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Abstract

Ferroptosis is an iron-dependent form of non-apoptotic cell death
implicated in liver, brain, kidney, and heart pathology. How ferrop-
tosis is regulated remains poorly understood. Here, we show that
PPARa suppresses ferroptosis by promoting the expression of glu-
tathione peroxidase 4 (Gpx4) and by inhibiting the expression of
the plasma iron carrier TRF. PPARa directly induces Gpx4 expres-
sion by binding to a PPRE element within intron 3. PPARa knockout
mice develop more severe iron accumulation and ferroptosis in the
liver when fed a high-iron diet than wild-type mice. Ferrous iron
(Fe*") triggers ferroptosis via Fenton reactions and ROS accumula-
tion. We further find that a rhodamine-based "turn-on" fluores-
cent probe(probel) is suitable for the in vivo detection of Fe*'.
Probel displays high selectivity towards Fe?", and exhibits a stable
response for Fe>* with a concentration of 20 pM in tissue. Our data
thus show that PPARa activation alleviates iron overload-induced
ferroptosis in mouse livers through Gpx4 and TRF, suggesting that
PPARa may be a promising therapeutic target for drug discovery in
ferroptosis-related tissue injuries. Moreover, we identified a fluo-
rescent probe that specifically labels ferrous ions and can be used
to monitor Fe*" in vivo.
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Introduction

Ferroptosis is an iron-dependent cell death that involves iron accu-
mulation and lipid peroxidation. Ferroptosis can be triggered by
physiological conditions (e.g., high extracellular glutamate) or small
molecules (e.g., sorafenib and sulfasalazine) that block system-
mediated cystine import (Xie et al, 2016). Recent studies indicate

that ferroptosis contributes to pathological process in a variety of
diseases and conditions, including acute organ failure secondary to
ischemia/reperfusion, Huntington disease and other neurodegenera-
tive diseases (Yang & Stockwell, 2016). Thus, inhibiting ferroptosis
may represent a promising new approach for treating cell death-
related diseases. Loss of gene products, such as ACSL4, depletes the
substrates for lipid peroxidation and increase resistance to ferrop-
tosis (Dixon et al, 2015; Yuan et al, 2016; Doll et al, 2017; Kagan et
al, 2017). The alteration in the transcription of iron regulation genes
affects the sensibility of erastin-induced ferroptosis and this sensibil-
ity is positively correlated with the abundance of intracellular iron.
TRF, a serum glycoprotein secreted in liver, plays an essential role
in the transport of iron from sites of absorption and storage to iron-
requiring cells (Muckenthaler et al, 2017). Ferroptosis can also be
induced by genetic deletion of the Gpx4 (Lei et al, 2019). As an
essential regulator of lipid peroxidation, Gpx4 is identified as the
central regulator of ferroptosis, acting through the suppression of
lipid peroxidation generation. Inactivation of Gpx4 by GSH deple-
tion triggers ferroptosis by accumulation of ROS production from
lipid peroxidation (Friedmann Angeli et al, 2014), indicating the
protective role of Gpx4 as molecular target against ferroptosis
related disease.

In order to investigate all the mechanisms that underlie iron-
induced ferroptosis, researchers have constructed iron overloaded
models in mouse. It was found that enhanced iron levels in liver are
associated with oxidative stress development and damage with
increased fat accumulation (Wang et al, 2017). Iron-rich diet
induced liver steatosis and oxidative stress, mitochondrial dysfunc-
tion, loss of PUFAS, downregulation the expression of PPARa and
caused liver damage (Barrera et al, 2018), suggesting the PUFAs and
PPARa may play roles in the hepatic iron overload disorders.

PPARs are a group of nuclear receptor proteins that function as
transcription factors regulating the expression of genes. Three
isoforms of PPARs, which vary in their tissue distribution, have
been confirmed and include PPARa, B, and y (Tontonoz et al,
1994). PPARa stimulates the expression of target genes directly
through binding to PPREs in the promoter regions of target genes.
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Upon ligand-induced activation, PPARa regulates the expression of
genes involved in lipid metabolism and peroxisome proliferation
(Paumelle et al, 2019). PPARa alters lipid metabolism through mul-
tiple mechanisms that facilitate the transfer of fatty acids into mito-
chondria (Brandt et al, 1998; Cheng et al, 2004). PPARa
overexpression or activation lowers plasma triglycerides, reduces
adiposity, and improves hepatic steatosis, consequently improving
insulin sensitivity (Guerre-Millo et al, 2000; Kim et al, 2003), identi-
fying new potential therapeutic areas by using metabolic nuclear
receptors or their agonists.

Here, we sought to define the relationship between PPARa and
ferroptosis and find that the expression of Gpx4 is upregulated and
expression of TRF is reduced by PPARa activation. In addition, the
absence of PPARa is sufficient to facilitate overloaded-iron induced
ferroptosis in vivo, suggesting that PPARa confers protection against
ferroptosis during iron accumulation. We also find that a fluorescent
probe (named as Probel), that was shown to specifically label fer-
rous ions in vitro, can be applied in vivo to monitor Fe*". Our
research on the Fe?" sensor provides an effective tool for future
ferroptosis research in vitro and in vivo. Thus, our results suggest
that PPARa is a potential therapeutic target for treating iron over-
load associated diseases by regulation the Gpx4 and iron
metabolism.

Results and Discussion

Activation of PPARa suppresses iron overload-induced ferroptosis
in vivo

PPARs are a group of nuclear receptors which function as transcrip-
tion factors and regulate gene expression by binding their heterodi-
meric partner RXRs at specific PPAR response elements (Tugwood
et al, 1992). It was reported that iron-rich diet for 21 days involving
higher iron intake and liver accumulation, resulted in significant
oxidative stress enhancement in the liver and many gene expression
change such as SREBP-1c and PPAR« (Yang et al, 2014).

Ferroptosis is an iron-dependent form of regulated cell death.
Recent discoveries have revealed connections between ferroptosis
and neurodegenerative and neoplastic diseases (Conrad et al, 2016;
Hangauer et al, 2017). It also discovered that ferroptosis is a primary
driver of ischemic injury in some models (Tonnus & Linkermann,
2016, 2017), and ferroptosis in liver hemochromatosis has been
observed (Lei et al, 2019). Thus, inhibiting ferroptosis is a potential
treatment for ferroptosis-related diseases. Previous studies found
that iron overload causes several forms of cell death, including apo-
ptosis, necrosis, and ferroptosis. To investigate the exact role of
PPARa in liver ferroptosis, we characterized ferroptosis in mouse
models of liver iron-overload. Mice were fed a high-iron diet or
injected dextriferron intraperitoneally, and were oral administration
with either PPARa ligand (GW7647 or WY14643) or vehicle. Levels
of ALT and AST were elevated significantly after iron administration
in both high-iron models, but the serum levels of ALT and AST were
decreased significantly in the GW7647-treated group (Figs 1A and
EV1A), indicating the effect of the GW7647 treatment on protecting
against iron-overload induced liver injury. H&E staining showed
that liver damages, including vacuoles caused by lipid accumulation
and focal necrosis, occurred in WT mice. But less tissue damage
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morphology was observed by H&E staining in WY14643 combined
with Fe-treated mouse group comparing to the Fe alone group
(Fig EV1B). Our results show that the liver injury of mice was ele-
vated significantly after iron administration and it is consistent with
previous reports (Lei et al, 2019). And pharmacological activation of
PPARa significantly improved the situation. These findings indicate
that the effect of the PPARa ligands on protecting against iron
overload-induced liver injury.

In order to verify whether apoptosis is involved liver injury
caused by HID, we performed TUNEL staining, and results show
that HID barely triggered apoptosis (Fig EV1C). Then, we investi-
gated whether activation of PPARa suppresses iron overload-
induced ferroptosis in vivo or not. As shown in Fig 1B, iron adminis-
tration strongly elevated the content of iron in liver, and as
expected, GW7647 administration significantly decreased the iron
content (Fig 1B). Lipid peroxidation (Fig 1C), ROS level (Fig 1D),
Ptgs2 mRNA levels (Fig 1E), and HMGBI1 content (Fig EV1D) were
significantly increased. GSH content (Fig 1F) and Gpx4 mRNA levels
(Fig EV1E) were decreased in mice fed with a high-iron diet. In
addition, mice injected with dextriferron showed significantly
increased MDA content and iron content (Fig EVIF-G). Specific
PPARa agonist GW7647 significantly reversed iron-induced the ris-
ing MDA content (Fig 1C), ROS level (Fig 1D), Gpx4 mRNA levels
(Fig EV1E) and Ptgs2 mRNA levels (Fig 1E) and the markedly
decreased GSH content (Fig 1F). Compared to the GW7647-treated
group, livers of mice fed with iron-rich diet had smaller, ruptured
mitochondria (Fig 1G) which is the cellular morphological feature
of ferroptosis.

Recent reports have shown that AIFM2/FSP1 can be induced in a
PPARa dependent manner (Venkatesh et al, 2020), then we exam-
ined the expression of AIFM2/FSP1 in mouse liver during the devel-
opment of HID-induced ferroptosis. However, no significant
changes were observed on AIFM2/FSP1 expression (Fig EV2A).
Gpx4 and FSP1 (previously known as apoptosis-inducing factor
mitochondrial 2—AIFM2) were both identified as ferroptosis sup-
pression factors, and AIFM2 has been hereafter renamed ferroptosis
suppressor protein-1 (FSP1) due to its critical role in a second FSP1-
Q10-NADPH system, independent of the canonical GSH-based Gpx4
pathway, which may regulate ferroptosis execution (Bersuker et al,
2019; Doll et al, 2019). For this reason, we speculate that AIFM2/
FSP1 is not the main signaling pathway in HID-induced ferroptosis.

It was reported that PPARa is involved in MDM2 and MDMX-
related ferroptotic death (Venkatesh et al, 2020). To test whether
MDM2 and MDMX have cross-talking with PPARa signaling path-
way in HID liver injury model, we checked MDM2 and MDMX
expression in HID mouse model w/o PPARa agonists, but our
results display no differential expression of MDM2 and MDMX
among the three groups (Fig EV2B). Previous studies have reported
that the MDM2-X complex may post-translationally modify PPARa
and alter its activity(Gopinathan et al, 2009; Venkatesh et al, 2020).
To further determine whether knockdown of MDM2 and MDMX
affects PPARa activity and GPX4 expression, siRNAs were used to
knock down MDM2 or MDMX in Hep1-6 cells, and then the expres-
sion levels of PPARa target gene CPT1 and Gpx4 were detected.
Although not statistically significant, there was a trend of increasing
of CPT1 expression after knockdown of MDM2 or MDMX. Knock-
down of both MDM2 and MDMX resulted in a significant down-
regulation of GPX4 expression (Fig EV2C). The result suggests that
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Figure 1. Activation of PPARa suppresses iron overload-induced Ferroptosis in vivo.

A Serum ALT and AST levels were measured in 8-week-old WT mice that were fed a HID with or without GW7647 treatment; n = 5 mice/group.
B, C Hepatic iron content (B) and hepatic MDA (C) content was measured in the indicated mice; n = 5 mice/group.
D Measurement of intracellular ROS levels by fluorescent probe DCFH-DA, and the fluorescence intensity of ROS was calculated; All scale bars are 20 um. n = 3 bio-

logical replicates.

E, F Hepatic Ptgs2 mRNA levels (E) and hepatic GSH content (F) were measured in the indicated mice; n = 5 mice/group. mRNA levels were normalized to 36b4 and are

expressed relative to the mean value of the WT group.

G Liver tissues were obtained from the indicated mice and then examined using transmission electron microscopy (Arrowheads indicate mitochondria); Scale bars are

1 pm and 5 pm. n = 3 biological replicates.

Data information: Data are presented as means + SD. *P < 0.05, **P < 0.01, determined by ANOVA.

knockdown of MDM2 and MDMX enhanced the activity of PPARa,
but suppressed the expression of Gpx4 in an unknown regulatory
manner. It requires further research to explore the mechanism.

Another important model of ferroptosis in the liver can be
induced by sorafenib. In particular, the activation of NRF2 pathway
diminishes sorafenib-induced ferroptosis in vitro and in vivo (Sun
et al, 2016). More importantly, Gpx4 and TRF are also target genes
of NRF2 (Dai et al, 2020). In order to verify whether there is an
interaction between the PPARo and NRF2 signaling pathways in
liver, we detected expression of NRF2 and NRF2-related genes in
HID mouse liver. Our data show that there was no significant associ-
ation between PPARa and NRF2 signaling in the model (Fig EV2D),
suggesting PPARa and NRF2 pathways may be independent of each
other in HID ferroptotic model.

Together, all the above data indicate that iron overload induced
ferroptosis in vivo, and specific PPARa ligands prevented this
process.

PPARa regulates Gpx4 transcriptional activity by binding to a
PPRE in intron of Gpx4, induces Gpx4 gene expression in vivo

Although the regulatory mechanisms that underlie ferroptosis are
poorly understood, several molecules that play a role in iron and
redox metabolism have been implicated in ferroptosis. ACSL4
expression correlates with cellular sensitivity to erastin-induced
ferroptosis (Yuan et al, 2016). Knockdown of TFR1 by shRNA
inhibits erastin-induced ferroptosis in BJeLR cells, confirming that
inhibition of iron uptake prevents iron-dependent cell death (Yang &
Stockwell, 2008).

Gpx4 is a negative regulator of ferroptosis (Friedmann Angeli
et al, 2014). Ferroptosis occurs when the oxidation of membrane
PUFAs can run out of control due to inactivation of the lipid hydro-
peroxidase Gpx4. Lipid peroxidation was observed in all knockout
models, highlighting the importance of Gpx4 for protecting cells
from detrimental effects of lipid peroxides (Seiler et al, 2008). Gpx4
uses GSH as a reducing agent in its peroxidase reaction cycle, and
Gpx4 converts potentially toxic lipid hydroperoxides to non-toxic
lipid alcohols (Stockwell et al, 2017). The Gpx4-catalyzed reaction
between GSH and lipid peroxides can prevent ferroptosis, and over-
expressing Gpx4 reduces ferroptosis (Friedmann Angeli et al, 2014).

To examine whether and how PPARa contributes to ferroptosis,
WT and PPARa ™/~ mice were administered by oral administration
with either vehicle or GW7647 twice a day for 2 days. Then, a range
of ferroptosis-related gene expression including Gpx4 was exam-
ined. As expected, GW7647 induced the known PPARa target,
Acoxl1, expression in WT, but not in PPARo ™/~ mice. Gpx4 mRNA
levels were dramatically increased in PPARa agonist treatment of
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WT mice, and the response was lost in PPARo~/~ mice (Fig 2A).
Meanwhile, PPARa agonist GW7647 caused the induction of Gpx4
protein expression in WT, but not in PPARo ™/~ mouse livers
(Fig 2B).

Next, we analyzed whether mouse Gpx4 is a direct target gene of
PPARa. To determine the region within the mouse Gpx4 gene that
confers transcriptional responsiveness to PPARa, we amplified a
series of progressively deleted Gpx4 promoter and intron fragments.
These fragments were inserted into a pGL3 promoter luciferase vec-
tor, and constructs were transiently transfected into Hepl-6 cells.
We detected a significant increase in luciferase expression after the
activation of PPARo by GW7647 in cells transfected with pGL3-
intron 3 (inserted DNA fragment position from +7690 to +7712 with
respect to the transcription starting site. Fig 2C) in comparison with
cells that were not exposed to PPARa ligands. The Gpx4 intron 3
contains a putative PPRE. We then performed site-directed mutagen-
esis of the PPRE (changing CAATGC to TTTTTT), which blocked
the induction of reporter expression by PPARa activation (Fig 2D).
These results suggest that Gpx4 may be directly regulated by PPARa
activation that converges on the PPRE acting as an enhancer within
intron 3 of Gpx4.

To further demonstrate that PPARa binds to the intronic
enhancer in vivo, we performed ChIP assays on
formaldehyde-crosslinked chromatin isolated from untreated and
GW7647-treated livers with a polyclonal anti-PPARa antibody.
PPARa was bound to the intronic enhancer in vivo (Fig 2E), and
PPARa knockout displayed no association of PPARa with the
intronic enhancer after the treatment.

Our data indicate GW7647 treatment strongly increased mRNA
levels of Gpx4 in WT mice. And the GW7647-treated group had
decreased levels of lipid peroxidation and Ptgs2 mRNA in the liver,
suggesting PPARa can restrain ferroptosis through the PPARa-Gpx4
axis.

soluble

PPARa deficiency influence iron metabolism in the liver

Fe is essential for life because it constitutes the required cofactor for
a multitude of proteins of diverse biological functions. Small pools
of labile Fe*" reside in the cytosol and the mitochondrial matrix.
These redox-active iron pools are capable of directly catalyzing
damaging free radical formation via Fenton chemistry (Dixon &
Stockwell, 2014). It was speculated that such Fenton chemistry
might account for the lethal effect of ferroptosis inducers. However,
the current view favors a more biological route of iron-mediated
lipid peroxide generation. Thus, iron import, export, storage, and
turnover all have an impact on ferroptosis. Then, an iron-
overloaded murine model was used to study the effects of iron in

© 2022 The Authors
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Figure 2. PPARa regulates Gpx4 transcriptional activity by binding to an PPRE in Intron 3 of Gpx4, induces Gpx4 gene expression in vivo.

A Acoxl and Gpx4 mRNA was measured in liver of WT and PPARa ™/~ mice fed blank solvent (white bars, n = 5 mice/group) or GW7647 (black bars, n = 5 mice/group).

B Gpx4 protein was measured in liver of WT and PPARa '~ mice fed blank solvent or GW7647; n = 4 biological replicates.

C Schematic of the WT and mutant PPRE elements. The six nucleotides that were altered to form the mutant construct are underlined.

D A 123-base pair fragment of intron 3 of mouse Gpx4 (position from +7679 to +7803 with respect to the transcription start site) was inserted into the pGL3 promoter
vector to generate the pGL3 promoter intron 3 reporter constructs. The PPRE in intron 3 was mutated to create the mutant construct (pGL3 promoter intron 3 mut).
These reporter constructs were transfected into Hep1-6 cells. The indicated PPARa ligands were added to cell cultures 24 h before the reporter gene assay; n = 3 bio-
logical replicates. Data were calculated as the fold induction with respect to the empty vector (pGL3 promoter luciferase vector).

E Chromatin immunoprecipitation assays were performed on soluble formaldehyde-crosslinked chromatin isolated from untreated and GW7647-treated WT or PPARa

/-

livers with polyclonal anti-PPARa antibodies (anti-PPARa) or control 1gG. The final DNA extraction was polymerase chain reaction-amplified with a primer pair

that covered the sequence in intron 3 of Gpx4.

Data information: mRNA levels were normalized to 36B4 and are expressed relative to the mean value of the WT group. Data are presented as means + SD. **P < 0.01,

determined by ANOVA.

ferroptosis. When fed a high iron diet, mice develop severe tissue
iron overload, and serum transferrin binding approaches saturation,
suggesting the presence of non-transferrin-bound iron in the circula-
tion (Yang et al, 2014). However, the precise role of iron in ferrop-
tosis remains unclear. Therefore, a convenient and rapid method for
the analysis of Fe*" and Fe*' in biological samples has important
consequences in biological concerns. During past decades, many
approaches have been designed for noninvasive detection of labile
Fe*" within living cells and other intact biological specimens (Weer-
asinghe et al, 2010). Fe?" is the main cause of ferroptosis, but unfor-
tunately, there are relatively few fluorescent probes that allow the
detection of Fe®' in vivo. As a consequence, the research on iron
ions mainly focuses on ferric ions, for which various Fe*" fluores-
cent probes are available (Luo et al, 2016).

Hou et al (2013) recently reported a rhodamine-based “turn-on”
fluorescent probe(probel) that displays high selectivity for Fe**
(Hou et al, 2013). To further test the biologically relevant utility of
the Fe** specific fluorescent probe, culturing Hepl-6 were incubated
with 20 pM probel in culture medium for 30 min at 37°C, and very
weak intracellular fluorescence inside the living cells was observed
(Fig 3A). Addition of external Fe*" (20 uM) enhanced intracellular
fluorescence intensity, while only a limited increase in intracellular
fluorescence was observed with Cu®>" and Fe*" at the same concen-
tration (Fig 3A). These results suggest that the highly cell permeable
probel specifically responds to labile Fe*" iron pools.

To investigate the iron changes in metabolism, we used a HID
diet eliciting substantial iron accumulation in the mouse liver. To
study the physiological and pathological consequences of biological
ferrous iron regulation, we utilize the Fe*" fluorescent probes for
monitoring labile Fe** pools in the liver. As shown in Fig 3B, a sig-
nificant increase in intracellular fluorescence in the liver of
PPARo ™/~ mice compare to WT mice was observed (Fig 3B). The
hepatic iron content in PPARa ™/~ mice increased significantly com-
paring with the WT group (Fig EV2E and F), indicating severe iron
accumulation in the liver of PPARa ™/~ mice. All above suggested
that PPARo deficiency induced significant increasing of Fe®*
accumulation.

To examine whether and how PPARa deficiency contributes to
iron accumulation. A range of iron metabolism-related gene expres-
sion was examined in mice oral administration with either vehicle
or GW7647, and TRF expression level was significantly reduced in
GW7647-treated mice (Fig EV3A). Further testing found TRF mRNA
and protein levels were dramatically decreased in WT mice with
PPARa agonist treatment but that change disappeared in the PPARa
knockout mice (Fig 3C and D). TRF, the major plasma iron carrier,
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is synthesized and secreted mainly by the liver. TRF delivers iron to
tissues through binding to its receptor and receptor-mediated endo-
cytosis. It is widely believed that iron delivery is the primary func-
tion of TRF. The hepatic TRF mRNA levels of mice were oral
administration with PPARa ligand was significantly lower compar-
ing to the mice with solvent comparison (Fig 3E). Hepatic and
serum levels of TRF were detected by enzyme linked immunosor-
bent assay. Hepatic and serum levels of TRF were detected by
enzyme linked immunosorbent assay. The TRF of hepatic and
serum content of mice in Fe group was significantly lower than that
in control group. And GW?7647 administration significantly
decreased the TRF content compared to Fe group (Fig 3F). More-
over, we analyzed whether the mouse TRF is a PPARa direct bind-
ing target gene or not. Putative PPREs in the TRF promoter region
were predicted using an online algorithm (NUBIScan: http://www.
nubiscan.unibas.ch/). The fragment was inserted into a pGL3 pro-
moter luciferase vector, and constructs were transiently transfected
into Hepl-6 cells. We detected a significant decrease in luciferase
expression after the activation of PPARa by GW7647 in cells trans-
fected with pGL3 promoter (Fig EV3B and C) in comparison with
cells that were not exposed to PPARq ligands. Next, we performed
ChIP assays on soluble formaldehyde—crosslinked chromatin iso-
lated from untreated and GW7647-treated livers with a polyclonal
anti-PPARa antibody. PPARa was bound to the promoter in vivo
(Fig EV3D), and PPARa knockout displayed no association of
PPARa with the promoter after the treatment. This result suggests
that TRF is down-regulated by PPARa activation through binding to
the PPRE in promoter in vivo and PPARa deficiency induced signifi-
cant increase in iron turnover. Therefore, we think that inhibition of
TRF is another important reason for reducing liver ferroptosis after
activation of PPARa.

PPARa deletion increases susceptibility to iron
overload-induced ferroptosis

Further, we examined whether the loss of PPARa expression
increases iron overload-induced ferroptosis in vivo. Feeding WT and
PPARo /™ mice the HID for 3 weeks or injecting dextriferron intra-
peritoneally for 2 weeks led to significantly higher tissue iron con-
tent in PPARa ™/~ mice compared with WT mice (Figs EV2D and E,
and EV4A). The levels of ALT and AST were elevated significantly
after iron administration in both WT and PPARa ™/~ mice, but
serum levels of ALT and AST were much higher in PPARa ™/~
mouse group than that of the WT mouse group (Figs 4A and EV4B),
indicating the effect of the deleted PPAR on aggravated overload-

© 2022 The Authors
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Figure 3. PPARa deficiency influences iron metabolism in the liver.
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A Fluorescent images of labile Fe?" in hepl-6 cells. Hepl-6 cells were incubated with control, 20 UM probel for 30 min; 20 pM Cu?" for 30 min then 20 pM probel for
another 30 min; 20 uM Fe*" for 30 min then 20 pM probel for another 30 min; 20 uM Fe" for 30 min then 20 uM probel for another 30 min; All scale bars are

20 um. n = 3 biological replicates.

Hepatic Acox1 and TRF mRNA levels were measured in the WT and PPARo '~

mm g 0O W

Liver sections were obtained from the indicated mice and stained with probel. All scale bars are 20 um. n = 3 biological replicates.

mice with or without GW7647 treatment. n = 3-5 mice/group.
TRF protein was measured in liver of WT and PPARo /" mice fed blank solvent or GW7647. n = 4 biological replicates.

Hepatic TRF mRNA levels were measured in the indicated mice. n = 3-5 mice/group.

Hepatic and serum TRF content were measured in the indicated mice. n = 3-5 mice/group.

Data information: mRNA levels were normalized to 36B4 and are expressed relative to the mean value of the WT group. Data are presented as means =+ SD. *P < 0.05,

**Pp < 0.01, determined by ANOVA.

induced liver injury. H&E staining showed that liver damages,
including vacuoles caused by lipid accumulation and focal necrosis,
were more sever in PPARa ™/~ mice than that in WT mice
(Fig EV4C). And as we expected that hepatic MDA content and ROS
levels in PPARa /™ mice was higher than that of the WT mice after
the HID and intraperitoneal injection (Figs 4B and EV4D and E).
The hepatic GSH content of PPARy ™/~ mice was significantly lower
comparing to the WT mice that fed with a HID (Fig 4C), and the
abundance of Ptgs2 mRNA in the liver of PPARa ™/~ mice was much
higher than that in WT mouse livers (Fig 4D). Compared to the WT
mice, livers of PPARa/~ mice fed with HID had smaller, ruptured
mitochondria (Fig 4E). These results indicated that deficiency
PPARa markedly increases iron overload-induced liver injury and
the PPAR ™/~ mice are more sensitive to ferroptosis.

Next, we assessed the in vivo potential of Gpx4 to prevent the con-
sequences of inducible PPAR« disruption in animals. In the previous
experiment, we found the expression level of Gpx4 was significantly
reduced, when the mice were fed a high-iron diet for 3 weeks
(Fig EV4F). PPARo /™ mice were injected with Gpx4-AAV or control
vector before the mice fed HID diet, at 3 weeks they were euthanized.
As shown in Fig 4F, levels of ALT and AST were elevated signifi-
cantly after iron administration, but the serum levels of ALT and AST
dropped significantly in the Gpx4-AAV treated group (Fig 4F), indi-
cating the effect of the overexpression Gpx4 on protecting against
iron-overload induced PPARa ™/~ mice liver injury. Gpx4-AAV treat-
ment significantly reduced the iron-induced increase in MDA con-
tent, iron content, Ptgs2 mRNA levels, and ROS levels, Gpx4 mRNA
levels was increased in PPARa ™/~ mice (Figs 4G-J and EV4G). The
overall survival curves of PPARo ™/~ mice were generated by
Kaplan—-Meier plotter based on the HID with or without Gpx4-AAV
treatment, and the results are illustrated in Fig 4K. Mice with Gpx4-
AAV treatment had a significantly reduced risk of death compared to
those with control vector. Ferroptosis was inhibited in iron-overload
PPARa knockout mice with Gpx4-AAV treatment. These results

suggest that the in vivo potential of Gpx4 to prevent the conse-
quences of PPARa disruption in high-iron diet animals.

Activated PPARa and ferrostatin-1 similarly protect against
ferroptosis-induced liver injury

Ferrostatin-1 is a recognized ferroptosis inhibitor. Past studies have
shown that Ferrostatin-1 can significantly inhibit the ferroptosis.
Now we have discovered another way to inhibit ferroptosis. The
transcriptional regulation of PPARa can inhibit ferroptosis in the
liver of mice. To confirm that activation of PPARa plays a consider-
able role in iron overload-induced ferroptosis, WT mice were fed a
high-iron diet for 3 weeks. During this period, mice received with
GW?7647 administration or Fer-1 administration for 3 weeks. First,
serum ALT and AST were examined. Levels of ALT and AST were
elevated significantly after a high-iron diet in WT mice, but the
serum levels of ALT and AST dropped significantly in both Fer-1-
and GW7647-treated group (Fig SA). This indicates that Fer-1 and
GW?7647 treatments have similar effects in preventing liver damage
caused by iron overload. Then, we investigated whether activation
of PPARa or Fer-1-treated suppresses iron overload-induced ferrop-
tosis in vivo. As shown in Fig 5B, iron administration strongly ele-
vated the hepatic iron content in WT mice, and as expected, Fer-1-
and GW?7647-treated significantly decreased the iron content
(Fig 5B) in WT mice. Hepatic MDA (Fig 5C), Ptgs2 mRNA (Fig 5D)
and ROS level (Fig SE) were significantly increased in WT mice fed
with a high-iron diet. Fer-1- and GW7647-treated significantly
reversed iron overload-induced hepatic MDA, Ptgs2 mRNA levels,
and ROS level in WT mice (Fig 5C-E).

In order to verify whether Fer-1 plays a role in the liver ferrop-
tosis of PPARa ™/~ mice, we fed PPARa knockout mice a high-iron
diet for 3 weeks, and then intraperitoneal injection Fer-1 daily. Com-
pared to untreated PPARo /™ mice, Fer-1-treated PPARa ™/~ mice
had significantly decreasing of ALT and AST levels (Fig SF).

Figure 4. PPARa deletion increases susceptibility to iron overload-induced ferroptosis.

A Serum ALT and AST levels were measured in 8-week-old WT, PPARa "/~ mice that fed a normal diet or a HID; n = 3-5 mice/group.
B-D Hepatic MDA content (B), hepatic GSH content (C), hepatic Ptgs2 mRNA levels (D) were measured in the indicated mice. n = 3-5 mice/group.
E Liver tissue was obtained from the indicated mice and then examined using transmission electron microscopy (Arrowheads indicate mitochondria). Scale bars are

1 um and 5 pum. n = 4 biological replicates.

Serum ALT and AST levels were measured in 8-week-old PPARo ™/~

— A0 -

logical replicates.

mice that were fed a HID with or without Gpx4-AAV treatment; n = 8 mice/group.
Hepatic MDA content (G), hepatic iron content (H), hepatic Ptgs2 mRNA levels (I) were measured in the indicated mice; n = 8 mice/group.
Measurement of intracellular ROS levels by fluorescent probe DCFH-DA, and the fluorescence intensity of ROS was calculated. All scale bars are 20 um. n = 3 bio-

K Kaplan—Meier curves with univariate analysis of overall survival based on the Gpx4-AAV treatment. n = 5-9 mice/group.

Data information: Data are presented as means & SD. *P < 0.05, **P < 0.01, ***P < 0.001, determined by ANOVA.
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Figure 5. Activated PPARa and ferrostatin-1 have similar and important effects on inhibiting Ferroptosis damage caused by iron overload.

A Serum ALT and AST levels were measured in 8-week-old WT mice treated with or without Fer-1 and GW7647 treatment; n = 6 mice/group.
B-D Hepatic iron content (B), hepatic MDA content (C), hepatic Ptgs2 mRNA levels (D) were measured in the indicated mice.
E Measurement of intracellular ROS levels by fluorescent probe DCFH-DA, and the fluorescence intensity of ROS was calculated. n = 3 biological replicates. All scale

bars are 20 um.

F Serum ALT and AST levels were measured in 20-week-old PPARa '~

mice treated with or without Fer-1; n = 6 mice/group.

G, | Hepatic iron content (G), hepatic MDA content (H), hepatic Ptgs2 mRNA levels (1) were measured in the indicated mice. n = 6 mice/group.
J Measurement of intracellular ROS levels by fluorescent probe DCFH-DA, and the fluorescence intensity of ROS was calculated. n = 3 biological replicates. All scale

bars are 20 um.

Data information: mRNA levels were normalized to 36B4 and are expressed relative to the mean value of the WT group. Data are presented as means + SD. *P < 0.05,

**p < 0.01, ***P < 0.001, determined by ANOVA.

This suggests that the liver damage of PPARa knockout mice was
alleviated by Fer-1. Moreover, Fer-1 treatment significantly reduced
the hepatic iron content (Fig 5G), MDA (Fig 5H), Ptgs2 mRNA
levels (Fig 5I), and ROS level (Fig 5J) of PPARa knockout mice on
HID. As we expected, Fer-1 treatment resists ferroptosis in the liver
of PPARo ™/~ mice caused by iron overload. Together, all the above
data indicate that iron overload induced ferroptosis in vivo, and
pharmacological activation PPARa or Fer-1 has considerable effects
on protecting the iron overload induced ferroptosis.

PPARa has the function of inhibiting peroxidation, while we
found that PPARa inhibits ferroptosis through Gpx4 in this study.
But we cannot rule out other unknown regulatory mechanisms, and
it needs further study. In Hwang’s paper, PAPRS rescues xCT-
deficient cells from ferroptosis by targeting peroxisomes (Hwang et
al, 2021). Interestingly, Tao indicated CYP2J2-produced epoxyeico-
satrienoic acids contribute to the ferroptosis resistance of pancreatic
ductal adenocarcinoma in a PPARy-dependent manner (Tao et al,
2021), whereas Han showed that PPARy drives ferroptosis in den-
dritic cells (Han et al, 2021) indicating that the o and vy isoforms of
PPAR have opposing cellular functions (Kersten, 2008). Considering
that PPAR isotypes are expressed in different tissues and have func-
tional differences and similarities, targeting PPARs for future clinical
therapy need more investigation on ferroptosis-related diseases.

In summary, our study identified the PPARa as a novel regulator
in the suppression of iron overload-induced liver ferroptosis, and
results from this study thus provide important insights into the bio-
logical roles of PPARa in hepatic pathophysiology and hence pro-
vide new therapeutic targets for the drug discovery.

Materials and Methods
Animals

PPARo /™ mice were purchased from the Jackson Laboratory (strain
name: B6; 129S4-Pparatm1Gonz/J, stock number 008154). C57BL/6J
SPF mice were purchased from Huazhong Agricultural University
Experimental Animal Center. Unless stated otherwise, male mice
between 6 and 8 weeks old were used in each group of experiments.
Wild-type and PPARa null mice were used to determine the role of
PPARa. Unless stated otherwise, the mice were fed with a standard
AIN-76A diet containing 50 mg iron/kg body weight for 3 weeks and
then sacrificed. The HID (8.3 g carbonyl iron/kg) were egg white-
based AIN-76A diets. Mice were given tertian intraperitoneal injec-
tions of either PBS (control) or dextriferron (500 mg/kg body weight)
for 2 weeks and then sacrificed. Mice were given a daily

© 2022 The Authors

intraperitoneal injection of either vehicle or ferrostatin-1 (Fer-1,
1 mg/kg body weight) for 3 weeks before sacrificed. AAV carrying
cDNA of mouse Gpx4 injected to the PPARa null mice induces the
presence of Gpx4 inclusions. All experimental protocols were
approved by the animal ethical and welfare committee of Huazhong
Agricultural University.

In vivo treatment with GW7647

Mice were gavaged with either vehicle (4:1 of PEG-400 and Tween 80)
or GW7647 (10 mg/kg body weight) once every 2 days for 3 weeks.

Fe?* probe incubation and imaging

The original Fe*" probe named as “probel” was designed and
published by Hou et al (2013) and was synthesized in Beyotime,
and the structure is provided in Appendix Fig S1.

Hep1-6 cells were purchased from the National Infrastructure of
Cell Line Resource (NICR, CHN). These cells were grown in Eagle’s
Minimum Essential Medium, with 10% fetal bovine serum, and
100 U/ml of penicillin/streptomycin in a humidified incubator with
5% CO, and 95% air. The concentration of counted cells was
adjusted to 1.0 x 10° cells ml™" and cells were passed and plated on
glass slide at 37 °C, 5% CO, for 4 h. Adherent cells were incubated
with 20 uM probel for 0.5 h at 37 °C under 5% CO, and then
washed with PBS three times before incubating with 20 uM FeSQ,,
CuSO, or Fe,(S0,); for another 30 min. The fluorescence imaging of
intracellular Fe*" of the cells was observed under a Leica TCS confo-
cal laser scanning microscope after three times PBS washing.

The liver tissue was frozen in optimal cutting temperature (OCT)
solution for cryosections. A set of 20-um-thick liver sections was gener-
ated from the selected liver region. After washing with PBS three times,
the sections were incubated with 0.3% Triton X-100. Then, the 20 uM
probel was added onto the sections. Following by 20 min hours min
incubation and thorough washing, each section was photographed
under the Leica TCS confocal laser scanning microscope to visualize the
probel-labeled Fe*". To confirm that the fluorescence was from Fe?',
50 uM DFO was used to treat the sections 1 h before probel addition.

Small interfering RNAs and transfection

Lipofectamine 2000 (Invitrogen) was used as the transfection
reagent for the initial set of siRNA experiments (according to the
manufacturer’s instructions).

Sequences of siRNAs used in this study were: SiCtrl sense strand,
5'-UUCUUCGAACGUGUCACGUTT-3'; antisense strand, 5'-ACGUG

EMBO reports  23:€5228012022 11 of 14



EMBO reports

ACACGUUCGGAGAATT-3'; siMDMX sense strand, 5-GCCAGUAU
AUAAUGGUGAATT-3’; antisense strand, 5-UUCACCAUUAUAUA
CUGGCTT-3’; siMDM2 sense strand, 5-CCUUCGUGAGAACUGGC
UUTT-3’; antisense strand, 5~ AAGCCAGUUCUCACGAAGGTT-3'.

The cells were plated prior to transfection such that they are only
80% confluent prior to RNA isolation. RNA was extracted 24 h after
cell transfection.

Western blot analysis

Proteins were extracted using the Protein Extraction Kit (Beyotime;
P0033). The protein concentration of the samples was determined
by BCA method. 20 pg of cell lysates was loaded and separated
using 10% SDS-PAGE and transferred onto PVDF membrane. Blots
were incubated with indicated primary antibodies in 5% non-fat dry
milk in PBS plus 0.1% Tween-20 overnight at 4°C. Primary anti-
bodies were: anti-Gpx4 (dilution 1:1,000) (Abcam; no. 125066),
anti-TRF (dilution 1:2,000) (Hangzhou HuaAn Biotechnology;
R1212-1). Detection was achieved using horseradish peroxidase-
conjugate secondary antibody for 2 h at room temperature, and
visualized with ECL plus (Juneng, K-12045-D10). Images were
acquired by using imaging system (SYNGENE, G: Box).

Real-time PCR analysis

Trizol reagent (Takara; 9109) was used to extract total RNA as indi-
cated by the supplier, and the Prime Script RT kit (Takara; RR047A)
was used to produce cDNA following the manufacturer’s recommen-
dations. Quantitative real-time PCR was performed using SYBR Green
PCR Master Mix (TOYOBO, QPK-201) and ABI CFX Connect TM Real-
Time PCR Detection System (ABI). Appendix Table S1 shows the
primer pair sequences for all amplicons, designed by using the Primer
Premier 5. A relative gene-expression quantification method was used
to calculate the fold change of mRNA expression according to the
comparative Ct method using 36b4 for normalization.

PPARq transcriptional activity assay

Mouse intron 3 fragments of Gpx4 were amplified by PCR using
primers: forward: 5-CGAGCTCGTGTGTGGCTGTTCCCCAGG-3/,
reverse: 5-CCAAGCTTCAGGAAGCAACATTTACTTG-3'. And mouse
promoter of TRF were amplified by PCR using primers: forward:5'-
GGGGTACCAACTGGTGTAGTCTTCGCTGCTG-3', reverse: 5'-CCAAGC
TTTCAGACCCTTACATAAGGAGGTG-3'. The product was cloned
into pGL3-basic luciferase reporter vector. For the determination of
Gpx4 intron and TRF promoter activity, hepl-6 cells were trans-
fected with pGL3-Gpx4 or pGL3-TRF and Renilla luciferase plasmid,
followed by treatment with 5 uM GW?7647 for 24 h. The promoter
activity was determined using the Dual-Luciferase Reporter Assay
Kit (Promega, E1910) according to the manufacturer’s instructions.
The plasmid expressing Renilla luciferase was used for normaliza-
tion of luciferase activity.

ChIP assay
ChIP assays for GW7647-treated WT and PPARa ™/~ mouse livers

were performed according to the protocol of the kit (Beyotime,
P2078). GW7647-treated WT and PPARa/~ mouse livers were
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cross-linked with 1% formaldehyde at 37°C for 10 min. Livers were
rinsed with ice-cold PBS and harvested in SDS lysis buffer followed
by sonication five times for 15 s each. Livers were centrifuged for
10 min, and supernatants were collected and diluted in ChIP dilu-
tion buffer. An aliquot of each sample was used as “Input” in the
PCR analysis. The remainder of the soluble chromatin was immu-
noprecipitated with normal IgG, PPARa antibodies (Santa Cruz; sc-
398394) at 4°C for 18 h. Protein A-Magnetic Beads were added and
incubated for another 2 h at 4°C with a gentle rotation to collect
the immune complexes. The complexes were sequentially washed
in the following washing buffers: low salt immune complex wash-
ing buffer, high-salt immune complex washing buffer and LiCl
immune complex washing buffer. After wash with Tris-EDTA
buffer two times, the complexes were eluted twice for 100 pl ali-
quots of elution buffer each. The cross-linked chromatin complex
was reversed by incubation with 0.2 mol/l NaCl and heating at
65°C for 4 h. DNA was purified using GPTM DNA purification spin
columns. PCR was performed using PCR Master Mix, according to
the manufacturer’s protocol. Ten percent of the total purified DNA
was used for the PCR in a 50-uL reaction mixture. The PCR prod-
ucts were analyzed by 1.5% agarose gel electrophoresis.

Liver damage

Serum ALT and AST were measured using an enzymatic assay kit
(Jiancheng, C0092-1; C010-2-1). The livers were fixed in 4% formal-
dehyde for 24 h, and subsequently were embedded in paraffin for
the histologic assessment. Liver sections (4 pM) were deparaffi-
nized, fixed, and stained with H & E and Prussian blue.

Measurement of malondialdehyde, and GSH content, iron
content, ROS level, TRF content

The ROS was detected by Reactive Oxygen Species Fluorogenic
Probe (BestBio; BB470513) and was observed with confocal micros-
copy. The frozen liver tissue (100 mg) was homogenized in 0.9 ml
PBS. The lysate was centrifuged and the supernatant was collected.
Hepatic MDA content, GSH content, iron content, TRF content was
detected using the Malondialdehyde assay kit (Jiancheng, A003-1-
2), Reduced glutathione assay kit (Jiancheng, A006-2-1), tissue iron
assay kit (Jiancheng, A039-2-1), and Transferrin Assay Kit (Jian-
cheng, E028-1-1) following the manufacturer’s instructions. The
values for the levels of GSH in the liver tissues were measured using
a microplate reader at the absorption wavelengths of 405nm. The
values for the levels of MDA, iron, TRF in the liver tissues were
measured using a spectrophotometer at the absorption wavelengths
of 532, 520, and 340 nm.

Transmission electron microscopy

The liver tissues were fixed with 2.5% glutaraldehyde in phosphoric
acid buffer for 2 h, followed by post-fixation in 1% osmium acid for
2 h. Then we sectioned and stained the tissue samples. The sections
were dehydrated in ethanol, and embedded in acetone. The Sections
were stained with 3% uranium acetate and lead citrate. Transmis-
sion electron microscopy was performed using a Tecnai 10 micro-
scope (HT7700, HITACHI) at the Electron Microscopy Core Facility,
XiangYa Hospital Central South University.
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Apoptosis measurement

The number apoptotic cells were determined using the In Situ Cell
Death Detection Kit (Roche, No. 11684795910) for cryopreserved tis-
sue sections according to the manufacturer’s instructions, which is
for detection and quantification of apoptosis (programmed cell
death) at single cell level, based on labeling of DNA strand breaks
(TUNEL technology).

Statistical analysis

All experiments were performed at least in triplicate. Data in figure
legends are presented as mean + SD values. Statistical analyses
were performed with GraphPad Prism 6.0 software using one-way
ANOVA for multiple comparison or Mantel-Cox test for survival
analyses. Statistical significance was assessed at *P < 0.05,

**P < 0.01.

Data availability

The data in this manuscript did not require deposition in a public
repository. All data needed to evaluate the conclusions in the paper
are present in the paper and/or the Supplementary Materials.

Expanded View for this article is available online.
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