
Biochemical Pharmacology 192 (2021) 114703

Available online 26 July 2021
0006-2952/© 2021 Elsevier Inc. All rights reserved.

Review 

Modulation of preeclampsia by the cholinergic anti-inflammatory pathway: 
Therapeutic perspectives 

Abdalla M. Wedn a, Hany M. El-Bassossy b, Ali H. Eid c,d, Mahmoud M. El-Mas a,e,* 

a Department of Pharmacology and Toxicology, Faculty of Pharmacy, Alexandria University, Alexandria, Egypt 
b Department of Pharmacology and Toxicology, Faculty of Pharmacy, Zagazig University, Zagazig, Egypt 
c Department of Basic Medical Sciences, College of Medicine, QU Health, Qatar University, Doha, Qatar 
d Biomedical and Pharmaceutical Research Unit, QU Health, Qatar University, Doha, Qatar 
e Department of Pharmacology and Toxicology, Faculty of Medicine, Kuwait University, Kuwait   

A R T I C L E  I N F O   

Keywords: 
Cholinergic anti-inflammatory pathway 
Preeclampsia 
Inflammation 
Nicotinic acetylcholine receptors 
Fetal complications 
Placenta 

A B S T R A C T   

The cholinergic anti-inflammatory pathway (CAP) is vital for the orchestration of the immune and inflammatory 
responses under normal and challenged conditions. Over the past two decades, peripheral and central circuits of 
CAP have been shown to be critically involved in dampening the inflammatory reaction in a wide array of in-
flammatory disorders. Additionally, emerging evidence supports a key role for CAP in the regulation of the fe-
male reproductive system during gestation as well as in the advent of serious pregnancy-related inflammatory 
insults such as preeclampsia (PE). Within this framework, the modulatory action of CAP encompasses the 
perinatal maternal and fetal adverse consequences that surface due to antenatal PE programming. Albeit, a 
considerable gap still exists in our knowledge of the precise cellular and molecular underpinnings of PE/CAP 
interaction, which hampered global efforts in safeguarding effective preventive or therapeutic measures against 
PE complications. Here, we summarize reports in the literature regarding the roles of peripheral and reflex 
cholinergic neuroinflammatory pathways of nicotinic acetylcholine receptors (nAChRs) in reprogramming PE 
complications in mothers and their progenies. The possible contributions of α7-nAChRs, cholinesterases, immune 
cells, adhesion molecules, angiogenesis, and endothelial dysfunction to the interaction have also been reviewed.   

1. Introduction 

Preeclampsia (PE) is a serious medical condition that appears in 
about 2–8% of pregnancies worldwide [1]. Despite the extensive 
research that has been conducted over the last few decades, PE remains a 
considerable cause of maternal as well as neonatal mortality and 
morbidity. Pathologically, PE is characterized chiefly by hypertension 
and proteinuria, and often culminates in serious disturbances in vital 
organs such as heart, kidney, liver and central nervous system (CNS) 
[2,3]. The mechanisms that underlie maternal and fetal perturbations 
during PE and potential therapeutic interventions remain largely 
defective or unidentified [4]. Nevertheless, one prevailing hypothesis 
suggests that the disorder is triggered by limited spiral artery invasion 
resulting in an inadequate utero-placental blood flow and diminished 
placental perfusion [5]. As a consequence of this emerging ischemia, a 
number of cellular derangements ensue including angiogenic dysregu-
lation, systemic inflammatory response and imbalance of innate and 

adaptive immunity [4]. Eclampsia is one of the most serious complica-
tions of PE [6]. Several mechanisms have been proposed to explain the 
transition of pregnant females from PE into eclampsia. One hypothesis 
suggests that cerebral myogenic vasoconstriction and impaired cerebral 
blood flow autoregulation precipitate vasogenic edema [7]. The 
disruption and increased permeability of the blood brain barrier pro-
mote vasogenic edema. The subsequent extracellular space expansion in 
the enclosed area of the skull leads to progressive cerebral compression 
and the development of conventional neurological symptoms such as 
headache, nausea, vomiting and convulsions [8]. The dysfunctional 
blood brain barrier permits the passage of deleterious proteins and 
serum components into the brain and facilitates the eruption of seizures 
[9]. Moreover, the leakage of systemic cytokines into cerebral space 
promotes microglial neuroinflammation, neuronal excitability, and 
seizure susceptibility [10]. 

The cholinergic anti-inflammatory pathway (CAP) is a key regulator 
of inflammation during physiological and pathological conditions [11]. 
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In essence, a multitude of experimental studies have shown that upre-
gulation of CAP constructively curtails inflammatory disorders 
including ischemia–reperfusion [12], sepsis [13], multiple sclerosis [14] 
and arthritis [15]. In a series of recent studies, we convincingly 
demonstrated the importance of CAP in protecting against the delete-
rious cardiovascular, renal, inflammatory, and survivability conse-
quences of endotoxemia [16–20]. Borovikova and colleagues [21] were 
the first to reveal the presence of a neuronal anti-inflammatory ma-
chinery in which the brain stimulates the release of acetylcholine (ACh) 
from vagal efferent in response to inflammatory stimuli. The released 
ACh activates specific units of nicotinic acetylcholine receptors 
(nAChRs), principally the α7-nAChR, in immune cells to shut down the 
generation and release of pro-inflammatory cytokines [22]. Activation 
of CAP by α7-nAChR agonists, e.g., nicotine, inhibits release of multiple 
inflammatory cytokines including interleukin-1 (IL–1), tumor necrosis 
factor-alpha (TNF-α), and high mobility group box 1 (HMGB1), with the 
consequent suppression of local and systemic inflammatory response 
[23]. The downregulating effects of α7-nAChRs on inflammatory cas-
cades that predispose to several critical illnesses have been repeatedly 
validated [24]. 

A careful review of the literature in the field of obstetrics and gy-
necology yields some insight into the understanding of the role of CAP in 
the female reproductive system. Almost all of the components of the 
inflammatory machinery, starting from macrophages and Toll-like re-
ceptors to the production of cytokines have been characterized in the 
reproductive system during the early and late phases of pregnancy 
[25–27]. The synthesis and release of cytokines are implicated in one 
way or another in all stages of the female reproduction including 
ovulation, placentation, regulation of placental blood flow, fetal devel-
opment, cervical ripening, and parturition [25,28–32]. Importantly, the 
endogenous neurotransmitter, ACh, and nicotine are believed to stim-
ulate α7-nAChRs on macrophages and interfere with the inflammatory 
cascade and cytokine surge triggered by Toll-like receptors and other 
inflammatory stimuli. Consequently, the CAP pathway appears to have 
substantial contribution to physiological and pathological regulation of 
female reproduction and pregnancy. 

The synthesis, release and metabolism of ACh are dysregulated in 
placental tissues of PE females [33–35]. Moreover, the expression of α7- 
nAChRs is altered in placentas of PE females compared with those of 
normal pregnancies [33,36]. Considering the significant contribution of 
cytokines and inflammation to the pathogenesis of PE [37], it is 
reasonable to posit that the CAP might be a key player in the develop-
ment of PE and its manipulation could represent a promising therapeutic 
strategy in PE. As outlined below, several lines of evidence exist that 
demonstrate a favorable role for CAP in offsetting the harmful compli-
cations of PE. To our knowledge, this is the first review to compile and 
summarize the evidence characterizing the therapeutic potential of 
central and peripheral pathways of CAP in PE. Furthermore, this review 
will shed the light on the most important mechanisms implicated in the 
PE-CAP interplay. 

2. Placental basis of PE 

Although the exact mechanism remains undisclosed, the pathogen-
esis of PE is mostly believed to be initiated by abnormal or dysfunctional 
placentation. The latter is provoked by irregularities in cellular path-
ways related to placental hypoxia, deficient heme oxygenase expression, 
genetic factors, oxidative stress, inflammation, and altered natural killer 
cell signaling [38]. Notably, systemic and placental inflammatory ma-
chineries have also been implicated in pathogenesis of PE [39]. 
Regardless of the etiology, abnormal placentation results in placental 
ischemia and consequently placental production of antiangiogenic fac-
tors and their release into the circulation. In normal pregnancy, the 
process of pseudo-vasculogenesis takes place in which cytotrophoblasts 
are transformed from an epithelial to endothelial subtype following the 
invasion of uterine arteries [40]. For this process to be completed 

successfully, cytotrophoblasts need to upregulate the expression of 
molecules that are required for uterine invasion, namely vascular 
endothelial growth factor (VEGF) and placental growth factor (PLGF). 
Conversely, the phenomenon of pseudo-vasculogenesis is incomplete in 
PE resulting in placental ischemia and release of hypoxia inducible 
factors. These latter downregulate expression of VEGF family members 
while upregulating the production of their inhibitors [41]. 

The roles of several placental antiangiogenic factors in PE patho-
physiology have been identified in the last few years. For instance, the 
soluble fms-like tyrosine kinase 1 (sFlt-1) is a circulating receptor that 
captures and binds to VEGF and PLGF disallowing their binding to 
endothelial cell surface receptors and resulting in endothelial dysfunc-
tion. Previous studies revealed that sFlt1 levels increase in serum of 
preeclamptic patients and that their elevations correlate with reduced 
levels of circulating free VEGF and PLGF [42]. The soluble endoglins 
(sEngs) is another placenta related protein that is elevated during PE and 
binds to circulating transforming growth factor beta (TGF-β), thereby 
averting its binding to its interaction with TGF-β receptors [43]. Taken 
together, the interruption of VEGF and TGF-β signaling would result in 
enhancement of surface adhesion molecules and leukocyte adhesion, 
and consequently impairment of endothelium vasodilation and vascular 
autoregulation. This might explain the molecular mechanism of endo-
thelial dysfunction and hypertension seen in PE. This view is strongly 
supported by experimental studies, which showed that the administra-
tion of sFlt-1 and sEng to pregnant rats evokes hallmark features of PE 
[44]. 

3. Maternal and fetal complications of PE 

3.1. Maternal complications 

PE is characterized by a systemic hypertension newly identified after 
20 weeks of pregnancy and accompanied by considerable proteinuria 
and uteroplacental disturbances. If PE is associated with severe multiple 
complications posing very high risk of maternal and fetal morbidity and 
mortality, then it can be considered as severe PE. Persistent arterial 
hypertension (systolic blood pressure, SBP ≥ 160 mmHg or DBP ≥ 110 
mmHg) or severe maternal organic perturbations (renal, hepatic, he-
matologic or cardiorespiratory dysfunction) characterize the presence of 
severe PE [45]. Besides, eclampsia takes place when pregnant pre-
eclamptic women develop generalized motor seizures which might not 
be attributed to a coexisting neurological disorder [46]. Multiple serious 
complications can be generated in preeclamptic women demanding 
careful assessment and management by healthcare professionals. These 
complications may affect multiple systems including renal (acute renal 
failure), cardiovascular (pulmonary edema), hematological (coagulop-
athy and hemolysis) and hepatic (liver ischemia and dysfunction) sys-
tems [45]. 

PE evokes damage in the glomerular membrane causing reduction of 
glomerular filtration and renal blood flow and consequently renal 
dysfunction. The hypoxic conditions in PE promote placenta to release 
large amounts of sFlt-1, which interferes with the binding of VEGF to its 
receptors on podocytes and endothelial cells and disturbs the filtration 
barrier [47]. Glomerular endotheliosis together with thrombotic 
microangiopathy are the two main characteristics of kidney dysfunction 
in PE. There might be hyperuricemia in PE, but this is transient with 
plasma uric acid levels returning to normal values following delivery 
[48]. PE related oliguria, on the other hand, usually has a pre-renal 
cause, and thus saline administration is recommended in this case 
until normalization of urinary output [49]. Although the PE related 
kidney damage is ameliorated after the childbirth, permanent renal 
impairment may continue as a long-term complication [50]. 

Pulmonary edema is another maternal complication of PE with a 
seemingly multifactorial etiology. The elevation in capillary perme-
ability, decrease in colloidal osmotic pressure and increase in vascular 
hydrostatic pressure associated with PE promote fluid extravasation in 
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the alveolar space and interstitium [51]. The identification and man-
agement of PE pulmonary edema is analogous to those of non-pregnant 
population. Therefore, IV furosemide, oxygen therapy, water restriction 
and vasodilators (hydralazine or nifedipine to reduce afterload) are 
recommended [51]. 

Hemolysis, elevated liver enzymes and low platelets syndrome 
(HELLP syndrome) are also serious complications of severe preeclamp-
sia [52]. This syndrome is often characterized by hepatic dysfunction, 
microangiopathic hemolytic anemia and thrombocytopenia. In addition, 
severe proteinuria or hypertension might be present. HELLP syndrome 
usually develops with an acute onset and rapid deterioration of the 
maternal health condition. A significant portion of the cases presents 
prior to 28 weeks of gestation [53]. 

3.2. Fetal complications 

PE is also a culprit in causing serious fetal complications including 
neonatal death, stillbirth, growth restriction, and prematurity connected 
consequences from early delivery [54]. Since an appropriate angiogen-
esis is a must for appropriate pulmonary vascular and airway develop-
ment, the presence of an antiangiogenic condition like PE may 
predispose the neonates to broncho-pulmonary dysplasia. Indeed, 
offspring born to preeclamptic mothers with intrauterine growth re-
striction have a considerably higher odds ratio of developing broncho- 
pulmonary dysplasia [55]. Additionally, PE predisposes infants to car-
diovascular diseases. Previous reports indicate that children of pre-
eclamptic mothers have higher pulmonary arterial pressure compared 
with those born to normal pregnancies. Thus, PE seems to have a lasting 
effect on the offspring‘s systemic and pulmonary circulation [44]. 

Besides, thrombocytopenia is a documented complication in neo-
nates from preeclamptic mothers. The neonatal decrease in platelet 
count is usually identified within first 1–3 days after delivery, and is 
generally resolved by second week in most cases [56]. The etiology of 
this thrombocytopenia is unknown, however one potential explanation 
is that the PE related fetal hypoxia interferes with the fetal megakar-
yocyte proliferation [57]. Similarly, the PE induced uteroplacental 
insufficiency has a depressant impact on fetal bone marrow and pro-
duction of myeloid cells which would provoke a reduction in neutrophil 
count, known as neutropenia [58]. Indeed, neonates born to pre-
eclamptic pregnancies have increased risk of developing neutropenia 
compared to control newborns [59]. In this context, neutropenia is often 
self-limited, but it might demand treatment with granulocyte-colony 
stimulating factor in some severe cases [60]. 

Given the fact that fetuses are highly sensitive to disturbances in the 
uteroplacental blood flow, it is reasonable to predict that preeclamptic 
insults occurring during susceptible periods of fetal development would 
have lasting impact on the neonates and can increase the risk of diseases 
later in life beyond the immediate post-delivery period. As expected, 
accumulating evidence indicate that in utero PE programming increases 
the risk of various adulthood diseases including hypertension, obesity 
and coronary artery diseases [61]. For instance, a large population 
cohort study, which followed more than 1.5 million offspring from PE 
and control mothers over 27 years, demonstrated that exposure to PE 
during gestation increases risk of metabolic, endocrine, and nutritional 
disorders during early-adulthood [62]. Other observational studies also 
indicate that history of maternal PE correlates with elevated risk of 
diabetes and cardiovascular derangements in adulthood [63]. 

4. Pathogenic role of CAP in PE 

Experimental and clinical studies have shown that several key 
components of CAP, e.g., acetylcholine, nAChRs, and cholinesterases, 
are altered in placentas and other tissues of PE females. This has led to 
the assumption that such modifications in CAP signaling might be 
causally related to PE pathogenesis. 

4.1. Pharmacology of nAChRs 

nAChRs are a large family of ligand-gated ion channel receptors that 
comprise approximately 17 subunits (α 1–10, β 1–4, γ, δ, and ε) and 
exhibit a variety of physiological and pathophysiological roles [64,65]. 
The prevailing assembly conformation of these subunits is heteromeric, 
despite the occasional presence of homomeric confirmations, particu-
larly in α7 subunits [66]. Beside their classical locations in the nervous 
system and the motor end plate on skeletal muscles, several nAChR 
isoforms have been characterized in multiple non-neuronal (e.g., 
endothelial and epithelial) and immune cells (e.g., lymphocytes and 
macrophages) [67]. The α7 homomeric and α4β2 heteromeric subunits 
are among the most abundant types of nAChRs. The α7 unit usually 
binds to α-bungarotoxin and has fast kinetics and relatively low affinity 
for nicotine. Contrarily, the α4β2 receptor virtually has relatively slow 
kinetics, high affinity for nicotine, and does not bind α-bungarotoxin 
[65]. All neuronal nAChR subtypes in mammals are permeable to small 
monovalent and divalent cations including Na+, K+, and Ca2+. Stimu-
lation of nAChRs via endogenous (ACh) or exogenous (nicotine) agonists 
generally stabilize the ion channel at its open conformation for several 
milliseconds allowing the transient passage of small cations prior to the 
reversion of the channel to resting state or its transformation to a 
desensitized conformation that is unresponsive to further stimuli [68]. 
Temporary receptor exposure to high concentrations of synaptic 
acetylcholine induces synchronous opening of the nAChRs’ channel 
pores [67]. 

Compared with other nAChRs, the α7-nAChR has a relatively higher 
permeability and selectivity for Ca2+. The Ca2+ influx via α7-nAChR can 
also induce Ca2+ release from intracellular stores, which further am-
plifies the levels of cytosolic Ca2+. Therefore, Ca2+ seems to transduce 
the α7-nAChR actions and modulate interrelated signaling pathways and 
gene expression networks [69]. The aforementioned ionotropic actions 
of α7-nAChR are reinforced by metabotropic interaction of α7-nAChRs 
with Gq heterotrimeric G proteins and consequent stimulation of phos-
pholipase C, generation of IP3, and mobilization of intracellular Ca2+

[70]. 

4.2. α7-nAChR modulators 

The α7 receptor is the most studied subtype of nAChRs in inflam-
matory, cardiovascular, and metabolic research [22,69]. The investi-
gation of physiological and pathophysiological roles of α7-nAChR was 
facilitated by the availability of selective and non-selective pharmaco-
logic ligands. Mice deficient in the cholinergic receptor nicotinic α7 
subunit gene (CHRNA7), a gene that codes for α7-nAChRs, have also 
been exploited [71]. In pharmacologic studies, conventional non- 
selective agonists (ACh, nicotine and choline), as well as selective full 
or partial agonists (GTS-21, PHA 568487, PNU 282987, CAP-55 and 
ICH3, for α7-nAChR) have been utilized [69]. Undoubtedly, the use of 
selective α7-nAChR agonists is preferred and expected to produce fewer 
undesirable effects compared to non-selective molecules. For example, 
α7-nAChRs are not present in high quantities in autonomic ganglia [72], 
and therefore selective α7 agonists would have a lower potential to 
exhibit unwanted autonomic adverse effects such as sympathetic over-
activity, hypertension, tachycardia, and cardiac autonomic dysfunction 
[73]. Some α7 receptor agonists such as NS 6740 and m-bromo PEP are 
termed silent agonists as they evoke receptor desensitization and 
modulate inflammation with little or no channel opening [74]. 

Other maneuvers to target the α7-nAChR have been identified 
including the utilization of positive allosteric modulators, which 
enhance other agonists’ action at α7-nAChR. Such modulators include 
PNU 120596, 5-hydroxyindole, A 867744, and B 973B and can be 
divided into two categories. The first category increases the agonist 
induced current amplitude, while the second enhances current ampli-
tude together with reactivating desensitized receptors [75]. On the other 
hand, selective antagonists for α7-nAChR have been employed in 
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reported studies including α-bungarotoxin [65] and methyllcaconitine 
[20]. Furthermore, the gene product of CHRFAM7A, which is a partial 
duplication of CHRNA7, has been shown to act as a dominant negative 
modulator of human α7-nAChRs [76]. 

For the past two decades, pharmacologists and medicinal chemists 
have been conducting experimental and clinical studies to identify and 
evaluate the utility of α7-nAChR modulators in various medical disor-
ders. Given the widespread distribution of α7-nAChR in the nervous 
system and its pivotal role in the regulation of neuroinflammation, it is 
not surprising that the majority of clinical trials on α7-nAChR modula-
tors have been carried out in the context of CNS diseases such as Alz-
heimer’s disease, Parkinson’s disease, schizophrenia, attention deficit 
hyperactivity disorder, and nicotine addiction [77]. Despite promising 
preclinical reports, clinical studies on the therapeutic potential of α7- 
nAChR modulators in inflammatory disorders are limited. Interestingly, 
the activation of α7-nAChR by GTS-21 in healthy human subjects re-
duces TNF-α and elevates IL-10 plasma levels during endotoxemia 
indicating a shift to an upregulated anti-inflammatory state [78]. Be-
sides, a recent clinical trial has been conducted to evaluate the efficiency 
of vagal nerve stimulation, an activator of CAP and α7-nAChR, in alle-
viating inflammatory and immune insults in osteoarthritis [79]. Other 
ongoing trials are being performed to test effects of vagal stimulation on 
inflammatory and immune complications in septic shock (ClinicalTrials. 
gov Identifier: NCT03992378), ulcerative colitis (NCT03908073), 
Crohn disease (NCT03863704), osteoarthritis (NCT04381624) and 
kidney transplant patients (NCT04256837). To this date, most of the 
developed agonists for α7-nAChR are partial agonists or orthosteric li-
gands that are capable only of evoking a small maximal current even if 
all receptors are occupied by the drug [80]. Table 1 summarizes the α7- 
nAChR modulators that have been tested in clinical trials. 

Currently, none of the α7-nAChR drugs has been approved by 
internationally recognized health authorities for therapeutic purposes. 
In fact, a large number of clinical trials on α7-nAChR agonists were 
either suspended or terminated altogether. Due to the limited avail-
ability of data and inadequate reporting by pharmaceutical companies, 
we cannot accurately identify the causes of this clinical failure. How-
ever, two main reasons can be cited for the halting of these trials. (i) 
Some drugs failed to produce the anticipated therapeutic action in 
human subjects. For example, ABT-126 did not result in statistically 
significant improvement in cognitive functions of Alzheimer patients 
when applied as a monotherapy [81] or as a co-therapy with cholines-
terase inhibitors [82]. Two phase-3 trials of EVP-6124 (NCT01716975, 
NCT01714661) showed that the drug failed to achieve the primary 
endpoint of improving cognitive function in schizophrenia, and the 
study was consequently terminated. Similarly, AZD0328 was suspended 
during phase II clinical trial (NCT00669903) by AstraZeneca for being 
unlikely to meet the required therapeutic targets. Another example is the 
failure of AQW051 to ameliorate Parkinson’s disease signs and symp-
toms [83]. The inability of these α7 agonists to elicit positive therapeutic 
responses despite the promising pre-clinical reports may be related to 
differences in pharmacodynamic profiles between human subjects and 
experimental animals. Another possible reason may relate to the 
improper design of these trials. For example, in the abovementioned 
EVP-6124 trial, the medication failed to attain the primary clinical 
endpoint, despite the fact that the drug produced strong beneficial pro- 
cognitive effects, due to unexpected strong effects of the placebo group 
which eliminated the statistical significance between the two groups 
[77]. Importantly, the clinical failure experienced in these trials should 
not discourage the clinical testing of these α7 agonists in other in-
dications such as inflammatory disorders. (ii) Some trials were termi-
nated due to the manifestation of severe side effects. For instance, four 
phase-3 trials for EVP-6124 in Alzheimer were terminated in 2016 due 
to incidence of rare but severe gastrointestinal side effects [84]. Addi-
tionally, the phase-2 trial for SSR180711 in Alzheimer (NCT00602680) 
was terminated in 2008 by Sanofi for insufficient expected benefit and 
risk [77]. The drug APN1125 was developed by CoMentis for 

schizophrenia and was suspended in 2016 in a phase I/phase II clinical 
trial (NCT02724917) for business-related matters. 

Despite safety concerns associated with some α7 agonists, other 
clinical trials described α7 drugs as being well tolerated with mild to 
moderate side effects [81–85]. Generally, the reported adverse effects 
associated with α7 agents were either neuropsychiatric (such as dizzi-
ness, depression, apathy, anxiety, agitation, dyskinesia, fatigue, visual 
hallucination, confusion, delirium and disorientation), gastrointestinal 
(such as constipation, nausea, vomiting, diarrhea, and stomachaches) or 
miscellaneous (such as headache, falls, urinary tract infections, hip 
fracture, muscle spasms, pharyngolaryngeal pain and somnolence) 
[81–85]. The incidence of these adverse effects may be attributed at 

Table 1 
α7-nAChR agonists and allosteric modulators in clinical trials for therapeutic 
purposes.  

Disease α7-nAChR modulator ClinicalTrials.gov 
Identifier 

Schizophrenia GTS-21/DMXB-A (Partial 
agonist) 

NCT01400477 

ABT-126/Nelonicline (Agonist) NCT01655680 
AZD0328 (Partial agonist) NCT00669903 
EVP-6124/Encenicline (Partial 
agonist) 

NCT01716975 

MEM3454/RG3487 (Partial 
agonist) 

NCT00725855 

AQW051 (Partial agonist) NCT01730768 
TC-5619 (Fll agonist) NCT01003379 
APN1125 (Partial agonist) NCT02724917 
BMS-933043 (Partial agonist) NCT01605994 
Tropisetron (Partial agonist) NCT00435370 
AVL-3288 (Type-1 positive 
allosteric modulator) 

NCT02978599 

Alzheimer disease GTS-21/DMXB-A (Partial 
agonist) 

NCT00414622 

ABT-126 (Agonist) NCT01527916 
AZD0328 (Partial agonist) NCT00687141 
EVP-6124/Encenicline (Partial 
agonist) 

NCT01073228 

MEM3454/RG3487 (Partial 
agonist) 

NCT00454870 

AQW051 (Partial agonist) NCT00582855 
TC-5619 (Full agonist) NCT01254448 
SSR-180711 (Partial agonist) NCT00602680 

Attention deficit 
hyperactivity disorder 

GTS-21/DMXB-A (Partial 
agonist) 

NCT00419445 

TC-5619 (Full agonist) NCT01472991 
Nicotinic addition GTS-21/DMXB-A (Partial 

agonist) 
NCT02432066 

EVP-6124/Encenicline (Partial 
agonist) 

NCT01480232 

Parkinson disease AQW051 (Partial agonist) NCT01474421 
AZD0328 (Partial agonist) NCT04810104 

Postoperative Pain Tropisetron (Partial agonist) NCT01304953 
Human endotoxemia GTS-21 (Partial agonist) NCT00783068 
Septic shock Transcutaneous vagus nerve 

stimulation (The vagus nerve 
activates the splenic nerve, 
splenic T cells, and α7-nAChRs 
on macrophages) 

NCT03992378 

Osteoarthritis Transcutaneous Vagal 
Stimulation 

NCT04381624 and 
NCT04520516 

inflammatory bowel 
disease (Ulcerative 
Colitis and Crohn 
Disease) 

Transcutaneous vagal nerve 
stimulation 

NCT03908073 and 
NCT03863704 

Irritable Bowel Syndrome Transcutaneous vagal nerve 
stimulation 

NCT02420158 

Kidney transplant Transcutaneous electrical 
auricular stimulation of the 
vagus nerve 

NCT04256837 

Type 2 Diabetes TC-6987 (open channel 
stabilizer) 

NCT01293669 

Obesity GTS-21/DMXB-A (Partial 
agonist) 

NCT02458313  
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least partly to the interaction of α7-nAChR agonists with other receptor 
sites [77]. For example, GTS-21, MEM3454 and tropisetron, display 
some antagonistic activity at 5-HT3 receptors particularly when used in 
high concentrations [86–88]. Furthermore, EVP-6124 and GTS-21 cross 
react with glutamatergic and dopaminergic receptors [89 90]. That said, 
the current credible clinical evidence with regards to the vital physio-
logical and pathophysiological roles of α7-nAChRs still encourages the 
exploitation of selective α7-nAChR agonists in management of inflam-
matory and CNS disorders. 

4.3. PE modulation of nAChRs 

The expression of α7-nAChRs on both mRNA and protein levels has 
been documented in placental cells [91]. In this subsection of the re-
view, we will bring in studies that have reported on the expression of α7- 
nAChRs under preeclamptic conditions and their potential involvement 
in the pathogenesis of PE. Molecular studies carried out in human and 
animal placentas produced important observations that can be catego-
rized into 4 settings. 

First, most of these studies demonstrated an increase in the protein 
expression of α7-nAChRs in placental as well as cord vascular tissues 
under preeclamptic conditions [33,36,92–94]. The most plausible hy-
pothesis that could explain this phenomenon is that α7-nAChRs are 
upregulated in PE as an adaptive mechanism to help mitigate the 
detrimental consequences of the disease. Through their anti- 
inflammatory and proangiogenic properties, α7-nAChRs would func-
tion to counteract or at least minimize preeclamptic complications. A 
similar counter-regulatory role for α7-nAChRs has been demonstrated in 
other inflammatory disorders such as sepsis and ischemic injuries 
[18,95]. 

Second, despite the consistent reporting of elevated production of α7 
receptors, their mRNA levels in PE seem to be unchanged when 
compared with placentas of non-PE subjects [36,92,94,96]. The 
discordance between mRNA and protein levels of α7-nAChRs in pre-
eclamptic placentas is not unusual phenomenon and has been found in 
previous studies assessing the expression of other molecular entities 
[97]. These findings may indicate that mRNA levels of the receptor are 
short-lived and transitory, whereas the protein levels persist until the 
samples were collected in these studies. Indeed, the stability of mRNA 
and proteins varies due possibly to their functional properties [98]. 
Another likely mechanism could involve disparity in post- 
transcriptional regulation or rates of transcription and translation 
[99]. Whatever the reason for this observed discrepancy between tran-
scription and translation levels, the translation rate and protein quantity 
are still the most important factor that is correlated with actual protein 
expression levels [100]. 

Third, the activation of CAP, via nicotine or choline supplementa-
tion, was found to eliminate the PE-related elevation of α7-nAChR 
expression and restore normal expression levels of the protein in 
placental tissues [93,94]. Obviously, the amelioration of the inflam-
matory response by exogenous CAP facilitators would create an envi-
ronment that favors the restoration of the stress-linked α7-nAChR 
upregulation to physiologic levels. This resembles the cascade of events 
reported in a previous study from our laboratory [18] and by others 
[101]. These latter studies showed that α7-nAChR expressions are 
elevated after inflammatory challenges by lipopolysaccharide (LPS) or 
ischemic injuries and that pharmacologic CAP activation diminishes the 
inflammatory insult and simultaneously normalizes the expression 
profiles of α7-receptors. Collectively, the possibility of a feedback loop 
between α7-nAChRs and placental inflammation and a therapeutic 
benefit for α7-nAChR agonism in inflammatory states cannot be over-
looked [102]. 

Fourth, the impact of PE on α7-nAChR expression in maternal cir-
culation appears to be different from the placental effect. Xu et al. [103] 
reported a decline in α7-nAChR expression in peripheral monocytes 
isolated from preeclamptic women. More importantly, this study found 

an association between the decrease in peripheral α7-nAChR levels and 
the systemic elevation of pro-inflammatory cytokines (TNF-α and IL-1β) 
as well as the reduction of anti-inflammatory cytokine (IL-10). Upon 
further investigations, the authors attributed this association to the 
ability of α7-nAChRs to promote the polarization of macrophages from 
pro-inflammatory M1 to anti-inflammatory subtype M2. Additionally, 
the drop in α7-nAChR levels was shown to correlate with heightened NF- 
κB activity which leads to expression of many inflammatory mediators. 
Therefore, the results of this study point out to two important conclu-
sions. First, the PE effect on α7-nAChR expression seems to be tissue 
specific since it was elevated in the placenta but decreased in peripheral 
monocytes. Second, the downregulation of peripheral α7-nAChR 
expression might be implicated in the development of preeclampsia via 
creating an environment that favors the upregulation of NF-κB pathway 
and pro-inflammatory cytokine production along with suppression of 
anti-inflammatory cytokine release. Despite these findings, it is still 
obscure whether the decrease in peripheral α7-nAChR expression is the 
cause or the effect of PE development. Interestingly, studies in α7- 
nAChR knockout mice showed these animals develop aggravated hy-
pertension following kidney clip surgery compared with wild type ro-
dents which indicates that the disablement of CAP predisposes to 
hypertension development [104]. More studies are necessary to inves-
tigate the probable causative link between α7-nAChRs and PE. 

Apart from α7-nAChRs, PE has been shown to modify the expression 
patterns of other nicotinic receptor subtypes. PE augments the expres-
sion of α9 and δ while reducing that of β2 subunit [36,105]. The changes 
in β2 subunits are interesting particularly in view of reports including 
our own describing an anti-inflammatory role for α4β2-nAChRs, of 
which the β2 is an essential subunit [18,106]. In addition, the anti- 
inflammatory actions of nicotine were found to be dependent also on 
α4β2 receptors along with the α7 unit. For instance, studies have shown 
that some of the anti-inflammatory nicotinic effects are blocked in the 
presence of selective α4β2 blockers [18]. Besides, nicotine suppresses 
cytokine release in macrophages that have α4β2 but lack α7 receptors 
[107]. It is, therefore, reasonable to assume that the downregulation of 
β2 expression could result in the dysfunction of placental α4β2-nAChRs, 
loss of their favorable anti-inflammatory impact and subsequently 
exacerbation of the placental inflammatory process characteristic to PE. 
The reason for the divergence between placental expressions of β2 
(decrease) and α7 (increase) subunits during PE is not clear. However, 
evidence of a disparity in the expression of these proteins under hypoxic 
conditions exits. Unlike α7 subunit whose expression increases [95], the 
mRNA and protein expression of β2 were suppressed by hypoxia [108]. 
This may be related to PE, given the contribution of placental ischemia 
to PE development. Admittedly, there is a scarce of data regarding role 
and expression of α4β2-nAChRs in preeclamptic placentas compared 
with α7-nAChRs. This makes it harder to deduce the exact role of α4β2 
receptor in PE pathophysiology and its modulation in preeclamptic 
tissues. 

4.4. PE modulation of acetylcholinesterases 

Acetylcholinesterase (AChE) is the enzyme responsible for the 
degradation of neuronal ACh and interruption of cholinergic neuro-
transmission at ganglionic and postsynaptic sites of the parasympathetic 
nervous system. Butyrylcholinesterase (pseudocholinesterase, BChE) is 
a nonspecific cholinesterase that is found in plasma and help regulate 
levels of choline-based esters including ACh [109]. Contradictory results 
are available regarding the way by which the expression and activity of 
cholinestrases would be altered in preeclamptic tissues. Although there 
are reports of increased or unchanged levels of AChE and BChE in pre-
eclamptic subjects [110,111], the majority of studies points to a marked 
reduction in the preeclamptic levels of these enzymes. For example, 
Zheng et al. [33] showed that mRNA transcription and protein trans-
lation of AChE are reduced in placentas of preeclamptic patients. 
Additionally, the magnitude of the reduction of AChE expression is 
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proportionally related to PE severity [33]. Alternatively, levels and ac-
tivity of BChE in maternal circulation as well as in fetal umbilical cord 
blood have been repeatedly shown to be diminished in PE compared 
with healthy pregnancy [112–116]. Similar decreases in cholinesterase 
activity have been documented in severe trauma and sepsis [117,118]. 

Although liver injury that sometimes develops as a complication of 
PE could contribute to the decreased production of AChE and BChE 
[119], no signs for liver injury were evident in the abovementioned 
studies [33,112–116]. The diminished cholinesterase activity is most 
likely a compensatory mechanism to increase the availability of ACh and 
maintain the upregulated state of CAP signaling. As detailed above, the 
heightened CAP activity is essential to restrain the progression of PE. 
This viewpoint is bolstered by the findings that the increases in ACh 
levels in preeclamptic placentas [35] negatively correlate with placental 
production and release of sFlt1 [120]. While the compensatory role of 
CAP in the pathogenesis of PE has been recognized, the specific roles and 
integration between biosynthetic and degrading machineries of ACh in 
this context remain mostly unknown. 

Proton pump inhibitors (PPIs) are often used during pregnancy to 
reduce gastric acid secretion and reflux. Recent evidence suggests that 
gestational use of PPIs facilitates the development and progression of PE 
via inhibiting the ACh synthesizing enzyme choline acetyltransferase 
and reducing ACh bioavailability [121]. The latter could possibly ac-
count for the notorious increase in PE risk associated with PPI use during 
pregnancy [122,123]. This view sharply contrasts with other studies in 
which PPIs were found to decrease serum cholinesterase activity [124] 
and dampen down pathophysiological events associated with PE 
including the rises in antiangiogenic factors (sFlt-1 and sEng), endo-
thelial dysfunction, oxidative stress, inflammation, and hypertension 
[125]. It is possible that the interplay between PPIs and PE could vary 
depending on the gestational phase during which PPI is taken and the 
type PPI [124 125]. More studies are apparently necessary to assess the 
roles of ACh biosynthesis and degradation in the PPTs/PE interaction 
and possible involvement of the cholinergic anti-inflammatory pathway 
in this framework. 

4.5. Central and peripheral pathways of CAP 

The early years of the 21st century witnessed multiple experimental 

findings that formed the basis for what is now known as the inflam-
matory reflex and CAP. The novel studies by Borovikova and colleagues 
[21] and Bernik et al. [126] were the first to show that direct electrical 
stimulation of the vagus efferent magnificently protected against the 
development of endotoxic shock and simultaneously suppressed plasma 
TNF-α, indicating that the anti-inflammatory signals is generated and 
descend from the CNS via the vagus nerve to ameliorate peripheral 
inflammation. Further, the same studies demonstrated that central 
administration of the anti-inflammatory drug CNI-1493 significantly 
abrogated LPS-related elevation of plasma TNF-α. 

As shown in Fig. 1, the inflammatory reflex is initiated in conditions 
when the afferent branch of the vagus nerve senses inflammation related 
products including cytokines, pathogen associated molecular patterns, 
and damage associated molecular patterns usually via receptors of 
cytokine and pattern recognition subtypes [127]. This vagal nerve ac-
tivity is then transmitted centrally through the CNS to the efferent 
branch of the vagus nerve and subsequently to the splenic nerve. The 
stimulation of splenic nerves triggers the release of norepinephrine 
which activates β2-adrenergic receptors on T cells in the spleen leading 
to the release of ACh from these cells. Afterwards, ACh activates α7- 
nAChRs which are expressed on macrophages causing the reduction of 
pro-inflammatory cytokine production (e.g., TNFα) and alleviation of 
inflammation [128]. Activated α7-nAChRs trigger several intracellular 
downstream mechanisms that interfere with the NF-κB pathway [16], 
the Janus kinase 2/signal transducer and activator of transcription 3 
(JAK2/STAT3) pathway [129] and the NLR family, pyrin domain- 
containing 3 (NLRP3) inflammasome [130]. This efferent branch of 
the inflammatory reflex was later given the terminology of the cholin-
ergic anti-inflammatory pathway. 

The inflammatory signals from peripheral pathway (afferent vagus) 
enter the CNS through the nucleus tractus solitarious (NTS), which has 
polysynaptic connections to other important brain locations including 
the rostral ventrolateral medulla (RVLM) and paraventricular nucleus 
(PVN) [131]. The PVN is linked to the production and release of corti-
cotropin releasing hormone which contributes to the hypothalamo- 
pituitary-adrenal axis. This connection between the NTS and PVN re-
veals a potential pathway which can regulate the neurohormonal anti- 
inflammatory responses. Synaptic linking is also available between the 
NTS and C1 neurons in the RVLM, a region of the ventral brainstem that 

Fig. 1. A summary of the interplay between peripheral and central pathways in the immune response. Abbreviations: ACh, acetylcholine; ACTH, adrenocortico-
trophic hormone; DAMPs, damage associated molecular patterns; DMV, dorsal motor nucleus; NE, norepinephrine; NF-κB, nuclear factor kappa B; NTS, nucleus 
tractus solitaries; PAMPs, pathogen associated molecular patterns; PVN, paraventricular nucleus; RVLM, rostral ventrolateral medulla. 
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is responsible for cardiovascular homeostasis and regulation of both 
resting levels and reflex regulation of sympathetic outflow [132]. 
Finally, the signals go into the dorsal motor nucleus of the vagus (DMN) 
from which the efferent vagus signaling emerges [128]. This indicate 
that these central sites have key roles in the inflammatory response. 
Indeed, NTS and RVLM have been shown to modulate the inflammatory 
and cardiovascular consequences of systemic inflammatory conditions 
[19]. A summary of the interplay between peripheral and central 
cholinergic pathways and immune response is illustrated in Fig. 1. 

4.6. CAP upregulation guards against PE 

Since the discovery of CAP, accumulating evidence has shown the 
significance and safeguard conferred by this pathway against a wide 
array of inflammatory and cardiovascular disorders [24]. Given the 
critical role of placental inflammation in the pathogenesis of PE [37], 
the issue whether CAP activation would provide any therapeutic benefit 
during PE was investigated. This viewpoint was supported by observa-
tions that smoking and its major constituent nicotine diminish the risk 
and incidence of PE [133]. Table 2 provides a summary of published 
articles that document the protective and beneficial effects of CAP 
against PE. The majority of these studies utilized nicotine as the main 
pharmacologic tool to stimulate α7-nAChRs and in turn activate the 
CAP. However, few studies have tested the effects of other cholinergic 
drugs (e.g., choline) and specific α7-nAChR agonists (e.g., GTS-21, 
CAP55, PHA-543613, and PNU-282987). A summary of PE complica-
tions that are relieved by nicotinic drugs are outlined in Fig. 2. Clini-
cally, nicotine has been utilized as a therapeutic modality for 
inflammatory disorders like ulcerative colitis [134]. The nicotine 
replacement therapy has been demonstrated to be a safe and efficient 
approach for smoking cessation during pregnancy [135]. Evidence 
ranging from controlled trials to cohort studies suggest that the use of 
nicotine replacement therapy in pregnant women is associated with 
reduced risk of stillbirths, low birth weights and premature delivery 
[136,137]. Nicotine was found to protect against some of the compli-
cations of pregnancy including PE. For instance, nicotine pretreatment 
prevents most of the harmful consequences associated with PE in 
experimental studies. Nicotine protects pregnant rats from increases in 
SBP and urinary protein excretion in LPS [96,138] and placental 
ischemia [139] models of PE. Furthermore, nicotine lowers the eleva-
tions in serum and placental levels of pro-inflammatory mediators, 
including TNFα, IL-1b, IL-6 and IFN-γ, in inflammatory models of PE 
[94,96,140]. Nicotine also suppresses the enhanced leucocytes infiltra-
tion in the placental chorionic plate [94] and NF-kB p65 upregulation in 
these models [96]. 

Unlike the reported reconciliatory action of nicotine against 
maternal PE complications, there is a divergence on whether nicotine 
has a similar positive impact on fetuses. While nicotine alleviates PE 
related decreases in live fetal numbers and pup weights [96,138,140], it 
does not favorably affect the PE induced decrease in fetal weight and 
increase in fraction fetal resorbed [139]. The difference in nicotine 
dosing can be excluded as the cause for this nonconformity as all of these 
studies employed a dose of 1 mg nicotine/kg/day. Contrarily, the dif-
ference in PE rat model might offer a plausible explanation. All of the 
studies in which nicotine showed promising protective effects for the 
fetuses have been undertaken in the LPS model of PE [96,138,140], in 
which the maternal immunologic response and placental inflammation 
play a central role in pathogenesis of PE. This contrast with the effects of 
nicotine in PE models induced by placental ischemia that follows sur-
gical reduction of placental blood flow [139]. Overall, a more robust and 
advantageous effects for nicotine are likely to manifest in PE models in 
which inflammation is the main pathogenic factor. 

The beneficial effects of nicotine are not limited to PE but extends 
also to eclampsia, a more serious condition with unexplained mal sei-
zures that develop as a complication in females with preeclampsia [46]. 
Nicotine delays the onset of seizures in pregnant preeclamptic rats and 

reduces the behavioral seizure scores [138]. Notably, in the same LPS- 
based PE model complicated by pentylenetetrazol-induced seizures, 
nicotine considerably mitigates the eclampsia associated decline in fetal 
weight, live fetal number, and placental weight, along with dampening 
down the elevation in the percentage of fetal malformation and 
resorption [138]. 

Apart from the advantageous effects of nicotine during PE, maternal 

Table 2 
Beneficial effects of CAP in in-vivo or in-vitro models of PE.  

PE Model Nicotinic drug effects Reference 

LPS in rats Nicotine reduces LPS-induced rises 
in serum and placental pro- 
inflammatory cytokines 

[96] 

Nicotine inhibits the LPS-induced 
increments in TNF-α and IL-6 and 
reverses LPS-related decreases in 
fetal number and weight 

[140] 

Nicotine decreases leucocytes 
infiltration in placental chorionic 
plate 

[94] 

Choline reverses LPS negative 
effects on pregnancy and 
concomitant increases in serum 
and placental inflammatory 
cytokines (e.g., NF-κB), and AKT 
phosphorylation) 

[93] 

Uterine perfusion restriction in 
rats 

Nicotine opposes the increase in 
blood pressure 

[139] 

Human placental LPS 
stimulation 

Nicotine, GTS-21 and CAP55 
reduce cytokine production by 
placenta cells via inhibiting NF-kB 

[91] 

Nicotine suppresses production of 
LPS-stimulated placental pro- 
inflammatory cytokines 

[94] 

Human trophoblast cells under 
hypoxic conditions 

Nicotine promotes secretion of 
vascular endothelial growth factor 
from human trophoblast cells 
under hypoxic conditions and 
improves the proliferation and 
tube formation capacity of human 
umbilical endothelial cells 

[198] 

Human umbilical vein 
endothelial cells (HUVECs) as 
a model of the maternal 
vascular endothelium. 

Nicotine preserves endothelial cell 
survivability and suppresses IL-6 
and NF-kB production 

[168] 

Nicotine facilitates production of 
placental growth factor and 
restores soluble fms-like tyrosine 
kinase 1 and/or soluble endoglin- 
reduced endothelial migration and 
tube formation 

[197] 

Nicotine dose dependently inhibits 
intercellular adhesion molecule 
expression and suppresses integrin 
expressions of CD62L, CD11a, and 
CD11b in neutrophils 

[206] 

Nicotine reduces sFlt-1, sENG and 
PlGF release by trophoblast cells 
and modulates TGF-beta release 
and VEGF mRNA expression by 
HUVECs 

[195] 

LPS plus PTZ induced eclampsia- 
like rats model 

Nicotine improves fetal outcomes 
increases eclampsia-like seizure 
threshold, and decreases systolic 
pressure, maternal serum 
inflammatory cytokines, neuronal 
loss, and expression of 
hippocampal microglial activation 
markers 

[138] 

Randomized controlled trial of 
healthy pregnant women 

Choline lowers placental and 
circulating levels of 
antiangiogenic factor fms-like 
tyrosine kinase-1 

[120] 

Monocytes isolated from 
peripheral venous blood of 
preeclamptic human females 

PNU-282987 increases IL-10 and 
counterbalances decreases in NF- 
κB, TNF-α, IL-1β, and IL-6 

[103]  
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and fetal damages that are inflicted by smoking/nicotine cannot be 
overlooked. For instance, nicotine administration has been implicated in 
elevating the blood pressure in humans [141] as well as rats [142]. 
Nicotine induced hypertension can be accredited to its ability to stim-
ulate nAChRs on postganglionic sympathetic neurons and adrenal me-
dulla resulting in the release of catecholamines and hence 
vasoconstriction [143]. Additionally, nicotine may cause hypertension 
via enhancing kidney macrophage infiltration [144]. Taken together, it 
seems that nicotine may have competing actions as vasoconstriction and 
hypertension, which may function to restrain it advantageous anti- 
inflammatory sequel. The likelihood that these contradictory actions 
may overshadow a clear impact of nicotine in eliminating PE related 
hypertension warrants further investigation. In addition to these 
maternal side effects, it is important to consider the possible adverse 
nicotinic actions on fetuses. Intrauterine nicotine exposure causes fetal 
brain damage [145] and neurodevelopmental dysregulations [146]. 
Other studies have indicated the potential interference by nicotine with 
fetal growth. Such interference might be related to nicotine’s influence 
on placental cholinergic receptors and consequently suppression of Ach- 
mediated facilitation of transplacental amino acid transport [147]. 
Nicotine is also responsible for the notorious association between 
smoking and preterm delivery through promoting prostaglandin E2 
synthesis [148]. 

It is worth mentioning that dose adjustment of nicotine is necessary 
when used in PE in order to avoid its undesirable maternal and fetal 
sequels. A dose of 1 mg/kg/day of nicotine was used in previous studies 
for testing the protective effects of nicotine in rat models of PE 
[94,96,138–140]. This particular dose is believed to produce blood 
levels of nicotine that are not high enough to cause maternal and fetal 
complications [149,150]. In some of these studies, the effect of the of 1 
mg/kg/day dose of nicotine in rats with normal pregnancies was 
determined and found to evoke no changes in blood pressure, inflam-
matory cytokines, fetal numbers, or fetal weights. Nevertheless, minor 
transient behavioral alterations were evident in pregnant rats shortly 
after administration of nicotine [96,139]. In a recent publication, we 
found that α7-nAChR activation by doses of nicotine or PHA-543613 in 
the microgram scale promotes neovascularization and offers a promising 
therapeutic strategy for myocardial infarction [151]. Therefore, 
adjusting the dose of nicotine can be of paramount importance in these 
circumstances to achieve protective actions of nicotine without the po-
tential adverse ones. 

Remarkably, the potential applicability of CAP upregulation as a 
therapeutic intervention against human PE may demand more specific 
targeting of α7-nAChRs, the nAChR unit that is mostly responsible for 

the anti-inflammatory properties. This strategy deems necessary to limit 
the non-specificity in the nicotine interaction with the cardiovascular 
system. Accordingly, targeting of CAP with specific α7-nAChRs agonists 
would elicit lower collateral cardiovascular and neural toxicity [152] 
and offers a promising approach for the alleviation of preeclamptic 
complications that might erupt prior to or after the onset of placental 
disturbances. It is noteworthy that selective α7-nAChRs agonists, such as 
GTS-21 and CAP55, have been validated as an effective intervention in 
reducing placental inflammatory responses following LPS challenge 
[91]. Obviously, further basic and clinical studies are necessary in order 
to ascertain the safety, efficacy, and clinical validity of this viewpoint. 

Choline is another cholinergic drug that demonstrated some 
encouraging effects against PE in both experimental and clinical studies. 
In the LPS model of rat PE, choline treatment mitigated maternal (hy-
pertension, proteinuria, elevated serum and placental pro-inflammatory 
cytokines) and fetal complications (fetal loss and growth restriction) of 
PE [93]. In addition, a clinical study has shown that maternal choline 
intake downregulates the PE related biomarker and antiangiogenic 
factor sFlt1 in serum and placental tissues. It is concluded that supple-
menting the maternal diet with choline may ameliorate placental 
angiogenesis and alleviate some of PE complications [120]. However, it 
should be noted that choline appears to be weaker in preventing PE 
related outcomes compared with nicotine [96]. This may be ascribed to 
lower affinity for α7-nAChRs and lower concentration achieved at re-
ceptor site [93]. While choline can stimulate α7-nAChRs [153,154] and 
activate CAP, caution should be taken when interpreting choline results 
since it has other α7-nAChR-independent placental effects. For instance, 
choline administration alters epigenetics of placentas and the expression 
of multiple important mediators of PE pathogenesis [155]. Additionally, 
choline facilitates placental production of ACh, and consequently 
modulates cellular proliferation, amino acid transport, vasodilation, and 
placental expression of sFlt1 [120]. 

5. Mechanisms of CAP protection 

The understanding of the mechanisms that underscore CAP protec-
tion in PE will help identify specific therapeutic targets for future drug 
development. An overview of these mechanisms is detailed below and 
summarized in Fig. 3. 

5.1. Activation of α7-nAChRs 

Over the last two decades, compelling evidence has accumulated that 
the activation of α7-nAChRs represents a principal step in the processing 

Fig. 2. An outline of various PE com-
plications identified in experimental rats 
that could be alleviated by CAP upre-
gulation. Such complications include 
hypertension, proteinuria, fetal death 
and resorption, elevated levels of serum 
and placental antiangiogenic as well as 
pro-inflammatory factors. Abbrevia-
tions: alpha; α7-nAChR, alpha-7 nico-
tinic acetylcholine receptors; CAP, 
cholinergic anti-inflammatory pathway; 
IL-1β, interleukin 1 beta; IL-6, inter-
leukin 6; PE, preeclampsia; SBP, systolic 
blood pressure; sEng, soluble endoglins; 
sFlt1, soluble fms-like tyrosine kinase-1; 
TNF-α, tumor necrosis factor.   
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of CAP [24]. The α7-nAChR is a ligand-gated receptor and is one of the 
most widespread subtypes of nicotinic receptors, with specific distri-
bution into immune, nervous, cardiovascular and renal systems 
[11,156,157]. The macrophageal α7-nAChRs are believed to regulate 
the production and release of pro-inflammatory mediators following 
exposure to inflammatory stimuli [158]. The activation of α7-nAChRs 
brings about the protective actions of CAP in lung [159], CNS [157], 
heart [160], and kidney inflammation [16]. 

Intriguingly, the α7-nAChR has been characterized in human and rat 
placentas [161]. The involvement of α7-nAChR in the CAP-PE interac-
tion is confirmed by studies that evaluated the capability of pharma-
cologic elimination of α7-nAChR to block CAP actions and augment PE 
features. For instance, Liu et al. [96] showed that the counteraction by 
nicotine of PE associated hypertension, proteinuria and elevated levels 
of inflammatory markers in serum and placenta were diminished 
following injection of the α7-nAChR antagonist α-bungarotoxin (α-BGT). 
Similarly, α-BGT abolished the favorable actions of nicotine on blood 
pressure, placental weight, and fetal outcome (live fetal number, weight, 
resorption and malformation) in PE rodents [138]. Nonselective 
blockade of nicotinic receptor by mecamylamine also reversed the 
downregulating actions of nicotine and other nicotinic agonists on TNF- 
α production by placental cells [91]. Kobayashi et al. [162] reported that 
scopolamine butylbromide, an anticholinergic medication, precipitates 
eclamptic seizures in patients with severe PE. Because the anticholin-
ergic therapy is expected to result in sympathetic hyperactivity, vaso-
constriction, and subsequently eclamptic seizures, it is plausible to 
propose that cholinergic receptors act tonically to restrain PE-related 
symptoms. 

The protective effects of CAP and nicotine have been reproduced 
using selective agonists for α7-nAChRs. For example, Dowling et al. [91] 
showed that both GTS-21 and CAP55 acted in a dose-dependent fashion 
to diminish the elevated TNF-α, NF-κB, IL-1β, IL-6, and IL-8 levels in LPS 
stimulated placental cells. The effect of CAP55 was comparable to 
nicotine while that of GTS-21 was even greater with no cytotoxic effects. 
Another in-vitro study reported that targeted stimulation of α7-nAChRs 
with PNU-282987 interfered with the NF-κB pathway and ameliorated 
the alterations in inflammatory cytokine expression within peripheral 
monocytes isolated from preeclamptic women [103]. 

Molecular studies were also performed to determine the gene and 
protein expressions of α7-nAChR in placental tissues of PE models. These 
studies showed that resolution of PE symptoms or complications was 
paralleled with normalization of α7-nAChR expression upon treatment 
with CAP activators, like nicotine or choline [93,94,96]. Collectively, 
the aforesaid pharmacological and molecular studies point toward a key 
role for α7-nAChRs in protecting against placental inflammation and 
associated maternal and fetal anomalies during PE. 

5.2. CAP inhibits PE-evoked immune cell recruitment and inflammation 

Healthy pregnancy is often accompanied by a mild systemic in-
flammatory response and upregulation of several components of the 
inflammatory machinery. This systemic inflammation intensifies with 
the advancement of pregnancy specially during the second half as a part 
of an acute phase reaction [163]. PE tends to heighten this inflammatory 
process and considerably upregulate inflammatory cytokines and che-
mokines [164]. This strong systemic inflammatory response has been 
blamed for the later development of PE complications [39]. The exact 
mechanism for the PE linked increase in systemic inflammation is still 
undetermined. Nonetheless, peripheral monocytes are thought to play a 
significant role in this process [103]. Considering the higher activity of 
blood monocytes in preeclamptic women [165] and the positive corre-
lation between monocyte activity and severity of PE [166], it has been 
postulated that peripheral monocyte activation culminates in enhanced 
placental inflammation and macrophage filtration and thus worsening 
of PE [167]. In a recent study by Xu et al. [103], the release of TNF-α, IL- 
1β, and IL-6 was higher from monocytes isolated from preeclamptic 
women compared with those from non-pregnant and normotensive 
pregnant women. When stimulated with LPS, preeclamptic monocytes 
showed greater increase in production of these cytokines compared with 
control ones. Importantly, the same study showed that α7-nAChR- 
dependent CAP activation attenuates the activation of preeclamptic 
peripheral monocytes and release of inflammatory cytokines. 

Another player that contributes to the PE systemic inflammation is 
the maternal endothelial cells [168], which have been shown to express 
nAChRs [169]. For instance, vascular endothelial cells are a major 
source of IL-6 in preeclamptic females [170]. In addition, serum isolated 

Fig. 3. An illustration of potential 
mechanisms involved in CAP protection 
against PE related inflammation, anti-
angiogenesis and endothelial dysfunc-
tion. CAP (i) inhibits cytokine 
production in placental macrophages 
(placental inflammation), blood mono-
cytes (systemic inflammation) and cen-
tral microglia (neuroinflammation), (ii) 
decreases anti-angiogenic factors and 
increases pro-angiogenic factors in 
placental trophoblasts and umbilical 
vein endothelial cells, and (iii) alleviates 
endothelial dysfunction and leukocyte 
adhesion. Abbreviations: α7-nAChR, 
alpha-7 nicotinic acetylcholine re-
ceptors; AKT, Ak strain transforming or 
protein kinase B; CAP, cholinergic anti- 
inflammatory pathway; HIF-1α, 
hypoxia-inducible factor 1-alpha; ICAM- 
1, intercellular adhesion molecule-1; 
IkB, inhibitor of kB; IL-17, interleukin 
17; IL-1β, interleukin 1 beta; IL-4, 
interleukin 4; IL-6, interleukin 6; IL-10, 
interleukin 10; NF-κB, nuclear factor 
kappa B; PI3K, phosphoinositide 3-ki-
nase; PIGF, placenta growth factor; 
sEng, soluble endoglins; sFlt1, soluble 

fms-like tyrosine kinase-1; TNF-α, tumor necrosis factor; VCAM-1, vascular cell adhesion molecule-1; VEGF, vascular endothelial growth factor.   
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from preeclamptic individuals is characterized by facilitated IL-6 pro-
duction from human umbilical vein endothelial cells (HUVECs), which 
clearly implicates endothelial cells in the inflammatory response trig-
gered by PE [168]. Remarkably, nicotine treatment blunted cytokine 
production from HUVECs stimulated with preeclamptic serum, which 
highlights the ability of CAP to protect from systemic inflammation in 
maternal endothelial cells during PE [168]. 

The placenta represents a maternal-fetal interface on which the fetus 
growth and viability are completely reliant [171]. The maternal sys-
temic inflammation during PE does not develop in isolation from 
placental inflammation. In fact, placental cytokines are indispensable 
for physiological and pathological regulation of inflammation during PE 
[37,172] and are modulated by CAP. The placental and serum inflam-
matory response induced by gestational LPS in rats is attenuated by 
choline supplementation via a α7-nAChR-dependent mechanism [93]. 
Also, PE promotes leukocytes infiltration into the chorionic plate of the 
placenta, a process that is significantly impaired after nicotine admin-
istration [94]. Alternatively, in-vitro studies were conducted on LPS- 
stimulated cultured human placenta cells to simulate the PE induced 
placental inflammation. In these studies, nicotine addition to the me-
dium notably decreases mRNA and protein expression of TNF-α, IL-1β, 
IL-2, IL-6, IL-8, IL-17 and IFN-γ following LPS insult [91,94]. Conse-
quently, it is reasonable to postulate that CAP serves to rescue fetuses in 
preeclamptic animals via repression of cytokine upregulation and 
leukocyte infiltration in placental tissues. 

The depressant action of CAP on systemic and placental inflamma-
tion during PE could be attributed to its interaction with NF-κB. The 
latter is a family of inflammation connected transcription factors whose 
activation is triggered by foreign molecules (e.g., LPS) or endogenous 
damage indicators (TNF-α and IL-1β) [173–178]. In normal cells, NF-κB 
is sequestered in the cytoplasm in the form of an inactive NF-κB-IκBa 
complex. Upon stimulation, I-κB is phosphorylated and NF-κB is trans-
located into the nucleus where it upregulates the transcription of mul-
tiple inflammatory gene products [179]. There is evidence that support 
the central role of NF-κB pathway in the inflammatory response of 
circulating immune cells [180], vascular endothelial cells [181] and 
placental tissues [93] during PE. Immunohistochemical analysis showed 
a higher immunostaining of NF-κB in the placenta isolated from PE 
women compared with normal pregnancy. Besides, NF-κB staining in 
placentas of severe PE individuals is stronger than those with mild PE, 
signifying the pathological role of NF-κB in PE [33]. The diminution of 
NF-κB activity has been implicated in the defensive role of CAP against 
PE. For instance, in-vitro experiments on peripheral monocytes from 
preeclamptic patients reported that α7-nAChR agonists inhibit NF-κB 
activity and correct the overall cytokine profile in these immune cells 
[103]. Sharentuya et al. [168] demonstrated that nicotine significantly 
attenuates NF-κB activation in umbilical vein endothelial cells of pre-
eclamptic humans. Nicotine and more selective α7-nAChR agonists 
interfere with NF-κB activity in isolated human placental cells [91]. 
Likewise, choline supplementation abrogated PE induced I-κB phos-
phorylation and NF-κB nuclear translocation in rat placentas [93]. 

NF-κB is believed to be regulated by PI3K/AKT pathway [182]. The 
maternal LPS challenge leads to placental AKT (protein kinase B) 
phosphorylation [183]. The α7-nAChR agonist, GTS-21, prevents NF-κB 
activation through suppression of PI3K/AKT pathway in LPS stimulated 
cells [184]. Further, the ability of choline to reduce PE placental NF-kB 
activation is coupled with its repression of PE placental AKT phos-
phorylation [93]. Collectively, CAP activators act mainly on α7-nAChRs 
to inhibit the PI3K/AKT pathway which in turn prevent the nuclear 
translocation and activation of NF-κB resulting in widespread suppres-
sion of systemic and placental production of inflammatory cytokines. 

Both IL-4 and IL-10 are anti-inflammatory cytokines with important 
roles in regulating the human immune response and via counter-
balancing inflammatory insults sparked by pro-inflammatory mediators 
[185,186]. During PE, unlike the rises in serum levels of pro- 
inflammatory cytokines, IL-4 and IL-10 levels are actually decreased 

[187] which is an expected outcome given the polarization of peripheral 
monocytes to M1 pro-inflammatory subtype in the blood of preeclamptic 
patients [188]. The activation of α7-nAChRs, selectively by PNU-282987 
or non-selectively by nicotine or choline, reverses the inhibitory effects 
of PE on serum IL-4 and IL-10 [93,103,138]. This effect could contribute 
to the successful systemic anti-inflammatory actions of CAP observed 
during PE. The results of placental IL-4 and IL-10 are less consistent. 
While placental IL-4 appears to be decreased by PE and enhanced by 
CAP [93], placental IL-10 may not be affected or slightly increased in PE 
representing a potential counterbalance to pro-inflammatory cytokines. 
In this setting, nicotine does not downregulate the elevated placental IL- 
10 levels as with other cytokines, which can be helpful in controlling 
local inflammation in this tissue [94,140]. 

The excessive activation of the innate immune complement system, a 
series of cell surface proteins that complements the ability of phagocytic 
cells and antibodies to recognize and clear pathogens and altered host 
cells [189], is another factor that is believed to contribute significantly 
to pathogenesis of PE. The antagonism of receptors for the complement 
activation products C3a or C5a attenuates hypertension provoked by 
placental ischemia and endothelial dysfunction [190]. However, when 
the effect of nicotine was tested on PE complement activation, one study 
reported that nicotine did not influence complement activity which in-
dicates that the anti-inflammatory effects of CAP might be complement 
independent [139]. 

5.3. CAP improves PE associated angiogenesis perturbations 

One of the prevailing hypotheses predisposing to PE is the reduction 
in uteroplacental perfusion triggered by altered invasion of spiral ar-
teries [5]. In this circumstance, the placenta releases large amounts of 
soluble antiangiogenic factors into the maternal circulation which 
sequester proangiogenic factors and evoke systemic endothelial 
dysfunction [191]. Among these factors, only two give the strongest 
correlation with PE severity and outcomes, namely sFlt1 (also known as 
soluble vascular endothelial growth factor receptor 1 or sVEGFR1) and 
sEng [192]. Whereas sFlt1 binds to circulating VEGF and PLGF, blocking 
their association with their endothelial receptors [193], sEng impedes 
intracellular signaling of TGF-β1 in endothelial cells [43]. This enhanced 
antiangiogenic machinery at the expense of inhibited proangiogenic 
activity is considered a hallmark for PE and results in suppression of the 
angiogenesis, induction of maternal vascular endothelial dysfunction 
and consequently hypertension [194]. Thus, restoring the angiogenic 
balance in the placental tissues is paramount to PE management. 

In addition to its anti-inflammatory properties, CAP has recently 
attracted ample attention by its proangiogenic effects. Romani et al. 
[195] reported that nicotine and its metabolite cotinine effectively 
suppress sFlt-1 and sEng release from placentas and enhance PLGF as 
well as VEGF secretion from umbilical vein endothelial cells isolated 
from healthy pregnant women. Further studies illustrated that the 
cholinergic pathway and nicotine have α7-nAChR dependent proan-
giogenic impact on isolated HUVECs [196]. In essence, nicotine was 
shown to stimulate angiogenic functions of HUVECs, including endo-
thelial migration and tube formation, in a dose dependent manner 
[197]. 

The ability of CAP and nicotine to negate the angiogenic distur-
bances in PE-like conditions has also been examined. An interesting 
study by Zhao et al. [198] investigated the effect of nicotine on the 
hypoxia induced alterations of angiogenic factors secretion from human 
trophoblast cells. These cells have high invasion capacity and contribute 
to remodeling uterine and spiral arteries in the early phases of preg-
nancy through their interaction with endothelial cells. For example, 
proangiogenic factors released from trophoblast cells induce prolifera-
tion and tube formation in endothelial cells [199]. Contrarily, PE- 
associated ischemia renders trophoblasts hypoxic and thus increasing 
their secretion of antiangiogenic factors which is a direct cause for 
maternal endothelial dysfunction [200]. Therefore, it is important to 
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closely observe nicotinic effects on angiogenic imbalance that arise in 
hypoxic human trophoblasts. In the study by Zhao et al. [198], nicotine 
enhances VEGF production by hypoxic trophoblast cells which could be 
attributed to the significant nicotinic augmentation of VEGF transcrip-
tion via hypoxia-inducible factor-1α dependent mechanism. In the same 
study. Nicotine also considerably inhibits trophoblast sFlt1 release 
which could be a second contributing factor to the nicotine induced 
elevation of VEGF levels. Further, the increased VEGF secretion in 
nicotine-treated hypoxic trophoblasts improves the proliferation and 
tube formation capacity of HUVECs, suggesting an improvement in the 
endothelial function [198]. 

Elevated levels of sFlt1 and sEng in maternal circulation have been 
demonstrated in PE patients and have been proposed as a direct cause 
for endothelial dysfunction [191]. In this context, the elegant study by 
Mimura et al. [197] investigated the ability of nicotine to counteract the 
detrimental endothelial effects of sFlt1 and sEng and restore normal 
angiogenic functions of HUVECs. The data from this study indicated that 
sFlt1 and sEng impaired essential endothelial angiogenic functions, 
including endothelial migration and tube formation, effects that were 
normalized upon co-exposure to nicotine. These actions were paralleled 
with nicotinic enhancement of proangiogenic protein (PLGF) produc-
tion, suggesting that nicotine recovers damaged endothelial cell angio-
genesis probably via upregulation of PLGF secretion [197]. 

Consistent with these reports that establish proangiogenic properties 
for nicotine and CAP, nicotine treatment increases proliferation and cell 
number of HUVECs highlighting the potential of nicotine serving as a 
survival factor for the endothelium [168]. Moreover, clinical studies 
showed that maternal choline intake downregulates the PE-related 
biomarker and antiangiogenic factor sFlt1 in the serum and placental 
tissues, suggesting that supplementing maternal diets with choline may 
ameliorate placental angiogenesis and alleviate PE complications [120]. 
Collectively, these findings implicate the proangiogenic outcome of CAP 
activators in PE management. Further basic and clinical investigations 
are required to validate the therapeutic relevance of this assumption. 

5.4. CAP guards against leukocyte adhesion and endothelial dysfunction 

Neutrophil activation and consequent endothelial dysfunction are 
chief contributors to pathogenesis of PE [201]. High blood levels of 
soluble cell surface molecules, including soluble intercellular adhesion 
molecule 1, soluble vascular cell adhesion molecule 1 and soluble E- 
selectin are found in preeclamptic patients [202]. Other clinical studies 
revealed that PE is associated with elevated endothelial adhesion mol-
ecules, neutrophil activation, and CD11b expression, highlighting the 
possibility of leukocyte adhesion to endothelial cells during PE [203]. 
Indeed, endothelial cells isolated from preeclamptic individuals showed 
evidence of enhanced neutrophil endothelial interaction and adhesion 
[204]. Speer et al. [205] studied the impact of nicotine treatment on in- 
vivo leukocyte interaction and adhesion to uterine vascular endothelial 
cells under ischemic condition in pregnant rabbits. The treatment of 
female rabbits with nicotine suppresses leukocyte adhesion to uterine 
vascular endothelial cells as evaluated by intravital microscopy [205]. 

The same research group undertook another study [206] to discern 
how nicotine could decrease leukocyte-endothelial adhesion in an in- 
vitro model of HUVECs and neutrophils isolated from normal pregnant 
women. The expression of neutrophil integrins (CD62L, CD11a, and 
CD11b) as well as endothelial intercellular adhesion molecule (ICAM) 
were investigated in the absence and presence of nicotine. The analyses 
showed that nicotine exerts dose-dependent inhibitory effects on 
endothelial ICAM expression and neutrophil expression of CD62L, 
CD11a, and CD11b. Because these molecules have crucial role in the 
process of leukocyte adhesion with endothelial cells [203], these results 
could explain the mechanism by which nicotine inhibits neutrophil 
endothelial interaction in pregnancy and consequently protects from 
endothelial dysfunction. 

Indeed, the down-regulatory effects of the cholinergic pathway on 

the leukocyte-endothelial activation and adhesion during inflammation 
have been shown in other studies both in-vivo and in-vitro. Nicotine, for 
example, reduces the endothelial cell activation via suppression of 
intercellular adhesion molecule 1, vascular adhesion molecule 1 and E- 
selectin expression as well as chemokines production by the endothe-
lium in response to inflammatory stimuli [169]. Nicotine, also, de-
creases the levels of CD11b which is a beta 2 integrin implicated in 
neutrophil activation, adhesion and chemotaxis [207]. Interestingly, the 
mRNA and protein expression of α7-nAChR have been observed in the 
endothelium together with reports that reveal the key role of α7-nAChR 
in mediating the actions of nicotine on the endothelial cells [208]. As 
expected, the cholinergic inhibitory actions on leucocyte-endothelial 
activation and adhesion have been reproduced using CAP55, an α7- 
nAChR agonist [169], and blocked following addition of methyl-
lycaconitine, a selective α7-nAChR antagonist [209]. Given these find-
ings, it may be reasonable to posit that α7-nAChR is an important 
mediator of the cholinergic inhibition of neutrophil-endothelial inter-
action and its protection from endothelial dysfunction in preeclampsia. 

5.5. CAP mitigates central neuroinflammation 

Neuroinflammation is an important component in the pathogenesis 
of eclampsia, a complication of PE that is characterized by mal seizures 
[46]. Prior to eclampsia, patients usually develop an intensified pe-
ripheral inflammatory response along with dysfunctional blood brain 
barrier. The latter event facilitates the entrance of inflammatory medi-
ators and cells leading to enhanced activity of microglia, which are 
macrophage like cells in the brain and neuroinflammation [10,210]. The 
exaggerated neuroinflammatory response leads to neural loss, hippo-
campal lesions and amplification of neuronal excitability, and conse-
quent seizure outbreak. 

In their eclampsia rat model, Li et al. [138] reported that nicotine 
administration mitigated the disturbances in serum inflammatory pro-
file and suppressed concomitant neuroinflammation, microglial activity 
and neural loss. These effects may explain the ability of nicotine to delay 
the onset of seizures in pregnant preeclamptic rats and reduce the 
behavioral seizure scores as well as the incidence of stage-5 seizures. 
Considering that microglial cells express the α7-nAChRs, [211], it is 
conceivable that brain CAP would shield against the heightened neu-
roinflammation that develops in eclamptic seizures. 

Recent reports from our laboratory [3,19] examined the role of 
central neuroinflammation in the interplay between CAP, PE fetal pro-
gramming and endotoxemia. In one study, neuroanatomical pools of 
toll-like receptor-4 in brainstem areas of the NTS and RVLM have been 
implicated in the PE associated fetal programming that amplified 
endotoxic cardiovascular complications in adult male offspring. Conse-
quently, PE appears to worsen endotoxic symptoms of hypotension, 
tachycardia, and cardiac autonomic dysfunction in preeclamptic 
offspring through exacerbation of neuroinflammatory signal [3]. In 
addition, we showed that the central anti-inflammatory pathways of 
brainstem α7 and α4β2 nicotinic acetylcholine receptors underlie the 
CAP counteraction of endotoxic neuroinflammatory and cardiovascular 
complications [19]. 

6. Effect of smoking on CAP/PE interaction 

Since nicotine is a major constituent of the cigarette smoke, it is 
important to review how smoking would impact the risk and influences 
of PE. At least two systematic reviews published over the last two de-
cades have come to the conclusion that smoking by pregnant women is 
associated with reduction in the incidence and risk of PE [133,212]. 
Besides, lower sFlt1 serum concentrations have been reported in preg-
nant smokers [213]. This apparently privileged effect of smoking on PE 
risk is not seen in females who quit smoking prior to onset of pregnancy 
[214]. Although nicotine is responsible for the protective action of 
smoking against PE, the credit might also be attributed to some other 
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components of the cigarette smoke. This conclusion gains support from 
the following observations: (i) the use of smokeless tobacco product 
which contained nicotine did not reproduce the reduction of PE risk seen 
with cigarette smoking [215], (ii) in-vitro cellular expression of PLGF, 
and VEGF were enhanced by cigarette smoke extract but not nicotine 
[216], and (iii) cigarette smoke reduced sFlt secretion by cultured 
placental cells [217], while nicotine alone failed to do so [91]. There-
fore, it seems that other chemicals within cigarette smoke may be 
responsible for regulation of angiogenic factors. With the availability of 
more than 4000 different chemicals in regular cigarette smoke, it is 
clearly difficult to identify the effects of each individual substance on PE. 

Among these chemicals, carbon monoxide (CO) has been proposed as 
a possible arbitrator of the protective effects of smoking. In addition to 
being a component of cigarette smoke, smoking itself induces heme 
oxygenase-1 expression in placental tissues and subsequently increases 
production of endogenous CO [218]. Preeclamptic patients have lower 
CO levels in their exhaled breath suggesting an inverse association be-
tween CO levels and incidence of PE [219]. CO is known for its potent 
vasodilator and anti-inflammatory properties [16,220], which could 
protect against placental disturbances during PE. Further, in-vivo ex-
periments showed that administration of CO donor molecule mitigates 
PE induced hypertension but without improving fetal outcomes [221]. 
Moreover, CO and its releasing molecules were reported to decrease 
sFlt1 and sEng levels in placental and endothelial cell cultures, which 
may account for smoking-related reduction in PE risk [222]. Notably, 
nicotine has been shown to induce the expression of heme oxygenase-1 
enzyme which produces CO [16]. However, whether CO contributes to 
the protective effects of nicotine and CAP during PE has not been 
investigated. 

While it is true that nicotine alone cannot explain all of the beneficial 
effects of smoking against PE, nicotine is still a major product in ciga-
rette smoking and there is a strong possibility that smoking protects 
from PE at least in part due to nicotine and CAP upregulation in preg-
nant females. Furthermore, a strong association was found between 
cotinine (metabolite of nicotine) levels in smokers and reduced risk of 
PE [223,224]. To summarize, the specific chemicals responsible for the 
positive impact of smoking against PE are not fully determined at this 
moment. However, it is likely that the actions of smoking are multi-
factorial and multiple pathways are implicated in this smoking-PE 
interaction. CAP activation by nicotine is probably the most important 
trail in this interaction. 

Despite the multitude of research articles that linked smoking to 
preeclamptic risk reduction, several studies cautioned against the use of 
smoking as a therapeutic modality during pregnancy as it could gener-
ally worsen the outcomes of PE [225,226]. Additionally, the negative 
correlation between smoking and PE is not always a consistent finding 
since smoking increases risk of PE in individuals with chronic hyper-
tension [227]. The advantageous effect of smoking in reducing PE 
incidence may simply be the result of the restricted growth of fetus and 
placenta as well as the increased tendency to preterm labor, as the 
smoking related reduction of PE risk has been observed more strongly in 
babies affected by growth restriction compared with larger babies [228]. 
Therefore, smoking induced placental damage and growth restriction 
could reduce release of antiangiogenic and pro-inflammatory factors 
from placenta explaining the protective impact on maternal cardiovas-
cular parameters. Taking into consideration other pregnancy-associated 
hazardous actions of smoking [229], it becomes clear that smoking is not 
a reasonable option to combat PE. Actually, nicotine replacement 
therapy has been suggested as a safe alternative that can aid smoking 
cessation during pregnancy [135]. 

7. Other cardiovascular effects of nicotine 

As mentioned previously, the beneficial anti-inflammatory actions of 
nicotine in PE might be obscured by other possible adverse effects of the 
drug on the cardiovascular system. Nicotine has been shown to raise 

blood pressure in humans [141] as well as rats [142], which can be 
attributed to its ability to stimulate nAChRs on postganglionic sympa-
thetic neurons and adrenal medulla resulting in the release of cate-
cholamines and hence vasoconstriction and increased vascular 
resistance [143]. The enhanced renal macrophage infiltration can also 
be blamed for the hypertensive response elicited by nicotine [144]. 
Moreover, nicotine has long been believed to suppress the arterial 
baroreceptor activity, which could account for the increased vulnera-
bility of smokers to cardiovascular risk [230]. Nicotine attenuates bar-
oreflex gain partly through reducing arterial compliance and stretch 
receptor responsiveness [231]. The interference with central pathways 
integrating the baroreceptor input into autonomic discharges is another 
possible mechanism for the nicotine suppression of baroreflexes [232]. 

More recent studies from our laboratory indicate that the interaction 
of nicotine with baroreflex chronotropic responses depends largely on 
factors such as subject sex, hormonal milieu, nature of the baroreflex 
heart rate response (bradycardia vs. tachycardia), and duration of 
exposure to nicotine [233–236]. Acutely administered nicotine impairs 
baroreceptor-mediated tachycardia in female rat preparations with 
depleted (ovariectomized or diestrus) and not physiologic estrogen 
contents, inferring a protective action for estrogen against reflex auto-
nomic disturbances caused by nicotine [234]. Pharmacologic antagonist 
studies demonstrate that the presence of functional circuits of estrogenic 
receptors in the central nervous system is necessary for the down-
regulating action of estrogen on the baroreflex inhibitory action of 
nicotine in ovariectomized rats [234]. Unlike its acute effects, the bar-
oreflex attenuation by long-term nicotine exposure is exacerbated by 
estrogen because (i) chronic nicotine dose-dependently attenuates reflex 
heart rate responses in control, sham-operated rats via inhibition of the 
estrogen-mediated facilitation of vagal activity and nitric oxide syn-
thase/heme oxygenase-coupled cGMP/MAPKERK signaling, and (ii) this 
effect of nicotine vanishes in ovariecomized rats and reappears upon 
treatment with estrogen or the estrogen receptor modulator raloxifene 
[235–238]. Taken together, the blood pressure and baroreflex actions of 
nicotine may act in one way or another to oppose or at least restrain the 
beneficial anti-inflammatory influences of nicotine. 

Another point of conflict relates to the widespread and distinct ef-
fects of nicotine on vascular tone and reactivity. Nicotine may cause 
vasodilation, vasoconstriction, or no effect at all on vascular tone. Dis-
crepancies in animal species, tissues, dose and duration of nicotine 
regimens are likely contributing factors to the divergent vascular effects 
of nicotine [239,240]. The vasoconstrictor action of nicotine has been 
accounted for by sympathetic neural stimulation [241], endothelial 
dysfunction [242], or vasopressin [16] or endothelin [243]. Contradic-
tory reports are available as regards cellular sites that mediate the 
vasodilator effect of nicotine. Nicotine causes nicotinic cutaneous and 
renal vasodilation via activation of NOS, prostanoids and potassium 
channels [244–247]. The Hormonal state of female rats variably affects 
the interaction of nicotine with adenosinergically-mediated vasodila-
tions in the renal vasculature, with the latter enhanced and depressed by 
nicotine in estrogen- and progesterone-replaced ovariectomized rats, 
respectively [248]. In the rat tail artery, nicotine produces opposite ef-
fects (increase or decrease) on K+ currents depending on the concen-
tration of the drug [249]. Alternatively, β-adrenoceptor-mediated renal 
vasodilations are attenuated by nicotine through the impairment of 
estrogen-NOS signaling [250,251]. The question whether cardiovascu-
lar and renovascular regulation in preeclampsia could be similarly 
affected by nicotine remains to be explored. 

8. Conclusions and future directions 

Peripheral and central cholinergic pathways are fundamentally 
important for the initiation and progression of PE. Intriguingly, the 
upregulation of CAP constitutes a promising approach for managing PE 
and guarding against its maternal and fetal complications. Based on the 
data reviewed here, we postulate that nAChR agonists, particularly of 
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the α7 type, and α7 positive allosteric modulators represent a new 
pharmacological approach to improve inflammatory and angiogenic 
anomalies provoked by PE. The issue whether these therapies could be 
applied safely and effectively in humans warrants further clinical ex-
amination. Despite the great advancement in our knowledge of the 
counterbalancing role of CAP against inflammation over the last 20 
years, the exact key molecular mechanisms involved in this interaction 
remain largely undisclosed. The activation of α7nAChR produces a va-
riety of cellular effects that alleviate inflammation and improves 
angiogenic and endothelial dysfunctions. Accordingly, the identification 
of missing signaling molecules that are recruited following α7nAChR 
activation would help us to develop more targeted therapeutic strategies 
for PE. 

As PE modulation of α7nAChRs is tissue specific (placental, periph-
eral circulation, central nervous system), further studies using geneti-
cally (knockout) or pharmacologically eliminated α7nAChR animals are 
recommended to characterize more accurately the role of α7 units in PE 
pathogenesis. This would also help in designing novel experimental PE 
models that better reflect the clinical course of PE. Additionally, given 
that the majority of existing α7 agonists display cross reactivity with 
other receptors such as 5-HT3, glutamate and dopamine [77,86,89,90], 
the development of drugs that selectively target α7 units can further 
restrain the potential of adverse effects. It is also fundamentally 
important to investigate in-depth the link between PE and other nico-
tinic receptor subtypes, especially α4β2 subunit, given the preliminary 
reports that demonstrate pathophysiological changes in the expression 
profile of these receptors during PE. Besides, more basic and clinical 
studies are required to elucidate the precise role of intracellular defen-
sive machineries such as heme oxygenase-1 and heat shock protein 70 
pathways in the PE-CAP interaction. As the transcutaneous stimulation 
of the vagus nerve has recently shown favorable outcomes in inflam-
matory conditions [79], the implementation of non-pharmacologic ap-
proaches for CAP activation, e.g., electrical vagal stimulation, is another 
possible avenue. 
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[71] A. Orr-Urtreger, F.M. Göldner, M. Saeki, I. Lorenzo, L. Goldberg, M. De Biasi, J. 
A. Dani, J.W. Patrick, A.L. Beaudet, Mice deficient in the alpha7 neuronal 
nicotinic acetylcholine receptor lack alpha-bungarotoxin binding sites and 
hippocampal fast nicotinic currents, J. Neurosci. 17 (23) (1997) 9165–9171, 
https://doi.org/10.1523/jneurosci.17-23-09165.1997. 

[72] X. Simeone, R. Karch, A. Ciuraszkiewicz, A. Orr-Urtreger, R. Lemmens-Gruber, P. 
Scholze, S. Huck, The role of the nAChR subunits α5, β2, and β4 on synaptic 
transmission in the mouse superior cervical ganglion, Physiol Rep 7(6) (2019) 
e14023. 10.14814/phy2.14023. 

[73] H.R. Middlekauff, J. Park, R.S. Moheimani, Adverse effects of cigarette and 
noncigarette smoke exposure on the autonomic nervous system: mechanisms and 
implications for cardiovascular risk, J. Am. Coll. Cardiol. 64 (16) (2014) 
1740–1750, https://doi.org/10.1016/j.jacc.2014.06.1201. 

[74] J.R. Godin, P. Roy, M. Quadri, D. Bagdas, W. Toma, R. Narendrula-Kotha, O. 
A. Kishta, M.I. Damaj, N.A. Horenstein, R.L. Papke, A.R. Simard, A silent agonist 
of α7 nicotinic acetylcholine receptors modulates inflammation ex vivo and 

A.M. Wedn et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/s0002-9440(10)63567-5
https://doi.org/10.1016/s0002-9440(10)63567-5
https://doi.org/10.2741/2266
https://doi.org/10.4049/jimmunol.1002679
https://doi.org/10.1053/plac.2001.0782
https://doi.org/10.1053/plac.2001.0782
https://doi.org/10.1095/biolreprod50.1.88
https://doi.org/10.1095/biolreprod50.1.88
https://doi.org/10.5603/GP.a2018.0043
https://doi.org/10.3109/00016348609158388
http://refhub.elsevier.com/S0006-2952(21)00316-6/h0175
http://refhub.elsevier.com/S0006-2952(21)00316-6/h0175
http://refhub.elsevier.com/S0006-2952(21)00316-6/h0175
http://refhub.elsevier.com/S0006-2952(21)00316-6/h0175
https://doi.org/10.3109/10641955.2015.1009545
https://doi.org/10.3109/10641955.2015.1009545
https://doi.org/10.1111/j.1600-0897.1997.tb00222.x
https://doi.org/10.1111/j.1600-0897.1997.tb00222.x
https://doi.org/10.1161/hypertensionaha.116.06421
https://doi.org/10.1161/hypertensionaha.116.06421
https://doi.org/10.1042/cs20150702
https://doi.org/10.1042/cs20150702
https://doi.org/10.1161/01.HYP.0000187899.34379.b0
https://doi.org/10.1016/s0002-9440(10)62567-9
https://doi.org/10.1016/s0002-9440(10)62567-9
https://doi.org/10.1056/NEJMoa031884
https://doi.org/10.1056/NEJMoa031884
https://doi.org/10.1038/nm1429
https://doi.org/10.1016/j.semnephrol.2017.05.011
https://doi.org/10.1016/j.semnephrol.2017.05.011
https://doi.org/10.1055/s-0037-1604471
https://doi.org/10.1016/j.annfar.2010.02.021
https://doi.org/10.1016/j.annfar.2010.02.021
https://doi.org/10.1681/ASN.2005080810
https://doi.org/10.1681/ASN.2005080810
https://doi.org/10.1161/01.HYP.0000188703.27002.14
http://refhub.elsevier.com/S0006-2952(21)00316-6/h0245
http://refhub.elsevier.com/S0006-2952(21)00316-6/h0245
https://doi.org/10.4037/aacnacc2018958
https://doi.org/10.4037/aacnacc2018958
https://doi.org/10.1016/j.ajog.2009.06.033
https://doi.org/10.1016/j.ajog.2009.06.033
https://doi.org/10.1016/s0140-6736(15)00070-7
https://doi.org/10.1016/s0140-6736(15)00070-7
https://doi.org/10.1038/jp.2012.164
https://doi.org/10.1038/jp.2012.164
http://refhub.elsevier.com/S0006-2952(21)00316-6/h0280
http://refhub.elsevier.com/S0006-2952(21)00316-6/h0280
https://doi.org/10.1016/s0029-7844(00)00904-2
https://doi.org/10.1016/s0029-7844(00)00904-2
https://doi.org/10.1016/0002-9378(91)90118-b
https://doi.org/10.1016/0002-9378(91)90118-b
http://refhub.elsevier.com/S0006-2952(21)00316-6/h0295
http://refhub.elsevier.com/S0006-2952(21)00316-6/h0295
http://refhub.elsevier.com/S0006-2952(21)00316-6/h0295
https://doi.org/10.1542/peds.102.5.1107
http://refhub.elsevier.com/S0006-2952(21)00316-6/h0305
http://refhub.elsevier.com/S0006-2952(21)00316-6/h0305
https://doi.org/10.1016/j.ajog.2009.06.060
https://doi.org/10.1016/j.ajog.2009.06.060
https://doi.org/10.1016/j.pcl.2009.03.004
https://doi.org/10.1113/JP275101
https://doi.org/10.1016/bs.irn.2015.07.001
https://doi.org/10.1016/bs.irn.2015.07.001
https://doi.org/10.1016/j.pneurobio.2004.09.006
https://doi.org/10.1016/j.pneurobio.2004.09.006
https://doi.org/10.1111/j.1742-4658.2007.05935.x
https://doi.org/10.1021/bi901550p
https://doi.org/10.1007/s11154-020-09584-3
https://doi.org/10.1007/s11154-020-09584-3
https://doi.org/10.1074/jbc.M115.647040
https://doi.org/10.1074/jbc.M115.647040
https://doi.org/10.1523/jneurosci.17-23-09165.1997
https://doi.org/10.1016/j.jacc.2014.06.1201


Biochemical Pharmacology 192 (2021) 114703

15

attenuates EAE, Brain Behav. Immun. 87 (2020) 286–300, https://doi.org/ 
10.1016/j.bbi.2019.12.014. 

[75] J.H. Grønlien, M. Håkerud, H. Ween, K. Thorin-Hagene, C.A. Briggs, 
M. Gopalakrishnan, J. Malysz, Distinct profiles of alpha7 nAChR positive 
allosteric modulation revealed by structurally diverse chemotypes, Mol. 
Pharmacol. 72 (3) (2007) 715–724, https://doi.org/10.1124/mol.107.035410. 

[76] T. Araud, S. Graw, R. Berger, M. Lee, E. Neveu, D. Bertrand, S. Leonard, The 
chimeric gene CHRFAM7A, a partial duplication of the CHRNA7 gene, is a 
dominant negative regulator of α7*nAChR function, Biochem. Pharmacol. 82 (8) 
(2011) 904–914, https://doi.org/10.1016/j.bcp.2011.06.018. 

[77] T. Yang, T. Xiao, Q. Sun, K. Wang, The current agonists and positive allosteric 
modulators of α7 nAChR for CNS indications in clinical trials, Acta Pharmaceutica 
Sinica B 7 (6) (2017) 611–622, https://doi.org/10.1016/j.apsb.2017.09.001. 

[78] J. Pompe, M. Kox, C. Hoedemaekers, P. Pickkers, A. Van Vugt, J.V.d. Hoeven, 
Effect of the a7nAChR agonist GTS-21 on inflammation during human 
endotoxemia, Critical Care 13(Suppl 1) (2009) P359-P359. 10.1186/cc7523. 

[79] A. Courties, C. Deprouw, E. Maheu, E. Gibert, J.E. Gottenberg, J. Champey, 
A. Rousseau, F. Berenbaum, J. Sellam, Transcutaneous auricular stimulation of 
the vagus nerve for erosive hand osteoarthritis an open label pilot study, 
Osteoarthritis and Cartilage 28 (2020) S360, https://doi.org/10.1016/j. 
joca.2020.02.562. 

[80] R. Lape, D. Colquhoun, L.G. Sivilotti, On the nature of partial agonism in the 
nicotinic receptor superfamily, Nature 454 (7205) (2008) 722–727, https://doi. 
org/10.1038/nature07139. 

[81] L.M. Gault, R.A. Lenz, C.W. Ritchie, A. Meier, A.A. Othman, Q. Tang, S. Berry, 
Y. Pritchett, W.Z. Robieson, ABT-126 monotherapy in mild-to-moderate 
Alzheimer’s dementia: randomized double-blind, placebo and active controlled 
adaptive trial and open-label extension, Alzheimer’s Research & Therapy 8 (1) 
(2016) 44, https://doi.org/10.1186/s13195-016-0210-1. 

[82] H. Florian, A. Meier, S. Gauthier, S. Lipschitz, Y. Lin, Q. Tang, A.A. Othman, W. 
Z. Robieson, L.M. Gault, Efficacy and safety of ABT-126 in subjects with mild-to- 
moderate Alzheimer’s disease on stable doses of acetylcholinesterase inhibitors: a 
randomized, Double-Blind, Placebo-Controlled Study, J Alzheimers Dis 51 (4) 
(2016) 1237–1247, https://doi.org/10.3233/jad-150978. 

[83] C. Trenkwalder, D. Berg, O. Rascol, K. Eggert, A. Ceballos-Baumann, J.C. Corvol, 
A. Storch, L. Zhang, J.P. Azulay, E. Broussolle, L. Defebvre, C. Geny, 
M. Gostkowski, F. Stocchi, C. Tranchant, P. Derkinderen, F. Durif, A.J. Espay, 
A. Feigin, J.L. Houeto, J. Schwarz, T. Di Paolo, D. Feuerbach, H.U. Hockey, 
J. Jaeger, A. Jakab, D. Johns, G. Linazasoro, P. Maruff, I. Rozenberg, J. Sovago, 
M. Weiss, B. Gomez-Mancilla, A placebo-controlled trial of AQW051 in patients 
with moderate to severe levodopa-induced dyskinesia, Mov. Disord. 31 (7) (2016) 
1049–1054, https://doi.org/10.1002/mds.26569. 

[84] R.M. Schuster, G.N. Pachas, L. Stoeckel, C. Cather, M. Nadal, D. Mischoulon, D. 
A. Schoenfeld, H. Zhang, C. Ulysse, E.B. Dodds, S. Sobolewski, V. Hudziak, 
A. Hanly, M. Fava, A.E. Evins, Phase IIb trial of an α7 nicotinic receptor partial 
agonist with and without nicotine patch for withdrawal-associated cognitive 
deficits and tobacco abstinence, J. Clin. Psychopharmacol. 38 (4) (2018) 
307–316, https://doi.org/10.1097/JCP.0000000000000919. 

[85] D. Feuerbach, N. Pezous, M. Weiss, K. Shakeri-Nejad, K. Lingenhoehl, D. Hoyer, 
K. Hurth, G. Bilbe, C.R. Pryce, K. McAllister, F. Chaperon, K. Kucher, D. Johns, T. 
Blaettler, C. Lopez Lopez, AQW051, a novel, potent and selective α7 nicotinic 
ACh receptor partial agonist: pharmacological characterization and phase I 
evaluation, Br J Pharmacol 172(5) (2015) 1292-304. 10.1111/bph.13001. 

[86] D.A. Gurley, T.H. Lanthorn, Nicotinic agonists competitively antagonize 
serotonin at mouse 5-HT3 receptors expressed in Xenopus oocytes, Neurosci. Lett. 
247 (2–3) (1998) 107–110, https://doi.org/10.1016/s0304-3940(98)00306-1. 

[87] J.E. Macor, D. Gurley, T. Lanthorn, J. Loch, R.A. Mack, G. Mullen, O. Tran, 
N. Wright, J.C. Gordon, The 5-HT3 antagonist tropisetron (ICS 205–930) is a 
potent and selective alpha7 nicotinic receptor partial agonist, Bioorg. Med. Chem. 
Lett. 11 (3) (2001) 319–321, https://doi.org/10.1016/s0960-894x(00)00670-3. 

[88] A.H. Rezvani, E. Kholdebarin, F.H. Brucato, P.M. Callahan, D.A. Lowe, E.D. Levin, 
Effect of R3487/MEM3454, a novel nicotinic alpha7 receptor partial agonist and 
5-HT3 antagonist on sustained attention in rats, Prog. Neuro-Psychopharmacol. 
Biol. Psychiatry 33 (2) (2009) 269–275, https://doi.org/10.1016/j. 
pnpbp.2008.11.018. 

[89] M. Huang, A.R. Felix, D.G. Flood, C. Bhuvaneswaran, D. Hilt, G. Koenig, H. 
Y. Meltzer, The novel α7 nicotinic acetylcholine receptor agonist EVP-6124 
enhances dopamine, acetylcholine, and glutamate efflux in rat cortex and nucleus 
accumbens, Psychopharmacology 231 (23) (2014) 4541–4551, https://doi.org/ 
10.1007/s00213-014-3596-0. 

[90] P.M. Callahan, A.V. Terry Jr., A. Tehim, Effects of the nicotinic α7 receptor partial 
agonist GTS-21 on NMDA-glutamatergic receptor related deficits in sensorimotor 
gating and recognition memory in rats, Psychopharmacology 231 (18) (2014) 
3695–3706, https://doi.org/10.1007/s00213-014-3509-2. 

[91] O. Dowling, B. Rochelson, K. Way, Y. Al-Abed, C.N. Metz, Nicotine inhibits 
cytokine production by placenta cells via NFkappaB: potential role in pregnancy- 
induced hypertension, Mol. Med. 13 (11–12) (2007) 576–583, https://doi.org/ 
10.2119/2007-00067.Dowling. 

[92] J.Y. Kwon, Y.H. Kim, S.H. Kim, M.H. Kang, Y.S. Maeng, K.Y. Lee, Y.W. Park, 
Difference in the expression of alpha 7 nicotinic receptors in the placenta in 
normal versus severe preeclampsia pregnancies, Eur. J. Obstet. Gynecol. Reprod. 
Biol. 132 (1) (2007) 35–39, https://doi.org/10.1016/j.ejogrb.2006.05.034. 

[93] M. Zhang, X. Han, J. Bao, J. Yang, S.Q. Shi, R.E. Garfield, H. Liu, Choline 
supplementation during pregnancy protects against gestational 
lipopolysaccharide-induced inflammatory responses, Reprod Sci 25 (1) (2018) 
74–85, https://doi.org/10.1177/1933719117702247. 

[94] J. Bao, Y. Liu, J. Yang, Q. Gao, S.Q. Shi, R.E. Garfield, H. Liu, Nicotine inhibits 
LPS-induced cytokine production and leukocyte infiltration in rat placenta, 
Placenta 39 (2016) 77–83, https://doi.org/10.1016/j.placenta.2016.01.015. 

[95] K. Utsugisawa, Y. Nagane, D. Obara, H. Tohgi, Increased expression of alpha7 
nAChR after transient hypoxia in PC12 cells, NeuroReport 11 (10) (2000) 
2209–2212, https://doi.org/10.1097/00001756-200007140-00029. 

[96] Y. Liu, J. Yang, J. Bao, X. Li, A. Ye, G. Zhang, H. Liu, Activation of the cholinergic 
anti-inflammatory pathway by nicotine ameliorates lipopolysaccharide-induced 
preeclampsia-like symptoms in pregnant rats, Placenta 49 (2017) 23–32, https:// 
doi.org/10.1016/j.placenta.2016.11.003. 

[97] C. Vogel, E.M. Marcotte, Insights into the regulation of protein abundance from 
proteomic and transcriptomic analyses, Nat. Rev. Genet. 13 (4) (2012) 227–232, 
https://doi.org/10.1038/nrg3185. 

[98] E. Yang, E. van Nimwegen, M. Zavolan, N. Rajewsky, M. Schroeder, M. Magnasco, 
J.E. Darnell Jr., Decay rates of human mRNAs: correlation with functional 
characteristics and sequence attributes, Genome Res. 13 (8) (2003) 1863–1872, 
https://doi.org/10.1101/gr.1272403. 

[99] Z. Khan, M.J. Ford, D.A. Cusanovich, A. Mitrano, J.K. Pritchard, Y. Gilad, Primate 
transcript and protein expression levels evolve under compensatory selection 
pressures, Science 342 (6162) (2013) 1100–1104, https://doi.org/10.1126/ 
science.1242379. 

[100] L.J. Harbom, W.D. Chronister, M.J. McConnell, Single neuron transcriptome 
analysis can reveal more than cell type classification: does it matter if every 
neuron is unique? BioEssays 38 (2) (2016) 157–161, https://doi.org/10.1002/ 
bies.201500097. 

[101] M.M. Yeboah, X. Xue, B. Duan, M. Ochani, K.J. Tracey, M. Susin, C.N. Metz, 
Cholinergic agonists attenuate renal ischemia-reperfusion injury in rats, Kidney 
Int. 74 (1) (2008) 62–69, https://doi.org/10.1038/ki.2008.94. 

[102] K.C. Brown, H.E. Perry, J.K. Lau, D.V. Jones, J.F. Pulliam, B.A. Thornhill, C. 
M. Crabtree, H. Luo, Y.C. Chen, P. Dasgupta, Nicotine induces the up-regulation 
of the α7-nicotinic receptor (α7-nAChR) in human squamous cell lung cancer cells 
via the Sp1/GATA protein pathway, J. Biol. Chem. 288 (46) (2013) 
33049–33059, https://doi.org/10.1074/jbc.M113.501601. 

[103] H. Xu, Q. Shi, Y. Mo, L. Wu, J. Gu, Y. Xu, Downregulation of α7 nicotinic 
acetylcholine receptors in peripheral blood monocytes is associated with 
enhanced inflammation in preeclampsia, BMC Pregnancy Childbirth 19 (1) 
(2019) 188, https://doi.org/10.1186/s12884-019-2340-5. 

[104] D.J. Li, R.G. Evans, Z.W. Yang, S.W. Song, P. Wang, X.J. Ma, C. Liu, T. Xi, D.F. Su, 
F.M. Shen, Dysfunction of the cholinergic anti-inflammatory pathway mediates 
organ damage in hypertension, Hypertension 57 (2) (2011) 298–307, https://doi. 
org/10.1161/hypertensionaha.110.160077. 

[105] R. Machaalani, E. Ghazavi, T. Hinton, A. Makris, A. Hennessy, 
Immunohistochemical expression of the nicotinic acetylcholine receptor (nAChR) 
subunits in the human placenta, and effects of cigarette smoking and 
preeclampsia, Placenta 71 (2018) 16–23, https://doi.org/10.1016/j. 
placenta.2018.09.008. 

[106] T. Han, Q. Wang, R. Lai, D. Zhang, Y. Diao, Y. Yin, Nicotine induced 
neurocognitive protection and anti-inflammation effect by activating α4β2 
nAChRs in ischemic rats, Nicotine Tob. Res. (2019), https://doi.org/10.1093/ntr/ 
ntz126. 

[107] E.P. van der Zanden, S.A. Snoek, S.E. Heinsbroek, O.I. Stanisor, C. Verseijden, G. 
E. Boeckxstaens, M.P. Peppelenbosch, D.R. Greaves, S. Gordon, W.J. De Jonge, 
Vagus nerve activity augments intestinal macrophage phagocytosis via nicotinic 
acetylcholine receptor alpha4beta2, Gastroenterology 137(3) (2009) 1029-39, 
1039.e1-4. 10.1053/j.gastro.2009.04.057. 

[108] D. Souvannakitti, B. Kuri, G. Yuan, A. Pawar, G.K. Kumar, C. Smith, A.P. Fox, N. 
R. Prabhakar, Neonatal intermittent hypoxia impairs neuronal nicotinic receptor 
expression and function in adrenal chromaffin cells, Am. J. Physiol. Cell Physiol. 
299 (2) (2010) C381–C388, https://doi.org/10.1152/ajpcell.00530.2009. 

[109] A. Chatonnet, O. Lockridge, Comparison of butyrylcholinesterase and 
acetylcholinesterase, Biochem. J. 260 (3) (1989) 625–634, https://doi.org/ 
10.1042/bj2600625. 

[110] T. Hahn, G. Desoye, I. Lang, G. Skofitsch, Location and activities of 
acetylcholinesterase and butyrylcholinesterase in the rat and human placenta, 
Anat Embryol (Berl) 188 (5) (1993) 435–440, https://doi.org/10.1007/ 
bf00190137. 

[111] S.K. Tayebati, M. Giannella, S.R. Indraccolo, M. Pigini, M. Sabbatini, D. Zaccheo, 
F. Amenta, Muscarinic cholinergic receptors and acetylcholinesterase activity in 
umbilical artery and vein in pregnancy-induced hypertension (pre-eclampsia), 
Clin. Exp. Hypertens. 19 (8) (1997) 1205–1217, https://doi.org/10.3109/ 
10641969709083213. 

[112] Z. Kurdoglu, H. Ozkol, M. Kurdoglu, M. Kamaci, Evaluation of the relationship 
between adenosine deaminase, myeloperoxidase, cholinesterase, preeclampsia 
severity, and neonatal outcomes, Clin. Exp. Hypertens. 34 (7) (2012) 493–497, 
https://doi.org/10.3109/10641963.2012.666605. 

[113] S. Kharb, S. Nanda, Patterns of biomarkers in cord blood during pregnancy and 
preeclampsia, Curr Hypertens Rev 13 (1) (2017) 57–64, https://doi.org/10.2174/ 
1573402113666170126101914. 

[114] F. Mahmoud, D. Haines, H. Abul, A. Omu, Butyrylcholinesterase activity and 
pregnancy-associated differences in immunologically relevant peripheral blood 
leukocyte populations, Am. J. Reprod. Immunol. 50 (1) (2003) 77–82, https:// 
doi.org/10.1034/j.1600-0897.2003.00043.x. 

[115] Z. Rahimi, R. Ahmadi, A. Vaisi-Raygani, Z. Rahimi, F. Bahrehmand, A. Parsian, 
Butyrylcholinesterase (BChE) activity is associated with the risk of preeclampsia: 
influence on lipid and lipoprotein metabolism and oxidative stress, J Matern Fetal 

A.M. Wedn et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.bbi.2019.12.014
https://doi.org/10.1016/j.bbi.2019.12.014
https://doi.org/10.1124/mol.107.035410
https://doi.org/10.1016/j.bcp.2011.06.018
https://doi.org/10.1016/j.apsb.2017.09.001
https://doi.org/10.1016/j.joca.2020.02.562
https://doi.org/10.1016/j.joca.2020.02.562
https://doi.org/10.1038/nature07139
https://doi.org/10.1038/nature07139
https://doi.org/10.1186/s13195-016-0210-1
https://doi.org/10.3233/jad-150978
https://doi.org/10.1002/mds.26569
https://doi.org/10.1097/JCP.0000000000000919
https://doi.org/10.1016/s0304-3940(98)00306-1
https://doi.org/10.1016/s0960-894x(00)00670-3
https://doi.org/10.1016/j.pnpbp.2008.11.018
https://doi.org/10.1016/j.pnpbp.2008.11.018
https://doi.org/10.1007/s00213-014-3596-0
https://doi.org/10.1007/s00213-014-3596-0
https://doi.org/10.1007/s00213-014-3509-2
https://doi.org/10.2119/2007-00067.Dowling
https://doi.org/10.2119/2007-00067.Dowling
https://doi.org/10.1016/j.ejogrb.2006.05.034
https://doi.org/10.1177/1933719117702247
https://doi.org/10.1016/j.placenta.2016.01.015
https://doi.org/10.1097/00001756-200007140-00029
https://doi.org/10.1016/j.placenta.2016.11.003
https://doi.org/10.1016/j.placenta.2016.11.003
https://doi.org/10.1038/nrg3185
https://doi.org/10.1101/gr.1272403
https://doi.org/10.1126/science.1242379
https://doi.org/10.1126/science.1242379
https://doi.org/10.1002/bies.201500097
https://doi.org/10.1002/bies.201500097
https://doi.org/10.1038/ki.2008.94
https://doi.org/10.1074/jbc.M113.501601
https://doi.org/10.1186/s12884-019-2340-5
https://doi.org/10.1161/hypertensionaha.110.160077
https://doi.org/10.1161/hypertensionaha.110.160077
https://doi.org/10.1016/j.placenta.2018.09.008
https://doi.org/10.1016/j.placenta.2018.09.008
https://doi.org/10.1093/ntr/ntz126
https://doi.org/10.1093/ntr/ntz126
https://doi.org/10.1152/ajpcell.00530.2009
https://doi.org/10.1042/bj2600625
https://doi.org/10.1042/bj2600625
https://doi.org/10.1007/bf00190137
https://doi.org/10.1007/bf00190137
https://doi.org/10.3109/10641969709083213
https://doi.org/10.3109/10641969709083213
https://doi.org/10.3109/10641963.2012.666605
https://doi.org/10.2174/1573402113666170126101914
https://doi.org/10.2174/1573402113666170126101914
https://doi.org/10.1034/j.1600-0897.2003.00043.x
https://doi.org/10.1034/j.1600-0897.2003.00043.x


Biochemical Pharmacology 192 (2021) 114703

16

Neonatal Med 26 (16) (2013) 1590–1594, https://doi.org/10.3109/ 
14767058.2013.795534. 

[116] J.R. Kambam, S. Mouton, S. Entman, B.V. Sastry, B.E. Smith, Effect of pre- 
eclampsia on plasma cholinesterase activity, Can. J. Anaesth. 34 (5) (1987) 
509–511, https://doi.org/10.1007/bf03014359. 

[117] J. Wu, T. Jin, H. Wang, S.T. Li, Sepsis strengthens antagonistic actions of 
neostigmine on rocuronium in a rat model of cecal ligation and puncture, Chin 
Med J (Engl) 129 (12) (2016) 1477–1482, https://doi.org/10.4103/0366- 
6999.183420. 

[118] G.S. Samuel, Y.S. Ng, A case report on the use of an acetylcholinesterase inhibitor 
(donepezil) in traumatic brain injury, Med. J. Malaysia 68 (4) (2013) 376–378. 

[119] O.O. Ogunkeye, A.I. Roluga, Serum cholinesterase activity helps to distinguish 
between liver disease and non-liver disease aberration in liver function tests, 
Pathophysiology 13 (2) (2006) 91–93, https://doi.org/10.1016/j. 
pathophys.2006.01.002. 

[120] X. Jiang, H.Y. Bar, J. Yan, S. Jones, P.M. Brannon, A.A. West, C.A. Perry, A. Ganti, 
E. Pressman, S. Devapatla, F. Vermeylen, M.T. Wells, M.A. Caudill, A higher 
maternal choline intake among third-trimester pregnant women lowers placental 
and circulating concentrations of the antiangiogenic factor fms-like tyrosine 
kinase-1 (sFLT1), FASEB J. 27 (3) (2013) 1245–1253, https://doi.org/10.1096/ 
fj.12-221648. 

[121] R. Kumar, A. Kumar, A. Nordberg, B. Långström, T. Darreh-Shori, Proton pump 
inhibitors act with unprecedented potencies as inhibitors of the acetylcholine 
biosynthesizing enzyme-a plausible missing link for their association with 
incidence of dementia, Alzheimers Dement 16 (7) (2020) 1031–1042, https://doi. 
org/10.1002/alz.12113. 

[122] N.A. Bello, Y. Huang, S.K. Syeda, J.D. Wright, M.E. D’Alton, A.M. Friedman, 
Receipt of proton-pump inhibitors during pregnancy and risk for preeclampsia, 
Am. J. Perinatol. (2020), https://doi.org/10.1055/s-0040-1713864. 

[123] R. Hastie, L. Bergman, C.A. Cluver, A. Wikman, N.J. Hannan, S.P. Walker, A. 
K. Wikström, S. Tong, S. Hesselman, Proton Pump inhibitors and preeclampsia 
risk among 157 720 Women, Hypertension 73 (5) (2019) 1097–1103, https://doi. 
org/10.1161/hypertensionaha.118.12547. 

[124] S. Mequid, I. Ramzan, Serum cholinesterase inhibition by omeprazole and 
lansoprazole, Pharmazie 59 (9) (2004) 733. 

[125] K. Onda, S. Tong, S. Beard, N. Binder, M. Muto, S.N. Senadheera, L. Parry, 
M. Dilworth, L. Renshall, F. Brownfoot, R. Hastie, L. Tuohey, K. Palmer, 
T. Hirano, M. Ikawa, T. Kaitu’u-Lino, N.J. Hannan, Proton pump inhibitors 
decrease soluble fms-like tyrosine kinase-1 and soluble endoglin secretion 
decrease hypertension, and rescue endothelial dysfunction, Hypertension 69 (3) 
(2017) 457–468, https://doi.org/10.1161/hypertensionaha.116.08408. 

[126] T.R. Bernik, S.G. Friedman, M. Ochani, R. DiRaimo, L. Ulloa, H. Yang, S. Sudan, C. 
J. Czura, S.M. Ivanova, K.J. Tracey, Pharmacological stimulation of the 
cholinergic antiinflammatory pathway, J. Exp. Med. 195 (6) (2002) 781–788, 
https://doi.org/10.1084/jem.20011714. 

[127] T. Hosoi, Y. Okuma, T. Matsuda, Y. Nomura, Novel pathway for LPS-induced 
afferent vagus nerve activation: possible role of nodose ganglion, Auton Neurosci 
120 (1–2) (2005) 104–107, https://doi.org/10.1016/j.autneu.2004.11.012. 

[128] S. Tanaka, B. Hammond, D.L. Rosin, M.D. Okusa, Neuroimmunomodulation of 
tissue injury and disease: an expanding view of the inflammatory reflex pathway, 
Bioelectronic medicine 5 (2019) 13-13. 10.1186/s42234-019-0029-8. 

[129] X.X. Lu, Z.Q. Hong, Z. Tan, M.H. Sui, Z.Q. Zhuang, H.H. Liu, X.Y. Zheng, T.B. Yan, 
D.F. Geng, D.M. Jin, Nicotinic Acetylcholine Receptor Alpha7 Subunit Mediates 
Vagus Nerve Stimulation-Induced Neuroprotection in Acute Permanent Cerebral 
Ischemia by a7nAchR/JAK2 Pathway, Med Sci Monit 23 (2017) 6072-6081. 
10.12659/msm.907628. 

[130] B. Lu, K. Kwan, Y.A. Levine, P.S. Olofsson, H. Yang, J. Li, S. Joshi, H. Wang, 
U. Andersson, S.S. Chavan, K.J. Tracey, α7 nicotinic acetylcholine receptor 
signaling inhibits inflammasome activation by preventing mitochondrial DNA 
release, Mol. Med. 20 (1) (2014) 350–358, https://doi.org/10.2119/ 
molmed.2013.00117. 

[131] V.S. Affleck, J.H. Coote, S. Pyner, The projection and synaptic organisation of NTS 
afferent connections with presympathetic neurons GABA and nNOS neurons in 
the paraventricular nucleus of the hypothalamus, Neuroscience 219 (1–2) (2012) 
48–61, https://doi.org/10.1016/j.neuroscience.2012.05.070. 

[132] V.A. Pavlov, H. Wang, C.J. Czura, S.G. Friedman, K.J. Tracey, The cholinergic 
anti-inflammatory pathway: a missing link in neuroimmunomodulation, Mol. 
Med. 9 (5) (2003) 125–134, https://doi.org/10.1007/BF03402177. 

[133] J. Wei, C.-X. Liu, T.-T. Gong, Q.-J. Wu, L. Wu, Cigarette smoking during 
pregnancy and preeclampsia risk: a systematic review and meta-analysis of 
prospective studies, Oncotarget 6(41) (2015) 43667-43678. 10.18632/ 
oncotarget.6190. 

[134] J. McGrath, J.W. McDonald, J.K. Macdonald, Transdermal nicotine for induction 
of remission in ulcerative colitis, Cochrane Database Syst Rev (4) (2004) 
Cd004722. 10.1002/14651858.CD004722.pub2. 

[135] K. Wisborg, T.B. Henriksen, L.B. Jespersen, N.J. Secher, Nicotine patches for 
pregnant smokers: a randomized controlled study, Obstet. Gynecol. 96 (6) (2000) 
967–971, https://doi.org/10.1016/s0029-7844(00)01071-1. 

[136] C. Oncken, E. Dornelas, J. Greene, H. Sankey, A. Glasmann, R. Feinn, H. 
R. Kranzler, Nicotine gum for pregnant smokers: a randomized controlled trial, 
Obstet. Gynecol. 112 (4) (2008) 859–867, https://doi.org/10.1097/ 
AOG.0b013e318187e1ec. 

[137] K. Strandberg-Larsen, M. Tinggaard, A.M. Nybo Andersen, J. Olsen, M. Grønbaek, 
Use of nicotine replacement therapy during pregnancy and stillbirth: a cohort 
study, Bjog 115(11) (2008) 1405-10. 10.1111/j.1471-0528.2008.01867.x. 

[138] X. Li, X. Han, J. Bao, Y. Liu, A. Ye, M. Thakur, H. Liu, Nicotine increases 
eclampsia-like seizure threshold and attenuates microglial activity in rat 
hippocampus through the α7 nicotinic acetylcholine receptor, Brain Res. 1642 
(2016) 487–496, https://doi.org/10.1016/j.brainres.2016.04.043. 

[139] C.F. Laule, C.R. Wing, E.J. Odean, J.A. Wilcox, J.S. Gilbert, J.F. Regal, Effect of 
nicotine on placental ischemia-induced complement activation and hypertension 
in the rat, J Immunotoxicol 14 (1) (2017) 235–240, https://doi.org/10.1080/ 
1547691x.2017.1394934. 

[140] J. Yang, S.Q. Shi, L. Shi, D. Fang, H. Liu, R.E. Garfield, Nicotine, an α7 nAChR 
agonist, reduces lipopolysaccharide-induced inflammatory responses and protects 
fetuses in pregnant rats, Am J Obstet Gynecol 211(5) (2014) 538.e1-7. 10.1016/j. 
ajog.2014.04.026. 

[141] W.H. Cooke, A. Pokhrel, C. Dowling, D.L. Fogt, C.A. Rickards, Acute inhalation of 
vaporized nicotine increases arterial pressure in young non-smokers: a pilot 
study, Clin. Auton. Res. 25 (4) (2015) 267–270, https://doi.org/10.1007/s10286- 
015-0304-z. 

[142] S. Yagi, M. Tanida, J. Satomi, Possible role of afferent autonomic signals in 
abdominal organs in anorexic and cardiovascular responses to nicotine injection 
in rats, NeuroReport 26 (8) (2015) 445–449, https://doi.org/10.1097/ 
wnr.0000000000000361. 

[143] M. Haass, W. Kübler, Nicotine and sympathetic neurotransmission, Cardiovasc. 
Drugs Ther. 10 (6) (1997) 657–665, https://doi.org/10.1007/BF00053022. 

[144] S.C. Harwani, J. Ratcliff, F.S. Sutterwala, Z.K. Ballas, D.K. Meyerholz, M. 
W. Chapleau, F.M. Abboud, Nicotine mediates CD161a+ renal macrophage 
infiltration and premature hypertension in the spontaneously hypertensive rat, 
Circ. Res. 119 (10) (2016) 1101–1115, https://doi.org/10.1161/ 
circresaha.116.309402. 

[145] T.A. Slotkin, Fetal nicotine or cocaine exposure: which one is worse? 
J. Pharmacol. Exp. Ther. 285 (3) (1998) 931–945. 

[146] M. Ernst, E.T. Moolchan, M.L. Robinson, Behavioral and neural consequences of 
prenatal exposure to nicotine, J. Am. Acad. Child Adolesc. Psychiatry 40 (6) 
(2001) 630–641, https://doi.org/10.1097/00004583-200106000-00007. 

[147] B.V. Sastry, Placental toxicology: tobacco smoke, abused drugs, multiple chemical 
interactions, and placental function, Reprod. Fertil. Dev. 3 (4) (1991) 355–372, 
https://doi.org/10.1071/rd9910355. 

[148] B.V. Rama Sastry, M.E. Hemontolor, M. Olenick, Prostaglandin E2 in human 
placenta: its vascular effects and activation of prostaglandin E2 formation by 
nicotine and cotinine, Pharmacology 58(2) (1999) 70–86, https://doi.org/ 
10.1159/000028270. 

[149] D.B. Hudson, P.S. Timiras, Nicotine injection during gestation: impairment of 
reproduction, fetal viability, and development, Biol. Reprod. 7 (2) (1972) 
247–253, https://doi.org/10.1093/biolreprod/7.2.247. 

[150] R.F. Becker, C.R. Little, J.E. King, Experimental studies on nicotine absorption in 
rats during pregnancy. 3. Effect of subcutaneous injection of small chronic doses 
upon mother, fetus, and neonate, Am J Obstet Gynecol 100(7) (1968) 957-68. 
10.1016/s0002-9378(15)33756-x. 

[151] M.E. Youssef, M.M. El-Mas, H.M. Abdelrazek, M.F. El-Azab, α7-nAChRs-mediated 
therapeutic angiogenesis accounts for the advantageous effect of low nicotine 
doses against myocardial infarction in rats, Eur. J. Pharmacol. 898 (2021), 
173996, https://doi.org/10.1016/j.ejphar.2021.173996. 

[152] W.J. de Jonge, L. Ulloa, The alpha7 nicotinic acetylcholine receptor as a 
pharmacological target for inflammation, Br. J. Pharmacol. 151 (7) (2007) 
915–929, https://doi.org/10.1038/sj.bjp.0707264. 

[153] R.L. Papke, M. Bencherif, P. Lippiello, An evaluation of neuronal nicotinic 
acetylcholine receptor activation by quaternary nitrogen compounds indicates 
that choline is selective for the alpha 7 subtype, Neurosci. Lett. 213 (3) (1996) 
201–204, https://doi.org/10.1016/0304-3940(96)12889-5. 

[154] M. Alkondon, E.F. Pereira, W.S. Cortes, A. Maelicke, E.X. Albuquerque, Choline is 
a selective agonist of alpha7 nicotinic acetylcholine receptors in the rat brain 
neurons, Eur. J. Neurosci. 9 (12) (1997) 2734–2742, https://doi.org/10.1111/ 
j.1460-9568.1997.tb01702.x. 

[155] M.G. Mehedint, C.N. Craciunescu, S.H. Zeisel, Maternal dietary choline deficiency 
alters angiogenesis in fetal mouse hippocampus, Proc Natl Acad Sci U S A 107 
(29) (2010) 12834–12839, https://doi.org/10.1073/pnas.0914328107. 

[156] B.M. Conti-Fine, D. Navaneetham, S. Lei, A.D. Maus, Neuronal nicotinic receptors 
in non-neuronal cells: new mediators of tobacco toxicity? Eur. J. Pharmacol. 393 
(1–3) (2000) 279–294, https://doi.org/10.1016/s0014-2999(00)00036-4. 

[157] A. De Jaco, L. Bernardini, J. Rosati, A.M. Tata, Alpha-7 nicotinic receptors in 
nervous system disorders: from function to therapeutic perspectives, Cent. Nerv. 
Syst. Agents Med. Chem. 17 (2) (2017) 100–108, https://doi.org/10.2174/ 
1871524916666160729111446. 

[158] A.I. Chernyavsky, J. Arredondo, M. Skok, S.A. Grando, Auto/paracrine control of 
inflammatory cytokines by acetylcholine in macrophage-like U937 cells through 
nicotinic receptors, Int. Immunopharmacol. 10 (3) (2010) 308–315, https://doi. 
org/10.1016/j.intimp.2009.12.001. 

[159] X. Su, M.A. Matthay, A.B. Malik, Requisite role of the cholinergic alpha7 nicotinic 
acetylcholine receptor pathway in suppressing gram-negative sepsis-induced 
acute lung inflammatory injury, J. Immunol. 184 (1) (2010) 401–410, https:// 
doi.org/10.4049/jimmunol.0901808. 

[160] A. Kiss, Y. Tratsiakovich, A. Mahdi, J. Yang, A.T. Gonon, B.K. Podesser, J. Pernow, 
Vagal nerve stimulation reduces infarct size via a mechanism involving the alpha- 
7 nicotinic acetylcholine receptor and downregulation of cardiac and vascular 
arginase, Acta Physiol (Oxf) 221 (3) (2017) 174–181, https://doi.org/10.1111/ 
apha.12861. 

A.M. Wedn et al.                                                                                                                                                                                                                                

https://doi.org/10.3109/14767058.2013.795534
https://doi.org/10.3109/14767058.2013.795534
https://doi.org/10.1007/bf03014359
https://doi.org/10.4103/0366-6999.183420
https://doi.org/10.4103/0366-6999.183420
http://refhub.elsevier.com/S0006-2952(21)00316-6/h0590
http://refhub.elsevier.com/S0006-2952(21)00316-6/h0590
https://doi.org/10.1016/j.pathophys.2006.01.002
https://doi.org/10.1016/j.pathophys.2006.01.002
https://doi.org/10.1096/fj.12-221648
https://doi.org/10.1096/fj.12-221648
https://doi.org/10.1002/alz.12113
https://doi.org/10.1002/alz.12113
https://doi.org/10.1055/s-0040-1713864
https://doi.org/10.1161/hypertensionaha.118.12547
https://doi.org/10.1161/hypertensionaha.118.12547
http://refhub.elsevier.com/S0006-2952(21)00316-6/h0620
http://refhub.elsevier.com/S0006-2952(21)00316-6/h0620
https://doi.org/10.1161/hypertensionaha.116.08408
https://doi.org/10.1084/jem.20011714
https://doi.org/10.1016/j.autneu.2004.11.012
https://doi.org/10.2119/molmed.2013.00117
https://doi.org/10.2119/molmed.2013.00117
https://doi.org/10.1016/j.neuroscience.2012.05.070
https://doi.org/10.1007/BF03402177
https://doi.org/10.1016/s0029-7844(00)01071-1
https://doi.org/10.1097/AOG.0b013e318187e1ec
https://doi.org/10.1097/AOG.0b013e318187e1ec
https://doi.org/10.1016/j.brainres.2016.04.043
https://doi.org/10.1080/1547691x.2017.1394934
https://doi.org/10.1080/1547691x.2017.1394934
https://doi.org/10.1007/s10286-015-0304-z
https://doi.org/10.1007/s10286-015-0304-z
https://doi.org/10.1097/wnr.0000000000000361
https://doi.org/10.1097/wnr.0000000000000361
https://doi.org/10.1007/BF00053022
https://doi.org/10.1161/circresaha.116.309402
https://doi.org/10.1161/circresaha.116.309402
http://refhub.elsevier.com/S0006-2952(21)00316-6/h0725
http://refhub.elsevier.com/S0006-2952(21)00316-6/h0725
https://doi.org/10.1097/00004583-200106000-00007
https://doi.org/10.1071/rd9910355
https://doi.org/10.1159/000028270
https://doi.org/10.1159/000028270
https://doi.org/10.1093/biolreprod/7.2.247
https://doi.org/10.1016/j.ejphar.2021.173996
https://doi.org/10.1038/sj.bjp.0707264
https://doi.org/10.1016/0304-3940(96)12889-5
https://doi.org/10.1111/j.1460-9568.1997.tb01702.x
https://doi.org/10.1111/j.1460-9568.1997.tb01702.x
https://doi.org/10.1073/pnas.0914328107
https://doi.org/10.1016/s0014-2999(00)00036-4
https://doi.org/10.2174/1871524916666160729111446
https://doi.org/10.2174/1871524916666160729111446
https://doi.org/10.1016/j.intimp.2009.12.001
https://doi.org/10.1016/j.intimp.2009.12.001
https://doi.org/10.4049/jimmunol.0901808
https://doi.org/10.4049/jimmunol.0901808
https://doi.org/10.1111/apha.12861
https://doi.org/10.1111/apha.12861


Biochemical Pharmacology 192 (2021) 114703

17

[161] K.S. Lips, D. Brüggmann, U. Pfeil, R. Vollerthun, S.A. Grando, W. Kummer, 
Nicotinic acetylcholine receptors in rat and human placenta, Placenta 26 (10) 
(2005) 735–746, https://doi.org/10.1016/j.placenta.2004.10.009. 

[162] T. Kobayashi, M. Sugimura, N. Tokunaga, H. Naruse, T. Nishiguchi, N. Kanayama, 
T. Terao, Anticholinergics induce eclamptic seizures, Semin. Thromb. Hemost. 28 
(6) (2002) 511–514, https://doi.org/10.1055/s-2002-36692. 

[163] J.R. Challis, C.J. Lockwood, L. Myatt, J.E. Norman, J.F. Strauss 3rd, F. Petraglia, 
Inflammation and pregnancy, Reprod Sci 16 (2) (2009) 206–215, https://doi.org/ 
10.1177/1933719108329095. 

[164] A.M. Borzychowski, I.L. Sargent, C.W. Redman, Inflammation and pre-eclampsia, 
Semin Fetal Neonatal Med 11 (5) (2006) 309–316, https://doi.org/10.1016/j. 
siny.2006.04.001. 

[165] M.M. Faas, P. de Vos, Maternal monocytes in pregnancy and preeclampsia in 
humans and in rats, J. Reprod. Immunol. 119 (2017) 91–97, https://doi.org/ 
10.1016/j.jri.2016.06.009. 

[166] M.X. Tang, Y.H. Zhang, L. Hu, J. Kwak-Kim, A.H. Liao, CD14++ CD16+ HLA-DR 
+ monocytes in peripheral blood are quantitatively correlated with the severity of 
pre-eclampsia, Am. J. Reprod. Immunol. 74 (2) (2015) 116–122, https://doi.org/ 
10.1111/aji.12389. 

[167] L. Przybyl, N. Haase, M. Golic, J. Rugor, M.E. Solano, P.C. Arck, M. Gauster, 
B. Huppertz, C. Emontzpohl, C. Stoppe, J. Bernhagen, L. Leng, R. Bucala, 
H. Schulz, A. Heuser, M.S. Weedon-Fekjær, G.M. Johnsen, D. Peetz, F.C. Luft, A. 
C. Staff, D.N. Müller, R. Dechend, F. Herse, CD74-downregulation of placental 
macrophage-trophoblastic interactions in preeclampsia, Circ. Res. 119 (1) (2016) 
55–68, https://doi.org/10.1161/CIRCRESAHA.116.308304. 

[168] N. Sharentuya, T. Tomimatsu, K. Mimura, E. Tskitishvili, Y. Kinugasa-Taniguchi, 
T. Kanagawa, T. Kimura, Nicotine suppresses interleukin-6 production from 
vascular endothelial cells: a possible therapeutic role of nicotine for preeclampsia, 
Reprod Sci 17 (6) (2010) 556–563, https://doi.org/10.1177/ 
1933719110362594. 

[169] R.W. Saeed, S. Varma, T. Peng-Nemeroff, B. Sherry, D. Balakhaneh, J. Huston, K. 
J. Tracey, Y. Al-Abed, C.N. Metz, Cholinergic stimulation blocks endothelial cell 
activation and leukocyte recruitment during inflammation, J. Exp. Med. 201 (7) 
(2005) 1113–1123, https://doi.org/10.1084/jem.20040463. 

[170] P. Takacs, K.L. Green, A. Nikaeo, S.W. Kauma, Increased vascular endothelial cell 
production of interleukin-6 in severe preeclampsia, Am. J. Obstet. Gynecol. 188 
(3) (2003) 740–744, https://doi.org/10.1067/mob.2003.134. 

[171] G.J. Burton, A.L. Fowden, The placenta: a multifaceted, transient organ, Philos. 
Trans. R. Soc. Lond. B Biol. Sci. 370 (1663) (2015) 20140066, https://doi.org/ 
10.1098/rstb.2014.0066. 

[172] D. Szukiewicz, Cytokines in placental physiology and disease, Mediators Inflamm. 
2012 (2012), 640823, https://doi.org/10.1155/2012/640823. 

[173] S.C. Basavarajappa, P. Ramakrishnan, Regulation of B-cell function by NF-kappaB 
c-Rel in health and disease, Cell. Mol. Life Sci. (2020), https://doi.org/10.1007/ 
s00018-020-03488-w. 

[174] M.A. El-Lakany, M.A. Fouda, H.M. El-Gowelli, S.M. El-Gowilly, M.M. El-Mas, 
Gonadal hormone receptors underlie the resistance of female rats to inflammatory 
and cardiovascular complications of endotoxemia, Eur. J. Pharmacol. 823 (2018) 
41–48, https://doi.org/10.1016/j.ejphar.2018.01.051. 

[175] M.A. El-Lakany, M.A. Fouda, H.M. El-Gowelli, M.M. El-Mas, Ovariectomy 
provokes inflammatory and cardiovascular effects of endotoxemia in rats: 
dissimilar benefits of hormonal supplements, Toxicol. Appl. Pharmacol. 393 
(2020), 114928, https://doi.org/10.1016/j.taap.2020.114928. 

[176] M.Y. Sallam, S.M. El-Gowilly, A.G. Abdel-Galil, M.M. El-Mas, Central GABAA 
receptors are involved in inflammatory and cardiovascular consequences of 
endotoxemia in conscious rats, Naunyn Schmiedebergs Arch Pharmacol 389 (3) 
(2016) 279–288, https://doi.org/10.1007/s00210-015-1201-7. 

[177] M.Y. Sallam, S.M. El-Gowilly, A.G. Abdel-Galil, M.M. El-Mas, Modulation by 
Central MAPKs/PI3K/sGc of the TNF-α/iNOS-dependent hypotension and 
compromised cardiac autonomic control in endotoxic rats, J. Cardiovasc. 
Pharmacol. 68 (2) (2016) 171–181, https://doi.org/10.1097/ 
fjc.0000000000000400. 

[178] M.Y. Sallam, S.M. El-Gowilly, A.A. Abdel-Galil, M.M. El-Mas, Cyclosporine 
counteracts endotoxemia-evoked reductions in blood pressure and cardiac 
autonomic dysfunction via central sGC/MAPKs signaling in rats, Eur. J. 
Pharmacol. 797 (2017) 143–152, https://doi.org/10.1016/j.ejphar.2017.01.023. 

[179] T. Lawrence, The nuclear factor NF-kappaB pathway in inflammation, Cold 
Spring Harb Perspect Biol 1(6) (2009) a001651-a001651. 10.1101/cshperspect. 
a001651. 

[180] P. Luppi, H. Tse, K.Y. Lain, N. Markovic, J.D. Piganelli, J.A. DeLoia, Preeclampsia 
activates circulating immune cells with engagement of the NF-kappaB pathway, 
Am. J. Reprod. Immunol. 56 (2) (2006) 135–144, https://doi.org/10.1111/ 
j.1600-0897.2006.00386.x. 

[181] T.J. Shah, S.W. Walsh, Activation of NF-kappaB and expression of COX-2 in 
association with neutrophil infiltration in systemic vascular tissue of women with 
preeclampsia, Am J Obstet Gynecol 196(1) (2007) 48.e1-8. 10.1016/j. 
ajog.2006.08.038. 

[182] D. Bai, L. Ueno, P.K. Vogt, Akt-mediated regulation of NFkappaB and the 
essentialness of NFkappaB for the oncogenicity of PI3K and Akt, Int. J. Cancer 125 
(12) (2009) 2863–2870, https://doi.org/10.1002/ijc.24748. 

[183] Y.H. Chen, M. Zhao, X. Chen, Y. Zhang, H. Wang, Y.Y. Huang, Z. Wang, Z. 
H. Zhang, C. Zhang, D.X. Xu, Zinc supplementation during pregnancy protects 
against lipopolysaccharide-induced fetal growth restriction and demise through 
its anti-inflammatory effect, J. Immunol. 189 (1) (2012) 454–463, https://doi. 
org/10.4049/jimmunol.1103579. 

[184] Y. Yue, R. Liu, W. Cheng, Y. Hu, J. Li, X. Pan, J. Peng, P. Zhang, GTS-21 attenuates 
lipopolysaccharide-induced inflammatory cytokine production in vitro by 
modulating the Akt and NF-κB signaling pathway through the α7 nicotinic 
acetylcholine receptor, Int. Immunopharmacol. 29 (2) (2015) 504–512, https:// 
doi.org/10.1016/j.intimp.2015.10.005. 

[185] S.M. Opal, V.A. DePalo, Anti-inflammatory cytokines, Chest 117 (4) (2000) 
1162–1172, https://doi.org/10.1378/chest.117.4.1162. 

[186] I.G. Luzina, A.D. Keegan, N.M. Heller, G.A. Rook, T. Shea-Donohue, S.P. Atamas, 
Regulation of inflammation by interleukin-4: a review of “alternatives”, 
J. Leukoc. Biol. 92 (4) (2012) 753–764, https://doi.org/10.1189/jlb.0412214. 

[187] P. Chatterjee, V.L. Chiasson, K.R. Bounds, B.M. Mitchell, Regulation of the Anti- 
Inflammatory Cytokines Interleukin-4 and Interleukin-10 during Pregnancy, 
Front Immunol 5 (2014) 253-253. 10.3389/fimmu.2014.00253. 

[188] L.T. Medeiros, J.C. Peraçoli, C.F. Bannwart-Castro, M. Romão, I.C. Weel, M.A. 
Golim, L.G. de Oliveira, C.S. Kurokawa, V.T. Medeiros Borges, M.T. Peraçoli, 
Monocytes from pregnant women with pre-eclampsia are polarized to a M1 
phenotype, Am J Reprod Immunol 72(1) (2014) 5-13. 10.1111/aji.12222. 

[189] R.B. Sim, S.A. Tsiftsoglou, Proteases of the complement system, Biochem. Soc. 
Trans. 32 (Pt 1) (2004) 21–27, https://doi.org/10.1042/bst0320021. 

[190] K.E. Lillegard, A.C. Loeks-Johnson, J.W. Opacich, J.M. Peterson, A.J. Bauer, B. 
J. Elmquist, R.R. Regal, J.S. Gilbert, J.F. Regal, Differential effects of complement 
activation products c3a and c5a on cardiovascular function in hypertensive 
pregnant rats, J. Pharmacol. Exp. Ther. 351 (2) (2014) 344–351, https://doi.org/ 
10.1124/jpet.114.218123. 

[191] H.T. Yuan, D. Haig, S. Ananth Karumanchi, Angiogenic factors in the 
pathogenesis of preeclampsia, Curr. Top. Dev. Biol. 71 (2005) 297–312, https:// 
doi.org/10.1016/s0070-2153(05)71009-7. 

[192] R.J. Levine, C. Lam, C. Qian, K.F. Yu, S.E. Maynard, B.P. Sachs, B.M. Sibai, F. 
H. Epstein, R. Romero, R. Thadhani, S.A. Karumanchi, Soluble endoglin and other 
circulating antiangiogenic factors in preeclampsia, N. Engl. J. Med. 355 (10) 
(2006) 992–1005, https://doi.org/10.1056/NEJMoa055352. 

[193] R.L. Kendall, G. Wang, K.A. Thomas, Identification of a natural soluble form of the 
vascular endothelial growth factor receptor, FLT-1, and its heterodimerization 
with KDR, Biochem. Biophys. Res. Commun. 226 (2) (1996) 324–328, https:// 
doi.org/10.1006/bbrc.1996.1355. 

[194] Y. Bdolah, V.P. Sukhatme, S.A. Karumanchi, Angiogenic imbalance in the 
pathophysiology of preeclampsia: newer insights, Semin. Nephrol. 24 (6) (2004) 
548–556, https://doi.org/10.1016/j.semnephrol.2004.07.003. 

[195] F. Romani, A. Lanzone, A. Tropea, F. Tiberi, S. Catino, R. Apa, Nicotine and 
cotinine affect the release of vasoactive factors by trophoblast cells and human 
umbilical vein endothelial cells, Placenta 32 (2) (2011) 153–160, https://doi.org/ 
10.1016/j.placenta.2010.11.010. 

[196] C. Heeschen, M. Weis, A. Aicher, S. Dimmeler, J.P. Cooke, A novel angiogenic 
pathway mediated by non-neuronal nicotinic acetylcholine receptors, J Clin 
Invest 110 (4) (2002) 527–536, https://doi.org/10.1172/JCI14676. 

[197] K. Mimura, T. Tomimatsu, N. Sharentuya, E. Tskitishvili, Y. Kinugasa-Taniguchi, 
T. Kanagawa, T. Kimura, Nicotine restores endothelial dysfunction caused by 
excess sFlt1 and sEng in an in vitro model of preeclamptic vascular endothelium: 
a possible therapeutic role of nicotinic acetylcholine receptor (nAChR) agonists 
for preeclampsia, Am J Obstet Gynecol 202(5) (2010) 464.e1-6. 10.1016/j. 
ajog.2010.01.037. 

[198] H. Zhao, L. Wu, Y. Wang, J. Zhou, R. Li, J. Zhou, Z. Wang, C. Xu, Nicotine 
promotes vascular endothelial growth factor secretion by human trophoblast cells 
under hypoxic conditions and improves the proliferation and tube formation 
capacity of human umbilical endothelial cells, Reprod Biomed Online 34 (4) 
(2017) 406–413, https://doi.org/10.1016/j.rbmo.2016.12.014. 

[199] P. Vuorela, E. Hatva, A. Lymboussaki, A. Kaipainen, V. Joukov, M.G. Persico, 
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