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Abstract: Obesity is now recognized as a worldwide epidemic. An inadequate diet and reduced
physical activity are acknowledged as the leading causes of excess body weight. Despite growing
evidence that obesity is a risk factor for unsuccessful pregnancies, almost half of all women who
become pregnant today are overweight or obese. Common complications of pregnancy in this group
of women are preeclampsia and gestational hypertension. These conditions are also observed more
frequently in women with excessive weight gain during pregnancy. Preeclampsia is one of the
most serious pregnancy complications with an unpredictable course, which in its most severe forms,
threatens the life and health of the mother and her baby. The early identification of the risk factors for
preeclampsia development, including obesity, allows for the implementation of prophylaxis and a
reduction in maternal and fetal complications risk. Additionally, preeclampsia and obesity are the
recognized risk factors for developing cardiovascular disease in later life, so prophylaxis and treating
obesity are paramount for their prevention. Thus, a proper diet and physical activity might play an
essential role in the prophylaxis of preeclampsia in this group of women. Limiting weight gain during
pregnancy and modifying the metabolic risk factors with regular physical exercise creates favorable
metabolic conditions for pregnancy development and benefits the elements of the pathogenetic
sequence for preeclampsia development. In addition, it is inexpensive, readily available and, in the
absence of contraindications to its performance, safe for the mother and fetus. However, for this
form of prevention to be effective, it should be applied early in pregnancy and, for overweight and
obese women, proposed as an essential part of planning pregnancy. This paper aims to present the
mechanisms of the development of hypertension in pregnancy in obese women and the importance
of exercise in its prevention.

Keywords: preeclampsia; gestational hypertension; obesity; exercise; prophylaxis

1. Introduction

Hypertension is diagnosed in about 7.7% of women of reproductive age, and its
frequency tends to increase. It has been found that in the last 40 years, its average rate
rose by 6% per year [1]. Hypertensive diseases affect 8–10% of all pregnancies. Pregnancy-
induced hypertension is observed in about 2–8%, while chronic hypertension is observed
in 0.9–1.5% of women [2,3].

Preeclampsia (PE) develops in 1% of all pregnant women and occurs in 1.5% of
primiparas [4]. According to data from the WHO (World Health Organization), PE is the
cause of 76,000 maternal deaths per year, which is about 16% of all maternal deaths, mostly
in developing countries. In developed countries, it is recognized as the most common cause
of iatrogenic prematurity [5].

One of the identified significant risk factors for the development of hypertension in
pregnancy is obesity. Many scientific societies mention obesity as one of the PE risk factors
and thus its indication is essential for implementing PE pharmacological prophylaxis with
acetylsalicylic acid (AA). Currently, AA is the only approved pharmacological prevention
of preeclampsia [3,6–8]. However, this prophylaxis has been shown to be effective primarily
for early onset preeclampsia [9]. Given the different pathophysiology, course, and prognosis,
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it is reasonable to differentiate between early onset PE (<34 weeks gestation) and late-onset
PE (34 weeks onward). The course and prognosis are significantly worse for the early onset
form, but its cases are significantly fewer than late-onset PE [10]. Extensive research in
various populations has shown that the frequency of late-onset PE was significantly and
linearly associated with an increasing maternal weight, which has not been confirmed for
early onset PE [11,12]. The fact that the highly predominant late-onset PE is associated
explicitly with pre-pregnancy overweight and obesity leads us to believe that this form of
PE is a consequence of metabolic disorders in the mother. Interventions on the gestational
weight gain planned since the beginning of pregnancy have the potential to halve the
incidence of late-onset PE in overweight/obese women [13].

Obesity and PE have been shown to share many common pathophysiological features.
The importance of obesity-specific conditions in the development of PE is supported by
the fact that PE occurs more frequently in women with metabolic impairments such as
polycystic ovary syndrome or an insulin resistance [3].

Obesity is widely acknowledged as a threat to public health due to the ever-increasing
number of people affected worldwide and its health consequences. Since 1980, the number
of people who are obese and overweight has doubled and now up to 39% of the world’s
population is overweight or obese [14,15]. By 2030, overweight or obesity will affect nearly
58% of the population [16]. This significant increase in the prevalence of obesity results
from a change in the diet, decreased physical activity, and environmental, socioeconomic,
and genetic factors. Obesity significantly impacts the health of the population due to the
increased risk of several diseases such as diabetes, cardiovascular, and skeletal diseases,
some types of cancer, or mental illness [17–20]. All these conditions adversely affect
the individual’s health and functioning in society and generate enormous costs for the
healthcare system. An increase in the frequency of obesity and overweight is observed and
depends on one’s age and gender, geographical location, technical and cultural factors, and
the socioeconomic state [14].

The diagnosis of overweight and obesity can be made using the BMI (body mass
index), which is calculated based on body weight and height (calculated by dividing the
body weight in kilograms by the square of height in meters; kg/m2). The classification
of overweight and obesity in adults depending on the BMI value is as follows: normal
body weight 18.5–24.9 kg/m2, overweight 25.0–29.9 kg/m2, and obesity ≥ 30 kg/m2. A
BMI ≥ 40 kg/m2 is considered to be severe obesity [21]. Unfortunately, the BMI does
not accurately reflect the percentage of body fat for any given BMI value, which can
vary significantly (inter-individual variability) between individuals and shows variability
based on age, gender, and ethnicity [22,23]. It has been revealed that the body fat content
in representatives of the Asian population is higher than in Caucasians with the same
BMI [24]. The terms for obesity as metabolically healthy and metabolically unhealthy could
be found in the literature. It is believed that among obese people, up to 40% can be healthy.
They are characterized by a normal insulin sensitivity, blood pressure, and lipidogram,
and a physiological inflammatory response profile. On the other hand, among people with
a normal body weight, metabolic disorders characteristic of obesity, such as an insulin
resistance, hypertension, and lipid disorders, are also diagnosed [25].

The cardiometabolic risk is also determined by the location of adipose tissue, primarily
in the visceral adipose tissue and ectopic depots (such as the muscle and liver) and in cases
of an increased fat-to-lean mass ratio (e.g., metabolically obese normal-weight). These
observations suggest that the problem of obesity may also apply to people with a normal
body weight [26].

Obesity and overweight also affect women of childbearing age and pregnant women
increasingly. It is estimated that in the US, 1/2–2/3 of pregnant women are overweight or
obese [27,28]. Maternal obesity increases the risk of cardiovascular diseases, metabolic syn-
drome, diabetes, cancer and psychiatric disorders, and obesity in offspring (Table 1) [29,30].
Many scientific societies acknowledge it as a risk factor for the development of PE [3,6,7].
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Table 1. Pregnancy risks and consequences for the baby in overweight and obese women.

Mother Fetus/Newborn/Child

Early pregnancy loss Congenital malformations
GDM Macrosomia—LGA newborn, increased adiposity
Hypertensive disorders Shoulder dystocia—perinatal injuries
Preterm birth Fetal asphyxia
Anesthesia complications Stillbirth
Operative delivery—cesarean delivery
Intrapartum hemorrhage Obesity
Thromboembolic disease Metabolic syndrome
Depression Cardiovascular diseases

Cognitive disorders

It is believed that obesity and metabolic disorders passed on to subsequent generations
trigger the mechanism of a vicious circle. For this reason, the prevention and treatment of
obesity are one of the priority goals of health care [31,32].

Due to these vital complications for overweight and obese women and their chil-
dren, prevention is essential. Prophylactic management should mainly involve non-
pharmacological measures, including physical activity and an adequate diet, implemented
in overweight and obese women before the planned pregnancy. Many benefits of exercise
in pregnancy are highlighted, including a lower risk of excessive weight gain and the
development of hypertension in pregnancy and gestational diabetes, less frequent preterm
births, and a higher ratio of vaginal delivery [33,34]. It has also been shown that physi-
cally active women are less likely to experience symptoms of depression during and after
pregnancy [35].

This article aims to present the mechanisms of the development of hypertension in
pregnancy in obese women and the importance of physical activity in its prevention.

2. Pathophysiology of Preeclampsia

Preeclampsia is a series of multi-organ clinical symptoms resulting from vascular involve-
ment. It affects the vessels of the trophoblast/placenta, whose incorrect implantation and,
consequently, abnormal function are considered to be the starting point for the development of
PE. According to the current criteria by the American College of Obstetricians and Gynecologists
(ACOG), PE is recognized as new-onset hypertension after the 20th week of gestation with
systolic blood pressure≥ 140 mmHg or diastolic blood pressure≥ 90 mmHg, measured on
two occasions at least four hours apart, and proteinuria of ≥0.3 g per 24 h or ≥1+ protein-
uria, detected by a urine dipstick. The lack of proteinuria does not exclude the diagnosis of
PE. In its absence, the new onset of any one of the following: thrombocytopenia (platelet
count < 100,000/µL), renal insufficiency (serum creatinine concentration > 1.1 mg/dL or a
doubling of the serum creatinine concentration in the absence of other renal diseases), an
impaired liver function (raised concentrations of liver transaminases to twice normal con-
centrations), pulmonary oedema, or cerebral or visual problems together with new-onset
hypertension mandates the diagnosis of PE. Another form of hypertension in pregnancy
is gestational hypertension (GH) or pregnancy-induced hypertension (PIH) with systolic
blood pressure ≥ 140 mmHg or diastolic blood pressure ≥ 90 mmHg, which appears
after the 20th week in a previously healthy woman, with no signs of proteinuria or other
symptoms characteristic of preeclampsia [3]. Gestational hypertension may precede the
development of PE, but on its own, it can also adversely affect the outcome of pregnancy.
The only causal treatment for PE is delivery.

The criteria for the diagnosis of PE have evolved. Initially, the classical definition
of PE included the combined occurrence of hypertension and proteinuria. In later years,
attention was also paid to PE-inducing impairment in the functioning of organs such as the
liver, kidneys, and central nervous system, hematological abnormalities, and fetal growth
restriction (FGR). Consequently, the results of preeclampsia studies may be difficult to
compare due to the heterogeneous diagnostic criteria.
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Due to the potential risk of severe complications for the mother and fetus and the
unpredictable PE course, it is crucial to implement an effective prevention. Currently, the
only pharmacological agent recommended by many scientific societies for the prevention
of PE is acetylsalicylic acid (AA) [3,6–8,36]. Since PE is diagnosed in women without
risk factors and in some women who use AA, with a better cognition and understanding
of the pathophysiological processes leading to the development of PE, other prevention
options are being considered. These include antioxidants (vitamins C and E), calcium
supplements, fish oil, nitric oxide supplements, nitric oxide donors, metformin, folic acid,
statins, vitamins, weight loss, and physical activity [37].

The causes and factors determining the development of PE have not been fully under-
stood and explained, primarily since PE can occur in two forms, differing in developmental
mechanisms and etiological pathways: symptoms of early onset preeclampsia appear
<34 weeks; late-onset PE is diagnosed in more advanced pregnancy [38].

An abnormal trophoblast invasion with an incomplete modelling of the spiral arteries
leading to placental hypoxia has been widely accepted as the beginning of changes leading
to the development of PE. It results in a release of mediators responsible for endothelial
damage, oxidative stress, apoptosis, and syncytiotrophoblast microparticles, which can all
have a local and generalized effect [39–41].

The most typical feature of PE is an impairment of the endothelial function respon-
sible for a generalized vasoconstriction and a reduction in the organ perfusion. Factors
such as obesity and diabetes, through adverse effects on the endothelium, intensify the
abnormalities observed in PE development [42]. Changes in the endothelium are expected
to be more pronounced in PE than in GH, which may explain the more severe course and a
worse prognosis for PE [43].

The healthy endothelium produces many vasoactive mediators. The main vasodilation
factors synthesized by endothelium include nitric oxide (NO), prostacyclin I2 (PGI2), the
endothelium-derived hyperpolarizing factor (EDHF), bradykinin, histamine, and serotonin.
Vasoconstrictors include endothelin-1 (ET-1), angiotensin II (ANG-II), thromboxane A2
(TXA2), prostacyclin H2 (PI), and reactive oxygen species (ROS). The proper functioning of
the endothelium requires a balance between vasoconstrictors and vasodilators. It is believed
that the disruption of the endothelial function is the result of a limited synthesis and the
bioavailability of NO, the influence of inflammation and adhesive molecules, excess ROS
released during oxidative stress, as well as endothelium-dependent vasodilation disorder,
decreased fibrinolysis, and an enhanced endothelial permeability [44].

It has been assumed that the early form of PE results from an impaired placentation
and leads to a fetal growth restriction, while the late form is primarily the result of maternal
factors. Staff et al. believed that both forms of PE result from an impaired placental
function (stage 1), which precedes the appearance of clinical symptoms (stage 2), but the
causes and timing of the development of the two forms differ significantly. According to
their hypothesis, in the early form of PE, the impaired placental function is ‘extrinsic’ to
the placenta with the incomplete remodeling of the spiral arteries, which occurs in early
pregnancy and leads to placental hypoperfusion. The cause of the late form is ‘intrinsic’
and consequently is also responsible for restricting intervillous perfusion. As a result, many
active substances responsible for the appearance of clinical symptoms are released from the
placenta into the maternal circulation. According to the authors, maternal factors acting at
multiple stages of PE development contribute to the increased risk of PE in both forms [45].

The causes of an abnormal trophoblast implantation remain unexplained. One of
them is supposed to be maternal immune maladaptation and the inadequate induction
of tolerance for the allogeneic fetus [46,47]. PE has been shown to be dominated by an
inflammatory-type response, whereas in physiological pregnancy, the anti-inflammatory
response prevails [48,49].

The levels of the most important pro-inflammatory cytokines, mainly interferon
gamma (IFN-γ) and tumor necrosis factor alpha (TNF-α), IL-1, -2, -6, -8, are elevated,
while the concentrations IL-10, which is an anti-inflammatory cytokine, is decreased [50].
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PE is associated with higher levels of serum heat shock protein 70 (HSP 70), and the degree
of the elevation of HSP 70 correlates with the elevation of circulating pro-inflammatory
cytokines. It results in a systemic inflammatory response leading to oedema and extravasa-
tion, compounding the insults to the placental, renal, and other organ vascular beds [51,52].
Additionally, preeclamptic placentas showed the increased expression of Toll-like receptors
4 (TLR4), responsible for activating the pro-inflammatory response [53]. The study by
Xie et al. has revealed that very high TLR4 levels are characteristic of early onset PE and
HELLP syndrome [54].

C-reactive protein (CRP) belongs to the acute phase proteins and is mainly produced
in the liver and adipocytes, and it is considered to be an exponent of inflammation. The
study by Raio et al. has shown an increase in the CRP and IL-6 levels assessed in normal
pregnancy, while in PE, it was significantly more pronounced. The CRP concentrations were
positively correlated with the levels of an anti-angiogenic factor, suggesting the involvement
of CRP in the pathogenesis of PE and indicating the potential for CRP to be used as an
early marker of PE [55]. Similar observations have been made by Hamadeh et al. Their
systematic review of 34 papers has indicated a positive association between CRP levels
and the development of PE. In addition, in their opinion, the assessment of the CRP levels
could be a cheap biomarker for the development of PE, and its concentration > 15 mg/L
might indicate the prophylactic use of AA [56].

It has been shown that an excessive pro-inflammatory response in PE results in the in-
creased expression of adhesion molecules: ICAM-1 (Intercellular Adhesion Molecule 1) and
VCAM-1 (Vascular Cell Adhesion Molecule 1), and the potent vasoconstrictor endothelin 1.
All of these are exponents of endothelial damage [57,58].

Complement system abnormalities have been identified as one of the factors responsi-
ble for an abnormal trophoblast development. The Lynch et al. studies have shown that
elevated levels of the C3 component, which reflects an alternative complement pathway
activation, is a significant risk factor for developing PE and GH [59,60]. Obese pregnant
women with significantly elevated C3 concentrations are 8–10 times more likely to develop
PE than lean women with normal C3 concentrations [61].

The abnormal implantation of the trophoblast has been recognized as a cause of
hypoxia and the development of oxidative stress. This process is accountable for the
pathophysiological changes accompanying the development of PE and takes place before
the appearance of clinical symptoms [62]. These are supposed to be responsible for shifting
the balance between angiogenic and anti-angiogenic factors in favor of anti-angiogenic
ones, considered to be one of the essential stages in PE development [63].

The angiogenic factors include the following: the vascular endothelial growth factor
(VEGF), the placental growth factor (PlGF), and the transforming growth factor-β (TGF-β)
family. The VEGF exerts its effects via binding and activating two cell surface receptor
tyrosine kinases, VEGFR-1/Flt-1 and VEGFR-2/KDR, that are presented on endothelial
cells [64]. The angiogenic effect of the VEGF is to stimulate the proliferation of endothelial
cells and maintain their integrity and enhance the synthesis of plasminogen activators [65].
Another role of the VEGF in pregnancy is to intensify the formation of blood vessels in
villous and extravillous trophoblasts [66,67]. The link between oxidative stress and the
VEGF has been confirmed. In severe PE, changes in the VEGF levels have been shown to
increase the activity of the 5’ adenosine monophosphate-activated protein kinase (AMPK),
which is expressed in almost every cell type and tissue [68]. AMPK plays a crucial role in
processes such as oxygen regulation, cellular energy homeostasis, and the metabolism and
is also involved in angiogenesis within the placenta [69].

It has been suggested that an increase in the AMPK activity is a compensatory mech-
anism for the imbalance between angiogenic and anti-angiogenic factors under reduced
placental perfusion [70].

Another angiogenic factor is a member of the vascular endothelial growth factor family pro-
teins, the PlGF, which enhances the angiogenic effect of the VEGF and improves the endothelial
cell adhesion and chemotaxis, and is responsible for non-branching angiogenesis [70,71].
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Proteins belonging to the transforming growth factor-β (TGF-β) family exert angio-
genic properties, and their levels in PE patients are significantly lower than in healthy
pregnant women. They control proliferation and differentiation in most cell types, includ-
ing endothelial cell growth and angiogenesis, and have anti-inflammatory effects. The
expression of the VEGF is enhanced by the TGF-β [72,73].

The anti-angiogenic factors of importance in PE pathogenesis include the VEGF
receptors (VEGFR1 and VEGFR2) and soluble endoglin (sEng). VEGFR1 is also known
as fms-like tyrosine kinase-1 (Flt-1), and the mitochondrial mechanisms determine its
secretion. It has been observed that the inhibition of the mitochondrial electron transport
chain significantly reduced the secretion of sFlt-1 (soluble fms-like tyrosine kinase-1) by
primary villous cytotrophoblasts cells [74]. In PE, the increased activity of the mitochondrial
electron transport chain has resulted in an enhanced sFlt-1 release [75]. The release of sFlt-1
in placental explants has been shown to be induced under the influence of HIF1α (hypoxia-
inducible factor α), which is a central mediator of the hypoxic response and seems to be the
molecular link between placental hypoxia and the downstream mediators of preeclampsia.
Its concentration has been shown to increase under ischemia/hypoxia conditions [76]. It
has been found that the concentration of sEng, an extracellular domain of the full-length
membrane endoglin, was significantly elevated in pregnant women with PE [77]. Anti-
angiogenic factors are thought to be responsible for a systemic endothelial dysfunction,
which clinically manifests as hypertension and multi-organ disorders [78].

The administration of sFlt-1 led to the development of hypertension, severe proteinuria,
and significant histological changes which are typical of PE [79]. It has been revealed that
the circulating level of the PlGF is lower in patients who will be preeclamptic before the
increase in s-Flt [80].

This observation has been supported by Govender et al., who confirmed that sig-
nificantly elevated sFlt-1 levels in pregnant women with early onset PE and high sFlt-1
levels in patients with late-onset PE compared to healthy pregnant women [81]. Similarly,
the administration of sEng to pregnant animals increased the arterial pressure and the
appearance of proteinuria, but its severity was mild to moderate. In contrast, sFlt-1 resulted
in the development of severe hypertension and proteinuria, as well as in the appearance
of an HELLP syndrome manifestation (HELLP—hemolysis, elevated liver enzymes, low
platelets), which is considered as PE with severe symptoms [82]. Both sFlt-1 and sEng
contribute to inhibiting the VEGF and TGF-β1 activity [82,83], which decreases the activity
of eNOS (endothelial nitric oxide synthase) and consequently reduces the synthesis and
release of the potent vasodilator NO. NO is essential for a normal trophoblast development
and implantation [84].

The angiogenic factors, the VEGF and PlGF, have been shown to be implicated in the
enhancement of the synthesis of NO [85,86]. Thus, the impaired balance of the angiogenic
and anti-angiogenic factors observed in PE influences the synthesis of NO. sFlt-1, by
reducing the availability of the PlGF and VEGF, causes a reduction in NO synthesis, which
is also disturbed by the ROS released during oxidative stress by the hypoxic trophoblast [87].
In addition, it has been shown that the anti-oxidant heme oxygenase-2 (HO-2) expression is
downregulated in PE, resulting in increased oxidative stress and ROS concentrations [88].
These observations made it possible to use the assessment of anti- and angiogenic factors
in the prediction of PE. An elevated sFlt-1/PlGF ratio in pregnant women with a suspected
early onset PE ratio is associated with worse maternal and fetal outcomes in the following
two weeks [89]. The multicenter study in high-risk pregnant women in the second and
third trimesters has shown that a lowered sFlt-1/PlGF ratio value allows for the reliable
exclusion of the development of PE within one week [90].

The results of the above studies suggest that pharmacological and non-pharmacological
agents affecting the reduction in placental sFlt-1 and sEng synthesis may have a beneficial
effect on the endothelial function and, if they are safe in pregnancy, their use may be
considered for PE prevention [75].
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Metalloproteinases (MMs), whose levels are elevated in normal pregnancy, are in-
volved in the extracellular matrix degradation and placental implantation. The invasive
potential of extravillous trophoblast cells correlates with the MMP-2 and MMP-9 expression,
which is reduced in PE [91]. In an animal model, it has been observed that sFlt-1 reduces
the activity of MMPs in the placental vascular wall, while the VEGF transposes this process
and facilitates a proper trophoblast implantation [92].

One of the mediators affecting the release of sFlt-1 is the PPARγ (Peroxisome Proliferator-
Activated Receptor-γ), also known as the glitazone reverse insulin resistance receptor [88].
The PPARγ is a transcription factor from the ligand-activated nuclear hormone receptor
family, which, by controlling the adipogenesis, lipid metabolism, and inflammation pro-
cesses, is responsible for maintaining metabolic homeostasis. The PPARγ has been the best
understood of all the PPAPR isoforms in the amnion, decidua, and villous placenta [93,94].

Early in the placental formation, the PPARγ has been shown to inhibit an extravillous
cytotrophoblast invasion and promotes a trophoblast differentiation [95]. Crocker et al.
believe that a PPARγ-mediated trophoblast differentiation may account for the increased
cell resistance to hypoxia-induced apoptosis [96]. It has been found that PPARγ activating
factors (presumable ligands) are present throughout pregnancy [97].

It has been observed that in PE, the PPARγ ligand levels were reduced before the onset
of the disease symptoms, suggesting a possible role of PPAR signaling in the pathogenesis
of preeclampsia [98].

An experimental study by Rahardjo et al. has shown that the plasma from preeclamptic
women down-regulated the PPARγ and stimulated a pro-inflammatory response, expressed
as an increase in pro-inflammatory cytokines such as IL-1 α, IL-6, and TNF-α. In addition,
women with PE have been detected to have an attenuated PPARγ activation, which may
reflect increased pro-inflammatory processes [99]. Animal studies have demonstrated that
the administration of a PPARγ antagonist was associated with significantly higher sFlt-1,
reduced VEGF levels, and preceded the development of PE [100]. The results of Armistead
et al. have suggested that an increased PPARγ activity reduces the sFlt-1 expression in the
placenta during the first trimester [101].

An impaired lipid metabolism has been found to play an essential role in PE patho-
genesis. Increased total serum cholesterol concentrations in the first and second trimester
of gestation have been shown to precede PE development [102]. An abnormal lipid profile
characterizes pregnant women with PE: increased concentrations of low-density lipopro-
teins (LDLs), low high-density lipoprotein levels (HDLs), and increased levels of triglyc-
erides (TGs), as well as increased concentrations of free fatty acids (FFAs) [103,104]. Excess
LDLs interfere with the trophoblast implantation by reducing the trophoblast migration
and increasing trophoblast apoptosis [105], while FFAs activate PPARs [106].

A disturbed endothelium is characterized by an increased peroxidation of the endothe-
lial lipids and reduced anti-oxidant processes. These phenomena lead to the activation of
cyclooxygenase (COX), which results in an increased TXA2 synthesis and an imbalance of
TXA2/PGI2 in favor of TXA2 [107,108].

It has been thought that endoplasmic reticulum stress (ERS) may play a role in the
pathogenesis of PE, which is exacerbated in conditions that are also risk factors for PE
development, such as an abnormal glucose metabolism and oxidative stress. Findings
suggest that the role of ERS in the pathogenesis of PE may rely on the enhancement of the
release of pro-inflammatory cytokines, anti-angiogenic factors, and trophoblastic apoptotic
debris that impair the endothelial function. It has also been found to induce apoptosis,
which is increased significantly in the severe, early onset form of PE [109–111].

The impaired endothelial function may be expressed in the increased vascular perme-
ability confirmed in pregnant women with PE [112]. There is much evidence that it results
from an imbalance between the angiogenic and anti-angiogenic factors [80].

The restoration of a normal endothelial function is enabled by endothelial progenitor
cells (EPCs), which are endothelial cell precursors. They are important in the angiogenesis
improvement and remodeling of vessels [113]. The significantly lower number and abnor-
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mal function of EPCs compared to healthy pregnant women have been demonstrated in
PE [114,115]. It has been thought that this may result from inflammation and the influence
of anti-angiogenic factors [115,116].

The activation of the renin–angiotensin–aldosterone system observed during normal
pregnancy leads to increased concentrations of renin, angiotensinogen, and angiotensin
II [117]. This system seems to be inhibited in PE as evidenced by lower concentrations
of angiotensin I, angiotensin II, aldosterone, and increased levels of antibodies to the
angiotensin II type 1 receptor (ATR1-AA) and renin plasma activity. ATR1-AA, through
the stimulation of ATR1, is supposed to be responsible for increased blood pressure. The
importance of RAAS in the PE pathogenesis has not been unequivocally proven, apart from
ATR1-AA [118,119].

3. Obesity and Preeclampsia

Obesity adversely affects pregnancy and obstetric outcomes. The risk of PE is two
times higher with a maternal BMI of 26 kg/m2 and as much as three times higher with a
BMI > 30 kg/m2 [120]. Furthermore, it has been found that excessive weight gain during
pregnancy is associated with a higher risk of developing PE [121]. Therefore, it seems that
one of the methods to prevent PE development should be a weight reduction in women
of childbearing age, primarily through a proper diet and regular exercise. It has been
supported by the results of the study presented by Magdaleno et al., who found that a
weight reduction before pregnancy effectively reduces the PE risk [122].

Pre-pregnancy obesity with normoglycemia has been thought to worsen the obstetric
outcomes to a greater extent than hyperglycemia in non-obese pregnant women. The risk of
PE developing is influenced by the BMI and body fat distribution; women with an “apple
silhouette” are at a higher risk [123].

Women who have undergone PE are more likely to develop hypertension, ischaemic
heart disease, myocardial infarction, and thromboembolism in later life, which are also
characteristic complications of obesity and metabolic syndrome. In addition, it is believed
that it is not hypertension alone in pregnancy but the complex metabolic disorders ac-
companying PE that are most important in the prognosis for future cardiovascular health.
There is also an opinion that obesity and the metabolic status before pregnancy, more than
pregnancy or PE itself, may be responsible for the development of cardiovascular disease
in the future [122,124].

Adipose tissue is an active endocrine and paracrine organ that synthesizes various
substances called adipokines. They are involved in several processes, such as the glucose
and lipid metabolism, angiogenesis, inflammation, and blood pressure. Their biologi-
cal functions may represent a link between an excessive body weight, insulin resistance,
atherosclerosis, type 2 diabetes, and pro-inflammatory reaction [125]. An insulin resistance
causes the onset of atherogenic dyslipidaemia and the endothelial dysfunction, which is fur-
ther mediated by the adipokines and free fatty acids released by visceral adipose tissue. A
weight loss by obese patients leads to the correction of many metabolic abnormalities [126].
Central obesity precedes the development of an insulin resistance. Excess visceral fat is
more closely associated with its development than other types of adipose tissue [127].

3.1. Adipokines

Although they are synthesized in adipose tissue, in terms of their structure or func-
tion, adipokines are not a homogeneous group. To date, some 600 adipokines have been
identified [128]. These include enzymes, cytokines, growth factors, or hormones. Fur-
thermore, some adipokines are secreted by adipose tissue and other endothelial or blood
cells [129]. Examples of adipokines are leptin, adiponectin, resistin, TNF-α, IL-6, IL-1α,
the plasminogen activator inhibitor 1 (PAI-1), the protein involved in the blood pres-
sure regulation—angiotensinogen, the cholesterol ester transfer protein (CETP), monocyte
chemoattractant protein-1 (MCP-1), chemerin, retinol binding protein-4 (RBP4), vaspin,
visfatin, progranulin, the enzymes involved in the biosynthesis of steroid hormones, and
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many others [130]. It has been shown that adipokine concentrations correlate with the
BMI [131]. A weight reduction has been demonstrated to reduce adipokines and inflamma-
tory marker concentrations and simultaneously correct the insulin resistance [132]. Among
the adipokines that are best understood and appear to be important in developing PE are
resistin, leptin, adiponectin, TNF-α, and IL-6 [133,134].

3.1.1. Resistin

The mechanisms determining the action of resistin, a pro-inflammatory factor respon-
sible for an insulin resistance (IR) development in humans, are not fully acknowledged. Its
expression appears to positively correlate with an IR as a consequence of obesity [135], but
according to Panidis et al., elevated resistin levels appear to reflect an IR rather than being
its cause [136].

The effect of resistin on the vasoactive endothelial function is of interest—resistin en-
hances the endothelin-1 expression in endothelial cells, which may be one of the elements
responsible for an increased blood pressure in obesity [137]. A study by Luo et al. has
shown that resistin exacerbated ER stress and impaired the eNOS activity, consequently
reducing the synthesis of NO. In addition, the resistin-mediated release of ROS and pro-
inflammatory cytokines such as TNF-α and IL-1β were enhanced [138]. The expression
of resistin in the placental tissue has been demonstrated [139,140]. During normal preg-
nancy, its concentration is significantly higher compared to non-pregnant women and is
observed to increase with the advancement of pregnancy, while the expression of resistin in
adipose tissue does not change. Hence, the increased synthesis of resistin in the placenta is
supposed to be responsible for the progressive insulin resistance observed even in healthy
pregnancies [141,142].

Data on the levels and role of resistin in PE are vague [142,143]. However, a possible
indirect resistin involvement in the PE pathogenesis by enhancing inflammation has been
postulated—it has been shown to intensify the release of IL-6 and TNF-α [144].

3.1.2. Leptin

Leptin is the adipokine responsible for controlling the energy balance and is produced
almost exclusively by adipose tissue and the placenta [145]. The role of leptin is to maintain
a stable body weight during periods of an excess food supply. Once leptin binds to receptors
in the hypothalamus, neurons stop producing neuropeptide Y, an appetite stimulator. Thus,
this hormone reduces appetite and stimulates the sympathetic system. Its role in regulating
the sensitivity to insulin has been proposed, but in obesity, it can exacerbate an insulin
resistance [133]. Leptin exhibits a pressor effect through the activation of the sympathetic
nervous system and increased endothelin-1 biosynthesis on the one hand, and a relaxant
effect through the increased expression of eNOS on the other [146,147]. It has been revealed
that leptin enhanced the platelet aggregation and induced the ROS formation [148,149]. It
has been thought to regulate innate and adaptive immune responses and, due to a structure
similar to IL-6, to enhance the pro-inflammatory response [150].

In obese individuals, hyperleptinemia, associated with a low-grade inflammatory con-
dition, has been found to explain the development of autoimmune diseases, reproductive
disorders, and pregnancy complications [150,151]. The expected anorexic responses have
not been observed in obesity with elevated leptin levels, suggesting a leptin resistance [152].

Pregnancy and obesity are leptin-resistance conditions [153]. A growing number of
observations have supported the involvement of leptin in PE pathogenesis. Leptin has been
found to be committed in the trophoblast implantation by influencing the trophoblastic
growth factors and by activating MMPs [154]. In an animal model, it has been shown that
hyperleptinemia, through a sympathetic activation, affected the synthesis of NO, and via
an aldosterone-dependent mechanism, it was responsible for increased blood pressure
and endothelium dysfunction [155,156]. Additionally, leptin may be implicated in PE
pathogenesis due to its pro-inflammatory effects [151]. Its elevated levels in PE may be
explained by placental stress increasing the nutrient delivery to the fetus or stimulating
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the leptin expression through the hypoxic placenta [157,158]. The association of leptin
with the development of hypertension in pregnancy was confirmed by Poniedziałek et al.
They have observed higher leptin levels in pregnant women with GH. This observation
indicates a possible link between leptin and GH development and, given the significantly
higher BMI in women with GH, points to hyperleptinemia as a factor linking obesity to
GH development [159].

3.1.3. Adiponectin

The primary biological function of adiponectin, which is synthesized almost exclu-
sively in adipose tissue, is to increase the insulin sensitivity and exert anti-inflammatory
and anti-atherosclerotic effects [160,161]. It also exhibits angiogenic and antioxidant prop-
erties [139,162].

The adiponectin levels, unlike other adipokines, are reduced in overweight and obese
individuals and correlate inversely with an IR [163,164]. In normal pregnancy, its concen-
trations decrease as pregnancy progresses and inversely correlates with the amount of
adipose tissue [165].

The synthesis of adiponectin is inhibited by pro-inflammatory cytokines, hypoxia,
and oxidative stress. Its decreased levels have been observed in obesity, diabetes t.2,
and hypertension [166]. Adiponectin, like other adipokines, affects blood vessels. Its
actions include the enhancement of the synthesis and release of NO, the inhibition of
the TNF-α-induced expression of endothelial adhesion molecules VCAM1, ICAM-1, and
E-selectin, the inhibition of monocyte adhesion to endothelial cells, the inhibition of the
macrophage transformation into foam cells and reduction in the lipid accumulation and
phagocytic activity of mature macrophages, and the inhibition of the TNF-α secretion by
macrophages, which explain its hypotensive and anti-atherogenic effects [167,168]. Despite
such properties of adiponectin, the results of studies on its importance in the pathogenesis
of PE are inconclusive. Some authors have shown its increased concentration in PE, while
others have not confirmed this relationship [169–172].

3.2. Inflammation

According to expert opinion, the inflammatory reaction may be the link between obe-
sity, IR, the development of atherosclerosis, and type 2 diabetes. Following the theory that
obesity is associated with inflammation, it is assumed that adipocytes initiate the inflam-
matory process while macrophages exacerbate it. The infiltration of inflammatory cells into
adipose tissue induces changes in the lipid metabolism in the adipocytes and biosynthesis
of pro-inflammatory cytokines. High concentrations of pro-inflammatory cytokines result
from obesity, especially the visceral type. It is believed that the increased biosynthesis of
these cytokines by adipocytes results in generalized inflammation, endothelial dysfunction,
hemostatic dysfunction, and an IR [173]. There is also evidence that pro-inflammatory
adipokines secreted in excess in obesity may be a factor linking inflammation to PE and
GH [174,175]. Adipose tissue is an essential source of TNF-α, which levels are directly
proportional to the BMI and plasma insulin concentrations. A reduction in body weight
is associated with its reduced concentrations [164]. TNF-α has auto- or paracrine effects:
it directly induces an IR by inhibiting an insulin signal transduction and indirectly by
increasing the free fatty acids levels [133,176]. In addition, it has been shown to increase
the resistin levels and release IL-6 from adipose tissue [177]. TNF-α is a major cytokine that
induces the endothelial dysfunction by activating the expression of adhesion molecules in
endothelial and vascular smooth muscle cells. It inhibits eNOS, which results in a signif-
icant reduction in NO synthesis [167]. The adverse effects of TNF-α on endothelial cells
are compounded by an existing insulin resistance [178,179]. Furthermore, TNF-a in obesity
disrupts endothelial integrity by inducing endotheliocyte apoptosis, which is prevented by
insulin [180].

IL-6 is a pro-inflammatory adipokine, and its levels have been demonstrated to corre-
late with obesity, an impaired glucose tolerance, and an IR. Conversely, a weight reduction
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is associated with the normalization of its concentrations. IL-6 has been reported to en-
hance the IR. The following mechanisms have been postulated: the attenuation of insulin
signaling in peripheral tissues (the effect on the insulin receptor), adverse effects on the
leptin receptor function, and the reduction in the secretion of adiponectin [181,182]. IL-6
also adversely affects the endothelium. Wassmann et al., have revealed that it increased
the angiotensin II-induced ROS synthesis, leading to an endothelial dysfunction [183]. A
study in animals with induced diabetes has demonstrated that TNF-α and IL-6 exacerbated
oxidative stress and inhibited the eNOS activity, thereby contributing to an endothelial
dysfunction [184].

The CRP levels have been demonstrated to correlate positively with obesity, blood
pressure, the triglyceride levels, fasting blood glucose, and insulin sensitivity. It enhances
the expression of adhesion molecules, angiotensin II receptors and the monocyte chemotaxis
protein MCP-1, facilitates the LDL uptake by macrophages, and induces the endothelin1
synthesis and vascular smooth muscle cell migration and proliferation [185]. It also inhibits
the NO biosynthesis and angiogenesis by affecting eNOS [186].

Given these different biological actions, it is unsurprising that elevated plasma CRP
levels represent one of the strongest and independent prognostic factors for the develop-
ment of cardiovascular disease in obesity [187].

Adipose tissue has been shown to express components for alternative complement
pathways, including C3. Elevated C3 levels via TLR4 enhance the synthesis of pro-
inflammatory cytokines [188]. It indicates the local activation of this system in obesity [189].

3.3. Nitric Oxide

The bioavailability of NO, considered one of the primary exponents of the endothelial
function, is reduced in obesity [190]. It is the result of decreased eNOS activity [191]. Con-
versely, the synthesis and release of NO mediated by the inducible isoform of NO synthase
(iNOS) is increased in obesity, which is considered one of the causes of an IR [191,192]. In-
triguingly, endothelial dysfunction has been shown to affect only obese individuals diagnosed
with an insulin resistance [193]. This relationship may explain so-called healthy obesity.

3.4. Dyslipidemia

Lipid metabolism disorders such as an increase in triglyceride (TG), low-density
lipoproteins (LDL), residual lipoproteins, apolipoprotein B, free fatty acids (FFAs) levels,
and a decrease in the HDL cholesterol levels are present in most obese patients. They are
closely associated with an increased risk of atherosclerotic cardiovascular disease [194].

3.5. PPARs

The process of adipogenesis is supervised by the peroxisome proliferator-activated
receptors (PPARs) present in three major isoforms α, β/δ, and γ. They are the nuclear
transcription factors involved in the lipid and glucose metabolism. PPAR-γ is an iso-
type in adipose tissue, the colon, kidney, and skeletal muscle. The primary function
attributed to PPAR-γ is the regulation of adipogenesis and the process of the differen-
tiation of preadipocytes into mature adipose tissue cells. By regulating the FFA levels,
PPAR-γ plays a role in sensitizing cells to insulin. PPAR-γ are also involved in the prolif-
eration, differentiation, and survival of cells other than adipocytes; PPAR-γ ligands have
been described to inhibit the growth and induce the apoptosis of cells, including cancer
cells [195]. It has been reported that the endogenous ligands of PPARs are unsaturated
fatty acids, eicosanoids, components of oxidized low-density lipoproteins (LDLs) and very-
low-density lipoproteins (VLDLs), and the derivatives of linoleic acid [196,197]. PPARs
have anti-inflammatory properties. They repress the target genes of the transcription
factors such as nuclear factor-κB (NF-κB), the nuclear factor of activated T cells, activator
protein 1, and the signal transducers and activators of transcription in a signal-specific
manner [198]. Diet-induced obese mice have shown that the activation of PPAR-γ reduced
T-lymphocyte-dependent inflammation within adipose tissue and an IR development [199].
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3.6. Insulin Resistance

Obesity can cause an insulin resistance and hyperinsulinemia, but a mechanism lead-
ing from an insulin resistance to obesity is also considered [133]. One of the elements linking
these conditions is oxidative stress, a primary phenomenon in an IR development [200].
The excess of visceral adipose tissue is associated with adipocyte IR and increased lipolysis,
which, consequently, due to the increased FFAs supply and accumulation, exacerbates the
IR and is responsible for the development of hyperinsulinemia and hyperglycemia [201]. It
is believed that the most crucial mechanism causing an IR is the disruption of the cellular
insulin signal transduction in target tissues. In adipocytes and skeletal muscle, reduced
insulin binding to its receptor has been observed. A reduced glucose transport protein
(GLUT4) expression and impaired insulin gene expression under the influence of elevated
glucose concentrations and FFAs may also be one of the causes of an IR and impaired
glucose transport in adipocytes [202]. The pro-inflammatory kinase-b IkB (IKK-b)/NF-kB
pathway reported in obesity interferes with the signal transduction through the insulin
receptor [203,204].

3.7. D-Chiro Inositol Phosphoglycan

D-chiro inositol phosphoglycans (DCI) are the second messengers of insulin. It has
been observed that the DCI concentrations in the placentas and fluids of patients with
preeclampsia are significantly higher than in healthy women. According to Scioscia et al.,
the increased synthesis of DCI in preeclampsia may be a compensatory mechanism for
an insulin resistance. This theory is supported by a study showing that an early inositol
supplementation during pregnancy may reduce the incidence of gestational diabetes [205].
On the other hand, the observed excess of DCI in preeclampsia may mimic the hyperinsu-
linemia that accompanies an insulin resistance and which is associated with endothelial
damage. Hence, the dynamic control of the vascular function may be altered by excess
DCI. Ultimately, it may result in a reduced NO bioavailability, increased peripheral resis-
tance, and hypertension [206]. The lipidic form of DCI in urine appears to be a promising
predictor of preeclampsia because it is detected before the onset of its clinical signs [207].

3.8. Obesity and Hypertension

Researchers have presented a growing body of evidence linking the prevalence of
hypertension to obesity and an insulin resistance. Obesity has been recognized as a
risk factor for hypertension [208,209]. The prevalence of hypertension is continuously
proportional to the BMI regardless of gender and is 15% at a BMI < 25 kg/m2 and as high
as 40% in those with a BMI ≥ 30 kg/m2 [210].

The increase in the occurrence of hypertension is mainly related to abdominal obesity,
as an increased waist circumference is an independent and the most important predictor
of its development [211]. The etiological factors of hypertension include hemodynamic
disturbances accompanying obesity, an increased peripheral vascular resistance associated
with an impaired endothelial cell function, an insulin resistance, and the adipokines’
influence [212].

Under physiological conditions, insulin causes vasodilatation by stimulating the
synthesis of NO and thus influencing the capillary recruitment. It “paves the way” to target
tissues and organs. In contrast, a damaged endothelium does not respond adequately
to the influence of insulin, which is expressed in a reduced NO synthesis and results
in an impaired insulin action in target organs. In diabetes, a reduced synthesis and the
abnormal response of the vascular wall to NO have been demonstrated. In this context, it
is not surprising that drugs that improve the endothelial function simultaneously cause
an increase in the sensitivity to insulin. Research on the action of insulin has revealed
that this hormone has both metabolic and vascular effects. It is mediated by the enzyme
phosphatidylinositol-3 kinase (PI3K), which is responsible for a glucose utilization in
peripheral tissues and the synthesis of NO in endothelial cells. The vascular effect of insulin
is catalyzed by mitogen-activated protein kinase (MAPK) and is expressed in the increased
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synthesis of the PAI-1 and ET-1 in endothelial cells. In IR, the pathway mediated by PI3K
in skeletal muscle and endothelium is blocked, while the pathway catalyzed by MAPK
remains active [213,214].

The consequences of endothelial cell damage in IR are as follows: a reduction in the NO
and PGI2 synthesis and release, an increase in the ROS, TXA2, ET-1 synthesis, an increase in
the pro-inflammatory cytokines and growth factors synthesis and lipid peroxidation, and
an increase in the expression of adhesion molecules and changes in the blood vessel wall
structure. The reduced synthesis of NO by endothelial cells results in vasoconstriction, an
increased vascular wall smooth muscle cell migration, and accelerated platelet aggregation,
and coagulation processes. Thus, endothelial damage is a common link between an IR
and the development of hypertension [212,215]. Increased FFAs levels and hyperglycemia,
mediated by oxidative stress, also contribute to a decreased NO synthesis and impaired
endothelial function [216,217].

Hyperinsulinemia enhances the growth, migration, and proliferation of vascular
smooth muscle cells and thus leads to the hypertrophy of the vessel wall, the narrowing of
the vessel lumen, and an increased peripheral resistance, which results in a hypertension
development [218].

Studies point to adipose tissue as an essential source of angiotensinogen and an-
giotensin II, angiotensin-converting enzyme (ACE), and angiotensin II receptors AT1 and
AT2. The expression of angiotensinogen increases in obesity and correlates with the waist-
to-hip ratio (WHR) [219].

Pre-pregnancy obesity is an essential factor in PE development as obese pregnant
women have been found to have endothelial dysfunction, an abnormal immune function,
and often elevated blood pressure values from early pregnancy [220]. In addition, the
importance of obesity-specific metabolic disturbances in the development of PE is also
supported by the fact that PE is more frequently observed in women with metabolic
impairments such as polycystic ovary syndrome or IR [221]. Even increasing the IR during
a normal pregnancy can be considered one of the risk factors for the development of
PE [222].

The common elements linking PE and obesity are present in Figure 1.
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4. Vascular Effect of Exercise

Many studies have indicated the importance of specific molecules produced by the
placenta and other organs in placental and fetal development. They are named after the
organ they are released by: placenta—placentokines, muscle—myokines, and adipose
tissue—adipokines [223–227].

Their synthesis, release, and function may be influenced by external factors, including
exercise [228]. All cytokines released under the influence of exercise, irrespective of the site
of synthesis, are generally referred to as exerkines (exercise + cytokines) [229].

4.1. Exerkines

It has been well-documented that physical activity is one of the recommended ther-
apeutic and preventive measures for obesity and hypertension [128]. Physical activity
involves the muscular system, which controls the metabolism through the production and
expenditure of energy. Exercise metabolic and vascular effects may partly depend on the
action of exerkines [224,230]. Muscles are also active endocrine secretory organs synthesiz-
ing myokines. These substances not only act within the muscles in an auto- and paracrine
manner but also affect the metabolism of other tissues and organs. Many such compounds
have been detected, but only a small number have been well acknowledged. These include
apelin, irisin, myonectin, decorin, musclin, IL-15, IL-6, the fibroblast growth factor 21
(FGF-21) and brain-derived neurotrophic factor, and proteins belonging to the natriuretic
peptide family. Their concentrations increase significantly in the response to exercise and
their role is not only limited to the control of the muscle metabolism, but they also modulate
the systemic metabolism and affect the vessels and circulatory system [224,229,231].

4.1.1. Apelin

Apelin is an adipokine present in several isoforms differing in the site of occurrence
and biological potency. It is synthesized mainly in adipose tissue and the endothelium,
brain, heart, kidney, liver, and gastrointestinal tract. Apelin exerts its action after binding to
the angiotensin II J receptor (APJ), and its synthesis and tissue expression correlate closely
with obesity and an IR [232].

Insulin is the most important regulator of the expression of apelin. It is also influenced
by hypoxia and adiposity. In animal studies, apelin has been shown to increase the uptake
of peripheral glucose and improve the glucose metabolism, which suggests its significance
as an insulin-sensitizing adipokine [233,234]. Studies have shown that apelin may have
vasodilatory or vasoconstrictive effects depending on the localization of the APJ receptor.
After binding to the APJ in endothelial cells, it causes the release of endothelium-derived
relaxing factors, including PGI2 and NO [235]. Apelin binding to the APJ in a muscle has
vasoconstrictive effects [236]. Another investigation has suggested an additional role for
apelin in protecting endothelial cells from diabetes-induced damage and in the process
of angiogenesis. It has been thought to reduce the apoptosis and molecule expression via
APJ-activated NF-kB pathways [237].

Research on the importance of apelin in pregnancy is scarce. The release of apelin,
which significantly affects the fetal and placental development by increasing the oxidative
metabolism, has been shown to increase in response to exercise [226,238]. Apelin has not
been reported to be related to the IR observed in the third trimester, and no correlation
between the apelin and insulin levels in pregnant women has been found [239]. The
possible role of apelin in PE pathogenesis has been highlighted, although the data are
incomplete and inconsistent. The expression of apelin and blood concentrations increase in
preeclamptic placentas [240]. However, other studies have pointed to a down-regulation of
the apelin/APJ system in hypertensive disorders of pregnancy [241,242].

In an animal model of induced PE, the administration of apelin has been shown to
reverse the increase in arterial pressure and favorably affect fetal growth and survival. The
authors believe that it could result from the beneficial effects of apelin on the eNOS/NO
signaling pathway and the prevention of oxidative stress development [243].
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4.1.2. Irisin

Irisin is one of the best-studied myokines. Outsides the muscles, which are responsible
for approx. 70% of irisin synthesis, it is also produced in adipose tissue, the nervous system,
as well as in the ovary and placenta [244–246].

During exercise, it is synthetized and released through the stimulation of the peroxi-
some proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) and proteolytic
cleavage of fibronectin type III domain-containing protein 5 [247]. In the opinion of many
authors, irisin seems to be the central mediator of the beneficial effects of exercise [248–250].

Irisin is one of the essential factors regulating energy processes, as it is responsible for
an exercise-dependent energy expenditure. As a result of an increase in the total energy
expenditure controlled by irisin, the body weight is reduced, and the insulin sensitivity
and glucose metabolism are improved. Therefore, irisin is postulated to have a protective
effect against the development of obesity-related diseases such as diabetes, an abnormal
lipid metabolism, and cardiovascular disease [251–253].

Irisin has been observed to benefit the vascular endothelium and cardiovascular
system by reducing oxidative stress and relaxing vessels [248,254]. It has been found
that irisin is responsible for vasorelaxation in a dose-dependent manner via endothelium-
dependent and independent mechanisms [255,256]. A study conducted by Han et al. in an
animal model has shown an improved endothelial function under the influence of irisin,
which is the effect of activating the AMPK-eNOS signaling pathway [254].

Some drugs increase irisin concentration and thus have a beneficial effect on the
endothelial function. Among them are polyunsaturated fatty acids, insulin, metformin,
fenofibrate, and melatonin [257].

These agents are also being studied for their potential use in PE prevention [37].

4.1.3. Interleukin 6

Many studies have shown that the exercise-dependent IL-6 release is influenced by
multiple mechanisms, including the enhancement of the mobilization of intramuscular
triacylglycerol, fatty acid oxidation, and the translocation of GLUT4 from the cytosol to the
membrane. It has been shown that exercise is followed by the increased synthesis of the
classic pro-inflammatory cytokine IL-6 [258]. IL-6 has also increased the insulin sensitivity
in the muscle via AMP-activated protein kinase [259–261]. Thus, physical activity has been
found to improve the vascular effects of insulin and, consequently, lead to a decrease in the
RR and heart rate [262].

4.2. Exercise Impact on Preeclampsia Pathophysiology

It has been reported that exercise before pregnancy and continued or started during
early pregnancy significantly reduces the incidence of its complications, including hyper-
tensive disorders [263]. By affecting several mechanisms involved in or specific to the PE
pathogenesis, exercise may be an important element in preventing the development of
hypertensive conditions in pregnancy [264].

However, there is little information on how exercise could reduce the risk of develop-
ing hypertensive disorders during pregnancy. Studies have been conducted on human and
animal models, and their results are inconclusive [264–266].

The increased risk of developing PE in pregnant women with obesity and an IR is
primarily due to an impaired endothelial function and intravascular inflammation [267,268].
It is deemed that physical activity, both before and during pregnancy, can modify various
elements that finally lead to the development of PE. Its effects on the placental development,
reduction in oxidative stress, and the pro-survival response, which is thought to be respon-
sible for maintaining or improving the endothelial function, might be considered [266].
Physical exercise has a beneficial effect on the above changes and, through its effect on
the control of weight and reduction in hormonally active adipose tissue, it could reverse
the metabolic abnormalities characteristic of obesity. Additionally, normalizing placental



Int. J. Environ. Res. Public Health 2023, 20, 1267 16 of 39

angiotensin II type 1 modulates the RAA system’s function, which consequently might
inhibit PE development [269].

4.2.1. Placenta Development

Physical activity has been shown to benefit placental development, with favorable
effects on the trophoblastic, endothelial, and stromal cell proliferation [270]. According to
Clapp et al., exercise increases the blood flow through the muscle and skin and induces
short-term hypoxia within the placenta. As a result, the synthesis of HIF1 is stimulated,
and the release of the VEGF and the process of angiogenesis are enhanced [271].

However, the results of studies on the effect of exercise on the placental size are
inconclusive. Some authors believe that the placenta of women who exercise during
pregnancy have a greater mass and is characterized by an increased functional volume,
which translates into a more extensive exchange area [272]. Conversely, many studies have
indicated that the placentas of exercising women are smaller than non-exercising women,
which is influenced by the intensity of exercise. According to the authors of these studies,
however, this does not entail clinically relevant effects [273,274].

However, it should be emphasized that numerous studies suggest that the placental
weight-to-birth weight ratio, an important exponent of placental efficiency, does not change
under physical activity [273,275]. The inconclusive results of the research may be due to
the very different and hardly comparable conditions of the studies in terms of the time, the
intensity and type of exercise, and the studied groups [265,266,271,272,276,277].

The proper development of the placenta depends on the predominance of angiogenic
factors over anti-angiogenic factors. Studies in animal models and humans have shown
the beneficial effect of exercise on the balance between angiogenic and anti-angiogenic
factors. The disruption of this balance has been a recognized element in the PE development.
Physical activity has been reported to be one of the determinants responsible for the increase
in the PlGF levels and the significant reduction in sFLT1 concentrations [272,278]. The
research by Genest et al. has confirmed the beneficial effects of exercise on shifting the
balance towards angiogenic factors by reducing the expression of sFlt1 and, consequently,
on a normal placental development [279].

The study of Gilbert and al. in an animal model has revealed that by reducing
sFLT-1, increasing the VEGF levels, and decreasing oxidative stress, exercise abolished
the hypertension provoked by a reduced uteroplacental perfusion [265]. Exercise also
positively affects the concentrations of heat shock proteins. HSPs have cytoprotective
effects and are called “molecular chaperones” as they protect other proteins from the effects
of adverse conditions. Gilbert et al. assessed the effects of exercise on the expression of
several cytoprotective and pro-angiogenic molecules, such as HSPs and VEGF, in pregnant
and non-pregnant rats. Both the HSPs and VEGF expression in the placenta of exercising
pregnant rats was significantly higher compared to inactive animals. In addition, the
animals showed a more enhanced endothelium-dependent vascular relaxation. In the
authors’ opinion, as a result, exercise before and during early pregnancy, which enhances
the expression of cytoprotective and pro-angiogenic molecules, may reduce the placental
and endothelial dysfunction and thus prevent some pregnancy complications, including
PE and GH [265].

The activation of AMPK is responsible for an increased VEGF synthesis [280,281]. Ex-
ercise has been shown to increase the AMPK activity in the skeletal muscle and metabolic
pathways controlled by this enzyme in a load-dependent manner [282]. Thus, the stim-
ulation of AMPK by pharmacological (e.g., metformin) and non-pharmacological agents
(physical activity), which induces a shift in the balance in favor of the angiogenic factors,
may justify their use in the prevention of PE [283]. The study by Hardy et al. has yielded
equivocal results for different anti-angiogenic agents. On the one hand, the authors have
observed increased mRNA activity and concentrations of the VEGF and its receptor in the
placenta of exercising women, but on the other, no such relationship has been found for
the PlGF concentrations and its mRNA expression [284]. A study by Bhattacharjee et al.
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in a small group of pregnant women who started the light-to-moderate intensity exercise
from the 16 to 20th week has revealed no effect on the HIF1α expression, the VEGF levels,
and ER stress or oxidative stress. However, the authors have demonstrated a significant
increase in the mRNA expression and angiogenin levels, stimulating the formation of new
blood vessels [285].

4.2.2. Oxidative Stress

Oxidative stress has been found as a significant element in PE development. Increased
concentrations of ROS and the decreased activity of antioxidant defense enzymes such as
catalase, glutathione peroxidase, and superoxide dismutase have been reported [286,287].

In response to an incredibly intense workout, there is a transient increase in oxidative
stress, which activates the antioxidant defense mechanisms. It has been observed that
exercise was associated with an increase in the superoxide dismutase and glutathione
peroxidase activity in the muscle, liver, and plasma [288]. Another defense against oxida-
tive stress is the exercise-induced reduction in the lipid peroxides levels [289]. Physical
activity has been reported to increase the number of mitochondria in the muscle, which is
responsible for enhancing the resistance to oxidative stress [290].

4.2.3. Inflammation

Abnormalities in the immune response and the predominance of pro-inflammatory
processes are thought to be responsible for an impaired trophoblast implantation and sub-
sequent PE development. It has been shown that although very high-intensity physical ac-
tivity results in inflammation, regular exercise induces an anti-inflammatory response [291].
A study by van Poppel et al. in overweight and obese pregnant women has demonstrated
that moderate-to-vigorous exercises were associated with a significant increase in pro-
inflammatory cytokines such as IL-6, TNF-α, and IL-1β. In contrast, light exercise was
associated with an increase in IL-10, an anti-inflammatory cytokine. The authors of this
study speculate that IL-6 via an induced lower first-phase insulin response is thought to
provide a euglycemic state in exercising women. Elevated concentrations of other cytokines
appear to be associated with obesity [292]. The research by Bjørnstad et al. has revealed
that training was accompanied by a decrease in the soluble CD40 ligand and P-selectin
concentrations, which probably reflects an attenuated platelet-mediated inflammation.
These studies have found no changes in the concentration of other inflammatory molecules
such as the TNF-α, MCP-1, and VCAM-1 during exercise [293]. In contrast, Adamopoulos
et al. have observed, as a result of exercise, a decrease in the pro-inflammatory markers
of an endothelial injury, such as the granulocyte-macrophage colony-stimulating factor
(GM-CSF), MCP-1, ICAM-1, and VCAM-1. It may explain the mechanism for the beneficial
effects of physical activity on the endothelium [294]. Another possible mechanism by which
physical activity may modulate the immune response is the inhibition of TLR 4 and the
control of the immune response [295].

4.2.4. Endothelial Function

The main hallmark of PE is endothelial dysfunction. Physical activity is believed to
prevent or partially reverse it by activating anti-inflammatory mechanisms and reducing
or abolishing oxidative stress. One of the critical features of a healthy endothelium is the
adequate synthesis of NO, for which enhanced shear stress is supposed to be responsible.
Shear stress is a response to sustained exercise and results from the tangential force exerted
by the blood flow on the endothelial surface [296].

Under its influence, the increase in the endothelial cell proliferation and eNOS activity
and the reduction in the oxidative stress and inflammation have been observed [297–299].
Shear stress increases the synthesis and release of NO, leading to vasodilation and an
endothelial function improvement [300,301]. This mechanism explains the beneficial effect
of exercise on lowering blood pressure and justifies the potential benefits of physical activity
in preventing PE. Under the exercise, vasodilation and angiogenesis have been observed,
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significantly increasing the endothelial surface area and enhancing endothelial NO and
PGI2 synthesis [302].

However, the effect of shear stress on placental circulation is not fully understood.
Ramirez-Velez et al. have shown an increase in the eNOS activity and NO release within
the placenta in exercising women [303].

The effects of exercise on the pathophysiological elements of PE development are
shown in Figure 2.
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5. Exercise in Pregnancy

Physical activity is defined as any movement that is associated with an increase in
physical expenditure. Sport is any planned, structured, repetitive activity undertaken to
improve or maintain fitness [304]. The goal of promoting physical activity among women
in a healthy pregnancy is to prevent the development of its complications, which include
hypertension and gestational diabetes, and the beneficial effect on the subsequent health
of the offspring. It also aims to prevent cardiovascular diseases and metabolic disorders
in the future. Physical activity during pregnancy is also intended to reduce excessive
pre-pregnancy weight in overweight and obese women and limit excessive weight gain
during pregnancy [305].

5.1. Exercise and Weight Gain during Pregnancy

Excessive weight gain during pregnancy, foremost in overweight and obese women,
is associated with a high risk of complications [306]. A study of 265,270 births has revealed
that pregnancy in an obese woman with excessive gestational weight gain is associated
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with the highest risk of developing complications such as PE, GH, GDM, and LGA (large
for gestational age) (RR 2.51, 95% CI 2.31–2.74). It was estimated that 23.9% of all pregnancy
problems are attributable to maternal obesity/overweight. The authors of this report
believe that one of the elements of preventing these pregnancy complications should be
the reduction in the pre-pregnancy body weight and the restriction of weight gain during
pregnancy, which can be achieved through adequate physical activity and diet [307].

Numerous studies have shown a negative correlation between reported physical
activity and excessive weight gain during pregnancy, as defined by the IMG (Institute
of Medicine Guidelines) [308–310]. Systematic reviews have indicated that weight gain
during pregnancy in women in the physically active group was approximately 1 kg less
than in non-exercising women [309–316].

Exercise seems to be more effective in reducing weight gain in obese than overweight
women [314], although the meta-analysis of 15 RCTs (n = 2915) has shown that age, race,
or the BMI before pregnancy did not significantly affect the association of weight gain
with physical activity. The effect of exercise on weight gain was most pronounced among
normal-weight women compared to overweight and obese women [317].

The authors of the i-WIP Collaborative Group report, which included data from
33 studies and 9320 women, have found that exercise and diet reduced weight gain during
pregnancy by an average of−0.70 kg regardless of the BMI, age, childbearing, race, or other
chronic medical conditions [318].

A meta-analysis ultimately involving 49 RCTs (n = 11,444) on the effects of diet alone,
exercise alone, and combinations of diet and exercise on the risk of excessive weight gain
showed that these interventions reduce it by an average of 20% compared to standard care
(RR 0.80, 95% confidence interval (CI) 0.73 to 0.87; n = 7096). No intervention was superior
to the others—either exercise in any form, supervised or unsupervised, or combined with
diet or diet alone—as all of them were effective [310]. However, according to Craemer et al.,
an appropriate diet seems more effective in reducing excessive weight gain as the sole
intervention, or in combination with exercise, than exercise alone [319].

Most publications on weight gain refer to the IOMs recommendations, summarized in
Table 2 [308].

Table 2. Recommended weight gain during pregnancy.

BMI Before Conception (kg/m2) Weight Gain During Pregnancy (kg)

<18.5 13–18
18.5–24.9 11–16
25.0–29.9 7–11
≥30 5–9

In addition to controlled weight gain during pregnancy, a weight reduction between
pregnancies is equally important, especially for overweight and obese women. It seems,
however, that classes of obesity should be considered [11,12].

A weight reduction has been shown to significantly reduce the risk of complications
in subsequent pregnancies, such as hypertensive conditions, GDM or LGA [320]. Indeed,
the lowest risk of various complications of pregnancy has been found for women who are
of obesity class I (BMI 30–34.9 kg/m2) at a gestational weight gain of 5–9 kg, class II (BMI
35.0–39.9 kg/m2) at 1–5 kg, and for class III (BMI ≥ 40 kg/m2) who experienced no weight
gain [321,322].

5.2. Exercise and Preeclampsia Risk

Consistent with experimental studies suggesting the beneficial effects of exercise on
angiogenesis, vascular endothelium, and metabolic changes, physical activity appears
to be an attractive option for PE prevention. Several observational and clinical studies,
randomized controlled trials, and meta-analyses have been published on this topic, but
their results are ambiguous.
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The electronic database PubMed has been searched using keywords such as “exercise”
and “preeclampsia”, which resulted in finding 237 articles published within the last ten
years. Unfortunately, only a tiny proportion of them attempted to clarify whether exercise
could indeed prevent the development of hypertension in pregnancy. Extending the search
of the Pubmed database with the keyword “meta-analysis”, 28 papers were found, of which
only 14 provided information on the effect of exercise on the PE/GH risk. Only articles
available in English were considered.

The results of published meta-analyses on the association of physical activity with the
incidence of hypertensive conditions in pregnancy are inconclusive and are summarized in
Table 3.

The study of Muktabhant et al. has found no beneficial effect of diet, exercise, or
both interventions in reducing the PE risk (RR 0.95, 95% CI 0.77 to 1.16; n = 5330), but
hypertension in pregnant women in the intervention group was diagnosed less frequently
than in the control group (mean RR 0.70, 95% CI 0.51 to 0.96; n = 5162) [310]. A meta-
analysis published by Aune et al. has demonstrated a favorable effect of pre-pregnancy
(RR = 0.65; 95% CI: 0.47 to 0.89; 5 studies) and early pregnancy (RR = 0.79; 95% CI: 0.70 to
0.91; 11 studies) physical activity on reducing the PE risk [323]. The results of the study by
Di Mascio et al. have indicated that moderate-intensity leisure activities (aerobic dance,
cycling, hydrotherapy, and resistance exercises) practiced during pregnancy are associated
with a significantly lower incidence of PE compared to non-exercising women (RR = 0.21;
95% CI: 0.09–0.45) [324].

Magro-Malosso et al. have published a meta-analysis of 17 randomized trials in-
volving 5075 women enrolled before the 23rd week of gestation. The authors have
observed that physical activity initiated in early pregnancy (aerobic exercise for about
30–60 min. 2–7 times per week) was associated with an overall lower prevalence of hy-
pertensive disease in pregnancy (5.9% vs. 8.5%; RR = 0.70, 95% CI 0.53–0.83; 7 studies,
n = 2517). These women had a significantly lower risk of developing GH (2.5% vs. 4.6%;
RR = 0.54, 95% CI 0.40–0.74; 16 studies, n = 4641) compared to women in the control group.
However, these authors have not demonstrated the significance of exercise in PE prevention.
The PE incidence was similar in both aerobic exercise (without dietary counselling) and
non-exercise women (2.3% vs. 2.8%; RR = 0.79, 95% CI 0.45–1.38; 6 studies, n = 2230) [325].

A study by Teede et al. of 5332 patients has demonstrated that exercise significantly
reduced the risk of PE and GH developing (RR 0.66; 95% CI 0.48–0.90). The authors
focused mainly on studies evaluating the effectiveness of structured physical activity,
which included a specific training plan conducted under controlled conditions [326].

There are few studies on the effect of the exercise intensity and duration on the risk of
developing PE. A meta-analysis published by Aune et al. aimed to assess the dose–response
relationship between physical activity and the risk of PE. The authors have found a 28%
reduction in the PE risk for every 1 h of exercise per day (RR = 0.72; 95% CI: 0.53–0.99;
3 studies) and 22% for every 20 metabolic equivalents of task (MET)-hours/week increment
(RR = 0.78: 95% CI: 0.63–0.96; 2 studies). The maximum risk reduction has been proven for
activity lasting 5–6 h per week, and no further reduction was observed with an increasing
training time. Furthermore, the authors of this report have observed that exercise performed
in early pregnancy linearly reduced the PE risk by 17% for each 1 h/day increment in
physical activity (RR = 0.83; 95% CI: 0.72–0.95; 7 studies) and by 15% for every 20 MET-
hours/week increment (RR = 0.85; 95% CI: 0.68–1.07; 3 studies) [323].

Thangaratinam et al., evaluated the effect of weight management interventions that
included diet, physical activity, or a combination of both. Women were considered phys-
ically active if they spent at least 150 min per week on moderate-to-vigorous exercise.
The authors have demonstrated that these interventions were effective in reducing the
incidence of PE (RR 0.74, 95% CI 0.59–0.92) and most effective in the group of overweight
and obese women (RR 0.65, 95% CI 0.44–0.97). Their diet was most potent in significantly
reducing the incidence of PE (RR 0.67, 95% CI 0.53–0.85), but exercise and the combination
of diet and exercise did not substantially reduce the incidence of PE (RR 0.65, 95% CI
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0.44–0.97). Only diet was effective in preventing GH (RR 0.30, 95% CI 0.10–0.88), while
overall weight management approaches were not efficient in reducing the GH risk (RR
0.77, 95% CI 0.54–1.1), which was also prevalent among women with obesity (RR 0.70,
95% 0.30–1.16). An essential finding of this study is that there is no adverse effect of diet,
exercise, and their combination on the course and outcome of pregnancy [315]. A systemic
review of 11 studies evaluating leisure-time physical activity and the PE risk by Wolf et al.
has indicated that intensive physical activity before and during pregnancy or at least 4 h
per week reduces the risk of PE [327].

On the other hand, a systematic review by Fazzi et al. on the association of a sedentary
lifestyle with the course of pregnancy has yielded inconclusive results on GH and PE
development [328].

Studies with different results are also available. The i-WIP Collaborative Group has
found no difference in the PE rates in women exercising and following a diet versus non-
exercising 0.74; 95% CI: 0.42 to 1.33) regardless of their age, BMI, and race/ethnicity [318].

Kasawara et al. published a systematic review of 17 papers on the importance of exer-
cise in preventing PE. According to them, the results of six case–control studies have demon-
strated the effectiveness of exercise in the prevention of PE (RR = 0.77, 95% CI 0.64–0.91),
while the results of ten prospective cohort studies have not supported this conclusion (RR
0.99, 95% CI 0.93–1.05) [329]. Other authors have not confirmed the efficacy of exercise in
PE prophylaxis [309].

Table 3. Selected meta-analyses on the effect of exercise on PE prevalence.

Authors Studied Groups Number of
Participants

Impact on PE, GH or
GHDs Additional Information

Syngelaki et al. [330] Obese and overweight
pregnant women

n = 1271 PE
RR 1.01
95% CI 0.80–1.27, NS
GH
RR 0.87
95% CI 0.70–1.06, NS

Magro-Malosso et al. [325] PE n = 2230
GH n = 4641
GHDs n = 2517

PE
RR 0.79
95% CI 0.45–1.38, NS
GH
RR 0.54
95% CI 0.40–0.74
GHDs
RR 0.70
95% CI 0.53–0.83

Women assigned before
23rd week;

Aerobic exercise 30–60 min.,
2–7 times a week

Davenport et al. [331] PE n = 3322
GH n = 5316

PE
RR 0.59
95% CI 0.37- 0.9

GH
RR 0.61
95% CI 0.43–0.85

Exercise interventions: the
frequency of exercise ranged
from 1 to 7 days/week; the
duration of exercise ranged from
10 to 90 min. per session.
No studies looked at the effect of
exercising in different trimesters
on the odds of developing GH
or PE.
Patients included in the study
throughout pregnancy.
To achieve at least a 25%
reduction in the odds of
developing PE and GH,
pregnant women need to
accumulate at least
600 MET-min/week of
moderate-intensity exercise.
Benefits would be attained when
exercise is performed at a
frequency of at least
3 days/week or at least 25 min.
per session.
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Table 3. Cont.

Authors Studied Groups Number of
Participants

Impact on PE, GH or
GHDs Additional Information

Brown et al. [332] Patients with GDM PE n = 48 RR 0.31
95% CI 0.01–7.09, NS

Du et al. [333] Obese and overweight
pregnant women

PE n = 596
GH n = 671

PE
RR 1.39
95% CI 0.66–2.93, NS

GH
RR 0.63
95% CI 0.38–1.05, NS

Patients included in the studies
before 20th week.

Exercise programs in the
intervention groups were
“stationary cycling” at least
3 times/week (30 min./session);
“aerobic strength and muscle
exercises”: 2–3 times/week
(60 min./session); “walking for
11,000 steps or at least
30 min./daily; “mixed method”
of stationary cycling, tread mill
walk and muscle exercise”:
1–3 times/week (about
50 min./session); and
“personalized exercise plan”.

Adesegun et al. [334] Patients with
pre-gestational diseases,
including chronic
hypertension, type 1
and 2 diabetes

PE n = 109 RR 0.80
95% CI 0.27–2.40, NS

Exercise during pregnancy.

Rogozińska et al. [335] PE and PIH n = 8852 RR 0.95
95% CI 0.78–1.16, NS

Zheng et al. [336] n = 507 RR 1.05
95% CI 0.53–2.07, NS

Exercise between 10 and
20th week.

Aune et al. [323]
Pre-pregnancy n = 621 Pre-pregnancy

RR 0.65
95% CI 0.47–0.89
RR 0.72
95% CI 0.53–0.99; per 1 h
per day;
RR 0.78
95% CI 0.63–0.96; per
20 MET-hours per week.

Dose–response
analyses included.

Early pregnancy
n = 5702

Early pregnancy
RR 0.79
95% CI 0.70–0.91
RR 0.83
95% CI 0.72–0.95; per 1 h
per day
RR 0.85
95% CI 0.68–1.07; per 20
MET-hours per week.

Defined as up to 24th week,
before first prenatal visit or
during 1st trimester.

Muhammad et al. [337] Obese and overweight
pregnant women

PE and/or PIH
n = 650

RR 0.77
95% CI 0.46–1.30, NS

Supervised exercise.

Muktabhant et al. [310] PE—mixed and
high-risk population

PE
Supervised exercise
n = 1024

Unsupervised exercise
n = 229

Maternal
hypertension (not
prespecified)

Supervised exercise
n = 1749

Unsupervised exercise
n = 229

PE
RR 0.95
95% CI 0.77–1.16, NS

RR 1,6
95% CI 0.38–6.73, NS

Maternal hypertension
RR 0.55
95% CI 0.29–1.03

RR 0.43
95% CI 0.12–1.54

Supervised and
unsupervised exercise.
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Table 3. Cont.

Authors Studied Groups Number of
Participants

Impact on PE, GH or
GHDs Additional Information

Xing et al. [338] Obese and overweight
pregnant women

PE n = 1004 RR 1.00
95% CI 0.66–1.52, NS

da Silva et al. [309] PE n = 709 RR 0.93
95% CI 0.55–1.57, NS

Leisure-time physical activity
throughout pregnancy.

Teede et al. [326] PE and GH
n = 5332

RR 0.66
95% CI 0.48–0.90

Structured exercise.

PE—preeclampsia, GH—gestational hypertension, PIH—pregnancy-induced hypertension, GHDs—gestational
hypertensive disorders, GDM—gestational diabetes mellitus, NS—not significant, RR—relative risk,
CI—confidence interval, MET—metabolic equivalent.

The results of the above meta-analyses do not allow firm conclusions to be drawn
regarding the effect of exercise on the risk of PE development. It could be explained by
the fact that: 1. the investigations were carried out in heterogeneous groups regarding
the BMI, risk of developing PE, and GDM diagnosis; 2. the PE diagnosis was most often
based on hypertension and proteinuria, but the recognition criteria were not uniform;
3. the effects of exercise performed during different periods of pregnancy, even up to
delivery, were analyzed; 4. some studies assessed physical activity based on questionnaires
completed by patients; 5. some studies included any physical activity, while others only
supervised exercise. Drawing firm conclusions from the numerous studies that analyzed
the association of physical activity with the risk of PE and other hypertensive diseases in
pregnancy is hampered by the failure of many authors to consider the time spent exercising
per week. An additional difficulty is the intensity of exercise. The great majority of
the studies published to date have looked at light to moderate-intensity exercise. There
is currently no well-documented safety of intensive exercise for maternal health, hence
many doctors do not recommend it. In addition, other forms of prophylaxis, primarily
acetylsalicylic acid, were not considered in patients at a high risk of PE included in the
studies. The question of the efficacy of exercise as prophylaxis for PE development seems
to be resolved. The vascular and metabolic effects of exercise, juxtaposing with elements
of the pathogenetic chain of PE development, with a particular focus on obesity, make it
appear attractive as non-pharmacological and low-cost prophylaxis if included before the
completion of a trophoblast implantation. It should be emphasized that the meta-analyses
cited did not show any adverse effects of exercise on pregnancy or fetal development.

6. Exercise—Recommendations for Pregnant Women

Numerous scientific societies recommend physical activity in a healthy pregnancy, and
many pregnant women want to continue or start exercising for the sake of their health and
the health of their offspring. Current recommendations do not differ for particular groups
of women regarding their BMI, and the type of physical activity recommended to prevent
particular complications. Given the beneficial effects of exercise on the health of pregnant
women and the favorable impact on the obstetric outcomes, an exercise program of approx-
imately 150 min per week of low-to-moderate intensity is now recommended. According
to the ACOG statement, women in healthy pregnancies should exercise 20–30 min daily
most days of the week [33]. The Physical Activity Guidelines for Americans recommends
150 to 300 min of moderate-intensity exercise, especially aerobic exercise, most days of
the week during pregnancy and in the postnatal period [339]. Other guidelines suggest
moderate-intensity training sessions of at least 25 min at least three times a week. Intense
workouts lasting more than 40 min are not advocated [340]. Statistics on the percentage of
physically active pregnant women are incomplete. According to the data, only 23–29% of
pregnant women in the USA and 20.3% in Spain report activity following the above rec-
ommendations [341,342]. Even women who actively exercised before conception, after the
onset of pregnancy, reduce the frequency and intensity of exercise similarly to post-partum
women [343]. Many women forgo physical activity for various reasons, including the fear
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of adverse effects on pregnancy, and only about 9.6% of pregnant women increase their
physical activity [344]. Supervising the intensity of exercise, which should be adapted for
pregnant women, seems to be one of the most critical issues. The most straightforward test
is the so-called “talk test”. If the pregnant woman can talk freely during exercise, it should
be assumed that the intensity is appropriate [33]. Other recommendations suggest that
pregnant women achieve an appropriate heart rate ceiling during exercise and these recom-
mendations are inconclusive. The Canadian and American Society recommends exercise at
a heart rate of 60–80% of the maximum aerobic capacity [345,346], while the Royal College
of Obstetricians and Gynecologists (RCOG) suggests 60–90% of the maximum heart rate
(maximum heart rate = 220—age) for pre-pregnancy exercisers and 60–70% for women
inactive before pregnancy [347]. Other recommendations suggest achieving a 30% heart
rate reserve (HRR; mild) or a 70% HRR (moderate) intensity. The heart rate reserve is the
difference between a person’s resting heart rate and maximum heart rate [340]. Ferrari et al.,
suggested starting an exercise program during pregnancy with a 25 min training 3 times a
week with a heart rate of approximately 30% of the maximum heart rate, then gradually
increasing the exercise time by two minutes to a maximum of 40 min. per session to reach
60% of the maximum heart rate [348]. Nevertheless, another way of assessing the exercise
intensity is the MET. One MET unit indicates the consumption of one kilocalorie of energy
by one kilogram of body weight during one hour of rest (quiet sitting) (kcal/kg b.w./h).
The MET number indicates by how many times more energy is expended during exercise
compared with the energy expended at rest. Walking at a slow pace has a MET value
of 2, while jogging and cycling have MET values of 7–8. For pregnant women, exercise
corresponding to around 3–4 METs is recommended [349]. The suggested management for
implementing exercise in pregnancy is presented in Figure 3 [347,350].
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Not all physical activities are advisable for pregnant women. Examples of safe and
unsafe exercise during pregnancy are shown in Table 4 [33,348].

Table 4. Safe and unsafe exercise during pregnancy.

Safe Physical Activity Unsafe Physical Activity

Walking
Swimming
Stationary cycling
Low-intensity aerobics
Yoga, modified *
Pilates, modified *
Only for pregnant women with an
uncomplicated course of pregnancy, after
consultation with an obstetrician

Contact sports (e.g., basketball and volleyball)
Exercise with a high risk of falling (e.g., skiing,
riding, and cycling)
Yoga, pilates, and stationary cycling in extreme
conditions (high ambient temperature)

* In a position other than on the back.

Before starting to work out, it is necessary to consult an obstetrician and assess
contraindications to exercise during pregnancy. These can be divided into absolute and
relative and are provided in Table 5 [33,348].

Table 5. Contraindications to exercise in pregnancy.

Absolute Contraindications Relative Contraindications

Severe cardiovascular and respiratory diseases
Severe anemia
Increased risk of premature labor: incompetent
cervix, cervical cerclage, multiple gestation
Symptoms of preterm labor: preterm premature
rupture of membranes, uterine contractions
Vaginal bleeding
Pre-eclampsia or gestational hypertension

Anemia
Undiagnosed maternal cardiac arrhythmias
Chronic bronchitis
Poorly controlled diabetes mellitus type 1
Extreme morbid obesity or extreme underweight
Fetal growth restriction during current pregnancy
Poorly controlled chronic diseases:
chronic hypertension, hyperthyroidism,
seizure disorder
Significant musculoskeletal disorders

There is much concern about the possibility of preterm birth due to exercise. Stud-
ies have not shown a higher rate of preterm birth among women who exercise during
pregnancy than women with a sedentary lifestyle [316,324].

So far, a sedentary lifestyle or bed rest has not been documented to improve the
obstetric outcomes in women at risk of a preterm birth but without its symptoms. Hence,
limiting physical activity should not be recommended for preventing a preterm birth [33]
and as the primary prevention of PE [3].

7. Conclusions

Pre-pregnancy obesity is a recognized factor in the development of hypertension in
pregnancy. Experimental studies have shown that obesity and PE share many pathophysio-
logical elements, including endothelial dysfunction, a pro-inflammatory type of immune
response or oxidative stress. Physical exercise has a beneficial effect on all these conditions,
which makes it appear to be, on the one hand, a cheap and universal way to reduce the
incidence of obesity among women of childbearing age and, on the other, an attractive
element in the prevention of hypertension in pregnancy, also in women of a normal weight.
Physical activity is not only about reducing the body weight and decreasing the secretory
active adipose tissue mass, it is also about creating the right metabolic environment for
the fetus’ development. Unfortunately, clinical studies do not indicate unambiguously
regarding whether exercise significantly reduces the incidence of developing preeclampsia
and gestational hypertension. It seems to be a result of the fact that the studies were
conducted in heterogeneous groups in terms of the time of inclusion in the study (precon-
ceptional period, early pregnancy, and various stages of pregnancy up to delivery) and the
type, duration, and intensity of physical exercise. In addition, some of the studies used
survey data for the analysis, making the impartiality of the results much more difficult.
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Furthermore, not all investigations considered the influence of other factors, such as the
pre-pregnancy weight, gestational weight gain, age, race, or socio-economic status.

Despite the extensive literature confirming the effectiveness of exercise in preventing
preeclampsia, the issue requires well-designed studies that consider the pathophysiology
of PE. Presently, the available data indicate that physical activity in pregnancy is safe for
the mother and the fetus and hence can be recommended for most pregnant women in
healthy pregnancy.
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68. Köroğlu, N.; Tola, E.; Yuksel, I.T.; Cetin, B.A.; Turhan, U.; Topcu, G.; Dag, I. Maternal serum AMP-activated protein kinase levels
in mild and severe preeclampsia. J. Matern. Neonatal Med. 2018, 32, 2735–2740. [CrossRef]

69. Waker, C.; Albers, R.E.; Pye, R.L.; Doliboa, S.R.; Wyatt, C.N.; Brown, T.L.; Mayes, D.A. AMPK Knockdown in Placental
Labyrinthine Progenitor Cells Results in Restriction of Critical Energy Resources and Terminal Differentiation Failure. Stem Cells
Dev. 2017, 26, 808–817. [CrossRef]

http://doi.org/10.1007/978-981-10-5891-2_10
http://doi.org/10.3389/fimmu.2014.00244
http://doi.org/10.1016/j.ajog.2021.11.019
http://www.ncbi.nlm.nih.gov/pubmed/35177223
http://doi.org/10.1016/j.clim.2005.11.001
http://www.ncbi.nlm.nih.gov/pubmed/16337193
http://doi.org/10.1111/j.1600-0897.2010.00831.x
http://doi.org/10.1155/2021/6649608
http://doi.org/10.29252/ijrm.16.1.1
http://doi.org/10.1016/j.jri.2013.08.003
http://doi.org/10.1007/s10517-016-3259-8
http://doi.org/10.1111/aji.12199
http://www.ncbi.nlm.nih.gov/pubmed/24612145
http://doi.org/10.1097/HJH.0000000000002003
http://www.ncbi.nlm.nih.gov/pubmed/30882594
http://doi.org/10.1159/000515530
http://www.ncbi.nlm.nih.gov/pubmed/33902044
http://doi.org/10.1080/jmf.12.1.19.27
http://www.ncbi.nlm.nih.gov/pubmed/12422905
http://doi.org/10.1038/ajh.2011.99
http://www.ncbi.nlm.nih.gov/pubmed/21677700
http://doi.org/10.1016/j.ajog.2007.10.793
http://doi.org/10.1097/AOG.0b013e3181fc3afa
http://doi.org/10.1016/j.ajog.2012.02.035
http://doi.org/10.1016/j.semnephrol.2004.07.003
http://doi.org/10.1016/j.mvr.2007.04.009
http://doi.org/10.1016/0092-8674(93)90573-9
http://doi.org/10.1074/jbc.270.17.9709
http://www.ncbi.nlm.nih.gov/pubmed/7730348
http://doi.org/10.1177/107155760100800606
http://www.ncbi.nlm.nih.gov/pubmed/11750869
http://doi.org/10.1095/biolreprod59.3.643
http://doi.org/10.1080/14767058.2018.1448774
http://doi.org/10.1089/scd.2016.0252


Int. J. Environ. Res. Public Health 2023, 20, 1267 29 of 39

70. Xiang, L.; Varshney, R.; Rashdan, N.A.; Shaw, J.H.; Lloyd, P.G. Placenta Growth Factor and Vascular Endothelial Growth Factor
A Have Differential, Cell-Type Specific Patterns of Expression in Vascular Cells. Microcirculation 2014, 21, 368–379. [CrossRef]
[PubMed]

71. Autiero, M.; Luttun, A.; Tjwa, M.; Carmeliet, P. Placental growth factor and its receptor, vascular endothelial growth factor
receptor-1: Novel targets for stimulation of ischemic tissue revascularization and inhibition of angiogenic and inflammatory
disorders. J. Thromb. Haemost. 2003, 1, 1356–1370. [CrossRef]

72. Chen, Q.; Chen, L.; Liu, B.; Vialli, C.; Stone, P.; Ching, L.-M.; Chamley, L. The role of autocrine TGFβ1 in endothelial cell activation
induced by phagocytosis of necrotic trophoblasts: A possible role in the pathogenesis of pre-eclampsia. J. Pathol. 2010, 221, 87–95.
[CrossRef]

73. Li, X.; Shen, L.; Tan, H. Polymorphisms and Plasma Level of Transforming Growth Factor-Beta 1 and Risk for Preeclampsia: A
Systematic Review. PLoS ONE 2014, 9, e97230. [CrossRef]

74. Neufeld, G.; Cohen, T.; Gengrinovitch, S.; Poltorak, Z. Vascular endothelial growth factor (VEGF) and its receptors. FASEB J. 1999,
13, 9–22. [CrossRef] [PubMed]

75. Brownfoot, F.C.; Hastie, R.; Hannan, N.; Cannon, P.; Tuohey, L.; Parry, L.; Senadheera, S.; Illanes, S.; Kaitu’U-Lino, T.J.; Tong, S.
Metformin as a prevention and treatment for preeclampsia: Effects on soluble fms-like tyrosine kinase 1 and soluble endoglin
secretion and endothelial dysfunction. Am. J. Obstet. Gynecol. 2015, 214, 356.e1–356.e15. [CrossRef] [PubMed]

76. Nevo, O.; Soleymanlou, N.; Wu, Y.; Xu, J.; Kingdom, J.; Many, A.; Zamudio, S.; Caniggia, I. Increased expression of sFlt-1 in
in vivo and in vitro models of human placental hypoxia is mediated by HIF-1. Am. J. Physiol. Integr. Comp. Physiol. 2006, 291,
R1085–R1093. [CrossRef] [PubMed]

77. Leaños-Miranda, A.; Navarro-Romero, C.S.; Sillas-Pardo, L.J.; Ramírez-Valenzuela, K.L.; Isordia-Salas, I.; Jiménez-Trejo, L.M.
Soluble Endoglin As a Marker for Preeclampsia, Its Severity, and the Occurrence of Adverse Outcomes. Hypertension 2019,
74, 991–997. [CrossRef]

78. Chaiworapongsa, T.; Chaemsaithong, P.; Yeo, L.; Romero, R. Pre-eclampsia part 1: Current understanding of its pathophysiology.
Nat. Rev. Nephrol. 2014, 10, 466–480. [CrossRef]

79. Levine, R.J.; Maynard, S.E.; Qian, C.; Lim, K.-H.; England, L.J.; Yu, K.F.; Schisterman, E.F.; Thadhani, R.; Sachs, B.P.;
Epstein, F.H.; et al. Circulating Angiogenic Factors and the Risk of Preeclampsia. N. Engl. J. Med. 2004, 350, 672–683. [CrossRef]
[PubMed]

80. Maynard, S.E.; Min, J.-Y.; Merchan, J.; Lim, K.-H.; Li, J.; Mondal, S.; Libermann, T.A.; Morgan, J.P.; Sellke, F.W.; Stillman, I.E.; et al.
Excess placental soluble fms-like tyrosine kinase 1 (sFlt1) may contribute to endothelial dysfunction, hypertension, and proteinuria
in preeclampsia. J. Clin. Investig. 2003, 111, 649–658. [CrossRef]

81. Govender, L.; Mackraj, I.; Gathiram, P.; Moodley, J. The role of angiogenic, anti-angiogenic and vasoactive factors in pre-eclamptic
African women: Early-versus late-onset pre-eclampsia. Cardiovasc. J. Afr. 2012, 23, 153–159. [CrossRef]

82. Venkatesha, S.; Toporsian, M.; Lam, C.; Hanai, J.-I.; Mammoto, T.; Kim, Y.M.; Bdolah, Y.; Lim, K.-H.; Yuan, H.-T.;
Libermann, T.A.; et al. Soluble endoglin contributes to the pathogenesis of preeclampsia. Nat. Med. 2006, 12, 642–649.
[CrossRef]

83. Luft, F.C. Soluble endoglin (sEng) joins the soluble fms-like tyrosine kinase (sFlt) receptor as a pre-eclampsia molecule. Nephrol.
Dial. Transplant. 2006, 21, 3052–3054. [CrossRef]

84. Sutton, E.F.; Gemmel, M.; Powers, R.W. Nitric oxide signaling in pregnancy and preeclampsia. Nitric Oxide 2019, 95, 55–62.
[CrossRef] [PubMed]

85. Nejabati, H.R.; Latifi, Z.; Ghasemnejad, T.; Fattahi, A.; Nouri, M. Placental growth factor (PlGF) as an angiogenic/inflammatory
switcher: Lesson from early pregnancy losses. Gynecol. Endocrinol. 2017, 33, 668–674. [CrossRef] [PubMed]

86. Zafer, E.; Yenisey, C.; Eken, M.K.; Ozdemir, E.; Omurlu, I.K.; Yuksel, H. Second trimester maternal serum–amniotic fluid nitric
oxide and vascular endothelial growth factor levels in relation to uterine artery Doppler indices in pregnancies with normal
outcome. J. Obstet. Gynaecol. 2018, 38, 1088–1092. [CrossRef] [PubMed]

87. Kleinrouweler, C.; Wiegerinck, M.; Ris-Stalpers, C.; Bossuyt, P.; van der Post, J.; von Dadelszen, P.; Mol, B.; Pajkrt, E.; for the EBM
CONNECT Collaboration. Accuracy of circulating placental growth factor, vascular endothelial growth factor, soluble fms-like
tyrosine kinase 1 and soluble endoglin in the prediction of pre-eclampsia: A systematic review and meta-analysis. BJOG Int. J.
Obstet. Gynaecol. 2012, 119, 778–787. [CrossRef]

88. Taysi, S.; Tascan, A.S.; Ugur, M.G.; Demir, M. Radicals, Oxidative/Nitrosative Stress and Preeclampsia. Mini-Rev. Med. Chem.
2019, 19, 178–193. [CrossRef] [PubMed]

89. Rana, S.; Schnettler, W.T.; Powe, C.; Wenger, J.; Salahuddin, S.; Cerdeira, A.S.; Verlohren, S.; Perschel, F.H.; Arany, Z.; Lim,
K.-H.; et al. Clinical characterization and outcomes of preeclampsia with normal angiogenic profile. Hypertens. Pregnancy 2013,
32, 189–201. [CrossRef]

90. Zeisler, H.; Llurba, E.; Chantraine, F.; Vatish, M.; Staff, A.C.; Sennström, M.; Olovsson, M.; Brennecke, S.P.; Stepan, H.;
Allegranza, D.; et al. Predictive Value of the sFlt-1:PlGF Ratio in Women with Suspected Preeclampsia. N. Engl. J. Med. 2016,
374, 13–22. [CrossRef]

91. Isaka, K.; Usuda, S.; Ito, H.; Sagawa, Y.; Nakamura, H.; Nishi, H.; Suzuki, Y.; Li, Y.; Takayama, M. Expression and Activity of
Matrix Metalloproteinase 2 and 9 in Human Trophoblasts. Placenta 2003, 24, 53–64. [CrossRef]

http://doi.org/10.1111/micc.12113
http://www.ncbi.nlm.nih.gov/pubmed/24410720
http://doi.org/10.1046/j.1538-7836.2003.00263.x
http://doi.org/10.1002/path.2690
http://doi.org/10.1371/journal.pone.0097230
http://doi.org/10.1096/fasebj.13.1.9
http://www.ncbi.nlm.nih.gov/pubmed/9872925
http://doi.org/10.1016/j.ajog.2015.12.019
http://www.ncbi.nlm.nih.gov/pubmed/26721779
http://doi.org/10.1152/ajpregu.00794.2005
http://www.ncbi.nlm.nih.gov/pubmed/16627691
http://doi.org/10.1161/HYPERTENSIONAHA.119.13348
http://doi.org/10.1038/nrneph.2014.102
http://doi.org/10.1056/NEJMoa031884
http://www.ncbi.nlm.nih.gov/pubmed/14764923
http://doi.org/10.1172/JCI17189
http://doi.org/10.5830/CVJA-2012-003
http://doi.org/10.1038/nm1429
http://doi.org/10.1093/ndt/gfl439
http://doi.org/10.1016/j.niox.2019.11.006
http://www.ncbi.nlm.nih.gov/pubmed/31852621
http://doi.org/10.1080/09513590.2017.1318375
http://www.ncbi.nlm.nih.gov/pubmed/28447504
http://doi.org/10.1080/01443615.2018.1454409
http://www.ncbi.nlm.nih.gov/pubmed/29884106
http://doi.org/10.1111/j.1471-0528.2012.03311.x
http://doi.org/10.2174/1389557518666181015151350
http://www.ncbi.nlm.nih.gov/pubmed/30324879
http://doi.org/10.3109/10641955.2013.784788
http://doi.org/10.1056/NEJMoa1414838
http://doi.org/10.1053/plac.2002.0867


Int. J. Environ. Res. Public Health 2023, 20, 1267 30 of 39

92. Chen, J.; Khalil, R.A. Matrix Metalloproteinases in Normal Pregnancy and Preeclampsia. Prog. Mol. Biol. Transl. Sci. 2017,
148, 87–165.

93. Corrales, P.; Vidal-Puig, A.; Medina-Gómez, G. PPARs and Metabolic Disorders Associated with Challenged Adipose Tissue
Plasticity. Int. J. Mol. Sci. 2018, 19, 2124. [CrossRef]

94. Berry, E.B.E.; Eykholt, R.; Helliwell, R.J.A.; Gilmour, R.S.; Mitchell, M.D.; Marvin, K.W. Peroxisome Proliferator-Activated
Receptor Isoform Expression Changes in Human Gestational Tissues with Labor at Term. Mol. Pharmacol. 2003, 64, 1586–1590.
[CrossRef] [PubMed]

95. Fournier, T.; Handschuh, K.; Tsatsaris, V.; Evain-Brion, D. Involvement of PPARγ in Human Trophoblast Invasion. Placenta 2007,
28 (Suppl. A), S76–S81. [CrossRef] [PubMed]

96. Crocker, I.; Barratt, S.; Kaur, M.; Baker, P. The In-Vitro Characterization of Induced Apoptosis in Placental Cytotrophoblasts and
Syncytiotrophoblasts. Placenta 2001, 22, 822–830. [CrossRef] [PubMed]

97. Waite, L.L.; Person, E.C.; Zhou, Y.; Lim, K.-H.; Scanlan, T.S.; Taylor, R.N. Placental Peroxisome Proliferator-Activated Receptor-γ
Is Up-Regulated by Pregnancy Serum. J. Clin. Endocrinol. Metab. 2000, 85, 3808–3814. [CrossRef]

98. Waite, L.L.; Louie, R.E.; Taylor, R.N. Circulating Activators of Peroxisome Proliferator-Activated Receptors Are Reduced in
Preeclamptic Pregnancy. J. Clin. Endocrinol. Metab. 2005, 90, 620–626. [CrossRef]

99. Rahardjo, B.; Widjajanto, E.; Sujuti, H.; Keman, K. Different levels of IL-1α, IL-6, TNF-α, NF-κB and PPAR-γ in monocyte cultures
exposed by plasma preeclampsia and normotensive pregnancy. Pregnancy Hypertens. 2014, 4, 187–193. [CrossRef]

100. McCarthy, F.P.; Drewlo, S.; English, F.A.; Kingdom, J.; Johns, E.J.; Kenny, L.C.; Walsh, S.K. Evidence Implicating Peroxisome
Proliferator-Activated Receptor-γ in the Pathogenesis of Preeclampsia. Hypertension 2011, 58, 882–887. [CrossRef]

101. Armistead, B.; Kadam, L.; Siegwald, E.; McCarthy, F.P.; Kingdom, J.C.; Kohan-Ghadr, H.-R.; Drewlo, S. Induction of the PPARγ
(Peroxisome Proliferator-Activated Receptor γ)-GCM1 (Glial Cell Missing 1) Syncytialization Axis Reduces sFLT1 (Soluble
fms-Like Tyrosine Kinase 1) in the Preeclamptic Placenta. Hypertension 2021, 78, 230–240. [CrossRef]

102. Dey, M.; Arora, D.; Narayan, N.; Kumar, R. Serum cholesterol and ceruloplasmin levels in second trimester can predict
development of pre-eclampsia. N. Am. J. Med. Sci. 2013, 5, 41–46. [CrossRef]

103. Lopez-Jaramillo, P.; Barajas, J.; Rueda-Quijano, S.M.; Lopez-Lopez, C.; Felix, C. Obesity and Preeclampsia: Common Pathophysio-
logical Mechanisms. Front. Physiol. 2018, 9, 1838. [CrossRef]

104. Reyes, L.M.; Garcia, R.G.; Ruiz, S.L.; Broadhurst, D.; Aroca, G.; Davidge, S.T.; Lopez-Jaramillo, P. Angiogenic imbalance and
plasma lipid alterations in women with preeclampsia from a developing country. Growth Factors 2012, 30, 158–166. [CrossRef]
[PubMed]

105. Pavan, L.; Tsatsaris, V.; Hermouet, A.; Therond, P.; Evain-Brion, D.; Fournier, T. Oxidized Low-Density Lipoproteins Inhibit
Trophoblastic Cell Invasion. J. Clin. Endocrinol. Metab. 2004, 89, 1969–1972. [CrossRef] [PubMed]

106. Cermenati, G.; Audano, M.; Giatti, S.; Carozzi, V.; Porretta-Serapiglia, C.; Pettinato, E.; Ferri, C.; D’Antonio, M.; De Fabiani,
E.; Crestani, M.; et al. Lack of Sterol Regulatory Element Binding Factor-1c Imposes Glial Fatty Acid Utilization Leading to
Peripheral Neuropathy. Cell Metab. 2015, 21, 571–583. [CrossRef]

107. Wang, Y.; Walsh, S.W.; Guo, J.; Zhang, J. The imbalance between thromboxane and prostacyclin in preeclampsia is associated
with an imbalance between lipid peroxides and vitamin E in maternal blood. Am. J. Obstet. Gynecol. 1991, 165 Pt 1, 1695–1700.
[CrossRef] [PubMed]

108. Rocca, B.; Loeb, A.L.; Strauss, J.F.; Vezza, R.; Habib, A.; Li, H.; FitzGerald, G.A. Directed vascular expression of the thromboxane
A2 receptor results in intrauterine growth retardation. Nat. Med. 2000, 6, 219–221. [CrossRef]

109. Burton, G.J.; Yung, H.-W.; Cindrova-Davies, T.; Charnock-Jones, D.S. Placental Endoplasmic Reticulum Stress and Oxidative
Stress in the Pathophysiology of Unexplained Intrauterine Growth Restriction and Early Onset Preeclampsia. Placenta 2009, 30
(Suppl. A), 43–48. [CrossRef] [PubMed]

110. Burton, G.; Yung, H.; Murray, A. Mitochondrial—Endoplasmic reticulum interactions in the trophoblast: Stress and senescence.
Placenta 2017, 52, 146–155. [CrossRef]

111. Fu, J.; Zhao, L.; Wang, L.; Zhu, X. Expression of markers of endoplasmic reticulum stress-induced apoptosis in the placenta of
women with early and late onset severe pre-eclampsia. Taiwan. J. Obstet. Gynecol. 2015, 54, 19–23. [CrossRef] [PubMed]

112. Bills, V.; Salmon, A.; Harper, S.; Overton, T.; Neal, C.; Jeffery, B.; Soothill, P.; Bates, D. Impaired vascular permeability regulation
caused by the VEGF165b splice variant in pre-eclampsia. BJOG Int. J. Obstet. Gynaecol. 2011, 118, 1253–1261. [CrossRef]

113. Burger, D.; Touyz, R.M. Cellular biomarkers of endothelial health: Microparticles, endothelial progenitor cells, and circulating
endothelial cells. J. Am. Soc. Hypertens. 2012, 6, 85–99. [CrossRef]

114. Liu, X.; Luo, Q.; Zheng, Y.; Liu, X.; Hu, Y.; Liu, W.; Luo, M.; Tao, H.; Wu, D.; Zhao, Y.; et al. Notch1 Impairs Endothelial Progenitor
Cell Bioactivity in Preeclampsia. Reprod. Sci. 2016, 24, 47–56. [CrossRef] [PubMed]

115. Sugawara, J.; Mitsui-Saito, M.; Hayashi, C.; Hoshiai, T.; Senoo, M.; Chisaka, H.; Yaegashi, N.; Okamura, K. Decrease and
Senescence of Endothelial Progenitor Cells in Patients with Preeclampsia. J. Clin. Endocrinol. Metab. 2005, 90, 5329–5332.
[CrossRef] [PubMed]

116. Xia, L.; Zhou, X.P.; Zhu, J.H.; Xie, X.D.; Zhang, H.; Wang, X.X.; Chen, J.Z.; Jian, S. Decrease and dysfunction of endothelial
progenitor cells in umbilical cord blood with maternal pre-eclampsia. J. Obstet. Gynaecol. Res. 2007, 33, 465–474. [CrossRef]

117. Irani, R.; Xia, Y. The Functional Role of the Renin–Angiotensin System in Pregnancy and Preeclampsia. Placenta 2008, 29, 763–771.
[CrossRef]

http://doi.org/10.3390/ijms19072124
http://doi.org/10.1124/mol.64.6.1586
http://www.ncbi.nlm.nih.gov/pubmed/14645690
http://doi.org/10.1016/j.placenta.2006.12.006
http://www.ncbi.nlm.nih.gov/pubmed/17321592
http://doi.org/10.1053/plac.2001.0733
http://www.ncbi.nlm.nih.gov/pubmed/11718569
http://doi.org/10.1210/jc.85.10.3808
http://doi.org/10.1210/jc.2004-0849
http://doi.org/10.1016/j.preghy.2014.03.001
http://doi.org/10.1161/HYPERTENSIONAHA.111.179440
http://doi.org/10.1161/HYPERTENSIONAHA.121.17267
http://doi.org/10.4103/1947-2714.106198
http://doi.org/10.3389/fphys.2018.01838
http://doi.org/10.3109/08977194.2012.674035
http://www.ncbi.nlm.nih.gov/pubmed/22486210
http://doi.org/10.1210/jc.2003-032042
http://www.ncbi.nlm.nih.gov/pubmed/15070971
http://doi.org/10.1016/j.cmet.2015.02.016
http://doi.org/10.1016/0002-9378(91)90017-L
http://www.ncbi.nlm.nih.gov/pubmed/1750462
http://doi.org/10.1038/72334
http://doi.org/10.1016/j.placenta.2008.11.003
http://www.ncbi.nlm.nih.gov/pubmed/19081132
http://doi.org/10.1016/j.placenta.2016.04.001
http://doi.org/10.1016/j.tjog.2014.11.002
http://www.ncbi.nlm.nih.gov/pubmed/25675914
http://doi.org/10.1111/j.1471-0528.2011.02925.x
http://doi.org/10.1016/j.jash.2011.11.003
http://doi.org/10.1177/1933719116648411
http://www.ncbi.nlm.nih.gov/pubmed/27189202
http://doi.org/10.1210/jc.2005-0532
http://www.ncbi.nlm.nih.gov/pubmed/15956081
http://doi.org/10.1111/j.1447-0756.2007.00555.x
http://doi.org/10.1016/j.placenta.2008.06.011


Int. J. Environ. Res. Public Health 2023, 20, 1267 31 of 39

118. Gathiram, P.; Moodley, J. The Role of the Renin-Angiotensin-Aldosterone System in Preeclampsia: A Review. Curr. Hypertens.
Rep. 2020, 22, 1–9. [CrossRef] [PubMed]

119. Zhou, C.C.; Zhang, Y.; A Irani, R.; Zhang, H.; Mi, T.; Popek, E.J.; Hicks, M.J.; Ramin, S.M.; E Kellems, R.; Xia, Y. Angiotensin
receptor agonistic autoantibodies induce pre-eclampsia in pregnant mice. Nat. Med. 2008, 14, 855–862. [CrossRef] [PubMed]

120. Bodnar, L.M.; Ness, R.B.; Markovic, N.; Roberts, J.M. The Risk of Preeclampsia Rises with Increasing Prepregnancy Body Mass
Index. Ann. Epidemiol. 2005, 15, 475–482. [CrossRef]

121. Fortner, R.T.; Pekow, P.; Solomon, C.G.; Markenson, G.; Chasan-Taber, L. Prepregnancy body mass index, gestational weight gain,
and risk of hypertensive pregnancy among Latina women. Am. J. Obstet. Gynecol. 2009, 200, 167.e1–167.e7. [CrossRef]

122. Magdaleno, R.; Pereira, B.G.; Chaim, E.A.; Turato, E.R. Pregnancy after bariatric surgery: A current view of maternal, obstetrical
and perinatal challenges. Arch. Gynecol. Obstet. 2011, 285, 559–566. [CrossRef]

123. Bo, S.; Menato, G.; Signorile, A.; Bardelli, C.; Lezo, A.; Gallo, M.; Gambino, R.; Cassader, M.; Massobrio, M.; Pagano, G. Obesity or
diabetes: What is worse for the mother and for the baby? Diabetes Metab. 2003, 29 Pt 1, 175–178. [CrossRef]

124. Rodie, V.A.; Freeman, D.J.; Sattar, N.; Greer, I.A. Pre-eclampsia and cardiovascular disease: Metabolic syndrome of pregnancy?
Atherosclerosis 2004, 175, 189–202. [CrossRef] [PubMed]

125. Antuna-Puente, B.; Feve, B.; Fellahi, S.; Bastard, J.-P. Adipokines: The missing link between insulin resistance and obesity. Diabetes
Metab. 2008, 34, 2–11. [CrossRef] [PubMed]

126. Oikonomou, E.K.; Antoniades, C. The role of adipose tissue in cardiovascular health and disease. Nat. Rev. Cardiol. 2018, 16, 83–99.
[CrossRef] [PubMed]

127. Kelley, D.E.; Thaete, F.L.; Troost, F.; Huwe, T.; Goodpaster, B.H. Subdivisions of subcutaneous abdominal adipose tissue and
insulin resistance. Am. J. Physiol. Metab. 2000, 278, E941–E948. [CrossRef] [PubMed]

128. Kralisch, S.; Bluher, M.; Paschke, R.; Stumvoll, M.; Fasshauer, M. Adipokines and adipocyte targets in the future management of
obesity and the metabolic syndrome. Mini-Rev. Med. Chem. 2007, 7, 39–45. [CrossRef]

129. Farkhondeh, T.; Llorens, S.; Pourbagher-Shahri, A.M.; Ashrafizadeh, M.; Talebi, M.; Shakibaei, M.; Samarghandian, S. An
Overview of the Role of Adipokines in Cardiometabolic Diseases. Molecules 2020, 25, 5218. [CrossRef]

130. Blüher, M.; Mantzoros, C.S. From leptin to other adipokines in health and disease: Facts and expectations at the beginning of the
21st century. Metabolism 2015, 64, 131–145. [CrossRef] [PubMed]

131. Nimptsch, K.; Konigorski, S.; Pischon, T. Diagnosis of obesity and use of obesity biomarkers in science and clinical medicine.
Metabolism 2019, 92, 61–70. [CrossRef]

132. Kopp, H.; Kopp, C.; Festa, A.; Krzyzanowska, K.; Kriwanek, S.; Minar, E.; Roka, R.; Schernthaner, G. Impact of Weight Loss on
Inflammatory Proteins and Their Association With the Insulin Resistance Syndrome in Morbidly Obese Patients. Arter. Thromb.
Vasc. Biol. 2003, 23, 1042–1047. [CrossRef]

133. Kahn, B.B.; Flier, J.S. Obesity and insulin resistance. J. Clin. Investig. 2000, 106, 473–481. [CrossRef]
134. Kershaw, E.E.; Flier, J.S. Adipose Tissue as an Endocrine Organ. J. Clin. Endocrinol. Metab. 2004, 89, 2548–2556. [CrossRef]
135. McTernan, P.G.; McTernan, C.L.; Chetty, R.; Jenner, K.; Fisher, F.M.; Lauer, M.N.; Crocker, J.; Barnett, A.H.; Kumar, S. Increased

Resistin Gene and Protein Expression in Human Abdominal Adipose Tissue. J. Clin. Endocrinol. Metab. 2002, 87, 2407–2410.
[CrossRef] [PubMed]

136. Panidis, D.; Koliakos, G.; Kourtis, A.; Farmakiotis, D.; Mouslech, T.; Rousso, D. Serum resistin levels in women with polycystic
ovary syndrome. Fertil. Steril. 2004, 81, 361–366. [CrossRef] [PubMed]

137. Verma, S.; Li, S.-H.; Wang, C.-H.; Fedak, P.; Li, R.-K.; Weisel, R.D.; Mickle, D.A.G. Resistin Promotes Endothelial Cell Activation:
Further evidence of adipokine-endothelial interaction. Circulation 2003, 108, 736–740. [CrossRef]

138. Luo, J.; Huang, L.; Wang, A.; Liu, Y.; Cai, R.; Li, W.; Zhou, M.-S.; Lou, J. Resistin-Induced Endoplasmic Reticulum Stress
Contributes to the Impairment of Insulin Signaling in Endothelium. Front. Pharmacol. 2018, 9, 1226. [CrossRef]

139. Miehle, K.; Stepan, H.; Fasshauer, M. Leptin, adiponectin and other adipokines in gestational diabetes mellitus and pre-eclampsia.
Clin. Endocrinol. 2011, 76, 2–11. [CrossRef]

140. Yura, S.; Sagawa, N.; Itoh, H.; Kakui, K.; Nuamah, M.A.; Korita, D.; Takemura, M.; Fujii, S. Resistin Is Expressed in the Human
Placenta. J. Clin. Endocrinol. Metab. 2003, 88, 1394–1397. [CrossRef] [PubMed]

141. Sartori, C.; Lazzeroni, P.; Merli, S.; Patianna, V.D.; Viaroli, F.; Cirillo, F.; Amarri, S.; Street, M.E. From Placenta to Polycystic
Ovarian Syndrome: The Role of Adipokines. Mediat. Inflamm. 2016, 2016, 4981916. [CrossRef] [PubMed]

142. Estienne, A.; Bongrani, A.; Reverchon, M.; Ramé, C.; Ducluzeau, P.-H.; Froment, P.; Dupont, J. Involvement of Novel Adipokines,
Chemerin, Visfatin, Resistin and Apelin in Reproductive Functions in Normal and Pathological Conditions in Humans and
Animal Models. Int. J. Mol. Sci. 2019, 20, 4431. [CrossRef] [PubMed]

143. Gutaj, P.; Sibiak, R.; Jankowski, M.; Awdi, K.; Bryl, R.; Mozdziak, P.; Kempisty, B.; Wender-Ozegowska, E. The Role of the
Adipokines in the Most Common Gestational Complications. Int. J. Mol. Sci. 2020, 21, 9408. [CrossRef]

144. Bokarewa, M.; Nagaev, I.; Dahlberg, L.; Smith, U.; Tarkowski, A. Resistin, an Adipokine with Potent Proinflammatory Properties.
J. Immunol. 2005, 174, 5789–5795. [CrossRef] [PubMed]

145. Lappas, M.; Yee, K.; Permezel, M.; Rice, G. Release and regulation of leptin, resistin and adiponectin from human placenta,
fetal membranes, and maternal adipose tissue and skeletal muscle from normal and gestational diabetes mellitus-complicated
pregnancies. J. Endocrinol. 2005, 186, 457–465. [CrossRef]

146. Cooke, J.P.; Oka, R.K. Does Leptin Cause Vascular Disease? Circulation 2002, 106, 1904–1905. [CrossRef] [PubMed]

http://doi.org/10.1007/s11906-020-01098-2
http://www.ncbi.nlm.nih.gov/pubmed/32893333
http://doi.org/10.1038/nm.1856
http://www.ncbi.nlm.nih.gov/pubmed/18660815
http://doi.org/10.1016/j.annepidem.2004.12.008
http://doi.org/10.1016/j.ajog.2008.08.021
http://doi.org/10.1007/s00404-011-2187-0
http://doi.org/10.1016/S1262-3636(07)70026-5
http://doi.org/10.1016/j.atherosclerosis.2004.01.038
http://www.ncbi.nlm.nih.gov/pubmed/15262174
http://doi.org/10.1016/j.diabet.2007.09.004
http://www.ncbi.nlm.nih.gov/pubmed/18093861
http://doi.org/10.1038/s41569-018-0097-6
http://www.ncbi.nlm.nih.gov/pubmed/30287946
http://doi.org/10.1152/ajpendo.2000.278.5.E941
http://www.ncbi.nlm.nih.gov/pubmed/10780952
http://doi.org/10.2174/138955707779317821
http://doi.org/10.3390/molecules25215218
http://doi.org/10.1016/j.metabol.2014.10.016
http://www.ncbi.nlm.nih.gov/pubmed/25497344
http://doi.org/10.1016/j.metabol.2018.12.006
http://doi.org/10.1161/01.ATV.0000073313.16135.21
http://doi.org/10.1172/JCI10842
http://doi.org/10.1210/jc.2004-0395
http://doi.org/10.1210/jcem.87.5.8627
http://www.ncbi.nlm.nih.gov/pubmed/11994397
http://doi.org/10.1016/j.fertnstert.2003.06.021
http://www.ncbi.nlm.nih.gov/pubmed/14967374
http://doi.org/10.1161/01.CIR.0000084503.91330.49
http://doi.org/10.3389/fphar.2018.01226
http://doi.org/10.1111/j.1365-2265.2011.04234.x
http://doi.org/10.1210/jc.2002-011926
http://www.ncbi.nlm.nih.gov/pubmed/12629135
http://doi.org/10.1155/2016/4981916
http://www.ncbi.nlm.nih.gov/pubmed/27746590
http://doi.org/10.3390/ijms20184431
http://www.ncbi.nlm.nih.gov/pubmed/31505789
http://doi.org/10.3390/ijms21249408
http://doi.org/10.4049/jimmunol.174.9.5789
http://www.ncbi.nlm.nih.gov/pubmed/15843582
http://doi.org/10.1677/joe.1.06227
http://doi.org/10.1161/01.CIR.0000036864.14101.1B
http://www.ncbi.nlm.nih.gov/pubmed/12370209


Int. J. Environ. Res. Public Health 2023, 20, 1267 32 of 39

147. Quehenberger, P.; Exner, M.; Sunder-Plassmann, R.; Ruzicka, K.; Bieglmayer, C.; Endler, G.; Muellner, C.; Speiser, W.; Wagner, O.
Leptin Induces Endothelin-1 in Endothelial Cells In Vitro. Circ. Res. 2002, 90, 711–718. [CrossRef] [PubMed]

148. Konstantinides, S.; Schäfer, K.; Koschnick, S.; Loskutoff, D.J. Leptin-dependent platelet aggregation and arterial thrombosis
suggests a mechanism for atherothrombotic disease in obesity. J. Clin. Investig. 2001, 108, 1533–1540. [CrossRef] [PubMed]

149. Yamagishi, S.-I.; Edelstein, D.; Du, X.-L.; Kaneda, Y.; Guzmán, M.; Brownlee, M. Leptin Induces Mitochondrial Superoxide
Production and Monocyte Chemoattractant Protein-1 Expression in Aortic Endothelial Cells by Increasing Fatty Acid Oxidation
via Protein Kinase A. J. Biol. Chem. 2001, 276, 25096–25100. [CrossRef]

150. La Cava, A. Leptin in inflammation and autoimmunity. Cytokine 2016, 98, 51–58. [CrossRef]
151. Pérez, A.P.; Toro, A.; Vilariño-García, T.; Maymó, J.; Guadix, P.; Dueñas-Díez, J.-L.; Fernández-Sánchez, M.; Varone, C.; Sánchez-

Margalet, V. Leptin action in normal and pathological pregnancies. J. Cell. Mol. Med. 2017, 22, 716–727. [CrossRef]
152. Balland, E.; Cowley, M.A. New insights in leptin resistance mechanisms in mice. Front. Neuroendocr. 2015, 39, 59–65. [CrossRef]
153. Ladyman, S.; Grattan, D. Suppression of Leptin Receptor Messenger Ribonucleic Acid and Leptin Responsiveness in the

Ventromedial Nucleus of the Hypothalamus during Pregnancy in the Rat. Endocrinology 2005, 146, 3868–3874. [CrossRef]
[PubMed]

154. Castellucci, M.; DE Matteis, R.; Meisser, A.; Cancello, R.; Monsurrò, V.; Islami, D.; Sarzani, R.; Marzioni, D.; Cinti, S.; Bischof, P.
Leptin modulates extracellular matrix molecules and metalloproteinases: Possible implications for trophoblast invasion. Mol.
Hum. Reprod. 2000, 6, 951–958. [CrossRef] [PubMed]

155. Ibrahim, H.S.; Omar, E.; Froemming, G.R.; Singh, H.J. Leptin increases blood pressure and markers of endothelial activation
dur-ing pregnancy in rats. Biomed. Res. Int. 2013, 2013, 298401. [CrossRef] [PubMed]

156. Huby, A.-C.; Otvos, L., Jr.; de Chantemèle, E.J.B. Leptin Induces Hypertension and Endothelial Dysfunction via Aldosterone-
Dependent Mechanisms in Obese Female Mice. Hypertension 2016, 67, 1020–1028. [CrossRef]

157. Laivuori, H.; Gallaher, M.; Collura, L.; Crombleholme, W.; Markovic, N.; Rajakumar, A.; Hubel, C.; Roberts, J.; Powers, R.
Relationships between maternal plasma leptin, placental leptin mRNA and protein in normal pregnancy, pre-eclampsia and
intrauterine growth restriction without pre-eclampsia. Mol. Hum. Reprod. 2006, 12, 551–556. [CrossRef]

158. Mise, H.; Sagawa, N.; Matsumoto, T.; Yura, S.; Nanno, H.; Itoh, H.; Mori, T.; Masuzaki, H.; Hosoda, K.; Ogawa, Y.; et al.
Augmented Placental Production of Leptin in Preeclampsia: Possible Involvement of Placental Hypoxia 1. J. Clin. Endocrinol.
Metab. 1998, 83, 3225–3229. [CrossRef]
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