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ARTICLE INFO ABSTRACT

Keywords: The proteomic analysis from samples of patients with preeclampsia (PE) displayed a low level of ferritin light

FTL chains (FTL), but we do not know what the significance of reduced FTL in PE pathophysiology is. To address this

PE question, we first demonstrated that FTL was expressed in first- and third-trimester cytotrophoblasts, including
Uterine spiral artery remodelling .
Ferroptosis extravillous trophoblasts (EVTs), of the human placenta. Furthermore, a pregnant rat model of FTL knockdown

was successfully established by intravenously injecting adenoviruses expressing shRNA targeting FTL. In preg-
nant rats with downregulated FTL, we observed PE-like phenotypes and impaired spiral arterial remodelling,
implying a causal relationship between FTL downregulation and PE. Blocking ferroptosis with ferrostatin-1 (Fer-
1) significantly rescued the above PE-like phenotypes in pregnant rats with FTL knockdown. Furthermore, using
trophoblast cell line and chorionic villous explant culture assays, we showed that FTL downregulation induced
cell death, especially ferroptosis, resulting in defective uterine spiral artery remodelling. Eventually, this
conclusion from the animal model was verified in PE patients’ placental tissues. Taken together, this study
revealed for the first time that FTL reduction during pregnancy triggered ferroptosis and then caused defective
uterine spiral artery remodelling, thereby leading to PE.

1. Introduction

Preeclampsia (PE) has been an overriding factor of maternal
morbidity and mortality worldwide [1,2]. PE is characterized by
new-onset hypertension, fluid retention (oedema), and protein in the
urine (proteinuria) after the 20th week of pregnancy [3]. Based on the
occurrence time, PE can be classified into two kinds: early-onset PE
(before 34 weeks of gestation) and late-onset PE (after 34 weeks of
gestation), which are deemed to have different disease entities [4].
Untreated or improperly treated PE could develop into a more serious
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condition, i.e., eclampsia. Epidemiological studies have shown that the
occurrence and development of PE are related to the delay of female
reproductive age, the increase in the female obesity rate, and the
popularization of assisted reproductive technology. PE-induced vascular
injury, including cardiovascular disease (CVD) and/or chronic kidney
disease (CKD), results mainly from triggering metabolic syndrome with
extensive endothelial dysfunction [5]. Recurrent PE increases the risk of
deterioration, i.e., eclampsia. The manifestation of severe PE is often
demonstrated by the presence of systemic endothelial dysfunction, as
well as damage to liver and kidney functions. In this case, the serum
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levels of sFlt-1 increased, while placental growth factor (PLGF) and
vascular endothelial growth factor (VEGF) decreased [6]. Growing ev-
idence shows that PE develops from an excessive maternal intravascular
inflammatory response to a pregnancy-related stimulus, which is strong
enough to cause a maternal disproportionate response [7]. In other
words, PE is associated with an imbalance between proinflammatory
and anti-inflammatory in the context of chronic immune activatio-
n/inflammation in pregnancy [8].

Please note that the pathological mechanism of PE is not fully un-
derstood, although many hypotheses have been proposed thus far [9]. At
present, it is hypothesized that inadequate remodelling of maternal
uterine spiral arteries and insufficient trophoblast invasion are the key
factors leading to PE [10]. With regard to uterine spiral artery remod-
elling under normal physiological conditions, trophoblasts, which are
initially derived from the outermost layers of blastocysts, migrate to-
wards the maternal uterine spiral artery to replace vascular endothelial
and smooth muscle cells (VSMCs) (i.e., remodelling process). Briefly,
during early human pregnancy, EVTs invade the uterine wall and
complete spiral artery remodelling, thereby transforming the spiral ar-
tery into large vessels with low resistance. It follows then that the failure
of either fetal-derived trophoblast cell invasion or vascular epithelial
and/or smooth muscle cell vanishment would greatly contribute to the
inadequate remodelling of the uterine spiral artery, which would in turn
lead to PE development. During the rapid growth of the placenta, there
is a low-oxygen environment because the oxygen gradient plays a very
important role in inducing certain types of trophoblast migration, pro-
liferation, and differentiation. Such intermittent hypoxic environments
will be improved after the completion of uterine spiral artery remodel-
ling, since completely remodelled uterine arteries dramatically increase
blood flow to ensure the needs of the developing foetus. In contrast,
inadequate remodelling of the uterine spiral artery restricts the blood
supply to the placenta and results in placental hypoxia, thereby
increasing the possibility of PE [11], which could be followed by other
PE complications, such as late miscarriage and fetal growth restriction
[12,13]. Notably, proper uterine spiral artery remodelling is accom-
plished by disrupting the invasion of EVTs, i.e., VSMCs are appropriately
replaced by infiltrating EVTs.

As recently recognized iron-dependent cell death, ferroptosis is dis-
similar to other kinds of cell death, such as necrosis and apoptosis. The
process of ferroptosis encompasses three primary metabolisms,
including thiol, lipid, and iron, which cause iron-dependent production
of lipid peroxidation, thereby triggering cell death [14]. In other words,
ferroptotic cell death is considered as the accretion of lethal lipid spe-
cies, which results from the peroxidation of lipids [14]. Hence, ferrop-
tosis can be restricted by the following two major antioxidant systems.
One of them is glutathione peroxidase 4 (GPX4), which degrades lipid
peroxides through a glutathione-dependent reaction, and the other is
ferroptosis suppressor protein (FSP1), which promotes the regeneration
of ubiquinone (Coenzyme Q10, CoQ10), which can trap lipid peroxyl
radicals [15,16]. As a radical-trapping antioxidant, ferrostatin-1 (Fer-1)
(i.e., an inhibitor of ferroptosis) can suppress the generation of ferrop-
tosis (RTA) [17,18].

Ferritin light chain (FTL) is one of two subunits of ferritin, which is
composed of a polymer of FTL and ferritin heavy chains (FTH) and plays
an important role in maintaining iron haemostasis [19]. FTL consists of
174 amino acids, and its molecular weight is 19 kDa. FTL is deemed to
provide acidic residues for iron nucleation on the ferritin molecule [20].
The mutation in FTL will interrupt the dodecahedron structure of
ferritin, thereby disrupting its ability to transport iron [20]. The
inherited neurodegenerative disease (i.e., neuroferritinopathy) caused
by FTL mutations indicated that dysfunction of FTL was associated with
neurodegenerative diseases because of redox-active iron deposits in
neurological tissue [21,22]. In this study, we investigated the role of FTL
in the process of PE development by utilizing a combination of human
tissue samples and an FTL-downregulated rat model.
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2. Materials and methods
2.1. Human tissue collection

A total of 300 blood samples were collected and divided into three
groups: the first trimester (control = 50, PE = 50), second trimester
(control = 50, PE = 50), and third trimester (control = 50, PE = 50)
groups. Placentas were obtained from normal pregnancies (n = 20) and
gestationally matched pregnancies complicated by early-onset PE (n =
20). All of them had undergone caesarean deliveries from Jan. 2021 to
Dec. 2021 at the Department of Gynaecology and Obstetrics, the First
Affiliated Hospital of Jinan University (Guangzhou, China). The PE
diagnosis was based on the criteria issued by the International Society
for the Study of Hypertension in Pregnancy (ISSHP) in 2018 [23]. The
clinical data of the patients are presented in Supplementary Table 1. The
criteria of inclusion and exclusion for tissue collection are listed in
Supplementary Table 2. First-trimester placental tissues (6-12 weeks of
gestation) were obtained from women undergoing elective pregnancy
terminations. This study was approved by the Ethics Committee of the
First Affiliated Hospital of Jinan University (approval number:
KY-2021-092) and conducted in accordance with the Declaration of
Helsinki. Signed informed consent was obtained from all the study
participants.

2.2. Proteomics analysis

Placental tissues from patients with PE (n = 4) and normal pregnant
women (n = 5) were used for proteomics analysis. The detailed method
of proteomics identification has been previously described [24]. Finally,
the R package MSstats was used to evaluate significant differences in
protein expression, and the genes with fold change >1.5 and p-value <
0.05 were identified as differentially expressed proteins (DEPs). Cyto-
scape (a software for network biology analysis) was used for
protein-protein interaction (PPI) network analysis of differentially
expressed genes.

2.3. Animal model

Sprague-Dawley rats were purchased from Beijing Vital River Lab-
oratory Animal Technology Co., Ltd. (SCXK 2012-0001, Beijing, China).
Based on a previous report [25], we established a rat model of FTL
knockdown by intravenously injecting FTL-targeted short hairpin (sh)
RNA adenovirus (Ad-shFTL) and the control adenovirus (Ad-control)
(OBiO Technology Co., Shanghai, China). Briefly, rats in the same batch
were randomly assigned to the Ad-control (n = 10) and Ad-shFTL groups
(n = 10). On gestation day (GD) 7.5, recombinant adenoviruses were
injected intravenously via the tail vein at a dose of approximately 1-2 x
10° pfu per rat. After the adenovirus injection, ferrostatin-1 (Fer-1)--
treated rats received intraperitoneal injections of either saline (control)
or Fer-1 (2 pmol/kg body weight; catalogue #57243, Selleck) every two
days as previously described [26]. Pregnant rats were sacrificed to
collect peripheral blood, fetal, kidney, and placental tissues on GD17.5.
All the experimental processes involving animal treatments were con-
ducted per the procedures of the Ethical Committee for Animal Experi-
mentation, Jinan University (approval number: 20211029-010).

Measuring blood pressure and proteinuria as well as Doppler ultra-
sound evaluation was implemented as previously described [27,28]. The
blood pressure of conscious pregnant rats was measured using an
automated computerized tail-cuff system after five consecutive training
periods (Visitech BP2000, Visitech Systems, Inc., USA). On GD16.5, the
rats were individually housed in metabolic cages, and 24-h urine sam-
ples were collected for further analysis. The uterine artery pulsatility
index (PI) and resistance index (RI) were measured via Doppler ultra-
sonography (Mylab 30CV, Esaote, Italy) at GD17.5 [14,29]. The levels of
UA, AST, ALT, BUN, and CREA in the blood were analysed by an auto-
matic biochemical analyser (HITACHI 7020, Tokyo, Japan).
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2.4. Tissue explants, cell lines, and cell viability assay

In vitro culture of chorionic villous explants was performed as pre-
viously described [30]. The human trophoblast cell line HTR8/SVneo
was purchased from Zhonggiao Xinzhou Biotechnology Co., Ltd.
(Shanghai, China). HTR8/SVneo cells were all cultured at 37 °C under
standard conditions. Short hairpin RNA (shRNA) targeting FTL and a
scramble shRNA were purchased from OBiO Technology Co., Ltd.
(Shanghai, China). The target sequences against human FTL and
scrambled shRNA were cloned into the shuttle vector of an adenovirus
packaging system as previously described [31]. All cells were cultured in
96-well plates (2.5 x 10* cells/ml) as described above and were treated
in the absence or presence of Fer-1 (5 pM), Z-VAD (10 pM), 3-MA (5 pM),
or Necro (20 pM) for 36 h. Subsequently, 10 pl CCK-8 reagent was added
to the wells of 96-well plates, and the cells were incubated for 3 h at
37 °C. The absorbance values were measured at 450 nm using a Bio-Rad
Model 450 microplate reader (Bio-Rad, CA, USA).

2.5. Histological analysis

Haematoxylin and eosin (HE) staining was conducted according to
routine protocols. Glycogen staining was performed using a Periodic
Acid-Schiff (PAS) kit (Sigma-Aldrich) following the manufacturer’s
protocol. Immunofluorescence and immunohistochemical staining were
performed as previously described [32]. Human or rat tissues were
serially sectioned at thicknesses of 4 pm. Then, the sections were incu-
bated with primary antibodies overnight at 4 °C. Subsequently, the
sections were incubated with fluorescent secondary antibodies. The
nuclei were stained with DAPI (Invitrogen). The sections were photo-
graphed using a fluorescence microscope (Olympus BX53, Tokyo,
Japan). A minimum of five random images from three samples were
analysed per group. Immunohistochemical statistical analysis was con-
ducted with the optical density (OD). The details of the antibodies are
listed in Supplementary Table 3.

2.6. Western blotting analysis

Western blotting experiments for identifying the proteins from
various tissues and HTR-8/SVneo cells were performed with at least
three replicates as described previously [33]. The details of the anti-
bodies are listed in Supplementary Table 4.

2.7. Engyme-linked immunosorbent assay (ELISA)

Whole blood samples were collected from human and rat maternal or
umbilical cord blood. The substances to be tested in the sera were
measured by UV spectrophotometry using detection kits according to
the manufacturer’s instructions (Mbbiology Biological, Jiangsu, China).
The details of the kits are listed in Supplementary Table 5.

2.8. Transmission electron microscopy (TEM)

Biopsies from rat kidneys (1 mm?) were fixed for 2-4 h at 4 °C,
washed, and stored overnight at 37 °C. The fixed samples were then
prepared for ultrathin sectioning. After uranium-lead double staining,
the samples were incubated at room temperature overnight, and images
were collected and analysed under a transmission electron microscope
(HT7700, Hitachi, Japan). The mitochondrial morphology of HTR-8/
SVneo cells was observed by TEM as previously reported [34].

2.9. Flow cytometry

Apoptotic rates in transfected HTR8/SVneo cells were evaluated
using the FITC-Annexin V Apoptosis Detection Kit (Beyotime Institute of
Biotechnology, Shanghai, China) by FACS Caliber flow cytometry
(Becton Dickinson, CA, USA) according to the manufacturer’s
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instructions. Transfected HTR8/SVneo cells were washed with PBS three
times and stained with Annexin V-FITC and propidium iodide (PI) for 20
min at room temperature. Then, the apoptotic cells were counted with
flow cytometry and analysed using WinMDI software (The Scripps
Research Institute, CA, USA).

2.10. Transwell migration and invasion assay

Transfected cells (1 x 10° HTR-8/SVneo cells in 100 pl serum-free
medium) were seeded into transwell inserts (8-pm pores; #3422,
Costar, Cambridge, MA), and the rest of the protocol was introduced in a
previous report [35]. According to previously reported methods, cell
migration was detected by scratch assay [36]. The images of migrated
cells were recorded at 0-48 h. The percentage of wound closure was
analysed.

2.11. RNA sequencing analysis

Whole-genome gene expression analysis was performed in HTR8/
SVneo cells from the shNC group (n = 3) and shFTL group (n = 3). Total
RNA was extracted using TRIzol, and cDNA samples were sequenced
using a HiSeq3000 sequencing system (Illumina). Transcriptome
sequencing experiments were performed by Tsingke Biotechnology Co.,
Ltd. (Beijing, China).

2.12. Lipid peroxidation assay

Detection of cells and tissue lipid peroxidation signatures, such as
GSH (Sigma-Aldrich, St. Louis, MO, USA), GPX (ab102530; Abcam),
MDA (WEIAO BioTech), and total and labile Fe’™ contents (Iron
Colorimetric Assay Kit, Cat: 8448) were measured according to the
manufacturer’s instructions.

Intracellular ROS were quantitatively measured using a DCFH-DA
red fluorescent probe as previously reported [36]. For quantitative
analysis, the ROS levels were detected by flow cytometry (NovoCyte
2060R; ACEA Bioscience, Inc.) and analysed using FlowJo v10 (FlowJo,
LLO).

Mitochondrial membrane potential was detected using the JC-1
Mitochondrial Membrane Potential Assay Kit (Abcam) following the
manufacturer’s instructions. For quantitative analysis, flow cytometry
analysis was performed to assess the mitochondrial membrane potential
as previously described [37].

2.13. Statistics

Statistical analysis was performed using SPSS 26.0 software (IBM
SPSS 26.0, SPSS Inc.). The construction of statistical charts was per-
formed using the GraphPad Prism 8 software package (GraphPad Soft-
ware, CA, USA). A t-test was used to analyse the normally distributed
continuous variables, and the Mann-Whitney U test was used to analyse
the nonnormally distributed data. All values are presented as the mean
+ SD or median (interquartile range). P < 0.05 was considered statis-
tically significant.

3. Results

3.1. FTL, expressed in trophoblast cells, was significantly reduced in the
serum and chorionic villi of patients with PE

The component analysis of proteomics based on the placental tissues
from five healthy pregnant women and four pregnant women with PE
showed the differentially expressed genes (Fig. 1A and B). The de-
mographic data of the study population have been previously described
in detail [24]. According to the CytoHubba plug-in MCC algorithm in
Cytoscape software, the top three proteins with high core degrees were
analysed (Fig. 1C). Our results showed that the expression levels of FTL
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Fig. 1. Examining FTL levels in maternal serum and placenta of control and patients with PE.

A: Volcano plot (significance vs. fold change) of differentially expressed genes (fold change >1.5 and p-value < 0.05) in placental tissue between control and PE
patients. B: Heatmap showing the top 31 differentially expressed genes in the placental tissues from five control and four PE patient samples. C: A protein-protein
interaction (PPI) network of differentially expressed genes was constructed using Cytoscape software. D-E: FTL immunohistochemical staining of transverse sections
of placental chorionic villi (D) and the optical density (OD)-based relevant quantification (E) from the control and PE groups. F-G: Western blot showing FTL
expression (F) and quantification analysis of expression levels (G) from the control and PE groups. H-I: ELISA data showing maternal serum FTL levels during
pregnancy from the control and PE groups (H), and Pearson correlation analysis was conducted to show the correlation between FTL levels during pregnancy and
mean arterial blood pressure (MAP) (I). J: Schematic representation of placental anchoring villus on maternal decidua. K: Immunofluorescence showing colocali-
zation of FTL (green) and CK7 (red) in first-trimester chorionic villus and decidual tissue. L-M: Inmunofluorescence showing colocalization of FTL (green) and HLA-G
(red) in third-trimester decidual tissue (L) and the immunofluorescence intensity-based relevant quantification (M) from the control and PE groups. Scale bars = 100
pminD, K, and L. *P < 0.05; **P < 0.01; ***P < 0.001. . (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

and FTH1 were reduced in preeclamptic placentas, while Western blot Therefore, FTL was proposed as a key molecule for the current research.
analysis showed that there was no significant difference in the expres- Next, FTL immunocytochemistry and Western blotting were used to
sion of ARG1. Meanwhile, FTH1 was mainly expressed in the placental detect the expression changes of FTL in both human placental and
villous stroma rather than trophoblasts (Supplementary Figs. 1A-C). decidual tissues of healthy pregnant women and patients with PE (note:
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their demographic information is shown in Supplementary Table 1)
(Fig. 1D-G). ELISA was conducted to determine serum FTL levels in
healthy pregnant women and PE patients at different gestational pe-
riods, including the first, secondary, and third trimesters (note: their
demographic information is shown in Supplementary Table 1) (Fig. 1H).
The correlation analysis also demonstrated the inverse relationship be-
tween serum FTL levels in late gestation and maternal mean arterial
pressure (Fig. 11). Based on the dominant theory about PE pathogenesis,
i.e., inadequate remodelling of the uterine spiral artery (Fig. 1J), we
confirmed that FTL was expressed in earlier cytotrophoblasts and sub-
sequent EVTs using co-immunofluorescence of FTL and cytokeratin 7
(CK7) in cross-sections of chorionic villi and decidua (Fig. 1K), as well as
the reduced FTL expression in EVTs using co-immunofluorescence of
FTL and human leukocyte antigen-G (HLA-G) (Fig. 1L-M), implying
inadequate remodelling of the uterine spiral artery in PE patients
(Supplementary Figs. 1D-F).
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3.2. The phenotypes of patients with PE were perfectly mimicked in the
FTL downregulating rat model

A rat model of FTL downregulation was established by intravenously
injecting adenoviruses expressing shRNA targeting FTL (Ad-shFTL) into
the rat tail vein (Fig. 2A) as previously described [38]. First, the
downregulation efficiency of FTL expression was verified in
HTR-8/SVneo cells and rat placentas (Supplementary Figs. 2A-F). In the
FTL-downregulated pregnant rats, intravenously injecting adenoviruses
expressing shRNA targeting FTL significantly increased both systolic
blood pressure (SBP) and diastolic blood pressure (DBP) (Fig. 2B), as
well as 24-h proteinuria (Fig. 2C), for at least one week. H&E and PAS
staining manifested morphological damage in the glomerulus (e.g.,
narrower Bowman’s capsule); TEM images of the rat glomerulus indi-
cated ultrastructural damage to the glomerulus (e.g., podocyte oedema,
collapsed vascular lumen, endothelial hyperplasia) (Fig. 2D and E);
Doppler sonography showed an increased uterine artery PI value
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Fig. 2. Assessing a pregnant rat model of FTL knockdown by intravenously injecting a recombinant adenoviral shRNA vector.

A: Schematic illustration of the establishment of a downregulated FTL-pregnant rat model. B: The systolic and diastolic pressure from the Ad-control and Ad-shFTL
groups. C: The 24-h proteinuria from the Ad-control and Ad-shFTL groups. D-E: Representative images of glomeruli stained with HE and PAS, as well as TEM (D), and
the comparison of open capillary areas between the Ad-control and Ad-shFTL groups (E). F-G: Representative ultrasonography of rat uterine arteries (F), and the bar
charts show the PI value (G) from the Ad-control and Ad-shFTL groups. H-L: The levels of blood urea nitrogen (BUN) (H), creatinine (CREA) (1), uric acid (UA) (J),
alanine aminotransferase (ALT) (K), and aspartate aminotransferase (AST) (L) in rat serum of the Ad-control and Ad-shFTL groups. Scale bars = 100 pm in light
microscopy of D; 2 pm in electronic microscopy of D. *P < 0.05; **P < 0.01; ***P < 0.001.
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(Fig. 2F and G); biochemical tests demonstrated significant increases in
BUN, CREA, UA, ALT, and AST in rat serum (Fig. 2H-L) in the FTL
downregulation group. In addition, fetal growth restriction and
placental abnormalities were also observed in the FTL-downregulated
pregnant rats (Supplementary Figs. 3A-I). In contrast, there were no
significant changes in blood pressure, 24-h proteinuria, or glomerular
morphology in nonpregnant rats following intravenous injection of ad-
enoviruses expressing shRNA targeting FTL (Supplementary Figs. 4A-E).
This data certainly suggested that the pregnant rat model of FTL
downregulation showed the same phenotypic traits as the clinical
manifestations in patients with PE.

3.3. FTL downregulation caused defective uterine spiral artery
remodelling in a rat model

CK7 immunocytochemistry was implemented on cross-sections of
the placenta to determine the invasion of trophoblasts into the uterine
wall as previously reported [39], and the results showed weaker inter-
stitial trophoblast invasion, which is reflected by the surface area
invaded by trophoblast cells in the mesometrial triangle (i.e., the
maximal distance into the width and depth), in the FTL downregulation
group (Fig. 3A-C). Meanwhile, based on the classifications of the uterine
spiral artery remodelling [39] (Fig. 3D), uterine spiral artery remodel-
ling was divided into four categories (i.e., Cat. 1-4) in different zones (i.
e., Zones 1-3) (Fig. 3E). The analysis results demonstrated that a sig-
nificant difference in uterine spiral arteries between the control and
shFTL groups in zone 1 and zone 3 was found in Cat. 1, Cat. 2, and Cat. 4;
there were no significant differences in Cat. 3. Three remodelled uterine
spiral arteries in zone 1 and zone 3 (Fig. 3F-I). Meanwhile, the analysis
results demonstrated that the significant difference in remodelled uter-
ine spiral arteries between the control and shFTL groups in total zones
was Cat. 1 and Cat. 4 (Supplementary Fig. 5A); there were significant
differences in Cat. 1 remodelled uterine spiral arteries in all zones; there
were significant differences in Cat. 2 and Cat. 4 remodelled uterine
spiral arteries in zone 1 only between the control and shFTL groups
(Supplementary Figs. 5B-D). Co-immunofluorescence of CK7 and o-SMA
showed the unremodelled uterine spiral arteries in the shFTL group
(Fig. 3J), which was strengthened by quantitative analysis, including the
luminal area of the spiral artery (Fig. 3K), mean a-SMA intensity on the
smooth muscle of spiral artery (Fig. 3L), and mean CK7 fluorescent in-
tensity in EVTs (Fig. 3M).

3.4. Blocking ferroptosis successfully reversed the defective uterine spiral
artery remodelling and PE symptoms in the FTL-downregulated rat model

To prove the importance of FTL downregulation-induced ferroptosis,
we simultaneously injected Fer-1 and shFTL adenoviruses intravenously
into pregnant rats (Fig. 4A). Western blot data showed that blocking
ferroptosis with Fer-1 reversed shFTL-induced decreases in GPX4,
SLC7A11, and FTH1 expression as well as increase in ACSL4 expression
(Fig. 4B). Meanwhile, lipid peroxidation results showed that blocking
ferroptosis with Fer-1 reversed shFTL-induced reductions in GSH con-
centration and GPX activity, as well as increases in Fe>* and MDA
concentrations (Fig. 4C-F). Co-immunofluorescence of CK7 and a-SMA
on the cross-sections of decidua showed that blocking ferroptosis with
Fer-1 was able to rescue the shFTL-induced increase in unremodelled
uterine spiral arteries (Fig. 4G-I). HE and PAS staining and TEM showed
that blocking ferroptosis with Fer-1 could rescue shFTL-induced
morphological damage in the glomerulus (e.g., narrower Bowman’s
capsule) and ultrastructural damage to the glomerulus (e.g., podocyte
oedema, collapsed vascular lumen, endothelial hyperplasia) (Fig. 4J and
K), as well as 24-h proteinuria and rat blood pressure (Fig. 4L and M).
Additionally, we also found other reverse actions of shFTL-induced PE
indices, including fetal growth restriction, placental abnormality, uter-
ine artery PI value, and kidney function indicators (Supplementary
Fig. 6A-P). It is suggested that blocking ferroptosis could indeed rescue
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FTL downregulation-induced PE-like phenotypes by reversing defective
uterine spiral artery remodelling.

3.5. Ferroptosis is the main cause of defective uterine spiral artery
remodelling induced by FTL downregulation

According to the trajectory of trophoblasts during the uterine spiral
artery (Fig. 5A), we checked whether FTL downregulation affected
epithelial-mesenchymal transition (EMT), migration/invasion, and cell
death. In the context of FTL downregulation, Western blotting showed a
reduction in N-cadherin and vimentin but no changes in E-cadherin in
HTR-8/SVneo cells (Fig. 5B-E). Transwell, scratch test, and chorionic
villous explant culture assays demonstrated inhibited HTR-8/SVneo or
trophoblast cell invasion/migration (Fig. 5F-K). Propidium iodide (PI)
immunofluorescence and flow cytometry revealed a significant increase
in trophoblast cell death (Fig. 5L-N).

This data suggest that the death of trophoblast cells caused by FTL
downregulation may play an important role in defective uterine spiral
artery remodelling. This speculation derived from the above experi-
mental observations was verified by the prediction of relevant signalling
pathways based on RNA sequencing in HTR-8/SVneo cells with down-
regulated FTL (Fig. 6A-C). Furthermore, the addition of ferrostatin-1
(Fer-1), a selective inhibitor of ferroptosis, obviously reversed the
shFTL-induced decrease in cell viability (Fig. 6D) and the shFTL-induced
changes in most ferroptotic marker concentrations/activities
(Fig. 6E-H) in FTL-downregulated HTR-8/SVneo cells, which were
momentously confirmed by the expression changes in ACSL4, GPX4,
SLC7A11, and FTH1 in the context of FTL downregulation using Western
blot and corresponding assay kits (Fig. 6I and J, Supplementary
Figs. 7A-F). Likewise, co-immunofluorescence of calcein-AM and DCFH-
DA showed the reversals of shFTL-induced increases in intracellular free
iron levels and ROS after treatment with Fer-1 (Fig. 6K-M); JC-1 staining
showed that Fer-1 addition could efficiently reverse the change in
mitochondrial membrane potential in FTL-downregulated HTR-8/
SVneo cells (Fig. 6N-O); TEM showed the apparent recovery of shFTL-
induced mitochondrial collapse in the presence of Fer-1 in HTR-8/
SVneo cells (Fig. 6P). Blocking ferroptosis with Fer-1 could also effec-
tively reverse the reduction in invasion and migration, as well as PI-
immunofluorescently labelled HTR-8/SVneo cell death, as revealed by
transwell, scratch test, and chorionic villous explant culture assays
(Supplementary Figs. 8A-G).

3.6. Ferroptosis occurs in the placental tissues of patients with PE

Our results showed a reduction in GSH concentration and GPX ac-
tivity and an increase in Fe?' concentration and MDA concentration in
the placental tissues of PE patients (Fig. 7A-D). Western blot analysis
demonstrated increased expression of ACSL4 and decreased expression
of GPX4 in the placental tissues of PE patients (Fig. 7E). Likewise,
immunocytochemistry data showed the same trend in gene expression
change of ACSL4 and GPX4 in the chorionic villi of PE patients as in
Western blot (Fig. 7F and G). Finally, clinical correlation analysis indi-
cated that there were adverse relationships between maternal mean
arterial pressure and GSH concentration or GPX activity and a positive
relationship between maternal mean arterial pressure and Fe2* or MDA
concentration (Fig. 7H-K). Furthermore, we found that there was a
significant positive correlation between maternal FTL level and GSH
concentration or GPX activity and an adverse relationship between
maternal FTL level and Fe?" concentration or MDA concentration
(Fig. 7L-0). This suggests that ferroptosis plays an important role in FTL
downregulation-induced pathogenesis of PE.

4. Discussion

In this study, we found FTL in the process of screening differentially
expressed genes in PE patient sampling using a proteomics approach
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Fig. 3. Evaluating uterine spiral artery remodelling in different aspects of rat placenta.

A: Mesometrial triangle immunochemically stained with CK7 acts as the evaluation criteria to measure invasion depth and width. B-C: Comparisons of the depths (B)
and width (C) between control and FTL knockdown pregnant rats. D: Mesometrial triangle immunochemically stained with a-SMA was divided into the three
consecutive zones of equal width to provide the partition criterion in the following four categories (cat). Briefly, unremodelled arteries with 67-100% a-SMA staining
(cat. 1), slightly remodelled arteries with 33-67% a-SMA staining (cat. 2), moderately remodelled arteries with 3-33% a-SMA staining (cat. 3) and highly remodelled
arteries with 0-3% a-SMA staining in the arterial wall (cat. E-I: Statistics on the distribution of four categories of spiral arteries in three regions from control and FTL
knockdown pregnant rats. J-M: Representative images of CK7 and a-SMA immunofluorescence staining in the cross-sections of decidua basalis of control and FTL-
knockdown pregnant rats (J), and the bar charts showing the ratios of luminal area to total vessel area (K) and fluorescence intensity of a-SMA and CK7 in zone 1
(L-M) from control and FTL-knockdown pregnant rats. Scale bars = 100 pm in D and J. *P < 0.05; **P < 0.01; ***P < 0.001; ns = no significance.
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A: Schematic illustration showing that ferroptosis is blocked in a pregnant rat model of FTL knockdown. B: Western blot data showing the expression of ACSL4, GPX4,
SLC7A11, and FTH1 in rat placentas. C-F: Lipid peroxidation and iron colorimetric assays were used to detect MDA concentration (C), GPX activity (D), GSH
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nofluorescence staining in the cross-sections of rat decidua basalis of FTL knockdown and pharmacologically blocking ferroptosis with ferroptosis inhibitor (G), and
the bar charts showing the ratios of the luminal area to total vessel area (H) and the ratio of unremodelled spiral arteries in zone 1 (I) from Ad-control, Ad-shFTL, and
Ad-shFTL + Fer-1 groups. J-K: Representative images of glomeruli stained with HE, PAS, and TEM (J) and the comparison of open capillary areas from the Ad-
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based on the updated database (Fig. 1). Of course, it might just be a
coincidence between the low FTL level and PE development during
pregnancy if simply relying on the above clinical bioinformatic analysis.
The causal relationship between them was substantiated when PE-like
phenotypes (i.e., increases in systolic and diastolic pressure, 24-h pro-
teinuria, liver and kidney damage, fetal growth restriction, and
placental abnormalities) were observed in pregnant rats, in which FTL
expression was downregulated by intravenously injecting adenoviruses
expressing shRNA targeting FTL (Fig. 2, Supplementary Fig. 3). Thus, we
focused heavily on investigating how FTL was involved in PE

pathogenesis in follow-up studies.

Although the aetiology of PE is still obscure, growing evidence has
shown that PE is allied to an abnormal inflammatory response at the
maternal-fetal interface, which in turn induces deficient uterine spiral
artery remodelling, i.e., a generally accepted hypothesis in the patho-
physiology of PE [40]. Since FTL is expressed in fetal-derived tropho-
blasts (Fig. 1), it came naturally to us that FTL might be involved in
uterine spiral artery remodelling by regulating trophoblast/EVT inva-
sion. The results of the analysis indicated that deficiency of FTL caused
inadequate uterine spiral artery remodelling in the pregnant rats;



X. Yang et al.

Redox Biology 58 (2022) 102555

A B C D E
(3) Cell death o042 FTL IEI % % 0.6 c15
= ; _m © © ©
- ‘ N-Cadherin r: c\':. 9 3-1.0
; )/ E-Cadherin _ ,g _g 0.3 E
1y ¢ Vimentin IEI == 5 5 05
(1)§MT(2)Invasmn and R P— 8 8 E
migration B-aCtIl"I -..‘ LllJ ZI 0.0 > 0.0
< SN
NI N
F F 3
F H
_ I 0h | 48h |
o I
% 5 5
@ ) @ g
[}
L €S L S0
] 2o ] e 3
o@® = 0
— £.09 _, % ()
= & £ = x
L [0} [
5 nc 5
J L
[ 24h | 48h |
K (6]
o
% o 6 *kk z
= ©
) 2]
_‘g —
(0]
. s 2 ]
g5°
=il 23 =
k ¥ D 2\4
S
M N
shNC shFTL
107{a1 Q2 107JQ1 Q2
10510,23 0.51 105‘3.24 12.8 @
10° ] °
10 B
<
103 ®
Q3 0 %
s 10°0R, 539 3
10 108 -10¢ 0 10* 10° O v
A
S

Fig. 5. Assessing the migration/invasion and cell death in FTL-knockdown HTR-8/SVneo cells and chorionic villous explants.

A: Schematic illustration of the process of spiral artery remodelling. B-E: Western blot data showing the expression of FTL, N-cadherin, E-cadherin, and vimentin (B),
and the bar charts indicate the quantitative analysis of E-cadherin (C), N-cadherin (D), and vimentin (E) in HTR-8/SVneo cells from the control and shFTL groups. F-
G: Representative images of the transwell assay of HTR-8/SVneo cells (F), and the bar chart shows the relative numbers of migrated cells (G) from the control and
shFTL groups. H-I: Representative images of wound healing assays of HTR-8/SVneo cells (H), and the bar charts showing relative wound closure (I) from the control
and shFTL groups. J-K: Representative images of Matrigel-imbedded chorionic villous explant cultures (J) and the bar chart showing relative outgrowth areas (K)
from the control and shFTL groups. L: Representative images of propidium iodide (PI) staining of HTR-8/SVneo cells from the control and shFTL groups. M-N: Cell
death was measured by flow cytometry labelled with Annexin V-FITC and PI staining (M), and the bar chart shows the quantitative analysis of cell death rates from
the control and shFTL groups (N). Scale bars = 100 pm in F, H, J, and L. *P < 0.05; **P < 0.01; ***P < 0.001; ns = no significance.

interestingly, the proportions of the remodelled spiral arteries decreased
with increasing distance from the starting point of migratory EVT
(Fig. 3, Supplementary Fig. 5). This implies that the poor trophoblast
cell/EVT invasion/migration might not be able to reach and remodel the
uterine spiral arteries far away from chorionic villi, thereby eventually
reducing the total numbers of well-remodelled spiral arteries. This is to

say that some key events in spiral artery remodelling were affected by
the deficiency of FTL in trophoblast/EVTs. Many regulators, such as
ferritin light chain (FTL), GPX4, nuclear factor erythroid 2-related
Factor 2 (Nrf2), haem oxygenase-1 (HO-1), and nuclear receptor coac-
tivator 4 (NCOA4), have been identified as being involved in regulating
ferroptosis. To further verify the principal effect of FTL
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s transfected with shNC, shFTL-1, shFTL-2 or shFTL-3. B-C: Volcano plot (significance vs.
< 0.01) (B) and KEGG pathway (C) enrichment analysis of these differentially expressed

genes. D: The measurement of HTR-8/SVneo cell viability with a cell counting kit-8 (CCK-8) from the control and shFTL with various inhibitors of cell death groups.

E-H: Lipid peroxidation and iron colorimetric assays were used to detect MD.
in HTR-8/SVneo cells from the control, shFTL and shFTL + Fer-1 groups. I-J.

A concentration (E), GPX activity (F), GSH concentration (G), and Fe?* concentration (H)
: Western blot data showing the expression of ACSL4, GPX4, SLC7A11, and FTH1 in HTR-

8/SVneo cells in the absence or presence of FTL downregulation and blockade of ferroptosis (I), and the bar charts indicate the quantitative analysis of the expression

of these genes (J). K-M: Representative bright-field and immunofluorescent
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the quantitative analysis of calcein-AM (L) and ROS (M) mean fluorescent intensity. N-O: Representative bright-field and immunofluorescent (JC-1) images from the
aforementioned three groups (N), and the bar charts indicate the quantitative analysis of the ratio of red/green fluorescent intensity (O). P: Representative TEM

images from the three groups. Scale bars = 50 pm in K and N; 2 pym in P.
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A-D: Lipid peroxidation and iron colorimetric assays were used to detect MDA concentration (A), GPX activity (B), GSH concentration (C), and Fe®" concentration (D)
in the control and PE groups. E: Western blot data showing the expression of ACSL4 and GPX4 in human placental tissues. The bar chart indicates the quantitative
analysis of ACSL4 and GPX4 expression in the control and PE groups. F-G: Immunocytochemical staining of cross-sections of human placental villi showing the
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and ACSL4 from the control and PE groups (G). H-K: Correlation analysis was implemented between mean arterial pressure (MAP) and MDA (H), GPX (I), GSH
concentration (J), and Fe>" concentration (K) in the placental tissues of patients. L-O: Correlation analysis was implemented between the FTL level and MDA (L), GPX
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deficiency-induced ferroptosis, we checked whether blocking ferroptosis
could alleviate or reverse deficient spiral artery remodelling and PE-like
phenotypes in pregnant rats with FTL knockdown. From the perspective
of the experimental results in pregnant rats with FTL knockdown
(Fig. 4), we found that blocking ferroptosis with Fer-1 dramatically
improved shFTL downregulation-induced excess lipid peroxidation,
high Fe?" concentrations, and defective physiological changes in the
spiral arteries, as well as a series of PE-like phenotypes (i.e., increases in
systolic and diastolic pressure, 24-h proteinuria, liver and kidney dam-
age, fetal growth restriction, and placental abnormalities) in pregnant
rats with FTL knockdown (Fig. 4, Supplementary Fig. 6). We assumed
that FTL deficiency-induced ferroptosis in trophoblast cells was similar
to the pathogenesis of FTL mutation-induced neurodegenerative dis-
eases (e.g., neuroferritinopathy or hereditary ferritinopathy), in which
dysfunctional FTL increases iron accumulation in the cytoplasm and
iron-mediated oxidative stress, thereby leading to iron-dependent cell

11

death (ferroptosis) [22,41].

Animal experiments showed that knockdown of FTL-induced fer-
roptosis affected uterine spiral artery remodelling and was involved in
the pathogenesis of PE. To further confirm our hypothesis, in vitro ex-
periments were performed. Here, we found that FTL deficiency-induced
trophoblast cell death was the dominant and central event, although FTL
deficiency could also influence EMT and trophoblast cell invasion/
migration to some extent (Fig. 5). Subsequently, this was greatly
strengthened by the data from RNA sequencing in the FTL-
downregulated trophoblast cells, i.e., the signalling molecules that
regulate cell death were among the top two differentially expressed
genes (Fig. 6).

Next, we tried to distinguish which kinds of cell death played a major
role in FTL deficiency-induced trophoblast cell death by blocking
various cell death with different types of inhibitors. The results showed
that blocking ferroptosis with Fer-1 could obviously reverse shFTL-
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induced cell death and improve trophoblast cell invasion/migration,
while the comprehensive ferroptosis-related indices (e.g., ACSL4, GPX4,
SLC7A11, FTH1, cell viability, MDA concentration, GSH concentration,
Fe?t concentration, mitochondrial structure) [42] could be reversed by
Fer-1 addition (Fig. 6 and Supplementary Fig. 7). These findings suggest
that ferroptosis is a major form of trophoblast cell death in the context of
FTL deficiency. However, it should be noted that we could not
completely exclude the other type of programmed cell death since there
is cross-regulation between other types of programmed cell death and
ferroptosis [43]. Actually, this conclusion (i.e., ferroptosis in the main
body) was not surprising since FTL is just one subunit of ferritin, which
plays an important role in basic cellular processes such as DNA repli-
cation and repair, gene regulation, and the respiratory chain [44]. Fer-
roptosis is closely associated with imbalances in various parts of iron
metabolism, including iron uptake, storage, utilization, and efflux [45],
so dysfunctional ferritin dramatically attenuates cellular antioxidant
capability, thereby leading to ferroptosis [42].

Eventually, we demonstrated evidence for ferroptosis occurring in
patients with PE; MDA concentration and iron level increased, while
GPX activity and GSH concentration decreased compared to the control.
Additionally, high expression of ACSL4 and low expression of GPX4 in
chorionic villi in patients with PE all imply that ferroptosis indeed oc-
curs extensively in PE patients. Furthermore, the two linear correlation
analyses (i.e., ferroptosis and mean arterial pressure and ferroptosis and
FTL levels in patients’ serum) confirmed that there was a linear rela-
tionship between PE patients’ states of illness and ferroptosis, which is
closely associated with the FTL level in patients’ serum (Fig. 7). There is
no doubt that these studies in human samples verified the conclusion of
experimental results from the rat model of FTL deficiency-induced fer-
roptosis in the pathogenesis of PE. What kinds of factors cause the
reduction in FTL levels in maternal-fetal tissues? Regarding this ques-
tion, numerous studies about the role of ferritin and its gene regulation
could be a very good reference, in which ferritin acts as the key molecule
in response to the oxidative stress that typifies inflammatory diseases,
including neurodegenerative diseases [46]. Likewise, PE is widely
accepted as a generalized inflammatory process, thereby culminating in
placental dysfunction [47]. Therefore, there is widespread speculation
that the change in ferritin expression is forged from the consequences of
interacting with these inflammatory responses [46].

In the rat model, FTL knockdown was noted in the placenta after
systemic injection via the tail vein of Ad-shFTL. We observed that
pregnant rats with FTL knockdown had elevated blood pressure and
proteinuria accompanied by characteristic preeclamptic renal lesions,
whereas nonpregnant rats exhibited no such signs, suggesting that blood
pressure effects and renal damage in our model required FTL-mediated
placenta-derived factors (Fig. 2, Supplementary Fig. 3). Nonetheless,
adenovirus delivered intravenously may lead to a global knockdown
that influenced FTL expression in various cell types and organs; there-
fore, the PE-like symptoms may not solely derive from FTL deficiency in
trophoblasts. Thus, further studies are required to obtain placental
trophoblast-specific knockout mice by a lentiviral vector or a newly
reported lab-engineered nanoparticle that contains a placenta-homing
peptide [48-51]. In addition, placenta-specific FTL-deficient mice can
be constructed from transgenic mice harbouring a Cre gene regulated by
a trophoblast-specific promoter [48,52,53]. These methods could be
extremely helpful for obtaining a deeper understanding of FTL in
trophoblasts.

In summary, we first showed that FTL is expressed in fetal-derived
trophoblasts and that its expression is reduced in chorionic villi and
decidua, as well as serum levels, from the first trimester to the third
trimester of pregnancy. In early pregnant rats with FTL knockdown by
intravenously injecting adenoviruses expressing shRNA targeting FTL,
we found PE-like phenotypes, implying a causal relationship between
FTL downregulation and PE. In the context of FTL deficiency, we found
that cell death, especially ferroptosis, predominantly resulted in defec-
tive uterine spiral artery remodelling in both the rat model and patients
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with PE. It is suggested that FTL could be a potential biomarker and
therapeutic target for PE in the future, although more relevant work is
still required to completely uncover the PE pathophysiological
mechanism.
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