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Abstract

he pathogenesis of some cases of preeclampsia (PE). Several studies
Background: Fatty acid oxidation (FAO) disorder is involved in t
show that mammalian target of rapamycin (mTOR) signaling pathway is related to FAO. Pravastatin (Pra) can promote FAO in
Nv-nitro-L-arginine methyl ester (L-NAME) PE-like mousemodel in our previous study. This study aimed to investigate the effect of
mTOR signaling pathway in PE-like model treated with Pra.
Methods: Pregnant mice were randomly injected with L-NAME as PE-like model group or saline as control group respectively, from
gestational 7th to 18th day. Giving Pra (L-NAME+Pra, Control+Pra, n=8) or normal saline (NS; L-NAME+NS, Control+NS, n=
8) from gestational 8th to 18th day, the mice were sacrificed on day 18 and their liver and placental tissues were collected. Then the
activation of mTOR and its substrates in the liver and placenta were detected. And the association between mTOR activation and
serum free fatty acid (FFA) levels and the expression of long-chain 3-hydroxyacyl-coenzyme A dehydrogenase (LCHAD) were
evaluated using Pearson correlation test. Differences between groups were analyzed using independent t-test or one-way analysis of
variance (ANOVA).
Results: Both in the maternal liver and placenta, the activation of mTOR protein and its effect on substrates increased significantly in
the L-NAME+NS group and decreased significantly in the L-NAME+Pra group. The p-mTOR/mTOR protein ratio decreased in
the L-NAME+Pra group significantly than that in the L-NAME+NS group both in liver and placenta (liver: 0.74±0.08 vs. 0.85±
0.06, t=2.95, P<0.05; placenta: 0.63±0.06 vs. 0.77±0.06, t=4.64, P<0.05). The activation of mTOR protein in the liver and
placenta negatively correlated with the expression of LCHAD in the L-NAME+NS group (liver: r=�0.745, P<0.05; placenta:
r=�0.833, P<0.05) and that in the maternal liver negatively correlated with the expression of LCHAD (r=�0.733, P<0.05) and
positively with the serum FFA levels (r=0.841, P<0.05) in the L-NAME+Pra group.
Conclusion: The inhibition of mTOR signaling pathway might be involved in the regulation of FAO in mouse model treated with
Pra.
Keywords: Preeclampsia; mTOR signaling pathway; Pravastatin; Fatty acid oxidation

Introduction which is important in fatty acid beta-oxidation, decreased

in the placenta at the early onset of severe PE, which was
Preeclampsia (PE) is a pregnancy complication with high
blood pressure and is a major cause of maternal and fetal
death. The measures of prevention and treatment for PE
are limited because its exact pathogenesis remains unclear.
The fatty acid oxidation (FAO) disorders exist in the
pathogenesis of some PE cases.[1] Robinson et al[2] found
that the plasma in PE can induce fatty deposition and cause
a significant decrease in mitochondrial dehydrogenase
activity in cultured human umbilical vein endothelial cells.
A previous study showed that the long-chain L-3-
hydroxyacyl-coenzyme A dehydrogenase (LCHAD),
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related to the elevated level of serum free fatty acid (FFA).[3]

Mammalian target of rapamycin (mTOR) is a serine/
threonine protein kinase important in cell metabolism,
growth, proliferation, and apoptosis under the stimulation
of hormones, growth factors, nutritional status, energy
levels, and various stress factors. It is closely related to
many diseases, such as abnormal pregnancy, cancer,
diabetes, obesity, and cardiovascular diseases. Sati et al[4]

found increased activation of downstream substrates of
the placental mTOR signaling pathway in patients with
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gestational diabetes mellitus (GDM), suggesting that
the mTOR signaling pathway might be involved in the

the Laboratory Animal Science Department of Peking
University Health Science Center. The female mice were
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placental pathology of GDM. In patients with PE, the
mTOR signaling pathway is important to the nutritional
supply to the fetus. Aiko et al[5] showed that the protein
expression of mTOR increased in pregnant women with
fetal growth restriction and PE. In our previous study, the
use of mTOR inhibitor rapamycin in PE-like mouse models
reduced the serum FFA levels and the lipid deposition in
maternal liver and placenta, indicating that the mTOR
signaling pathway was involved in the onset of partial PE
and had a close relationship with lipid metabolism.[6] An in
vitro study showed that lovastatin induced vascular
smooth muscle cell differentiation by inhibiting mTOR,
which might be mediated through the inhibition of the
activation of Ras homolog enriched in brain (Rheb).[7]

The preventive measures for PE, such as calcium, cod liver
oil, antioxidants, low-dose aspirin, heparin, and diet or
lifestyle interventions, showed potential but fewer bene-
fits.[8] As statins, pravastatin (Pra) reduced the blood lipids
by inhibiting the 3-hydroxy-3-methylglutaryl-coenzyme A
(HMG-CoA) reductase and reduced the incidence and
mortality of cardiovascular diseases. Further, Pra exerted
many cholesterol-lowering independent effects, such as
upregulation of nitric oxide synthase, anti-inflammatory,
inhibition of anti-angiogenic factors, and dilatation of
blood vessels, making Pra have the biological plausibility
in PE prevention.[9]

The mechanism of Pra in PEmainly including regulation of
angiogenesis factors, improvement in endothelial cell
function, reduction of the level of oxidative stress, and
regulation of immunity etc. The PE-like mouse model
induced by Nv-nitro-L-arginine methyl ester (L-NAME),
which is the nitric oxide synthase inhibitor, exhibited high
blood pressure, proteinuria, and FAO disorders. Our
previous studies already showed that the Pra in L-NAME
PE-like models could alleviate the PE-like symptoms,
increase the expression of LCHAD protein in the maternal
liver and placenta, and decrease the serum level of FFA,
indicating that Pra could improve the dysfunction of FAO
in some PE.[10,11] However, the exact mechanism of Pra in
regulating FAO in the L-NAME PE-like model is not yet
clear. This study aimed to explore the changes in mTOR
signaling pathway in PE-like model and the involvement of
this pathway in the regulatory effect of Pra on FAO.

Methods
Ethical approval

Animal experiments were approved by the Animal Care
Committee and Medical Ethics Committee of Peking
University, and all procedures were conducted in strict
accordance with the guidelines of the Principles of
Laboratory Animal Care, promulgated by the National
Institutes of Health.

Experimental animals
72
Adult wide-type C57BL/6J female mice aged 8 to 10 weeks
and male mice aged 10 to 14 weeks were purchased from
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mated to males at a ratio of 2:1 and were inspected daily
for vaginal plugs. The day when vaginal plugs were
observed was designated as day 1 of pregnancy. Mice
were randomly divided into two groups: (1) L-NAME
group: PE-like mouse model established by injecting
L-NAMEaccording to our previous study;[12] (2) Control
group: the normal pregnancy mice were simultaneously
injected with saline as control group. Each group were
divided into two subgroups treated with normal saline
(NS) or Pra (Sigma-Aldrich, 5mg·kg�1·d�1) by intra-
gastric administration from gestational days 8 to 18.
Eventually, there existed four groups: L-NAME+NS
group, L-NAME+Pra group, Control +NS group and
Control +Pra group. Each group consisted of eight
pregnant mice.

The pregnant mice were sacrificed after anesthesia on day
18 of pregnancy as we previously described.[10] Part of the
maternal liver and placental tissues were collected and
frozen at �80°C for mRNA and protein detection, others
were fixed with 4% neutral formaldehyde for immuno-
histochemistry (IHC).

Western blot analysis
Protein was extracted from maternal liver and placenta
tissues with RIPA lysis buffer (Applygen, Beijing, China). A
50mg of protein was used for electrophoresis in 8% or
10% polyacrylamide gels and transferred to a nitrocellu-
lose filter membrane (Millipore, Bedford, MA, USA). The
membrane was blocked in 5% non-fat milk at room
temperature for 1 h, and then incubated at 4°C overnight,
respectively, with rabbit anti-mouse primary antibodies
mTOR (Cell Signaling Technology, Beverly, MA, USA;
1:1000), p-mTOR (Ser2448; Cell Signaling Technology,
Beverly, MA, USA; 1:1000), S6K1 (Abcam, Cambridge,
UK; 1:1000), p-S6K1 (Thr389; Cell Signaling, USA;
1:1000), p-S6K1 (Ser371; Cell Signaling, USA; 1:1000),
4EBP-1 (Thr389; Cell Signaling, USA; 1:1000),
p-4EBP-1 (Thr37/46; Cell Signaling, USA; 1:1000), b-actin
(Cell Signaling, USA; 1:1000). Membranes were washed at
room temperature for 10 min�3 times and then incubated
with goat anti-rabbit IRDye800CWsecondary antibody (Li-
Cor Biosciences, Lincoln, NE, USA, 1:10,000) for 1 h and
washed again for 10 min�3 times. The bands were scanned
on an Odyssey Infrared Imaging System (Li-Cor Bioscience,
USA). The resulting images were analyzed with Image J
software (National Institutes of Health, Bethesda, USA) and
the data were standardized to b-actin.

RNA isolation and real-time quantitative polymerase
chain reaction (qPCR): TRIzol reagent (Invitrogen, Grand
Island, NY, USA) was used to extract total RNA from the
liver and placenta. The concentration and purity of total
RNA were detected by NanoDrop 2000 (ThermoFisher,
Scientific, Wilmington, MA, USA). Five hundred nano-
gram total RNA was reverse-transcribed to cDNA by use
of the FastKing RT kit (Tiangen Biotech, Beijing, China).
The qPCR reaction system involved a Talent qPCR PreMix
(SYBR Green) kit (Tiangen Biotech, Beijing, China) and
PCR amplification involved the QuantStudio 5 Real-Time
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PCR System (Applied Biosystems, Forster City, CA, USA).
The primer synthesis was completed by Sangon Biotech

mTOR protein had no significant difference [Figure 1A].
The ratio of expression of p-mTOR to mTOR represents
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(China) with the primer sequences for b-actin, forward,
50-GTGACGTTGACATCCGTAAAGA-30, and reverse,
50-GCCGGACTCATCGTACTCC-30; mTOR, forward,
50-CAGTTCGCCAGTGGACTGAAG-30, and reverse,
50-GCTGGTCATAGAAGCGAGTAGAC-30. The b-actin
was detected as the endogenous control. All reactions were
carried out in triplicate. Statistical analysis of the results
was performed with the DCt value (Ct gene of interest–Ct
b-actin). The fold changes of target genes were calculated
by the 2�DDCT method.[13]

Immunohistochemistry

Maternal liver and placenta tissues fixed in neutral
formaldehyde underwent dehydration, paraffin embedding
and were cut into 5-mm slices. Sections were deparaffinized
and antigen retrieval was performedwith EDTA (pH8.0) at
100°C for 2 min, and then were blocked in goat serum for
30 min. Sections were incubated with antibodies to mTOR
(1:500) and p-mTOR (Ser2448) (1:500) at 4°C overnight
and with horseradish peroxidase-conjugated secondary
antibodies (Zsbio, Beijing, China) at room temperature for
30 min. After rinsing with PBS, sections were revisualized
using a 3, 30-diaminobenzidine (DAB) kit (Zsbio, China)
and counterstained with hematoxylin. The images were
analyzed using Image-Pro Plus 6.0 (Media Cybernetics,
Bethesda,MD,USA). Five randomly selected fields (original
magnification�400) were detected in each sample, the
results ofmean optical density (integral optical density/ total
stained area) were collected, and the average of five results
was analyzed for each sample.

Statistical analysis

All data were analyzed with SPSS version 20.0 (SPSS Inc.,
Chicago, IL, USA). Quantitative data were expressed as the
mean± standard deviation (SD). Differences between groups
were analyzedusing independent t-test orone-wayanalysis of
variance (ANOVA). Pearson correlation test was used for
comparing the association between the activation degree of
mTOR, LCHAD expression, and serum FFA levels. Differ-
ences were statistically significant when P<0.05.

Statistical analysis

All data were analyzed with SPSS version 20.0 (SPSS Inc.,
Chicago, IL, USA). Quantitative data were expressed as the
mean± standard deviation (SD). Differences between groups
were analyzedusing independent t-test orone-wayanalysis of
variance (ANOVA). Pearson correlation test was used for
comparing the association between the activation degree of
mTOR, LCHAD expression, and serum FFA levels. Differ-
ences were statistically significant when P<0.05.

Results

mTOR protein activation in PE-like model detected using
western blot analysis

The expression of p-mTOR protein in the liver and
placenta increased obviously in the L-NAME+NS group
than in the Control+NS group, whereas the expression of
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the activation degree of mTOR protein. In liver and
placenta, p-mTOR/mTOR ratio was elevated significantly
in the L-NAME+NS group than in the Control+NS group
(liver: 0.85±0.06 vs. 0.53±0.09, t=0.81, P<0.05;
placenta: 0.77±0.06 vs. 0.57±0.07, t=0.85, P<0.05)
[Figure 1B]. And in the L-NAME+Pra group, which was
treated with Pra, the p-mTOR/mTOR protein ratio
decreased significantly than that in the L-NAME+NS
group both in liver and placenta (liver: 0.74±0.08 vs.
0.85±0.06, t=2.95, P<0.05; placenta: 0.63±0.06 vs.
0.77±0.06, t=4.64, P<0.05) [Figure 1B], and was still
higher in the liver but had no significant difference in the
placenta compared with the Control+NS group (liver: t=
4.78, P<0.05; placenta: t=1.89, P>0.05) [Figure 1B].

Distribution and activation of mTOR in the liver and
placenta detected using immunohistochemistry

The results of IHC showed that the mTOR and p-mTOR
distributed widely and evenly in maternal liver and
placenta. The expression of p-mTOR increased in the cell
membrane of sponge trophoblasts in placenta compared
with the expression of mTOR. Pra had no effect on the
distribution of maternal total and phosphorylated mTOR
protein in maternal liver and placenta.

The changes in maternal liver and placenta were similar,
the mTOR displayed no obvious difference, and the
expression of p-mTOR was higher in the L-NAME+NS
group than that in the Control+NS group. The mean
optical density of p-mTOR/mTOR increased significantly
in the L-NAME+NS group than that in the Control+NS
group (liver: 1.10±0.13 vs. 0.89±0.12, t=3.29, P<0.05;
placenta: 1.79±0.09 vs. 1.55±0.07, t=6.24, P<0.05)
[Figure 2]. The p-mTOR/total mTOR ratio decreased
significantly in the L-NAME+Pra group than that in the
L-NAME+NS group (liver: 0.93±0.09 vs. 1.10±0.13,
t=3.01, P<0.05; placenta: 1.64±0.13 vs. 1.79±0.09,
t=2.77, P<0.05), with no significant difference compared
with the Control+NS group (liver: t=0.66, P>0.05;
placenta: t=1.86, P>0.05) [Figure 2].

mTOR mRNA levels in the liver and placenta detected using
qPCR

Levels of mTOR mRNA in the maternal liver and placenta
had no obvious difference between the L-NAME+NS and
Control+NS groups. Moreover, in the L-NAME+Pra
group, the mRNA levels of mTOR in maternal liver and
placenta had no significant difference compared with the
L-NAME+NS or Control+NS group (liver: F=1.122;
placenta: F=1.192, P>0.05) [Figure 1C].

Activation of mTOR substrates in the maternal liver and
placenta

Activation of mTOR substrates, including 4EBP1 and
S6K1, which has two different phosphorylated sites
p-S6K1 (Thr389) and p-S6K1 (Ser371), were detected to
investigate the activation of mTOR signaling pathway.

The expression of S6K1 total protein had no significant
difference in maternal liver and placenta in all groups. The
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p-S6K1 (Thr389)/S6K1 (liver: 0.69±0.11 vs. 0.42±0.07,
t=6.09, P<0.05; placenta: 0.48±0.07 vs. 0.30±0.05, t=

[Figure 3B]. The total protein expression of 4EBP1
remained no significantly different, and the p-4EBP1/total

Figure 1: Effects of pravastatin on mTOR protein activation and mRNA expression in the maternal liver and placental tissues detected using Western blot analysis (n=8). (A and B)
The degree of phosphorylation of mTOR protein and statistical values. (C) mRNA expression levels of mTOR in each group. The left panel is liver tissue, and the right panel is placental tissue.
∗
P<0.05, compared with the Control+NS group; +P<0.05, compared with the L-NAME+NS group. NS: Normal saline; Pra: Pravastatin.
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5.99, P<0.05) and p-S6K1 (Ser371)/S6K1 (liver: 1.16±
0.10 vs. 0.94±0.15, t=3.40, P<0.05; placenta: 1.09±
0.16 vs. 0.90±0.15, t=2.52, P<0.05) ratios increased
significantly in the L-NAME+NS group than those in the
Control+NS group in liver and placenta [Figure 3B]. The
p-S6K1 (Thr389)/total S6K1 ratio decreased significantly
in the L-NAME+Pra group than that in the L-NAME+NS
group both in liver and placenta (liver: 0.59±0.08 vs. 0.69
±0.11, t=2.23, P<0.05; placenta: 0.34±0.09 vs. 0.48±
0.07, t=2.52, P<0.05). And when compared with
Control+NS group, the p-S6K1 (Thr389)/total S6K1 ratio
in the L-NAME+NS group still higher than that in the liver
t=4.64, P<0.05) and had no significant difference in the
placenta (t=1.15, P>0.05). The p-S6K1 (Ser371)/S6K1
ratio also decreased in the liver and had no significant
difference in the placenta in the L-NAME+Pra group
compared with that in the L-NAME+NS group (liver:
0.90±0.13 vs. 1.16±0.10, t=4.49, P<0.05; placenta:
0.96±0.10 vs. 1.09±0.16, t=1.93, P>0.05), and had no
significant difference compared with the Control+NS
group (liver: t=0.58, P>0.05; placenta: t=1.05, P>0.05)

6

4EBP1 ratio decreased obviously in the L-NAME+NS
group compared with the Control+NS group (liver:
0.62±0.11 vs. 0.89±0.09, t=5.35, P<0.05; placenta:
0.98±0.22 vs. 1.36±0.07, t=4.78, P<0.05), and
increased significantly in the L-NAME+Pra group com-
pared with the L-NAME+NS group (liver: 0.79±0.11 vs.
0.62±0.11, t=2.92, P<0.05; placenta: 1.20±0.13 vs.
0.98±0.22, t=2.48, P<0.05). The ratio in the liver had
no significant difference in the liver and still decreased in
the placenta in the L-NAME+Pra group compared with
that in the Control+NS group (liver: t=2.02, P>0.05;
placenta: t=3.20, P<0.05) [Figure 3].

Correlation analysis of the mTOR activation and FAO-related
indexes

The reduction of LCHAD protein expression and elevated
serum FFA levels in the L-NAME group were reversed
after treatment with Pra in our previous research.[10,11] We
analyzed the correlation between the mTOR activation
levels and the corresponding protein expression of
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LCHAD and that between the mTOR activation levels and
serum FFA levels.

might be involved in the regulation of FAO in the PE-like
mouse model.

Figure 2: Effects of pravastatin on mTOR protein distribution and activation in the maternal liver and placental tissues detected using immunohistochemistry (n=8). (A and B) Expression of
mTOR protein and p-mTOR protein in liver and placenta; (C) The mean optical density of p-mTOR/mTOR ratio in the liver and placenta.

∗
P<0.05, compared with the Control +NS group; †P<

0.05, compared with the L-NAME+NS group. Scale bars: 50mm. L-NAME: Nv-nitro-L-arginine methyl ester; mTOR: Mammalian target of rapamycin; NS: Normal saline; Pra: pravastatin.
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In the L-NAME+NS group, the activation levels of mTOR
(p-mTOR/mTOR ratio) were negatively correlated with
the LCHAD expression level in the liver and placental
tissues (liver: r=�0.745, P<0.05; placenta: r=�0.833,
P<0.05); no significant correlation existed with the serum
FFA levels (liver: r=0.602; placenta: 0.538, both P>0.05).

In the L-NAME+Pra group, the activation of mTOR was
negatively correlated with the protein expression of
LCHAD in the liver, but no significant correlation existed
between the two in the placental tissues (liver: r=�0.733,
P<0.05; placenta: r=�0.344, P>0.05). The mTOR
activation in the maternal liver had a positive correlation
with the serum FFA level and had no significant correlation
with the serum FFA level in placental tissues (liver: r=
0.841, P<0.05; placenta: r=�0.358, P>0.05) [Figure 4].

Discussion
75
In this study, an abnormal activation of mTOR signaling
pathway was found in the L-NAME PE-like mouse model.
Also, the inhibition of mTOR signaling pathway by Pra
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Part of PE was found to have a close correlation with FAO
dysfunction. The FAO disorders were important in the
pathogenesis of PE and were closely related to pathological
pregnancy such as acute fatty liver of pregnancy and
hemolysis, elevated liver enzymes and low platelet
(HELLP) syndrome.[14] In some patients with PE, fatty
infiltration of liver and placenta and increased levels of
serum triglycerides and FFA existed.[15] Minakami et al[16]

performed Oil Red O staining in the liver tissue of 41
patients with PE and liver dysfunction, showing various
degrees of fatty disposition in the livers of the patients.
Hubel et al[17] found that compared with normal
pregnancy, the serum levels of triglyceride and FFA in
patients with PE increased nearly twice and were positively
correlated with the concentration of lipid peroxide
malondialdehyde. The exploration of the pathogenic
mechanism of FAO disorders indicated the involvement
of LCHAD, an important enzyme for the oxidation of
long-chain fatty acids. Previous studies have shown that
fetal LCHAD deficiency was often associated with
maternal acute fatty liver or HELLP syndrome.[18] Both
domestic and international studies have shown an
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abnormal expression of LCHAD gene in some patients
with PE. A previous study found that the placental

pathway was involved in the development of a variety of
diseases and was activated in various cellular processes,

Figure 3: Activation of mTOR substrates S6K1 and 4EBP1 in the maternal liver and placenta in all groups. (A) Expression of phosphorylation and total S6K1 and 4EBP1 protein. (B) Statistical
results of the activation of S6K1 and 4EBP1 (n=8). The left panel is liver tissue, and the right panel is placental tissue.

∗
P<0.05, compared with the Control+NS group; †P<0.05,

compared with the L-NAME+NS group. L-NAME: Nv-nitro-L-arginine methyl ester; mTOR: Mammalian target of rapamycin; NS: Normal saline; Pra: Pravastatin.
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expression of LCHADwas significantly reduced in PEwith
liver damage, whose onset time was less than 28 weeks
or 28 to 32 weeks, suggesting that the occurrence of
early-onset severe PE was associated with FAO disor-
ders.[3] This study also observed lipid deposition and
decreased protein expression of LCHAD in the liver and
placenta and elevated serum FFA levels in the L-NAME
PE-like mouse model.

mTOR is an atypical serine/threonine protein kinase and a
member of the phosphatidylinositol-related kinase protein
family, which is relatively evolutionarily conserved and
ubiquitous in all eukaryotes. Activation of mTOR protein,
activates two substrates, ribosomal S6K1 and eukaryotic
initiation factor 4EBP1, which are key regulators of
protein translation. It has an important regulatory effect
on cell metabolism, growth, proliferation, and apopto-
sis.[19] Recent studies showed that the mTOR signaling

6

such as tumor formation and angiogenesis, insulin
resistance, adipogenesis, and T-lymphocyte activation.[20]

The research on the involvement of mTOR signaling
pathway in pregnancy-related diseases was limited. The
present study showed the involvement of the mTOR
signaling pathway in the pregnancy complications, such as
GDM, PE, and fetal growth restriction, which was related
to insulin resistance.[21] In the study, the levels of mTOR
and its substrates activation increased in the liver and
placenta of L-NAME PE-like mouse model compared with
normal pregnancy. This indicated that the mTOR
signaling pathway was abnormally activated, suggesting
its involvement in the pathogenesis of this PE-like model;
also its specific mechanism was further analyzed.

The mTOR signaling pathway is important in lipid
homeostasis. Clinical studies have shown that the long-
term use of rapamycin, an immunosuppressant, might
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have a risk of hyperlipidemia in patients undergoing renal
transplantation.[22] mTOR can directly participate in the

skeletal muscle cells.[26] However, the regulatory effects of
mTOR signaling pathway in FAO are still unclear. In the

Figure 4: Correlation between the phosphorylation degree of mTOR in maternal liver and placenta and the corresponding protein expression of LCHAD and serum FFA levels (n=8). (A) L-
NAME+NS group. (B) L-NAME+Pra group. FFA: Free fatty acid; LCHD: Long-chain L-3-hydroxyacyl-coenzyme A dehydrogenase; L-NAME: Nv-nitro-L-arginine methyl ester; mTOR:
Mammalian target of rapamycin; NS: Normal saline.
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lipid metabolism mediated by the transcription factors
sterol-regulatory element binding proteins (SREBPs) and
peroxisome proliferator-activated receptor alpha
(PPARa). SREBPs are a class of transcription factors that
mediate the synthesis of lipids in the body and are mainly
involved in fatty acid and cholesterol synthesis induced by
insulin stimulation. mTOR can increase the protein
expression of SREBPs, induce endoplasmic reticulum
stress and unfolded protein response, and promote the
modification of SREBPs in the Golgi.[23] PPARa is a
nuclear receptor involved in the synthesis of ketones. The
activation of mTOR could reduce the activity of PPARa
and the production of ketones; knocking out the main
structure of mTOR, Raptor, could reverse this effect.[24]

Brown et al[25] used a primary rat liver cell model to
determine the effect of rapamycin on liver FAO and found
that rapamycin promoted the metabolism of saturated
long-chain fatty acids in a dose-dependent manner.
Moreover, the exogenous fatty acid esterification and
lipid ab initio synthesis decreased. In the studies on skeletal
muscle cells, the application of rapamycin significantly
increased the rate of fatty acid palmitate oxidation in

6

adult mouse heart induced by doxycycline or heart-specific
mTOR depletion, the mTOR signaling pathways were
inhibited after insulin stimulation. The results showed that
myocardial palmitate oxidation reduced and the expres-
sion of fatty acid-binding protein, LCHAD, and many
other FAO-related enzymes decreased. mTOR deletion
caused FAO disorders, suggesting that the activation of
mTOR signaling pathway could increase the expression of
several enzymes in the FAO and promote FAO.[27] This
study suggested that in the PE-like mouse model, the
activation of mTOR protein in the liver and placenta
negatively correlated with LCHAD, suggesting that the
decreased LCHAD levels might be associated with the
abnormal activation of mTOR signaling pathway in
the PE-like mouse model.

In this study, the level of phosphorylation of mTOR
decreased in the maternal liver and placenta after the use
of Pra in the L-NAME PE-like model. The promotion of
S6K1 activation and the inhibition of 4EBP1 were also
weakened, suggesting that the overall level of the mTOR
signaling pathway was suppressed. A previous study
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showed that Pra could promote FAO in the L-NAME
model, reduce the lipid deposition and up-regulate the
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effects.[29] In clinical and animal model studies, the
mechanism of Pra in PE mainly included regulation of
angiogenesis balance, reduction of oxidative stress, anti-
inflammatory effect, and immune regulation, but the specific
molecularmechanismremainedunclear.[9]Rheb is a smallG
protein in theRas family, which is an important activator of
mTOR. GTP-binding Rheb could bind to the catalytic
domain, and then activate the mTOR. The upstream
signaling could regulate the activation of mTOR by
changing the state of GTP binding. After inhibiting the
HMG-CoA reductase, statins could reduce the intermediate
products in the cholesterol synthesis, suchasmevalonic acid,
farnesyl pyrophosphate, geranyldiphosphate, and so on,
which are important for the posttranslational modification
and activation of small G proteins. The small G proteins
transferred from the cell to the cell membrane and then
regulated cell function in many aspects after activation.
Therefore, Pra might inhibit the mTOR signaling pathway
by suppressing the activation of Rheb and play a further
role in PE.[30,31] In this study, the activation of mTOR
protein negatively correlated with the expression of
LCHAD in the maternal liver and placenta in the L-
NAME+Pra group. Also, a positive correlation existed
with the level of serum FFA, indicating that the effects of
Pra on serum FFA levels and liver and placental expression
of LCHAD might be related to its regulation of mTOR
signaling pathway.

The present study showed that themTOR signaling pathway
was related to the pathogenesis of FAO disorders in PE and
might be involved in the regulatory effect of Pra on FAO. The
findings help further understanding the pathogenesis and
mechanism of action of Pra on FAO in PE. However, its
specific mechanism remains to be further explored.
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