid peroxidation
Plasma CFH (Sigma—Aldrich, St. Louis, MO, USA) and hemin (Abcam plc, Bristol,
UK) were measured 2, 4, 6, 8, 24 hours after IRI. Oxidative stress was measured by lipid

peroxidation, malondialdehyde (MDA) levels, using an MDA assay kit (Abcam,



Cambridge, MA, USA) for kidney tissue. Whole mouse kidneys were harvested and lysed
in lysis solution (MDA lysis buffer and 5% butylated hydroxytoluene), and afterwards,
centrifuged at 13,000xg for 10 minutes at 4°C. Supernatants were cleared, and MDA levels
were determined using the reaction of thiobarbituric acid at a wavelength of 532nm. The

MDA content of each specimen was calculated compared to the standard.

4. Preparation of human hemopexin

Hx was purified using the optimized method as described in patent
PCT/KR2022/001519. Human Hx was isolated from human serum Cohn fraction IV paste.
Paste was dissoluted in 20 mM sodium citrate pH 7.0 followed by filter-press using 40+30
pum cellulose filter (Ahlstrom, Helsinki, Finland) to remove residual solid particles. Filtrate
was purified through Q sepharose (Cytiva, Marlborough, MA, USA) and Toyopearl DEAE
(TOSOH, Tokyo, Japan) then subsequently immobilized in Nickel sepharose resin (Cytiva,
Marlborough, MA, USA). The column was rinsed with 20 mM sodium phosphate, 500 mM
sodium chloride, pH 7.4 containing 20 mM imidazole to remove any non-specifically
bound impurities. Hx was eluted with same buffer except that 60 mM imidazole was
contained. Hx was further purified by passing through the Phenyl sepharose (Cytiva,
Marlborough, MA, USA) column in 10 mM sodium phosphate, 1.2 M sodium chloride pH
7.0. The final purified Hx was concentrated and formulated in 10 mM sodium phosphate,
150 mM sodium chloride pH 7.0. The purity of human Hx (>95%) was analyzed by sodium
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and size exclusion

chromatography (SEC).



5. Preparation of human haptoglobin

Hp was purified using the optimized method as described in patent
PCT/KR2022/001519. Human Hp was isolated from human serum Cohn fraction [V paste
equal to that of Hx isolation. Hp purification shared same process to the Hx from
dissolution to Q sepharose (Cytiva, Marlborough, MA, USA). Hp was immobilized in
Toyopearl DEAE resin (TOSOH, Tokyo, Japan), rinsed with 5 mM sodium citrate, pH 5.9,
eluted with 5 mM sodium citrate, 50 mM sodium chloride, pH 5.9. Phenyl resin (Cytiva,
Marlborough, MA, USA) was used in the bind-elution mode within ammonium sulfate salt
for further purification. The final purified Hp was concentrated and formulated in 10 mM
sodium phosphate, 150 mM sodium chloride pH 7.0. The purified human Hp was analyzed

by SDS-PAGE and specific activity.

6. SDS polyacrylamide gel electrophoresis (SDS-PAGE)
Hp sample of non-reduction conditions was analyzed using NuPage 3-8% Tris-acetate
gel (Thermo Fisher Scientific Inc., Waltham, MA, USA). The reduction conditions of the
Hp sample and the non-reduction/reduction conditions of the Hx sample were analyzed

using the NuPage 4-12% bis-tris gel (Thermo Fisher Scientific Inc., Waltham, MA, USA).

7. Size exclusion chromatography (SEC)

Molecular integrities of purified human Hx and Hp were assessed with TSKgel
G3000SWxI column (TOSOH, Tokyo, Japan) connected with Waters €2695 Separation
module (Waters, Milford, MA, USA). Absorption data was collected by using Waters 2489
UV/Vis Detector (Waters, Milford, MA, USA) controlled by Empower software. Mobile

phase used for molecular integrity evaluation was phosphate-buffered saline (PBS). The



injection volume of each protein sample was 50 uL and the detection was performed in 280

nm.

8. Specific activity of haptoglobin
Specific activity of Hp was assessed by calculating the amount of Hp content in total
protein, expressed in percentage. Measurements of Hp and total protein were done by

ELISA and Bradford assay.

9. Haptoglobin quantification by Sandwich-ELISA

Quantification of human Hp was performed by using Human Hp ELISA Kit (AVIVA,
San Diego, CA, USA). Standards and samples were added to plates pre-coated with specific
antibodies to human Hp and incubated for 15 min at 37°C in dark. Unbound and free
molecules were washed away using the wash buffer supplied with the kit. Enzyme-antibody
conjugate specific for human Hp was added to the plate and was incubated for 15 min at
37°C in dark. The substrate solution was added to each well after unbound molecules were
washed away. Enzyme substrate reaction was blocked by adding blocking solution
subsequently to 5 min incubation at 37°C in dark. The absorbance at 450 nm for each well
was measured by spectrophotometer. Standard curve was constructed and concentration of

human Hp was calculated by converting absorbance data collected to ng/mL.

10. Bradford assay
The quantitation of protein was carried out by Bradford assay. The assay was performed
by adding predetermined amounts of Bradford assay reagent (Thermo Fisher Scientific Inc.,

Waltham, MA, USA) to the samples and standards added on to 96-well plate. The



absorbance at 595 nm for each well was measured using a spectrophotometer. The
calibration curve of the concentration between 62.5-1000 pg/mL was constructed and the
concentration of the sample was calculated by converting the absorbance data collected to

ug/mL.

11. Total RNA extraction

The pieces of mouse kidney samples were rapidly frozen using liquid nitrogen and then
homogenized with 700 pL. RNAiso reagent using a mortar and pestle, performing three
rounds of homogenization. Following homogenization, 160 puL of chloroform was added
to the kidney samples. The mixtures were incubated at 4°C for 15 minutes. After the
incubation, the samples were centrifuged at 15,000 rpm for 15 minutes at 4°C. This step
resulted in the separation of three layers, and the top layer (aqueous layer) was carefully
transferred to a fresh tube. To precipitate the RNA, 400 uL of isopropanol was added to the
transferred aqueous layer. The tube was then centrifuged at 15,000 rpm for 15 minutes at
4°C after overnight incubation at -20°C. The RNA pellet obtained after centrifugation was
washed with 1 mL of 70% ethanol and allowed to air-dry. Finally, the RNA pellet was
dissolved in sterile diethyl pyrocarbonate-treated distilled water. The quantity and quality
of the extracted RNA were evaluated using spectrophotometric measurements at

wavelengths of 260 nm.

12. Reverse transcription
The first-strand complementary DNA (cDNA) was generated from the extracted RNA
using the cDNA synthesis kit (Takara Bio). For this process, two micrograms of total RNA

were reverse transcribed. The reverse transcription reaction included a 10 uM random



hexanucleotide primer, | mM dNTP, 8§ mM MgCl2, 30 mM KCIl, 50 mM Tris-HCl at pH
8.5, 0.2 mM dithiothreitol, 25 U RNase inhibitor, and 40 U PrimeScript reverse
transcriptase. The mixture was then incubated at 30°C for 10 minutes, followed by 1 hour
of incubation at 42°C. Finally, the enzyme was inactivated by incubating the mixture for 5

minutes at 99°C.

13. Real time quantitative polymerase chain reaction

The quantitative real-time polymerase chain reaction (QPCR) was carried out in a 20
pL reaction mixture. This mixture included 10 pL of SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, CA, USA), 5 uL of reverse transcribed cDNA, and 5 pM
concentrations of both sense and antisense primers. The primer sequences are listed in
Table 1. These primer concentrations were optimized through preliminary experiments to
ensure their ideal amounts. The qPCR process started with an initial heating step of 9
minutes at 95°C, followed by repetitive cycles. Each cycle consisted of denaturation for 30
seconds at 94.5°C, annealing for 30 seconds at 60°C, and extension for 1 minute at 72°C.
A final extension was performed for 7 minutes at 72°C. To ensure accuracy, each sample
was run in triplicate using separate tubes. Following qPCR, a melting curve was
constructed by gradually increasing the temperature from 60 to 95°C at a rate of 2°C per
minute. The cDNA content of each sample was determined using a comparative CT method
with 24T The results were expressed as relative expression levels normalized to the
expression of 18s ribosomal RNA (rRNA) and presented in arbitrary units. The qPCR
analysis aimed to compare the transcript levels of genes related to ferroptosis (Slc7all,

Gpx4, Fthl). All primers used in the study were obtained from Applied Biosystems.



Table 1. Primer sequences

Mouse Gene Sequence (5°— 3°)

Forward TGAATG CCT TGT CTG CTT TG
Stezall Reverse GAATTG CAG GGAACT GTG GT
Forward AGATCC ACG AAT GTC CCAAG
Gpxt Reverse CCT CCT CCT TAAACG CACAC
Forward TGATGT GGC CCT GAA GAAC
Fibt Reverse TCATCA CGG TCAGGTTTCTG
Forward CGC TTC CTT ACC TGG TTG AT
195 Reverse GGC CGT GCG TAC TTA GAC AT

14. Western blot analysis

Western blot analysis was conducted following the previously described method. *! For
this analysis, primary antibodies were employed, including polyclonal antibodies against
SLC7A11 (ab37185, Abcam), GPX4 (ab125066, Abcam), ferritin heavy chain 1 (FTHI,
#3998, Cell Signaling Technology), and B-actin (A5441, Sigma-Aldrich). Subsequently,
the membranes were subjected to three washes for 10 minutes each in Tris-buffered saline
with 0.1% Tween-20 and then placed in buffer A, which contained a 1:1000 dilution of
horseradish peroxidase-conjugated goat-anti-rabbit or anti-mouse IgG (GenDEPOT,
Barker, TX, USA). To quantify the band intensities, ImagelJ software (NIH, Bethesda, MD,
USA) was used, and changes in the treated groups were compared to control tissues for

further analysis.

15. Histological analysis

Histological evaluation of kidney sections fixed in 10% formalin and embedded in
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paraffin was conducted using Periodic acid-Schiff (PAS) and Masson's trichrome staining.

For PAS staining, the tissue slides were treated with dissolved paraffin in an incubator
at 60°C for over an hour. Subsequently, the slides were rehydrated in a sequential manner
using xylene, 100%, 95%, and 90% alcohol. After washing the slides with distilled water,
they were immersed in periodic acid for 7 minutes, followed by a 15-minute reaction in
Schiff's solution. Modified Mayer's Hematoxylin counter-staining was then performed after
dehydration.

Regarding Masson's trichrome (MT) staining, 5 pm-thick sections of paraftin-
embedded tissues were deparaffinized and rehydrated using ethyl alcohol. The samples
were then washed in tap water and re-fixed in Bouin's solution for an hour at 56°C. After
washing the samples with running tap water for 10 minutes, they were stained with Weigert
iron hematoxylin working solution for 10 minutes. Next, the slides were treated with
Biebrich scarlet-acid fuchsin solution for 15 minutes and washed in tap water. The sections
were differentiated in phosphomolybdic-phosphotungstic acid solution for 15 minutes,
transferred to aniline blue solution, and stained for 10 minutes. Following a brief rinse in
tap water, the sections were reacted with a 1% acetic acid solution for 5 minutes.
Quantitative analysis of the stained images was performed to assess the percentage of
positive staining in the areas corresponding to PAS (purple) and MT (sky-blue and blue
colors). This analysis was carried out using the color-deconvolution plugin and area

fraction/area measurements through the Image J software.

16. Immunohistochemistry

Kidney samples were immersed in a solution of 10% neutral-buffered formalin to

achieve fixation. Subsequently, the specimens were processed into sections measuring 5
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um in thickness, a preparation required for the subsequent immunohistochemical analysis.
The tissue sections underwent a series of steps including deparaffinization, rehydration in
ethyl alcohol, and a final rinse in tap water. To facilitate antigen retrieval, a solution of 10
mM sodium citrate buffer was employed for a duration of 20 minutes within a Black &
Decker vegetable steamer. To prevent nonspecific binding, the prepared slides were treated
with a blocking solution containing 10% donkey serum for a span of 1 hour at room
temperature (RT). Following this, a thorough wash using PBS was conducted. Primary
antibodies directed against SLC7A11 (ab37185, Abcam), GPX4 (ab125066, Abcam),
FTH1 (Cell Signaling Technology), MDA (ab6463, Abcam), and 4-hydroxynonenal (4-
HNE; ab46545, Abcam) were appropriately diluted in a mixture of 2% casein and bovine
serum albumin. These antibody solutions were subsequently applied to the slides, which
were then subjected to an overnight incubation at a temperature of 4°C. After the incubation,
washing was performed, and a secondary antibody (Dako, Carpinteria, CA, USA) was
applied for a duration of 1 hour at RT. Detection was achieved by introducing
diaminobenzidine for a duration of 2 minutes, followed by counterstaining with
hematoxylin. For assessing staining intensity, at least five fields within each section under

a magnification of 200x were examined.

17. Iron assay

The levels of total iron within tissues were evaluated by employing an iron assay kit
(Sigma-Aldrich). For this assessment, mouse kidney tissue samples (30 mg) were collected
and then homogenized in an iron assay buffer. Following homogenization, all samples
underwent centrifugation at 16,000xg for 10 minutes. Then, 30 pL of supernatant was

combined with 70 pL of the iron assay buffer for each sample. Subsequently, 5 pL of an

_1 2_



iron reducer was introduced to each supernatant. The mixture was incubated for a duration
of 30 minutes, and the total iron levels were determined by employing an iron probe at a

wavelength of 593 nm.

18. Glutathione assay

The glutathione concentration was assessed using a Glutathione Assay Kit (Invitrogen).
Mouse kidney samples (10 mg) were harvested, lysed in 250 puL of 100 mM phosphate
buffer (pH 7.0), and centrifuged at 14,000 rpm for 10 minutes. The resulting supernatant
was collected for protein quantification. Subsequently, an equal volume of supernatant of
5% 5-sulfosalicylic acid (5-SSA) solution was added, followed by centrifugation under the
same conditions. The supernatant from each sample was then mixed with 1.5 times the
volume of assay buffer. The detection mixture and reaction mixture, including NADPH
solution, were introduced into each well and incubated at RT for 20 minutes. Glutathione
levels were determined by measuring absorbance at a wavelength of 405 nm. The

glutathione content for each sample was determined by comparing it to a standard reference.

19. Statistical analysis

Statistical analysis was conducted using GraphPad Prism 10.3 (GraphPad, San Diego,
CA, USA). For comparison between two groups, a student's t-test was performed. A one-
factor analysis for variance (ANOVA) was used for comparison among more than 3 groups
and followed by the post-hoc Turkey test. P value less than 0.05 was considered statistically

significant.
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III. RESULTS

1. Cell free hemoglobin and hemin elevation after IRI operation and subsequent
alteration in kidney function

To assess the impact of IRI in the animal model, CFH and hemin levels were evaluated
at various time points (2, 4, 6, 8, and 24 hours) following the IRI procedure. In comparison
to the control group that underwent sham operation, the IRI operation model exhibited a
statistically significant increase in CFH and hemin levels (Figure 1A).

Furthermore, to assess the influence of IRI on kidney function and oxidative stress
markers in the animal model, we measured BUN and creatinine levels at 4, 8, and 24 hours
after the IRI procedure. The results revealed elevated levels of BUN and creatinine,
indicating a deterioration in kidney function in IRI group, in contrast to the sham operation

control group (Figure 1B).
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Figure 1. Cell free hemoglobin and hemin elevation after IRI operation and subsequent
alteration in kidney function. 2, 4, 6, 8, 24 hours after IRI operation, CFH and hemin level were
evaluated. Compared to sham operation control group, IRI operation model showed statistically
significant increase in CFH and hemin (A). 4, 8, 24 hours after IRI operation, there was increase in
BUN, and creatinine indicating a deterioration in kidney function when compared to the sham
operation control group (B). For all groups, data are means + SD. (*, P <0.0001 vs sham control; #,
P <0.001 vs. sham control.)
2. Optimal timing of administration of haptoglobin and hemopexin: before, after, or
both before and after IRI operation
To determine the optimal timing of Hp or Hx injection, Hp or Hx was administered at a
fixed dose of 100 mg/kg, before, after, or both before and after IRI surgery. Compared to
the control group, plasma creatinine, BUN, and NGAL increased in the group that
underwent IRI surgery. Compared to the group that underwent IRI surgery, plasma
creatinine, BUN, and NGAL decreased statistically significantly in all groups administered
Hp or Hx before, after, and both before and after IRI surgery. Overall, the administration
of Hp or Hx demonstrated a significant effect, irrespective of the timing of injection.

Therefore, I decided to administer the drugs after IRI surgery, taking into consideration the

convenience of the experiment.
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Figure 2. Optimal timing of administration of Hp and Hx: before, after, or both before and
after IRI operation. Through the administration of Hp and Hx before, after, or both before and after
the IRI, enhancements in kidney function were observed within the IRI model, with no statistically
significant differences noted among the various timing approaches. For all groups, data are means
+ SD. (*; P<0.05 vs. sham control, **; P<0.01 vs. sham control, ***; P<0.001 vs. sham control, #;
P <0.05 vs. IRI-vehicle, ##; P <0.01 vs. [RI-vehicle.)

3. The attenuation of elevated cell free hemoglobin and hemin levels in the IRI model
after haptoglobin and hemopexin treatment leading to a subsequent improvement in
kidney function

To validate the hypothesis that Hp, a scavenger protein for CFH, and Hx, a scavenger
protein for hemin, could lead to a reduction in CFH and hemin levels and consequently
influence kidney function and oxidative stress, intravenous injections of Hp or Hx were
administered to the IRI model via the tail vein 30 minutes after the IRI surgery, using
different doses (100 and 200 mg/kg). The injection of Hp resulted in a decrease in CFH
levels, independent of the dosage, while the injection of Hx led to reduced hemin levels

compared to the IRI group. Furthermore, treatment with either Hp or Hx resulted in lowered

creatinine, BUN, and NGAL levels across all dosages compared to the IRI group.
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Figure 3. The attenuation of elevated cell free hemoglobin and hemin levels in the IRI model
after haptoglobin and hemopexin treatment leading to a subsequent improvement in kidney
function. Hp or Hx was intravascularly injected to IRI model with different doses (100, 200 mg/kg)
30 minutes after IRI surgery (A) Injection of Hp decreased CFH levels regardless of the dosage,
while injection of Hx decreased hemin levels compared to the IRI group. (B) Treatment with Hp or
Hx resulted in decreases in creatinine, BUN, and NGAL levels across all dosage compared to the
IRI group. For all groups, data are means + SD. (*, P<0.001 vs sham control; #, P<0.0001 vs. IRI-
vehicle; $, P<0.001 vs. IRI-vehicle.)

4. The amelioration of kidney injury score following haptoglobin and hemopexin
treatment
The kidney injury score, which takes into account the percentage of cell necrosis, loss of

brush border, cast formation, and tubule dilatation in kidney tissues, exhibited an increase
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in the IRI operation group compared to the sham control group. However, treatment with
Hp or Hx in the IRI model led to a notable improvement in the kidney injury score. A
similar tendency occurred using another type of ischemic-reperfusion kidney injury scoring

called EGTI scoring (Figure 4). 4
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Figure 4. The improvement of kidney injury score after haptoglobin or hemopexin treatment.
(A) Kidney tissues were subjected to PAS staining. Representative microscopic images are shown.
Scale bar=50 pm. Control, IRI, Hp (100, 200mg/kg) treated IRI model, and Hx (100, 200mg/kg)
treated IRI model. (B) Kidney injury score and EGTI damage score were assessed based on histology.
Kidney injury score: cell necrosis, loss of brush border, cast formation, tubule dilatation 0: none, 1:
<10% 2: 11-25% 3:26-45% 4: 46-75% 5: =76%. For all groups, data are means + SD. (*; P<0.01
vs. sham control, ***; P<0.0005 vs. sham control, #; P <0.005 vs. IRI-vehicle, $; P <0.05 vs. IRI-
vehicle, $3$; P <0.001 vs. IRI-vehicle.)

5. Assessment of ferroptosis markers across multiple groups: the control, IRI group,
and haptoglobin or hemopexin administration after IRI at varying doses

In order to substantiate the hypothesis that scavenger proteins, Hp or Hx, could attenuate
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ferroptosis activation caused by CFH and hemin induced by IRI, an evaluation of key
ferroptosis markers by qPCR was conducted, including Slc7all, Gpx4, and Fthl. As per
current knowledge, ferroptosis activation is associated with a decrease in Slc7all and Gpx4
levels, and an increase in Fthl expression. Consequently, in the IRI group, the mRNA
expression of Slc7all decreased in comparison to the control group, while the expression
of Fthl increased. However, treatment with Hp or Hx led to an increase in Slc7all mRNA
expression and a decrease in Fthl expression when compared to the IRI group (Figure 5A).
Western blot analysis was done for SLC7A11, GPX4, and FTHI1. As in gPCR mRNA
expression analysis, protein analysis also showed decrease in SLC7A11 and GPX4 protein
expression in IRI group, and an increase in FTH1 expression. Treatment with Hp or Hx
ameliorated these changes (Figure 5B, 5C). In addition, immunohistochemistry was
conducted to further investigate the underlying mechanism. The immunohistochemical
staining for SLC7A11 and GPX4 exhibited reduced intensity in the IRI group, whereas the
intensity of FTH1 increased. These alterations were reversed following the administration

of Hp or Hx (Figure 5D).
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Figure 5. The comparison of ferroptosis markers among the control group, the IRI group, and
different administration doses (100 mg/kg, 200 mg/kg) of haptoglobin or hemopexin injection
after IRI. (A) In the IRI group, the mRNA expression of Slc7a 1l decreased compared to the control,
while Fthl increased. However, treatment with Hp or Hx resulted in an increase in Slc7all mRNA
expression and a decrease in Fthl mRNA expression compared to the IRI group. (B, C) Similar to
the qPCR mRNA expression analysis, the protein analysis indicated a decrease in the protein
expression of SLC7A11l and GPX4 in the IRI group, along with an increase in FTH1 expression.
The administration of Hp or Hx resulted in the reversal of these alterations. (D) The
immunohistochemical staining of SLC7A11 and GPX4 showed decreased intensity in the IRI group,
while the intensity of FTH1 increased. These changes were reversed with the administration of Hp
or Hx. For all groups, data are means + SD. (*, P<0.0001 vs sham control; **, P<0.01 vs. sham
control; *** P<0.005 vs. sham control, $$, P<0.005 vs. IRI-vehicle; $, P<0.05 vs. IRI-vehicle, #,
P<0.001 vs. IRI-vehicle, ##, P<0.0001 vs. IRI-vehicle.)

6. Evaluation of iron-dependent cell death, ferroptosis, in relation to lipid
peroxidation

In addition to evaluating the increase in systemic CFH in the plasma, the iron content—
a possible consequence of CFH and a source of ferroptosis—was also measured in the
target organ, kidney tissue. Iron levels increased in the IRI group, and this increase was
statistically significantly decreased after the injection of Hp or Hx (Figure 6A). Glutathione
levels, which decrease during the activation of ferroptosis, were also measured in the
kidney tissue. The glutathione levels decreased in the IRI group but increased after Hp or
Hx treatment with statistical significance, aligning with the expectations (Figure 6A).

To assess lipid peroxidation, MDA levels were measured in mouse kidney tissue.
Following IRI, MDA increased over time, and regardless of the timing, dose, or treatment
with Hp or Hx, MDA levels decreased after treatment (Figure 6B). This was further
confirmed through immunohistochemistry analysis of MDA and another lipid peroxidation

marker, 4-HNE, which demonstrated an increase in intensity after IRI and a subsequent

decrease following treatment with Hp or Hx (Figure 6C).
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Figure 6. Evaluation of iron dependent cell death, ferroptosis, in relation to lipid
peroxidation. (A) Iron levels increased in the IRI group, and this increase showed a statistically
significant reduction after the administration of Hp or Hx. Conversely, glutathione levels decreased
in the IRI group and increased after the administration of Hp or Hx injections. (B) After the induction
of IRI, MDA levels exhibited a time-dependent increase. However, irrespective of the timing, dosage,
or treatment with Hp or Hx, MDA levels decreased following treatment. (C) Immunohistochemistry
analysis of MDA and 4-HNE indicated an intensification in staining after IRI and a subsequent
reduction following the administration of Hp or Hx. For all groups, data are means = SD. (¥,
P<0.0001 vs sham control; $$, P<0.005 vs. IRI-vehicle; $, P<0.05 vs. IRI-vehicle; #, P<0.001 vs.
IRI-vehicle.)

IV. DISCUSSION

Physiologically, approximately 66% of AKI are induced by IRI or acute tubular necrosis.
# Causes of IRI include conditions such as myocardial infarction, cardiovascular surgery,
and kidney surgery, including kidney transplantation.

In current study, after IRI, elevation of CFH and hemin, deterioration in kidney function
and increased oxidative stress marker were observed in animal model. Administration of
Hp or Hx was associated with a reduction in CFH or hemin levels, along with an
improvement of kidney function, and kidney injury scores. The alteration in the ferroptosis
marker, iron, glutathione, and oxidative stress marker level following IRI was attenuated
upon the injection of Hp or Hx.

This study may support the idea that IRI can lead to endothelial damage, resulting in
hemolysis during the extravasation of red blood cells. This, in turn, leads to the release of
cell free hemoglobin, which could potentially cause kidney injury through the mechanism
of ferroptosis. However, the effects of this process may be ameliorated through treatment
with CFH scavenger proteins such as haptoglobin and heme scavenger proteins like

hemopexin (Figure 7).
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Ischemia leads to the depletion of ATP in cells, which results in the inhibition of the
Na'/K* pump, ultimately leading to the intracellular accumulation of Na*, Ca?*, and cellular
edema. This results in the activation of enzymes, such as proteases, and an increase in
reactive oxygen species. Additionally, ischemia leads to acidosis, which may cause
lysosomal instability and the subsequent release of lysosomal enzymes. All these factors
together may lead to cellular membrane injury, resulting in necrosis or apoptosis.
Reperfusion, when it occurs, worsens these reactions, causing an increase in reactive
oxygen species. The normalization of pH leads to calcium overload, which in turn activates
proteases. ** This is similar to the consequence of a septic condition, involving the
activation of inflammatory cytokines and an increase in reactive oxygen species, which can
lead to cell injury, including endothelial cells. Endothelial cell damage can lead to
hemolysis, resulting in the release of CFH, which may increase free iron levels. In this
study, this excess iron is shown to contribute to iron-dependent cell death, specifically
ferroptosis. Ferroptosis, in turn, leads to lipid peroxidation, cell injury, and ultimately,
kidney damage. The scavenging of iron sources, such as CFH and heme, by haptoglobin
and hemopexin, may mitigate the occurrence of ferroptosis.

The limitation of this study is the lack of evaluation of the contribution of the ferroptosis
pathway among various types of cell death pathways. Apoptosis is a well-known major cell
death signaling pathway, and as previously described, it may be related to the initial
increase in CFH. Therefore, excluding the actual impact of apoptosis in the IRI model is
not physiologically accurate. However, this condition may be achieved in an in vitro setting
by using a pan-apoptosis inhibitor, such as a pan-caspase inhibitor, which was not done in
this study.

Nevertheless, the strength of this study lies in establishing a connection between CFH
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and adverse kidney outcomes. However, there was still a lack of understanding regarding
the underlying mechanism. Therefore, this study may serve as a bridge connecting CFH to
kidney injury, particularly in the context of ferroptosis. Additionally, it may highlight the
potential therapeutic role of haptoglobin and hemopexin in preventing ischemic-

reperfusion associated kidney injury.
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Figure 7. Schematic diagram for hypothesis of renoprotective effect of haptoglobin and
hemopexin by inhibiting ferroptosis from IRI model.

V. CONCLUSION

In this study, I demonstrated that Hp and Hx treatment improved the impaired kidney
function in IRI operated mice. Treatment with Hp and Hx also resulted in changes to the
ferroptosis marker. Thus, scavenger proteins Hp and Hx have the potential to serve as
preventive agents against ischemic-reperfusion associated AKI by exerting inhibitory

effects on ferroptosis.
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