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The role of ferritin and iron dextran in exacerbating preeclampsia
in an L-NAME-treated rat model
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Background: Preeclampsia (PE) occurs in the second half of pregnancy and contributes to maternal and
perinatal morbidity and mortality. Ferritin plays a key role in pregnancy, but the underlying mechanisms of
its involvement in PE remain elusive. This study aimed to investigate the effects of ferritin concentrations
and ferroptosis levels on PE rats at different stages of pregnancy.

Methods: A PE rat model was established by administering nitro-L-arginine methyl ester (L-NAME;
60 mg/kg/day, orally) between the 13th and 19th days of pregnancy. Iron dextran (ID) was used to induce
ferroptosis, whereas deferoxamine (DFO) was used to prevent ferroptosis. Pathological changes in the
placenta and vascular system were observed by hematoxylin and eosin (H&E) staining. Oxidative stress
levels, blood pressure, and urine protein levels were assessed. Inflammatory cytokines and cellular ferritin
(FER)-related proteins were measured by enzyme-linked immunosorbent assay (ELISA). Western blot was
performed to assess apoptosis- and ferroptosis-related proteins.

Results: The data showed that L-NAME elevated blood pressure and urine protein levels in pregnant
rats, while treatment with DFO-late and ID-early reduced them. Placental and vascular damage were
ameliorated, and the levels of nitric oxide (NO), nitric oxide synthase (INOS), and superoxide dismutase
(SOD) were increased. In contrast, the generation of reactive oxygen species (ROS), malonaldehyde (MDA),
inflammatory factors, and FER-related proteins were suppressed, accompanied by reduced apoptosis- and
increased ferroptosis-related proteins in the DFO-late group.

Conclusions: Our results suggested that decreased ferritin levels in early pregnancy or elevated ferritin

levels in late pregnancy in an L-NAME-treated rat model accelerated ferroptosis and exacerbated PE
symptoms.
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Introduction and fetal morbidity and mortality worldwide (2). Previous

. . e . studies have revealed that many factors contribute to the
Preeclampsia (PE) is a pregnancy-specific disease occurring

in the second half of gestation and is characterized by the
onset of high blood pressure, proteinuria, and edema (1).
This syndrome causes pregnancy complications in over
5% of pregnant women and is a leading cause of maternal
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onset of PE, including disordered neovascularization,
impaired spiral artery remodeling, and oxygen dysregulation
(3-5). Placental hypoxia initiates the release of inflammatory

cytokines and overproduction of reactive oxygen species

Ann Transl Med 2022;10(16):889 | https://dx.doi.org/10.21037/atm-22-3675


https://crossmark.crossref.org/dialog/?doi=10.21037/atm-22-3675

Page 2 of 12

(ROS), resulting in a maternal inflammatory response
and multi-organ injuries (6). Although oxidative stress is
regarded as one of the leading causes of atherosclerosis
in PE, and the levels of lipid peroxides in the placenta
were found to be altered in PE, the mechanism by which
oxidative stress works in PE development has not been
completely defined (7,8).

Iron is an essential element for living cells and most
organisms, including humans (9). Iron participates in a
mass of intracellular vital enzymatic redox reactions due
to its tendency to reversibly obtain or lose electrons by
transitioning between different oxidation states (10). It
is widely accepted that pregnant women need more iron
to support fetal growth and development (11). However,
excessive iron intake or a high iron status may be harmful in
pregnancy and lead to adverse pregnancy outcomes (APOs),
such as preeclampsia, hypertension, placental abruption,
and preterm delivery (12,13). On the other hand, ferroptosis
is a form of programmed cell death that is different from
apoptosis, autophagy, and pyroptosis. In essence, ferroptosis
is lipid peroxidation damage induced by oxidative stress,
and it accelerates the generation of ROS (14,15). Thus,
increased ferritin concentrations and ferroptosis may be
crucial mechanisms involved in the pathogenesis of PE.

In the current study, we aimed to explore the effects of
ferritin concentrations and ferroptosis levels on the different
stages of nitro-L-arginine methyl ester (L-NAME)-
treated normotensive pregnant rats. We present the
following article in accordance with the ARRIVE reporting
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-22-3675/rc).

Methods
Animal experiments

The animal studies were approved under a project
license (No. 21432) by the Ethics Committee of Animal
Experiments of the School of Medicine, Zhejiang University
and conducted in accordance with national guidelines for
the care and use of animals. A total of 60 three-month-
old female Wistar rats were purchased from the Nanjing
Qinglongshan Animal Breeding Center (Nanjing, China)
and kept under standard conditions that included a room
temperature of 25£2 °C, 12 h light/dark cycles, and free
access to food pellets and water. The rats were mated
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with their respective male strain, and the first day of
pregnancy was recorded by observing spermatozoa after
a vaginal smear (16). Thirty rats were randomly divided
into five groups (n=6): control group (con), deferoxamine
(DFO)-20 group, DFO-100 group, iron dextran (ID)-20
group, and ID-100 group. The female rats were injected
intraperitoneally with 20/100 mg/kg DFO or 20/100 mg/kg
ID on days 5-9 of pregnancy (17,18), and 0.9% NaCl was
used for the control group during the same 5 days. On day
10 of pregnancy, the rats were anesthetized and sacrificed
by cervical dislocation. The placenta, vascular tissues, and
blood were collected for further experiments.

Another thirty rats were randomly divided into six
groups (n=5): control group (con), model group, DFO-
early group, DFO-late group, ID-early group, and ID-late
group. To establish a PE rat model, 25 pregnant rats were
treated with L-NAME (60 mg/kg/day, orally) from days
13-19 of pregnancy. Among the PE model rats, 10 rats (n=5)
were treated with an injection of 100 mg/kg DFO-early or
100 mg/kg ID-early from days 5-9 of pregnancy,
respectively. 10 rats (n=5) were treated with 100 mg/kg
DFO-late or 100 mg/kg ID-late from days 15-19 of
pregnancy. No signs of peritonitis, pain, or discomfort were
observed after anesthesia.

Hematoxylin and eosin (H&E) staining

The placenta and vascular tissues were observed after
DFO or ID treatments in the presence and absence of
L-NAME treatment by H&E staining. Briefly, these
tissues were fixed in 10% neutral formaldehyde for
72 h, embedded in paraffin, cut into 4-pm thickness slices,
and then stained with H&E staining. The pathological
changes were observed under a light microscope (Olympus,

Tokyo, Japan).

The measurement of reactive oxygen species (ROS),
malondialdebyde (MDA), and superoxide dismutase (SOD)
activity

ROS, MDA, and SOD activities were assessed in the
placental homogenates with or without L-NAME
administration. The corresponding available kits were used
to detect ROS, MDA, and SOD levels according to the
manufacturer’s standard procedures. Each experiment was
repeated at least three times.
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Detection of nitric oxide (NO) and nitric oxide synthase
(NOS) levels

The NO and NOS levels in the vascular tissues of each
group were evaluated by commercially available kits
(Jiancheng, Nanjing, China) in accordance with the
manufacturer’s instructions. Each experiment was carried
out at least three times.

Enzyme-linked immmunosorbent assay (ELISA)

Cytokine concentrations of IL-6, IL-1B, and TNF-a in
placental tissues and plasma with or without L-NAME
treatment were detected by ELISA kits (Jiancheng, Nanjing,
China). The levels of ferritin (FER) and transferrin (TF)
were measured with rat ELISA kits (Boster, Wuhan, China)

as per the manufacturer’s instructions.

Blood pressure measurement

Systolic blood pressure (SBP) and mean arterial blood
pressure (MAP) were taken in conscious rats using a tail-
cuff machine (Letica 5000 devices, Comella, Spain) on the
19" day of pregnancy. Systolic blood pressure was measured
consecutively three times and averaged.

Urine protein measurement

On the 19th day of pregnancy, 24-h urine in each group
was collected, and total urine protein was determined by a
sulfosalicylic acid test.

Western blot assay

The lysis of placental homogenates from rats with different
treatment was implemented utilizing cold RIPA buffer
(Bingtai Biotechnology Co., Ltd.). The isolated proteins
were quantified with the help of a BCA Protein Assay
Kit (Shanghai Zeye Biotechnology Co., Ltd.). After the
exposure with 10% SDS-PAGE, the transferring of cell
lysates to PVDF membranes, which were impeded with
5% nonfat milk, was operated. Subsequently, the overnight
subjection of membranes with primary antibodies targeting
Bax (1:2,000; ab182733), Bcl-2 (1:1,000; ab194583), caspase
3 (1:500; ab13847), cleaved caspase 3 (1:500; ab2302),
GPx4 (1:1,000; ab231174), SLC7A11 (1:500; ab175186),
ACSL4 (1:10,000; ab155282), TFR-1 (1:1,000; 10084-2-AP,
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Proteintech Group), and GAPDH (1:3,000; ab125247) was
implemented at 4 °C, after which was the 1 h of exposure
to HRP-labeled secondary antibody (1:1,000; ab6734)
for 1 h. The bands got visualized employing an enhanced
chemiluminescent (ECL) detection kit and quantified by
Image J software (NIH, USA). GAPDH was chosen as the

internal control.

Statistical analysis

SPSS 21.0 software (SPSS Inc., Armonk, NY, USA) was
used to analyze the data. Two-tailed Student’s z-tests
and one-way analysis of variance (ANOVA) followed by
Scheffe’s post-hoc test were used for the comparisons
between two groups and multiple groups, respectively. Data
are expressed as means * standard deviation (SD). P<0.05
was considered to be statistically significant.

Results

Effects of different ferritin concentrations on
bistopathological changes and oxidative stress in the
placental tissues of pregnant rats

The rats (n=6) were treated with either 20/100 mg/kg
DFO or 20/100 mg/kg ID during days 5-9 of pregnancy.
The placental tissues were harvested on the 10th day of
pregnancy and stained with H&E reagent. As shown in
Figure 1A, obvious inflammatory cell infiltration, increased
vacuolated cells, cell hyperplasia, and edema were observed
in the ID-20 and ID-100 groups compared with the two
DFO groups and the control group. However, the density
of vascular tissue in the placentas of pregnant rats decreased
after treatment with DFO. Given that ferroptosis is
implicated in the excessive lipid peroxidation mediated by
Fe (II), the levels of ROS, MDA, and SOD activity were
tested. According to Figure 1B, we found that ROS and
MDA concentrations were markedly decreased in the DFO-
treated groups but were increased in the ID-treated groups.
However, SOD activity was elevated after treatment with
DFO but reduced after ID administration.

Ferritin content affected the ferroptosis-related process in
pregnant rats

Next, we examined the effects of ferritin concentration on
ferroptosis in pregnant rats. As depicted in Figure 2A4,2B, the
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Relative expression of MDA

Relative expression of SOD

Figure 1 Histopathological changes and oxidative stress are associated with ferritin concentrations in placental tissues of pregnant rats. (A)
H&E staining assessing the pathological changes in the placenta of rats using (x200). (B) MDA, ROS and SOD levels detected by available
kits. Data are expressed as mean = SD. *P<0.05, **P<0.01, ***P<0.001 versus control. MDA, malonaldehyde; ROS, reactive oxygen species;

SOD, superoxide dismutase.

levels of inflammatory factors IL-6, IL-1B, and TNF-a were
remarkably lower in the DFO-100 group, as were the levels
of ferritin and transferrin (TF). However, ID treatment
resulted in the opposite effect, with increased inflammatory,
ferritin, and transferrin levels. Furthermore, western
blot analysis showed that 100 mg/kg DFO significantly
reduced Bax levels and increased Bcl-2 levels, while
100 mg/kg ID increased the levels of Bax, cleaved caspase
3, and inhibited Bcl-2 levels compared with the control
group (Figure 2C). Additionally, ferroptosis-related proteins
were assessed in the placental homogenate of pregnant rats.
The results revealed that 100 mg/kg DFO notably increased
the contents of GPX4 and SLC7A11, whereas 100 mg/kg
ID inhibited the levels of the two proteins and elevated
the production of ACSL4 and TFR-1 in pregnant rats
(Figure 2D).

SBP, MAP, and proteinuria levels

From days 13 to 19 of gestation, pregnant rats were orally
given 60 mg/kg/day of L-NAME. Blood pressure and
urine protein levels were measured on day 19 of pregnancy.
As shown in Figure 34, SBP and MAP were significantly
higher after L-NAME administration compared with the
control group. Moreover, administration of 100 mg/kg of
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DFO in the later stage of pregnancy caused a decrease in
both SBP and MAP, whereas 100 mg/kg of ID exacerbated
high blood pressure in the same period. As shown in
Figure 3B, the 24-h urinary protein of PE rats on the 19th
day was dramatically higher than that of the control group.
In the late period, the level of urine protein was reduced in
the 100 mg/kg DFO group and increased in the ID group.

Effects of ferritin on blood vessels in pregnant rats with PE

To evaluate the influence of ferritin concentrations on the
placental tissues of PE pregnant rats (n=5), their vascular
tissue pathophysiology was assessed. As shown in Figure 44,
significant inflammatory cell infiltration and damage were
observed in the placental blood vessels of the model rats.
DFO treatment in the later stage of pregnancy ameliorated
the pathological changes caused by L-NAME, whereas
the ID-late group showed more serious histopathological
lesions. Furthermore, in the model groups, the levels of NO
and NOS were significantly suppressed compared with the
control group. Treatment in the DFO-late group improved
the lower levels of NO and NOS, but ID treatment in the
later stage of pregnancy exacerbated the reduction of NO
and NOS (Figure 4B). In addition, L-NAME treatment
significantly increased the production of I1L-6, IL-1p, and
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Figure 2 Ferritin content affects the inflammatory response, apoptosis, and ferroptosis-related process in pregnant rats. (A,B) The levels
of IL-6, IL-1B, TNF-o, ferritin, and ferroptosis as evaluated by ELISA assay. (C) Western blot assay measures the protein levels of Bax,
Bcl-2, and cleaved caspase 3. (D) Ferroptosis-related protein expressions are identified after treatment with DFO or ID. Data are expressed
as mean = SD. *P<0.05, **P<0.01, ***P<0.001 versus control. IL-6, interleukin-6; IL-1p, interleukin-1p; TNF-0, tumor necrosis factor-a;

DFO, deferoxamine; ID, iron dextran.
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Figure 3 A PE rat model established by administration of L-NAME. (A) SBP and MAP on the 19th day of pregnancy. (B) The 24 h urine

protein level on the 19th day of pregnancy. Data are expressed as mean + SD. *P<0.01, ***P<0.001 versus control. **P<0.001 versus Model

group. PE, preeclampsia; SBP, systolic blood pressure; MAP, mean arterial blood pressure.

TNF-a in the peripheral blood of pregnant rats with PE.
DFO treatment in the later stage of pregnancy ameliorated
the excess secretions of IL-6, IL-1f, and TNF-a. In
contrast, injection with ID in the second half of pregnancy
aggravated the generation of these inflammatory cytokines
compared with the model group (Figure 4C).

Low or bigh iron status altered the morphology and
oxidation resistance of the placenta in PE rats

As depicted in Figure 5A4, in the placenta of rats treated
with L-NAME, there was an increase in vacuolated cells,
thickening of the basal zone, increased inflammatory cell
infiltration, and significant swelling and thickening of the
meconium. The treatment with DFO in later pregnancy
significantly protected placental tissues from inflammatory
injuries. However, ID treatment in later pregnancy caused
more inflammatory damage in the placenta of PE rats.
Additionally, treatment with L-NAME for a lengthy period
reduced the antioxidant ability of the placenta due to the
increased levels of ROS and MDA. ID treatment in later
pregnancy further diminished SOD activity and increased
the levels of ROS and MDA, while DFO showed the
opposite effects on antioxidant ability (Figure SB-5D).

The effects of ferritin concentration on inflammation,
apoptosis, and ferroptosis in the PE rat model

An ELISA assay and western blot analysis were performed
to assess the effects of ferritin concentration on ferroptosis
in the placentas of PE pregnant rats. As illustrated in
Figure 64, 1L-6, IL-1B, and TNF-a were enhanced in the
model group, showing increased ferritin and TF levels.
However, DFO or ID administration during the later

© Annals of Translational Medicine. All rights reserved.

stage of pregnancy respectively inhibited or stimulated
the secretions of IL-6, IL-1B, TNF-a, ferritin, and TF
(Figure 64,6B). Furthermore, the western blot assay results
showed that DFO treatment in later pregnancy significantly
reduced the protein levels of Bax and cleaved caspase 3
but increased Bcl-2 levels compared with the model group
(Figure 6C). In addition, DFO treatment in later pregnancy
noticeably promoted the levels of GPX4 and SLC7A11,
whereas ID suppressed the levels of ACSL4 and TFR-1
compared with the model group (Figure 6D).

Discussion

Ferroptosis is caused by an accumulation of iron-dependent
lipid peroxides and has achieved much attention due to
its relationship with oxidative stress in many types of
cells (19). In the course of pregnancy, iron was in great need
to backing the growth as well as the advancement of the
fetus (20). Nevertheless, it was evidenced that excessive iron
intake and/or high iron status might imparted detrimental
impacts on pregnancy, possibly contributing to reproductive
disorders, like endometriosis and preeclampsia (21,22).
However, dysregulated iron homeostasis, which was a
contributor to excessive ferroptosis, may result in various
clinical manifestations of reproductive disorders, together
with pregnancy complications (11,23). Here, the functional
impacts of ferritin concentrations and ferroptosis levels
at different stages of pregnancy was appraised using a PE
rat model. The data showed that different concentrations
of ferritin in the earlier or later stages of pregnancy cause
various biological changes in the placenta and vascular
tissues in PE rats and, therefore, different degrees of
terroptosis, indicating that iron intervention at the early
stage of pregnancy may exacerbate the degree of PE at late
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Figure 4 Ferritin regulation of the placental vessel inflammatory response in a rat model of PE. (A) Histopathology changes assessed
by H&E staining in the blood vessels of PE rat models (x200). (B) The levels of NO and NOS in each group detected after DFO or ID
treatment. (C) ELISA assay determines the levels of IL-6, IL-1B, and TNF-a in the peripheral blood of PE rats. Data are expressed as mean
+ SD. **P<0.01, **P<0.001 versus control. "P<0.05, *P<0.01, *P<0.001 versus Model group. PE, preeclampsia; NO, nitric oxide; NOS,
nitric oxide synthase; DFO, deferoxamine; ID, iron dextran; IL-6, interleukin-6; IL-1, interleukin-1p; TNF-a, tumor necrosis factor-o.

stage of pregnancy which provides a novel fundamental plasma or specific organ tissues in experimental animals
insight into iron intervention for the further treatment and and humans (24-26). In this study, we administered 20 or
prognosis of preeclampsia. 100 mg/kg DFO to decrease the ferritin levels in pregnant

DFO is an iron chelator that reduces iron levels in rats. Additionally, we increased the iron levels in other
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Figure 5 Effects of ferritin concentration on pathological changes and anti-oxidative ability in the placental tissues of pregnant rats. (A)
The degree of inflammatory injury evaluated by H&E staining in the placental tissues of PE rats (x200). (B-D) ROS, MDA, and SOD
concentrations measured in L-NAME-treated placental tissues after DFO or ID treatment. Data are expressed as mean + SD. **P<0.01,
***P<0.001 versus control. "P<0.05, *P<0.01, *P<0.001 versus Model group. PE, preeclampsia; MDA, malonaldehyde; ROS, reactive
oxygen species; SOD, superoxide dismutase; DFO, deferoxamine; ID, iron dextran.

pregnant rats by injecting them with 20 or 100 mg/kg of
ID (27). On the 10th day of pregnancy, all rats were
sacrificed, and placental tissues were collected from those
with intact placentas. The H&E staining results showed
little inflammatory damage in untreated or DFO-treated
rats. However, 5 days of ID treatment in pregnant rats
led to severe pathological changes in placental tissues,
suggesting that iron overload may be harmful to placental
tissues in pregnancy (11).

Previous study has showed that ferritin was moderately
high in the early weeks of pregnancy, but ferritin and other
iron parameters were higher in women who suffered from
APOs (28). Moreover, in the middle and later stages of
pregnancy, ferritin levels were also significantly higher than

© Annals of Translational Medicine. All rights reserved.

in the normal population (29,30). ROS, MDA, and SOD are
detection indexes that evaluate the levels of oxidative stress
and lipid peroxidation, and their levels help determine the
degree of ferroptosis in the placenta of PE women. D’Souza
et al. revealed that MDA concentrations were significantly
higher in the maternal cord blood and peripheral blood of
women who developed PE (31). In our study, L-NAME was
used to successfully establish a preeclampsia rat model, as
demonstrated by our observations of high blood pressure
and high concentrations of urinary protein. We found
that the anti-oxidative activity of SOD was significantly
diminished after treatment with L-NAME, but ROS and
MDA levels were increased. Administration of DFO or ID
had no obvious effects on the levels of ROS, MDA, and

Ann Transl Med 2022;10(16):889 | https://dx.doi.org/10.21037/atm-22-3675
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Figure 6 Effects of ferritin concentration on the inflammatory response, apoptosis, and expression of ferroptosis-related proteins in
L-NAME-induced rats with PE. (A,B) The secretions of inflammatory factors IL-6, IL-1p, and TNF-o, and the protein expressions of
ferritin and ferroptosis as determined by ELISA assay. (C) The protein levels of Bax, Bcl-2, and cleaved caspase 3 identified by western blot
assay after DFO or ID treatment. (D) Estimation of ferroptosis-related protein expressions in PE rats treated with DFO or ID. Data are
expressed as mean = SD. *P<0.05, **P<0.01, ***P<0.001 versus control. *P<0.05, #P<0.01, *P<0.001 versus Model group. PE, preeclampsia;
IL-6, interleukin-6; IL-1B, interleukin-1f; TNF-a, tumor necrosis factor-o; DFO, deferoxamine; ID, iron dextran.
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SOD in early pregnancy, while DFO and ID had opposite
effects on the three indices in the later stage of pregnancy.
Similarly, Amaral er al. reported that SOD activity was
lower and MDA was significantly higher in rats treated with
L-NAME (32).

Pregnancy hypertension and preeclampsia have a
significant positive correlation with oxidative stress
in the placenta (33). However, to date, there has been
little evidence for an association between ferroptosis
and PE. Considering ferroptosis is a crucial part of lipid
peroxidation, we speculated that an increase in ferritin
concentration and ferroptosis-related mechanisms might
be associated with PE, and the alteration of ferritin
concentrations at different stages of pregnancy might
cause different influences on PE placental tissues. Previous
studies have revealed that iron, ferritin, and transferrin
were markedly elevated in patients with PE (34,35).
Furthermore, a recent study showed that MDA and total
Fe’ levels in placental PE tissues were higher than those in
healthy controls (36). In the present study, we also detected
correlations between ferritin, iron parameters, and PE. The
ELISA and western blot assay results demonstrated that
ferritin and transferrin concentrations were significantly
elevated in the L-NAME-treated placentas of PE rats
compared with the untreated control group. Interestingly,
in later pregnancy, the levels of ferritin and transferrin in
PE were reduced by DFO treatment but increased with ID
treatment.

GPx4 is a crucial antioxidant enzyme that inhibits the
production of ROS-induced lipid hydroperoxides (37).
Glutathione (GSH) is a substrate involved in the protective
effect of GPx4. The synthesis of GSH depends on the
facilitation of SLC7A11. Inhibition of SLC7A11 suppresses
the production of GSH and sequentially promotes the
accumulation of lipid hydroperoxides (38,39). Therefore,
GPx4 and SLC7A11 are usually used as important markers
for ferroptosis. Additionally, ACSL4 and TFR-1 are
considered indicators of ferroptosis and are used to regulate
lipid composition and the import and storage functions of
iron (40,41). Our study showed that ACSL4 and TFR-1
levels were increased in the placentas of rats treated with
L-NAME while GPx4 and SLC7A11 levels were decreased.
Furthermore, DFO-late treatment showed increased
GPx4 and SLC7AL11 levels but reduced protein levels of
ACSL4 and TFR-1. However, ID-late treatment showed
the opposite results, suggesting that intervention with
DFO in later pregnancy reversed the PE placenta damage
induced by L-NAME. Our data revealed that intervention

© Annals of Translational Medicine. All rights reserved.
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with DFO in early pregnancy resulted in a decrease in
ROS levels that led to insufficient uterine artery recasting,
so PE features were more significant in the later stages of
pregnancy. Early ID intervention also aggravated PE injury
in later stages, but the degree was small and not significant.
Using ID in later pregnancy significantly increased the level
of ferroptosis in placental tissues. This preliminary study
investigated the role of ferritin and ferroptosis on pregnant
rats in the early and later stages of pregnancy, but whether
these results are consistent with human research remains to
be seen.

Conclusions

In this study, we demonstrated for the first time the
relationship between ferritin concentrations, ferroptosis, and
PE progression. Different concentrations of ferritin affected
the histopathology status, oxidative stress, inflammatory
response, apoptosis, and ferroptosis in pregnant rats with
PE during different stages of pregnancy, indicating that
high iron status and ferroptosis in later pregnancy may
seriously affect the development and progression of PE.
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