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ABSTRACT

Complement cascade is a defence mechanism useful for elim-
inating pathogenic microorganisms and damaged cells. How-
ever, activation of alternative complement system can also
cause inflammation and promote kidney and retinal disease
progression. Inflammation causes tissue hypoxia, which in-
duces hypoxia-inducible factor (HIF) and HIF helps the body to
adapt to inflammation. In this study, we investigated the effect
of HIF stabilizer desidustat in complement-mediated diseases.
Oral administration of desidustat (15 mg/kg) was effective to
reduce the kidney injury in mice that was induced by either li-
popolysaccharide (LPS), doxorubicin or bovine serum albumin
(BSA)-overload. Complement activation-induced membrane
attack complex (MAC) formation and factor B activity were also
reduced by desidustat treatment. In addition, desidustat was
effective against membranous nephropathy caused by cati-
onic BSA and retinal degeneration induced by sodium iodate
in mice. C3-deposition, proteinuria, malondialdehyde, and
interleukin-18 were decreased and superoxide dismutase was
increased by desidustat treatment in cBSA-induced membra-
nous nephropathy. Desidustat specifically inhibited alternative
complement system, without affecting the lectin-, or classical
complement pathway. This effect appears to be mediated by
inhibition of factor B. These data demonstrate the potential
therapeutic value of HIF stabilization by desidustat in treatment
of complement-mediated diseases.

Introduction

Complement pathway plays an important role in defence against
invading pathogens. It has three distinct components, namely the
classical, lectin (mannose-binding lectin), and alternative comple-
ment systems. Complement protein C3 is the main component of
the complement system, which generates active fragments C3a
and C3b by proteolytic cleavage process. Complement activation
is a cascading event which results in the formation of C5b-9 (mem-
brane attack complex, MAC). This complex aids in the elimination
of dead or pathogenic cells through processes such as opsoniza-
tion, cell recruitment, or cell lysis. Aberrant activation of comple-
ment system can cause serious disorders [1], like kidney diseases,
namely IgA glomerulonephritis (IgAN), membranous nephropathy

(MN), paroxysmal nocturnal hemoglobinuria (PNH), atypical hemo-
lytic uremic syndrome (aHUS), and C3 glomerulopathy (C3G), lupus
nephritis, and anti-glomerular basement membrane (GBM) dis-
ease, and also retinal diseases like macular degeneration [2].
Hypoxia-inducible factors (HIFs) detect changes in cellular oxy-
gen levels and regulate metabolic changes that drive cellular adap-
tation to low oxygen availability. HIFs are abundantly expressed in
inflammatory cells and regulate immunity [3]. Prolyl hydroxylase
domain (PHD) enzymes cause the degradation of HIFs (HIF-1, HIF-2,
and HIF-3). Inhibition of PHD enzymes can stabilize HIFs, which can
stimulate erythropoietin [4]. HIFs can also decrease hepcidin reg-
ulating iron availability in the body [5]. Inflammation is known to
cause anincrease in hepcidin levels [6]. Desidustat, a novel PHD in-
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hibitor, is clinically used for the treatment of chronic kidney dis-
ease-associated anemia [7]. Desidustat had demonstrated an anti-
inflammatory effect by suppressing proinflammatory cytokines and
the recruitment of inflammatory cells [8].

In this work, we have investigated the effect of desidustat, a PHD
inhibitor, on complement systems activation and its role in com-
plement-driven membranous nephropathy and retinal degenera-
tion.

Materials and Methods

Animals

Female Balb/c mice, and male Sprague Dawley (SD) rats were pro-
cured from the animal research facility of Zydus Research Centre
and housed in groups at controlled temperature and humidity con-
ditions, with a 12-h light/dark cycle. The animals had access to a
standard chow diet and water ad libitum. Animal protocols were
approved by the Institutional Animal Ethics Committee of Zydus
Research Centre (Ahmedabad, India), a facility accredited by AAAL-
AC International. The mice or rat were bled by retro-orbital punc-
ture under isoflurane anesthesia. All animal experiments are car-
ried out in accordance to National Research Council’s Guideline for
animal use [9].

Chemicals

Desidustat, factor B substrate-Ac-SHLGLAR-pNA, and cationic bo-
vine serum albumin were synthesized at Zydus Research Centre
(ZRC), Ahmedabad, India. For in vivo studies, desidustat was admin-
istered orally as a suspension containing 0.5 % Tween 80, 0.5 % pol-
yethylene glycol 400, and 0.25 % carboxymethyl cellulose in water.
All other chemicals were procured from Sigma Aldrich, unless oth-
erwise indicated. For alternative complement assay, desidustat was
dissolved in DMSO and prepared in gelatin egtazic acid (EGTA) buff-
er, while for classic and lectin pathways, desidustat was prepared
in gelatin veronal buffer (12-624E, Lonza Bioscience). Anti-mem-
brane attached complex antibody C5b-9 (aE11) antibody (sc-
58935, Santa Cruz Biotechnology, Inc.), Mouse IgG Horseradish
Peroxidase-conjugated Antibody (HAF007, R&D Systems), fluores-
cein (FITC)-conjugated Affinipure Goat Anti-Mouse IgG (SA00003-
1, Proteintech Group, Inc), Mouse/Rat complement component
C3d Antibody (AF2655, R&D Systems), Goat IgG HRP-conjugated
Antibody (HAF017, R&D Systems), and C3/C3b/C3c Polyclonal an-
tibody (21337-1-AP, Proteintech Group, Inc) were used in the ex-
periments.

Ex vivo inhibition of alternative, classical, and lectin
complement pathway

Zymosan A from Saccharomyces Cerevisiae (Z4250, Sigma Aldrich),
suspension in Tris-buffered saline (TBS, pH-7.6), was activated by
boiling in a sealed container at 100 °C for 10 minutes in a water
bath. The suspension was centrifuged at 4000 rpm for 30 minutes
and the pellet containing the activated zymosan A was re-suspend-
ed in TBS buffer and stored at — 20 °C. ELISA plate was coated with
activated zymosan A (1 mg/mL), C1q (12.5ug/mL, C1740, Sigma
Aldrich) and Mannan from Saccharomyces cerevisiae (1 mg/mL,
M7504, Sigma Aldrich) in carbonate buffer (pH 9.5) for evaluating

alternative, classical, and lectin complement pathways, respective-
ly, and incubated overnight at 2-8 °C. Next day, plates were washed
by TBS-T (0.1 % tween 20 in TBS) and blocked by adding 1% BSAin
TBS for 1 h at room temperature, and again washed with TBS-T.
Human serum (25 % in gelatin-EGTA buffer or in gelatin-veronal
buffer) was incubated with different concentrations of desidustat
(0.001 uM to 100 uM in EGTA buffer or gelatin-veronal buffer) for
30 min at room temperature in microfuge tubes. EGTA buffer was
used for testing alternative complement pathway and gelatin ve-
ronal buffer was used for testing classical or lectin complement
pathway. These samples were added to ELISA plate and incubated
for 1h at 37 °C. Reaction was terminated by aspirating the super-
natant, and plate was washed with TBS-T. Primary antibody, C5b-9
(sc-58935, 2000-fold dilution) was added the plates was incubated
for 1 h at room temperature. Plate was washed and incubated with
HRP (HAF007, 500-fold dilution) for 1 h at room temperature. After
washing with TBS-T, TMB substrate was added and plate was incu-
bated for 15 minutes at room temperature. Reaction was stopped
by addition of 1 N sulfuric acid and absorbance was detected at 450
and 570 nm. Corrected optical density (450nm-570nm) was used
for calculation. EDTA-treated serum was considered as maximum
inhibition and EGTA-treated serum was considered as maximum
signal. Inhibition was calculated as: % inhibition =[((Maximum avg
- blank)-(Test well avg - blank)) x 100]/ (Maximum avg - blank).
The sample without serum was considered blank [10].

Inhibition of MAC deposition on RBC cell surface

Human serum (50 % serum in gelatin-EGTA buffer) was incubated
with desidustat (0.1 uM to 10 uM) for 30 min at room temperature
in microfuge tubes. Separately, rat whole blood was collected in a
tube containing disodium EDTA tube and stored on ice. This rat
whole blood sample was washed three times with sodium iodide
(0.16 M in normal saline), removing the white buffy coat contain-
ing WBC and platelets. RBC suspension (0.1 % v/v) was prepared by
aspirating cells in EGTA/EDTA buffer. RBC suspension (50 pL) was
added to 100 pL of reaction mixture containing human serum with
orwithout desidustat, and it was incubated for 30 min at 37 °C. Re-
action was terminated by aspirating the supernatant, and cells were
washed two times with PBS. Membrane attack complex deposited
on rat RBCs were detected by the addition of an anti-C5b-9 anti-
body (sc-58935, 100X, 30 min incubation on ice). The cells were
washed twice with PBS and incubated with secondary antibody,
fluorescein (FITC)-conjugated Affinipure Goat Anti-Mouse 1gG
(SA00003-1, 1000X) for 30 min on ice. These cells were washed
twice with PBS. One tube of vehicle control (EGTA buffer control)-
not stained with primary or secondary antibody- served as un-
stained control. MAC deposition was detected using flow cytom-
etry (Cytoflex SRT, Beckman Coulter) with a 488 nm laser for exci-
tation and fluorescence emission was detected using a 525 nm
filter.

Factor B inhibition

Factor B inhibition was assessed using human and mouse serum
(25%) in 100 mM glycine-HCI buffer, pH 9.5. Human or mouse
serum was incubated with desidustat for 15 min, and then this re-
action mixture was incubated with 100 uM Ac-SHLGLAR-pNA (fac-
tor B substrate) at 37 °C. The change in absorbance for 30 min at
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1 min interval was measured at 405 nm. The rate of reaction was
calculated and expressed against vehicle control [11].

Lipopolysaccharide-induced complement activation

Female Balb/c mice were treated with desidustat (15 mg/kg, PO),
four hours before and after lipopolysaccharide (LPS, 2 mg/kg, IP)
challenge. After twenty-four hours of the LPS challenge, mice were
bled and ic3b and c3dg were assessed in plasma by western blot.
Briefly, plasma samples (2 pg total protein) were loaded for elec-
trophoresis on a 10 % polyacrylamide gel. The samples were wet-
transferred to 0.45pum nitrocellulose membrane (Bio-rad). Blots
were blocked for 1 h with 5% BSA in TBS-T buffer (20 mM Tris-HC,
0.8 % NaCl and 0.05 % Tween 20, pH 7.6) and incubated overnight
at4°Cwith a mouse complement component C3d Affinity purified
PAb (AF2655, 500-fold dilution). These blots were washed with
TBS-T and incubated with secondary rabbit anti-goat IgG HRP af-
finity purified PAb (HAF017, 1000-fold dilution) for 1 h. Bands were
detected using enhanced chemiluminescence and quantified by
gel DOCx.

LPS-induced lupus nephritis

Female Balb/c mice were treated with vehicle or desidustat (15 mg/
kg, PO), thirty min before the LPS (5 mg/kg, IP) challenge, followed
by second treatment of vehicle or desidustat six hours later, twice
a day for a day. Normal control animals were given normal saline
by IP route. Mice were bled retro-orbitally under isoflurane anes-
thesia 24 h after LPS treatment and serum was separated and ana-
lyzed for creatinine and urea.

Doxorubicin-induced nephrotoxicity

Female Balb/c mice were treated with doxorubicin (10 mg/kg, in-
travenous route). Normal control animals were given normal saline
by IV route. After 5 weeks of treatment, mice were randomized
based on total urinary protein excretion into vehicle control and
desidustat (15mg/kg, once a day), and the treatment continued
for two weeks. At the end of treatment, mice were housed individ-
ually in metabolic cages for 24-hour urine protein excretion meas-
urement.

BSA overload-induced glomerulonephritis

Onday 1today 5, female Balb/c received intraperitoneal injections
of BSA at doses of 2 mg/kg, 4 mg/kg, 6 mg/kg, 8 mg/kg, and 10 mg/
kg, respectively. The mice were administered BSA (10 mg/kg) for
next 5 days. Normal control animals were given drinking water by
PO route. The animals received either a vehicle or desidustat
(15mg/kg, once a day by oral route) from day 1 to day 10. On the
11t day, the mice were kept in metabolic cages for 24-hour urine
collection and total protein excretion was measured.

Cationic BSA-induced membranous nephropathy

Cationic BSA (cBSA) was prepared as described in the literature [12].
Female Balb/c mice were immunized by subcutaneous (SC) injec-
tion of 0.2 mg of emulsified cBSA in complete Freund’s adjuvant
(1:1). On 15th, 17th 19th and 215t day after immunization, mice
were challenged with 50, 100, 200 and 400 g of cBSA (per mouse)
by SCinjection, respectively. Normal control animals were given

normal saline by SC route. Starting from the 231 day, these mice
were given 400 ug of cBSA per animal by SC injection every other
day for the next five weeks. Desidustat (15 mg/kg, once a day) treat-
ment was started from the day of the challenge (15t day) for next
sixweeks. At the end of the treatment, mice were kept in metabol-
ic cages and 24-hour urine protein excretion was measured. After
euthanization, one of the kidneys was collected in 10 % formalin for
histological assessment and other kidney was dissected and stored
in liquid nitrogen.

Sodium iodate induced retinal degeneration

Male SD rats were treated with a single dose of sodium iodate
(80 mg/kg, 1V). These rats were then treated with desidustat
(15mg/kg, orally) once a day for twenty-one days. At the end of
treatment period, rats were euthanized and eyes were enucleated
in Davidson’s solution.

Kidney histology

For histological evaluation, kidney samples were embedded in par-
affin, and sectioned. These sections (5 uM thickness) were stained
with periodic acid-schiff stain. Stained sections were examined
using a microscope (DM1000, Leica Microscope) for surface area,
glomerulosclerosis and tubulointerstitial fibrosis. Stained sections
were examined at 400X magnification by microscope and exam-
ined for inflammation. Grading of histopathological findings was
done as 0-no abnormalities detected, 1-minimal abnormality
(<20%), 2-mild abnormality (21 to 50 %), 3-moderate abnormal-
ity (51 to 75%), and 4-severe abnormality (76 to 100 %) in periodic
acid solution (PAS) staining.

Immunohistology for C3 deposition in kidney

Deparaffinized kidney sections were processed for antigen retriev-
al by trypsinization. These sections were washed with TBS-T. Non-
specific binding sites were blocked by incubating samples with 5%
BSA in TBS for 2 h at 4 °C. After washing with TBS-T 2 times, 5 min
apart, sections were incubated with anti-C3 antibody (21337-1-
AP, 200-folx dilution in 5 % BSA in TBS) overnight at 4 °C. Unbound
antibody was removed by washing the sections with TBS-T. These
washed sections were stained with FITC-conjugated secondary an-
tibody to anti-C3 antibody (SA00003-1, 50 Xin 5% BSA in TBS) for
1.5h at 4°Cin the dark. The unbound antibody was removed by
washing and mounted in a fluoro-shield mounting medium with
4',6-diamidino-2-phenylindole (DAPI). C3 deposition was observed
using in a microscope at 400X magnification (DM1000, Leica Mi-
croscope).

Eye histology

Eye samples stored in Davidson’s solution for 24 hours were em-
bedded in paraffin, and sectioned. These sections (5 uM thickness)
were stained with hematoxylin and eosin (H & E) stain. Stained sec-
tions were examined using a microscope (DM1000, Leica Micro-
scope). The thickness of the total retina length, outer nuclear layer
and inner nuclear layers were measured. Grading of histopatholog-
ical findings for retinal folds, degeneration of photoreceptor layers,
and disorganization of retinal layers of the retina were performed
as 0-no abnormalities detected, 1-minimal abnormality (<20%),
2-mild abnormality (21 to 50 %), 3-moderate abnormality (51 to

Patel V| et al. HIF stabilizer inhibits complement system ... Drug Res 2024; 74: 325-334 | © 2024. Thieme. All rights reserved. 327

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



& Thieme

. ., W Normal control

aLes
-~ [0 LPS + Desidustat (15 mg/kg, PO}
1.0 *

aty
'
x

Serum Creatinine (mg/aL)

05 ta

100

80 “ W Normal contral
[ Doxorubicin (DOXO)
[0 DOXO + Desidustat (15 mgtkg, PO)

Urine total protein (mg/mL)

d 80

b 250-
B Normal control
200 ", Ows
I [ LPS + Desidustat {15 mg/kg, PO)
_?j 150 *
g A
H i
E 100
& " “ at
e~ as
) H
0

8o W Normal control

[0 BSA
[ 8SA +*Dt=.sidushal (15 mgfkg. PO)

Urine total protein
(ma/mil)
£
&
I

20

J I

,
»
TR

> Fig. 1 Effect of desidustat on a. serum creatinine and, b. serum urea in lipopolysaccharide (LPS)-induced acute inflammation in Balb/c mice, c.
total protein in doxorubicin-induced glomerulonephritis in Balb/c mice and, d. total protein in bovine serum albumin (BSA) overload-induced glo-

merulonephritis in Balb/c mice. Data are presented as group means £ SD.

75 %), and 4-severe abnormality (76 to 100 %) in H&E staining.
Stained sections were examined at 200X magnification by micro-
scope (DM1000, Leica Microscope).

Statistical Analysis

Data are presented as mean * standard deviation (SD). All analyses
were performed using GraphPad Prism version 10.2 (GraphPad
Software, San Diego, CA). Statistical comparisons were conducted
by one-way ANOVA, followed by Tukey’s multiple comparison test
for group-wise comparisons, except for » Fig. 2d, where intergroup
comparison was done with t test. P<0.05 was considered as a sta-
tistically significant difference. Histological data were evaluated
using Kruskal-Wallis analysis followed by Dunn’s test.

Results

Desidustat treatment suppressed acute nephritis in
mice

Acute nephritis in mice can be induced by drugs or chemicals like
LPS, doxorubicin, or BSA, which causes an increase in serum creati-
nine, serum urea and urinary protein excretion. These symptoms
resemble the acute kidney injury observed in humans. LPS (5 mg/
kg, IP) treatment in mice induced acute nephritis. In these mice,
serum creatinine and urea were significantly increased when com-
pared to saline-treated normal control (> Fig. 1a, b). Desidustat
(15mg/kg, PO) treatment reduced serum creatinine and urea by
34.1+5.2 and 44.9£5.2 %, respectively, when compared to only
LPS-treated control mice (> Fig. 1a, b). Doxorubicin (10 mg/kg, IV)
treatment induced glomerulonephritis and demonstrated signifi-
cant proteinuria, when compared to saline-treated normal control
(» Fig. 1c). Desidustat (15 mg/kg, PO) treatment reduced urinary
protein excretion by 47.8 +5.8 %, when compared to Doxorubicin-

treated control mice (> Fig. 1c). Treatment with BSA caused mem-

branous nephropathy and significantly increased protein excretion

in urine when compared to vehicle-treated normal control (> Fig.

1d). Desidustat (15 mg/kg, PO) reduced urinary excretion of total
protein by 40.1+7.6 % in BSA-treated mice (> Fig. 1d). Taken to-
gether, these data indicate that desidustat can prevent the symp-
toms of acute nephritis, glomerulonephritis, and membranous ne-
phropathy in mice.

Complement system inhibition by desidustat

The complement system comprises of alternative, classical, and
lectin systems. We investigated the effect of desidustat in these
three complement systems. Zymosan A was used for the activation
of the alternative complement system, mannan was used for the
activation of the lectin complement system, and C1q was used to
activate the classical complement system in human serum. Prein-
cubation of desidustat with human serum showed inhibition of the
zymosan A-activated complement system in a dose-related man-
ner. The ICs, (Inhibitory concentration, which caused 50 % inhibi-
tion of MAC -membrane attack complex) was found to be 0.026 uM

(> Fig. 2a). On the other hand, desidustat treatment did not show

significant inhibition of either lectin or classical complement path-
ways (> Fig. 2a). To investigate whether desidustat can cause a di-
rectinhibition of factor B, the enzymatic conversion of factor B sub-
strate, Ac-SHLGLAR-pNA, to the fluorescent product was estimat-
ed, where human or mouse serum was used as the source of factor
B. Desidustat treatment exhibited a dose-related inhibition of fac-
tor B, with the IC5y of 1.96 and 1.44 uM, in mouse and human
serum, respectively (> Fig. 2b, c¢). When the complement system
in mice was activated with LPS, desidustat treatment inhibited the
formation of C3 degradation products, namely iC3b68 and C3dg
by40.5+4.9 and 14.3+9.8 %, respectively, when compared to LPS-
treated mice (> Fig. 2d).
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When rat RBCs were incubated with human serum, complement
system activation was observed by MAC deposition on the RBC sur-
face, as measured by the flow cytometry. In this experiment,
78.5+1.2% RBC were stained positive for MAC deposition (> Fig.
3a). The gating strategy used in this analysis was based on scatter
plot of forward scatter (FSC)-Area Vs FCS-Height of the singlet cell
population. From these cells, MAC positive gate was drawn from
unstained buffer control (> Fig. 3b). Assuming 100 % inhibition of
alternative complement system in EDTA-treated serum, desidus-
tatat 0.1,0.3, 1, 3 and 10 uM concentration displayed 7.4 +4.5,
17.6%£4.0,26.9£2.0,42.3+£2.9,and 62.3 3.3 % inhibition of MAC
deposition, respectively, when compared to vehicle control group
(» Fig. 3a). Taken together, these data suggest that desidustat in-
hibited the alternative complement system, and prevented the
generation of C3 degradation products. It appears that this action
is achieved, at least partially, by direct inhibition of Factor B.

Effect of desidustat on cationic BSA-induced
membranous nephropathy

Subcutaneous injections of cationic BSA (cBSA) induce membra-
nous nephropathy in mice. Administration of cBSA is associated
with complement system activation which causes symptoms of
membranous nephropathy such as proteinuria, increased oxidative
stress and inflammation in the kidney. We have observed that cBSA
treatment increased the excretion of protein and microalbuminin
urine (> Fig. 4a, b), and also increased malondialdehyde (MDA) and
reduced superoxide mutase (SOD) levels in the kidney (> Fig. 4c,
d). Desidustat treatment reduced urinary excretion of protein and
microalbumin by 40.4£5.9 and 32.8 +3.6 %, respectively, com-
pared to cBSA-treated control mice (> Fig. 4a, b). Oxidative stress
markers such as MDA were reduced by 37.0£9.3%, and superoxide

mutase activity was increased by 90.8 +5.9 %, by desidustat treat-
ment, when compared with cBSA-treated control mice (> Fig. 4c, d).

Interleukin-1R8 (IL-1R) levels in kidney were increased by cBSA-
treatmentin mice (> Fig. 4e), along with the thickening of glomer-
ular basement membrane as observed by histopathological assess-
ment (> Fig. 5a). Desidustat treatment reduced IL-18 levels in kid-
ney by 60.7 £ 1.2 %. It also reduced the thickening of glomerular
basement membrane by 24.4£6.9 %, when compared with cBSA
control (> Fig. 5a, b). Desidustat treatment also decreased the C3
deposition in the glomerular basement membrane, which was in-
creased by cBSA treatment (> Fig. 5¢). Taken together, in cBSA -in-
duced glomerulonephritis model, desidustat treatment reduced
complement deposition in kidney, decreased the symptoms of
membranous nephropathy, and also reduced inflammation and
oxidative stress.

Sodium iodate-induced retinal degeneration

Unwarranted activation of the complement system in the ophthal-
mic milieu causes retinal degenerative disease. Typically, retinal
damage is characterized by the disorganization of retinal layers and
the atrophy of retinal cells. In this study, retinal degeneration was
induced through intravenous injection of sodium iodate, which de-
creased the thickness of the outer nuclear layer (ONL) of the retina
by 27.5+11.5%, when compared to saline-treated normal control
(> Fig. 6a). Retinal degeneration score as assessed by histopatho-
logical screening showed increased retinal folds, degeneration of
photoreceptor layers and disorganization of ONL layer by sodium
iodate treatment (> Fig. 6b, c). Desidustat treatment prevented
the change in ONL thickness, and also prevented the increase in
retinal folds, degeneration of photoreceptor layers and disorgani-
zation of ONL layer. Taken together, it appears that desidustat re-
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duced retinal folding and degeneration possibly by inhibition of the Discussion

complement system. HIFs are transcription factors that respond to changes in cellular ox-
ygen environment and regulate the expression of various proteins
[13]. Inhibition of PHDs prevents degradation of HIFs and increases
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their stability [4]. Stabilized HIFs regulate erythropoietin (EPO), vas-
cular endothelial growth factor, transforming growth factor-B, epi-
dermal growth factor, many cytokines and chemokines, along with
adhesion molecules that modulate inflammation, cell survival and
growth [13]. Additionally, hypoxia also regulates the expression of
CD55, a decay-accelerating factor involved in the complement sys-
tem [14]. Complement system is the key regulator of adaptive im-
munity and inflammation. HIF-1 is also linked to active-C3, a key me-
diator of complement activation [15].

Inflammatory stimuli such as lipopolysaccharide (LPS) and bo-
vine serum albumin (BSA) activate the complement system
[16,17]. Apart from these, doxorubicin can also induce kidney dam-
age by complement system activation [18]. In this study, we have
used desidustat a known PHD inhibitor and stabilizer of HIF [19],
to assess the inhibitory potential using these in vivo models. Desi-
dustat reduced serum creatinine and urea in LPS-induced acute
kidney injury. Proteinuria is an important diagnostic marker for glo-
merulonephritis associated with complement system dysregula-
tion [20]. Desidustat treatment also reduced proteinuria in doxo-
rubicin and BSA overload-induced glomerulonephritis.

There are three major pathways of complement system activa-
tion namely; classic, lectin and alternative complement pathways.
Of these three, the alternative complement pathway is the major
pathway that amplifies and converges the other two pathways [21].
Zymosan A activates an alternative complement system [22]. Mem-
brane attack complex formation (MAC or c5b-9) was reduced by
desidustat treatment in a dose-related manner in the zymosan A
activated complement system, while lectin and classic complement
pathways were not affected. The alternative complement system
pathway can be inhibited at C3, C5, C9, properdin, factor H, factor
B, factor D, CD55, and CD59, but factor B is of greater importance
in regulating alternative complement system [22]. Desidustat in-
hibited factor B (human as well as mice) in a dose-related manner.
Hemolysis of rat RBCs using human serum as a source of comple-
ment factors was employed in the assay for complement-mediat-
ed hemolysis in this study, wherein, desidustat treatment reduced
the deposition of MAC on the rat RBC surface in a dose-related man-
ner. Thus, it appears that desidustat can reduce the MAC inhibition
at least partially by inhibition of factor B. In vivo inhibition of factor
B can be assessed by estimation of inhibition of the C3 degradation
products because C3 convertase and factor B cleave C3/C3(H,0)
into C3a, C3b, and ic3d/g. We have observed that desidustat treat-
ment could inhibit the C3 degradation that was induced by the LPS
challenge in mice. Roxadustat, a HIF stabilizer, suppresses C1q lev-
els, a protein involved in the activation of classical complement sys-
tem, and thus may prevent classical complement activation [23].
Since the HIF-stabilizer therapy is required to be given chronically
to anemia patients, changes in complement pathways, especially
classical or lectin pathways, may pose a toxicity challenge. We have
investigated the effect of desidustat on the activation of classical
and lectin pathways. It appears that desidustat modulates only the
alternative pathway, without affecting the classical and lectin-me-
diated complement pathways. Though further clinical studies di-
rected at the complement-mediated effects in humans would be
needed to ascertain this preclinical finding, it appears that desidus-
tat specifically inhibits the alternative complement pathway, with-
out affecting the classical or lectin pathways. We have also ob-

served the anti-inflammatory effects of desidustat in cBSA-induced
glomerulonephritis in mice. Coupled with the previously reported
anti-inflammatory actions of desidustat, desidustat may not cause
the toxicity associated with a decrease in classical or lectin-medi-
ated complement activation [6, 8].

Membranous nephropathy (MN) is a major cause of idiopathic
nephrotic syndrome, which may progress to end-stage kidney dis-
ease [24]. Podocyte injury, MAC deposition, and, the expansion of
the glomerular basement membrane cause proteinuria and induce
the nephrotic syndrome. Exogenous cationic proteins, such as cat-
ionic BSA (cBSA), bind to anionic sites in the glomerular basement
membrane (GBM) barrier and form subepithelialimmune complex
recapitulating membranous nephropathy mimicking clinical char-
acteristics of nephrotic syndrome [24]. Membranous nephropathy
models do not show elevated blood urea nitrogen and serum cre-
atinine, while diffuse thickening of the glomeruli basement mem-
brane without hypercellularity is always evident in histology, with
increased deposition of C3 [24]. Desidustat treatment reduced C3
deposition in kidney, and also reduced proteinuria and microalbu-
minuria in cBSA-induced membranous nephropathy in mice. Pro-
teinuria and microalbuminuria are associated with increased lipid
peroxidation in the kidney [25]. Reduced activity of superoxide dis-
mutase (SOD) in glomerular suppresses scavenging reaction in-
creasing the susceptibility of glomeruli to oxidative stress [25]. In
the current study, desidustat treatment reduced MDA and in-
creased SOD activity in the kidney, indicating an increased scav-
enging effect and reduced oxidative stress. Complement activation
causes the recruitment of inflammatory cells and releases cytokines
and chemokines [26]. Interleukin-1is a cytokine released after the
recruitment of inflammatory cells which furtherincreases the syn-
thesis of complement components and factor B [27]. In the present
study, cBSA-induced cytokine release was reduced by desidustat
treatment, and it also reduced GBM thickening, suggesting a ben-
eficial role of desidustat, a clinically used PHD inhibitor for treat-
ment of complement-mediated kidney disease.

Age-related macular degeneration (AMD) is a chronic and pro-
gressive degenerative retinal disease. Overactivation of the alter-
native complement pathway is one of the main pathogenic factors
for the progression of AMD [28]. Sodium iodate induces retinal de-
generation and causes a decrease in visual activity [29], by activa-
tion of the complement system and increasing the deposition of
complement protein in the retina [30]. Desidustat treatment pre-
vented the decrease in ONL thickness, number of retinal folds and
disorganization of ONL, which suggests the protective effect of PHD
inhibition on retinal degeneration.

Several HIF stabilizers, such as roxadustat, daprodustat, vada-
dustat, molidustat, and enarodustat, are used in the treatment of
anemia of CKD. All these PHD inhibitors show nanomolar potency
in PHD binding assays, whereas daprodustat shows a suboptimal
effect (Emax) in HIF stabilization assay, which may have been trans-
lated in lesser EPO release caused by daprodustat in preclinical as
well as clinical studies [31]. On the other hand, the reticulocyte
count, which is the hallmark of erythropoiesis, was found to be sig-
nificantly increased with desidustat, as compared to vadadustat.
PHD inhibitors have been reported to have toxicities related to ac-
celerated pharmacology, arising out of elevated haemoglobin.
However, no off-target toxicities were observed following desidus-
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tat treatment, as against more cancer-related death or tumor pro-
gression events and more esophageal or gastric erosion events in
the daprodustat treatment [32, 33]. Roxadustat trial indicated a
higher portion of non dialysis-dependent chronic kidney disease
patients and dialysis-dependent chronic kidney disease patients
experienced vascular access thrombosis compared with controls
[34]. Compared to other PHD inhibitors, desidustat treatment, ei-
ther in nondialysis-dependent patients or in dialysis-dependent
patients is noninferior to either epoetin alpha or darbepoetin, with-
out any serious side effect related to tumor progression, gastroin-
testinal trouble, or thrombosis [32]. Desidustat treatment also
showed a prominent decrease in hepcidin levels [35]. Taken togeth-
er, desidustat treatment is found to be effective and safe in CKD-
induced anemia patients.

This study suggests that PHD inhibitor desidustat reduces ab-
errant activation of the alternative complement system, partially
through factor B inhibition. Desidustat treatment also reduced in-
flammation and oxidative stress and prevented cBSA-induced glo-
merulonephritis (membranous nephropathy) and sodium iodate-
induced retinal degeneration in preclinical models. Thus, in addi-
tion toits established role in the treatment of CKD-induced anemia,
desidustat can be a potentially useful therapy for complement-me-
diated diseases.
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