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Abstract: The abnormal implantation of the trophoblast during the first trimester of pregnancy
precedes the appearance of the clinical manifestations of preeclampsia (PE), which is a hypertensive
disorder of pregnancy. In a previous study, which was carried out in a murine model of PE that
was induced by NG-nitro-L-arginine methyl ester (L-NAME), we observed that the intravenous
administration of fibroblast growth factor 2 (FGF2) had a hypotensive effect, improved the placental
weight gain and attenuated the fetal growth restriction, and the morphological findings that were
induced by L-NAME in the evaluated tissues were less severe. In this study, we aimed to determine
the effect of FGF2 administration on the placental gene expression of the vascular endothelial growth
factor (VEGFA), VEGF receptor 2 (VEGFR2), placental growth factor, endoglin (ENG), superoxide
dismutase 1 (SOD1), catalase (CAT), thioredoxin (TXN), tumor protein P53 (P53), BCL2 apoptosis
regulator, Fas cell surface death receptor (FAS), and caspase 3, in a Sprague Dawley rat PE model,
which was induced by L-NAME. The gene expression was determined by a real-time polymerase
chain reaction using SYBR green. Taking the vehicle or the L-NAME group as a reference, there was
an under expression of placental VEGFA, VEGFR2, ENG, P53, FAS, SOD1, CAT, and TXN genes in the
group of L-NAME + FGF2 (p < 0.05). The administration of FGF2 in the murine PE-like model that
was induced by L-NAME reduced the effects that were generated by proteinuria and the increased BP,
as well as the response of the expression of genes that participate in angiogenesis, apoptosis, and OS.
These results have generated valuable information regarding the identification of molecular targets
for PE and provide new insights for understanding PE pathogenesis.
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1. Introduction

Preeclampsia (PE) is a hypertensive syndrome of pregnancy (≥140 mmHg systolic
or ≥90 mmHg diastolic) that occurs prior to the 20th week of gestation, which affects
approximately 2–8% of women worldwide, contributing to both maternal and perinatal
mortality and morbidity [1]. While the origin of PE has not yet been fully comprehended,
it has been associated with the poor remodeling of the spiral arteries, whereby there is
a decrease in the mean diameter of the external myometrial spiral artery [2]. Poor spiral
remodeling by extravillous trophoblasts contributes to an alteration in the blood supply to
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the placenta, with subsequent ischemic episodes and changes in the oxygen supply in the
maternal–fetal unit, triggering the wide variety of pathophysiological mechanisms that are
associated with the clinical manifestations of PE [3].

In pregnancy, one of the vital processes during normal placental development is the
formation of new blood vessel networks that enable the correct delivery of nutrients and
oxygen to tissues from the mother to the fetus [4]. This process, which is called angiogenesis,
is a complicated and well-ordered process that involves extensive signaling networks both
between and inside the endothelial cells (ECs), the mural cells (the vascular smooth muscle
cells and the pericytes), and other cell types (e.g., immune cells) [5–7]. Angiogenesis is
regulated by a wide range of different angiogenic stimulators and inhibitors, and the
normal endothelial cell turnover is the product of the correct balance between them [7].
During pregnancy, angiogenesis is promoted by vascular endothelial growth factor (VEGF)
and placental growth factor (PLGF) [4], and it is modulated by antiangiogenic growth
factors, such as soluble fms-like tyrosine kinase-1 (sFlt-1), which is a splice variant of
Flt-1, and soluble endoglin (sENG), which is a truncated form of endoglin, both of which
act as the antagonist of VEGF and PLGF and of transforming growth factor-β (TGFβ),
respectively [8]. The appearance of the clinical manifestations of PE is related to the
abnormal induction of the increased synthesis and release of sFlt-1 and sENG impairing
their cell signaling pathways through distinct but additive mechanisms [8,9] and triggering
placental oxidative stress (OS) [3]. Despite the efforts of the antioxidants, such as superoxide
dismutase (SOD) and catalase (CAT), to ensure proper vascular functioning, the presence
of placental ischemia reduces the anti-oxidative ability and enhances the OS [10]. Besides
ischemia, hypoxia is one of the most powerful triggers for the increased production of
VEGF and nitric oxide (NO), which induces both vasodilatation and angiogenesis [11].
NO is a known paracrine mediator that acts as a placental vasodilator and functions as
a modulator during the ovulation, the implantation, the maintenance of pregnancy, the
placental perfusion, the labor, and the delivery [3,12]. During the course of pregnancy, both
placental angiogenic and oxidative imbalances, and/or an alteration in the bioavailability
of NO, hinders normal pregnancy progression by disrupting the functioning of the placenta
and contributing to the pathogenesis of PE [3,8].

Previous studies have stated the importance of fibroblast growth factor type 2 (FGF2)
in the enhanced expression of VEGF [13]; furthermore, a relationship between a decreased
circulating FGF2 concentration and PE development has also been reported [14]. In a
previous study that was carried out in a Sprague Dawley rat model of PE that was induced
by NG-nitro-L-arginine methyl ester (L-NAME), which is an inhibitor of nitric oxide
synthase (NOS), we observed that the intravenous administration of recombinant FGF2
had a hypotensive effect, did not increase the maternal urine protein concentrations that are
typically induced by L-NAME, improved the placental weight gain and attenuated the fetal
growth restriction, and, histologically, the morphological findings that were induced by L-
NAME in the evaluated tissues were less severe [12]. FGF family members have previously
been noted to regulate the functioning of other growth factors, such as PLGF, monocyte
chemoattractant protein 1, hepatocyte growth factor, and angiopoietin-2 [15–17]. This is
consistent with our previous findings, whereby FGF2 was associated with the formation
of the blood vessels [12]. Therefore, we hypothesize that these effects are due to the
regulatory role of this growth factor in the well-known pathways that are associated with
the pathophysiology of PE. Based on this, in this study we aimed to determine the effect of
FGF2 administration on the placental gene expression of the key genes that are involved in
angiogenesis, OS, and apoptosis, in a murine model that was induced by L-NAME.

2. Results
2.1. Modulatory Effect of FGF2 on BP Values and Urine Protein Concentration in the Rat PE-like
Model Induced by L-NAME

The PE-like model that has been used in this study was established in Sprague Dawley
rats and it was induced using L-NAME at doses of 60 mg/kg/day, which were admin-
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istered daily, starting on the 10th day of gestation until the 19th day of gestation, as
previously reported [12]. Hypertension and proteinuria were the first two parameters
that were considered as the reference for the establishment of the model [12]. In order
to evaluate the modulatory effect of rhFGF2 on the BP values in the rat PE-like model,
FGF2 was also administered daily (666.6 ng/kg/day), either alone or in combination with
L-NAME. Figure 1 shows the BP measurements that were obtained for the groups of the
vehicle, FGF2, L-NAME, L-NAME + FGF2, and L-NAME + hydralazine, on days 10, 15,
and 20, respectively. Before the treatment, there were no significant differences in the BP
values between the experimental groups (p > 0.05).
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Figure 1. Comparisons of the blood pressure values between the treatment groups. Sprague
Dawley rats (n = 3 for each group) were treated with vehicle, L-NAME (60 mg/kg/day), FGF-2
(666.6 ng/kg/day), L-NAME + FGF2, or L-NAME + hydralazine. Systolic (a) and diastolic (b) blood
pressure values were recorded, and urine samples were collected from the 10th to the 20th day of
pregnancy. * p < 0.05.

The mean of the SBP (Figure 1a) and the DBP (Figure 1b) before the treatment were
117.76 mmHg ± 1.9 and 74.7 mmHg± 3.5 in the L-NAME group and were 116.5 mmHg ± 3.6
and 79.3 mmHg ± 6.7 in the vehicle group, respectively. There were differences in both the
SBP and the DBP values between the L-NAME and the vehicle groups at day 15 (p = 0.001
for the SBP and p = 0.023 for the DBP) and at day 20 of pregnancy (p < 0.001). At days
15 and 20 of pregnancy, and compared with the vehicle group, there were no changes in
the BP values in the groups that were treated with rhFGF2 alone or in the group that was
treated with L-NAME + FGF2, relative to the vehicle group (p > 0.05). On day 20, there
was a significant increase in the BP values in the L-NAME group when compared with the
values that were observed in the vehicle, the FGF2, the L-NAME + hydralazine, and the
L-NAME + FGF2 groups, respectively (p < 0.05). On day the 20th day of pregnancy, no
differences in the BP values were observed between the vehicle and the L-NAME + FGF2
groups or between the vehicle and the FGF2 groups (p > 0.05).

Figure 2a displays the results of the urine protein concentration for each experimental
group on the 20th day of pregnancy. Before the treatment (from day 10 to day 15), there were
no significant changes in the urine protein concentrations between the groups (p > 0.05).
The normal urine protein concentration before the treatment ranged from 31.4 µg/mL to
154.8 µg/mL. On day 20 of pregnancy, there were differences in the urine protein concen-
trations between the L-NAME group and the vehicle, the FGF2, and the L-NAME + hy-
dralazine groups (p < 0.05). At this time point, the urine protein concentrations of the
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L-NAME + hydralazine group decreased, reaching lower levels than those that were ob-
served in the vehicle and the FGF2 groups. However, while there were differences in
the urine protein concentrations between the vehicle and the L-NAME + FGF2 groups
(p < 0.001), the urine protein concentrations in the FGF2 group did not differ from those
that were observed in the vehicle group (p = 0.732).
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Figure 2. Comparisons of the urine protein concentrations and placental weight between the treat-
ment groups. Sprague Dawley rats (n = 3 for each group) were treated with vehicle, L-NAME
(60 mg/kg/day), FGF-2 (666.6 ng/kg/day), L-NAME + FGF2, or L-NAME + hydralazine (a). Urine
proteins were quantified using the Bradford method. At the end of the protocol (20th day of preg-
nancy) placental tissue was collected (n = 6), weighed, and the mean of the weight was compared
between groups (b). Data are represented as mean ± SE. * p < 0.05.

2.2. FGF2 Administration Induced Changes in Placental Weight in the Rat PE-like Model Induced
by L-NAME

After the experimental protocol was completed, on the 20th day of gestation, the
placentas were collected and weighed. The results of these measurements are shown in
Figure 2b. The mean weights of the placentas were 0.169 g ± 0.0299, 0.146 g ± 0.0231,
0.212 g ± 0.0495, 0.242 g ± 0.0748, and 0.134 g ± 0.0227, in the vehicle, the L-NAME, the
FGF2, the L-NAME + FGF2, and the L-NAME + hydralazine groups, respectively (p < 0.05).
When considering the L-NAME group as a reference, the weight of the placentas was
significantly higher in the vehicle, the FGF2, and the L-NAME + FGF2 groups (p < 0.001).
There were also differences in the placenta weight between the vehicle group and the
L-NAME + FGF2 and L-NAME + hydralazine groups (p < 0.05), but not between the vehicle
and the FGF2 groups alone (p > 0.05). There were no differences between the L-NAME and
the L-NAME + hydralazine groups (p > 0.05).

2.3. FGF-2 Administration Modulated the Placental Gene Expression in the Murine PE-like Model
Induced by L-NAME

Figure 3 shows the results of the placental mRNA expression levels of the evaluated
genes for each treatment group. Compared to the vehicle group, in the L-NAME group
there was a significant under expression of TXN (p = 0.014). Although there was an apparent
over expression of VEGF, PLGF, VEGFR-2, SOD1, p53, and FAS, and an under expression
of ENG, these changes were not significant (p > 0.05). In the FGF2 group, only TXN showed
a significant under expression (p = 0.01) when it was compared to the vehicle group. With
the exception of PLGF, and taking the vehicle group as a reference, there was an under
expression of all of the evaluated genes in the L-NAME + FGF2 group (p < 0.05). The
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L-NAME + hydralazine group showed an under expression of TXN when compared to the
vehicle group (p = 0.017).
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Figure 3. Comparison of placental gene expression between treatment groups. Sprague Dawley
rats were treated with vehicle (NaCl 0.9%), L-NAME (60 mg/kg/day), FGF-2 (666.6 µg/kg/day),
L-NAME + FGF2, or L-NAME + hydralazine. Placental samples (n = 6) were collected from three
animals in each group on the 20th day of pregnancy. The expression levels of the genes involved in
angiogenesis (VEGF, PLGF, VEGFR2, and ENG), oxidative stress (SOD1, CAT, and TXN) and apoptosis
(p53 and FAS) were quantified by qRT-PCR, using SYBR Green, and HPRT1 as the endogenous gene.
The data obtained from the vehicle group were considered as the calibrator during the gene expression
calculations. One-way analysis of variance was carried out to compare each gene of interest between
the treatment groups. Comparisons with p-values < 0.05 were subjected to multiple comparison
analyses using the Holm–Sidak or Dunn’s method * p < 0.05 versus vehicle; L p < 0.05 versus L-NAME.

With the exception of PLGF, all of the evaluated genes were under expressed in the
placentas from the rats in the L-NAME + FGF2 group when they were compared to the
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L-NAME group (p < 0.05). The VEGF was the only gene whose expression differed in
the comparisons between the groups of the L-NAME and the FGF2, the L-NAME and the
L-NAME + FGF2, and between the L-NAME and the hydralazine (p < 0.05). Compared
with the L-NAME group, the p53 gene was also significantly under expressed in the FGF-2
group (p = 0.047).

Although the placental expressions of BCL2 and CASP3 were considered in this study,
these genes were not included in the gene expression calculations or in the comparisons
because the Cq values that were obtained for several placental tissues in the study groups
were not observed in most of the animals and the amplification plots that were obtained
had a Cq of > 38. Accordingly, and in order to avoid bias, these genes were excluded.

3. Discussion

Considering the previous evidence that the intravenous administration of FGF2 has
beneficial and hypotensive effects, reducing the clinical manifestations of PE in a rat
model [12], in this study we aimed to determine the effect of FGF2 administration on the
placental gene expression of the key genes that are involved in angiogenesis, OS, and
apoptosis, in a murine model that was induced by L-NAME.

Different working groups, including ours, have previously established the PE-like
model that has been used in this study [12,18,19]. It is induced by the administration of
L-NAME, which is an inhibitor of NO production, as it inhibits the NOS enzyme, prevents
endothelium-dependent relaxation, and produces an increase in the BP [20]. As expected,
during the establishment of the model, we observed a gradual increase in BP during the
course of pregnancy and a hypotensive effect in the L-NAME group, which was derived
from both the administration of the hydralazine, which is an agent that is known for its
antihypertensive properties [21], and from the administration of FGF2, which may also
regulate hypertension [12,22]. Similarly, besides hypertension, urinary protein excretion
is a key finding during the pathogenesis of PE [23]. In this study, there was a decrease
in the concentration of proteins in the urine from day 15 to day 20 of gestation in the
L-NAME + FGF2 group; these results correlated with a decrease in the BP in the same
group. It is well known that proteinuria causes hypoxia and the constriction of the uterine
vessels, which may limit the supply of nutrients to the fetus, therefore, generating a low
birth weight [24]. Similarly, previous studies have observed that the lack of endothelial
synthesis of NO generates damage to the podocytes and L-NAME also causes global severe
glomerular endotheliosis in rats, suggesting a beneficial decrement in the endotheliosis
severity when FGF2 is administered [25]. These results suggests that FGF2 reduces the L-
NAME-associated-injuries in the glomerulus, and it may also explain the decrement in the
proteinuria that was observed in the L-NAME + FGF2 group in our study. Accordingly, the
decrease in the BP and urine proteins after FGF2 administration represent a beneficial effect
on both the mother’s health and on the growth of the offspring, as previously reported [12].
Additional studies are necessary in order to investigate the molecular mechanism by which
FGF2 decreases renal damage, secondary to the L-NAME treatment.

Among the main molecular markers that are associated with the development of PE
are those that are associated with angiogenesis, OS, and apoptosis, which are intimately
involved in adequate cell proliferation, invasion and remodeling, and placental perfu-
sion [26]. Similarly to the molecular mechanisms that are observed during PE pathogenesis,
the administration of L-NAME in animal models, as seen with other NO inhibitors, also
alters the different physiological mechanisms influencing endothelial regeneration, angio-
genesis, apoptosis, and cellular OS [27,28]. In our study, compared to the vehicle group,
there was no apparent impact of L-NAME administration on the placental mRNA quan-
tity of the evaluated genes (with the exception of TXN). These results were unexpected;
however, they seem to indicate that, in spite of the differences in both the placenta size
and weight between the vehicle and the L-NAME groups, additional mechanisms exist
that may compensate for the pathological process that is induced by L-NAME, which are
reflected as subtle changes in the gene expression in the placenta at term. In humans, the
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placenta expression profiles of women with PE differed from those of women with normal
pregnancies; however, the gene expression profiles have been widely variable between
studies [29–31]. Although many factors could be responsible for these differences (e.g., the
lack of consensus in the criteria to select the placental tissue for the experiments and the
PE classification criteria) [29–31], it is probable that the placental pathological processes in
both humans and mice, may have compensatory mechanisms that allow the pregnancy to
end without any obvious differences in the expression profiles in the placenta at term.

The VEGF and its receptor, VEGFR2, are two important factors that collaborate in
placental cell proliferation and angiogenesis during several stages of pregnancy [32]. Inter-
estingly, in our study, when the L-NAME group was considered as the reference, there was
a lower quantity of VEGF mRNA in the placentas from the FGF2, the L-NAME + FGF2,
and the L-NAME+ hydralazine groups, with the difference being the largest in the L-
NAME + FGF2 group (fold change = −9.5). Lower quantities of the mRNA of VEGFR2
were also found in the L-NAME + FGF2 group when they were compared to that observed
in the placentas from the L-NAME group (fold change −8.8; p < 0.015). The placental under
expression of VEGF that was observed in our study in the L-NAME group is consistent
with that observed by Abe and collaborators, who reported that the VEGF mRNA expres-
sion in both rat placentas and placental explants was temporarily decreased by L-NAME
treatment [33]. However, there are no reports on the effect of FGF2 administration on
these genes in any animal model that were induced with L-NAME. In order to explain the
modulation of VEGF/VEGFR2 expression in our study, we must consider the following
additional previously reported findings: first, the inhibition of the NO generation by L-
NAME results in a decreased VEGF synthesis [27]; second, the VEGF-dependent release
of NO and the angiogenic activity of VEGFA is blocked by the action of L-NAME [27,33];
third, in tumors, if VEGF-dependent angiogenesis is blocked, FGF2-driven angiogenesis
takes its place [34]. Accordingly, we propose that the under expression of VEGF in our
study was a consequence of the treatment with L-NAME, but when FGF2 was continuously
administered, the angiogenesis that was driven by FGF2 was triggered in order to compen-
sate for the absence of the VEGF functions. Because the inhibition of tumor angiogenesis
that was mediated by the VEGF signaling blockade with bevacizumab correlated with a
reversal of VEGFR1 and VEGFR2 protein levels [35], it is highly probable that the under
expression of VEGFR2 that was observed in our study may reflect a VEGF modulatory
effect, since FGF2 is also capable of modulating the expression of VEGF and its receptors in
both an autocrine and a paracrine way [36].

Antioxidant enzymes, such as CAT, SOD1, and TXN, intervene in the normal physio-
logical processes that help the body to counteract the negative effects of OS. These molecules
are involved in the development of the fetus, they play a role in the growth and develop-
ment of the fetal–placental unit [37–39], and their expression is modulated depending on
the month of gestation [40]. The abnormal regulation of the placental expression of the OS
genes in women with PE is controversial because some authors have demonstrated their
over expression [41,42]. Other reports have shown decreased levels of these enzymes in
women with PE that are associated with IUGR and lipid peroxidation [43,44], while others
have reported no difference in the placental levels of antioxidants in women with PE [42]. It
has been postulated that the levels of OS-related genes may be influenced by the stage and
the severity of the disease, as OS can initially upregulate the antioxidant enzymes, the level
of which may decrease in the presence of more severe or prolonged stress [42]. Additionally,
the down-regulation of the antioxidant enzymes, such as CAT, correlate with high levels
of H2O2, which is involved in the activation of the signaling pathways that induce the
proliferation, the migration, and the cell invasion of cancer cells [45]. In our study, the
placental gene expression of the CAT and SOD1 genes was significantly down-regulated in
the L-NAME + FGF2 group, but not in the group that was treated with L-NAME or with
FGF2 alone. Our results are similar to those that were reported by Tang and colleagues in
alveolar epithelial cells, who observed that FGF-2 attenuated inflammation and reduced OS
and apoptosis by activating the PI3K/Akt signaling pathway [46]. Accordingly, we propose
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that the under expression of these genes requires both the inhibition of NO synthesis (NOS
inhibition) and the activation of the FGF2 signaling pathways at the same time, which may
reflect a compensatory mechanism because of its proliferative and angiogenic properties
(which may still be active in the placentas from this group). TXN, in turn, plays an impor-
tant role in the NO pathway by reducing its production and promoting its degradation [47].
In our study, the placental expression of TXN was found to be modulated by L-NAME
and FGF2 alone, or in combination, and their effect on the TXN under expression was
additive. When compared with the L-NAME group, the TXN mRNA showed a fold change
of 1 × 10−18 in the vehicle group,−1.4 in the FGF2 group, and−3.0 in the L-NAME + FGF2
group. These results indicate that, in extreme conditions, such as the inhibition of the NO
signaling pathway and its biological consequences, and also during the constant activation
of the FGF2 route (which is associated with cell proliferation, cell migration, and angio-
genesis, among others) the TXN system does not play a principal role in counteracting the
OS and, therefore, is down-regulated. In agreement with this observation, in humans, the
expression of the placental TXN was reduced in patients with PE [42,48].

Apoptosis is a key function in the cells that manage the induction of cell growth
arrest. The FAS and p53 are involved in this pathway and are expressed in the decidua, the
chorionic villi, the cytotrophoblast, and the syncytiotrophoblast, indirectly promoting the
maintenance of pregnancy [49–51]. In our study, both of the genes were under expressed in
the placentas from the rats that were treated with L-NAME + FGF2. The increase in the
p53 expression corresponds to the hypoxia that is generated in the placenta by PE, at least
in vitro [52], and has implications in the intrauterine growth restriction [53]. The FAS, on
the other hand, is involved in mediating the maternal immune response, in cell remodeling,
and in cell proliferation [51,54]; therefore, the increase in this protein is a direct indicator
of placental apoptosis, which is a common finding in PE [55,56]. Although these findings
are not completely comparable with ours, the under expression of the apoptosis-related
genes may be due to the fact that the placental biopsies that were used in this study came
from the rats that were at the end of their pregnancy. At this final pregnancy stage, the
apoptosis is not expected to be an active process, and similarly to the OS genes, the p53
and the FAS under expression in the L-NAME +FGF2 group may be related to the chronic
activation of the FGF2 signaling pathways, which is compatible with the presence of less
apoptotic activity.

The study’s limitations are as follows: In this study, we determined the effect of FGF2
administration on the placental gene expression of the key genes in angiogenesis, OS, and
apoptosis; although the existence of regulation at the transcription level was not necessarily
reflected at the protein level, a study perspective will be to validate our results at the protein
level. Similarly, the placental gene expression that has been evaluated in the study was
only at the end of the rat gestation and, therefore, the evaluation of the FGF2 effect during
the previous stages of pregnancy at the placental levels and on the other organs or tissues
should be assessed in futures studies.

4. Materials and Methods
4.1. Ethical Approval

The trial was approved by the Ethics and Biosafety Committee of the Area of Health
Sciences of the Universidad Autónoma de Zacatecas Francisco García Salinas in Za-
catecas, Mexico, and it was registered with the following identification number: CEB-
ACS/UAZ.Ofc.002/2015. All of the experimental procedures were carried out in accor-
dance with the recommendations of the “Technical specifications for the production, care
and use of laboratory animals”, Mexican guidelines (NOM-062-ZOO-1999).

4.2. Animal Treatment

We followed the experimental protocol that was described in detail in a previous study,
carried out by Martinez-Fierro et al. 2021 [12]. Briefly, pregnant 10-week-old Sprague
Dawley rats were separated into the following five treatment groups: Group 1. The vehicle
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group, which was administered with 0.9% of NaCl by the intragastric route, using a cannula
and syringe of 4 mm diameter. Group 2. The FGF2 group, which consisted of pregnant
rats treated with rhFGF2 (Sigma-Aldrich, St Louis, MO, USA), intravenously administered
(666.6 ng/kg/day) using the tail vein (caudal). Group 3. The L-NAME group, which was
administered with L-NAME (NG-nitro-L-arginine methyl ester; Sigma-Aldrich, St Louis,
MO, United States of America) by the intragastric route at a concentration of 60 mg/kg/day.
Treatments in the vehicle group, FGF2 group, and L-NAME group began on the 10th day
of gestation and concluded on the 19th day of pregnancy. Group 4. The L-NAME + FGF2
group, which consisted of pregnant rats that were administered daily both L-NAME and
rhFGF2 simultaneously, as described above, beginning on the day 10th up to the 19th
day of pregnancy. Group 5. The L-NAME + hydralazine group, in which L-NAME was
administered, as described above, along with oral hydralazine at 10 mg/mL/kg/day by
the intragastric route from the 15th to 19th day of pregnancy.

4.3. Biological Samples and Data Collection

The blood pressure (systolic: SBP, and diastolic: DBP) and urine protein levels were
quantified and recorded on the 10th, 15th, and 19th days of pregnancy. The placental tissues
were collected on the 20th day of gestation from each animal in the experimental groups.
Each tissue was weighed and then all of the tissues (approximately 0.5 cm3/each) were
embedded in Tissue-Tek® O.C.T™ Compound (Sakura Finetek, Torrance, CA, USA). The
embedded tissues were preserved by freezing at −80 ◦C until use.

4.4. Placental RNA Isolation and cDNA Synthesis

The frozen placental tissues that were stored at −80 ◦C and embedded in Tissue-Tek®

O.C.T™ Compound were defrosted at room temperature and were separated from the
preservative. Total RNA was isolated from homogenized placental tissue, according to the
RNeasy Mini Kit protocol (QIAGEN, Hilden, Germany). The RNA concentration and its
purity were measured via optical density at 260 nm and the relation 260/280, respectively,
using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE).
The cDNA was synthesized from 1 mg of the total RNA using a High-Capacity cDNA
Reverse Transcription Kit and random hexamers (Thermo Fisher Scientific, Wilmington,
DE, USA), according to the manufacturer’s instructions. The cDNA samples were stored at
−20 ◦C until use.

4.5. Gene Selection and Primer Design

The study genes were selected according to their relationship with the angiogenesis,
apoptosis, and OS process. The genes selected included the following: VEGFA, PLGF,
vascular endothelial growth factor receptor 2 (VEGFR2), ENG, tumor protein P53 (P53),
BCL2 apoptosis regulator (BCL2), Fas cell surface death receptor (FAS), caspase 3 (CASP3),
SOD1, CAT, and thioredoxin (TXN). In addition, the hypoxanthine phosphoribosyltrans-
ferase 1 (HPRT1) gene was selected as a reference gene. All gene-specific primers for the
real-time qPCR assay were independently designed (Table 1) and provided by T4OLIGO®

(T4OLIGO, Guanajuato, Mexico).

Table 1. General characteristics of the primers designed for the genes included in the study.

Gene
Symbol Gene Bank ID Description * Primer Sequence (5′→3′) Tm Product Size (bp)

VEGFA NM_031836.3 Vascular Endothelial
Growth Factor A

Fw: GGAGCAGAAAGCCCATGAAGTGGT
Rv: TCATTGCAGCAGCCCGCACA 65 168

VEGFR2 NM_013062.2 Vascular Endothelial Growth
Factor Receptor 2

Fw: TTTGCACTGCAGGAGCGCGT
Rv: GGAATCGCCAGGCAAACCCACA 65 171

ENG NM_001010968.3 Endoglin Fw: CAGGGCTTCGTACAGGTGAGCA
Rv: TCACACAGCTGCCCTTGGCT 64 139

P53 NM_030989.3 Tumor Protein P53 Fw: GTTGCTCTGATGGTGACGGCCT
Rv: ACCACCACGCTGTGCCGAAA 65 112
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Table 1. Cont.

Gene
Symbol Gene Bank ID Description * Primer Sequence (5′→3′) Tm Product Size (bp)

BCL2 NM_016993.2 BCL2 Apoptosis Regulator Fw: TCCAGGATAACGGAGGCTGGGATGC
Rv: AGGCTGAGCAGCGTCTTCAGAGACA 67 103

FAS NM_139194.3 Fas Cell Surface
Death Receptor

Fw: GTCAACCGTGTCAGCCTGGTGAA
Rv: TGGGTCCGGGTGCAGTTCGTTT 65 190

CASP3 NM_012922.2 Caspase 3 Fw: GCGGAGCTTGGAACGCGAAGAAA
Rv: TCCAGAGTCCATCGACTTGCTTCCA 65 120

SOD1 NM_017050.1 Superoxide Dismutase 1 Fw: TTCGTTTCCTGCGGCGGCTTCT
Rv: GGTTCACCGCTTGCCTTCTGCT 66 169

CAT NM_012520.2 Catalase Fw: GGCACACTTTGACAGAGAGCGGA
Rv: TGAGCCTGACTCTCCAGCGACT 65 184

TXN NM_053800.3 Thioredoxin Fw: TCTGCCACGTGGTGTGGACCTT
Rv: ACAGTCTGCAGCAACATCCTGGC 66 126

PLGF NM_053595.2 Placental Growth Factor Fw: TGAGGAACCCCACCTGTGATGCT
Rv: CATTCAGCAGGGACGAGTTGGCT 65 156

HPRT1 NM_012583.2 Hypoxanthine
phosphoribosyltransferase 1

Fw: CAGTCCCAGCGTCGTGATTA
Rv: TGGCCTCCCATCTCCTTCAT 60 168

* All of the primer sequences were designed based on the respective GenBank sequence for the examined gene
and between exons to guarantee the specific detection of the interest gene.

4.6. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Quantitative real-time PCR (qRT-PCR) was carried out using a StepOne Plus Real-
Time PCR System (Applied Biosystems, Foster City, CA, USA) in 96-well PCR plates. Fifty
nanograms of synthesized cDNA were used as templates for qRT-PCR amplification in
a 10 µL of final reaction volume, using SYBR™ Green PCR Master Mix (Thermo Fisher
Scientific, Wilmington, DE, USA), and 300 nM gene specific primers. The amplifications
were performed with the following thermal cycle program: pre-denaturation for 10 min at
95 ◦C, amplification of 40 cycles with denaturation for 15 s at 95 ◦C, and annealing for 1 min
at 60 ◦C. The cycle series were followed by a melt-curve analysis to confirm the specificity
of amplification and the lack of primer dimers. All samples were analyzed in duplicate,
including two non-template controls, to detect any template contamination. The 2−∆∆Cq

equation was applied to calculate the relative expression of the placenta samples [57]. The
mean of quantification cycle (Cq) of the vehicle group samples was used as a calibrator.
The sequences and product sizes of the forward and reverse primers for all of the evaluated
genes are listed in Table 1.

4.7. Statistical Analysis

All data were expressed as mean ± standard error (SE) for three animals per group.
Comparisons between two groups of data were carried out by Student’s t-test. For multiple
comparisons of data, one-way analysis of variance (ANOVA), coupled with the Holm–Sidak
method, was used; for non-normally distributed variables, the Kruskal–Wallis ANOVA on
ranks, and the Dunn’s method as a multiple comparison procedure was applied. One-way
repeated measures ANOVA, coupled with the Holm–Sidak test as a post hoc test, was used
to evaluate whether there were differences in the BP values and urine protein concentrations
within the same experimental group during the evaluated times. All statistical analyses
were carried out using Sigma Plot® version 11 (Systat Software Inc., San Jose, CA, USA). A
95% confidence interval (CI) was used and p < 0.05 was considered statistically significant.

5. Conclusions

In conclusion, we have corroborated that the administration of FGF2 in a murine
PE-like model that was induced by L-NAME reduces the effects that are generated by
proteinuria and increased BP. In presence of NOS inhibition, the intravenous administration
of FGF2 during pregnancy induced lower quantities of placental mRNA of the VEGFA,
VEGFR2, ENG, P53, FAS, SOD1, CAT, and TXN genes, in the model that was evaluated
here. These results demonstrate that the pathogenic consequences of NOS inhibition that
are induced by L-NAME during pregnancy may be modulated by FGF2 and are reflected
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as placental under expression of genes that are related to angiogenesis, apoptosis, and OS,
thus, generating valuable information for the identification of molecular targets for PE, and
for understanding the complex pathogenesis of PE.

Author Contributions: Conceptualization, M.L.M.-F.; methodology, M.L.M.-F., J.F.-M., I.G.-V., and
M.E.C.-L.; formal analysis, M.L.M.-F., C.C.-D.l.R., and D.W.; investigation, I.D.-E., I.P.R.-S., and
M.E.C.-L.; resources and data curation, M.L.M.-F.; writing—original draft preparation, M.L.M.-F.,
D.W., and M.E.C.-L.; writing—review and editing, M.L.M.-F. and I.G.-V.; visualization, M.L.M.-F. and
I.G.-V.; supervision, M.L.M.-F., and I.G.-V.; project administration, M.L.M.-F.; funding acquisition,
M.L.M.-F. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Consejo Nacional de Ciencia y Tecnologia-CONACyT, Grant
numbers: INFR-2014-01-225520, INFR-2015-01-254106, PDCPN-2015-01-63, SEP-CONACYT-CB-2015-
258316, and SS/IMSS/ISSSTE-CONACYT-2016-01-273144. APC was funded by Molecular Medicine
Laboratory from Universidad Autónoma de Zacatecas.

Institutional Review Board Statement: The animal study protocol was reviewed and approved by
the Ethics and Biosafety Committee of the Area of Health Sciences from the Universidad Autonoma
de Zacatecas (protocol ID: CEB-ACS/UAZ.Ofc.002/2015).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data that support the findings of this study are available from the
corresponding author, upon reasonable request.

Acknowledgments: The authors thank the Consejo Nacional de Ciencia y Tecnologia (CONACYT)
for the project funding and the scholarships awarded to the students involved in the experimental
part of the protocol.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Ives, C.W.; Sinkey, R.; Rajapreyar, I.; Tita, A.T.N.; Oparil, S. Preeclampsia-Pathophysiology and Clinical Presentations: JACC

State-of-the-Art Review. J. Am. Coll. Cardiol. 2020, 76, 1690–1702. [CrossRef] [PubMed]
2. Cartwright, J.E.; Fraser, R.; Leslie, K.; Wallace, A.E.; James, J.L. Remodelling at the maternal-fetal interface: Relevance to human

pregnancy disorders. Reproduction 2010, 140, 803–813. [CrossRef]
3. Wu, F.; Tian, F.J.; Lin, Y. Oxidative Stress in Placenta: Health and Diseases. BioMed Res. Int. 2015, 2015, 293271. [CrossRef]

[PubMed]
4. Maynard, S.E.; Karumanchi, S.A. Angiogenic factors and preeclampsia. Semin. Nephrol. 2011, 31, 33–46. [CrossRef]
5. Ucuzian, A.A.; Gassman, A.A.; East, A.T.; Greisler, H.P. Molecular mediators of angiogenesis. J. Burn Care Res. Off. Publ. Am.

Burn Assoc. 2010, 31, 158–175. [CrossRef] [PubMed]
6. Wanjare, M.; Kusuma, S.; Gerecht, S. Perivascular cells in blood vessel regeneration. Biotechnol. J. 2013, 8, 434–447. [CrossRef]

[PubMed]
7. Poto, R.; Cristinziano, L.; Modestino, L.; de Paulis, A.; Marone, G.; Loffredo, S.; Galdiero, M.R.; Varricchi, G. Neutrophil

Extracellular Traps, Angiogenesis and Cancer. Biomedicines 2022, 10, 431. [CrossRef]
8. Pereira, R.D.; De Long, N.E.; Wang, R.C.; Yazdi, F.T.; Holloway, A.C.; Raha, S. Angiogenesis in the placenta: The role of reactive

oxygen species signaling. BioMed Res. Int. 2015, 2015, 814543. [CrossRef]
9. Munaut, C.; Lorquet, S.; Pequeux, C.; Coulon, C.; Le Goarant, J.; Chantraine, F.; Noel, A.; Goffin, F.; Tsatsaris, V.; Subtil, D.; et al.

Differential expression of Vegfr-2 and its soluble form in preeclampsia. PLoS ONE 2012, 7, e33475. [CrossRef]
10. Silvestro, S.; Calcaterra, V.; Pelizzo, G.; Bramanti, P.; Mazzon, E. Prenatal Hypoxia and Placental Oxidative Stress: Insights from

Animal Models to Clinical Evidences. Antioxidants 2020, 9, 414. [CrossRef]
11. Krock, B.L.; Skuli, N.; Simon, M.C. Hypoxia-induced angiogenesis: Good and evil. Genes Cancer 2011, 2, 1117–1133. [CrossRef]

[PubMed]
12. Martinez-Fierro, M.L.; Hernadez-Delgadillo, G.P.; Flores-Mendoza, J.F.; Alvarez-Zuniga, C.D.; Diaz-Lozano, M.L.; Delgado-

Enciso, I.; Romero-Diaz, V.J.; Lopez-Saucedo, A.; Rodriguez-Sanchez, I.P.; Marino-Martinez, I.A.; et al. Fibroblast Growth Factor
Type 2 (FGF2) Administration Attenuated the Clinical Manifestations of Preeclampsia in a Murine Model Induced by L-NAME.
Front. Pharmacol. 2021, 12, 663044. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jacc.2020.08.014
http://www.ncbi.nlm.nih.gov/pubmed/33004135
http://doi.org/10.1530/REP-10-0294
http://doi.org/10.1155/2015/293271
http://www.ncbi.nlm.nih.gov/pubmed/26693479
http://doi.org/10.1016/j.semnephrol.2010.10.004
http://doi.org/10.1097/BCR.0b013e3181c7ed82
http://www.ncbi.nlm.nih.gov/pubmed/20061852
http://doi.org/10.1002/biot.201200199
http://www.ncbi.nlm.nih.gov/pubmed/23554249
http://doi.org/10.3390/biomedicines10020431
http://doi.org/10.1155/2015/814543
http://doi.org/10.1371/journal.pone.0033475
http://doi.org/10.3390/antiox9050414
http://doi.org/10.1177/1947601911423654
http://www.ncbi.nlm.nih.gov/pubmed/22866203
http://doi.org/10.3389/fphar.2021.663044
http://www.ncbi.nlm.nih.gov/pubmed/33959027


Int. J. Mol. Sci. 2022, 23, 10129 12 of 13

13. Fujii, T.; Yonemitsu, Y.; Onimaru, M.; Inoue, M.; Hasegawa, M.; Kuwano, H.; Sueishi, K. VEGF function for upregulation of
endogenous PlGF expression during FGF-2-mediated therapeutic angiogenesis. Atherosclerosis 2008, 200, 51–57. [CrossRef]
[PubMed]

14. Martinez-Fierro, M.L.; Garza-Veloz, I.; Castruita-Dela Rosa, C.; Ortiz-Castro, Y.; Aceves-Medina, M.C.; Vazquez-Castro, R.;
Delgado-Enciso, I.; Castaneda-Lopez, M.E. Plasma cancer biomarker multiplex screening and the risk of subsequent preeclampsia.
Int. J. Cardiol. 2015, 179, 58–60. [CrossRef] [PubMed]

15. Deshmane, S.L.; Kremlev, S.; Amini, S.; Sawaya, B.E. Monocyte chemoattractant protein-1 (MCP-1): An overview. J. Interferon
Cytokine Res. 2009, 29, 313–326. [CrossRef]

16. Lieu, C.; Heymach, J.; Overman, M.; Tran, H.; Kopetz, S. Beyond VEGF: Inhibition of the fibroblast growth factor pathway and
antiangiogenesis. Clin. Cancer Res. 2011, 17, 6130–6139. [CrossRef]

17. Kienast, Y.; Klein, C.; Scheuer, W.; Raemsch, R.; Lorenzon, E.; Bernicke, D.; Herting, F.; Yu, S.; The, H.H.; Martarello, L.; et al.
Ang-2-VEGF-A CrossMab, a novel bispecific human IgG1 antibody blocking VEGF-A and Ang-2 functions simultaneously,
mediates potent antitumor, antiangiogenic, and antimetastatic efficacy. Clin. Cancer Res. 2013, 19, 6730–6740. [CrossRef]

18. Baijnath, S.; Soobryan, N.; Mackraj, I.; Gathiram, P.; Moodley, J. The optimization of a chronic nitric oxide synthase (NOS)
inhibition model of pre-eclampsia by evaluating physiological changes. Eur. J. Obstet. Gynecol. Reprod. Biol. 2014, 182, 71–75.
[CrossRef]

19. Soobryan, N.; Murugesan, S.; Phoswa, W.; Gathiram, P.; Moodley, J.; Mackraj, I. The effects of sildenafil citrate on uterine
angiogenic status and serum inflammatory markers in an L-NAME rat model of pre-eclampsia. Eur. J. Pharmacol. 2017, 795,
101–107. [CrossRef]

20. Pfeiffer, S.; Leopold, E.; Schmidt, K.; Brunner, F.; Mayer, B. Inhibition of nitric oxide synthesis by NG-nitro-L-arginine methyl ester
(L-NAME): Requirement for bioactivation to the free acid, NG-nitro-L-arginine. Br. J. Pharmacol. 1996, 118, 1433–1440. [CrossRef]

21. Alshami, A.; Romero, C.; Avila, A.; Varon, J. Management of hypertensive crises in the elderly. J. Geriatr. Cardiol. JGC 2018, 15,
504–512. [CrossRef]

22. Tassi, E.; Lai, E.Y.; Li, L.; Solis, G.; Chen, Y.; Kietzman, W.E.; Ray, P.E.; Riegel, A.T.; Welch, W.J.; Wilcox, C.S.; et al. Blood Pressure
Control by a Secreted FGFBP1 (Fibroblast Growth Factor-Binding Protein). Hypertension 2018, 71, 160–167. [CrossRef] [PubMed]

23. Airoldi, J.; Weinstein, L. Clinical significance of proteinuria in pregnancy. Obstet. Gynecol. Surv. 2007, 62, 117–124. [CrossRef]
[PubMed]

24. Dong, Y.J.; Gao, L.L. Effect of epidural block on 24-hour urine protein in pregnant rat models with preeclampsia. Arch. Gynecol.
Obstet. 2012, 286, 609–611. [CrossRef] [PubMed]

25. Andrade, J.J.d.C.; Silva, A.C.O.; Frazão, I.d.S.; Perrelli, J.G.A.; Silva, T.T.d.M.; Cavalcanti, A.M. Family functionality and burden
of family caregivers of users with mental disorders. Rev. Bras. Enferm. 2021, 74, e20201061. [CrossRef]

26. Can, M.; Guven, B.; Bektas, S.; Arikan, I. Oxidative stress and apoptosis in preeclampsia. Tissue Cell 2014, 46, 477–481. [CrossRef]
27. Dulak, J.; Jozkowicz, A.; Dembinska-Kiec, A.; Guevara, I.; Zdzienicka, A.; Zmudzinska-Grochot, D.; Florek, I.; Wojtowicz, A.;

Szuba, A.; Cooke, J.P. Nitric oxide induces the synthesis of vascular endothelial growth factor by rat vascular smooth muscle cells.
Arterioscler. Thromb. Vasc. Biol. 2000, 20, 659–666. [CrossRef]

28. Mortensen, K.; Skouv, J.; Hougaard, D.M.; Larsson, L.I. Endogenous endothelial cell nitric-oxide synthase modulates apoptosis in
cultured breast cancer cells and is transcriptionally regulated by p53. J. Biol. Chem. 1999, 274, 37679–37684. [CrossRef]

29. Silva Carmona, A.; Mendieta Zeron, H. NF-kappaBeta and SOD expression in preeclamptic placentas. Turk. J. Med. Sci. 2016, 46,
783–788. [CrossRef]

30. Enquobahrie, D.A.; Meller, M.; Rice, K.; Psaty, B.M.; Siscovick, D.S.; Williams, M.A. Differential placental gene expression in
preeclampsia. Am. J. Obstet. Gynecol. 2008, 199, 566-e1. [CrossRef]

31. Hansson, S.R.; Chen, Y.; Brodszki, J.; Chen, M.; Hernandez-Andrade, E.; Inman, J.M.; Kozhich, O.A.; Larsson, I.; Marsal, K.;
Medstrand, P.; et al. Gene expression profiling of human placentas from preeclamptic and normotensive pregnancies. Mol. Hum.
Reprod. 2006, 12, 169–179. [CrossRef] [PubMed]

32. Tandon, V.; Hiwale, S.; Amle, D.; Nagaria, T.; Patra, P.K. Assessment of Serum Vascular Endothelial Growth Factor Levels in
Pregnancy-Induced Hypertension Patients. J. Pregnancy 2017, 2017, 3179670. [CrossRef] [PubMed]

33. Abe, H.; Ishikawa, W.; Kushima, T.; Nishimura, T.; Mori, C.; Onuki, A.; Suzuki, T.; Ishii, Y.; Kansaku, N.; Miyazaki, Y.; et al. Nitric
oxide induces vascular endothelial growth factor expression in the rat placenta in vivo and in vitro. Biosci. Biotechnol. Biochem.
2013, 77, 971–976. [CrossRef] [PubMed]

34. Ichikawa, K.; Watanabe Miyano, S.; Minoshima, Y.; Matsui, J.; Funahashi, Y. Activated FGF2 signaling pathway in tumor
vasculature is essential for acquired resistance to anti-VEGF therapy. Sci. Rep. 2020, 10, 2939. [CrossRef] [PubMed]

35. Zhang, Z.; Neiva, K.G.; Lingen, M.W.; Ellis, L.M.; Nor, J.E. VEGF-dependent tumor angiogenesis requires inverse and reciprocal
regulation of VEGFR1 and VEGFR2. Cell Death Differ. 2010, 17, 499–512. [CrossRef]

36. Seghezzi, G.; Patel, S.; Ren, C.J.; Gualandris, A.; Pintucci, G.; Robbins, E.S.; Shapiro, R.L.; Galloway, A.C.; Rifkin, D.B.; Mignatti,
P. Fibroblast growth factor-2 (FGF-2) induces vascular endothelial growth factor (VEGF) expression in the endothelial cells of
forming capillaries: An autocrine mechanism contributing to angiogenesis. J. Cell Biol. 1998, 141, 1659–1673. [CrossRef] [PubMed]

37. Nakatsukasa, Y.; Tsukahara, H.; Tabuchi, K.; Tabuchi, M.; Magami, T.; Yamada, M.; Fujii, Y.; Yashiro, M.; Tsuge, M.; Morishima, T.
Thioredoxin-1 and oxidative stress status in pregnant women at early third trimester of pregnancy: Relation to maternal and
neonatal characteristics. J. Clin. Biochem. Nutr. 2013, 52, 27–31. [CrossRef]

http://doi.org/10.1016/j.atherosclerosis.2007.12.012
http://www.ncbi.nlm.nih.gov/pubmed/18258238
http://doi.org/10.1016/j.ijcard.2014.10.168
http://www.ncbi.nlm.nih.gov/pubmed/25464412
http://doi.org/10.1089/jir.2008.0027
http://doi.org/10.1158/1078-0432.CCR-11-0659
http://doi.org/10.1158/1078-0432.CCR-13-0081
http://doi.org/10.1016/j.ejogrb.2014.08.021
http://doi.org/10.1016/j.ejphar.2016.12.010
http://doi.org/10.1111/j.1476-5381.1996.tb15557.x
http://doi.org/10.11909/j.issn.1671-5411.2018.07.007
http://doi.org/10.1161/HYPERTENSIONAHA.117.10268
http://www.ncbi.nlm.nih.gov/pubmed/29158353
http://doi.org/10.1097/01.ogx.0000253301.55009.ac
http://www.ncbi.nlm.nih.gov/pubmed/17229328
http://doi.org/10.1007/s00404-012-2354-y
http://www.ncbi.nlm.nih.gov/pubmed/22552377
http://doi.org/10.1590/0034-7167-2020-1061
http://doi.org/10.1016/j.tice.2014.08.004
http://doi.org/10.1161/01.ATV.20.3.659
http://doi.org/10.1074/jbc.274.53.37679
http://doi.org/10.3906/sag-1503-75
http://doi.org/10.1016/j.ajog.2008.04.020
http://doi.org/10.1093/molehr/gal011
http://www.ncbi.nlm.nih.gov/pubmed/16556680
http://doi.org/10.1155/2017/3179670
http://www.ncbi.nlm.nih.gov/pubmed/28133548
http://doi.org/10.1271/bbb.120923
http://www.ncbi.nlm.nih.gov/pubmed/23649256
http://doi.org/10.1038/s41598-020-59853-z
http://www.ncbi.nlm.nih.gov/pubmed/32076044
http://doi.org/10.1038/cdd.2009.152
http://doi.org/10.1083/jcb.141.7.1659
http://www.ncbi.nlm.nih.gov/pubmed/9647657
http://doi.org/10.3164/jcbn.12-71


Int. J. Mol. Sci. 2022, 23, 10129 13 of 13

38. Sahay, A.S.; Sundrani, D.P.; Wagh, G.N.; Mehendale, S.S.; Joshi, S.R. Regional differences in the placental levels of oxidative stress
markers in pre-eclampsia. Int. J. Gynaecol. Obstet. Off. Organ. Int. Fed. Gynaecol. Obstet. 2015, 129, 213–218. [CrossRef]

39. Myatt, L.; Eis, A.L.; Brockman, D.E.; Kossenjans, W.; Greer, I.A.; Lyall, F. Differential localization of superoxide dismutase isoforms
in placental villous tissue of normotensive, pre-eclamptic, and intrauterine growth-restricted pregnancies. J. Histochem. Cytochem.
1997, 45, 1433–1438. [CrossRef]

40. Roland, L.; Beauchemin, D.; Acteau, G.; Fradette, C.; St-Pierre, I.; Bilodeau, J.F. Effects of labor on placental expression of
superoxide dismutases in preeclampsia. Placenta 2010, 31, 392–400. [CrossRef]

41. Wang, Y.; Walsh, S.W. Antioxidant activities and mRNA expression of superoxide dismutase, catalase, and glutathione peroxidase
in normal and preeclamptic placentas. J. Soc. Gynecol. Investig. 1996, 3, 179–184. [CrossRef] [PubMed]

42. Perkins, A.V. Endogenous anti-oxidants in pregnancy and preeclampsia. Aust. N. Z. J. Obstet. Gynaecol. 2006, 46, 77–83. [CrossRef]
[PubMed]

43. Wiktor, H.; Kankofer, M. Catalase activity in normal and preeclamptic placentas. Ginekol. Pol. 2001, 72, 1228–1232. [PubMed]
44. Krishna, T.S.; Rao, E.V.; Naidu, J.N. Alterations of antioxidant enzymes in preeclampsia. IJRMS 2015, 3, 629. [CrossRef]
45. Glorieux, C.; Zamocky, M.; Sandoval, J.M.; Verrax, J.; Calderon, P.B. Regulation of catalase expression in healthy and cancerous

cells. Free Radic. Biol. Med. 2015, 87, 84–97. [CrossRef] [PubMed]
46. Tang, Q.Y.; Wei, J.X.; Xue, S.F.; Liu, G.H.; Fu, L.X. Fibrogrowth factor-2 protects against acute lung injury by activating the

PI3K/Akt signaling pathway. J. Biol. Regul. Homeost. Agents 2020, 34, 1679–1688. [CrossRef]
47. Benhar, M. Nitric oxide and the thioredoxin system: A complex interplay in redox regulation. Biochim. Biophys. Acta 2015, 1850,

2476–2484. [CrossRef]
48. Sahlin, L.; Ostlund, E.; Wang, H.; Holmgren, A.; Fried, G. Decreased expression of thioredoxin and glutaredoxin in placentae

from pregnancies with pre-eclampsia and intrauterine growth restriction. Placenta 2000, 21, 603–609. [CrossRef]
49. Wei, D.; Wu, Q.; Shi, H. Apoptosis and p53 expression in the placental villi of females with unexplained recurrent spontaneous

abortion. Exp. Ther. Med. 2014, 7, 191–194. [CrossRef]
50. Sohr, S.; Engeland, K. The tumor suppressor p53 induces expression of the pregnancy-supporting human chorionic gonadotropin

(hCG) CGB7 gene. Cell Cycle 2011, 10, 3758–3767. [CrossRef]
51. Abrahams, V.M.; Straszewski-Chavez, S.L.; Guller, S.; Mor, G. First trimester trophoblast cells secrete Fas ligand which induces

immune cell apoptosis. Mol. Hum. Reprod. 2004, 10, 55–63. [CrossRef] [PubMed]
52. Levy, R. The role of apoptosis in preeclampsia. Isr Med. Assoc. J. 2005, 7, 178–181. [PubMed]
53. Baserga, M.; Hale, M.A.; Ke, X.; Wang, Z.M.; Yu, X.; Callaway, C.W.; McKnight, R.A.; Lane, R.H. Uteroplacental insufficiency

increases p53 phosphorylation without triggering the p53-MDM2 functional circuit response in the IUGR rat kidney. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 2006, 291, R412–R418. [CrossRef] [PubMed]

54. Song, J.; Rutherford, T.; Naftolin, F.; Brown, S.; Mor, G. Hormonal regulation of apoptosis and the Fas and Fas ligand system in
human endometrial cells. Mol. Hum. Reprod. 2002, 8, 447–455. [CrossRef]

55. Lan, R.; Yang, Y.; Song, J.; Wang, L.; Gong, H. Fas regulates the apoptosis and migration of trophoblast cells by targeting NF-κB.
Exp. Ther. Med. 2021, 22, 1055. [CrossRef]

56. Neale, D.M.; Mor, G. The role of Fas mediated apoptosis in preeclampsia. J. Perinat. Med. 2005, 33, 471–477. [CrossRef]
57. Schmittgen, T.D.; Livak, K.J. Analyzing real-time PCR data by the comparative C(T) method. Nat. Protoc. 2008, 3, 1101–1108.

[CrossRef]

http://doi.org/10.1016/j.ijgo.2015.03.001
http://doi.org/10.1177/002215549704501012
http://doi.org/10.1016/j.placenta.2010.02.007
http://doi.org/10.1177/107155769600300404
http://www.ncbi.nlm.nih.gov/pubmed/8796828
http://doi.org/10.1111/j.1479-828X.2006.00532.x
http://www.ncbi.nlm.nih.gov/pubmed/16638026
http://www.ncbi.nlm.nih.gov/pubmed/11883241
http://doi.org/10.18203/2320-6012.ijrms20150629
http://doi.org/10.1016/j.freeradbiomed.2015.06.017
http://www.ncbi.nlm.nih.gov/pubmed/26117330
http://doi.org/10.23812/20-252-A
http://doi.org/10.1016/j.bbagen.2015.09.010
http://doi.org/10.1053/plac.2000.0554
http://doi.org/10.3892/etm.2013.1399
http://doi.org/10.4161/cc.10.21.17946
http://doi.org/10.1093/molehr/gah006
http://www.ncbi.nlm.nih.gov/pubmed/14665707
http://www.ncbi.nlm.nih.gov/pubmed/15792265
http://doi.org/10.1152/ajpregu.00880.2005
http://www.ncbi.nlm.nih.gov/pubmed/16914427
http://doi.org/10.1093/molehr/8.5.447
http://doi.org/10.3892/etm.2021.10489
http://doi.org/10.1515/JPM.2005.085
http://doi.org/10.1038/nprot.2008.73

	Introduction 
	Results 
	Modulatory Effect of FGF2 on BP Values and Urine Protein Concentration in the Rat PE-like Model Induced by L-NAME 
	FGF2 Administration Induced Changes in Placental Weight in the Rat PE-like Model Induced by L-NAME 
	FGF-2 Administration Modulated the Placental Gene Expression in the Murine PE-like Model Induced by L-NAME 

	Discussion 
	Materials and Methods 
	Ethical Approval 
	Animal Treatment 
	Biological Samples and Data Collection 
	Placental RNA Isolation and cDNA Synthesis 
	Gene Selection and Primer Design 
	Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 
	Statistical Analysis 

	Conclusions 
	References

