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Abstract
Background: Hypertension in preeclampsia (PE) is one of the most important complications in these
patients, which increases the risk of cardiovascular disease (CVD). Bioinformatics analysis can identify
the signaling pathways, genes and microRNAs involved in the development of CVD due to hypertension; it
can also reduce the risk of developing PE by providing appropriate target therapies.

Method: In this study, after collecting data and determining the gene list, changes in gene expression in
patients with severe and non-severe forms of PE were compared. Protein-Protein interaction (PPI) and
pathway enrichment analysis were also used to evaluate the common genes and pathways between the
two cited forms of PE.

Result: FGF, TNF, Adherent junction, metabolic signaling pathway, GATA3-mediated activation pathways
of Th2, EGF / EGFR signaling pathway and Rab GTPase among the most important signaling pathways
are effective in CVD development. HLTF, SUMO1, KDR, SNRPD3, DERL2, VCP, EIF4B, NOTCH1, SOCS3,
CBL, ICAM-1, ITGB2, STRN, MEF2A and PTPRC are the most important genes and miR-3135-3P, miR-505,
miR-6088, miR-451, miR-4637-3P, miR-1281-3P, miR-4304-3P, miR-323-3P, miR-3150-3p.1, miR-4718, miR-
151-5p, miR-3117-5p.2, miR-3613, miR-1278- 3P, miR-4467, miR-4730 , miR-190b-3p , miR-610-5p, miR-
3648-3p , miR-4796-3p, miR-2277-3P, miR-325, miR- 6807-3p , miR-551a-3p, and miR-3131-3P have been
also effective in the development of CVD by hypertension in PE patients.

Conclusion: Finally, it was concluded that identi�cation of common signaling pathways, genes and
microRNAs between severe and non-severe forms of PE can be effective to design preventive and
treatment strategies for CVD caused by hypertension.

Introduction
Preeclampsia (PE) is one of the most common diseases, that occurs in pregnant women during
pregnancy. Its prevalence is increasing in developing countries. Based on diagnostic criteria, as well as
the study population, about 1.8–16.7 new cases of PE are identi�ed annually in cited countries (1). PE is
clinically divided into two types, mild and severe. Because severe cases are associated with more severe
clinical symptoms, worse maternal and fetal outcomes, higher risk of developing PE and higher risk of
recurrence, it seems that the pathogenesis of mild to severe PE can vary (2, 3). Depending on the
pathogenesis and the severity of the disease, different symptoms are observed in patients.

It has been shown, that hypertension is one of the main and common symptoms in patients. Based on
this �nding and the obtained data from recent studies, it has been shown that the incidence of
hypertension in severe form is lower compared to patients with mild symptoms. However, it has been
shown that the development of hypertension in patients can increase the risk of cardiovascular disease
(CVD) (4). Given that, preventing high blood pressure can prevent harm to mother and fetus, so it is
effective to identify the pathways, that are involved in diagnosing the pathogenesis of CVD due to
hypertension (5).
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System biology is an approach by which the pathways and genes involved in the pathogenesis of the
disease can be identi�ed, and patient survival can be increased by applying treatment strategies and
pathways. Using this approach can identify diagnostic biomarkers and high-risk individuals(6). So far,
very few studies have been performed to identify the pathways and genes involved in the pathogenesis of
CVD due to hypertension in patients; so this study, for the �rst time examined the molecular pathways
and genes involved in the development of CVD in PE patients through biological system approach.

Materials And Methods

Gene Expression Omnibus (GEO) datasets and
bioinformatics data preparation
This study was provided with bioinformatics analysis. We �rst used the GEO database and selected the
appropriate microarray-dataset for this study. GSE48424, GSE99007, and GSE91189 datasets (table 1)
consist of 36 samples about the non- severe, severe PE and healthy individuals. The used platforms in
this dataset was GPL6480 Agilent-014850 Whole Human Genome Microarray 4x44K G4112F (Probe
Name version). After de�ning the groups using the GEO2R tool, we isolated the differential expression
pro�les of the genes and saved them in an Excel �le. Then we separated the gene clusters with up and
down expression, and prepared them for the next step. In this part, the P-value 0.05 was considered as
the signi�cance level (Fig. 1).

Assessment of signaling pathways and gene ontology
In this section high and low expressed genes were chosen from dataset isolated. After that, via the Venn
diagram, the common genes pro�les between non-severe and severe PE were determined. In the next step,
the obtained common genes were uploaded to the Enrichr database to examine the signaling pathways
and gene ontology. The KEGG and bioplanet libraries were used to analyze the signaling pathways. The
ontology section was then used to evaluated the molecular functions, and biological processes of high
and low-expressed genes. The Shiny GO database was also used to plot the communication network
between the results. In this part, the P-value 0.05 was considered as the signi�cance level.

Evaluation of protein- protein interactions (PPI)
After evaluating the signaling pathways and gene ontology, the effective pathways in non-severe to
severe PE were selected. The relationship between their protein networks was assessed using the STRING
database.

Candidate miRNAs selection
At this point, after isolating important proteins in the PE-dependent signaling pathways, we used the
MienTurnet database to examine the miRNAs associated with these genes. In this part, the P-value 0.05
was also considered as statistically signi�cant.
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Results

Evaluation of most prominent signaling pathways between
non-severe and severe preeclampsia
After clustering the genes for dataset, 235 high and 546 low-expressed common genes were obtained in
non-severe and severe form of PE. Activation of calcium-permeable kainate receptor, steroid biosynthesis,
cytochrome P450 metabolism of vitamins, GATA3-mediated activation of Th2 cytokine expression, SLC26
family multifunctional anion exchangers, FGFR function and FGFR3b ligand binding and activation
signaling pathways were observed in high-expressed genes. Rab GTPases mark targets in the
Endocytosis machinery, COPII-mediated vesicle transport, PIP biosynthesis at the late endosome
membrane, gene expression regulation by hypoxia-inducible factor, JNK (c-Jun kinases) phosphorylation
and activation mediated by activated human TAK, EGF/EGFR signaling pathway, TNF signaling and
adherent junctions signaling were observed in low- expressed genes (Fig. 2).

Evaluation of gene ontology between non- severe and
severe preeclampsia
This section further evaluates the common genes from the previous step, and examines their biological
processes. Accordingly, mitochondrial translational elongation, mitochondrial translational termination,
mitochondrial gene expression and translational elongation were observed in high expressed genes. Also,
for low-expressed genes, endoplasmic reticulum to Golgi vesicle-mediated transport, vesicle organization,
Golgi vesicle transport, organelle assembly, regulation of organelle organization, cytoskeleton
organization, establishment of protein localization, establishment of localization in cell, intracellular
signal transduction, cellular protein modi�cation process, and macromolecule modi�cation were
associated with biological processes (Fig. 3, table 2 and 3).

Association proteins between non- severe, severe
preeclampsia with placenta and chorion
The communication network between the common proteins of high and down expressed genes of non-
severe, severe PE with placenta and chorion was plotted. High-expressed HLTF, SUMO1, KDR, SNRPD3,
DERL2, VCP, and EIF4B proteins and downregulated proteins of NOTCH1, MAML1, SOCS3, CBL, ICAM1,
ITGB2, STRN, MEF2A, and PTPRC had the most relationship between severe and non-severe PE signaling
pathways (Fig. 1 and table 4).

Evaluation of candidate miRNAs between non-severe and
severe preeclampsia with placenta and chorion
In this part of bioinformatics analysis, the strong association of miRNAs with common high and low
expressed genes was investigated. In the regulation of genes with elevated expression, hsa-miR-3135-
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3p/hsa-miR-505/hsa-miR-6088, hsa-miR-451, hsa-miR-4637-3p/hsa-miR-1281-3p, hsa-miR-4304-3p/hsa-
miR-323-3p, hsa-miR-3150-3p.1, hsa-miR-4718/hsa-miR-151-5p, hsa-miR-3117-5p.2, hsa-miR-3613, and
hsa-miR-1278-3p. The common miRs that had reduced expression in non-severe and severe PE were hsa-
miR-4467, hsa-miR-4730, hsa-miR-190b-3p, hsa-miR-610-5p, hsa-miR-505-3p, hsa-miR-3648-3p/hsa-miR-
4796-3p, hsa-miR-2277-3p, hsa-miR-325/hsa-miR-6807-3p, hsa-miR-551a-3p, and hsa-miR-3131-3p
(Figs. 4 and 5).

Discussion
PE is one of the most important causes of mortality in pregnant women. Hypertension is also one of the
leading causes of death in pregnant women with PE. Hypertension can increase the risk of CVD and
subsequent mortality in pregnant women. By identifying the signaling pathways, genes and microRNAs
involved in the development of CVD due to hypertension in pregnant women with PE, the risk of
developing CVD due to hypertension can be reduced; it is achievable by providing appropriate target
therapies, and consequently the mortality rate will be reduced. Therefore, in this study, involved signaling
pathways, genes and microRNAs in the development of CVD caused by hypertension in pregnant women
with PE were investigated using the biological system.

Signaling Pathways
The �ndings of this study indicated that important signaling pathways involved in inducing hypertension
and subsequent CVD are FGF, TNF, Adherent junction, metabolic signaling pathway, GATA3-mediated
activation of Th2, EGF / EGFR signaling and Rab GTPase pathway.

In the FGF signaling pathway, binding of FGF to the FGFR3 receptor by activating the TEL / FGFR3 / Ras
/ Raf / MEK1 / ERK / RSK2 pathway can induce proliferation in Arterial Vascular Smooth Muscle Cells
(VSMCs). Subsequent induction of proliferation in arterial VSMCs induces angiogenesis, that may play a
role in the development of atherosclerosis and CVD following hypertension (7). TNF / TNFR1 / TRADD /
FADD / Caspase8,10 / Caspase3 and TNF / TNFR1 / P55 / TRADD / FADD / RIP / NEMO / IKK / NF-Kβ
pathways in the downstream of the TNF signaling can induce apoptosis and in�ammation in Endothelial
Cell (EC).

Following induction of apoptosis and in�ammation in EC, EC dysfunction occurs, resulting in CVD due to
hypertension (8). Adherent joints play an important role in the connections between ECs. One of the most
important adherent junctions in intercellular connections is VE-Cadherin. During the in�ammatory
process, the IL-1β / sAC / cAmp / CREB / CRE2,6 / VE-Cadherin pathway leads to non-copying of the VE-
Cadherin molecule, and subsequently plays an important role in the destruction of adherent junctions.
Consequence of loss of adherent junction during in�ammation is EC dysfunction and subsequent CVD
due to hypertension (9).

In a study by Koga et al., the results showed that an increase in VE-Cadherin levels was associated with
EC dysfunction and subsequent Coronary Artery Disease (10). Metabolic pathways are also involved in
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CVD due to hypertension. One of the most important of these metabolic pathways is the steroid synthesis
pathway. Subsequently, during uterine hypoxia, steroids through the MEK / ERK1,2 / PKC pathway can
affect uterine arterial contraction; thus it could be effective in hypertension during PE (11).

In the GATA3-mediated activation of Th2 signaling pathway, GATA3 is a transcription factor, that plays an
important role in differentiating Th0 cells from Th2. As Th2 cells evolve by GATA3 transcription factor,
interleukins 4 and 13 are subsequently secreted from Th2 cells. IL4 and IL13 can play a signi�cant role in
hypertension and CVD induction. Thus, IL-4 via the IL4R / JAK3 / STAT6 / NOX2 / NOX4 / ROS / AP-1 /
Col1α pathway and IL-13 through the IL13Rα / TYK2 / JAK2 / STAT6 signaling pathway in ECs can also
induce in�ammation, and subsequently EC dysfunction. IL-4 and IL-13 can also induce �brosis in cardio
myocytes through the mentioned signaling pathways. The consequence of �brosis in cardio myocytes
and EC dysfunction is hypertension and CVD induction. in addition, IL-13 can induce hypertension
through the Smad2 / 3 / TGF-β signaling pathway.

In a study by Shah et al., it was found that GATA3 plays an important role in inducing myocardial
infraction (MI) and cardiac hypertrophy; so that, cardiac function have been improved in mice with
mutations in GATA3, and the incidence of MI and hypertrophy have been reduced (12, 13).

Binding of Epidermal Growth Factor (EGF) to its receptor in the EGF / EGFR signaling pathway induces
NOX1 / P22phox / NOXa1 / NOXO1 / O2- / NF-Kβ signaling, which produces Pro-in�ammatory cytokine.
These in�ammatory cytokines lead to in�ammation in the EC, and subsequently can induce hypertension
through EC dysfunction. In addition, Angiotensin ІІ can activate the EGFR signaling pathway, and
activates the Shr / Grb2, Ras / ERK and PI3K / Akt / P70S6 Kinase pathways through EGFR / ErbBs.
Consequence of activation of EGFR signaling pathway and other downstream pathways induced by
Angiotensin ІІ signaling pathway is hypertension. In a study by Semplicini et al., the �ndings showed that
by suppressing the Src / EGFR / Akt signaling pathway induced by Angiotensin ІІ, cardiac hypertrophy
and subsequent hypertension could be prevented (14, 15).

Rab GTPase is an enzyme, that converts the Rab GDP to Rab GTP. There are different types of this
enzyme, including Rab1 and Rab7. Studies have shown, that Rab1 and Rab7 in the Rab GTPase signaling
pathway can play a signi�cant role in hypertension. Thus, Rab GTPase enzyme of Rab7 type can disrupt
arterial EC function through the Ras / Raf / MEK / ERK signaling pathway, and consequently induces
hypertension and Aortic Dissection (AD). Rab1, another type of Rab GTPase enzyme may also be
involved in the transfer of Angiotensin ІІ type 1 Receptor (AT1R) from the endoplasmic reticulum to the
Golgi apparatus, and subsequently to EC levels. In addition, Rab1 enzyme mediates the STAT3 signaling
pathway by transporting AT1R to the EC surface, thereby inducing hypertension. Transfer of the AT1R
receptor to the EC surface by Rab1 GTPase can also lead to hypertension via the signaling pathway
induced by Angiotensin ІІ binding to this receptor.

By Angiotensin ІІ binding to the AT1R receptor at the EC level, the p-Akt / ERK1 / 2 signaling pathway is
induced, resulting in in�ammation. On the other hand, Rab GTPase enzyme can induce hypertrophy and
subsequent hypertension through the PKC / PKA / p-PKD / HDAC and PKC / PKA / PKD-P / AKAP / Lbc /
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p38MAPK / mTOR signaling pathways. A study by Dorn et al. showed that increased expression of
RabGTPase in cardio myocytes could be impressive in inducing myocardial hypertrophy and subsequent
hypertension (16–18).

Genes
In addition to signaling pathways, bioinformatics analyzes of this study also examined the genes
involved in the development of CVD due to hypertension in PE individuals. According to bioinformatics
�ndings, the most important genes involved in the development of hypertension and subsequent
induction of CVD in PE are as following:

HLTF, SUMO1, KDR, SNRPD3, DERL2, VCP, EIF4B, NOTCH1, MAML1, SOCS3, CBL, ICAM1, ITGB2, STRN,
MEF2A and PTPRC.

The HLTF gene is linked to P53 gene via the POLi / P53complex / HLTF / ZRANB3 pathway.
Subsequently P53 genes in the upstream of the HLTF gene signaling pathway can inhibit cell proliferation
by suppressing the cell cycle. P53 can inhibit proliferation in EC via the P53 / miR192 / miR215 / CDC7 /
MAD2L1 / CUL5, P53 / miR34a / b / c / CDC4 / 6 / Cyclin E and P53 / miR145 / CDK6 signaling
pathways. Subsequently, miR-31a-5p could induce proliferation in EC by suppressing P53 inhibitory
signaling. On the other hand, P53 can induce apoptosis in the EC in the downstream of the Alm /
pSer15p53 / Puma / Bax / Bak / Caspase3,9 signaling pathway. TP53 in the downstream of the EP300 /
TP53 / Hippo / WNT signaling pathway can also induce cardiomyopathy and hypertension-induced CVD
by suppressing the Hippo and WNT pathways (19). The SUMO1 gene through the TLR4 / STAT3 /
SUMO1 / Caspase-1 pathway can affect in�ammation induction in EC. Following induction of
in�ammation in EC, EC dysfunction occurs, resulting in CVD due to hypertension. In addition, the JAK2 /
STAT3 pathway in the upstream signaling of the SUMO1 gene can lead to cholesterol synthesis.

Cholesterol also increases sodium uptake and induces hypertension by increasing the function of the
Furin molecule, as well as by the 4HNE / SGK1 / Nedd4-2 / ENaC pathway(20, 21). In a study by Yao et
al., the results showed that the signaling pathway induced by the SUMO1 gene was effective in the
development of hypertension(22). The KDR gene can induce vascular angiogenesis through the BCL6B /
KLF4 / EGR1 / KDR / PI3K / AKT signaling pathway. Consequently, vascular angiogenesis is effective in
the development of hypertension-induced CVD.

In addition, the PI3K / AKT pathway in the downstream of KDR signaling can inhibit the activity of
Plasminogen Activator Inhibitor type1 (PAI-1), and thus affects plasminogen activity induction.
Subsequently, activated plasminogen in the downstream of the KDR signaling pathway can be converted
to plasmin by tissue activator plasminogen (tPA). Plasmin activates the ERK1 / 2 and MAPK signaling
pathways via the pro-BDNF / BDNF / TrKB pathway. Subsequently, the ERK1 / 2 signaling pathway
activated in the downstream of plasmin activity can lead to Peripheral Arterial Smooth Muscle Cell
(PASMC) proliferation via GATA4; it induces hypertension.
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Also, the MAPK signaling pathway increases the expression of adhesion molecules and ET-1, and
decreases NO expression by decreasing PI3K / eNOS signaling. Hypertension is also a consequence of
increased expression of ET-1 and adhesion molecules due to resistance arterioles(23, 24). In the study by
Eyries et al., the �ndings showed, that KDR heterozygous loss of function plays an important role in the
development of familial hypertension (25). The SNRPD3 gene through the SUN2 / SNRPD3 / MAU2 /
ESPL1 / SMC1 and SNRPD3 / SMC1 / NF-Kβ pathways can induce angiogenesis and EC dysfunction by
inducing proliferation and in�ammation in ECs, respectively.

The consequence of angiogenesis and EC dysfunction induced by the SNRPD3 gene is the incidence of
CVD induced by hypertension. In addition, the SNRPD3 gene in conjunction with the MDM2 gene could
play a negative role in p53 molecule regulation (26, 27). Subsequently, the MDM2 molecule induces
proliferation in EC by suppressing the P53 signaling pathway, which results in the induction of
hypertension. MDM2 can also activate the Angiotensin Converting Enzyme (ACE). The ACE2 enzyme
subsequently converts Angiotensin 1–7 to Angiotensin ІІ. Angiotensin ІІ can also induce oxidative stress
in EC via the AngІІ / AT1R / P38MAPK / MK2 / P47 / P22 / NOX / rac / P67 / ROS, which results in cell
injury, EC dysfunction and hypertension.

On the other hand, MDM2 in the downstream of the PHLPP1 / Nrf2 / MdM2 / FOXO1 signaling pathway
can also lead to renal cell apoptosis. It is also effective in inducing hypertension through damage to
kidney cells and defects in the function of the renin-angiotensin system. In addition, the MDM2 molecule
can increase the contraction of cardio myocytes in the downstream of the GRK2 / MDM2 / β-adrenergic
receptor signaling pathway, and subsequently affects hypertension and CVD occurrence(28).

The DERL2 gene is responsible for the synthesis of the Derlin 2 protein. Subsequently, the Derlin-2 protein
via the HRD1 / Shh / PTCH1 / SMO / GLi pathway can induce proliferation in arterial VSMCs. Induction
of proliferation in arterial VSMCs is associated with angiogenesis and subsequent induction of
hypertension-induced CVD. In addition, the Shh / YAP / Wnt / β-Catenin pathway in the downstream of
the signaling of the DERL2 gene can lead to the transcription of the erythropoietin gene and its
production. Erythropoietin is also effective in the synthesis of hemoglobin. Hemoglobin can induce
vasoconstriction and subsequent hypertension by suppressing the cGmp / eNOS / NO / GC / PKG
signaling pathway (29, 30).

The VCP gene can induce in�ammation in the EC via the PINK1 / UFD / NPL4 / GP78 / HDR1 / VCP / NF-
Kβ signaling pathway. In addition, hypertension through the VCP / mTORC1 / Raptor / mTOR / mLST8
and VCP / mTORC2 / Rictor / mTOR / mLST8 pathways can be effective in inducing myocardial
hypertrophy. Also in the P97 / VCP / KBTBD7 / Wnt / PCR / MARCH6 / Vangl pathway, the MARCH6
molecule is activated in the downstream of VCP signaling. Subsequently, the MARCH6 molecule involved
in post-translational changes and production of the Lanosterol Synthase (LSS) enzyme(31, 32).

LSS enzyme converts Squalene 2,3-epoxide to Lanosterol. The lanosterol produced by the LSS enzyme is
also converted to 7-Dehydrocholesterol (7DHC) by the enzyme Sterol-C5desturase (SC5D) in the pathway
of cholesterol synthesis. Subsequently, 7DHC can induce atherogenesis and atherosclerosis by
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suppressing the TGF-β signaling pathway. The consequence of atherogenesis and atherosclerosis
increases blood pressure through vascular stiffness (33). The EIF4B gene activates C / EBP-β / LAP
signaling via the RSK / eIF4B pathway. Consequently, the C / EBP-β pathway in the downstream of EIF4B
gene signaling can be effective in inducing hypertension. Thus, downstream of the Activating
Transcription 4 / C-EBP-β signaling pathway, the EBP protein can lead to cellular apoptosis by inducing
endoplasmic stress in ECs, and subsequently induces hypertension due to EC dysfunction. In addition, in
the downstream of the CXCR7 / P38 / C-EBP-β signaling pathway, EBP can lead to EC senescence and
in�ammation in the ECs (34–36).

The NOTCH1 gene can be involved in inducing angiogenesis and apoptosis in EC through the Notch1 /
NICD / RPBJ / Hey1 / Hes1 and Notch1 / NICD / PI3K / β-Cat / TCF signaling pathways. Mutations in the
NOTCH1 gene lead to increased expression of the GAB1 gene. Increased expression of GAB1 gene in the
downstream of the PGE4 / EP4R / EGFR / Gab1 / Akt / NF-Kβ / VEGF signaling pathway can lead to
hypertension by inducing angiogenesis in ECs(37, 38).

On the other hand, Gab1 can inhibit Angiotensin ІІ induced atherosclerosis through the HGF / GMet
signaling pathway, thereby inhibiting the induction of hypertension-induced CVD. Thus, the Gab1
molecule has dual effects on the incidence of CVD, due to hypertension and can act as a double-edged
sword (39). In a study by Wang et al., the results showed that the NOTCH1 gene signaling pathway could
be effective in the development of hypertension (40). In addition, the MAML1 gene in the downstream of
the Notch1 signaling pathway through Notch / NEC / HD / ICN / MAML1 / CFB1 can induce proliferation
in arterial VSMCs. Induction of proliferation in arterial VSMCs is associated with vascular angiogenesis
and subsequent hypertension. The Notch / MAML1 pathway can also lead to upregulation of the RASA1
gene by suppressing the ERK / Kras signaling. Subsequently, RASA1 can also induce in�ammation in the
EC via the RASA1 / Ras / MAPK / MK2 signaling pathway (41–43). Also in the study of Dabral et al., the
�ndings indicated that MAML1 in the downstream of the NOTCH1 signaling pathway could be effective
in proliferation regulating and induction of apoptosis in ECs, and subsequently in the development of
hypertension due to endothelial dysfunction (44).

The SOCS3 gene, through the STAT3 / P53 / P21 pathway can induce apoptosis in EC. Following
induction of apoptosis in these cells by the SOCS3 signaling pathway, EC dysfunction occurs, resulting in
hypertension-induced CVD. In addition, the STAT3 molecule in the downstream of the SOCS3 gene
signaling pathway can bind the SOCS3 gene signaling to the ROCK1 gene via ROCK1 / JAK2 / STAT3.
Subsequently, the RhoA / ROCK1 / myosin phosphatase signaling pathway targeting subunit / myosin
light chain can lead to angiogenesis and subsequent hypertension by inducing proliferation in VSMC. The
ROCK1 / SP1 / PKC-γ pathway can also induce hypertension due to hypertrophy in cardio myocytes (45,
46).

In the study of Kuang et al., the results showed that polymorphism in the SOCS3 gene is associated with
hypertension occurrence (47). The CBL gene can induce proliferation in the EC via the Raf / Ras / MAPK
signaling pathway. Subsequently, by inducing proliferation in the EC, angiogenesis occurs and the
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consequence of CVD is hypertension. In addition, activation of the MAPK molecule in the downstream of
the CBL gene signaling pathway via the Raf / MEK / P42 / 44 MAPK / P90RSK / GSK can increase LDL
receptor expression on the EC surface, leading to increased intravascular cholesterol deposition; thereby,
it induces atherosclerosis and hypertension. On the other hand, the MEK1 / P42 / 44 MAPK signaling
pathway can protect cardio myocytes against damage caused by heart reperfusion. Therefore, the MAPK
signaling pathway has dual effects on the occurrence of hypertension, as well as CVD risk reduction; it
also acts like a double-edged sword(48).

The CBL gene can also lead to upregulation of the KRAS molecule via the KRAS / HRAS / NRAS / BRAF /
RAF-1 / SHOC2 / MEK1,2 / ERK1,2 pathway. KRAS also affects hypertension, cardiac hypertrophy and
subsequent CVD through RAF / MEK1 / 2 / ERK1 / 2 and PI3K / Akt / mTOR signaling pathways(49).
Also the ICAM-1 gene in the downstream of the TNF-α / TNFRІ / c-Src / NADPH oxidase / ROS / NF-Kβ /
ICAM-1 signaling pathway can induce in�ammation in EC. The ICAM-1 gene can also communicate with
VEGFA gene signaling via the VEGFA / TNF-α / ICAM-1 pathway. Subsequently, the VEGFA molecule can
induce vascular angiogenesis by inducing Akt / PKE / ERK1 / 2 and Src / FAK / RhoGTPase signaling.
VEGFA is also activated in the downstream of the TSP1 / NF-Kβ / VEGFA pathway and may affect
occurrence of angiogenesis-induced hypertension and CVD(50–52).

In the study of Ataam et al., the �ndings indicated the role of ICAM-1 gene in the development of
hypertension, following pulmonary thromboembolism (53). The ITGB2 gene is responsible for the
synthesis of Integrin-β2. Subsequently, it can induce proliferation in ECs by beta integrin synthesis, and
induction of the FAK / mTORC1 pathway in the downstream of this molecule. Also, the mTORC1
molecule in the downstream of the ITGB2 gene signaling pathway can bind the ITGB2 gene signaling to
the TRAF6 gene, through the mTORC1 / Raptor / LST8 / GβL / S6K / MyD88 / TRAF6 signaling. The
product of the TRAF6 gene in the downstream signaling of the ITGB2 gene is ubiquitin E3 ligase. This
molecule can also lead to cardiac hypertrophy and subsequent hypertension via the TRAF6 / TAK1 /
MAPK / Nrf2 signaling pathway (54, 55).

The results of a study by Sun et al. showed that polymorphisms in the ITGB2 gene can be associated
with coronary heart disease, and �nally hypertension (56). STRN gene can lead to proliferation in ECs by
inducing STK25 / STRN / AMPK / ACC1 signaling. Proliferation induction in EC by vascular angiogenesis
is effective in the development of CVD due to hypertension. Also, the Ca MKK2 / AMPK / Pref-1 / SOX-9
pathway in the downstream of the STRN gene signaling can induce the TLR4 signaling pathway, through
the CaMKK2 molecule. Consequently, the TLR4 signaling pathway can be effective in myocardial
hypertrophy and hypertension via the TLR4 / TRIF / Peli1 / RIP1 / IKK / NF-Kβ (57, 58). The MEF2A gene
downstream of the Tpl2 / MEK5 / ERK5 / BMK1 / MEF2A signaling pathway can induce apoptosis in
ECs.

Also, the ERK5 molecule in the upstream signaling of the MEF2A gene can lead to the binding of the
MEF2A gene signaling to the RAC1 gene, via the RAC1 / MEK / ERK pathway. Subsequently, RAC1 in the
downstream of the Ang ІІ / AT1R / PKCγ / RAC1 signaling pathway can play a role in inducing
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hypertension by activating the sympathetic nerves. Furthermore, RAC1 can be effective in inducing
oxidative stress, and subsequent cell damage in ECs by suppressing the AMPK / ERK1 / 2 / RSK / NOS,
and activating the NADPH oxidase / ROS pathway. The consequence of these processes is the induction
of EC dysfunction, and the occurrence of hypertension(59–61).

The PTPRC gene can also induce proliferation in arterial VSMCs via the BCR / ABL / ERK / ARG / TWIST1
/ ZEB1 signaling pathway. By inducing proliferation in arterial VSMCs, the phenomenon of vascular
angiogenesis occurs, which results in the development of CVD due to hypertension(62). In addition, in a
study by Esmael et al., the �ndings suggested that the MEF2A and PTPRC genes were associated with
coronary artery disease and subsequent hypertension(63).

microRNAs
Important microRNAs, that involved in the development of hypertension-induced CVD based on the
bioinformatics �ndings of our study are:

miR-3135-3P, miR-505, miR-6088, miR-451, miR-4637-3P, miR-1281-3P, miR-4304-3P, miR-323-3P, miR-
3150-3p.1, miR-4718, miR-151-5p, miR-3117-5p.2, miR-3613, miR-1278- 3P, miR-4467, miR-4730, miR-
190b-3p, miR-610-5p, miR-3648-3p, miR-4796-3p, miR-2277-3P, miR-325, miR- 6807-3p, miR-551a-3p, and
miR-3131-3P.

miR-3135-3p via the GOLPH3 / AKT1 / mTOR pathway can induce apoptosis in ECs. miR-3135-3P can
also lead to EC dysfunction, and consequently induces hypertension by reducing the expression of HIF-1α
and TWIST1 molecules, and increases the expression of ET-1 molecules in the downstream of the ERK /
MAPK signaling pathway(64). miR-505 can inhibit proliferation in the VSMC by suppressing the PI3K /
Akt / GSK3β / Cyclin D1 pathway, and reducing the expression of proliferating cell nuclear antigen
(PCNA); subsequently it leads to hypertension in individuals with atherosclerosis(65). Also, miR-505-3P
via the SIRT3 / ROS / NET pathway can exacerbate atherosclerosis, and subsequently induces
hypertension due to vascular stiffness (66). In a study by Escate et al., the results showed that miR-505
plays a signi�cant role in inducing atherosclerosis, due to familial hypercholesterolemia and subsequent
hypertension via regulating the expression of chemokine receptors and upregulation of in�ammation-
related signaling pathways(67).

On the other hand, miR-505-3P can reduce vasoconstriction, and subsequently prevents hypertension by
suppressing the NCX1 pathway; it also reduces Ca+ 2 overload. Also, by reducing Ca+ 2 overload in cardio
myocytes, miR-505-3P can prevent the induction of Bax / CytochromeC / Caspase3,9 pathway by
targeting the TP53AIP1 molecule, which leads to apoptosis in heart muscle cells; therefore, it reduces the
incidence of CVD (68). miR-6088 can induce proliferation in vascular ECs by suppressing the SMARCB /
INI1 / Snf5 signaling pathway (69). miR-451 induces proliferation in arterial smooth muscle cells by
suppressing the KLLN / P53 and CAB39 / LKB1 / AMPK / mTORC1 / S6K pathways, leading to
hypertension by reducing vessel diameter and increasing vascular thickness(70).
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In a study by Gu et al., the results showed that miR-451 could affect development of hypertension
following myocardial ischemia reperfusion injury by regulating the AMPK signaling pathway(71). miR-
4637-3p can induce in�ammation in EC by inhibiting the activity of the IFN-І molecule, and inducing the
Keap1 / Nrf2 / HO-1 / NQO1 / GST / ROS / TXNIP / NLRP3 / IL-1β pathway. The ROS molecule in the
downstream of the miR-4637-3p signaling pathway can also lead to apoptosis in ECs by inducing the
PUMA / NOXA / BAX / Caspase3,9 / PARP pathway.

In addition, miR-4637-3p may affect apoptosis induction in cardio myocytes, and subsequent CVD due to
hypertension, as a result of myocardial hypertrophy and via suppressing the ErbB / PI3K signaling
pathway (72). miR-1281-3p in the PI3K / DNMT1 / miR-1281-3p / HDAC4 / PDGF-BB pathway could lead
to increased proliferation in VSMCs. The consequence of increased proliferation in VSMCs by miR-1281-
3p is induction of angiogenesis and subsequent hypertension. In addition, miR-1281-3p can induce
proliferation in VSMC by downstream of the P65NF-Kβ / miR-455 / PTEN signaling pathway and
suppressing the PTEN molecule; �nally, this process leads to hypertension and CVD due to vascular
stenosis(73).

miR-4304-3p can induce proliferation in VSMC by suppressing the p38MAPK / HIF / MEF2C and HIF-1α /
CTGF / PAI-1 signaling pathways, and subsequently induces hypertension through vascular angiogenesis
(74). miR-323-3P can induce proliferation in ECs by regulating the TMEFF2 / AKT / ERK, NPTX1 / Akt and
BTG1 / ERK / MEK signaling pathways. Following proliferation in ECs, the phenomenon of angiogenesis
occurs, which results in the onset of CVD due to hypertension (75).

In a study by Pilbrow et al., the results showed that miR-323-3p could be used as a diagnostic biomarker
for progression of acute coronary syndrome(76). In addition, a study by Cervera et al. showed, that miR-
323-3p can be used as an indicator in the diagnosis of hypertension following cardiomyopathy(77). miR-
3150-3p.1 can inhibit the induction of cellular apoptosis by increasing the expression of VEGF, VEGFA,
FLT1 / 2 and FOXO molecules in the downstream of the LRIG1 / ERGF / PI3K / Akt signaling pathway,
and subsequently induces proliferation in the EC(78). miR-4718 leads to stenosis in the carotid arteries by
targeting the PLCγ / DAG / PKC / Ca+ 2 / DAG / GEF / RAP1 / Talin-1 signaling pathway. In addition, miR-
4718 can induce apoptosis in EC by targeting the HER2 / PI3K / PDK / Akt / IAP / XIAP / CASP3 pathway;
ultimately, it leads to CVD due to hypertension through EC dysfunction (79).

miR-151-5p can increase vasoconstriction and �brosis in cardio myocytes; it subsequently induces
hypertension by suppressing the YAP / SRECA2a / STAT3 / FOXM1 pathway, and increases the SNON /
SK1 signaling(80). In a study by Zhang et al., the results showed that miR-151 could induce calci�cation
in blood vessels by inhibiting the expression of the Atg molecule in VSMCs; it can lead to hypertension
(81). miR-3117-5P.2 in the downstream of the YAP / TAT / OCT4 pathway can also lead to proliferation in
EC by activating the PPARγ / MAPK / APOE / LRP8 / COL1a1 / COL3a1 / LOX pathway; it affects
angiogenesis-induced hypertension (82).
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miR-3613 can inhibit cell proliferation and induces apoptosis in cells by suppressing the KDM2A /
PFKFB3 and CALB1 / D28K signaling pathways. In addition, miR-3613 can induce apoptosis in ECs by
suppressing the PDK3 / Akt / Bad / Bcl-xl / BCL2 pathway, and inducing the Ctyo-c / Apaf1 / Caspase3,9
signaling (83). miR-1278-3P can inhibit cell proliferation and induces cell apoptosis by targeting the LRH1
/ KIF5B / Wnt-β Catenin signaling pathway; it can also regulate the BTG2 / JNK / NF-Kβ pathway (84).
miR-4467 can activate Caspase1,3 enzymes by regulating the signaling pathway of SF1 / TGFβR2 /
TGFβ / Smad2,3 /Bim, which can induce apoptosis in ECs by leaving cytochrome C, as well as by ROS-
induced in�ammasome activation (85).

miR-4730 can induce apoptosis and in�ammation in cardio myocytes by regulating the signaling
pathways of MAPK3 / SIRT1 / PGC1α and PARP-1 / NF-Kβ, and subsequently affect CVD development
due to hypertension (86). miR-190b-3p can inhibit cell proliferation and induce apoptosis in ECs by
regulating the signaling pathway of TGF-β / PI3K / Akt and TGF-β / JNK / ERK1,2. miR-190b-3p can also
be effective in inducing hypertension by regulating the Ang ІІ / AT1R / TSP-1 / TGF-β signaling
pathway(87, 88). In addition, in a study by Jiang et al., the �ndings suggested that miR-190 could affect
hypertension induction following hypoxia, by regulating the HIF-1α / KLFI5 pathway(89).

miR-610-5p can inhibit cell proliferation induction, and subsequently induces apoptosis in EC by
suppressing the MEK / ERK / ElK1 / TWIST1 Raf-1 pathway. In addition, miR-610-5p can induce
in�ammation in ECs by suppressing the TWIST1 / Dnmt1 / miR-186 / NF-Kβ pathway(90). In a study by
Miao et al., the results showed that an increase in miR-610 levels is associated with hypertension
following chronic thromboembolism (91).

In addition, miR-3648-3P can lead to cell proliferation in ECs by suppressing the APC2 molecule, and
inducing Wnt / β-Catenin and IGF-1 / Akt signaling pathways, thereby inducing angiogenesis-induced
hypertension (92). miR-4796-3p can also lead to endothelial dysfunction, hypertrophy and hypertension
by suppressing the PTEN / AKT / FOXO3 and ONOO−/ Sirt1 / YAP signaling pathways(93).

miR-2277-3p can induce cell proliferation in ECs by suppressing the NUPR1L / DACH1 / Smad4 / Smad2
/ 3 / SIX1 / EYA signaling pathway(94). miR-325 can also inhibit cell proliferation by suppressing the
BAG / ERK1,2 pathway. In addition, downregulation of miR-325 through upregulation of lncRNA MEG3
and induction of the TRPV4 / Rho / ROCK pathway can lead to cardio myocyte damage; �nally, it affects
hypertension. In a study by Lazar et al., the results showed that miR-325 plays an important role in
hypertension, and the incidence of PE in pregnant women (95, 96).

miR-6807-3p can also induce angiogenesis through downregulation of the eNOS enzyme, decreased NO
production, increased VEGF expression and suppression of the DKK1 molecule in the downstream of the
hub / Wnt / β-Catenin signaling pathway. Induction of angiogenesis is followed by exacerbated
hypertension due to atherosclerosis(97). miR-551a-3p can be effective in inducing cell apoptosis in ECs,
and subsequent hypertension by modulating the TRAF-6 / Erk / c-Fox / NFAT1 / NF-Kβ and ROS / JNK /
BCL2 / Beclin1 signaling pathways (98). miR-3131-3P can also prevent foam cell formation by regulating
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the expression of SCARB2, NCEHI1 and ABCG4 genes; it also affects hypertension induction, following
coronary artery disease in the downstream of the AngІІ / ST2 / miR-202 / IL-13 / arginase 2 / Akt
signaling pathway(99).

Conclusion
Identi�cation of signaling pathways, genes and microRNAs involved in the development of CVD by
hypertension is applicable in designing target therapy, to treat and reduce the risk of CVD following
hypertension in pregnant women with PE. It is also very useful to study the up and downregulation of
these pathways, genes and microRNAs in severe and non-severe PE patients; it also helps to identify
diagnostic biomarkers. On the other hand, some pathways, genes and microRNAs act like double-edged
swords, and more studies are needed to evaluate them.
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Schematic pathway of in silico analysis

Figure 2

investigation of signaling pathways and proteins network between non-severe to severe preeclampsia
with placenta and chorion. A: upregulated genes, B: downregulated genes
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Figure 3

assessment of biological processes between non-severe to severe preeclampsia. A: upregulated genes, B:
downregulated genes
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Figure 4

Analysis of candidate miRNAs between non-severe to severe preeclampsia with placenta and chorion. A:
upregulated genes, B: downregulated genes
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Figure 5

Evaluation of miRNAs networks between hub genes of non-severe to severe preeclampsia with placenta
and chorion. A: upregulated genes, B: downregulated genes.


