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ARTICLE INFO ABSTRACT

Keywords: Increasing evidences demonstrate that environmental stressors are important inducers of acute kidney injury
Acute kidney injury (AKI). This study aimed to investigate the impact of exposure to Cd, an environmental stressor, on renal cell
Ferroptosis

ferroptosis. Transcriptomics analyses showed that arachidonic acid (ARA) metabolic pathway was disrupted in
Cd-exposed mouse kidneys. Targeted metabolomics showed that renal oxidized ARA metabolites were increased
in Cd-exposed mice. Renal 4-HNE, MDA, and ACSL4, were upregulated in Cd-exposed mouse kidneys. Consistent
with animal experiments, the in vitro experiments showed that mitochondrial oxidized lipids were elevated in
Cd-exposed HK-2 cells. Ultrastructure showed mitochondrial membrane rupture in Cd-exposed mouse kidneys.
Mitochondrial cristae were accordingly reduced in Cd-exposed mouse kidneys. Mitochondrial SIRT3, an NAD -
dependent deacetylase that regulates mitochondrial protein stability, was reduced in Cd-exposed mouse kidneys.
Subsequently, mitochondrial GPX4 acetylation was elevated and mitochondrial GPX4 protein was reduced in Cd-
exposed mouse kidneys. Interestingly, Cd-induced mitochondrial GPX4 acetylation and renal cell ferroptosis
were exacerbated in Sirt3™/~ mice. Conversely, Cd-induced mitochondrial oxidized lipids were attenuated in
nicotinamide mononucleotide (NMN)-pretreated HK-2 cells. Moreover, Cd-evoked mitochondrial GPX4 acety-
lation and renal cell ferroptosis were alleviated in NMN-pretreated mouse kidneys. These results suggest that
mitochondrial GPX4 acetylation, probably caused by SIRT3 downregulation, is involved in Cd-evoked renal cell

Mitochondrial lipid peroxidation
Mitochondrial GPX4 acetylation
SIRT3

Nicotinamide mononucleotide

ferroptosis.
exposure causes damage of multiple organs, including testicles, liver,
1. Introduction kidney, bones and lungs [12-16]. Indeed, kidney is a major accumula-
tion organ of Cd, and former studies have shown that chronic exposure
Acute kidney injury (AKI) refers to acute renal dysfunction accom- t0 cadmium can trigger renal dysfunction [17,18]. It has been shown in

several animal studies that exposed Cd acutely results AKI [19,20].
It is widely recognized that necrosis and apoptosis are the major
modes of renal cell death involved in AKI pathogenesis [21]. On the

panied by severe tubular damage [1,2]. It is generally believed that
sepsis caused by bacterial infection, acute renal ischemia caused by
various reasons, and acute poisoning caused by drugs, are the main
causes of clinical AKI [3,4]. Recently, Numerous researches have other hand, autophagy was a protective mechanism against AKI [22].
demonstrated that environmental stressors are the important inducers of Several studies have demonstrated that necroptosis is partially partici-

AKI [5,6]. Cadmium (Cd) is a well-known environmental stressor, pated in AKI caused by ischemia-reperfusion induced acute kidney

widely distributed in polluted water, atmosphere, soil, and food [7-10]. injury [23]. Ferroptosis, a novel regulatory cell death characterized by

Cd is highly toxic and non-biodegradable and has a half-life of 10-30 intracellular free iron overload and membrane lipid peroxidation [24].
years [11]. Numerous studies have indicated that environmental Cd Excessive reactive oxygen species (ROS)-mediated lipid peroxidation in
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Abbreviations
AKI Acute kidney injury
CdcCl, Cadmium Chloride

NMN Nicotinamide Mononucleotide
BUN Blood Urea Nitrogen
UA Uric Acid

Scr Serum creatinine
MDA Malondialdehyde
H&E Hematoxylin-eosin
ARA Arachidonic acid

ALA linolenic acid

DHA Docosahexaenoic acid
EPA Eicosapentaenoic acid
LA Linoleic acid

membrane structures triggers ferroptosis [24]. Recently, numerous
studies demonstrate that failure of defensive mechanisms, including
glutathione peroxidase 4 (GPX4) and ferroptosis suppressor protein 1
(FSP1), is an important reason for ferroptosis [25-27]. A study showed
that acute Cd exposure can lead to ferroptosis in renal cells [19].
However, the potential mechanism of Cd-induced ferroptosis is not
completely clear.

The aim of this study was to investigate the impact of acute Cd
exposure on ferroptosis in renal cells. The in vivo and in vitro experi-
ments found that acute Cd exposure caused mitochondrial lipid perox-
idation. Our results demonstrate that mitochondrial GPX4 acetylation is
involved in Cd-induced renal cell ferroptosis. We provide novel evidence
that SIRT3 downregulation partially contributes to Cd-evoked mito-
chondrial GPX4 acetylation and renal cell ferroptosis. Nicotinamide
mononucleotide (NMN), a precursor for cellular NAD" synthesis, could
efficiently protect against environmental stressor induced renal cell
ferroptosis and AKI.

2. Materials and methods
2.1. Chemicals and reagents

CdCl, (No: 202908) was from Sigma-Aldrich (MO, USA). Nicotin-
amide mononucleotide (NMN, No: 1094-61-7) was from Aladdin
(Shanghai, China). Antibodies against ACSL4 (No: sc-365230) and
SIRT3 (No: sc-365175) were from Santa Cruz (CA, USA). Antibodies
against acetylated-lysine (No: 9441) and TOM20 (No: 42406) were from
Cell Signaling Technology (Danvers, MA, USA). Antibody against FSP1
(No: 20886-1-AP) was from Proteintech (Wuhan, China). Antibodies
against 4-hydroxynonenal (4-HNE, No: ab46545), SIRT3 (No:
ab246522) and GPX4 (No: ab125066) were from Abcam (Cambridge,
MA, USA). Antibody against VDAC1 (No: SAB5700655) was from Sigma
(MO, USA). The secondary antibodies conjugated with fluorochrome,
such as Alexa Fluor 350-labeled goat anti-rabbit IgG (No: A0408), Alexa
Fluor 488-labeled goat anti-rabbit IgG (No: A0423) and Cy3-labeled
goat anti-mouse IgG (No: A0521) were from Beyotime (Shanghai,
China). Cell Counting Kit-8 (CCK-8, No: BS350A) was from Biosharp
(Hefei, China). HRP-linked polymer detection system was from Golden
Bridge International (WA, USA). Kidney function detection kits were
obtained from ERKN Biological Technology (Wenzhou, China). Malon-
dialdehyde (MDA, No: A003-1-2) assay kit was from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). JC-1 assay kits (No: C2003S)
and Mito-Tracker Green (No: C1048) were from Beyotime (Shanghai,
China). BODIPY™ 581/591 C11 (No: D3861) was from Thermo Fisher
Scientific (Shanghai, China).
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2.2. Animal experiment

Adult BALB/c male mouse (Beijing Vital River, 7-week-old, 19-21 g)
were used to construct a model of Cd-induced ferroptosis and to verify
the protection of NMN against Cd-induced ferroptosis in kidney. Adult
male wild type C57BL/6JGpt mouse and C57BL/6JGpt Sirt3~/~ mouse
(GemPharmatech, 7-week-old, 19-23 g) were used for validation of the
role of SIRT3 in Cd-induced ferroptosis in the kidney. All mice were
acclimatized for 1 week with freely available food and water at tem-
perature (20-25 °C) and humidity (50 + 5 %). This study included four
independent experiments. In the first experiment, adult male BALB/c
mice were intraperitoneally injected with CdCly (0, 2 or 4 mg/kg).
Kidney tissues and blood sera were collected 24 h after CdCl,. In the
second experiment, adult male BALB/c mice were injected intraperito-
neally with CdCl, (4 mg/kg) for 0, 6, 12 or 24 h. Kidney tissues and
blood sera were collected. In the third experiment, wild type and
C57BL/6JGpt Sirt3™/~ mice were injected intraperitoneally with CACl,
(4 mg/kg). Kidney tissues and blood were collected 24 h after CdCl,
injection. In the fourth experiment, adult BALB/c male mice were
injected intraperitoneally with CdCl, (4 mg/kg). Mouse was pretreated
with NMN (500 mg/kg) daily for five consecutive days before CdCly
injection in the NMN -+ Cd group. In the study, the dose of NMN referred
to other study [28]. Kidney and blood were collected 24 h after CdCl,
injection. All experimental protocols followed the humanitarian treat-
ment guidelines established by the Association for Laboratory Animal
Science and the Center for Laboratory Animal Science at Anhui Medical
University (approval number: LLSC20220654).

2.3. Cell culture

Human proximal tubular epithelial cells (HK-2 cells) were grown in
DMEM: F-12 (1:1) medium supplemented with FBS (5 %) and penicillin-
streptomycin (100 units/mL). The vitro study consisted of three inde-
pendent experiments. Experiment 1, to determine the dose of CdCly
induced cell death, HK-2 cells were co-culture with 0,1, 5, 10, 20 or 40
pM CdCl; for 24 h. Experiment 2, HK-2 cells were incubated with CdCl,
(10 pM) for 0, 6, and 24 h to verify that CdCly induces ferroptosis in renal
cells. Experiment 3, to verify that CdCl, induces SIRT3 downregulation
and mediates ferroptosis, HK-2 cells were pretreated with NMN (1 mM)
for 2 h, and then CdCl; (10 pM) treatment for 24 h. The dose of NMN
referred to the previous study [29].

2.4. Biochemical measurement

The blood samples were taken 24 h after Cd exposure and rested on
ice followed by centrifugation at 3500 rpm x 15mins at 4 °C. Serum
creatinine (Scr), Blood Urea Nitrogen (BUN) and Uric acid (UA) was
detected by biochemical detector.

2.5. RNA sequencing

Total RNAs were extracted from mouse kidneys and examined for
purity, content and integrity by Agilent 2100 Bioanalyzer. In this study,
mRNA with polyA structure in total RNAs was enriched by Oligo(dT)
magnetic beads, and mRNA was decomposed into fragments of about
300 bp in length, and then cDNA was synthesized using random primers
and reverse transcriptase. The cDNA was amplified and enriched by PCR
and then screened according to the size of the fragments (450 bp). After
constructing the library, the enriched fragments were amplified. Finally,
the libraries were subjected to paired-end (PE) sequencing by Next-
Generation Sequencing (NGS). Volcano map was produced by bioin-
formatics. GO and KEGG pathway enrichment analyses were conducted
using bioinformatics.
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2.6. Histopathology and immunohistochemistry

Kidney tissue was taken and immediately fixed in 4 % para-
formaldehyde, dehydrated through a series of alcohols, immersed in
paraffin, solidified, and sectioned. Sections were stained with hema-
toxylin and eosin to visualize renal structures. The degree of renal
tubular injury was analyzed according to the previous method (Paller
et al. [30]). Briefly, under x 400 magnification, 10 fields were taken
randomly from 100 renal tubules. The results were shown as follow:
evident renal tubule expansion and flat cells (1); the appearance of
tube-type cells in renal tubules (2); the appearance of some exfoliated
necrotic cells in the lumen of the renal tubules but not tubular or cell
fragments (1); vacuolar degeneration (1); and karyopyknosis (1). For
immunohistochemistry (IHC), sections were deparaffinized, hydrated,
quenched for endogenous peroxidase and antigen repair, and incubated
with 4-HNE antibody (1:200) overnight at 4 °C, and at 37 °C for another
0.5 h. The corresponding secondary antibody and HRP-linked polymers
were attached and nuclei were stained with hematoxylin. For renal
immunofluorescence (IF), fluorescent secondary antibody was used
instead of HRP-conjugated polymers and nuclei were stained with
Hoechst. Sections were observed using confocal microscope (Leica
THUNDER DMi8).

2.7. MDA measurement

Briefly, about 50 mg fresh kidney and 900 pl pre-cooled stroke-
physiological saline solution were used to prepare tissue homogenate.
The homogenate was centrifuged at 800g at 4 °C for 15 min. 200 pL
supernatant was collected after centrifugation. Add the test reagent in
accordance with proportion of the instructions, then put in thermostat
water bath at 95 °C for 45 min. Subsequently, centrifuge at 800 g at 4 °C
for 10 min. Finally, supernatant was used to detect the absorbance by
microplate reader (BioTek).

2.8. Cell viability assay

HK-2 cells were seeded in 96-well plates at appropriate cell density.
At the end of Cd exposure, the plates were washed with PBS and 10 pL of
CCKS8 solution was added to each well to determine cell viability. Cell
viability was determined at 450 nm.

2.9. Detection of oxidized lipids using C11-BODIPY

For measurement of oxidized lipids, HK-2 cells were cultivated in 12-
well plates. The probe for C11-BODIPY (10 pM) was added to cell me-
dium and incubated at 37 °C for 30 min. The reduced lipids were
detected at 581/591 nm and the oxidized lipids were detected at 488/
510 nm after HK-2 cells were washed with PBS.

2.10. Detection of oxidized lipids using LC-MS/MS

Renal samples were thawed on ice. 200 pL of methanol/acetonitrile
(1:1, v/v) solution containing internal standard was added to 20 mg
renal samples. The mixture was homogenized for 20 s and the proteins
were precipitated at —20 °C for 30 min. Samples were centrifuged at
12000 rpm at4 °C for 10 min. The supernatant was collected and
transferred. Extract the eicosanoids from the supernatant using a Pol-
ySery MAX SPE column (ANPEL). Prior to analysis, the eluate was dried
under vacuum and redissolved in 100 pL methanol/water (1:1, v/v) for
UPLC/MS/MS analysis. The extracts were analyzed using an LC-ESI-MS/
MS system (UPLC, ExionLC AD, https://sciex.com.cn/; MS, QTRAP®
6500+ System, https://sciex.com/).

2.11. MitoPeDPP assay

MitoPeDPP staining was used to observe oxidized lipids in
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mitochondria. Briefly, HK-2 cells were cultured in 12-well plates. In
dark, 0.2 pmol/L MitoPeDPP working solution was co-cultured with HK-
2 at 37 °C for 15 min. The results were recorded by confocal microscope
(Leica THUNDER DMi8).

2.12. Mitochondrial ultrastructure

1 mm? fresh renal cortex was quickly fixed in 2.50 % glutaraldehyde
(GA) at 4 °C. The tissue was dehydrated, embedded, and cut into ul-
trathin sections, then doubly stained with uranium lead.

2.13. Mitochondrial and cytoplasm protein extraction

About 50 mg fresh kidney and 1 mL pre-cooled Him buffer were used
to prepare tissue homogenate. The homogenate was centrifuged at 400 g
for 5 min at 4 °C. The supernatant was collected and centrifuged at
10000 g for 10 min at 4 °C. The supernatant contained cytoplasmic
proteins and the precipitate was mitochondria. The precipitate was
washed with Him’s buffer and centrifuged at 12000 g for 10 min at 4 °C.
The supernatant was discarded and an appropriate amount of buffer was
added for subsequent experiments.

2.14. Co-immunoprecipitation (Co-IP)

About 500 pg mitochondrial proteins were diluted to a total volume
of 600 pl. Add 10 pL. A/G-agarose beads and spin at 4 °C for 2h. Add 1 pg
primary antibody and spin at 4 °C for 3 h, discard supernatant and
collect agarose beads. After washing, add 30 pL 1 x lodding buffer and
boil for 10 min to denature, then centrifuged at 12000 g/min for 60 s at
4 °C. The supernatant after centrifugation was used for Western blotting.

2.15. Identification of knockout mouse

Briefly, mouse tail was digested and centrifuged at 12,000 r/min.
Anhydrous ethanol was added, gently shaken until a white flocculence,
then centrifuged at 12,000 r/min for 15 min. The precipitate was
retained and the DNA was purged with 70 % ethanol, and the procedure
was repeated for two times. The DNA was dissolved in deionized water
and genotyped by agarose gel electrophoresis.

2.16. Western blotting

Proteins were extracted and protein concentrations were standard-
ized. The proteins were boiled, separated by SDS-PAGE, and transferred
to a PVDF membrane. The membrane was blocked with fat-free 5 %
milk. After incubation with the corresponding primary and secondary
antibodies, protein expression was observed by the ChemiDoc™Touch
Imaging System (BioRad).

2.17. Mitochondrial membrane potential assay (MMP)

In short, JC-1 probe is diluted 200x becoming JC-1 working solution.
HK-2 cells were incubated with JC-1 working solution in the dark at
37 °C for 20 min. The results of JC-1 staining were observed and
recorded by flow cytometry.

2.18. Statistical analysis

All data are presented as mean + S.E.M. For normally distributed
quantitative data, Student’s t-test was applied to compare difference
between two groups. One-way analysis of variance (ANOVA) and LSD
post hoc tests were used to compare difference among three or more
groups. For non-normally distributed data, Kruskal-Wallis test was used
for comparing difference among different groups.
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3. Results

3.1. Cd exposure induces changes in lipid metabolic pathway in mouse
kidneys

No mouse died in the experiment. A single dose of Cd exposure did
not influence body weight, kidneys weight and kidneys coefficient
(Supplementary Figs. 1A-C). As shown in Fig. 1A, nuclear consolidation
and brush border detachment were observed in Cd-exposed mouse
kidneys. Quantitative analysis displayed that pathological score was
elevated in Cd-exposed mouse kidneys (Fig. 1B). Renal function in-
dicators were measured. Despite no difference on Scr and BUN (Fig. 1C
and D), serum UA level was elevated in Cd-exposed mice (Fig. 1E).
Kidney injury molecule 1(Kim-1) was then detected using Western blot.
Kim-1 was elevated in Cd-exposed mouse kidneys (Fig. 1F and G). Next,
renal pathology and serum UA were analyzed at different time points
after Cd exposure. As shown in Fig. 1H, brush border detachment and
tubular pattern were shown in the renal tubules of Cd-exposed mouse
kidneys. Time-course analysis showed that pathological damage began
at 12 h and aggravated at 24 h after Cd exposure (Fig. 1I). Accordingly,
serum UA level was elevated in Cd-exposed mice, beginning at 12 h and
further aggravating at 24 h after Cd exposure (Fig. 1J). To screen the
potential mechanism for Cd-induced AKI, transcriptomics analyses were
performed in mouse kidneys. As presented in Fig. 1K, genome-wide
expression profile showed obvious changes in Cd-exposed mouse kid-
neys, with 193 DEGs down-regulated and 270 DEGs up-regulated. KEGG
analyses showed that DEGs were enriched in cellular metabolic
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pathway, such as glucose metabolism, lipid metabolism, and amino acid
metabolism (Fig. 1L). Lipid metabolic pathway was further analyzed
(Fig. 1M) and found that arachidonic acid (ARA) metabolism, a critical
pathway for ferroptosis, was markedly disturbed in Cd-exposed mouse
kidneys (Fig. 1N).

3.2. Cd exposure induces lipid peroxidation in mouse kidneys and HK-2
cells

The major cause of ferroptosis is lipid peroxidation of ARA. Targeted
metabolomics of oxidized lipids were then analyzed using LC-MS/MS.
Heat map showed that an obvious difference in oxidized lipids was
observed between Cd-exposed mouse kidneys and controls (Fig. 2A).
Quantitative analysis displayed that oxidized arachidonic acid (ARA)
metabolites, including 20-COOH-LTB4, 12-epi-LTB4, LXA4, 20-HETE,
19(s)HETE, 18-HETE, 17-HETE and TXB2, were increased in Cd-
exposed mouse kidneys (Fig. 2B). Other oxidized lipid metabolites,
such as docosahexaenoic acid (DHA), linolenic acid (ALA), eicosa-
pentaenoic acid (EPA) and linoleic acid (LA), were elevated in Cd-
exposed mouse kidneys (Fig. 2C-F). Renal 4-HNE and MDA, two in-
dexes of ferroptosis, were analyzed. As shown in Fig. 2G-I, Renal MDA
contents and 4-HNE" area were upregulated in Cd-exposed mouse. Next,
acyl-CoA synthetase long chain family member 4 (ACSL4), a key mole-
cule of ferroptosis, was measured in mouse kidneys (Fig. 2J). The results
showed that renal ACSL4 was up-regulated in Cd-exposed mice
(Fig. 2K). The impact of Cd exposure on cell viability was analyzed in
HK-2 cells. As shown in Fig. 2L, cell viability was reduced in Cd-exposed
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Fig. 1. Acute Cd exposure induces acute kidney injury and changes in renal lipid metabolic pathway. CdCl, (2 mg/kg or 4 mg/kg) was injected intraperitoneally into
adult BALB/c male mice. Kidney tissues and blood sera were taken 24 h after CdCl,. (A and B) Renal pathology was assessed. (A) Representative H&E images. (B)
Pathological score. (C) Scr. (D) BUN. (E) Serum UA. (F and G) Kim-1 was measured by immunoblot. (F) Representative images. (G) Kim-1/p-actin. CdCl, was injected
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data are presented as mean + S.E.M. (N = 6-8). *P < 0.05, **P < 0.01.
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Fig. 2. Cd exposure induces lipid peroxidation in mice kidneys and HK-2 cells. (A-K) CdCl, (2 mg/kg or 4 mg/kg) was injected intraperitoneally into adult BALB/c
male mice. Kidney tissues were taken 24 h after CdCl,. (A-F) Targeted metabolomics of oxidized lipids were examined. (A) A heatmap. (B-G) Renal oxidized
metabolites of (B) ARA, (C) EPA, (D) DHA, (E) LA and (F) ALA. (G) Renal MDA content. (H and I) Renal 4-HNE" area was evaluated by THC. (H) Representative
images. (I) Renal 4-HNE" area. (J-K) ACSL4 was detected by immunoblot. (J) Representative images. (K) ACSL4/p-actin. HK-2 cells were co-cultured different doses

with CdCl, for 24 h. (L) Cell viability. HK-2 cells were co-cultured for different time
with CdCl, (10 pM) for 24 h. ROS was detected by immunofluorescence. (N) Re

s with CdCl, (10 pM). (M) Cell viability. (N and O) HK-2 cells were co-cultivated
presentative images. (O) Quantitative analysis. (P and Q) HK-2 cells were co-

cultivated with CdCl, (10 uM) for 6 or 24 h. C11-BODIPY was used for detection of oxidized lipids. (P) Representative images. (Q) Quantitative analysis. All

data are presented as mean + S.E.M. (N = 6). *P < 0.05, **P < 0.01.

HK-2 cells in a concentration-dependent manner. Time-course analysis
showed that HK-2 cell viability began to decline 6 h after Cd exposure
and more than 40 % cells dead at 24 h after Cd exposure (Fig. 2M).
Finally, cellular ROS and oxidized lipids were measured in HK-2 cells. As
expected, ROS level was elevated in Cd-exposed HK-2 cells (Fig. 2N and
0). Oxidized lipids were evaluated using C11-BODIPY (Fig. 2P).
Accordingly, oxidized lipids, as determined by C11-BODIPY probe, were
elevated in Cd-exposed HK-2 cells (Fig. 2Q).

3.3. Cd causes mitochondrial lipid peroxidation and structural damage in
mouse kidneys and HK-2 cells

Firstly, mitochondrial lipid peroxidation was detected using

MitoDePDD by confocal microscopy (Fig. 3A). As expected, a strong
mitochondrial lipid peroxidation was shown in Cd-exposed HK-2 cells
(Fig. 3B). Mitochondrial lipid peroxidation was further evaluated by
flow cytometry (Fig. 3C). As shown in Fig. 3D, oxidized lipid content was
significantly increased in Cd-exposed HK-2 cells. Next, Mitochondrial
membrane potentials (MMPs) were analyzed by flow cytometry
(Fig. 3E). As expected, MMPs were significantly reduced in Cd-exposed
HK-2 cells (Fig. 3F). 4-HNE and TOM20 were co-localized by immuno-
fluorescence. As expected, 4-HNE was predominantly present in mito-
chondria (Fig. 3G). Mitochondrial membrane rupture is the major
features of cell ferroptosis [30]. The integrity of renal mitochondrial
membrane was analyzed by transmission electron microscopy. As ex-
pected, rupture of mitochondrial membranes was observed in
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Cd-exposed renal tubules (Fig. 3H). Finally, mitochondrial ultrastruc-
ture was further evaluated by transmission electron microscopy
(Fig. 3I). The results showed that mitochondrial cristae number and area
were reduced in Cd-exposed cortical renal tubules (Fig. 3J and K).

3.4. Cd induces mitochondrial SIRT3 downregulation and GPX4
acetylation

GPX4 and FSP1 are two major defensive regulators against ferrop-
tosis [31]. Renal GPX4 and FSP1 were measured using Western blot
(Fig. 4A). Renal GPX4 protein was obviously reduced (Fig. 4B), whereas
no difference on renal FSP1 was shown between Cd-exposed and con-
trols (Fig. 4C). DHODH, located in mitochondria, is another defensive
regulator against ferroptosis. Renal DHODH was measured using West-
ern blot (Fig. 4D). DHODH protein was slightly reduced in Cd-exposed
mouse kidneys (Fig. 4E). Next, cytoplasmic and mitochondrial GPX4
was analyzed. Although cytoplasmic GPX4 was not changed (Fig. 4F and
G), mitochondrial GPX4 was reduced in Cd-exposed mouse kidneys
(Fig. 4H and I). SIRT3 is an NAD "-dependent deacetylase that regulates
mitochondrial protein stability [32]. The impact of Cd exposure on
mitochondrial SIRT3 protein was evaluated (Fig. 4J). As shown in
Fig. 4K, mitochondrial SIRT3 protein was reduced in Cd-exposed mouse
kidneys. Mitochondrial GPX4 acetylation was analyzed by ColIP

(Fig. 4L). Mitochondrial GPX4 acetylation was obviously elevated
(Fig. 4M) and mitochondrial GPX4 protein was accordingly reduced
(Fig. 4N) in Cd-exposed mouse kidneys. Finally, co-localization of SIRT3
with GPX4 and Mito-Tracker was observed by immunofluorescence. As
shown in Fig. 40, co-localization of SIRT3 with GPX4 and Mito-Tracker
was weakened in Cd-exposed HK-2 cells.

3.5. Sirt3 knockout exacerbates Cd-induced mitochondrial GPX4
acetylation and renal cell ferroptosis

To explore the role of SIRT3 reduction on Cd-induced mitochondrial
GPX4 acetylation and renal cell ferroptosis, Sirt3™/~ mouse were con-
structed (Fig. 5A and B). As expected, Cd-evoked mitochondrial GPX4
acetylation was aggravated in Sirt3~/~ mouse kidneys (Fig. 5C and D).
Mitochondrial GPX4 downregulation was accordingly exacerbated in
Cd-exposed Sirt3™/~ mouse kidneys (Fig. 5C and E). Targeted metab-
olomics of oxidized lipids were used to determine the impact of Sirt3
knockout on Cd-induced renal cell ferroptosis (Fig. 5F). As expected, Cd-
induced elevation of renal oxidized ARA metabolites was aggravated in
Sirt3~/~ mouse kidneys (Fig. 5G). Despite no impact on renal oxidized
LA and ALA metabolites (Fig. 5H and I), Sirt3 knockout exacerbated Cd-
induced elevation of renal oxidized EPA and DHA metabolites (Fig. 5J
and K). The impact of Sirt3 knockout on Cd-evoked renal 4-HNE was
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then evaluated. As shown in Fig. 5L and M, Cd-induced elevation of
renal 4-HNE was aggravated in Sirt3~/~ mouse. Finally, the impact of
Sirt3 knockout on Cd-induced AKI was analyzed. Cd-induced patho-
logical damage was exacerbated in Sirt3~/~ mouse (Fig. 5N and O). In
addition, Cd-induced elevation of serum UA was aggravated in Sirt3™/~
mouse (Fig. 5P).

3.6. Pretreatment with NMN attenuates Cd-induced mitochondrial lipid
peroxidation in HK-2 cells

To verify the role of SIRT3 on protecting against Cd-induced renal
cell ferroptosis, the effect of pretreatment with NMN, a precursor of
NAD™" synthesis, on Cd-induced mitochondrial lipid peroxidation was
evaluated in HK-2 cells. As expected, Cd-induced mitochondrial lipid
peroxidation was attenuated in NMN-pretreated HK-2 cells (Fig. 6A-D).
First, the effect of NMN pretreatment on mitochondrial lipid peroxida-
tion was detected by confocal microscopy. As shown in Fig. 6A and B,
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mitochondrial lipid peroxidation was reduced in Cd-exposed HK-2 cells
after NMN with pretreatment. Mitochondrial lipid peroxidation was
evaluated by flow cytometry (Fig. 6C). As shown, the mitochondrial
oxidized lipid content of cadmium-exposed HK-2 was significantly
increased and partially alleviated by NMN pretreatment (Fig. 6D). Next,
4-HNE and TOM20 were co-localized by immunofluorescence. Unsur-
prisingly, 4-HNE, which is predominantly present in mitochondria, was
attenuated (Fig. 6E). In addition, oxidized lipids were evaluated using
C11-BODIPY. As shown in Fig. 6F and G, oxidized lipids were attenuated
in Cd-exposed HK-2 cells after NMN pretreatment. Finally, the Cd-
induced reduction of MMPs was partially reversed (Fig. 6H and I).

3.7. Pretreatment with NMN attenuates Cd-induced mitochondrial GPX4
acetylation, renal cell ferroptosis and AKI

We evaluated the effect of NMN pretreatment on Cd-induced GPX4
acetylation. As expected, Cd-induced mitochondrial GPX4 acetylation
was attenuated in the kidneys of NMN-pretreated mouse (Fig. 7A and B).

Meanwhile, the Cd-induced reduction of mitochondrial GPX4 was
correspondingly reversed in the kidneys of NMN pretreated mouse
(Fig. 7A and C). Moreover, NMN pretreatment alleviated Cd-induced
mitochondrial damage. Ultrastructural analysis revealed that Cd-
induced mitochondrial membrane rupture was ameliorated in NMN-
pretreated mouse renal tubules (Fig. 7D). Cd-induced reduction in
mitochondrial cristae number and area was attenuated by NMN pre-
treatment (Fig. 7E-G). We evaluated the effect of NMN pretreatment on
Cd-induced lipid peroxidation. Cd-induced elevation of renal MDA and
4-HNE was attenuated in NMN pretreated mouse (Fig. 7H-J). The effect
of NMN pretreatment on Cd-induced oxidized lipids was detected using
targeted metabolomics (Fig. 7K-P). As expected, Cd-induced oxidized
ARA metabolites, a key indicator of ferroptosis, were reduced in the
kidneys of NMN pretreated mouse (Fig. 7L). In addition, Cd-induced
oxidized metabolites, including LA, ALA, EPA, and DHA, were also
attenuated in the kidneys of NMN pretreated mouse (Fig. 7M — P).
Finally, the effect of NMN pretreatment on Cd-induced AKI was
assessed. As shown in Fig. 7Q and R, NMN pretreated mouse kidneys
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(A) Representative pictures. (B) Statistical analysis. (C and D) Mitochondrial oxidized lipids were evaluated using flow cytometry. (C) Representative pictures. (D)
Statistical analysis. (E) Co-localization of 4-HNE with TOM20 was evaluated using immunofluorescence. (F and G) Oxidized lipids were measured by C11-BODIPY
staining. (F) Representative pictures. (G) Statistical analysis. (H and I) MMPs were detected using JC-1 staining. (H) Representative pictures. (I) Statistical analysis.

All data are presented as mean + S.E.M. (N = 3). *P < 0.05, **P < 0.01.

ameliorated Cd-induced pathological injury. In addition, Cd-induced
elevation of serum UA was attenuated in NMN pretreated mouse
(Fig. 7S).

4. Discussion

In this study, we aimed to investigate the impacts of acute Cd
exposure on renal cell ferroptosis. The novel findings are as follow: (1)
mitochondrial oxidized lipids were elevated in Cd-exposed mouse kid-
neys and HK-2 cells; (2) mitochondrial SIRT3 was downregulated and
mitochondrial GPX4 acetylation was elevated; (3) Cd-induced mito-
chondrial GPX4 acetylation and renal cell ferroptosis were exacerbated
in Sirt3~/~ mouse kidneys; (4) Cd-induced mitochondrial GPX4 acety-
lation and renal cell ferroptosis were attenuated in NMN-pretreated HK-
2 cells and mouse kidneys. These results suggest that mitochondrial

GPX4 acetylation, probably caused by SIRT3 reduction, is involved in
Cd-induced renal cell ferroptosis.

It is well known that long-term Cd exposure, even at a low concen-
tration, causes renal Cd accumulation [33]. Numerous epidemiological
data have demonstrated that long-term Cd exposure is associated with
the increased risk of chronic kidney disease [34]. On the other hand,
animal experiments indicated that acute Cd exposure caused nephro-
toxicity [35]. Two recent studies showed that subacute exposure to
CdCl, (2 mg/kg/day) for one week or two weeks caused elevation of
BUN and destruction of renal tubular structure [36,37]. In this study,
mice were injected with a single dose of CdCl, (2 or 4 mg/kg) and found
that exposure to a higher dose of CdCly (4 mg/kg) for 24 h induced AKI,
as determined by renal pathology, serum UA, and elevated expression of
Kim-1 in mouse kidneys. Renal pathology showed nuclear consolidation
and brush border detachment in Cd-exposed mouse kidneys.
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Fig. 7. Pretreatment with NMN attenuates Cd-induced mitochondrial GPX4 acetylation, renal cell ferroptosis and AKI. All mice except controls were intraperito-
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(A-C) Renal mitochondria was extracted. Mitochondrial GPX4 acetylation was analyzed by Co-IP. (A) Representative images. (B) Ace-Lysine binding efficiency. (C)
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(N = 6-8). *P < 0.05, **P < 0.01.

Time-course analysis found that pathological damage began at 12 h and
aggravated at 24 h after mice were exposed to CdCly (4 mg/kg). In
addition, serum UA was elevated, beginning 12 h and further aggra-
vating 24 h after mice were exposed to CdCl; (4 mg/kg). These results
suggest that exposure to a high dose of Cd, even a single dose, could
induce AKI.

In the past, numerous studies focused on renal cell apoptosis during
Cd-induced AKI [38,39]. A recent study indicated that acute Cd expo-
sure caused renal cell necroptosis [37]. Ferroptosis is a novel regulatory
cell death, characterized by intracellular free iron overload and mem-
brane lipid peroxidation [40]. Recently, an animal experiment found
that renal MDA and ferrous contents were elevated in Cd-exposed mice
[19]. The in vitro experiment showed that ferrinstain-1 (Fer-1), a fer-
roptotic inhibitor, alleviated Cd-induced cell death [19]. In this study,
we showed that ferroptotic pathway, as determined by RNA sequencing

10

and transcriptomics analyses, was enriched in Cd-exposed mouse kid-
neys. Renal MDA content and 4-HNE™ area, two ferroptotic indicators,
were elevated in Cd-exposed mouse. It is widely believed that oxidized
ARA metabolites are the major oxidized lipids in ferroptosis [41]. In the
current study, targeted metabolomics was used to analyze renal oxidized
lipid metabolites. The results showed that all oxidized ARA metabolites
were increased in Cd-exposed mouse kidneys. Renal oxidized metabo-
lites of other unsaturated fatty acids, including EPA, DHA, ALA, and LA,
were upregulated in Cd-exposed mice. Moreover, mitochondrial
oxidized lipids, determined by IF and flow cytometry, were obviously
elevated in Cd-exposed HK-2 cells. Inmunofluorescence co-localization
confirmed that Cd-evoked oxidized lipids were mainly distributed in
mitochondria. Mitochondrial ultrastructure showed a mitochondrial
membrane rupture in Cd-exposed mouse kidneys. Renal mitochondrial
cristae were accordingly reduced in Cd-exposed mouse. Our results
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provide novel evidences that acute Cd exposure causes renal cell
ferroptosis.

GPX4 and FSP1 are two well-known defensive regulators against
ferroptosis [42]. In this study, our results showed that acute Cd exposure
had little impact on renal FSP1 expression. Interestingly, GPX4 protein
was obviously downregulated in Cd-exposed mouse kidneys. It is widely
believed that GPX4 is distributed in both mitochondria and cytoplasm
[43]. In this study, we found that mitochondrial GPX4 level was
reduced, whereas cytoplasmic GPX4 was not changed in Cd-exposed
mouse kidneys. SIRT3, an NAD"-dependent deacetylase, participates
in the regulation of mitochondrial protein stability by inhibiting mito-
chondrial protein acetylation [32]. Several studies have confirmed that
mitochondrial SIRT3 downregulation is involved in cisplatin and
ischemia-reperfusion-induced AKI [44,45]. The current study found that
mitochondrial SIRT3 was reduced in Cd-exposed mouse kidneys and
HK-2 cells. Conversely, mitochondrial GPX4 acetylation was elevated in
Cd-exposed mouse kidneys. To explore whether SIRT3 reduction is
involved in Cd-evoked mitochondrial GPX4 acetylation and subsequent
renal cell ferroptosis, mitochondrial GPX4 acetylation was detected in
Sirt3~/~ mouse kidneys. As expected, renal mitochondrial GPX4 acety-
lation was increased in Sirt3~ mouse. Moreover, Cd-evoked mito-
chondrial GPX4 acetylation was aggravated in Sirt3~/~ mouse kidneys.
Importantly, Cd-induced oxidized lipids and AKI were exacerbated in
Sirt3™’~ mouse kidneys. NMN is a precursor of NAD" synthesis [46].
Accumulating data have demonstrated that NMN could activate mito-
chondrial SIRT3 signaling [47,48]. To further confirm whether mito-
chondrial SIRT3 reduction is involved in Cd-induced renal cell
ferroptosis, the effect of pretreatment with NMN on mitochondrial lipid
peroxidation was analyzed in Cd-exposed HK-2 cells and mouse kidneys.
The in vitro experiments showed that pretreatment with NMN alleviated
mitochondrial function and attenuated oxidized lipids in Cd-exposed
HK-2 cells. The in vivo experiments found that pretreatment with
NMN attenuated mitochondrial GPX4 acetylation in Cd-exposed mouse
kidneys. In addition, NMN pretreatment alleviated mitochondrial
dysfunction and renal lipid peroxidation in Cd-exposed mouse. Impor-
tantly, NMN pretreatment protected against Cd-induced AKI. Taken
together, these results suggest that mitochondrial GPX4 acetylation,
probably caused by SIRT3 reduction, partially contribute to Cd-induced
renal cell ferroptosis.

Our findings have significant translational implications. An early
report showed that supplementation with NMN prevented mitochon-
drial dysfunction in a rat model of hemorrhagic shock [49]. Recently,
two studies demonstrated that supplementation with NMN prevented
endotoxin and ischemia/reperfusion induced AKI through improving
mitochondrial function [29,50]. In this study, we found that pretreat-
ment with NMN attenuated Cd-induced renal cell ferroptosis by inhib-
iting mitochondrial GPX4 acetylation. These findings provide new
evidence that NAD™ precursor could be used to prevent environmental
stress-induced AKI. The current results confirmed that mitochondrial
GPX4 acetylation, probably caused by SIRT3 downregulation, is
partially involved in Cd-induced renal cell ferroptosis. However, the
current study has several limitations. Firstly, the current study did not
investigate the role of other SIRT deacetylases, such as mitochondrial
SIRT4 and SIRT5, on Cd-evoked mitochondrial GPX4 acetylation. Sec-
ondly, the current study did not explore the role of mitochondrial ace-
tylases, such as GCN5L, on Cd-evoked mitochondrial GPX4 acetylation.
Several studies found that atorvastatin, an inhibitor of cholesterol syn-
thesis, inhibited isoproterenol (ISO)-induced ferroptosis [51]. Thus,
additional work is required to explore the protective effect of treatment
with statin on Cd-induced ferroptosis and AKI.

In summary, the current study investigated the impact of acute Cd
exposure on renal cell ferroptosis. We showed that acute Cd exposure
caused mitochondrial lipid peroxidation in mouse kidneys and HK-2
cells. Mechanistically, acute Cd exposure induced mitochondrial SIRT3
downregulation and GPX4 acetylation. Sirt3 knockout exacerbated Cd-
induced mitochondrial GPX4 acetylation and renal cell ferroptosis.
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Conversely, pretreatment with NMN attenuated Cd-induced GPX4
acetylation and renal cell ferroptosis. Our results provide experimental
evidences that mitochondrial GPX4 acetylation, probably caused by
SIRT3 downregulation, is partially involved in Cd-induced renal cell
ferroptosis (Fig. 8). NMN, an NAD" precursor, could be used to prevent
environmental stress induced AKI by restoring mitochondrial SIRT3
activity.
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Fig. 8. Role of mitochondrial GPX4 acetylation in Cd-induced renal cell fer-
roptosis and acute kidney injury. Briefly, acute Cd exposure reduces mito-
chondrial SIRT3, resulting in mitochondrial GPX4 acetylation and
mitochondrial GPX4 reduction in mouse kidney. Mitochondrial GPX4 reduction
induces elevation of mitochondrial oxidized lipids, mainly oxidized ARA, sub-
sequently renal cell ferroptosis and acute kidney injury. Mitochondrial GPX4
acetylation, probably caused by SIRT3 reduction, is partially involved in Cd-
induced renal cell ferroptosis. ACSL4: Acyl-CoA synthetase long chain family
member 4; AKL: Acute kidney injury; ARA: arachidonic acid; CdCl,. Cadmium
dichloride; DHODH: Dihydroorotate dehydrogenase; FSP1: Ferroptosis sup-
pressor protein 1; GPX4: Glutathione peroxidase 4; NMN: Beta-Nicotinamide
Mononucleotide; PUFA: Polyunsaturated fatty acids; SIRT3: Sirtuin 3.
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