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p53-mediated suppression of the SLC7 A11/ .

GPX4 signaling pathway promotes trophoblast
ferroptosis in preeclampsia
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Abstract

Background Ferroptosis is an iron-dependent form of non-apoptotic cell death that occurs through increased
plasma membrane phospholipid peroxidation in the context of impaired plasma membrane phospholipid peroxide
repair systems. It has been reported that p53 can inhibit the expression of cysteine/glutamate reverse transporter
solute carrier family 7, member 11 (SLC7A11), a key component of system Xc-, thus inhibiting cysteine uptake

and promoting reactive oxygen species (ROS) accumulation as an important part of cell ferroptosis. Preeclampsia (PE)
is an idiopathic hypertensive disease of pregnancy. Spiral artery insufficiency and impaired placental development
are present at all stages, leading to placental hypoperfusion, ischemia, and hypoxia. However, the role of ferroptosis,
particularly p53-mediated trophoblast ferroptosis, in placental dysfunction during PE remains unclear.

Results In PE placental tissues, malondialdehyde (MDA) and total iron levels were elevated, and trophoblasts
exhibited typical ferroptosis-associated morphological changes. Additionally, p53 mRNA and protein expression

and the percentage of p53-positive cells were increased, while SLC7A11 and GPX4 mRNA and protein expression

and the percentage of positive cells were decreased. VEGFR1 protein expression was upregulated, whereas VEGFA
and PLGF protein expression was downregulated. p53 protein expression was negatively correlated with the expres-
sion of proteins in the SLC7A11/GPX4 signaling pathway, VEGFA, and PLGF. Conversely, there was a positive correlation
between p53 expression and MDA, total iron concentration, and VEGFRT.

In vitro, the ferroptosis inducer erastin increased ROS levels in trophoblast cells. The ferroptosis inhibitor Fer-1,

the apoptosis inhibitor Z-VAD-FMK, and the necrosis inhibitor Nec-1 failed to prevent erastin-induced ROS elevation.
In p53+/+trophoblasts, erastin-induced ROS elevation was more pronounced than that in p53 —/—and control
cells, and angiogenesis was impaired. In pregnant rats, p53 +/+ placentas exhibited increased MDA and total iron
levels, ferroptosis-like morphological changes in trophoblasts, and reduced CD34 expression. p53 protein expression
was negatively correlated with CD34 expression.

Conclusion This study confirmed that trophoblast ferroptosis occurs in the pathological state of PE and that tropho-
blast are specifically sensitive to ferroptosis. p53 can mediate the SLC7A11/GPX4 signaling pathway to promote fer-
roptosis of trophoblast cells in the pathogenesis of PE. It is also speculated that increased p53 reactivity may mediate
impaired angiogenesis in placental tissues.
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Background

Preeclampsia (PE) is a multisystem pregnancy-related
disorder characterized by maternal hypertension and
proteinuria, with a global incidence of 5 to 7%. Because
PE may progress to eclampsia (a form of convulsion) due
to late-onset, delayed diagnosis and treatment, it is nec-
essary to identify reliable markers for the early diagnosis
of PE and develop effective treatment strategies. The dis-
ruption of biological processes in placental villous troph-
oblastic cells leads to various forms of programmed cell
death, which is considered to be the key mechanism of
PE pathogenesis. The etiology and pathogenesis of preec-
lampsia are complex and multifactorial, which may be
related to an increased inflammatory condition [1], oxi-
dative stress [2], and metabolic dysfunctions [3] at the
maternal—fetal interface. This dysregulation contributes
to abnormal placental formation and enhanced apopto-
sis, relating in insufficient placental invasion, vascular
remodeling disorders, and impaired microcirculation [4].
Ferroptosis is a unique, non-programmed mode of cell
death characterized by the accumulation of iron, lipid
hydrogen peroxide and their metabolites in the cyto-
plasm and by the peroxidation of polyunsaturated fatty
acids (PUFAs) in the plasma membrane. Ferroptosis dif-
fers from apoptosis and necrosis in morphology, hered-
ity, and biochemistry. It is characterized by decreased
depletion of glutathione (GSH) and inactivation of glu-
tathione peroxidase 4 (GPX4) due to increased transport
of Fe’* within the cell. When free iron is present, GPX4
can catalyze the reduction of lipid hydrogen peroxide to
nonreactive lipid alcohol and prevent the Fenton reac-
tion of lipid hydrogen peroxide [5]. Solute carrier family
7, member 11 (SLC7 A11) can import extracellular cys-
tine and export glutamate to promote GSH biosynthesis
and protect cells from oxidative stress (OS) [6]. Oxida-
tive stress, cell damage, and death caused by hypoxia and
mitochondrial dysfunction are the main causes of placen-
tal damage in preeclampsia patients [7]. Dysfunctional
iron metabolism is involved in a variety of physiological
and pathological processes, including cancer cell death,
neurotoxicity, neurodegenerative diseases, acute renal
failure, drug-induced hepatotoxicity, ischemia/reperfu-
sion injury of the liver and heart, and T-cell immunity [8].
Chen et al. reported that ferroptosis can mediate osteo-
genic and angiogenic dysfunction. Ferroptosis inhibitors
can reduce the excessive production of reactive oxygen
species (ROS) in human osteoblast-like MG63 cells and
human umbilical vein endothelial cells (HUVECs), pro-
moting osteogenesis and angiogenesis [9]. Although
placental OS and lipid toxicity are characteristic manifes-
tations of placental dysfunction [10, 11], the possible role
of ferroptosis in placental dysfunction remains largely
unclear.
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The tumor suppressor p53 (TP53) is an evolutionarily
conserved protein that plays an important role in regulat-
ing cell proliferation, differentiation, death, and metabo-
lism [12]. TP53 is stimulated by a variety of external or
internal pressures and is often described as the “guard-
ian of the genome” [13]. Bao et al. reported that CIRC-
DMNT1 and p53 are highly expressed in gestational
diabetes mellitus (GDM) and PE patients. CIRC-DMNT1
combined with p53 can activate the JAK/STAT pathway
to upregulate p-JAK and p-STAT expression. Increased
p-JAK and p-STAT inhibit the survival, proliferation,
migration, invasion, and cell cycle progression of tropho-
blast cells. The inhibition of trophoblast cell growth and
function contributes to the progression of GDM and PE
[14]. p53 regulates cell division, DNA replication, and
the cell cycle and plays a key role in the differentiation of
various tissues and organs. Under normal circumstances,
the p53 protein is turned off during cell stress and exces-
sive division and proliferation, and when cell damage is
beyond repair, p53 triggers programmed cell death by
activating apoptosis-related genes [14]. Another study
confirmed that ferroptosis (iron-dependent nonapop-
totic cell death) is another mechanism that contributes
to TP53 function, suggesting that TP53 can regulate
different types of cell death under different environ-
mental stimuli. p53 can regulate the expression of ferrop-
tosis-related genes in the nucleus and directly control the
activity of ferroptosis-related molecules in the cytoplasm.
Ferroptosis was enhanced by the inhibition of SLC7 A1l
or an increase in spermidine/spermine N1-acetyltrans-
ferase expression. Ferroptosis can be inhibited by either
directly inhibiting dipeptidyl peptidase-4 (DPP4) activity
or inducing CDKN1 A/p21 expression [15].

The p53 tumor suppressor protein and its main nega-
tive regulatory factors murine double minute 2 (MDM?2)
and MDMX oncoprotein constitute the MDM2/MDMX-
p53 circuit. It plays a key role in regulating the growth,
proliferation, cell cycle progression, apoptosis, senes-
cence, angiogenesis, and immune response of cells [16].
Yang et al. reported that overexpression of the human
umbilical vein endothelial cell receptor UNC5B pro-
moted intracellular ROS production, activated the p53
pathway, inhibited cell migration and tubular function,
and promoted endothelial cell senescence [17]. Pfaff et al.
confirmed through animal experiments that p53 nega-
tively regulates ischemia-induced angiogenesis. Deletion
of p53 can upregulate the expression of hypoxia-induc-
ible factor la (HIF-1a) and vascular endothelial growth
factor (VEGF), which mediate endothelial cell growth
and increase limb perfusion, capillary density, and col-
lateral artery development [18]. The characteristics of
placental vascular remodeling disorders in PE patients
include excessive OS and lipid toxicity, but the possible
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role of ferroptosis, especially p53-mediated trophoblas-
tic ferroptosis, in placental dysfunction remains largely
unclear. This study aimed to explore the role and mech-
anism of the p53-mediated SLC7 A11/GPX4 signaling
pathway in regulating trophoblast ferroptosis during PE
placental angiogenesis to provide new ideas and insights
for basic research on PE.

Results

Baseline characteristics

Table 1 shows that the parity (P=0.725) and delivery
time (P=0.808) of pregnant women in the PE group were
not significantly different from those in the CTL group.
The number of gestational weeks in the PE group was
lower than that in the CTL group (P=0.001), and age
(P=0.029), prenatal BMI (P<0.001), systolic blood pres-
sure (SP) (P<0.001), and diastolic blood pressure (DP)
(P<0.001) were greater in the PE group than in the CTL

group.

Sensitivity of trophoblasts to ferroptosis
The ferroptosis inducers erastin (0, 10, 20, 30, 40, and 50
uM) were added to BeWo and HTR-8/SVneo trophoblast
cells for 24 h, and the ROS concentration in each group
was detected by flow cytometry. Figure 1A shows that
the ROS concentration increased with increasing eras-
tin concentration, i.e., cell mortality increased, indicating
that trophoblast cells were sensitive to ferroptosis.
Cultured BeWo and HTR-8/SVneo trophoblast cells
were cultured in combination or alone with the ferropto-
sis inducer erastin, ferroptosis inhibitor Fer-1, apoptosis
inhibitor Z-VAD-FMK, and necrosis inhibitor Nec-1. As
shown in Fig. 1B, after 24 h of co-culture, the ROS con-
centrations in the erastin, erastin +Z-VAD-FMK, and
erastin +Nec-1 groups were greater than those in the

Table 1 Baseline characteristics of the women included in this
analysis (X £ S)

PE group (n=30) CTL group (n=30)

Age (year) 3193 £545" 28.80 +5.40
Gestational weeks (week) 3597 +3.34" 3837 +0.96
Parity time 143+068 150078
Delivery time 0.27 £0.52 0.30£0.54
Prenatal BMI (kg/m?) 28354429 2255+3.32
SP (mmHg) 13790 +1481" 11893 +8.30
DP (mmHg) 91.83+937" 7647 +£6.28

S Standard deviation, BMI Body mass index, SP Systolic pressure, DP Diastolic
pressure

*means compared with the CTL group P<0.05
**means compared with the CTL group P<0.01

***means compared with the CTL group P<0.001. Comparison between two
groups was conducted by the independent sample t-test
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Fig. 1 Sensitivity of trophoblast cells to ferroptosis. A Effects

of ferroptosis inducer Erastin on ROS concentrations in trophoblasts.
With the gradual increase of the ferroptosis inducer Erastin
concentration, the mortality rate of trophoblasts increased
significantly (P1 <0.001, P2 <0.001). Differences among groups
were compared by single factor analysis of variance (ANOVA). B
Effects of ferroptosis inducer Erastin and ferroptosis inhibitor Fer-1
on the concentration of ROS in trophoblasts. * means compared

to the CTL group, the Fer-1 group, and the Erastin + Fer-1 group,

the mortality rate of BeWo and HTR-8/SVneo cells in the Erastin
group, the Erastin +Z-VAD-FMK group, and the Erastin +Nec-1 group
increased significantly (P < 0.05) (biological replicates number: 1).
Differences among groups were compared by single factor analysis
of variance (ANOVA) the type of post hoc test used LSD

CTL group, Fer-1 and erastin +Fer-1 groups (P<0.05).
The differences in the ROS concentrations among the
erastin group, the erastin +Z-VAD-FMK group, the eras-
tin +Nec-1 group, the CTL group, the Fer-1 group, and
the erastin + Fer-1 group were not statistically significant
(P>0.05). These results indicated that trophoblast cells
were specifically sensitive to ferroptosis.

The pathological state of PE is characterized by ferroptosis
of trophoblasts

The concentrations of ferroptosis markers (MDA and
total iron) in the placental tissues of pregnant women
and pregnant rats in the PE and CTL groups were



Liao et al. BMC Biology (2025) 23:141

detected, and the morphological changes in trophoblast
cells in placental tissues were observed via transmis-
sion electron microscopy. Figure 2A and B show that the
concentrations of MDA and total iron in the placental
tissue of pregnant women and pregnant rats in the PE
group were greater than those in the CTL group. Fig-
ure 2C shows slight overall swelling of placental cysto-
trophoblast cells in pregnant women in the CTL group,
no obvious signs of ferroptosis, more organelles, and a
continuous basement membrane (BM). The nucleus (N)
had an irregular shape, slight local indentation, and a
heterochromatin edge set. The mitochondria (M) were
slightly swollen, most of the structures were acceptable,
cristae were present, the membrane was intact, and the
matrix within the membrane of some mitochondria was
weakened. The rough endoplasmic reticulum (RER) was
enlarged and vacuolated, and the ribosome had degranu-
lated. Figure 2D shows that the placental syncytiotropho-
blast cells of pregnant women in the PE group exhibited
ferroptosis overall, with abundant microvilli (Mv) around
the cell membrane, a uniform distribution of the intracel-
lular matrix, a continuous basement membrane (BM),
and local hypertrophy. The nucleus (N) had an irregular
shape, was locally concave, had a heterochromatin edge
set, and had a visible nucleolus (Nu). The rough endo-
plasmic reticulum (RER) is characterized by dilatation
and surface ribosome degranulation. Figure 2E shows
that the placental syncytiotrophoblast cells of preg-
nant rats in the CTL group exhibited mild to moderate
swelling, complete and continuous cell membranes, and
sparse microvilli (Mv). The cell matrix became shallow
and dissolved locally, and the organelles were moderate
in number, concentrated in distribution, and obviously
swollen. The intercellular space was fair. The nucleus (N)
was approximately elliptical, the double-layer nuclear
membrane was clear, the perinuclear space was not sig-
nificantly widened, and the amount of heterochromatin
was slightly increased. The number of mitochondria (M)
was moderate, mostly oval, with mild to moderate swell-
ing, and the matrix became shallow and dissolved. The
rough endoplasmic reticulum (RER) was less abundant
and clearly expanded, and ribosome attachment was vis-
ible on the surface. Autophagolysosomes (ASSs) were

(See figure on next page.)
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observed. Figure 2F shows signs of ferroptosis in the pla-
cental syncytiotrophoblast cells of pregnant rats in the
PE group, moderate swelling, complete and continuous
cell membrane, and sparse microvilli (Mv). The electron
density of the cell matrix was slightly low, the number of
organelles was moderate, and the organelles were scat-
tered and obviously swollen. The intercellular space was
fair. The nucleus (N) was approximately elliptical and
slightly dented locally, the nuclear membrane was blurred
locally, the perinuclear space was slightly widened (black
arrow), heterochromatin was increased, and edge sets
were set. The number of mitochondria (M) was moder-
ate, some of which were slightly smaller, the electron
density of the membrane and matrix was greater, and
the ridge was obviously expanded. The rough endoplas-
mic reticulum (RER) was small in number and obviously
enlarged, and the surface ribosome had degranulated.
The pathological state of PE was confirmed to involve fer-
roptosis of trophoblasts.

p53 regulated the SLC7 A11/GPX4 signaling pathway

to promote ferroptosis in trophoblast cells

qRT-PCR, WB, and IHC were used to detect the expres-
sion levels of p53 and SLC7 A11/GPX4 signaling pathway
components in the placental tissues of pregnant women.
Figure 3A-E shows that the expression levels of p53
mRNA and protein and the percentage of positive cells in
placental tissues of pregnant women in the PE group were
greater than those in the CTL group, and the expression
levels of SLC7 A1l and GPX4 mRNA and protein and
the percentage of positive cells were decreased compared
with those in the CTL group.

Further investigation revealed that the protein expres-
sion levels of p53 in the placental tissues of pregnant
women in the PE and CTL groups were negatively cor-
related with the protein expression levels of the SLC7
A11/GPX4 signaling pathway and positively correlated
with the MDA and total iron concentrations. It is specu-
lated that p53 could regulate the SLC7 A11/GPX4 sign-
aling pathway to promote ferroptosis of trophoblast cells
and participate in the pathogenesis of PE (see Table 2 &
Fig. 3F-1I).

Fig. 2 Expression levels of ferroptosis markers in placental tissues. A,B Expression levels of ferroptosis markers (MDA and total iron) in placental
tissue from normal and preeclamptic pregnant women (A) and pregnant rats B. * means compared with the CTL group, it was significantly different
in the PE group (P< 0.05). *** means compared with the CTL group, it was significantly different in the PE group (P< 0.001). C,D Morphology

of placental trophoblasts from normal and preeclamptic pregnant women (magnification 2500). C The CTL group, D the PE group. E,F Morphology
of placental trophoblasts from normal and preeclamptic pregnant rats (magnification 2500). E The CTL group, F the PE group. The phenomenon

of ferroptosis in the PE group was more serious than that in the CTL group. Comparison between two groups was conducted by the independent

sample t-test
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Fig. 3 Expression levels of p53 and SLC7 A11/GPX4 signaling pathway in placental tissues. A-E Expression levels of p53 and SLC7 A11/GPX4
signaling pathway in placental tissues. A p53 and SLC7 A11/GPX4 signal pathway mRNA expression levels in placental tissue from normal

and preeclamptic pregnancies. *** means in reverse transcriptase-polymerase chain reaction (RT-PCR), expression levels of p53 and SLC7 A11/GPX4
signal pathway mRNA were significantly different in the PE group compared with the CTL group (P< 0.001). B,C p53 and SLC7 A11/GPX4 signal
pathway protein expression levels in placental tissue from normal and preeclamptic pregnancies. The PE and the control were run in the same blot,
incubated separated at the same time, and then co-exposing. *** means in Western blot (WB), expression levels of p53 and SLC7 A11/GPX4 signal
pathway protein were significantly different in the PE group compared with the CTL group (P< 0.001). D,E p53 and SLC7 A11/GPX4 signal pathway
protein expression levels in placental tissue from normal and preeclamptic pregnancies (in brown). * means in immunohistochemistry (IHC),
expression levels of p53 protein in the PE group were higher than the CTL group significantly (P< 0.05). ** means in immunohistochemistry (IHC),
expression levels of SLC7 A11 protein in the PE group were lower than the CTL group significantly (P< 0.01). *** means in immunohistochemistry
(IHC), expression levels of GPX4 protein in the PE group were lower than the CTL group significantly (P < 0.001). Comparison between two groups
was conducted by the independent sample t-test. F-I Analyzed correlation between p53 protein expression and SLC7 A11/GPX4 signaling
pathway protein expression, MDA and total iron concentration in placenta tissues of the two groups. F,H The expression level of p53 protein

in the PE group was negatively correlated with the expression levels of the SLC7 A11/GPX4 signaling pathway protein (P1=0.039, P2 =0.018),

and positively correlated with the concentrations of MDA (P= 0.029) and total iron (P=0.011). G,1 The expression level of p53 protein in the CTL
group was negatively correlated with the expression levels of the SLC7 A11/GPX4 signaling pathway protein (P1 =0.032, P2 =0.006), and positively
correlated with the concentrations of MDA (P= 0.002) and total iron (P= 0.032)

Based on the results of tissue experiments, to explore ~ we constructed trophoblast cell lines with different p53
whether p53 can regulate the SLC7 A11/GPX4 signal-  expression levels. After coculture of the p53 inducer Nut-
ing pathway to promote ferroptosis in trophoblast cells, lin-3 with trophoblast cells for 72 h and the p53 inhibitor
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Table 2 Analyzed correlation between p53 protein expression
and SLC7 A11/GPX4 signaling pathway protein expression,
MDA, and total iron concentration in placenta tissues of the two
groups (r value)

Group SLC7 A11 GPX4 MDA Total iron
PE group (n= 30) -038" —043" 040" 046"
CTL group (n= 30) -039° —-049" 0.54" 039"

MDA Malondialdehyde, SLC7 A11 Solute carrier family 7, member 11, GPX4
Glutathione peroxidase 4

" compared with the p53 group P<0.05
" compared with the p53 group P<0.01

MG@G-132 with trophoblast cells for 48 h, the expression
levels of p53 downstream signal molecules in BeWo and
HTR-8/SVneo cells were detected by CUT&Tag technol-
ogy and the mRNA and protein expression levels of p53
and SLC7 A11/GPX4 signaling pathway components in
BeWo and HTR-8/SVneo cells were measured qRT-PCR
and WB. According to the rpkm values of all peaks in
each sample, the correlation coefficients of intra-group
and inter-group samples were calculated. Figure 4Al,
A2 show that the expression pattern was highly similar
among samples. Figure 4B1, B2 show that the abundance
of SLC7 All peaks in the p53 gene promoter region in
the p53 +/+ group was significantly lower than that
in the p53 —/— and the CTL groups. The abundance of
SLC7 A1l peaks in p53 gene promoter region in the p53
—/— group was significantly higher than that in p53 +/+
and CTL groups. As shown in Fig. 4C1-F, the p53 mRNA
and protein levels in the p53 +/+4 group were greater than
those in the p53 —/— group and the CTL group, while the
p53 mRNA and protein levels in the p53 —/— group were
less than those in the p53 +/+ group and the CTL group.
The mRNA and protein expression levels of SLC7 All
and GPX4 in the p53 +/+ group were lower than those in

(See figure on next page.)
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the p53 —/— group and CTL group, and the mRNA and
protein expression levels of SLC7 A1l and GPX4 in the
p53 —/— group were greater than those in the p53 +/+
group and CTL group.

After trophoblast cells with different p53 expression
levels were successfully generated, trophoblast cells were
cultured with the ferroptosis inducer erastin (20 uM) for
24, 48 or 72 h to explore whether different p53 expression
levels can regulate the SLC7 A11/GPX4 signaling path-
way and affect the sensitivity of trophoblast cells to fer-
roptosis. Figure 4G,I shows that the ROS concentrations
in the p53 +/+ group, the p53 —/— group and the CTL
group increased with increasing culture time. Figure 4H,J
shows that during the three incubation periods, the ROS
concentrations in the cells in the p53 +/+ group were
greater than those in the p53 —/— group and the CTL
group, and the ROS concentrations in the cells in the p53
—/— group were less than those in the p53 +/+ group and
the CTL group, which proved that different p53 expres-
sion levels could affect the sensitivity of trophoblast cell
lines to ferroptosis.

To further explore whether p53 affects trophoblast
sensitivity to ferroptosis by regulating the SLC7 A11/
GPX4 signaling pathway, we constructed a trophoblast
cell line with SLC7 All inhibitory expression (SLC7
A1l —/-) (Fig. 4K-M) and cocultured it with the ferrop-
tosis inducer erastin (20 pM)for 24 h. Figure 4N shows
that the ROS concentration in the SLC7 A11 —/— group
was greater than that in the CTL group (P<0.0I), which
confirmed that p53 could specifically regulate the SLC7
A11/GPX4 signaling pathway and affect the sensitivity of
trophoblast cells to ferroptosis.

The above conclusions were verified in animal experi-
ments. L-NAME was used to construct a PE rat model,
and the p53 inducer Nutlin-3 and p53 inhibitor MG-132
were used to construct PE rat models of p53 overexpres-
sion (p53 +/+) and inhibition (p53 —/—), after which

Fig. 4 Erastin affects the concentrations of ROS in trophoblast cells. A1-B2 Downstream signaling molecules of p53 in trophoblast cells

with different expression levels of p53. C1-F Expression levels of p53 and SLC7 A11/GPX4 signaling pathway in trophoblasts with different
expression levels of p53. C1,C2 Expression levels of p53 and SLC7 A11/GPX4 signaling pathway mRNA in trophoblasts with different expression
levels of p53. D1-F Expression levels of p53 and SLC7 A11/GPX4 signaling pathway proteins in trophoblasts with different expression levels of p53.
* means expression levels of p53 and SLC7 A11/GPX4 signal pathway were significantly different (P< 0.05). ** means expression levels of p53

and SLC7 A11/GPX4 signal pathway were significantly different (P < 0.01). *** means expression levels of p53 and SLC7 A11/GPX4 signal pathway
were significantly different (P< 0.001). G-J Erastin affected the concentrations of ROS in trophoblast cells with different expression levels of p53.
G,H Erastin affected the concentrations of ROS in BeWo cells with different expression levels of p53. 1,J Erastin affected the concentrations of ROS
in HTR-8/SVneo cells with different expression levels of p53. *** means the concentrations of ROS significantly different (P< 0.001). K-N Erastin
affected the concentrations of ROS in trophoblast cells with different expression levels of SLC7 A11. K-M Expression levels of p53 and SLC7 A11/
GPX4 signaling pathway proteins in trophoblasts with different expression levels of SLC7 A11. N Erastin affected the concentrations of ROS in BeWo
and HTR-8/SVneo cells with different expression levels of SLC7 A11.* means expression levels of p53 and SLC7 A11/GPX4 signal pathway were
significantly different (P< 0.05). ** means expression levels of p53 and SLC7 A11/GPX4 signal pathway were significantly different (P< 0.01). ***
means expression levels of p53 and SLC7 A11/GPX4 signal pathway were significantly different (P< 0.001). ** means the concentrations of ROS
significantly different (P< 0.01) (biological replicates number: 2). Differences among groups were compared by single factor analysis of variance

(ANOVA) the type of post hoc test used LSD
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the general condition of each group of rats was evalu-
ated. Table 3 shows that the body weights of pregnant
rats in the p53 +/+ group were lower than those in the
p53 —/— group and the CTL group. The body weights of
fetal rats in the p53 +/+ group were lower than those in
the p53 —/— group, the PE group, and the CTL group.
The stillbirth rate of pregnant rats in the p53 +/+ group
was greater than that in the p53 —/— group and the CTL
group. There was no significant difference in the number
of fetal rats among all groups.

The levels of SP and urinary protein before and after
modeling were compared in all groups. Figure 5A-D
shows that there was no significant difference in SP or
urinary protein concentration between the CTL and p53
—/— groups before and after modeling, while the levels of
SP and urinary protein concentration in the PE and p53
+/+ groups increased compared with those before mod-
eling. After modeling, the SP and urine protein concen-
trations in the p53 +/+ group were greater than those
in the p53 —/— group, the PE group and the CTL group,
while those in the p53 —/— group were less than those in
the p53 +/+ group and the PE group, and the difference
was not statistically significant compared with that in the
CTL group.

The mRNA and protein expression levels of p53 and
genes involved in the SLC7 A11/GPX4 signaling pathway
in the placental tissues of pregnant rats were measured by
qRT-PCR, WB, and immunofluorescence. Figure 5E-L
shows that the expression levels of p53 mRNA and pro-
tein in pregnant rats in the p53 +/+ group were greater
than those in the p53 —/— group and the PE group, and
the expression levels of p53 mRNA and protein in preg-
nant rats in the p53 —/— group were less than those in the
p53 +/+ group and the PE group. The expression levels of
SLC7 A11 and GPX4 mRNA and protein in pregnant rats
in the p53 +/+ group were lower than those in the p53
—/— group and the PE group, while the expression levels
of SLC7 A1l and GPX4 mRNA and protein in pregnant
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rats in the p53 —/— group were greater than those in the
p53 +/+ group and the PE group, indicating that PE rat
models with different expression levels of p53 were suc-
cessfully constructed. p53 is an upstream signaling mol-
ecule that regulates the expression level of the SLC7 A11/
GPX4 signaling pathway.

To further explore whether p53 can regulate the SLC7
A11/GPX4 signaling pathway to promote ferroptosis
in trophoblast cells, we detected the concentrations of
ferroptosis markers (MDA and total iron) in the pla-
cental tissue of PE model rats with different p53 expres-
sion levels and observed morphological changes in
placental trophoblast tissues via transmission electron
microscopy. Figure 6A,B shows that the concentrations
of MDA and total iron in pregnant rats in the p53 +/+
group were greater than those in the p53 —/— group, the
PE group and the CTL group, while the concentrations
of MDA and total iron in pregnant rats in the p53 —/—
group were less than those in the p53 +/+ group, the
PE group, and the CTL group. Figure 6C shows that the
placental cystotrophoblast cells of pregnant rats in the
p53 +/+ group exhibited ferroptosis overall, a slightly
widened cell space, abundant microvilli (Mv) around the
cell membrane, slight thickening and rounding of some
organelles, a slightly uneven distribution of organelles,
and a continuous basal membrane (BM). The nucleus
(N) is approximately oval, with a slightly dented hetero-
chromatin edge set. The number of mitochondria (M)
increased significantly with increased membrane density,
high electron density, iron deposition, and slight ridge
expansion. The rough endoplasmic reticulum (RER) was
enlarged and vacuolated, and the ribosome had degranu-
lated. Figure 6D shows that the syncytiotrophoblast cells
of the placenta were moderately or severely swollen,
the cell membrane was not damaged, and the microvilli
(Mv) were sparse. The distribution of the cell matrix was
slightly heterogeneous, the number of organelles was
moderate, and the organelles were scattered and swollen.

Table 3 Comparing general conditions of PE rats with different expression levels of p53 (X £5)

Body weight of pregnant Body weight of fetal Number of fetal rats Stillbirth rate of
rats (g) rats (g) pregnant rats
(%)
CTL group (n=28) 353.69 £45.23 1.26 +£0.56 11.75+£3.92 0.63 +8.36
PE group (n=8) 313.13+3035 1504109 12.13+2.10 3057 £2364"
P53 +/+ group (n=8) 29438 +24.35" 045+0.23" 13.63 +3.58 32.12+9.15"
p53 —/—group (n=8) 33338 +26.74 125+0.14 13.63 +1.41 10.18 +14.34

S Standard deviation. Differences among groups were compared by single factor analysis of variance (ANOVA) the type of post hoc test used LSD

*means compared with the CTL group P<0.05
**means compared with the CTL group P<0.01
***means compared with the CTL group P<0.007
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was significantly different (P< 0.01). *** means it was significantly different (P< 0.001). E-L Expression levels of p53 and SLC7 A11/GPX4 signaling
pathway in placental tissues of PE rats with different expression levels of p53. E p53 and SLC7 A11/GPX4 signal pathway mRNA expression levels

in placental tissues from normal and preeclamptic pregnant rats. F-L p53 and SLC7 A11/GPX4 signal pathway protein expression levels in placental
tissues from normal and preeclamptic pregnant rats. * means expression levels of p53 and SLC7 A11/GPX4 signaling pathway were significantly
different compared with the p53 +/+ group (P < 0.05). ** means expression levels of p53 and SLC7 A11/GPX4 signaling pathway were significantly
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The intercellular space was acceptable. The nucleus (N)
was approximately oval and partially depressed, the
nuclear membrane was clear, the perinuclear space was
slightly widened (black arrows), and the chromatin was

evenly distributed. The mitochondria (M) were moder-
ate in number, small in volume, without obvious swell-
ing, with an intact membrane and a deep matrix density.
The rough endoplasmic reticulum (RER) was dilated,
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degranulated, and vacuolated. These findings indicate
that the ferroptosis levels of trophoblast cells in PE model
rats with different p53 expression levels are different.

Further exploration revealed that the p53 protein
expression levels in the placental tissue of the p53 +/+
group, the p53 —/— group, the PE group, and the CTL
group were negatively correlated with the protein expres-
sion levels of the SLC7 A11/GPX4 signaling pathway
and positively correlated with the MDA and total iron
concentrations. In summary, p53 can regulate the SLC7
A11/GPX4 signaling pathway to promote trophoblast
ferroptosis and participate in the pathogenesis of PE (see
Table 4 and Fig. 6E-H).

Increased p53 reactivity may mediate PE placental
angiogenesis disorder

To explore the specific mechanism by which p53 regu-
lates the SLC7 A11/GPX4 signaling pathway to promote
ferroptosis in trophoblast cells and participate in the
pathogenesis of PE, we detected the expression of fac-
tors related to angiogenesis in pregnant placental tis-
sues. Figure 7A shows that the protein expression level of
VEGEFRI in the placental tissue of pregnant women in the
PE group was greater than that in the CTL group, while
the protein expression levels of VEGFA and PLGF were
lower in the PE group than in the CTL group.

Table 5 and Fig. 7B—G show that the protein expression
levels of p53 in the placental tissues of pregnant women
in the PE and CTL groups were positively correlated
with VEGFR1 and negatively correlated with VEGFA and
PLGE, suggesting that p53 may mediate the SLC7 A11/
GPX4 signaling pathway to regulate trophoblast ferrop-
tosis, leading to angiogenesis disorders in placental tissue
and participating in the pathogenesis of PE.

To explore whether different p53 expression levels
affect the level of angiogenesis in vitro, HUVECs were
cocultured with the p53 inducer or inhibitor for 24 h. Fig-
ure 7H-K shows that the level of angiogenesis in the p53
+/+ group was lower than that in the p53 —/— group and
the CTL group, and there was no significant difference in
the level of angiogenesis between the p53 —/— group and

(See figure on next page.)
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the CTL group. It has been confirmed that increased p53
expression can mediate angiogenesis disorders.

WB and IHC were used to detect the expression lev-
els of the angiogenesis marker CD34 in placental tissues
from PE model rats with different p53 expression levels.
Figure 7L—R shows that the protein expression levels of
CD34 and the percentage of CD34-positive cells in the
p53 +/+ group were lower than those in the p53 —/—
group and the PE group. The expression levels of CD34
protein and the percentage of CD34-positive cells in the
p53 —/— group were greater than those in the p53 +/+
group and the PE group.

To explore the correlation between the expression lev-
els of p53 protein in the placentas of PE model rats with
different p53 expression levels and the expression lev-
els of angiogenesis-related factors. Figure 7S—V shows
that the protein expression levels of p53 in the placen-
tas of pregnant rats in the p53 +/+, p53 —/—, PE, and
CTL groups were negatively correlated with the protein
expression level of CD34. It has also been confirmed that
p53 overexpression may mediate angiogenesis disorders
in placental tissue. Taken together, these results indi-
cate that p53 can mediate the SLC7 A11/GPX4 signaling
pathway to regulate trophoblast ferroptosis, which may
lead to placental tissue angiogenesis disorders and par-
ticipate in the pathogenesis of PE.

Discussion

Preeclampsia is a pregnancy syndrome characterized by
high blood pressure and proteinuria after 20 weeks of
gestation [20]. Recent studies have shown that all stages
of PE involve incomplete spiral artery transformation
and impaired placental development [21], resulting in
placental hypoperfusion, ischemia, and hypoxia; trigger-
ing inflammation during abnormal placental formation;
promoting ROS release in the cell membrane, endoplas-
mic reticulum, and mitochondria; and damaging proteins
and DNA [22, 23]. Abnormal placental formation associ-
ated with inadequate invasion of the placenta, vascular
remodeling disorders, and impaired microcirculation in
PE is associated with a variety of types of programmed

Fig. 6 Expression levels of ferroptosis markers in placental tissues of PE rats with different expression levels of p53. A Concentrations of MDA

in placental tissues of PE rats with different expression levels of p53. *** means concentrations of MDA were significantly different (P< 0.001). B Total
iron concentrations in placental tissues of PE rats with different expression levels of p53. *** means concentrations of total iron were significantly
different (P< 0.001). Differences among groups were compared by single-factor analysis of variance (ANOVA), the type of post hoc test used

LSD. C,D Morphological observation of placental trophoblasts in PE rats with different expression levels of p53. C The p53 +/+ group, D the p53

—/— group. The phenomenon of ferroptosis in the p53 +/+ group was more serious than that in the p53 —/— group. E-H Analyzed the correlation
between p53 protein expression and SLC7 A11/GPX4 signaling pathway protein expression, MDA, and total iron concentrations in PE rats

with different expression levels of p53. E1,E2,F1,F2,G1,G2,H1,H2 The expression level of p53 protein was positively correlated with the concentrations
of MDA and total iron. E3,E4,F3,F4,G3,G4,H3,H4 The expression level of p53 protein was negatively correlated with the expression levels of the SLC7

A11/GPX4 signaling pathway protein
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Table 4 Analyzed the correlation between p53 protein
expression and SLC7 A11/GPX4 signaling pathway protein
expression, MDA, and total iron concentration in PE rats with
different expression levels of p53 (r value)

Group (n=8) MDA Total iron SLC7 A11 GPX4
P53 +/+ 0.804" 0822 -0858" —-0.987"
p53 —/— 0952 0952 -0723" -0962™"
PE 0.883" 0.894" -0986"" -0731"
CTL 0.767" 0934 -0.890" -0.828"

MDA Malondialdehyde, SLC7 A11 Solute carrier family 7, member 11, GPX4
Glutathione peroxidase 4

" compared with the p53 protein expression level P<0.05.
** compared with the p53 protein expression level P<0.07.

** compared with the p53 protein expression level P<0.001.

cell death, which is considered to be the key mechanism
of PE pathogenesis [4]. Zhang et al. found that upregu-
lated miR-30b-5p in the PE rat model could inhibit the
expression of SLC7 A1l and FPN1, resulting in decreased
GSH and increased unstable Fe?*, which played a key
role in trophoblast ferroptosis. Inhibition of miR-30b-5p
expression and supplementation with ferroptosis inhibi-
tor can alleviate the symptoms of PE in this rat model,
making miR-30b-5p a potential therapeutic target for
PE [24]. Our previous study found that Nox2 may trig-
ger ferroptosis in trophoblast cells through STAT3/GPX4
pathway, subsequently leading to regulation of mitochon-
drial respiration, transition of glycolysis, and inhibition
of placental angiogenesis. Therefore, targeted inhibition
of Nox2 is expected to become a new therapeutic target
for PE [25], and it is found that DJ-1 can mediate tropho-
blast ferroptosis by regulating the Nrf2/GPX4 signaling
pathway and play a protective role in the pathogenesis of
PE [26]. This study revealed that p53 could mediate the
SLC7 A11/GPX4 signaling pathway to promote ferrop-
tosis of trophoblast cells in the pathogenesis of PE. It is

(See figure on next page.)
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also speculated that increased p53 reactivity may medi-
ate impaired angiogenesis in placental tissues. Therefore,
targeted inhibition of p53 is expected to become a new
therapeutic target for PE.

Ferroptosis, a newly identified type of regulatory
non-apoptotic cell death induced by metabolic stress,
is caused by iron-dependent cystine depletion and
excessive production of ROS, especially lipide peroxide
(LPO) [27]. Plasma membrane phospholipid peroxida-
tion and lipid ROS accumulation mediated by different
pathways are the key factors that induce ferroptosis in
cells [28] and are also the basis for mediating the com-
plex pathogenesis of PE. The ferroptosis-associated
environment is associated with placental physiology
and trophoblast damage. These environments include
ischemia-hypoxia-reperfusion during placental devel-
opment, pathological changes in physiological uterine
contractions or superficial placental perfusion, tropho-
blastic iron enrichment, evidence of lipotoxicity during
the pathophysiology of major placenta-related diseases
such as PE, fetal growth restriction, and preterm birth,
and decreased GSH redox capacity and lipid peroxida-
tion repair capacity during placental injury [29]. In this
study, by detecting the ROS concentration in tropho-
blast cells co-cultured with the ferroptosis inducer
erastin, ferroptosis inhibitor ferrostatin-1 (Fer-1),
apoptosis inhibitor Z-VAD-FMK and necrosis inhibi-
tor necrostatin-1 (Nec-1) and the concentrations of
ferroptosis markers in the placental tissue of pregnant
women with PE and pregnant rats, we confirmed that
trophoblast cells are specifically sensitive to ferropto-
sis and that ferroptosis occurs in the pathological state
of PE. However, due to the differences in the duration
and severity of preeclampsia, the data of total placen-
tal iron concentration in the preeclampsia group were
relatively wide. In the process of specimen collection
in subsequent experiments, attention should be paid

Fig. 7 p53 reactive increase may mediate PE placental angiogenesis disorder. A Expression levels of angiogenesis related factors in placental
tissues. *** means compared with the CTL group, angiogenesis related factors were significantly different in the PE group (P < 0.001). Comparison
between two groups was conducted by the independent sample t-test. B-G Analyzed correlation between p53 protein expression levels

and the protein expression levels of angiogenesis-related factors in placenta tissues of the two groups. B,D,F The expression levels of p53 protein
in the PE group were positively correlated with the expression levels of VEGFR1 protein (P< 0.001), and negatively correlated with the expression
levels of VEGFA (P= 0.003) and PLGF protein (P= 0.020). C,E,G The expression levels of p53 protein in the CTL group were positively correlated

with the expression levels of VEGFR1 protein (P= 0.009), and negatively correlated with the expression levels of VEGFA (P< 0.001) and PLGF protein
(P<0.001). H-K Effect of different expression levels of p53 on angiogenesis. H The p53 +/+ group. | The p53 —/— group. J The CTL group. * means
the capacities of angiogenesis significantly different (P < 0.05) (biological replicates number: 4). L-R CD34 protein expression levels in placental
tissues from PE rats with different expression levels of p53. * means expression levels of CD34 protein were significantly different compared

with the p53 +/+ group (P < 0.05). *** means expression levels of CD34 protein were significantly different compared with the p53 +/+ group (P <
0.001). Differences among groups were compared by single-factor analysis of variance (ANOVA), the type of post hoc test used LSD. S-V Analyzed
the correlation between p53 protein expression levels and angiogenesis-related factors protein expression levels in placenta of PE rats with different
expression levels of p53. S the p53 +/+ group, T the p53 —/— group, U the PE group, V the CTL group
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Table 5 Analyzed correlation between p53 protein expression
and angiogenesis-related factors protein expression in placenta
tissues of the two groups (r value)

Group VEGFR1 VEGFA PLGF
PE group (n= 30) 0696 -0526" —-0423"
CTL group (n=30) 0467 -0621" —0600""

VEGFR1 Vascular endothelial growth factor receptor 1, VEGFA Vascular
endothelial growth factor A, PLGF Placental growth factor

" compared with the p53 group P<0.05
** compared with the p53 group P<0.01
" compared with the p53 group P<0.001

to the subdivision of preeclampsia group into early-
onset preeclampsia group and late-onset preeclampsia
group. Yang et al. reported that there are 20 different
ferroptosis-related gene (FRG) subtypes in early-onset
preeclampsia (EOPE) and that there are only three FRG
subtypes in late-onset preeclampsia (LOPE). Functional
enrichment analysis revealed that the differentially
expressed FRGs were involved mainly in the pathogen-
esis of EOPE and were enriched in pathways related
to hypoxia and iron metabolism, such as response
to hypoxia, regulation of iron homeostasis, and iron
ion binding. Protein—protein interaction (PPI) net-
work analysis and qRT-PCR were used to validate the
results, which confirmed that ferritin heavy 1 (FTH1),
HIF-1a, ferritin 1 (FT1), mitogen-activated protein
kinase 8 (MAPKS), and lipid drop-coated protein 2
(PLIN2) were five FRGs, indicating that ferroptosis may
be involved in the pathogenesis of PE, especially EOPE
[30]. By establishing a PE rat model, Zhang et al. found
that compared with those in the control group, the con-
centrations of MDA and total Fe?* in the placental tis-
sues of the PE group increased, while the GSH content
and GPX activity decreased [24], suggesting the occur-
rence of trophoblast cells ferroptosis in the pathological
state of PE, which was consistent with the results of this
study.

High mutation of TP53 in cancer cells can abolish
the function of typical wild-type p53 to promote can-
cer development, including by mediating cancer cell
proliferation, migration, invasion, initiation, metabolic
reprogramming, angiogenesis, and drug resistance
[31]. Ferroptosis is a newly discovered form of regula-
tory cell death. Unlike apoptosis or necrosis, ferropto-
sis is independent of caspase and receptor interacting
protein kinase 1 (RIPK1) activity. Iron-dependent lipid
peroxidation mediates cell death [32]. p53 can be
recruited to the promoter region of SLC7 A1l to block
transcription. SLC7 All encodes a component of the
cysteine/glutamate antiporter (system Xc-) complex,
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which is responsible for transporting cysteine, the
material for GSH synthesis, into the cell through the
heterodimerization of SLC-3 A2 and —7A11 disulfide
bonds. Upregulation of p53 can reduce system Xc-
activity and GSH production and induce ROS and lipid
ROS accumulation to mediate ferroptosis [33]. In this
study, trophoblast cells with different p53 expression
levels were generated, and the correlations between p53
protein expression levels and SLC7 A11/GPX4 signal-
ing pathway and ferroptosis marker concentrations
were analyzed. p53 was confirmed to regulate the SLC7
A11/GPX4 signaling pathway to promote ferroptosis in
trophoblast cells. p53 can mediate ferroptosis in differ-
ent tissues and cells. Guan et al. reported that Tan IIA
could upregulate the expression of p53 and inhibit the
activity of its target gene SLC7 All in BGC-823 and
NCI-H87 gastric cancer cells at the mRNA and protein
levels, reduce intracellular cysteine and GSH levels,
and increase ROS levels. Moreover, p53 gene knock-
out or the ferroptosis inhibitor Fer-1 can alleviate Tan
IIA-induced lipid peroxidation and ferroptosis, indi-
cating that Tan IIA can inhibit gastric cancer prolifera-
tion by regulating p53-SLC7 A1l to mediate ferroptosis
[34]. Ma et al. established a myocardial ischemia—rep-
erfusion (MI/R) injury model in rats by ligating the
left anterior descending coronary artery. They found
that the expression levels of p53 increased after 3 h of
perfusion and further increased after 24 h of perfu-
sion. Moreover, ROS generation, lipid peroxidation,
and Fe’™ accumulation increased, while the inhibition
of p53 expression had the opposite effect, indicating
that p53 could induce ferroptosis in cardiomyocytes
by promoting iron accumulation. WB and chromatin
immunoprecipitation (ChIP) analyses revealed that
p53 overexpression can target and negatively regulate
biological activity by binding to the SLC7 All pro-
moter [35], indicating that p53 can mediate ferroptosis
through multiple pathways at the same time. The role
of p53 in regulating ferroptosis varies with the environ-
ment and cell type.

The transcription factor p53 plays a gatekeeper role in
regulating the expression of numerous genes to main-
tain normal cell function. An increase in p53 plays a
regulatory role by inhibiting angiogenesis, promot-
ing programmed cell death, regulating metabolism, and
arresting the cell cycle [36]. As a major transcription fac-
tor, the p53 protein is present at very low concentrations
in normal cells. When cells are subjected to stress or
injury, MDM2 activates p53 through proteasome ubiq-
uitination, inhibits cell proliferation, or mediates apopto-
sis. Studies have shown that hypoxia and OS during PE
pregnancy can stimulate p53 expression, induce tropho-
blast apoptosis, and inhibit endothelial cell proliferation,
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leading to cell apoptosis and excessive autophagy at the
level of multiple cell dysfunctions [37]. In this study, we
detected the expression levels of angiogenic factors in the
placental tissues of pregnant women and pregnant rats,
analyzed the correlations between p53 protein expression
levels and angiogenic factors, and explored whether the
expression levels of p53 and the SLC7 A11/GPX4 sign-
aling pathway affect angiogenesis in vitro. It is specu-
lated that increased p53 reactivity may mediate impaired
angiogenesis in placental tissues. Lee et al. reported that
upregulated transglutaminase 2 (TGase 2) in renal cell
carcinoma (RCC) increased HIF-1la and VEGF levels
and promoted angiogenesis by inducing p53 degrada-
tion. Inhibition of TGase 2 reversed RCC angiogenesis
[38]. Chen et al. reported that extracellular vehicles (EVs)
derived from fibroblast-like synoviocytes (FLSs) in rheu-
matoid arthritis (RA) can promote endothelial cell (EC)
angiogenesis by targeting the p53/mTOR signaling path-
way through miR-1972 [39]. In vitro and in vivo studies
have confirmed that p53 can induce miR-1249 to inhibit
colorectal cancer (CRC) growth, metastasis, and angio-
genesis by targeting VEGFA and HMGA?2 [40], indicat-
ing that the tumor suppressor p53 activates downstream
genes via transcription under stress conditions. In turn, it
regulated biological reactions such as the cell cycle, DNA
repair, metabolism, angiogenesis, and apoptosis, which
was consistent with the results of this study. In the future,
it will be necessary to further explore the correlation
between ferroptosis markers and angiopoiesis-related
factors and to explore the functional changes in tropho-
blast cells with different p53 expression levels to clarify
the specific mechanism by which p53 regulates the SLC7
A11/GPX4 signaling pathway to promote ferroptosis in
trophoblast cells during the pathogenesis of PE.

Conclusions

In conclusion, the p53-SLC7 A11/GPX4 system is not
only a key mechanism for preventing ferroptosis but also
closely related to the pathogenesis of preeclampsia. That
is, p53 overexpression inhibited SLC7 A1l activity, and
system Xc- synthesis and cysteine transport deficiency
mediated OS and lipid ROS accumulation in trophoblast
cells. Ferroptosis causes insufficient trophoblast infil-
tration and poor remodeling or disorder of the uterine
spiral artery, which are involved in the occurrence and
development of PE. Targeted p53 inhibition can allevi-
ate lipid peroxidation and placental ferroptosis, while
promoting angiogenesis. Further study is needed to elu-
cidate the mechanisms and signaling pathways involved
in ferroptosis and to gain a deeper understanding of the
role of p53-mediated ferroptosis in trophoblast cells in
the pathogenesis of PE. This knowledge will provide new
insights for basic research and clinical practice on PE
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with appropriate iron supplementation and tight lipid
control, and may lead to novel therapeutic strategies.

Methods

Participant recruitment

Studies have shown that the incidence of preeclampsia in
the Chinese population is about 4%. The confidence (2)
was set at 1.96, the significance (a) was set at 0.05, the
incidence rate (p) was set at 0.04, according to the for-
mula n= [Z>XpX (1 —p)]/a?, and the minimum sample
size calculated was 59. We enrolled 60 pregnant women
who underwent regular obstetric check-ups and who
delivered at the Obstetrics Department of Fujian Mater-
nity and Child Health Hospital between September
2022 and December 2023. The participants were divided
into two groups: the case group (PE group), consist-
ing of 30 pregnant women with preeclampsia, and the
control group (CTL), comprising 30 pregnant women
without pregnancy complications. The diagnostic cri-
teria for preeclampsia were based on the ninth edition
of Obstetrics and Gynecology published by the People’s
Health Publishing House [19]. All participants delivered
via cesarean section, with those in the PE group under-
going the procedure due to surgical indications. The
CTL group had cesarean sections for reasons such as a
previous cesarean section, abnormal birth canal, abnor-
mal fetal position, or social factors. Patients with other
pregnancies or medical or surgical complications were
excluded from the study. Both groups of pregnant women
did not have any specific lifestyle habits, such as smoking
or alcohol consumption. Informed consent was obtained
from all participants through signed consent forms. The
experimental procedures were conducted following ethi-
cal standards set by local and national human research
committees and the principles of the Declaration of
Helsinki. Approval for the study protocols was granted
by the Ethics Committee of Fujian Maternity and Child
Health Hospital (Reference: 2021 KLRD09007) following
a review that ensured compliance with relevant regula-
tions, including the “Measures for Ethical Review of Bio-
medical Research Involving Humans” by the National
Health Commission and the Declaration of Helsinki.

Placental sample acquisition

Human placental tissue was collected during cesarean
section. Once the placenta had been delivered, we imme-
diately removed a portion of placental villous tissue (1.0
cm?®) from the root of the umbilical cord. We ensured
that this procedure was carried out under aseptic condi-
tions and made sure that tissue was only removed from
areas on the placenta that did not show bleeding, infarc-
tion, or calcification.
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Generation of trophoblast cells with different p53
expression levels

The BeWo cells, HTR-8/SVneo cells, and HUVEC used
in this study were purchased from Wuhan Punosai Life
Technology Co., Ltd and cultured at 37°C in a 5% CO,
cell incubator (Thermo Fisher Scientific). The complete
medium was prepared as follows: 80-90% Ham’s F-12
K medium (Wuhan Punosai Life Technology Co., Ltd)
+10-20% common fetal bovine serum (NEWZERUM)
+1% double antibody (penicillin/streptomycin) solu-
tion (Dalian Meilun Biotechnology Co., Ltd). 80-90%
RPMI (1640) basic medium (Dalian Meilun Biotechnol-
ogy Co., Ltd) +10-20% common fetal bovine serum
(NEWZERUM) +1% double antibody (penicillin/strep-
tomycin) solution (Dalian Meilun Biotechnology Co.,
Ltd); 500 mL ECM basal medium (ScienCell) +25 mL
fetal bovine serum (ScienCell) +5 mL endothelial growth
factor (ScienCell) +5 mL double antibody (penicillin/
streptomycin) solution (ScienCell). Trophoblast cells
with different p53 expression levels were constructed as
follows:

+ p53 overexpression group (p53 +/+): Trophoblast
cells were co-cultured with the p53 inducer Nutlin-3
for 72 h.

+ p53 inhibition group (p53 —/—): Trophoblast cells
were co-cultured with the p53 inhibitor MG-132 for
48 h.

+ Control group (CTL): Trophoblast cells were co-cul-
tured with DMSO (dimethyl sulfoxide) for 72 h.

Generation of PE rat models with different p53 expression
levels

Female and male Sprague—Dawley rats aged 6—8 weeks
and weighing 180 ~200 g without a mating history were
randomized into four groups of eight rats in each group
as follows: (1) p53-overexpressing (p53 +/+) group:
before pregnancy, 40 mg/kg of the p53 inducer Nutlin-3
was intraperitoneally injected every 2 days for 14 con-
secutive days, and 125 mg/kg/day L-NAME was intra-
peritoneally injected on the 7th day of pregnancy for 7
consecutive days. (2) The inhibition of p53 expression
(p53 —/—) group: before pregnancy, the p53 inhibitor
MG-132 (10 ug/kg per day) was intraperitoneally injected
for 14 consecutive days, and L-NAME (125 mg/kg/day)
was intraperitoneally injected for 7 consecutive days
on the 7th day of pregnancy; (3) The normal pregnant
mouse (CTL) group: before pregnancy, 5 mL of saline
was injected intraperitoneally every day for 14 consecu-
tive days, and from the 7th day of pregnancy, 1 mL of
normal saline was injected intraperitoneally every day
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for 7 consecutive days; (4) The preeclampsia pregnant
mouse (PE) group: before pregnancy, 5 mL of saline was
intraperitoneally injected daily for 14 consecutive days,
and 125 mg/kg/day of L-NAME was injected intraperi-
toneally every day since the 7th day of pregnancy for 7
consecutive days.

Female and male rats were adaptively fed for 1 week.
During estrus, male and female rats were fed in the same
cage at a ratio of 1:1 so that the date of the discovery of
vaginal suppositories or sperm found in vaginal discharge
was set as the first day of pregnancy. Random urine sam-
ples were collected on the 6th and 19 th days of gesta-
tion, blood pressure was measured, and placental tissue
was collected on the 20 th day of gestation. After inha-
lation anesthesia with isoflurane was administered to
pregnant rats at 20 th day of gestation, cesarean section
was performed to remove the placental tissue and then
suture the incision. Approval for the study protocols was
granted by the Ethics Committee of Fujian Maternity and
Child Health Hospital (Reference: 2021 KLRD09007).

Blood pressure measurement in rats

The blood pressure of the rats was measured by a non-
invasive tail artery sphygmomanometer (intelligent
noninvasive sphygmomanometer, Beijing Soft Long Bio-
technology Co., Ltd.). The pressure sensor was placed on
the tail root of the rat, and after the pulse was stable, the
start/stop key was pressed to start the measurement. The
systolic blood pressure measured by the blood pressure
meter should be recorded more than 6 times for each rat
(valid data: the average difference between the three con-
secutive systolic blood pressures in the quiet state of the
rat should be the least, and the difference between the
three results should be less than 10 mmHg). The mean
value was calculated as the systolic blood pressure of the
rat on that day, and the whole process was completed
within 10 min.

Detection of the urinary protein concentration

The 24-h urinary protein concentration of the rats was
measured by the CBB method. The reaction mixture was
prepared according to Table 6, and the mixture was thor-
oughly mixed and incubated for 5 min. After the amount

Table 6 Urinary protein detection reaction system

Blank tube (mL) Standard Measured
tube (mL)  tube (mL)
Double distilled water 0.05
563 mg/L protein stand- 0.05
ard solution
Sample 0.05
CBB reagent 30 3.0 3.0
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of double distilled water was adjusted to zero, the absorb-
ance of each tube was measured at a wavelength of 595
nm and a light diameter of 1 cm. The following formula
was used: urinary protein concentration (mg/L) = (meas-
ured OD value —blank OD value)/(standard OD value
—blank OD value) X standard concentration (563 mg/L).

Detection ROS concentrations in trophoblast cells

The final concentration of DCFH-DA was 10 puM, and
the solution was diluted with serum-free medium at
1:1000. The positive control was diluted with serum-free
medium at 1:1000 (Rosup, 50 mg/mL) and then added
to the cells. DCFH-DA working solution was added, and
the cells were incubated at 37 °C for 20 ~ 30 min under
light protection. The cells were washed with serum-free
medium 3 times to fully remove the DCFH-DA that did
not enter the cells. The fluorescence intensity before and
after stimulation was detected by flow cytometry (BD
LSRFortessa ') at an excitation wavelength of 488 nm and
an emission wavelength of 525 nm. The concentration of
ROS in trophoblast cells is expressed as the mean value
of the FITC-A channel.

Determination of the concentration of MDA in placental
tissue

The samples were prepared as follows: PBS buffer =1:10
homogenate lysate placental tissue. The supernatant was
collected after centrifugation at 10,000 rpm for 15 min at
4 °C. The MDA probe was fully dissolved in 5 mL of 95
°C ultrapure water and mixed with 5 mL of glacial ace-
tic acid to prepare the MDA probe working solution.
According to the number of measured samples (includ-
ing standard products), the MDA working solution was
prepared following Table 7.

A PBS buffer gradient dilution of the MDA standard
(200 pM) was used for data analysis via the standard
curve method. According to Table 8, the samples were
thoroughly mixed with the MDA detection working solu-
tion and incubated at 95 °C for 40 min.

After being incubated in an ice bath for 5 min, the
mixture was centrifuged at 10,000 rpm for 10 min, after
which 200 uL of the supernatant was added to a 96-well
plate. The absorbance at 532 nm was detected by a BioTek
Epoch. The standard curve was drawn according to the
gradient dilution standard group-blank group value data:

Table 7 MDA detected working solution

Elements 1sample 10samples 50 samples
MDA detected buffers 200 pL 2000 pL 10 mL
MDA probe working solution 200 uL 2000 pL 10 mL
Antioxidant agent 4uL 40 uL 200 uL
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Table 8 MDA working solution

Standard Blank tube (uL) Sample

tube (pL) tube

(pL)

MDA standard 20
PBS or H,O 20
Sample 20
MDA detected work- 400 400 400

ing solution

Y=aX+b (Y is the standard group value —blank group
value; X is the MDA concentration of the standard sub-
stance; a is the slope of the standard curve; b is the inter-
cept of the standard curve); Unit sample MDA (umol/
gprot) =[(sample group value —blank group value)
—b]/ax sample dilution ratio/sample protein concentra-
tion (gprot/L).

Determination of the concentration of total iron

in placental tissue

Before testing, the reagents in the kit were equilibrated to
room temperature. Twenty pl of 10 mmol/L iron stand-
ard solution and 1980 pL of double steaming water were
mixed evenly. Fresh tissue (0.1 g) was added to 0.9 mL of
buffer for homogenization and centrifuged at 10,000 rpm
for 10 min, after which the supernatant was collected.
Before the formal test, 2 to 3 samples with large expected
differences were diluted to different concentrations for
the pretest. According to the pretest results, the dilution
was carried out in combination with the linear range of
the kit (0.4 ~ 50 umol/L).

Then, 300 pL of the standard solution was added to
the corresponding 1.5-mL EP tube as the standard tube.
Then, 300 pL of the sample was added to the correspond-
ing 1.5-mL EP tube as the sample tube. Then, 150 pL of
chromogenic solution was added and incubated at 37
°C for 40 min. After centrifugation at 12,000 rpm for 10
min, 300 pL of the supernatant was added to each cor-
responding well of the enzyme label plate, and the OD of
each well was measured at 593 nm with a BioTek Epoch.
Standard fitting curve: y=ax+b; y: standard solution
OD value —blank OD value (OD value when stand-
ard solution concentration is 0); a: slope of the mark; x:
concentration of standard solution; b: intercept of the
mark; Tissue total iron content (umol/kg wet weight)
=(AA-Db)/axfl(m/V); /\A: the absolute OD value of
the sample (OD value of the determination hole —OD
value of the control hole); b: intercept of the mark; a:
slope of the mark; f dilution ratio of the sample before
adding to the test system; m: sample homogenate quality
(g); V: amount of sample homogenate added (mL).
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Morphological observation of trophoblast cells

in placental tissue

Fresh placental tissue (no more than 1 mm X1 mm X1
mm) was fixed in electron microscope fixative solution
at 4 C for 2~ 4 h and then rinsed with 0.1 M phosphate
buffer (pH 7.4) 3 times for 15 min each. After the addition
of 1% osmic acid - 0.1 M phosphate buffer, PB (pH 7.4)
was fixed at room temperature (20°C) for 2 h and then
rinsed with 0.1 M phosphate buffer PB (pH 7.4) 3 times
for 15 min each. The samples were dehydrated in 50%—
70%-80%—90%—-95%—-100%—-100% alcohol-100%-100%
acetone for 15 min each. The samples were transferred
to acetone:812 embedding agent =1:1 for 2~ 4 h, ace-
tone:812 embedding agent =1:2 overnight, and pure
812 embedding agent =5 ~8 h. Pure 812 embedding
agent was poured into the embedding plate, which was
then placed in an oven at 37 ‘C overnight. The samples
were polymerized in an oven at 60 °C for 48 h. Ultrathin
Sects. (60 ~80 nm) were then prepared using a Leica
UC?7 ultrathin microtome. Sections were double stained
with uranium lead (2% uranium acetate saturated alco-
hol solution and lead citrate for 15 min each) and dried
overnight at room temperature. Images were acquired
and analyzed using a transmission electron microscope
(HT7700; HITACHI).

Quantitative real-time PCR (qRT-PCR)

The 50 mg sample was fully ground, mixed with 1 mL
of TRIzol and left for 5 min. Then, 200 pL of chloro-
form was added, and the mixture was shaken for 15 s.
The mixture was left for 5 min and centrifuged at 12,000
rpm at 4°C for 15 min. Then, 500 pL of the supernatant
was removed, 500 pL of isopropyl alcohol was added
(supernatant:isopropyl alcohol =1:1), the mixture was
allowed to stand for 5 min, and the mixture was cen-
trifuged at 12,000 rpm at 4°C for 10 min. The superna-
tant was discarded, 600 pL of 75% ethanol (anhydrous
ethanol:DEPC-treated water =3:1) was added, the pre-
cipitate was oscillated, and the precipitate was washed
and centrifuged at 12,000 rpm at 4°C for 5 min (this
process was repeated 3 times). The supernatant was
discarded, and the total RNA was dissolved in 30 pL of

Table 9 Reverse transcriptional reaction solution
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DEPC-treated water. The concentration and purity of
the RNA were determined with a Thermo Scientific
spectrophotometer.

The reverse transcription kit used in this study was
purchased from TaKaRa’s TB Green® Premix Ex Taq""
(Tli RNaseH Plus). According to the reaction system of
SYBR® Green analysis, 500 ng of total RNA was needed,
and the required RNA volume was calculated as VRNA
=500/Cyya (HL). Total RNA was used as a template, and
the reverse transcription reaction solution was prepared
on ice according to Table 9. The solution was centrifuged
and mixed on a thermal cycler at (1) 37°C for 15 min, (2)
85°C for 15 s, and (3) 4°C for reverse transcription.

The primers used in this study were synthesized by
Fuzhou Shangya Biological Co., Ltd (Table 10). The PCR
kit used in this study was purchased from the Prime-
ScriptTM RT Reagent Kit (Perfect Real Time) of TaKaRa
Company in Japan. The PCR solution was prepared on
ice according to Table 11.

The solution was centrifuged and then placed on a
Quant Studio 3 fluorescence quantitative PCR instru-
ment. The reaction conditions were as follows: (1) 95°C
for 30 s; (2) 95°C for 5 s; 60°C for 34 s for 40 cycles; (3)
95C for 15 s; 60°C for 1 min; and 95°C for 15 s. The
mRNA level of GAPDH was used as the control, and the
relative mRNA expression was calculated as 2 AACT
[A/CT =experimental group (objective CT-internal
reference CT) — control group (objective CT-internal ref-
erence CT)].

Table 10 Primer information

Target gene Primer sequence

GAPDH F: 5'-ACGGCAAGTTCAACGGCACAG-3'

R: 5'-GAAGACGCCAGTAGACTCCACGAC-3'
p53 F: 5'-CAGCACATGACGGAGGTTGT-3'

R: 5'-TCTCCAAATACTCCACAGC-3'
SLC7 A1 F: 5'-CCTGTTTGTCCACCATTC-3"

R: 5'-GATGAA GATTCCTCTCCAATGA-3'
GPX4 F: 5-GAGGCAAACGGAAGTAAACTAC-3'

R: 5'-CCG AACTGGTTACACGGGAA-3'

Table 11 PCR reaction solution

Reagent Amount (pL) Reagent Amount (uL)
5 X PrimeScript Buffer 4 SYBR Premix Ex Taq 30.0
PrimeScript RT Enzyme Mix | 1 PCR Forward Primer (10 uM) 1.2

Oligo dT Primer (50 uM) 1 PCR Reverse Primer (10 uM) 12

Random 6 mers (100 uM) 1 cDNA 6.0

Total RNA dH,0 214

RNase Free dH,O up to 20 Total 60.0
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Western blot (WB)

One hundred milligrams of sample tissue was added to
1000 pL of freshly prepared protein lysate (RIPA lysis
buffer containing the protease inhibitor PMSF =100:1,
ice operation) for cleavage. The samples were centrifuged
at 12,000 rpm at 4°C for 10 min. A BCA protein quantita-
tive/concentration assay kit (Dalian Meilun Biotechnol-
ogy Co., Ltd.) was used to determine the concentration
of each protein sample. Then, 5X SDS protein loading
buffer was added, and the samples were incubated in a
100°C water bath for 10 min for denaturation. Then, 50 pg
of protein sample (Vprotein =50/Cprotein/0.8) and 5 pL
of protein marker were added to the lanes. After 40 min
of electrophoresis at a constant voltage of 80 V, the volt-
age was adjusted to 120 V to continue electrophoresis.
The film transfer device was installed, and the film trans-
fer conditions were set at 70 V for 90 min. After mem-
brane transfer, the PVDF membrane was shaken and
washed three times with TBST buffer for 10 min each.
Fresh 5% skim milk powder sealing solution was added,
and the membrane was slowly shaken at room tempera-
ture for 2 h. After the membrane was blocked with TBST,
the membrane was washed with TBST for 10 min, and
this process was repeated three times. The PVDF mem-
brane was placed into a container containing primary
antibody solution (Immunoway) (antibody: primary anti-
body diluent =1:1000) and incubated in a shaking bed
slowly at 4°C overnight (12 ~ 16 h). After incubation with
the primary antibody, the PVDF membrane was washed
with TBST for 10 min on a shaker, and this process was
repeated three times. The PVDF membrane was placed
into a container containing a secondary antibody solu-
tion (Immunoway) (antibody: secondary antibody diluent
=1:1000) and incubated in a shaker at room tempera-
ture for 1 h. After incubation, the PVDF membrane was
washed with TBST buffer for 10 min, and this process
was repeated three times. The developing solution was
prepared by mixing liquid A and liquid B in a hypersen-
sitive enhanced chemiluminescence (ECL) kit (Dalian
Meilun Biotechnology Co., Ltd.) at a 1:1 ratio. The PVDF
membrane was immersed in developing solution for 30 s
and then photographed with an automatic Western blot
imaging analyzer (Fluor Chem M). The gray values of the
protein bands were analyzed by Image Lab image analysis
software. The relative protein expression was calculated
as the gray value of the target protein/gray value of the
internal reference protein.

Immunohistochemistry (IHC)

The sections were sequentially washed with 15 min of
dewaxing solution I, 15 min of dewaxing solution II,
15 min of dewaxing solution III, 15 min of anhydrous
ethanol I, 5 min of anhydrous ethanol II, 5 min of 85%
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alcohol, 5 min of 75% alcohol, and 5 min of distilled
water. The sections were placed in citric acid antigen
repair buffer (pH 6.0) in a repair box for antigen repair
in a microwave oven, heated for 8 min to boiling, allowed
to cool for 8 min to warm and then returned to medium
and then to low heat for 7 min. After natural cooling, the
sections were placed in PBS (pH 7.4) buffer on a shaker
and washed 3 times for 5 min each. The sections were
incubated in 3% hydrogen peroxide solution at room
temperature for 25 min and then washed. The tissue was
uniformly covered with 3% BSA and incubated at room
temperature for 30 min. Primary antibody diluent was
added to the sections, which were then placed in a wet
box at 4 °C overnight incubation before washing. The tis-
sue was covered with secondary antibody diluent, incu-
bated at room temperature for 50 min and then washed.
DAB developing solution was added to the sections,
and the color development time was controlled under a
microscope. The sections were rinsed with tap water to
terminate color development. The sections were redyed
with hematoxylin for 3 min and then washed with tap
water. After differentiation, the sections were washed
with hematoxylin differentiation solution and tap water
for a few seconds. After the sections were rinsed with
blue return water, they were rinsed with hematoxylin
blue solution. The sections were incubated in 75% alcohol
for 5 min, 85% alcohol for 5 min, anhydrous ethanol I for
5 min, anhydrous ethanol II for 5 min, and n-butanol for
5 min, followed by xylene I for 5 min, after which they
were dried and sealed with neutral gum.

Microscopy, image acquisition, and analysis

Immunofluorescence and confocal laser technology

The sections were subsequently washed in xylene I 15
min-xylene II 15 min-anhydrous ethanol I 5 min-anhy-
drous ethanol II 5 min-85% alcohol 5 min-75% alco-
hol 5 min-distilled water. The sections were placed in
EDTA antigen repair buffer (pH 8.0) and subjected to
antigen retrieval in a microwave oven. The medium was
heated for 8 min, the fire was stopped for 8 min, and the
medium was changed to low heat for 7 min. After natu-
ral cooling, the sections were placed in PBS (pH 7.4) and
shaken 3 times for 5 min each. The sections were placed
in 3% hydrogen peroxide solution, incubated for 25 min
at room temperature in the dark and then washed. The
sections were blocked with BSA for 30 min. Primary anti-
body diluent was added to the sections, which were then
incubated in a wet box at 4 °C overnight and washed. The
secondary antibody diluent was added to the sections,
which were incubated at room temperature for 50 min
and then washed. CY3-TSA was added to the sections,
which were incubated at room temperature for 10 min
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and then washed. The sections were placed in an EDTA
antigen repair buffer (pH 8.0) repair box and heated in
a microwave oven. The medium was heated for 8 min,
the temperature was stopped for 8 min and the medium
was changed to low heat for 7 min. The second pri-
mary antibody diluent was added to the sections, which
were incubated in a wet box at 4 °C overnight and then
washed. The secondary antibody diluent was added to
the sections, which were incubated at room temperature
for 50 min and then washed. The TSA was added to the
sections, which were incubated at room temperature for
10 min in the dark and then washed. The sections were
placed in an EDTA antigen repair buffer (pH 8.0) repair
box and heated in a microwave oven. The medium was
heated for 8 min, the temperature was stopped for 8 min,
and the medium was changed to low heat for 7 min. The
third primary antibody diluent was added to the section,
which was incubated in a wet box at 4 °C overnight and
then washed. Then, Cy5-labeled fluorescent secondary
antibody diluent was added to the sections, which were
incubated at room temperature for 50 min in the dark
and then washed. DAPI dye solution was added to the
sections, which were incubated at room temperature for
10 min in the dark and then washed. The autofluores-
cence quencher was added to the sections for 5 min, and
the sections were rinsed with running water for 10 min
and then washed. The sections were sealed with antifluo-
rescence quenching solution. The sections were placed
under a scanner to capture images.

ELISA

The sample was centrifuged at 5000 rpm for 5 min, after
which the supernatant was collected. The standard prod-
uct was successively diluted to 1000, 500, 250, 125, 62.5,
31.2, 15.6, and 0 pg/mL. Solution A and solution B were
diluted 1:100. The thick washing solution was diluted
30 times. After 100 pL of standard or sample solution
was added, the enzyme-labeled plate was coated and
incubated at 37°C for 2 h. The liquid in the hole was dis-
carded, 100 uL of detection solution A was added, and
the enzyme-labeled plate was incubated at 37°C for 1 h.
The liquid in the hole was discarded, and the plate was
washed 3 times with 350uL of washing liquid. The detec-
tion solution B working solution (100 puL) was added, and
the enzyme-labeled plate was incubated at 37°C for 30
min. The liquid in the well was discarded, and the plate
was washed 5 times. Next, 90 pL of TMB substrate solu-
tion was added, the plate was coated, and the color was
developed at 37°C in the dark. When the gradient of blue
was obvious in the first 3 to 4 holes of the standard hole,
the gradient of the last 3 to 4 holes was not obvious, and
the process could be terminated. Then, 50 uL of termi-
nation solution was added to terminate the reaction. The
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optical density of each well was immediately measured
with a BioTek Epoch at a wavelength of 450 nm.

Angiogenesis test

The matrix glue was melted overnight, and the 200
puL pipette head and 48-well plate were precooled in
advance. Then, 150 pL of matrix glue was added to the
48-well plate and incubated in a cell incubator at 37°C for
30 min. The HUVEC suspension was prepared at a den-
sity of 1 x 10°/mL. According to the groups, 500 uL of cell
suspension was added to each of the coated plates and
incubated at 37°C for 3 ~ 4 h. After incubation, endothe-
lial cell canalization was observed under an inverted
microscope (Nikon), and angiogenesis was quantified in
3 random fields to analyze the relevant data.

Statistical analysis

All the data were statistically analyzed with the SPSS 26.0
software package. The measurement data are expressed
as the mean + standard deviation (SD). One-way analysis
of variance (ANOVA) and the least significant difference
(LSD) test were used to compare the differences among
multiple groups. The independent samples ¢-test was
used to compare two groups. When the test level was a=
0.05, P<0.05 was considered to indicate a statistically sig-
nificant difference.
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