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Abstract

Iron deficiency is the most common micronutrient deficiency worldwide. While iron deficiency
is known to suppress embryonic organogenesis, its effect on the adult organ in the context

of clinically relevant damage has not been considered. Here we report that iron deficiency

is a risk factor for nephrotoxic intrinsic acute kidney injury of the nephron (iAKI). Iron
deficiency exacerbated cisplatin-induced iAKI by markedly increasing non-heme catalytic iron
and Nox4 protein which together catalyze production of hydroxy! radicals followed by protein
and DNA oxidation, apoptosis and ferroptosis. Crosstalk between non-heme catalytic iron/Nox4
and downstream oxidative damage generated a mutual amplification cycle that facilitated rapid
progression of cisplatin-induced iAKI. Iron deficiency also exacerbated a second model of iAKI,
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rhabdomyolysis, via increasing catalytic heme-iron. Heme-iron induced lipid peroxidation and
DNA oxidation by interacting with Nox4-independent mechanisms, promoting p53/p21 activity
and cellular senescence. Our data suggests that correcting iron deficiency and/or targeting specific
catalytic iron species are strategies to mitigate iAKI in a wide range of patients with diverse forms
of kidney injury.
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Introduction

Intrinsic acute kidney injury (iAKI) is induced by a myriad of stimuli that indirectly damage
kidney epithelia, including endotoxins, cytotoxic medications, pancreatic enzymes, and
metals including heme-iron containing proteins. These chemicals damage glomerular and
tubular cells and as a result, disrupt kidney function producing life threatening ‘uremia’
[1, 2]. Yet, patients demonstrate a wide range of sensitivities to injurious stimuli, and
variable duration of kidney dysfunction, which has not been adequately explained by
specific molecular mechanisms. A number of risk factors have been found to increase
susceptibility to intrinsic Kidney injury including inflammation (TNFa) [3], metabolic
disarray (hyperglycemia in diabetes) [4] , clinical characteristics (sex and aging) [5-8]
and preexisting kidney disease (chronic kidney diseases) [9, 10], but it is likely that there
are additional, potentially unifying risk-factors. Consequently, to understand the range of
responses of the kidney to injurious stimuli, it is important to identify both genetic and
non-genetic susceptibility factors.

Nephrotoxicity contributes to hospital-acquired iAKI but its frequency varies widely (8-
60%) [11]. Cisplatin (dichlorodiamino platinum) is widely used in the treatment of a variety
of solid malignant tumors but a subset of patients (~30%) develops nephrotoxicity [12] due
to cisplatin-induced death of proximal tubular cells [13-16]. Rhabdomyolysis represents
7-10% of all cases of AKI in the United States [17]. This form of iAKI is incurred by the
release of myoglobin from skeletal muscle under pathological conditions, and its capture and
damage of the proximal tubule [18, 19]. Hence, cisplatin and rhabdomyolysis toxicities are
two major causes of nephrotoxic iAKI but nonetheless, in both of these cases, the underlying
factors that increase susceptibility to these toxins and modulate the duration of iAKI remains
unknown.

The delivery of iron to the kidney and its appearance in the urine is thought to be an
important mechanism that damages epithelia [20-23]. This notion is supported by the
finding that excess iron can directly injure renal tubular cells /n vitro and in vivo [24-
291, and conversely iron chelators can provide functional and histologic protection in
cisplatin-, rhabdomyolysis-, ischemia-reperfusion- and contrast-induced iAKI in animal
models. It is thought that chelators remove “poorly bound catalytic iron” [20-22, 30].
Nonetheless, rather than accelerating iAKI, recent experiments suggest a protective role
for physiologically replete cellular stores of “bound iron”. Prophylactic delivery of the
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Lipocalin-2:Siderophore:lron complex [31], as well as increased baseline levels of serum
iron and even systemic iron overload [32] were found to alleviate ischemic iAKI, perhaps

by supplying iron for basic cellular functions such as mitochondrial respiration [33] and
DNA synthesis [34, 35]. In sum, while an acute role of “catalytic iron” at the onset of

iAKI has been explored, it still remains unknown whether different iron species play specific
pathogenic roles. In addition, published data indicated that the set point of cellular iron
stores may modulate the iAKI phenotype and provides new therapeutic options.

In order to understand the role of cellular iron in iAKI, we created models of nutritional

iron deficiency, and determined how they impact nephrotoxicity. Prolonged iron deficiency
markedly exacerbated both cisplatin- and rhabdomyolysis-induced iAKI while iron repletion
mitigated iron deficiency stimulated iAKI. Given the global importance of iron deficiency

in as many as two billion pregnancies and young children [36, 37], our data suggests that
nutritional iron deficiency may be an important susceptibility factor for nephrotoxic iAKI
worldwide.

Materials and Methods

Animal husbandry

Use of animals and corresponding protocols were approved by the Institutional Animal Care
and Use Committee at Tongji University (IACUC No. TILAC-014-021), Shanghai, China.
C57BL/6 mice (Male, two months old, 20-22 g) were obtained from Shanghai Super-B &
K Laboratory Animal Corp. Ltd, and a Nox4 KO mouse strain was obtained from Jackson
Laboratories (Stock number: 022996). All mice were housed in the SPF Experimental
Animal Center of Tongji University by following standard procedures. Iron deficient (FeD,
~27ppm), mild iron deficient (FeDM, ~56ppm) and iron sufficient (FeS, ~250ppm) mouse
diets were constituted by supplementing basic mouse diet (D18756, Research Diets, NJ,
USA) with ferric citrate, and the iron concentrations were quantitated by using an Optima
2100 atomic absorption spectrometer (Perkin-Elmer). The mice were fed either FeD, FeDM
or FeS chows for three weeks in order to generate iron deficiency, mild iron deficiency and
iron sufficiency, respectively, before iAKI were experimentally induced with cisplatin or
rhabdomyolysis.

Animal models of Cisplatin- and Rhabdomyolysis-induced iAKI

Cisplatin-induced iAKI was established by intraperitoneally injecting mice a single dose

of cisplatin (20mg/kg body weight, 7.p.) or vehicle (Saline), as previously reported [117].
For the induction of rhabdomyolysis-iAKI, mice were deprived of water for 16 hours,
anesthetized with isoflurane and intramuscularly injected 50% glycerol (glycerol:saline=1:1;
6ml/kg) or vehicle (saline) into each posterior thigh muscle with half the volume as
previously reported [117]. Kidney injuries were analyzed three days after cisplatin injection
and one-day post glycerol injection, respectively.

Intervention of cisplatin- and rhabdomyolysis-induced iAKI

For intervention with ferrostatin-1 (Fer-1), FeD, FeDM and FeS mice were inoculated with
Fer-1 (2mg/kg in corn oil, 7.p.) or vehicle (Corn oil) 30min before cisplatin or glycerol
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injection and then every 12 (for cisplatin model) or 6 (for rhabdomyolysis model) hours
thereafter, respectively.

For intervention by restoring iron prior, FeD and FeS mice were supplemented iron sucrose
(Img/mouse for three consecutive days) or vehicle (saline) by 7p. injection 7 days before
cisplatin or glycerol treatment.

For intervention with DFO or DMTU, FeD and FeS mice were administered DFO
(50mg/kg) or DMTU (50mg/kg) or vehicle (saline) by 7.p. injection 60min before cisplatin
or glycerol treatment and then every 8 hours after cisplatin or glycerol injection.

For intervention by inhibiting Nox4 activity, FeD and FeS mice were administered
GKT137831 (40mg/kg) or vehicle by gavage 30min before cisplatin injection and then every
12 hours after cisplatin injection.

Kidney injuries were analyzed three days after cisplatin injection and or one day post
glycerol injection, respectively.

Quantitation of sCr and BUN

Serum sCr and BUN were measured by using the automatic biochemistry assay CHRMI-
X-180 (Japan Syemex) and iSTAT-300G analyzer (Abbot) according to the manufacturer’s
instructions.

Measurement of hematocrit, serum iron, transferrin saturation (TSAT), tissue non-heme
iron and catalytic iron

Hematocrit was measured with hematocrit tubes [118]. Serum iron, transferrin saturation,
non-transferrin-bound iron, tissue non-heme iron, and catalytic iron were quantitated by
following protocols as previously described [22, 119].

Histology, immunohistochemistry and immunofluorescence

Paraffin sections of mouse kidneys were prepared and stained with hematoxylin and eosin
(H-E) by following a standard protocol.

To immunodetect ferritin heavy chain (Fth1), Nox4 and 8-OHdG in the kidney, paraffin
sections of the kidney were dewaxed and hydrated for antigen retrieval in a boiling buffer
(0.01 mol/L sodium citrate, pH 6.0) for 20 min. Anti-Fth1 (1:500, Ab75973, Abcam),
anti-Nox4 (1:500, A1528, Abclonal) or anti-8-OHdG (1:250, 4354-MC-050, Trevigen) and
HRP-conjugated anti-rabbit antibody (Jackson Immunoresearch Labs) were sequentially
applied, and the expression and localization of Fthl and Nox4 proteins and 8-OHdG were
colorized by using a DAB substrate kit (SK-4105, Vector Laboratories), and then visualized
and imaged with a Nikon ECLIPSE 80i microscope.

To immunofluorescently detect DMT1 and Tfrl proteins, duodenum was fixed in 4%
paraformaldehyde, cryosectioned and immunostained by sequentially applying primary
antibodies against DMT1 (1:500 dilution, ab123085, Abcam) and Tfr1 (1:500 dilution,
126800, Thermo) and secondary Alexa Fluor 488- and Alexa Fluor 594-conjugated donkey
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anti-mouse and anti-rat antibodies. Immunofluorescence was visualized and imaged for the
expression and localization of DMT1 and Tfrl proteins by using a Leica TCS SP8 confocal
microscope. DAPI was used to fluorescently label nuclei.

Cytokine and chemokine measurement

Serum cytokines and chemokines, TNFa, IL6, MCP1 and KC, were quantitated using
CBA kits (BD Biosciences) and a flow cytometer (BD, FACSVerse™) by following the
manufacturer’s recommended protocols.

TUNEL staining

Tunel staining was performed to detect DNA fragmentation during apoptosis with an /in situ
Apoptosis Detection Kit (11684817910, Roche) by following the manufacturer’s protocols.

Western Blot

The kidney was homogenized in RIPA buffer (150mM NaCl, 50mM Tris-HCI, pH 7.4,
5mM EDTA, 1% Triton X-100, 0.5% deoxycholate, 0.1% SDS and 1X protease inhibitor
cocktail from Sigma-Aldrich). The extracted proteins were fractionated by SDS-PAGE and
immunoblotted for the immunodetection of specific proteins. Primary antibodies used in
this study were anti-Nox1 (1:2000, ab131088, Abcam), anti-Nox2 (1:2000, ah129068,
Abcam), anti-Nox4 (1:5000, A1528, Abclonal), anti-Alas1 (1:1000, ab154860, Abcam),
anti-Alas2 (1:1000, ab184964, Abcam), anti-Hmox1 (1:2000, A1346, Abclonal), anti-
Hmox2 (1:1000, A2745, Abclonal), anti-RIPK3 (1:2000, ab56164, Abcam), anti-p-RIPK3
(1:2000, phosphorylation at T231 and S232, ab201912, Abcam), anti-MLKL (1:2000,
28640, Cell Signaling), anti-p-MLKL (1:2000, phosphorylation at S345, 62233, Cell
Signaling), anti-Bax (1:1000, 556467, BD Biosciences), anti-caspase 8 (1:1000, 8592, Cell
Signaling), anti-cleaved caspase 3 (1:2000, 9664, Cell Signaling), anti-p16/NK4A (1:2000,
ab189034, Abcam), anti-p53 (1:2000, 10442-1-AP, ProteinTech), anti-p21 (1:2000, sc397,
Santa Cruz), anti-yH2A.X (1:2000, ah26350, Abcam), anti-H2A.X (1:2000, ab11175,
Abcam), anti-Lamin B1 (1:5000, ab16048, Abcam), anti-LC3A/B (1:1000, 21741S, Cell
Signaling), anti-Fth1 (1:1000, ab75973, Abcam), anti-FPN (1:1000, NBP1-21502, Novus),
anti-Tfrl (1:1000, 12-6800, Thermo), anti-Ngal (1:5000, AF1857, R&D systems), and
anti-B-actin (1:5000, HC201, Transgene). Urinary Ngal was immunodetected by using

5ul of urine for SDS-PAGE and immunoblotting. HRP-conjugated secondary antibodies
and ECL kits were purchased from Jackson Immunoresearch Labs and Thermo Scientific,
respectively. Chemiluminescence was detected and imaged by using an ImageQuant LAS
4000 mini system (GE Healthcare), and protein abundance was expressed relative to -actin.

Analyses of protein, lipid and DNA oxidation

Protein oxidization in the kidney was analyzed by immunodetecting carbonyl proteins
by using an Oxidized Protein Western Blot Detection kit (ab178020, Abcam). Lipid
peroxidation in the kidney was analyzed by immunodetecting 4-HNE-protein adducts
by following a standard Western blot protocol with an anti-4-HNE antibody (1:2000,
ab46545, Abcam). DNA oxidation in the kidney was analyzed by quantitating 8-OHdG
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with an ELISA kit (SU-B20013, Nanjing Jiancheng Bioengineering institute) by following a
manufacturer’s recommended protocol.

RNA isolation and real-time quantitative PCR.

Total RNA was isolated by using a RNAiso Plus kit (9109, Takara) and was reverse
transcribed to cDNA with a PrimeScript™ RT kit with gDNA Eraser (RR047A, Takara).
Quantitative PCR was performed in an ABI ViiA™ 7 Real time PCR system by using a
SYBR Green kit (RR820A, Takara) and gene-specific primers (Table S1; Invitrogen). 18S
rRNA was used an internal control for mMRNA expression of genes.

Statistical analyses

Results

All data are presented as mean + SD, and statistically analyzed using one-way or two-
way ANOVA followed by Tukey’s test. A pvalue of <0.05 was considered statistically
significant.

Iron deficiency worsened cisplatin and rhabdomyolysis iAKI

Nutritional iron deficiency was generated by following an established strategy [38, 39] /.e.
feeding mice an iron deficient diet (FeD, ~27ppm:; or FeDM, ~56 ppm) or an iron sufficient
diet (FeS, ~250 ppm, similar to regular mouse chow) for three weeks. Iron deficiency

was confirmed by reduction of serum iron and hepatic, splenic and renal non-heme iron
(Supplemental Fig. 1A-D). Iron deficiency was also confirmed by a decrease in hepatic
Hamp mRNA as well as an increase in duodenal Dcytb and DMT1 mRNA (IRE isoform)
(Supplemental Fig. 1E-G). These classical responses varied according to the diet (FeD>
FeDM), demonstrating a dose response to dietary iron.

Cisplatin: Intrinsic AKI (iAKI) was induced by a single dose of cisplatin (Cis; 20mg/kg
i.p.) to mice maintained on FeD, FeDM and FeS diets. By 72h after the dose of Cis,

body weight decreased by ~18% (Supplemental Fig. 1H), indicating that cisplatin induced
a systemic illness, regardless of diet [40]. However, histologic analyses demonstrated
cisplatin-induced tubular cell damage in accordance with diet (FeD> FeDM >FeS kidneys)
as evidenced by widespread structural disruption and cast accumulation in both proximal
and distal tubules (Fig. 1A). The following markers confirmed that FeD and FeDM were
more severely affected than FeS mice: Serum creatinine (sCr; Fig. 1B), blood urea nitrogen
(BUN; Fig. 1C), kidney mRNA for tubular damage markers Kim-1 and Ngal (Lcn2)
(Supplemental Fig. 11 and J), urinary Ngal (Supplemental Fig. 1K) , AKI-associated serum
and kidney cytokines and chemokines, TNFa, IL6, MCP1 and KC [41-43], (Supplemental
Fig. 1L—S) were more elevated in FeD and FeDM compared with FeS mice.

Rhabdomyolysis: A similar pattern emerged when we examined iron deficiency

in a second type of iAKI incurred by glycerol-induced rhabdomyolysis (Rh; éml/kg,

50% glycerol). Consistent with renal tubular vacuolization observed in human Rh-iAKI
patients [44], histologic analysis 24h after Rh demonstrated vacuolated renal tubular cells
particularly in FeD and FeDM proximal tubules (Fig. 1D). Markers sCr (Fig. 1E), BUN (Fig.
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1F) and kidney Ngal protein (Supplemental Fig. 1T) were markedly elevated in FeD and
FeDM compared with FeS Rh mice.

In sum, preexisting iron deficiency worsened iAKI induced by either cisplatin or
rhabdomyolysis.

Iron deficiency increases catalytic iron in cisplatin and Rh kidneys

Catalytic iron abruptly emerges during tissue injury and is thought to play important roles in
the pathogenesis of cisplatin- and rhabdomyolysis- induced iAKI [21, 22, 27, 30, 45].

Cisplatin: We found that cisplatin increased catalytic iron in all kidneys at 72h (Cis vs
Veh: FeD, ~6.4 folds; FeS, ~3.8 folds) particularly in FeD kidneys (Cis: FeD vsFeS, ~1.6
folds; Fig. 2A). While proximal tubular cytochrome P450 might be the source [22], catalytic
iron in FeD cisplatin-treated kidney may derive from systemic rather than kidney iron, given
the much lower baseline levels of non-heme iron in FeD kidneys (p=0.004; Fig. 2B) and
because cisplatin is a systematic toxicant [40]. To understand the origin of catalytic iron in
FeD kidneys (Fig. 2A), we analyzed the impact of cisplatin on systemic iron homeostasis.
Cisplatin markedly increased serum iron in both FeD and FeS mice particularly in FeD mice
(FeD/Cis vs FeD/Veh: ~1.84; FeS/Cis vsFeS/\eh: ~1.5; Fig. 2C), which resulted in elevated
transferrin-bound iron as demonstrated by increased transferrin saturation (TSAT; Fig. 2D)
and non-transferrin bound iron (NTBI; Fig. 2E). Cisplatin also increased non-heme iron in
the liver (FeD/Cis vsFeD/\Veh: ~1.76; FeS/Cis vsFeS/\Veh: ~1.35; Fig. 2F), spleen (FeD/Cis
vs FeD/Veh: ~7.36; FeS/Cis vs FeS/Veh: ~2.63; Fig. 2G) and kidney (FeD/Cis vs FeD/Veh:
~1.58; FeS/Cis vs FeS/Veh: ~1.35;Fig. 2B). A number of these parameters were enhanced
when the mouse was subject to FeD diets.

Consistent with elevated systemic iron, cisplatin induced changes in the iron regulatory
system, that were particularly prominent in FeD mice. Cisplatin caused much higher fold
increase of hepatic Hamp mRNA (FeD/Cis vs FeD/Veh: ~53; FeS/Cis vs FeS/Veh: ~3; Fig.
2H), and larger fold decrease of duodenal Dcytb (FeD/Cis vsFeD/Veh: ~0.15; FeS/Cis vs
FeS/\eh: NS, Fig. 21) and DMT1 (IRE isoform; FeD/Cis vsFeD/Veh: ~0.011; FeS/Cis vs
FeS/\eh: NS, Fig. 2J), and kidney Epo (FeD/Cis vs FeD/Veh: ~0.16; FeS/Cis vs FeS/\Veh;
NS, Fig. 2K), DMT1 (IRE isoform; FeD/Cis vsFeD/Veh: ~0.24; FeS/Cis vs FeS/\eh: NS,
Supplemental Fig. 2A) and Tfrl (FeD/Cis vs FeD/Veh: ~0.4; FeS/Cis vs FeS/\Veh: NS, Fig.
2L) in FeD than in FeS mice, reflecting in part different set points in steady state iron
balance.

Taken together, cisplatin dramatically increased non-heme iron in injured tissues particularly
in FeD mice. We suggest that as a result, systemic iron homeostasis is disrupted, reflected in
an increase in serum TSAT (Fig. 2D) and NTBI (Fig. 2E). In addition, because FeD results
in much lower basal levels of non-heme iron (Fig. 2B, Supplemental Fig. 1D) resulting

in much lower levels of iron binding protein ferritin (Fth1; Supplemental Fig. 2B) prior

to injury, cells have less capacity to metabolize cellular iron. Together with endogenous
mechanisms such as a marked increase of heme oxygenase 1 (Homx1; Supplemental Fig.
2C) which degrades heme and releases ferrous iron in the proximal tubule [46], acutely
increased serum iron likely made a major contribution to non-heme iron and in the setting
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of limited cellular ferritin produced higher levels catalytic iron in FeD than in FeS cisplatin
kidneys.

Rhabdomyolysis: Rh also markedly increased catalytic iron particularly in FeD kidneys
(FeD/Rh vs FeD/Veh: 3.6 folds; and FeS/Rh vs FeS/\Veh: 2.65 folds; FeD/Rh vs FeS/Rh:
1.74 folds; Fig. 2M) in the setting of lower baseline non-heme iron levels in FeD kidneys
(Fig. 2N). However, Rh differed from cisplatin since Rh caused a marked reduction of serum
iron in FeD and FeS mice (Fig. 20), and did not change non-heme iron content in either
FeD or FeS livers (Supplemental Fig. 2D) and spleens (Supplemental Fig. 2E). Hence, while
Rh diverted a large quantity of muscular myoglobin-bound heme to the kidney [18, 19, 47],
it did not promote the redistribution of systemic non-heme iron via serum to the kidney as
did Cis. Interestingly, the conversion of myoglobin heme into non-heme iron was reduced

in FeD compared with FeS Rh kidneys (Fig. 2N) despite the upregulation of Hmox1 protein
in injured kidney in response to iron deficiency (Supplemental Fig. 2F), suggesting heme
accumulation in FeD Rh kidney and efficient heme degradation to release ferrous iron that
could be subsequently neutralized by ferritin and exported into circulation by ferroportin.
The different heme metabolism in FeD and FeS Rh kidneys may lead to higher catalytic
iron levels in FeD than FeS Rh kidneys. Hence, while increased catalytic iron in the kidney
characterizes the two forms of iAKI, basic components of iron metabolism appear to differ.

Iron deficiency aggravated protein and DNA oxidation and activated apoptosis and
ferroptosis in cisplatin-treated kidneys

Catalytic iron produces highly toxic hydroxyl radicals that attack cell components in

close proximity to generate oxidized proteins [48], lipids [49, 50] and 8-OHdG [51, 52].
Lipophilic catalytic iron can also directly catalyze the oxidative reaction of polyunsaturated
lipids by removing hydrogen atoms from polyunsaturated fatty acids in the lipid bilayers
of organelle membranes [53, 54]. We found markedly higher levels of oxidized carbonyl
proteins [55], but not products of lipid peroxidation such as 4-Hydroxynonenal (4-HNE)
protein adducts [49], in FeD and FeDM than in FeS kidneys 72h after cisplatin treatment
(Fig. 3A). In addition, 8-hydroxydeoxyguanosine (8-OHdG), a product of DNA oxidation
and a marker of hydroxyl radicals [51] was largely increased particularly in proximal tubules
(Supplemental Fig. 3A) of FeD and FeDM cisplatin-treated kidneys (Cis vs Veh: FeD, ~3
folds; FeDM, ~3 folds; FeS, ~2.3 folds; p<0.0001), compared to FeS kidneys (FeD/Cis or
FeDM/Cis vsFeS/Cis, ~1.4 folds; p<0.0001; Fig. 3B). Provided that carbonyl proteins and
8-OHdG were major oxidized products of proteins and DNA by hydroxyl radicals [51, 54,
56], these data indicated that iron deficiency markedly enhanced the production of reactive
oxidative species (ROS) particularly hydroxyl radicals in cisplatin-treated kidneys via FeD
enhanced production of catalytic iron.

ROS activates apoptosis [57], necroptosis[58—61], ferroptosis[62-65] and cellular
senescence [66, 67]. We found that key proapoptotic regulators, Bax and cleaved forms
of caspase 8/3 [14, 68], were markedly increased in FeD and FeDM compared with FeS
kidneys 72h after cisplatin treatment (Fig. 3C), further confirmed by Tunel staining (Fig.
3D, E). Next we probed the ferroptosis pathway by applying a lipid-ROS scavenger and
specific ferroptosis inhibitor, Ferrostatin-1 (Fer-1; 2mg/kg; 7.p.) [62, 64], which markedly
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reduced sCr (Fig. 3F), BUN (Fig. 3G) and serum inflammatory factors, TNFa, IL6, MCP1
and KC (Supplemental Fig. 3B to E) in FeD and FeDM but not in FeS cisplatin-treated
mice. Fer-1 did not significantly regulate cleaved caspase 3 and the phosphorylation of

key regulators of necroptosis, receptor interacting serine/threonine kinase 3 (p-RIPK3) and
mixed lineage kinase domain-like (p-MLKL) [13, 16, 69] (fig. S3F). Indeed, iron deficiency
did not regulate p-MLKL (Supplemental Fig. 3G), ruling out the necroptosis pathway. In
addition, key regulators of cellular senescence, p16, p53 and p21, and a marker of DNA
damage and cellular senescence, gamma H2A.X (yH2A.X) [70-75] were not modulated

in cisplatin-treated kidneys by dietary iron restriction (Supplemental Fig. 3H). These data
indicated that iron deficiency enhanced apoptosis and activated Fer-1-inhibitable ferroptosis
in cisplatin-treated kidneys, but it had negligible impact on cisplatin-induced necroptosis and
cellular senescence.

Iron deficiency aggravated lipid peroxidation and cellular senescence in Rh kidneys

Distinct from Cis-iAKI, iron deficiency in Rh-iAKI increased lipid peroxidation as
demonstrated by more 4-HNE-protein adducts (Fig. 3H) as well as moderately increased
8-OHdG (Rh vsVeh: FeD, ~1.2 folds; FeS, ~1.15 folds; Fig. 3H), but the effect on 8-OHdG
were not pronounced (FeD/Rh vs FeS/Rh, ~1.13 folds, p=0.01; Fig. 3I), compared with
cisplatin-treated counterparts (Cis vsVeh: FeD, ~3 folds; FeS, ~2.3 folds; FeD/Cis vsFeS/
Cis, ~1.4 folds; Fig. 3B). Hence, iron deficiency likely increased the production of ROS such
as hydroxyl radicals in Rh kidneys but less drastically than in cisplatin-treated counterparts.

Iron deficiency in Rh-iAKI increased p53 protein and its target gene product p21 but not
p16'NK4A "and also increased yH2A.X and reduced Lamin B1 proteins, markers of cellular
senescence [76] in dose response to iron level in diet (FeD> FeDM > FeS Rh mice; Fig.

3J). In contrast, iron deficiency did not significantly regulate p-RIPK3, p-MLKL, cleaved
caspase 3, and LC3-I/11, a marker of autophagy [77], in kidneys of Rh mice (Supplemental
Fig. 31), and Fer-1 failed to regulate sCr and BUN in all Rh mice (Fig. Supplemental Figure
3J and K) although ferroptosis was reported to facilitate the pathogenesis of Rh-iAKI [78].

Taken together, iron deficiency promoted lipid peroxidation and oxidative damage and
promoted cellular senescence by upregulating the p53/p21 pathway in the Rh kidney,
distinguishing Rh from cisplatin forms of iAKI.

Hydroxyl radical was a key oxidant worsening cisplatin- and Rh-iAKI in FeD mice

We next examined whether iron-catalyzed hydroxyl radical was a key downstream oxidant
worsening these two types of iAKI in FeD mice. We found that a hydroxyl radical
scavenger, N,V-dimethylthiourea (DMTU; 50mg/kg, 7p.) [79], markedly reduced 8-OHdG
(Fig. 4A), p-RIPK3, p-MLKL, Bax, cleaved caspase 8 and 3 proteins (Fig. 4B) to similar
levels in FeD and FeS cisplatin-treated kidneys. As a result, DMTU nearly reversed sCr
(DMTU/FeD/Cis: 0.26 £ 0.06 mg/dL; DMTU/FeS/Cis: 0.25 + 0.12 mg/dL) and BUN
(DMTU/FeD/Cis: 27.5 £ 4.8 mg/dL; DMTU/FeS/Cis: 34.6 = 10.8 mg/dL) levels in FeD and
FeS cisplatin-treated mice to the normal range (sCr: <0.2 mg/dL) (Fig. 4C and D). Likewise,
Ngal protein was suppressed by DMTU treatment (Supplemental Fig. 4A). Similarly,
DMTU also suppressed the levels of 8-OHdG (Fig. 4E), p53, p21 and yH2A.X proteins
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(Fig. 4F) in kidneys of Rh mice and reduced sCr and BUN levels but less effectively in FeD
than FeS Rh mice (Fig. 4G and H).

Interestingly, DMTU markedly reduced catalytic iron levels (Supplemental Fig. 4B and

C), downregulated ferroportin (FPN; Slc40al), Fth1l, Hmox1 and Hmox2, and upregulated
Alasl and Alas2 in both FeD and FeS kidneys subject to either cisplatin (Supplemental

Fig. 4D) or Rh (Supplemental Fig. 4E), suggesting that DMTU mitigated the progression
of cisplatin- or Rh- induced oxidative kidney damage and consequently may prevent further
generation of catalytic iron in injured kidneys.

In sum, DMTU nearly reversed cisplatin-induced iAKI in FeD and FeS mice and markedly
reduced Rh-induced iAKI but less efficiently in FeD mice, despite the fact that these

stimuli induced different pathways downstream of catalytic iron. These data indicate that the
increased production of hydroxyl radical is a key pathogenic mechanism for worsening these
two types of iIAKI in FeD mice.

Non-heme catalytic iron played a major role in worsening cisplatin-induced iAKI in FeD

mice

Catalytic iron includes both non-heme iron (hydrophilic) and heme-iron (lipophilic) species
that are mutually interconvertible through the regulation of heme synthesis and degradation,
respectively [46]. To define the pathogenic role of non-heme catalytic iron, we administered
mice with an efficient non-heme iron chelator, deferoxamine (DFO) [30], and examined
whether DFO could remove renal catalytic iron and suppress cisplatin-induced iAKI

in FeD mice. DFO reduced the levels of both non-heme iron (Fig. 5A) and catalytic

iron (Fig. 5B) in Kidneys of all cisplatin-treated mice, which was consistent with the
downregulation of FPN and ferritin and the upregulation of Tfrl especially in FeD cisplatin-
treated kidneys (Supplemental Fig. 5A). It was notable however, that even after DFO
treatment, catalytic iron levels remained higher in FeD than FeS cisplatin-treated kidneys
(0=0.01; Fig. 5B) despite lower non-heme iron levels (p<0.0001; Fig. 5A), indicating the
presence of higher levels of DFO-unchelatable catalytic iron species. Additionally, DFO
markedly downregulated key enzymes of heme degradation, Hmox1 and Hmox2 proteins
and upregulated key enzymes of heme synthesis, Alasl and Alas2 proteins, in both FeD

and FeS cisplatin-treated kidneys (Supplemental Fig. 5A) perhaps by activating hypoxia
signaling pathways [80-84]. Taken together, DFO reduced non-heme catalytic iron but also
probably inhibited heme degradation particularly in FeD cisplatin-treated kidneys suggesting
the possibility that residual catalytic iron species probably included heme.

Consistent with the reduction of catalytic iron (Fig. 5B), DFO suppressed the levels of
8-OHdG (Fig. 5C), Bax and cleaved caspase 3 (Fig. 5D) in FeD and FeS cisplatin-treated
kidneys. Interestingly, DFO markedly decreased the levels of p-RIPK3 and p-MLKL in FeS
but not in FeD cisplatin-treated kidneys (Fig. 5D). In addition, DFO did not regulate the
levels of p53, p21, p16, and -yH2A.X proteins in all cisplatin-treated kidneys (Supplemental
Fig. 5B). As a result, DFO treatment suppressed sCr and BUN levels but less efficiently in
cisplatin-treated FeD mice (Fig. 5E and F).
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Heme catalytic iron played a major role in worsening Rh-iAKI in FeD mice

DFO treatment reduced renal non-heme iron in both FeD and FeS Rh mice (Fig. 5G),

and consistently downregulated FPN and Fthl protein and upregulated Tfrl protein
(Supplemental Fig. 5C). However, while DFO suppressed catalytic iron in the kidney of

FeS Rh mice [21, 30], suggesting that non-heme catalytic iron species was present in FeS
kidney, DFO failed to reduce catalytic iron in FeD counterparts (Fig. 5H), suggesting that
heme might be its major catalytic iron species. Moreover, DFO markedly downregulated
key enzymes of heme degradation, HmoxI and Hmox2 proteins, in kidneys of both FeD and
FeS Rh mice (Supplemental Fig. 5C), indicating that DFO likely inhibited heme degradation
particularly in the kidneys of FeD Rh mice.

Consistent with its impact on catalytic iron, DFO reduced the levels of 8-OHdG (Fig. 51),
p53, p21 and -yH2A.X (Fig. 5J) in kidneys of FeS but not in FeD Rh mice. As a result, DFO
markedly reduced sCr and BUN levels in FeS but not in FeD Rh mice (Fig. 5K and L).

Nox4 was upregulated to interact with non-heme catalytic iron to exacerbate cisplatin- but
not Rh- iAKI in FeD mice

Nox enzymes are major source of ROS in biologic systems by catalyzing the production

of superoxide which can be converted to highly reactive hydroxyl radicals by catalytic

iron [45]. Nox1, Nox2 and Nox4 were expressed in the kidney [85-88] and while their
expression was not changed by iron deficiency alone (Supplemental Fig. 6A) there was
massive upregulation of Nox4 protein (but not Nox1 or Nox2) in proximal tubules, and to a
lesser extent, in the loop of Henle by FeD and FeDM but not by FeS after cisplatin-treatment
(Fig. 6A and B). Conversely, Nox4 protein was markedly downregulated by Fer-1 in FeD
and FeDM cisplatin-treated kidney (Fig. 6C) and by DFO (Fig. 6D) and DMTU (Fig. 6E) in
both FeD and FeS cisplatin-treated kidneys. Taken together, these data suggested that Nox4
may play important roles in worsening cisplatin-induced iAKI in FeD mice.

We examined the roles of Nox4 in cisplatin-induced iAKI by using both a specific and
potent inhibitor of Nox1/Nox4 [89], GKT137831 (40mg/Kkg; £,.), and a Nox4 knockout
(KO) murine model. GKT137831 markedly reduced sCr and BUN levels in cisplatin-treated
FeD mice (Supplemental Fig. 6B and C) and genetic deletion of Nox4 caused a marked
reduction of sCr and BUN levels in both FeD and FeS cisplatin-treated mice albeit less
efficiently in FeD mice (Fig. 6F and G). Likewise, Nox4 KO reduced the levels of 8-OHdG
(Fig. 6H) and Bax and cleaved caspase 3 but not p-RIPK3 and p-MLKL proteins (Fig. 61)

in cisplatin-treated kidneys but less efficiently in FeD mice. Surprisingly, while the levels

of p53, p21 and yH2A.X proteins were comparable in cisplatin-treated kidneys of FeD and
FeS WT mice, these molecules were reduced in kidneys of all Nox4 KO mice but less
efficiently in FeD Nox4 KO mice, which resulted in higher levels of these proteins in FeD
than in FeS Nox4 KO kidneys (Fig. 6J). Nox4 KO also markedly reduced renal catalytic iron
levels but less efficiently in FeD than in FeS cisplatin-treated kidneys (Supplemental Fig.
6D). Interestingly, Nox4 KO markedly increased renal non-heme iron (Supplemental Fig.
6E), upregulated FPN, Fthl, Alasl and Alas2 proteins particularly in FeD cisplatin-treated
kidney and diminished the expression of Hmox1 and Hmox2 in both FeD and FeS cisplatin-
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treated kidneys (Supplemental Fig. 6F), indicating that Nox4 KO reduced catalytic iron also
possibly through increasing the expression of ferritin and FPN proteins.

When DFO was administered and reduced catalytic iron to similar levels in cisplatin-treated
kidneys of WT and Nox4 KO mice under either FeD or FeS conditions (Supplemental Fig.
6G), Nox4 KO failed to significantly reduced renal 8-OHdG production (Fig. 6H) and sCr
(Fig. 6F) and BUN (Fig. 6G) levels in either FeD or FeS mice when compared to their

WT counterparts, indicating that non-heme catalytic iron was required for the pathogenic
role of Nox4 in cisplatin-iAKI. Taken together, Nox4 was a major pathogenic contributor to
cisplatin-induced iAKI and its upregulation was a major mechanism exacerbating cisplatin-
induced iAKI in FeD mice likely by interacting with non-heme catalytic iron and producing
hydroxyl radicals.

In Rh mice, the expression of Nox4 protein was slightly upregulated in FeD compared
with FeS kidneys (Supplemental Fig. 6H). However, Nox4 KO failed to regulate sCr and
BUN levels in FeD Rh mice while it reduced their levels in FeS Rh mice (Fig. 6K and L),
indicating that Nox4 may not play significant roles in the pathogenesis of Rh-induced iAKI
under iron deficient conditions, but it was likely involved in the regulation of this process
under iron sufficient conditions.

Prior iron correction prevented cisplatin- and Rh- induced iAKI in FeD mice

To examine whether iron correction prior to injury can prevent the worsening effects of iron
deficiency on cisplatin- and Rh- induced iAKI, we supplemented mice with iron sucrose
(Img/mouse/day for three consecutive days) by 7p. injection 7 days prior to iAKI induction.
Iron sucrose increased non-heme iron content in kidneys of both cisplatin-treated and Rh
mice (Fig. 7A and B), and upregulated Fth1 and FPN proteins particularly in kidneys of FeD
cisplatin or Rh mice (Supplemental Fig. 7A and B). Indeed, iron supplementation markedly
reduced the levels of catalytic iron (Fig. 7C), 8-OHdG (Fig. 7D), and p-RIPK3, p-MLKL,
Bax and cleaved caspase 3 proteins (Fig. 7E), and consequently suppressed sCr and BUN in
FeD cisplatin-treated mice to similar levels in vehicle-injected FeS counterparts (Fig. 7F and
G). Remarkably, iron supplementation also markedly reduced renal catalytic iron, 8-OHdG,
and p-RIPK3, p-MLKL, Bax and cleaved caspase 3 proteins, and sCr and BUN levels in FeS
cisplatin-treated mice (Fig. 7C-G).

Iron supplementation also markedly suppressed renal catalytic iron (Fig. 7H), 8-OHdG (Fig.
71), and p53, p21 and -yH2A.X proteins (Fig. 7J), and resultantly sCr (Fig. 7K) and BUN
(Fig. 7L) in FeD Rh mice to similar levels in vehicle-injected FeS counterparts. Again,

iron supplementation suppressed renal catalytic iron, 8-OHdG, and p53, p21 and yH2A.X
proteins and sCr and BUN levels in FeS Rh mice (Fig. 7H-L).

Taken together, iron restoration prior to iAKI induction prevented the worsening effects

of iron deficiency on cisplatin- and Rh- induced iAKI likely by upregulating ferritin and
ferroportin proteins which could contribute to neutralizing catalytic iron [23] ameliorating of
iAKIs in FeD mice.
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Conclusively, iron deficiency is a susceptibility factor that worsens cisplatin- and Rh-

iAKI by increasing non-heme/heme and heme catalytic iron species to interact with Nox4
and Nox4-independent mechanisms, respectively, and resultantly promoting stimuli-specific
downstream oxidative kidney injury pathways, and prior iron supplementation restores
metabolic iron balance and upregulates ferritin and ferroportin (FPN), which protects from
iAKI (Figure 8).

Discussion

In this study, we demonstrated that iron deficiency is a risk factor for two different types of
nephrotoxic iAKIs, cisplatin and rhabdomyolysis. Both types of iAKI increase specific non-
heme and/or heme catalytic iron species, which subsequently activate different downstream
pathophysiologic mechanisms. Consistent with this finding, recent data from Vaugier et al
demonstrated that elderly patients with increased baseline levels of serum iron and ferritin
were predicted to have better renal allograft survival [32]. Moreover, iron overload in HFE
knockout mice markedly reduced the severity of post-ischemic AKI [32], and conversely,
patients with lower hematocrits had more severe colistin induced iAKI [90]. Because

iron deficiency is the most common micronutrient deficiency in the world, these findings
demonstrate a new clinical strategy to prevent iAKI by correcting iron deficiency.

Cisplatin-mediated disruption of systemic iron homeostasis and acute redistribution of
systemic iron particularly in FeD mice likely caused higher levels of catalytic iron in

FeD kidneys. Given that cisplatin damages most tissues [91, 92], newly transported iron
might derive from damaged iron-enriched tissues such as liver and spleen where non-heme
iron levels markedly increased after cisplatin treatment and could then be released via
upregulating iron exporter ferroportin [93-96] and transported to damaged kidneys through
repetitive renal filtration and reabsorption. In addition, newly transported iron might also
derive from cisplatin-induced hemolysis [97]. A red blood cell source of iron would be
particularly damaging because it includes hemoglobin-iron, heme-iron, and non-transferrin-
bound iron which are known to be transported to the kidney [98, 99] and are catalytically
active [24-27]. A similar process involving cytochrome P-450 is known to occur within the
kidney subsequent to cisplatin treatment [22]. Among these iron species, heme could be
degraded to release non-heme catalytic iron by heme oxygenases, Hmox1 and Hmox2, that
were markedly upregulated in cisplatin-injured kidneys particularly in FeD mice [100, 101].
However, heme might be less efficiently degraded in the presence of DFO likely because
DFO-induced iron deficiency (particularly in FeD mice) may limit the supply of NAPDH
required for Hmox1/2 activities (from NADPH cytochrome P450 reductase and the pentose
phosphate pathway) [102] as well as by downregulating Hmox1 and Hmox2 proteins likely
through the activation of hypoxia signaling pathways [82—-84]. Hence, clinical use of DFO
needs to be carefully evaluated particularly in iron deficient patients.

Iron deficiency induced the overproduction of hydroxyl radical in cisplatin-injured kidneys
by increasing non-heme catalytic iron species. We found several lines of evidence that
non-heme catalytic iron species played a major pathogenic role in cisplatin-induced iAKI,
including (1) the marked increase of both non-heme iron and catalytic iron in FeD cisplatin-
treated kidney; (2) the marked reduction of both non-heme iron and catalytic iron and
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oxidative kidney damage by a non-heme iron chelator deferoxamine; (3) the reversal of
oxidative kidney damage in cisplatin-treated kidneys by a water soluble hydroxyl radical
scavenger DMTU; and, (4) the markedly worsened protein and DNA oxidation in FeD
compared with FeS cisplatin-treated kidneys, consistent with the fact that non-heme catalytic
iron reacts with superoxide and peroxide to produce hydroxyl radicals in a broad hydrophilic
cellular environment and cause widespread oxidative damage [51, 54, 56].

Iron deficiency induced the overproduction of hydroxyl radical also by dysregulating Nox4
in cisplatin-injured kidneys. Nox4 is a major form of NADPH oxidases in the kidney and
an important source of ROS for normal renal physiological functions and in the setting of
kidney injury [103, 104]. Its abrupt upregulation in FeD cisplatin-injured kidneys that could
be reversed by Fer-1[62, 64], DFO and DMTU and the reversal of a number of metrics

of cisplatin-induced iAKI by its inhibition and genetic deletion conclusively demonstrated
that Nox4 played a key role in the pathogenesis of cisplatin-induced iAKI exacerbating the
kidney injury in FeD mice. Moreover, findings that DFO and preventive iron supplement
reduced non-heme catalytic iron and Nox4 protein and DFO abolished the pathogenic

roles of Nox4 in cisplatin-induced iAKI indicated that Nox4-mediated cell damage was
downstream of non-heme catalytic iron accumulation in both FeD and FeS cisplatin-injured
kidneys. Provided that non-heme catalytic iron reacts with hydrogen peroxide, an end
product of Nox4, to generate hydroxyl radicals, these data indicate that non-heme catalytic
iron mainly interacts with Nox4 to facilitate cisplatin-induced iAKI particularly in FeD
mice. Further, because the increase of catalytic iron and Nox4 in cisplatin-treated kidneys
worsened oxidative damage and conversely the inhibition of oxidative damage by DMTU
and Nox4 KO reduced catalytic iron/Nox4 and catalytic iron, respectively, non-heme
catalytic iron/Nox4 and downstream oxidative damage likely formed a mutual amplification
cycle that facilitated the rapid progression of cisplatin-induced iAKI. Therefore, strategies
that target this cycle particularly by removing the upstream non-heme catalytic iron or
inhibiting downstream Nox4 or eliminating downstream hydroxy| radicals are predicted to
be efficacious for the intervention of cisplatin-induced iAKI.

Iron deficiency increased apoptosis a major cell death mechanism in the pathophysiology
of cisplatin-induced iAKI [13-16]. Iron deficiency specifically increased pro-apoptotic
proteins, Bax, active caspase 8 and active caspase 3, which could be reversed by treatment
with iron supplement, DFO, DMTU and Nox4 KO, indicating that apoptosis-mediated cell
damage is downstream of catalytic iron/Nox4 accumulation and hydroxyl radical-mediated
oxidation in FeD cisplatin-injured kidneys. In contrast, key regulators of necroptosis,
p-RIPK3 and p-MLKL, were not induced by iron deficiency, nor ameliorated by DFO
treatment and Nox4 KO in FeD cisplatin-treated kidneys. Hence, non-heme catalytic iron/
NOX4-mediated hydroxyl radical accumulation is a distinct pathway which enhanced the
activity of apoptotic pathways.

Iron deficiency also induced the accumulation of lipid-ROS that activate ferroptosis

in cisplatin-injured kidneys. Ferroptosis is thought to be an iron dependent cell death
pathway [105] induced by lipid-ROS and plays important roles in the pathophysiology

of several types of kidney injury, including folic acid-induced iAKI, ischemia-reperfusion
iAKI, rhabdomyolysis iAKI, and oxalate nephropathy [65, 78, 106]. Fer-1 is a lipid-
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ROS scavenger and it partially reversed the exacerbation of cisplatin-iAKI in FeD mice
apparently by quenching lipid-ROS and regulating Nox4. Since Nox4 needed non-heme
catalytic iron to promote oxidative damage, we suggest that crosstalk between non-heme
catalytic iron/NOX4 pathway and ferroptosis might also be a contributor to cisplatin-induced
iAKI under FeD conditions. In fact, the interaction of Nox and ferroptosis pathways was
previously suggested by experiments showing that Nox enzymes provide a source of ROS
inducing ferroptosis in Calu-1 and HT-1080 cells treated with a ferroptosis inducer, erastin
[62].

Nox4-mediated hydroxyl radical accumulation represented an important pathway that
induced cellular senescence particularly in FeS cisplatin-injured kidney. This notion was
supported by the findings that Nox4 KO reduced p53, p21 and yH2A.X proteins in all
cisplatin-treated kidneys particularly in FeS mice, which resulted in higher levels of these
proteins in FeD than FeS cisplatin-injured kidneys. Since Nox4 interacted with the upstream
non-heme catalytic iron to fulfill its pathogenic activity, non-heme catalytic iron/Nox4
may be an important mechanism for the activation of cellular senescence. Surprisingly,
DFO failed to regulate p53, p21 and -yH2A.X proteins in kidneys of either FeD or FeS
cisplatin-treated mice. It is known that iron deficiency or iron deficiency followed by
excessive iron resupply causes mitochondrial damage with reduced respiratory efficiency
and increased levels of oxidant, mtDNA oxidation and lipid peroxidation in rat liver and
kidney [33, 107]. Hence, it is possible that DFO-induced iron deficiency worsened damage
of organelles [108] that may consequently exacerbate cellular senescence in FeD and

FeS cisplatin-injured kidneys despite simultaneously removing non-heme catalytic iron to
alleviate cellular senescence.

Non-heme catalytic iron may also interact with Nox4-independent pathways and
consequently worsened cisplatin-induced iAKI in FeD mice because of more severe DNA
oxidation, apoptosis and cellular senescence in FeD than FeS cisplatin-injured kidneys of
Nox4 KO mice. Since iron deficiency increases oxidative damage of organelles particularly
mitochondria in the kidney [33, 107], it was possible that subsequent cisplatin treatment
could exacerbate mitochondrial damage to generate higher levels of superoxide and peroxide
that interact with elevated non-heme catalytic iron to produce massive hydroxyl radicals
and consequently worsen oxidative damage in FeD kidney. This possibility was supported
by that finding that the removal of hydroxyl radicals by DMTU markedly reduced DNA
oxidation, necroptosis, apoptosis and finally sCr and BUN to similar levels in FeD and FeS
cisplatin-treated mice, respectively.

Iron deficiency caused drastic increase of heme catalytic iron species in Rh-injured kidney.
Rh diverts a large quantity of myoglobin-bound heme to the kidney for degradation

by Hmox1 that was responsively upregulated [47, 109]. Indeed, Rh increased non-heme
catalytic iron levels in FeS kidney that could be removed by DFO, indicating that non-heme
catalytic iron species were involved in the pathogenesis of Rh-induced iAKI in FeS mice.
However, Rh largely increased DFO-unchelatable catalytic iron in FeD kidneys, indicating
that heme was not efficiently degraded despite the marked upregulation of Hmox1 and
Hmox2 proteins perhaps attributable to limited NADPH supply caused by iron deficiency
[102]. Therefore, heme was likely major catalytic iron species in the kidney of FeD Rh mice.
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Further supporting evidence came from the findings that iron deficiency worsened lipid
peroxidation but not protein oxidation in the kidney, which is consistent with the lipophilic
propensity of heme that confers heme the capability to intercalate into organellar membranes
to feasibly catalyze lipid peroxidation [110]. Moreover, Rh moderately increased 8-OHdG, a
quantitative marker of hydroxyl radicals [51, 54, 56], and DMTU reduced oxidative kidney
damage, indicating that heme catalytic iron could also catalyze the production of hydroxyl
radicals through Fenton-like mechanism [110]. However, the mild increase of 8-OHdG
particularly in FeD Rh kidney compared with its massive increase in FeD cisplatin-treated
kidney suggested that Rh-induced oxidative damage might be confined to specific regions
likely in close proximity to organellar membranes consistent with the lipophilicity of heme
catalytic iron.

Iron deficiency exacerbated rhabdomyolysis-induced iAKI through heme catalytic iron-
initiated cellular senescence. This notion was supported by (1) markedly increased
vacuolization in proximal tubular cells, a characteristic of cellular senescence [71], (2)
markedly increased heme catalytic iron species, (3) increased lipid peroxidation that can
induce cellular senescence [111-114], (4) upregulation of p53 and p21 but not p16!/NK4A
expression, regulators of cellular senescence [73, 75, 115], (5) increased DNA oxidative
damages and their specific responsive protein yH2A.X, a reliable quantitative indicator of
cellular senescence [70]; and (6) decrease of LaminB1 expression, a reliable marker of
cellular senescence [76]. The p53/p21 pathway inhibits cyclin-dependent kinases and cell
cycle, and commonly mediate the activation of the senescence program [72-75, 115]. p53 is
thought to mediate pro-senescence signals emerging from unscheduled oncogene activation,
telomere dysfunction, DNA damage, and ROS [116], and its downstream target p21 can
drive the transition of cells into senescence[49, 52].

Provided with that 4-HNE-protein adducts derived from lipid peroxidation has been found
to induce cellular senescence through activating critical cell cycle sentinels such as p53
[111-114], iron deficiency likely exacerbated cellular senescence by markedly increasing 4-
HNE-protein adducts and subsequently activated the p53/p21 pathway in the kidney subject
to Rh. In addition, since the activation of the DNA damage response including formation of
DNA damage foci containing activated -y-H2A.X at sites of persistent DNA strand breaks is
a major trigger of cell senescence [70], elevated -y-H2A.X protein in response to increased
oxidative DNA damages in the kidney of FeD Rh mice indicated the activation of a process
leading to cellular senescence. Hence, heme catalytic iron may be identified to be a primary
upstream inducer of cellular senescence particularly in FeD Rh-injured Kidney.

Collaborative interactions between Nox4 and non-heme catalytic iron likely also exist in
Rh-induced iAKI under FeS conditions because DFO, Nox4 KO and DMTU could markedly
reduce oxidative damage in FeS Rh mice. However, neither DFO nor Nox4 KO significantly
impacted Rh-induced kidney damage in FeD mice despite the fact that Nox4 was moderately
upregulated in the kidney, indicating that Nox4 could not interact with heme catalytic iron
species in the kidney of FeD Rh mice.

Taken together, nutritional iron deficiency is a “risk factor” for iAKI that synergizes with
cisplatin or rhabdomyolysis to severely exacerbate kidney injury. The crosstalk between
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levels will improve the outcome of tissue damaging therapies. Conversely, medications
or procedures that induce cell damage are inappropriate during periods of iron deficiency.

While speculative, the impact of iron correction before medical therapy could be quite

large, since iron deficiency is the most common micronutrient deficiency, involving large

populations on all continents, particularly women of childbearing age.
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TNF-a
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Gamma H2A.X

Heme oxygenase

Interleukin-1

Interleukin-6

Kupffer cells

Knockout

Neutrophil gelatinase-associated lipocalin
NADPH oxidase

Non-transferrin bound iron

Monocyte chemotactic protein 1
Phospho-mixed lineage kinase domain-like
Phospho-serine/threonine kinase 3
Rhabdomyolysis

Reactive oxidative species

Serum creatinine

Transferrin receptor 1

Tumor Necrosis Factor alpha

Transferrin saturation
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(A) H.E. staining showed more severe tubular damages in FeD and FeDM than in FeS
kidneys 72h after cisplatin treatment (Cis), scale bar: 100um. (B, C) Higher levels of serum
creatinine (sCr; B) and blood urea nitrogen (BUN; C) in FeD and FeDM than in FeS mice
72h after cisplatin treatment. 7=9-10. (D) H.E. staining showed more severe vacuolization of
proximal tubular cells in FeD and FeDM than in FeS kidneys 24h after rhabdomyolysis (Rh)
initiation, scale bars: 100um. (E, F) Higher levels of sCr and BUN in FeD and FeDM than

in FeS mice 24h after Rh initiation. 7=7-8. Data are means + SD, and are representatives of
three independent experiments. (B, C, E and F) Two-way ANOVA-Tukey’s post hoc test.
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Fig. 2. Iron deficiency increased catalyticiron in cisplatin and Rh kidneys.
(A) Markedly higher catalytic iron levels in FeD than in FeS kidneys 72h after cisplatin

treatment. /7=7. (B-F) Levels of renal non-heme iron (B), serum iron (C), transferrin
saturation (TSAT; D), non-transferrin-bound iron (NTBI; E), hepatic (F) and splenic (G)
non-heme iron were increased in FeD and FeS mice 72h after cisplatin treatment. 7=7-8.
(H-L) Q-PCR showed the upregulation of hepatic Hamp mRNA (H) and the downregulation
of duodenal Dcytb (1) and DMT1 (IRE isoform; J) and kidney Epo (K) and Tfrl (L) mRNAs
in FeD mice 72h after cisplatin treatment. 7=7-8. (M) Higher catalytic iron levels in FeD
than in FeS kidneys 24h after Rh initiation. 7=8. (N) Renal non-heme iron levels were
increased in FeS but not in FeD Rh mice. 7=7. (O) Serum iron was reduced in FeD and FeS
mice 24h after Rh initiation. 7=7. Data are means + SD. (A-O) Two-way ANOVA-Tukey’s
post hoc test.
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Iflg 3. Iron deficiency stimulated distinct oxidative damage pathwaysin cisplatin and Rh
laneys.

(A) \;e\j;estern blot showed the marked increase of oxidized proteins (carbonyl-proteins) but
not oxidized lipids (4-HNE-protein adducts) in FeD and FeDM compared with FeS kidneys
72h after cisplatin (Cis) treatment. (B) Higher levels of 8-OHdG in FeD and FeDM than in
FeS kidneys 72h after cisplatin treatment. 7=7. (C) Western blot showed a marked increase
of Bax, cleaved forms of caspase 8 (Casp8) and 3 (casp3) proteins, in FeD and FeDM
compared with FeS kidneys 72h after cisplatin treatment. (D, E) Tunel staining showed

the enhanced apoptosis in FeD and FeDM compared with FeS kidneys 72h after cisplatin
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treatment (D), which was quantified as TUNEL™ cells (Arrow head) per field (E). (F, G)
Fer-1 markedly reversed sCr (F) and BUN (G) levels in FeD and FeDM but not in FeS

mice 72h after cisplatin treatment. 7=7. (H) Western blot showed a marked increase of
4-HNE-proteins but not carbonyl-proteins in FeD and FeDM compared with FeS kidneys
24h after Rh initiation. (1) Slightly higher 8-OHdG levels in FeD and FeDM than in FeS
kidneys 24h after Rh initiation. 7=8. (J) Western blot showed an increase of p53, p21 and
vH2A.X and a decrease of Lamin B1 in FeD and FeDM compared with FeS kidneys 24h
after Rh initiation. Data are means + SD. (B, E, F, G and 1) Two-way ANOVA-Tukey’s post
hoc test.

Free Radic Biol Med. Author manuscript; available in PMC 2022 September 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Zhao et al.

A 0.40-
5 0354
@ 0.30-
o 0.254
£

2 0201
© 0.15-
-

I 0.10

%
@ 0,054

0.00

FeD/Cis FeS/Cis
p<0.0001

NS
p<0.0001

‘H"’i‘r‘

v v

E 0.16-

= 0.14-

g 0.12-

= 0.10

E

2 0.081

@ 0.06-

T 0.04-

50

® 0.02
0.00

F
>

FeD/Rh FeS/Rh
p<9.0001p=004
o p=0.005
L]

& \x(\\) &

) 0\‘\

Page 30
B FeD/Cis FeS/Cis C 4.0 FeD(Cis Fes/Cis D 3004 FeDICis FeS/Cis
Veh DMTU _Veh DMTU kDa s p<0.0001 p<0.0001
p-RIPK3[ S .57 R é 2504 & -
3.04 —Ne
NS =
R|PK3|------.-----|-5T 3 25 oot 3 2007 .% p:@_oom
g =2 . =)
DMLKL[ = o = e |54 2 201 £ 150- .
MKL| e o= =54 5o z T
w o 100'
oSl  ®es |2 10 : . * 5
Procaspd| segmes — — — ssamaw o —  |-43 0.5 u |
Cc 8 0.0 b4 . 0 * 5
leaved casps| = w - - -18 4
Cleaved casp3|: - - - __}?,r Q Q Q )
Pro-casp3l _____________ 35

B-aclinlm--.-l.ats

F FeD/Rh FeS/Rh G 35, FeDRh FesiRh  H 3501 FeDIRh Fes/Rn
Veh DMTU _Veh DMTU kDa P e < ©
30 P 3004 PE20001
pSifm e - - - |-53 % p<0.0001 p=0.001
p21|- SR et s - - |.21 ~ 257 p<0.0001 g25°' % <0.0001
Ld
2 20- > S 200~
vHZA_Xl- P —— |-16 g % £
515 L = 150- . °
H2A. X - — - |- 16 L] 2 .
|- ® 10 % @ 100+ E
B.achnl--———---——-——|-43 0.5+ 504
.‘, (1]
0 0
FO F L &F
N T > T

Fig. 4. DMTU diminished cisplatin- and Rh-induced iAKI.
(A) DMTU markedly reduced 8-OHdG levels in FeD and FeS kidneys 72h after cisplatin

treatment (Cis). 7=7-8. (B) Western blot showed that DMTU markedly reduced p-RIPK3
and p-MLKL proteins and diminished Bax, caspase 8 and cleaved caspase 3 proteins in
FeD and FeS kidneys 72h after cisplatin treatment. (C, D) DMTU nearly reversed sCr (C)
and BUN (D) levels in FeD and FeS mice 72h after cisplatin treatment. 7=8. (E) DMTU
reduced 8-OHdG levels in FeD and FeS kidneys 24h after Rh initiation. /7=8. (F) Western
blot showed that DMTU markedly reduced p53, p21 and -yH2A.X proteins in FeD and FeS
kidneys 24h after Rh initiation. (G, H) DMTU reduced sCr (G) and BUN (H) levels in all
mice 24h after Rh initiation but less efficiently in FeD Rh mice. 7=8. Data are means + SD.
(A, C-E, G and H) Two-way ANOVA-Tukey’s post hoc test.
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Fig. 5. DFO reduced catalytic iron and suppressed cisplatin-iAK| but not Rh-iAKI iniron
deficient mice.

(A-C) DFO reduced non-heme iron (A), catalytic iron (B), and 8-OHdG (C) levels in FeD
and FeS kidneys 72h after cisplatin treatment. 7=7-8. (D) Western blot showed that DFO
reduced Bax and cleaved caspase 3 proteins in FeD kidneys, and p-RIPK3, p-MLKL, Bax

and cleaved caspase 3 proteins in FeS kidneys 72h after cisplatin treatment. (E, F) DFO

reduced sCr (E) and BUN (F) levels in FeD and FeS mice 72h after cisplatin treatment.
n=7-8. (G) DFO reduced non-heme iron levels in FeD and FeS kidneys 24h after Rh
initiation. 7=7. (H, 1) DFO reduced catalytic iron (H) and 8-OHdG (1) levels in FeS but not
in FeD kidneys 24h after Rh initiation. 7=7-8. (J) Western blot showed that DFO reduced
p53, p21 and yH2A.X proteins in FeS but not in FeD kidneys 24h after Rh initiation. (K,
L) DFO reduced sCr (K) and BUN (L) levels in FeS but not in FeD mice 24h after Rh
initiation. 7=8. Data are means + SD. (A-C, E-I, K and L) Two-way ANOVA-Tukey’s post

hoc test.
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Fig. 6. NOX4 was upregulated to interact with non-heme catalytic iron to exacer bate cisplatin-
iAKI but not Rh-iAK1 iniron deficient mice.

(A) Western bot showed the marked upregulation of Nox4 protein in FeD and FeDM
compared with FeS kidneys 72h after cisplatin treatment. (B) Immunohistochemical staining
showed that Nox4 protein was upregulated mainly in the proximal tubules of FeD and FeDM
compared with FeS kidneys 72h after cisplatin treatment, scale: 100um. (C-E) Fer-1 reduced
Nox4 protein in FeD kidneys (C), while DFO (D) and DMTU (E) markedly downregulated
Nox4 protein in FeD and FeS kidneys 72h after cisplatin treatment. (F, G) Nox4 KO
markedly reduced sCr (G) and BUN (H) levels in all mice but less efficiently in FeD mice
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72h after cisplatin treatment. /=7-8, but it failed to regulate these molecules in FeD and FeS
cisplatin kidneys when treated with DFO. (H) Nox4 KO markedly reduced 8-OHdG levels
in all kidneys but less efficiently in FeD mice 72h after cisplatin treatment, but it failed to
regulate this molecule in FeD and FeS cisplatin kidneys when treated with DFO. n=7-8. (1)
Western blot showed that Nox4 KO markedly reduced Bax and cleaved caspase 3 but not
p-RIPK3 and p-MLKL proteins in FeD and FeS kidneys 72h after cisplatin treatment. (J)
Western blot showed that Nox4 KO reduced p53, p21 and yH2A.X proteins in all kidneys
but less efficiently in FeD kidneys 72h after cisplatin treatment. (K, L) Nox4 KO reduced
sCr (K) and BUN (L) levels in FeS but not FeD mice 24h after Rh initiation. /7=7. Data are
means + SD from two independent experiments. (F-H, K and L) Two-way ANOVA-Tukey’s
post hoc test.
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Fig. 7. Prior iron correction protected from cisplatin- and Rh-iAKI.
(A, B) Prior iron supplementation (Fe) increased renal non-heme iron content 72h

after cisplatin treatment (A) and 24h after Rh induction (B). 7=7. (C, D) Prior iron
supplementation reduced catalytic iron (C) and 8-OHdG (D) levels in FeD and FeS
cisplatin-treated kidneys. 7=8. (E) Western blot showed that prior iron supplementation
reduced p-RIPK3, p-MLKL, Bax and cleaved caspase 3 proteins in FeD and FeS cisplatin-
treated kidneys. (F, G) Prior iron supplementation reduced sCr (C) and BUN (D) levels

in FeD and FeS cisplatin-treated mice. 7/=7-8. (H, 1) Prior iron supplementation reduced
catalytic iron (H) and 8-OHdG (1) levels in FeD and FeS kidneys 24h after Rh initiation.
r=8. J. Western blot showed that prior iron supplementation reduced p53, p21 and yH2A.X
proteins in FeD and FeS kidneys 24h after Rh initiation. (K, L) Prior iron supplementation
reduced sCr (K) and BUN (L) levels in FeD and FeS Rh mice. 7=8. Data are means + SD.
(A-D, Fto I, Kand L) Two-way ANOVA-Tukey’s post hoc test. (A-L) A representative of
two independent experiments.
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Fig. 8. Mechanistic pathways by which iron deficiency wor sened cisplatin- and Rh-iAKI.
Iron deficiency exacerbates cisplatin (Cis)-iAKI by markedly increasing non-heme and

heme catalytic iron which interact with upregulated Nox4 and probably mitochondrion-
derived peroxide, respectively, to produce massive hydroxyl radicals, and resultantly
aggravating protein and DNA oxidation, apoptosis and ferroptosis. Crosstalk between non-
heme catalytic iron/Nox4 and oxidative damage generates a mutual amplification cycle
that facilitates rapid progression of cisplatin-iAKI. Iron deficiency aggravated Rh-iAKI

by increasing catalytic heme-iron that induced lipid peroxidation and DNA oxidation by
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interacting with Nox4-independent mechanisms, promoting p53/p21 activity and cellular
senescence. Prior iron supplementation restored metabolic iron balance and upregulates
ferritin (Ft) and ferroportin (FPN), which protects from iAKI.
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