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Abstract

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by degeneration of dopaminergic neurons associated with
dysregulation of iron homeostasis in the brain. Ferroptosis is an iron-dependent cell death process that serves as a significant
regulatory mechanism in PD. However, its underlying mechanisms are not yet fully understood. By performing RNA sequencing
analysis, we found that the main iron storage protein ferritin heavy chain 1 (FTH1) is differentially expressed in the rat 6-
hydroyxdopamine (6-OHDA) model of PD compared with control rats. Our present work demonstrates that FTH1 is involved in
iron accumulation and the ferroptosis pathway in this model. Knockdown of FTHI1 in PC-12 cells significantly inhibited cell
viability and caused mitochondrial dysfunction. Moreover, FTH1 was found to be involved in ferritinophagy, a selective form of
autophagy involving the degradation of ferritin by ferroptosis. Overexpression of FTH1 in PC-12 cells impaired ferritinophagy
and downregulated microtubule-associated protein light chain 3 and nuclear receptor coactivator 4 expression, ultimately sup-
pressing cell death induced by ferroptosis. Consistent with these findings, the ferritinophagy inhibitors chloroquine and
bafilomycin A1 inhibited ferritin degradation and ferroptosis in 6-OHDA-treated PC-12 cells. This entire process was mediated
by the cyclic regulation of FTH1 and ferritinophagy. Taken together, these results suggest that FTH1 links ferritinophagy and
ferroptosis in the 6-OHDA model of PD, and provide a new perspective and potential for a pharmacological target in this disease.
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Introduction

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s13311-020-00929-z) contains supplementary

: o . . Parkinson’s disease (PD) is the second most common chronic
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neurodegenerative disease and is characterized by the forma-
51 Dongfeng Chen tion of Lewy bodies and loss of dppa@inergic neurons in the

cdf27212@21cn.com substantia nigra (SN) [1, 2]. Dyskinesia and cognitive impair-
ment seriously reduce the quality of life of patients with PD.
PD has not yet been cured, and medications can only improve
the symptoms [3, 4]. Therefore, there is an urgent need to
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creases the oxidation of dopamine and induces the loss of
dopaminergic neurons in PD [7, 8]. Relevant research has
shown that ferroptosis is involved in the pathogenesis of PD.
Ferroptosis is an iron-dependent lipid peroxidation process
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glutathione peroxidase 4 (GPX4) activity and accumulation of
reactive oxygen species on membrane lipids [9-12].
However, the underlying mechanism of ferroptosis in PD
has not been fully clarified.

Ferroptosis was previously thought to be independent of
autophagy, but recent studies have shown that ferroptosis is a
form of autophagic cell death involving the degradation of
ferritin [13—15]. In this study, we found that ferritin heavy
chain 1 (FTH1) was differentially expressed in PD model rats
compared with control rats by RNA sequencing analysis.
FTHI plays an important role in the maintenance of the cel-
lular iron balance in ferroptosis. Interestingly, FTH1 was also
found to be involved in ferritinophagy, a selective form of
autophagy. Ferritinophagy is a process involving the autoph-
agic degradation of ferritin, and it provides a substrate for
ferroptosis [16—18]. The process is mediated by nuclear recep-
tor coactivator 4 (NCOA4), which selectively binds FTHI in
the autophagosome and delivers it into the lysosome, resulting
in iron release [19-21]. High concentrations of iron inhibit the
binding of FTH1 to NCOA4 and enhance the degradation of
NCOAA4 [16, 22]. This process leads to the inhibition of ferri-
tin degradation and ferroptosis, indicating that ferroptosis is an
autophagic cell death process [18]. Notably, the role of
ferritinophagy and the link between ferritinophagy and
ferroptosis in PD have not been explored and are worthy of
further study. In this study, we investigated the role of FTH1
and its effects in ferroptosis and ferritinophagy. Our results
confirmed that FTH1 increases cell viability and links
ferritinophagy to ferroptosis in the 6-OHDA model of PD.
Moreover, the data suggested that FTH1 inducers may be a
pharmacological target for PD.

Materials and Methods
Animal Studies

Adult male Sprague-Dawley rats were used according to pro-
tocols approved by the Animal Care and Use Committee at the
Peking University Shenzhen Graduate School (Shenzhen,
China) and provided free access to food and water. The rats
were divided into 3 groups (the normal, sham, and model
groups) with 12 rats in each group. To establish a rat model
of PD, 6-OHDA was injected into the right SN and ventral
tegmental area of each at. Animal surgery was performed as
previously reported [23].

HE Staining

Rats were anesthetized with 10% chloral hydrate (4 ml/kg).
Brain tissues were fixed in 4% paraformaldehyde in phos-
phate buffer (pH = 7.4). Paraffin-embedded tissues were sec-
tioned, deparaffinized, and hydrated. All slides were stained

with hematoxylin or hematoxylin and eosin and imaged using
light microscopy.

Immunohistochemistry

Paraffin sections were dewaxed, soaked in xylene for 15 min,
and hydrated with ethanol (anhydrous ethanol, 95% ethanol,
90% ethanol, and 70% ethanol for 10 min each). The sections
were blocked in goat serum at room temperature for 20 min.
Then, the sections were washed 3 times in PBS for 5 min each
and blocked with 5% bovine serum albumin. After blocking,
sections were incubated with FTH1 (1:100, Cell Signaling
Technology, MA, USA), tyrosine hydroxylase (TH) (1:100,
Sigma-Aldrich, MO, USA), and «-synuclein (c-syn) (1:100,
Cell Signaling Technology) antibodies overnight. The sec-
tions were washed 3 times in PBS and incubated with second-
ary antibodies (1:5000, EARTH, CA, USA) in an incubator at
room temperature for 1 h. The tissue sections were incubated
with diaminobenzidine substrate solution (BOSTER, Wuhan,
China).

RNA Sequence Analysis

RNA sequencing was performed on the BGISEQ-500 plat-
form (BGI-Shenzhen, China). RNA was isolated from 6 tissue
samples, namely 3 from the PD model group and 3 from the
normal group. The data were visualized by using the Dr.Tom
system provided by BGI. RNA sequencing was performed via
a random sampling process. To improve the accuracy of the
differentially expressed gene results, a gene was considered a
differentially expressed gene when the fold change was >2
and the Q value was <0.001.

Cell Culture and Reagents

Rattus norvegicus PC-12 cells were obtained from Stem Cell
Bank, Chinese Academy of Sciences. The cells were main-
tained in RPMI 1640 medium (Gibco, CA, USA) supplement-
ed with 10% fetal bovine serum (Gibco). 6-OHDA was pur-
chased from Sigma-Aldrich. Erastin, deferoxamine (DFO),
ferrostatin-1 (Fer-1), chloroquine (CQ), and bafilomycin Al
(Baf-A1) were obtained from MedChem Express (NJ, USA).

Cell Viability Assay

Cell viability was evaluated using an MTS assay kit
(Promega, WI, USA). Briefly, PC-12 cells (5 x 10°/well) were
seeded in flat-bottomed 96-well plates. Then, the original cell
culture medium was discarded, MTS was added to each well,
and the cells were incubated for another 2 h. The OD value
was recorded with a microplate reader (BioTek, VT, USA) at
a wavelength of 490 nm. The data are expressed as means +
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S.D., and the n was >3 per group for all the studies ( test,
*p<0.05, ¥*p <0.01, ¥**p <0.001).

Living and dead cells were detected using a calcein-AM/PI
assay kit (Solarbio, Beijing, China). PC-12 cells (5 x 10%/well)
were seeded in 96-well black-walled multiwell plates. After
overnight culture, the cells were treated with various concen-
trations of 6-OHDA for 24 h. The cells were then washed
twice with buffer and treated with 5 uM PI (to stain dead cells,
red) and 5 uM calcein-AM (to stain living cells, green) for
20 min. The cells were observed with a fluorescence micro-
scope (Olympus, Tokyo, Japan).

Western Blot Analysis

Cells were harvested by centrifugation at 12,000 rpm for
15 min at 4 °C and lysed in RIPA buffer (Sigma-Aldrich).
Protein concentrations were determined using a BCA protein
assay kit (Thermo Scientific, CA, USA). After boiling for
10 min in loading buffer, the samples (20 pg protein per lane)
were separated by 10% or 12% SDS-PAGE. The proteins
were transferred to nitrocellulose membranes with 0.45-pum-
diameter pores. The membranes were blocked with 5% nonfat
dry milk for 1 h at room temperature and then incubated with
primary antibodies, including FTH1 (1:1000, Cell Signaling
Technology), GPX4 (1:1000, Cell Signaling Technology), (3-
tubulin (1:1000, Cell Signaling Technology), TH (1:1000,
Cell Signaling Technology; 1:500, Sigma-Aldrich), o-syn
(1:1000, Cell Signaling Technology), NCOA4 (ARA70,
1:500, Santa Cruz Biotechnology, CA, USA), and light chain
3 (LC3)B (1:1000, Abcam, Cambridge, UK) antibodies. After
incubation overnight, the membranes were washed 4 times in
TBST and incubated with secondary antibody (1:1000; Cell
Signaling Technology) for another 1 h at room temperature.
The protein bands were visualized with Immobilon Western
HRP Substrate (Millipore, MA, USA). Densitometric analy-
ses of the bands were performed using Imagel software. All
data are representative of at least 3 independent experiments.

Cell Transfection

siRNAs targeting FTH1 were designed and synthesized by
GenePharma (Shanghai, China). The sequences of the siRNAs
were as follows: siRNA#1, SSGCAGGAUAUAAAGA
AACCUTT3’; siRNA#2, 5"GCAUGGCA
GAAUAUCUCUUTT3'; and siRNA#3, 5’
GGCUACUGACAAGAAUGAUTT3'". The construct that in-
duced the strongest knockdown in PC-12 cells (shRNA#3)
was used for transfection. Cell transfection was performed using
Lipofectamine 3000 (Invitrogen, CA, USA) according to the
manufacturer’s instructions. Briefly, 100 pmol siFTH1 and
5 ul of Lipofectamine reagent were diluted in 245 pl Opti-
MEM (Life Technologies, CA, USA) for 5 min and then mixed
gently. After incubation for 20 min, the mixture was added to
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the cell cultures. A lentivirus overexpressing FTH1 was de-
signed and synthesized by GenePharma. The final ratio of len-
tivirus to culture medium for transfection was 1:1000. After
incubation for 24 h, the culture medium was changed.

Determination of Reduced Glutathione/Oxidized
Glutathione Activity

PC-12 cells (5 x 10*/well) were cultured in 96-well white
plates. After treatment with 40 uM 6-OHDA for 24 h, the cell
culture medium was removed. The ratio of reduced glutathi-
one (GSH)/oxidized glutathione (GSSG) was detected using
the GSH/GSSG-Glo Assay (Promega, WI, USA). The cells
were incubated with 50 pl of Total Glutathione Lysis Reagent
or Oxidized Glutathione Lysis Reagent per well and shaken at
room temperature for 5 min. Then, 50 pl of Luciferin
Generation Reagent was added to each well, and the cells were
incubated at room temperature for 30 min. Then, a total of
100 pl of Luciferin Detection Reagent was added to each well.
The GSH/GSSG ratio was measured based on luminescence
with a microplate reader (BioTek).

Measurement of Lipid Peroxidation Generation by
Flow Cytometry

PC-12 cells (1 x 10°/well) were seeded in 6-well plates over-
night and then treated with 6-OHDA for 24 h. The cells were
incubated with 10 uM C11-BODIPY (581/591) (Life
Technologies) for 30 min at 37 °C, washed 3 times in PBS,
and detached with trypsin (without EDTA, TransGen Biotech,
Beijing, China). Fluorescence was measured by simultaneous
acquisition of the green (484/510 nm) and red signals (581/
610 nm) using a CytoFLEX flow cytometer (Beckman
Coulter, CA, USA). The ratio of the emission fluorescence
intensities at 590 to 510 nm provided a readout of lipid per-
oxidation in cells. The data were analyzed by FlowJo v10.

Detection of the Mitochondrial Membrane Potential
by JC-1 Staining

PC-12 cells (1 x 10°/well) were cultured in 6-well plates over-
night. After incubation with 6-OHDA or other reagents, the
cells were stained with JC-1 (Solarbio) following the manu-
facturer’s protocol. Images were obtained using a fluores-
cence microscope (Olympus). Red fluorescence was generat-
ed in healthy mitochondria with a high membrane potential,
whereas green fluorescence was produced in mitochondria
with a decreased membrane potential. The change in mito-
chondrial membrane potential (MMP) was detected by mea-
suring the change in green to red fluorescence.
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Intracellular Ferrous lon Imaging by Fluorescence
Microscopy

Fe®* distribution was assessed by a FeRhonox-1 staining kit
(Goryo Chemical, Sapporo, Japan). PC-12 cells (5 x 10%/well)
were seeded in a black 96-well microplate overnight. After the
cells were incubated with 6-OHDA for 24 h, the cell culture
medium was removed, and the cells were rinsed twice with
HBSS. Then, 1 uM FeRhoNox-1 was added to the cell medi-
um. Ferrous ion images were obtained using a fluorescence
microscope (Olympus).

Quantification of Iron Levels

The Iron Assay Kit (Abcam) was used to quantify iron levels.
PC-12 cells (1 x 107) were harvested for each assay after in-
cubation with 6-OHDA for 24 h. The cells were washed with
cold PBS and then homogenized in 4 to 10 volumes of iron
assay buffer with 10 to 15 passes or sonicated on ice. The
samples were centrifuged at 16,000xg for 10 min to remove
insoluble materials. A total of 5 ul of assay buffer was added
to each well to measure Fe** levels, and 5 ul of iron reducer
was added to each well to measure total iron levels. Then, the
cells were incubated for 30 min at 25 °C, the iron probe was
added, and the cells were incubated for 60 min at 25 °C.
Absorbance was measured at 593 nm by a microplate reader
(BioTek).

Determination of Autophagy by Confocal Microscopy

PC-12 cells (1 x 10°/well) were plated in a 6-well plate. After
incubation for 24 h, the cells were infected with an adenovirus
harboring tandem fluorescent mRFP-GFP-LC3 (Hanbio Inc.,
Shanghai, China) at a multiplicity of infection of 1000. After
the cells were incubated for another 24 h, 6-OHDA (40 uM)
was added, and the cells were incubated for an additional 24 h.
Autophagic flow was observed under a confocal microscope
(Olympus).

Observation of Mitochondrial Morphology by
Transmission Electron Microscopy

PC-12 cells (1 x 10%well) were harvested by centrifugation at
1000 rpm for 2 min. The cells were fixed with 2.5% glutaral-
dehyde at 4 °C for 2 h and washed 6 times with 0.1 M phos-
phate buffer. Then, the cells were fixed with 1% osmium acid
for 2 h and washed 3 times with 0.1 M phosphate buffer. After
that, the cells were fixed with 1% osmium tetroxide and
dehydrated through an alcohol gradient before being embed-
ded in resin. The samples were detected using transmission
electron microscopy (JEM-1400 PLUS, Tokyo, Japan) after
double staining with uranium acetate and lead citrate.

Statistical Analysis

All statistical tests were performed using Student’s ¢ test, and
the data were analyzed with GraphPad Prism 5.0 (GraphPad
Software, San Diego, CA) or SPSS (version 17.0; SPSS,
Chicago, IL). The data were considered statistically signifi-
cant when *p < 0.05, **p <0.01, or ***p <0.001.

Result

Differential mRNA Expression Profile of PD Model
Rats

To identify differentially expressed mRNAs between tissues
from PD model rats and tissues from normal control rats, we
used the BGIseq500 platform to analyze differences in gene
expression. A total of 23,111 mRNAs were expressed in the
normal and model groups (Fig. 1A). A volcano plot and
heatmap showed that the mRNA expression patterns in the 2
groups were significantly different. A total of 597 differential-
ly expressed genes were identified, namely 404 upregulated
and 193 downregulated mRNAs (p <0.01, log2-fold fold
change > 2, Fig. 1B, C). To determine the biological effects
of the significantly differentially expressed genes, we per-
formed gene ontology (GO) analysis and Kyoto
Encyclopedia Gene and Genomes (KEGG) pathway analysis
to determine the important pathways associated with the dif-
ferentially expressed genes. The KEGG pathways of neurode-
generative diseases, nervous system, and aging were selected
to construct a network (Supplementary Fig. 1A, B). Based on
the network, 148 closely linked genes were enriched, and
these genes were subjected to KEGG pathway analysis.
Among the enriched pathways, ferroptosis was closely related
to the pathogenesis of PD. FTH1 was involved in the
ferroptosis pathway, and it was downregulated in the PD mod-
el group compared with the control group (Fig. 1D, E).

FTH1 Was Downregulated and Related to
Development in the 6-OHDA Model of PD

HE staining was used to observe morphological changes in the
nerve cells in a rat model of PD. Compared with those in the
normal and sham groups, the number of nerve cells in the 6-
OHDA model group was reduced, and the cells were sparse
and irregularly arranged (Fig. 2A). o-Syn is closely related to
the pathogenesis of PD and causes neuronal cell death. TH is a
protein marker of dopaminergic neurons in the nervous sys-
tem [1, 2]. The immunohistochemistry and Western blot re-
sults showed that the expression of x-syn was increased and
that the expression of TH and FTH1 were decreased (Fig. 2B,
C) in the model group compared with the normal and sham
groups. PC-12 cells were incubated with or without 6-OHDA
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for 24 h. 6-OHDA exhibited significant cytotoxic activity at a
concentration of 25.0 to 100.0 uM, and the ICsq value was
49.3+3.4 uM (Fig. 2D). Live/dead staining indicated that
compared with control treatment, treatment of PC-12 cells
with 6-OHDA at a concentration 25.0 to 100.0 uM resulted
in a lower density of live cells (green) and a higher density of
dead cells (red) (Fig. 3). Then, we examined the effect of
treatment with 40 uM 6-OHDA for 12, 24, or 48 h on the
viability of PC-12 cells. The results showed that 6-OHDA had
no apparent effect on cell activity after treatment for 12 h but
decreased cell viability by 86.8% after treatment for 48 h.
Considering that live cells were required for subsequent ex-
periments, we chose 40 uM 6-OHDA and 24 h as the appro-
priate concentration and treatment period for further
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experiments (Fig. 2E). Our results also revealed that TH and
FTH1 were downregulated in PC-12 cells treated with 6-
OHDA compared with control-treated cells, whereas the ex-
pression of &-syn was increased significantly (Fig. 2F). Taken
together, these results confirmed that the expression of FTH1
was downregulated in the PD model group compared with the
control group, suggesting that FTH1 is associated with the
development of this model.

FTH1 Exerted Cytoprotective Activity and Regulated
Protein Expression in PC-12 Cells

To determine the regulatory role of FTHI, we next investigat-
ed the cytoprotective effect of FTHI and its effect on protein
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Fig. 2 FTHI was downregulated in the 6-OHDA model of PD.
Morphological changes in nerve cells and protein expression were ana-
lyzed in the substantia nigra (SN) tissue from the normal, sham, and
model groups. (A) HE staining (magnification x4 and x20). (B)
Immunohistochemical staining of «-syn, TH, and FTH1 (magnification
x4 and x20). (C) Western blot analysis of the expression of TH, «-syn,
and FTH1. The data were normalized to the control group values. (D) PC-
12 cells were untreated or treated with 6.3, 12.5, 25.0, 50.0, or 100.0 uM

6-OHDA for 24 h, and cell viability was evaluated by the MTS assay. (E)
PC-12 cells were untreated or treated with 40 uM 6-OHDA for 12, 24, or
48 h, and cell viability was evaluated by the MTS assay. (F) PC-12 cells
were untreated or treated with 20, 40, or 60 pM 6-OHDA for 24 h. The
protein expression of TH, «-syn, and FTH1 was determined by Western
blotting. The data are expressed as means + S.D.; n>3 per group for all
the studies (¢ test, **p < 0.01, ***p < 0.001). The data were normalized to
the control group values
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Fig. 3 Fluorescence detection of
living and dead cells. PC-12 cells
were treated with 6.3, 12.5, 25.0,
50.0, or 100.0 uM 6-OHDA for
24 h. PI was used to detect dead
cells (red), and calcein-AM was
used to detect living cells (green).
The cells were imaged under a
fluorescence microscope

PI

PI Merge Calcein-AM

Calcein-AM

Merge

expression in the cell model of PD. PC-12 cells were
transfected with FTH1 siRNA or lentivirus to knock down
or increase the expression of FTH1, respectively (Fig. 4A,
B). The results showed that FTH1 knockdown in PC-12 cells
led to decreased cell viability (Fig. 4C), whereas FTH1 over-
expression resulted in increased viability of PC-12 cells (Fig.
4D). We next studied the effect of FTH1 overexpression or
knockdown on the viability of cells incubated with 6-OHDA.
Our results showed that the viability of FTH1 knockdown
cells treated with 40 uM 6-OHDA was significantly decreased
compared with that of 6-OHDA-treated cells (Fig. 4C). In
contrast, overexpression of FTH1 mitigated the effect of 6-
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OHDA on cell viability. The cell viability rate decreased by
40.8% in the vector-treated group upon treatment with 6-
OHDA, whereas the cell viability rate decreased by 14.4%
in FTH1-overexpresing cells upon treatment with 6-OHDA
(Fig. 4D). The regulatory effect of FTH1 on PD-related pro-
tein expression was assessed by Western blotting. As shown
in Fig. 4E and F, FTH1 knockdown decreased the expression
of TH, especially in PC-12 cells treated with 6-OHDA. FTH1
overexpression showed the opposite effect, indicating that
FTHI1 exerted cytoprotective activity and regulated protein
expression in the 6-OHDA model of PD. The results demon-
strated that FTH1 is involved in the pathogenesis of PD.
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Fig. 4 FTHI1 mediated
cytoprotective activity and altered
protein expression in the cell
model of PD. PC-12 cells were
treated with 6-OHDA (40 uM)
for 24 h to establish a cell model
of PD. (A) PC-12 cells were
transfected with FTH1 siRNA or
siRNA control (NC). (B) PC-12
cells were infected with FTH1
overexpression lentivirus or con-
trol vector lentivirus (VEC). The
expression of FTH1 was analyzed
using Western blotting. The effect
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Induction of Ferroptosis in the 6-OHDA Model of PD

FTH1 has been shown to be involved in ferroptosis.
Ferroptosis is an iron-dependent type of neuronal cell death
and has been observed in recent studies on PD. To investigate
6-OHDA-induced cell death through the ferroptosis pathway,
we measured the level of Fez+, the expression of GPX4, lipid
peroxidation, GSH levels, and the MMP as indicators of
ferroptosis. Iron is a necessary mediator of ferroptosis. As
shown in Fig. 5A and B, the level of total iron was increased
by 23.3%, and that of Fe** was increased by 36.8% in PC-12
cells treated with 6-OHDA compared with control cells. In
addition, the results of iron staining confirmed that Fe** accu-
mulated in PC-12 cells (Fig. 5C). Moreover, the expression of
GPX4 was significantly decreased in the cell model group of
PD compared with the control group (Fig. 5D, E). GSH de-
pletion leads to an increase in lipid peroxides and iron for
ferroptosis. As shown in Fig. 5F, 6-OHDA decreased the
GSH/GSSG ratio in PC-12 cells. The level of lipid peroxides
was increased by 42.4% in 6-ODHA-treated PC-12 cells com-
pared with control cells (Fig. 5G, H). Mitochondrial damage is
also required for ferroptosis in neuronal cells [24, 25]. Further
detection of mitochondrial dysfunction was performed by JC-
1 staining. The results indicated that the MMP (Al{m) was
significantly decreased after 6-OHDA treatment, as evidenced
by an increased ratio of green to red fluorescence (Fig. 51).

B-tubulin

6-OHDA - + - +

The Effect of a Ferroptosis Inducer or Inhibitor on PC-
12 Cells

All the above results showed that ferroptosis was induced by
6-OHDA, and we next studied the effect of inducer or inhib-
itor of ferroptosis in PC-12 cells. The effect of the active
ferroptosis inducer erastin [13] on cell viability and the ex-
pression of FTH1 were investigated in ferroptotic PC-12 cells.
As shown in Fig. 6A, erastin treatment enhanced the effect of
6-OHDA. The cell viability rate of PC-12 cells treated with
40 uM 6-OHDA alone was 60.8%, whereas the cell viability
rate was decreased to 46.4% in cells treated with the combi-
nation of erastin and 6-OHDA. The expression of GPX4, TH,
and FTH1 was significantly reduced in cells treated with the
combination of erastin and 6-OHDA compared with those
treated with 6-OHDA alone (Fig. 6B). All of these effects
were reduced by the iron chelator DFO and the ferroptosis
inhibitor Fer-1 [13, 26]. The cell viability rate increased by
20.4% and 32.7% in cells treated with the combination of
DFO and 6-OHDA and cells treated with the combination of
Fer-1 and 6-OHDA, respectively (Fig. 6C, E). The expression
of GPX4, TH, and FTH1 was also increased in cells treated
with ferroptosis inhibitors compared with those treated with 6-
OHDA alone (Fig. 6D, F). Overall, these results further sug-
gested that 6-OHDA induced some degree of ferroptotic death
and that FTH1 was degraded during ferroptosis in PC-12 cells.

@ Springer



1804 FTH1 Inhibits Ferroptosis Through Ferritinophagy in the 6-OHDA Model of Parkinson’s Disease

a b Cc CON 6-OHDA
2 2.0 ;‘0 2.0 *
E * '8 1
o015 515 T
b - G
° S 1.0
g1.0 S 1.
8 ¢
005 £ 05
o S
£ J
0.0 . 0.0 .
CON  6-OHDA CON  6-OHDA
d e f_1s
normal sham model CON 6-OHDA g
o
M e e Gpxs S s GPX4 z
1.0 0.8 0.5 1.0 0.6 o
— — — B-tubulin W — (i °
: 5
14
g h CON  6-OHDA
2
g 10000, kxx
g 2
g CON =
[] (]
2 :
> T
a [ §
] /| \,  6-OHDA 3
0 / \ o
- £ g N
- 4 @
5 I— | —— g
[n] 1 2 3 <4 (5} =]
10 10 10 10 10 10 [T CON 6-OHDA
. FITC
! JC-1 (Green) Merge

JC-1 (Red)

CON

6-OHDA

Fig. 5 Induction of ferroptosis in the 6-OHDA model of PD. (A, B) PC-
12 cells were treated with 40 uM 6-OHDA for 24 h. The levels of total
iron and Fe?* were measured by the Iron Assay Kit. (C) Iron staining (red)
was performed using a FeRhoNox-1 fluorescent imaging probe as de-
scribed in the “Materials and Methods” section. The expression of
GPX4 in rat SN tissue (D) and PC-12 cells (E) treated with 6-OHDA
was analyzed by Western blotting. The data were normalized to the
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control group values. (F) The ratio of GSH/GSSG in PC-12 cells was
detected using the GSH/GSSG-Glo Assay (Promega). (G) Fluorescent
BODIPY staining and FACS analysis (H) were used to evaluate the
formation of lipid peroxides in PC-12 cells. (I) JC-1 staining was
employed to assess mitochondrial damage by measuring the ratio of green
to red fluorescence as described in the “Materials and Methods” section
(n > 3 assays, t test, *p <0.05, ***p <0.001)
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FTH1 Mediated Ferroptosis in PC-12 Cells

Next, we checked whether 6-OHDA-induced cell ferroptosis
was regulated by FTHI1. The results were examined in cells
treated with si-FTH1 or an FTH1 overexpression lentivirus.
As shown in Fig. 7A and B, the expression of GPX4 was
reduced in FTH1 knockdown cells treated with 6-OHDA
compared with control cells treated with 6-OHDA, but in-
creased in cells overexpressing FTH1 and treated with 6-
OHDA compared with control cells treated with 6-OHDA.
Ferrous ion imaging also showed that the level of Fe** was
increased by si-FTH1 (Fig. 7C). Overexpression of FTH1
mitigated the effect of 6-OHDA on the upregulation of Fe**
levels (Fig. 7D). JC-1 staining indicated that the MMP was
increased by FTH1 knockdown and decreased by FTH1 over-
expression. Knockdown of FTH1 enhanced the effect of 6-
OHDA-induced mitochondrial dysfunction; in contrast,

overexpression of FTH1 mitigated the effect of 6-OHDA
(Fig. 8A, B). These data provided further evidence that 6-
OHDA-induced ferroptosis was mediated by FTH1 and that
overexpression of FTH1 mitigated the effect of ferroptosis in
the cell model of PD.

FTH1 Induced Ferroptosis Through Ferritinophagy in
the 6-OHDA Model of PD

The above results confirmed the role of FTH1 in ferroptosis in
the 6-OHDA model of PD. FTHI is also a major player in
ferritinophagy, so we next studied the regulatory mechanism
of FTH1 in ferritinophagy. As shown in Fig. 9A and B, the
expression of NCOA4 and the ratio of LC3B-II/LC3B-1 were
significantly increased in the PD group compared with the
control group. PC-12 cells were infected with a GFP-RFP-
LC3 adenovirus and then treated with 40 uM 6-OHDA for
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Fig.7 FTHI mediated ferroptosis a
in PC-12 cells. The expression of

NC si-FTH1

GPX4 and FTH1 was evaluated
in PC-12 cells treated with the
knockdown (A) or overexpres-
sion (B) vector combined with
40 uM 6-OHDA. FTH1 expres- 210 08 0.7
sion was analyzed using Western

1.0 0.7 0.6

blotting. The data were normal-
ized to the control group values.
A FeRhoNox-1 fluorescent im-
aging probe was employed for
ferrous ion imaging of PC-12
cells treated with the knockdown
(C) or overexpression (D) vector
combined with 40 uM 6-OHDA.  © NC
All data are representative of at
least 3 independent experiments

6-OHDA ~ + -

6-OHDA+VEC FTH1

24 h, and autophagic flux was monitored. As GFP is sensitive
to pH, the decrease in the pH following the fusion of lyso-
somes to autophagosomes quenches GFP fluorescence. Thus,
autophagosomes appear yellow due to the combination of red
and green fluorescence, whereas autolysosomes appear red.
As shown in Fig. 9C, merged red and green puncta appeared
as yellow puncta in PC-12 cells, indicating that autophagic
flux was successfully induced. In addition to increased accu-
mulation of LC3, more red puncta were observed in cells
treated with 6-OHDA (40 uM) than in control cells, suggest-
ing that the number of autophagosomes and autophagic flux
were increased (Fig. 9C). These results demonstrated that
ferritinophagy was induced in PC-12 cells treated with 6-
OHDA. To further investigate the role of FTHI in
ferritinophagy in the cell model of PD, PC-12 cells were
transfected with si-FTH1 or an overexpression lentivirus.
The results showed that the expression of NCOA4 and the
ratio of LC3-II/LC3-I were increased when FTH1 was
knocked down, especially in cells treated with 6-OHDA,
whereas FTH1 overexpression mitigated the effect of 6-
OHDA on the expression of NCOA4 and the ratio of LC3-
II/LC3-I (Fig. 10A, B). The defining feature of ferritinophagy
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is mitochondrial iron overload with subsequent mitochondrial
damage. The effects of FTHI on mitochondrial morphology
were studied using electron microscopy. As shown in
Fig. 11A, in PC-12 cells treated with 6-OHDA or si-FTHI1,
mitochondrial cristae were broken, and the mitochondrial
structure was fuzzy. In cells treated with the combination of
si-FTH1 and 6-ODHA, the mitochondria displayed apparent
swelling and vacuolization, whereas FTH1 overexpression
alleviated mitochondrial impairment during ferritinophagy
(Fig. 11B).

Previous studies showed that CQ and Baf-A1, as inhibitors
of autophagy, decrease autophagosome—lysosome fusion
[27]. We studied the effects of CQ or Baf-A1 on cell viability
in the presence or absence of si-FTHI1 in PC-12 cells treated
with 6-OHDA. As shown in Fig. 10C, the cell viability was
55.9% in cells treated with 6-OHDA only, whereas the viabil-
ity rate increased to 73.7% and 61.3% in cells treated with the
combination of CQ and 6-OHDA or the combination of Baf-
Al and 6-OHDA. Additionally, the viability rate decreased to
63.0% and 49.2% in FTH1 knockdown cells treated with the
combination of CQ and 6-OHDA or the combination of Baf-
Al and 6-OHDA. CQ and Baf-A1 mitigated the effect of 6-
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Fig. 8 FTHI inhibited a
mitochondrial dysfunction in PC-
12 cells. The MMP in PC-12 cells
treated with the knockdown (A)
or overexpression (B) vector
combined with 40 pM 6-OHDA
was determined by JC-1 staining
(n > 3 assays)

JC-1 (Red)

si-FTH1

6-OHDA+
VEC

FTH1

6-OHDA+
FTH1

OHDA on the expression of GPX4, FTH1, NCOA4, and TH.
si-FTH1 partly inhibited the effect of CQ and that of Baf-Al
in PC-12 cells (Fig. 10D). These results showed that FTH1
regulated cell viability and the expression of related proteins
by regulating the ferritinophagy process. Inhibition of
ferritinophagy decreased the expression of FTH1 and limited
the effect of FTHI1, but a low level of FTHI1 was the major
component that affected the entire pathway.

Thus, we speculated that FTH1 was degraded by
ferritinophagy to provide a low level of FTH1 as a sig-
nal for the release of iron, causing ferroptosis. The reg-
ulation of FTH1 and ferritinophagy might be cyclic, as

200pm

JC-1 (Green)

shown in Fig. 12. At a low level, FTHI recruited LC3
and selectively bound to NCOA4 in autophagosomes,
and then ferritinophagy was induced to degrade FTHI.
After FTH1 is downregulated, it further promotes
ferritinophagy. Eventually, FTH1 is maintained at an ex-
tremely low level, resulting in the accumulation of free
ferrous ions and mitochondrial impairment, eventually
leading to cell death due to ferroptosis in the 6-OHDA
model of PD. The findings indicate that there is a pos-
itive relationship between ferritinophagy and ferroptosis
and that FTHI1 is a key link between these processes in
the 6-OHDA model of PD.
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Fig. 9 Induction of
ferritinophagy in the 6-OHDA
model of PD. The expression of
NCOA4, LC3B-I, and LC3B-Il in
PC-12 cells (A) and SN tissue (B)
from rats was determined by
Western blotting. The data were
normalized to the control group
values. (C) PC-12 cells were in-
fected with a GFP-RFP-LC3 ade-
novirus for 24 h and then treated
with 40 uM 6-OHDA for 24 h.
Autophagosomes, which are rep-
resented by yellow puncta in the
merged images, and
autolysosomes, which are repre-
sented by red puncta, were de-
tected with fluorescence micros-
copy. The results represent the
means of 3 independent

experiments CON

6-OHDA

Fig. 10 FTHI1 induced ferroptosis
through ferritinophagy in the 6-
OHDA model of PD. The ex-
pression of NCOA4 and LC3B-I/
II in PC-12 cells transfected with
si-FTH1 (A) or the overexpres-
sion lentivirus (B) was deter-
mined by Western blotting. The
data were normalized to the con-
trol group values. (C) The effect
of CQ (20 uM) or Baf-Al

(100 nM) with/without si-FTH1
was evaluated in PC-12 cells
treated with 40 pM 6-OHDA for
24 h. Cell viability was deter-
mined by the MTS assay. (D) The
expression of GPX4, FTHI,
NCOA4, and TH was determined
by Western blotting. The data
were normalized to the control
group values
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Fig. 11 FTHI decreased
mitochondrial damage in PC-12
cells. Changes in mitochondrial
morphology in PC-12 cells treat-
ed with si-FTH1 (A) or the over-
expression lentivirus (B) com-
bined with 40 uM 6-OHDA were
observed by transmission electron
microscopy (n > 3 assays)

6-OHDA+NC
N
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Fig. 12 Schematic diagram
showing the mechanisms of

6-OHDA

FTHI1. At a low level, FTH1
recruits LC3 and selectively binds
to NCOA4 in autophagosomes,
and then ferritinophagy is induced
to degrade FTHI1. After FTHI is
downregulated, it further
promotes ferritinophagy.
Eventually, FTH1 is maintained
at an extremely low level,
resulting in the accumulation of
free ferrous ions and a reduction
in the MMP and eventually
leading to cell death due to
ferroptosis in the 6-OHDA model
of PD

Ferritinophagy

autolyosome |

Discussion

In the present study, we determined that FTH1 regulated cell
ferroptosis via ferritinophagy in the 6-OHDA model of PD.
Ferritinophagy is the autophagic degradation of the ferritin
protein to maintain homeostasis during iron depletion.
Previous studies have demonstrated that ferritinophagy is in-
volved in various diseases. In a clinical trial on patients with
diabetes and cardiovascular disease, phlebotomy-triggered
ferritinophagy led to the release of redox-active iron and ag-
gravated diabetes and cardiovascular disease [28]. The accu-
mulation of intracellular iron and changes in iron homeostasis
proteins were shown to occur in senescent cells. The results
from previous studies demonstrate that ferritin degradation
induced by lysosomal impairment is associated with impaired
ferritinophagy and resistance to ferroptosis in mouse and hu-
man cell lines [29]. The RNA-binding protein ELAVL1/HuR
activates ferritinophagy to regulate ferroptosis in hepatic stel-
late cells. ELAVLI1-autophagy-dependent ferroptosis has
been identified as a potential target for the treatment of liver
fibrosis [30]. In addition, ferritinophagy is the molecular
mechanism underlying free iron accumulation related to
ferroptosis induction in chronic obstructive pulmonary disease
pathogenesis [31]. Moreover, researchers have speculated that
ferritinophagy provides a novel link between the levels of iron
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Parkinson's disease

in the brain and neurodegenerative diseases [32].
Overexpression of x-syn in cells impairs ferritinophagy by
compromising lysosomal function, resulting in the accumula-
tion of iron-rich ferritin in the outer retina in vivo and retinal
pigment epithelial cells in vitro [33].

Ferritin is a widely expressed and highly conserved protein
and consists of 2 types of polypeptide chains: ferritin heavy
chain and ferritin light chain. Ferritin heavy chain catalyzes
the Fe** oxidation reaction, whereas ferritin light chain plays
an important role in the storage of Fe**. Both chains are es-
sential for maintaining iron homeostasis and preventing iron
overload [34-36]. FTHI, a key subunit of ferritin, is involved
in a variety of disease signaling pathways. In particular, the
expression of FTH1 varies in different diseases. FTHI1 was
shown to regulate immunity in studies of prostate and breast
cancer [37, 38]. FTH1 has been shown to inhibit apoptosis
through the JNK signaling pathway activity [39]. Sorafenib
significantly decreases the expression of FTH1 during
ferritinophagy activation in hepatic stellate cells [30]. FTH1
is reduced in liver fibrosis through regulation of the ferroptosis
signaling pathway [40]. The activity of superoxide dismutase
and brain iron levels are decreased in the brains of FTH1
knockout mice compared with those of control mice, indicat-
ing that FTH1 contributes to the disruption of iron homeosta-
sis due to oxidative stress in the brain [41]. Knockdown of
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FTHI in the intestines of mice can lead to iron overabsorption
and promote ferroptosis [42, 43]. The antioxidant effects of
epicatechin are mediated by increased FTHI expression. In
addition, green tea catechins exert neuroprotective effects on
iron metabolism by upregulating FTH1 expression [44]. Our
studies are in agreement with the previous studies described
above and provide further evidence to support the role of
FTH1 as a promising target for neuroprotection.

However, several studies have shown opposite results. A
study on peroxidation of polyunsaturated fatty acids showed
that FTH1 expression increases during ferroptosis [45]. In
addition, overexpression of FTH1 enhances ferritin degrada-
tion after induction of ferroptosis by erastin [18]. Remarkably,
the protein level of FTHI is significantly increased in MEFs
and PANCI cells after erastin treatment, suggesting that au-
tophagy promotes ferroptosis by ferritin degradation [14]. LIP
accumulation during ferroptosis induces transcriptional upreg-
ulation of endogenous FTHI [15]. In general, autophagy-
driven ferroptosis occurs during the early initiation stage. As
autophagy plays a complicated role in cell death and survival,
FTHI acts as the key protein in ferritinophagy and may have
contradictory effects at different stages of disease. In summa-
ry, FTH1 may provide a key link between ferroptosis and
ferritinophagy in disease. Regulating FTH1 may be therapeu-
tically beneficial in the pathophysiology of PD.
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