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Preface to ”Neurotransmitter-Related Molecular

Modeling Studies”

The year 2021 is the 100th anniversary of the confirmation of the neurotransmission phenomenon

that was originally observed by Otto Loewi. For this reason, we have compiled some of what we

consider to be themost interesting research reports and reviews in this field. The aimwas to introduce

the effects of experimental research into practical and clinical applications.

Neurotransmitters are chemicals that enable communication, i.e., the flow of nerve impulses

between nerve cells or between nerve cells and muscles and glands. There are approximately

1011 nerve cells in a human brain, each of which can be connected to many other cells. In

general, excitatory and inhibitory mediators have been distinguished, both of which are endogenous

and exogenous compounds that control the function of the whole organism. Chemically,

neurotransmitters belong to many different structural groups, such as amino acids (such as glycine),

peptides (such as substance P, somatostatin), monoamines (such as noradrenaline or dopamine),

purine derivatives (such as adenosine), gases (such as nitrogen, NO, carbon monoxide CO), and

acetylcholine. From a medical point of view, disturbances in the concentration of neurotransmitters

in the body mainly result in the occurrence of mood disorders and mental diseases. Thus, a sanguine

personality type (sociable optimist) is a personality type that is mainly determined by dopamine.

Serotoninmainly determines the temperament of a choleric person (vigorous chief), and acetylcholine

implies the personality of a melancholic person (gifted analyst). On the other hand, the influence of

the γ-ammino butyric acid determines the phlegmatic personality type (patient caregiver). For this

reason, the deficit or excess of a specific neurotransmitter results in disturbances to the balanced

mood of a person. Mental disorders such as depression, schizophrenia, and Parkinson’s disease

contribute to the occurrence of dementia (including Alzheimer’s disease), among other disorders.

However, the epidemiological problems are much wider. Neural conduction disorders can lead to

many cardiovascular diseases and the development of vascular diseases of the brain as well as in

many other organs. For example, the digestive system is the second largest cluster of neurons in

our body—it has been estimated that it consists of at least 108 neuron cells. Enteric neurons are able

to produce numerous neurotransmitters such as dopamine and serotonin. The neurons of the enteric

nervous system are in regular contact with themicrobes in the gut. In all respects, this communication

system is very active. Many of the gut microbes produce the substances necessary for the proper

functioning of the developing brain.

Year by year, pharmacological interventions try to influence regulatory processes. Such

treatments improve survival, reduce the frequency of readmission, and improve patients’ quality

of life. We are deeply convinced that while 20 years ago, molecular research and its influence on

therapeutic processes were the domain of the so-called researchers who only dealt with basic research,

at present, knowledge, albeit basic, about the molecular basis of the effects of therapy allows for the

better planning and personalization of therapy, which leads to greater effectiveness and a reduction

in the number of side effects.

ix



It is with great pleasure that we present readers with a book whose subject matter is very

interesting for experienced and young researchers in the field of medical and health sciences:

pharmacology and pharmacy and in the field of natural sciences: chemistry. We believe that the

presented research results not only deserve the reader’s attention but that they can also be helpful for

further research development in the described area.

Alicja Nowaczyk and Grzegorz Grześk

Editors
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Abstract: Tiagabine is an antiepileptic drug used for the treatment of partial seizures in humans.
Recently, this drug has been found useful in several non-epileptic conditions, including anxiety,
chronic pain and sleep disorders. Since tachycardia—an impairment of cardiac rhythm due to cardiac
ion channel dysfunction—is one of the most commonly reported non-neurological adverse effects
of this drug, in the present paper we have undertaken pharmacological and numerical studies to
assess a potential cardiovascular risk associated with the use of tiagabine. A chemical interaction
of tiagabine with a model of human voltage-gated ion channels (VGICs) is described using the
molecular docking method. The obtained in silico results imply that the adverse effects reported
so far in the clinical cardiological of tiagabine could not be directly attributed to its interactions
with VGICs. This is also confirmed by the results from the isolated organ studies (i.e., calcium entry
blocking properties test) and in vivo (electrocardiogram study) assays of the present research. It was
found that tachycardia and other tiagabine-induced cardiac complications are not due to a direct
effect of this drug on ventricular depolarization and repolarization.

Keywords: tiagabine; cardiac voltage-gated ion channels; molecular modeling; ECG study

1. Introduction

Epidemiological studies have consistently shown that people with epilepsy have a
higher prevalence of structural cardiac disease than those without it [1]. The functioning
of neurons, muscles and cardiac myocytes is based on action potentials (APs) generated
by transmutational ion currents mediated mainly by sodium, calcium and potassium [2,3].
According to the guidelines of the Comprehensive in vitro Proarrhythmia Assay (CiPA),
a set of six ion channels has been selected for which currents are important for both the
repolarization and depolarization of the cardiac action potential (AP) [4]. There is some
evidence, based on the effect of clinical drugs on cardiac APs, indicating the classification
of cardiac ion channels into two classes [5–7]. The first class contains the most important
cardiac ion channels, such as KV11.1, NaV1.5 and CaV1.2. The second class comprises
KV4.3, KvLQT1/mink and Kir2.1 and is less critical for the assessment of all drugs under
CiPA [7–9].

A common feature of both neurological disorders (e.g., epilepsy and chronic pain)
and cardiac dysrhythmias is cell (neuronal cell and cardiac myocyte, respectively) hyperex-
citability [2]. Therefore, drugs affecting cell excitability threshold within the nervous tissue

Molecules 2021, 26, 3522. https://doi.org/10.3390/molecules26123522 https://www.mdpi.com/journal/molecules1
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can also interact with cardiac cell APs and vice versa [10–12]. It has to be emphasized that
this drug-induced effect might sometimes be harmful as it may lead to the occurrence of
additional alterations in neuronal or cardiac cell reactivity, thus being a cause for additional
drug-induced (iatrogenic) complications. From the safety pharmacology point of view,
it is of key importance to recognize these potential risk factors as early as possible. The
cardiac VGICs assay is an indispensable step and a high-quality assay must accompany
any investigational new drug application. The in silico studies of drug binding to KV11.1,
NaV1.5 and CaV1.2 may be valuable assays for drugs and drug candidates at present [13].

Currently, several antiepileptic drugs were reported to have cardiotoxic and metabolic
adverse effects [1,14]. Tiagabine (TGB) is an anticonvulsant drug used to treat partial
seizures in humans. Recent results of clinical trials and animal studies indicate that it
might be also effective in patients suffering from pain, insomnia or mood disorders and
these activities are attributed to its inhibitory effect on GABA uptake [15,16]. TGB is
a 96% protein-bound molecule [17]. The drug is a potent inhibitor of [3H]GABA up-
take into synaptosomal membranes (IC50 = 67 nM) or neurons (IC50 = 446 nM) and glial
cells (IC50 = 182 nM) in primary cell cultures. The in vivo tests have shown that TGB
neuronal inhibiting is 2.5-fold more potent than glial GABA uptake [18–20]. The enhance-
ment of GABA neurotransmission due to GABA transporter subtype 1 (GAT-1) inhibition
might also explain most of adverse effects of TGB, including drowsiness, confusion and
dizziness [18,21]. However, some other TGB-induced complications do not to be directly
related to its influence on GABA concentration in the brain and other tissues.

Several recent reports have demonstrated that tachycardia is observed in about 1.0%
of patients treated with TGB [18,22] but the mechanisms underlying this cardiotoxic effect
are not known. In the literature there is a limited amount of data regarding the influence of
TGB on cardiovascular functions and metabolism [23].

Since tachycardia is most frequently caused by impaired ion channel functions [24–27],
in the in silico part of the present study a detailed analysis of the interactions between
the human KV11.1, NaV1.5, CaV1.2 and TGB was performed. In order to compare the
strength of TGB’s binding to individual ion channels terfenadine (TEF) [28], batrachotoxin
(BTX) [29,30] and nifedipine (NFD) [31] were selected as compounds strongly affecting
these molecular targets.

In the course of present study, in vivo tests in rats were performed. The in vivo
assay comprised the assessment of TGB’s proarrhythmic potential and its effects on ECG
components were studied; i.e., we conducted in vivo evaluation of TGB to assess its
influence on PQ, QRS, QT and QTc intervals. Its effect on heart rate was also investigated.
The relevant changes in PQ, QRS, QT and QTc intervals were interpreted as the effect of
the test drug predominantly on Nav, Kv and Cav channels. In contrast, the changes in
heart rate were treated as a measure of the effect of the test compound, particularly, on the
Nav1.5 channel or autonomic system function. Calcium blocking properties of TGB were
tested in the isolated rat aorta contracted with depolarizing KCl solution.

2. Results

2.1. Pharmacological Part
2.1.1. The Effect on Normal Electrocardiogram

In vivo ECG study showed that TGB marked no significant effect on PQ, QRS, QT and
QTc intervals. TGB also did not influence the heart rate significantly. It decreased the heart
rhythm maximally at 30 min (by 6.9%) but this result did not reach statistical significance
(Table 1). What is most important to note is that TGB at a dose as high as 100 mg/kg i.p
did not prolong QT interval, which suggests that it did not prolong cardiac repolarization
and probably did not block IKR currents. Similar observations have also been made in
the published studies [32,33]. We also did not observe the prolongation of PQ interval
and QRS widening, which reflects the slowed conduction and disturbances in ventricular
depolarization, usually due to the INa block. This is in line with the results obtained and
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presented here from molecular docking studies, where we found that TGB did not bind to
cardiac voltage-gated ion channels Kv11.1 (hERG) and Nav1.5.

Table 1. Effects of TGB (100 mg/kg i.p.) on the heart rate and ECG intervals in anesthetized rat (thiopental 75 mg/kg i.p.).

Parameters
Time of Observation (min)

0 5 10 20 30 40 50 60

Beats/min 288.0 ± 5.4 275.6 ± 7.6 274.2 ± 7.7 269.5 ± 6.6 268.1 ± 3.0 276.7 ± 4.7 283.7 ± 7.0 289.5 ± 11.3
PQ (ms) 52.6 ± 2.0 56.2 ± 2.0 56.8 ± 2.1 56.6 ± 18 57.2 ± 1.3 55.2 ± 2.2 57.2 ± 1.2 56.8 ± 1.3

QRS (ms) 19.2 ± 0.5 18.4 ± 1.1 19.8 ± 0.9 19.4 ± 0.6 19.4 ± 0.9 19.8 ± 0.5 19.6 ± 0.4 19.0 ± 0.9
QT (ms) 61.0 ± 1.0 60.6 ± 0.4 62.6 ± 1.9 62.8 ± 1.8 60.8 ± 0.8 63.6 ± 1.8 61.2 ± 0.8 61.6 ± 0.9
QTc (ms) 113.8 ± 3.0 115.6 ± 1.5 119.9 ±5.6 121.1 ±3.8 117.4 ± 2.0 121.0 ± 3.8 115.0 ± 2.0 114.8± 3.0

The data are the means of five experiments ± S.E.M. Statistical analysis: one-way analysis of variance (ANOVA) with repeated measurements
and followed by Dunnett’s post hoc test.

2.1.2. Voltage-Dependent Calcium Channels

During the course of our study, we investigated the calcium entry blocking properties
of TGB in vasculature by employing the isolated rat aorta contracted with depolarizing
KCl solution. In this experiment, the KCl-induced contraction was caused by an increase
in extracellular potassium that leaded to membrane depolarization, which increases cal-
cium influx from extracellular sources involving voltage-dependent calcium channels [34]
(Cav1.2). The reference compounds we used were verapamil [35] and NFD [36]. TGB was
not able to relax KCl-precontracted aortic rings at the range of concentration 1–30 μM
(Figure 1). At a higher concentration, TGB was not tested as it precipitated in Krebs–
Henseleit solution. NFD, verapamil and voltage-dependent calcium channel blockers
relaxed KCl (60 mmol/L)-precontracted aortic rings in a dose-dependent manner (Figure 1)
by 95–97%, with the IC50 values of 4.7 ± 0.2 nM and 32.9 ± 7.4 nM, respectively [35,36].
On the basis of these results, we may state that TGB does not possess voltage-dependent
calcium channel blocking properties at the tested range of concentrations.

Figure 1. Inhibitory potencies of TGB and reference drugs (NFD and verapamil) on sustained contraction of aortic rings
induced by KCl (60 mM).

2.2. Molecular Docking Studies
2.2.1. Terfenadine

TEF is (RS)-1-(4-tert-butylphenyl)-4-{4-[hydroxy(diphenyl)methyl]piperidin-1-yl}-butan-
1-ol and, from a chemical point of view, belongs to piperidine derivatives (Figure 2).

3
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Figure 2. Chemical structure of the investigated compounds. Carbons at a tetrahedral stereogenic center are distinguished
by *.

The obtained results from molecular docking confirmed the strongest blocking effects
of TEF on the hKv11.1 channel. R-TEF-hKv11.1 is the most stable complex in the studied
set. Comparison of the data (such as EB and pKi, Table 2) obtained for R-TEF and S-TEF
complexes leads to the conclusion that there are significant stereoselective differences in
the potential interaction for all studied channels. Docking experimentation predicted more
effective potential interactions of all studied channels and S-TEF than its counterpart R-TEF
(Table 2). Nevertheless, all calculated h-bonds formed are weak interactions. Moreover,
obtained data suggests that R/S-TEF displays non inhibitory effects for hCav1.2. According
to data in Table 2, pKi < 3.5, while by convention pKi ≤ 4 indicates the lack of a biological
effect. Based on the CiPA studies, including the examination of the effect of 30 clinical
drugs on the 7-ion channel [7], it can be concluded that the risk level of torsade de pointes
(TdP) is correlated with the blocking effects of hKv11.1, hNav1.5 and hCav1.2. Crumb
et al. [7,37] in their research proposed a classification of drugs into three categories of
TdP entry risk (high, medium and low). According to their studies, drugs belonging
to the high and medium risk stand out with block hERG to a much greater extent than
any other tested currents. The drugs belonging to the low risk category is distinct with
the non-specific blocking of hKv11.1, hNav1.5 and hCav1.2 channels (Figure S1). These
results clearly indicate the need for testing drug candidates on the ion channel panel. In
our study it was found, on the molecular level, that the high risk of TdP is a result of
TEF’s strong blocking effects on hERG. R-TEF-hKv11.1 complex has one normal h-bond in
which the hydroxyl group of the (4-tert-butylphenyl)methanol moieties of R-TEF donates
energetically weak (−3.62 kcal/mol), short (2.12 Å) and almost linear interactions (158◦)
to Tyr652 (Figure S2). Regarding the interaction of R-TEF and S-TEF with the hNav1.5
channel, it should be noted that both enantiomers of TEF practically strongly interact with
this protein (pKi > 5, Table 2), which also indicates their arrhythmogenic effects through
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the hNav1.5. This observation is also confirmed by previously presented pharmacological
studies [38].

Table 2. The summary of hNav1.5, hCav1.2 and hKv11.1 (hERG) channel docking experiment results.

Complex EB
pKi

Amino Acid
Residues

HB Angle LHB EHB

Protein Ligand kcal/mol donor acc θ Å kcal/mol

hNav1.5

R-TGB −5.01 3.74 ASN927 #CONH2 %COO 153.33 2.17 −3.38

S-TGB −5.21 3.82 ASN927 #CONH2 %COO 171.54 2.23 −4.05

NFD −7.00 5.13 LEU409 %NOH #CONH 146.945 1.987 −0.07

R-TEF −6,83 5.01 none

S-TEF −7.45 5.46
LEU409 %OH #CONH 163.079 2.014 −1.00

GLU417 %OH #COO 129.495 2.178 −0.04

BTX −9.01 6.68 SER1458 %NH #CONH 156.904 2.179 −3.43

hCav1.2

R-TGB −5.05 3.70
THR1056 %NH #OH 168.494 1.868 −7.33

SER1132 #OH %COO 176.604 2.116 −5.54

S-TGB −4.77 3.50
THR1056 %NH #OH 150.676 2.155 −4.06

SER1132 #OH %COO 137.882 2.092 −0.01

NFD −10.71 7.85
THR1462 %NOH #CONH 124.62 1.68 −3.13

TYR1508 #PhOH %NOH 141.07 1.92 −3.84

R-TEF −4.16 3.05 THR1133 %OH #CONH 137.428 2.021 −0.35

S-TEF −4.75 3.48 ALA1174 %OH #CONH 128.006 1.901 −0.35

BTX −7.17 5.25

GLN1060 %OH #CONH2 157.582 1.691 −0.37

SER1132 #OH %OH 141.666 2.221 −3.23

MET1178 %NH-pyrrole #CONH 156.864 2.028 −4.51

hKv11.1

R-TGB −5.4 3.32 none

S-TGB −5.2 3.14
TYR652 %NH #CONH 136.087 1.97 −2.86

SER660 #OH %COO 128.896 2.145 −0.04

NFD −4.42 3.24 ASN658 #CONH2 %NO 174.448 1.849 −7.63

R-TEF −8.4 6.27 TYR652 %OH #PhOH 158.395 2.121 −3.63

S-TEF −8.4 6,56 none

BTX −6.75 4.95
PHE551 %OH #CONH 171.728 1.933 −0.28

THR623 140.298 1.933 −2.24

Abbreviations in Table. Components of the investigated complexes: protein-hNav1.5, hCav1.2 and hKv11.1 (hERG); and ligands, R/S-
TGB (R/S-tiagabine), NFD (nifedipine), R/S-TEF (R/S-terfenadine), BTX (batrachotoxin). Other abbreviations: HB—hydrogen bond.
acc—hydrogen bond acceptor. Hydrogen bond components: from the ligand % and from the protein #. EB—complex energy binding.
θ—hydrogen bond angle. LHB—hydrogen bond length. EHB—hydrogen bond energy. pKi was calculated from the AutoDock4 and
estimated inhibition constant Ki, which is reported in the AutoDock4 output.

2.2.2. Nifedipine

NFD is a 3,5-dimethyl 2.6-dimethyl-4-(2-nitrophenyl)-1.4-dihydropyridine-3,5-
dicarboxylate (Figure 2). It is classified as a dihydropyridine subclass compound. It
is a highly apolar photosensitive compound. The NFD docking experiment revealed
that this molecule can interact with an active site of all the studied proteins (Table 2). It
can be set to the following descending order of binding energies EB(NFD-hKv11.1) ≈ −4.42,
EB(NFD-hNav1.5) ≈ −7.00 and EB(NFD-hCav1.2) ≈ −10.71 kcal/mol, respectively. The bind-
ing energies obtained in the docking experiment show that NFD forms a more stable
complex in the case of the hCav1.2 channel. The in silico data obtained for blocking of
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hCav1.2 channel (pKi = 7.85) are in line with data in the literature (pIC50 = 7.48) [35] and
(pKi = 7.66) [39]. Based on the predicted binding affinity, the highest affinity was observed
with the hCav1.2 and NFD in all cases of studied channels. Additionally, the blocking
effect of NFD with hNav1.5 was also proven (Table 2). It has to be highlighted that in NFD-
hNav1.5 and NFD-hKv11.1 complexes, NFD interacts via one normal h-bond. In contrast,
the complex NFD-hCav1.2 shows two h-bonds, both of which are short (≈1.68 Å) and
strong (≈−3.8 kcal/mol) (Table 2.). The assessment of the data obtained for the hydrogen
bonds clearly leads to the conclusion that they all have incomparable energies and bond
lengths. Interestingly, NFD forms the strongest h-bond with hKv11.1 and the weakest one
with hNav1.5 channel (Table 2. Figure S2). The h-bond with hCav1.2 is characterized by
an indirect force of influence. However, taking into account the data from Table 2, there
is no correlation between the binding affinities of NFD and h-bond energy. The obtained
distribution of estimated pKi measure shows that in case of the hKv11.1 channel, NFD
has no inhibitory effect for this channel (pKi < 4. Table 2). These data prove that NFD has
potency only in inhibiting the hCav1.2 and hNav1.5 channel, which is in agreement with
the pharmacological data previously presented in pharmacological literature [40].

2.2.3. Batrachotoxin

BTX as a steroidal alkaloid belongs to class A channel opening toxins [41]. Its molecule
contains an oxazepane ring with tertiary amine and an aromatic pyrrole ring connected to
the rigid polycyclic steroidal core via the ester group (Figure 2). Its 3D structure adopts
a horseshoe conformation [42,43]. The outer surface of the horseshoe is hydrophobic,
while the inner one is rather hydrophilic and forms the oxygen triad (at C3, C9 and
C11) [44,45]. The outer surface of the horseshoe is hydrophobic, while the inner one is
rather hydrophilic and forms oxygen triad (at C3, C9 and C11) [44]. It was suggested in
the literature that this oxygen triad forms a hydrophilic arc, which can be regarded as a
chelating site attracting some cations [46]. In the preliminary analysis of the docking, it
was observed that BTX interacts with the active site of all studied proteins (Figure S2). The
achieved data demonstrated that Nav1.5 forms one h-bond, while hCav1.2 and hKv11.1
form two h-bonds. The energies obtained in the present in silico experiment show that
hCav1.2 and hKv11.1 form more and form stronger hydrogen bonds than the remaining one
(hNav1.5). The predicted binding affinity can be arranged in the following increasing order:
hKv11.1 < hCav1.2 < hNav1.5 (Table 2). Obtained results revealed that BTX-hNav1.5 is an
energetically more stable complex with a binding energy of −9.01 kcal/mol. The stability
of the complex with the hCav1.2 and hKv11.1 is slightly lower than that with hNav1.5 (i.e.,
EB BTX-hCav1.2 = −7.17 and EB BTX-hKv11.1 = −6.75 kcal/mol, respectively). The calculated
BTX affinity value of pKi = 6.68 is consistent with the relevant inhibitory potential data
known from the specialized literature (pIC50 = 6.71) [47]. The BTX-hNav1.5 complex is
formed via a single key interaction with residues of hNav1.5. The hydroxyl group at
position C-11 of the steroid skeleton donates one h-bond to the sulfur atom of Ser1458.
This interaction is non-linear (157◦) and with weak energy, i.e., −3.43 kcal/mol and a small
bond length equal to 2.18 Å. This is in line with the literature data according to which
the atom included in oxygen triad is responsible for the toxic interaction of BTX with its
molecular target [44]. We can treat these data as a strong argument proving that BTX acts
on the cytoplasmic side of the channel just as other Class A neurotoxic compounds do, as it
is shown in Figure S2.

For hCav1.2 and hKv11.1 channels, BTX has pKi ≈ 5.2, which suggests comparable
blocking effects. The BTX-hCav1.2 complex is a more energetically stable form than the
BTX-hNav1.5 complex (Table 2). This complex has one normal h-bond. In the bifurcated h-
bond, the major component is Ser1132 and the minor component is Gln1060; the associated
energies are weak (EHB = −0.37 kcal/mol and −3.23 kcal/mol, respectively). The distances
of the hydrogen bonds lay in the range from 1.69 to 2.22 Å and, due to this, the three-
centered hydrogen bond is highly not symmetric. In the case of BTX-hCav1.2 complex, it is
formed via one normal h-bond interaction (Table 2).
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2.2.4. Tiagabine

As it can be seen from the data collected in Table 2, TGB complexes between hNav1.5,
hCav1.2 and hKv11.1 have a calculated pKi ≤ 4, which is commonly used as a threshold and
this drug can thus be considered as an inactive ligand for those proteins. These data refer
to both R/S enantiomers of TGB (Figure 3). Docking TGB into the hNav1.5 channel showed
the highest pKi value in Table 2, however, the value is still below the activity threshold
level of pKi > 4. The lowest pKi was observed for hKv11.1. We can treat these data as a
partial explanation of the reported adverse TGB interactions in the cardiovascular system.
It also seems that a small percentage of the observed cardiac disorders can be attributed to
the fact that TGB does not interact with hKv11.1, for which inhibition is responsible for QTc
prolongation. In all analyzed cases, R-TGB shows slightly higher binding affinities than
S-TGB. This observation is in line with many previous pharmacological studies indicating
the greater biological activity of R enantiomers compared to the S ones [10–12]. It is also
worth emphasizing that all h-bonds formed between hCav1.2 channels and R/S-TGB
possess very favorable key interaction energy values (EHB ≈ −7.32 for hCav1.2-R-TGB and
−5.54 kcal/mol for hCav1.2-S-TGB, Table 2) and geometrically nonlinear systems.

 

Figure 3. Pocket locations and binding modes of (R/S)-Tiagabine (R/S-TGB) and the investigated channels: hNav1.5,
hCav1.2 and hKv11.1. Ligands (ball and stick model) and calculated hydrogen bonds (dashed green lines).

To sum up, the docking experiment revealed that R/S-TGB has lower intermolecular
forces with all studied ion channels (EB ≈ −5.30 kcal/mol, Table 2). The combination
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of the above-mentioned docking data with pharmacological as well as literature data
regarding the risk for tachycardia due to TGB administration suggests that this adverse
effect observed in humans is not likely to result from TGB interaction with molecular
anti-targets (i.e., ion channels tested in this study) used for the cardiac risk assessment. The
data obtained in this study allowed the supplementation of information on the impact of
TGB on other than GAT-1 molecular targets. As is currently known, TGB has no significant
affinity to other uptake systems, such as those for dopamine, noradrenaline, acetylcholine,
adenosine, serotonin, histamine, opiate, glycine, glutamate or GABA [48,49]. It only has a
weak affinity towards benzodiazepine receptors and does not affect K+ and Ca2+, while it
slightly affects Na+ and cardiovascular channel function [19].

2.3. Validation Experiment

The validation was carried out by the docking of molecules with no affinity to hNav1.5,
hCav1.2 and hKv11.1 channels, such as progabide (PRG) [50,51] and acetylsalicylic acid
(ASA) [52]. This choice of PRG and ASA was made based on their chemical and biolog-
ical similarity to TGB (ATC code: N03AG06 [53]). PRG (ATC code: N03AG05 [53]) is a
first-generation antiepileptic drug without analgesic properties [12,54]. ASA (ATC code:
N02BA01 [52]) is a classical and peripherally-acting nonsteroidal anti-inflammatory drug
that is inactive at GAT and recommended for the prevention of several cardiovascular
diseases due to its antiplatelet activity [52].

The results of the validation experiments, such as the complex binding energies, the
specific hydrogen bond components and detailed data of the hydrogen bond features
(energies, lengths and angles) are gathered in Table 3. The binding modes between hNav1.5,
hCav1.2 and hKv11.1; and the control compound are illustrated in Figure S3 in the supple-
mentary file. As it can be observed from the data, all control complexes have a calculated
pKi < 4, which is commonly used as the threshold and therefore the test compounds can be
considered to be inactive ligands for those proteins. In addition, all control complexes have
higher binding energy values and lower hydrogen bond energy than the TGB-hVGICs
complex.

Table 3. The summary of validation experiment results.

Complex
EB

pKi Amino Acid
Residues

HB Angle LHB EHB

Protein Ligand donor acc θ Å kcal/mol

hNav1.5
PRG −3.90 2.86

ASP945 %CONH1 #COO 157.949 1.998 −5.425

ASN1474 %CONH2 #CO 155.21 2.00 −5.04

ASN1474 #NH2 %CO 141.795 1.987 −2.731

ASA −3.29 2.41
LYS1477 #NH1 %CO 159.455 1.905 −2.071

LYS1477 #NH2 %COO 157.938 1.737 −0.015

hCav1.2

PRG −3.29 2.41
THR1056 %OH #OH 163.88 1.99 −4.82

SER1132 #OH %CONH 156.74 1.94 −3.02

ASA −2.41 1.77
THR1056 #OH %COO 159.14 1.84 −2.30

SER1132 #OH %CO 176.21 1.945 −6.00

hKv11.1
PRG −3.4 2.50

TYR652 %CONH2 #PhOH 139.884 1.902 −2.015

TYR652 %NH #PhOH 139.121 2.182 −1.695

SER660 %OH #OH 170.052 2.129 −0.893

ASA −3.26 2.39 ASN658 #CONH2 %COO 167.92 1.78 −7.29

Abbreviations in Table. Components of the investigated complexes: protein-hNav1.5, hCav1.2 and hKv11.1 (hERG); and ligands, ASA—
acetylsalicylic acid, PRG—Progabide. Other abbreviations: HB—hydrogen bond. acc—hydrogen bond acceptor. Hydrogen bond
components: from the ligand % and from the protein #. EB—complex energy binding. θ—hydrogen bond angle. LHB—hydrogen bond
length. EHB—hydrogen bond energy. pKi was calculated from the AutoDock4 and estimated inhibition constant Ki, which is reported in
the AutoDock4 output [55].

8



Molecules 2021, 26, 3522

3. Discussion

Taking into consideration the new action profile of drugs already on the market,
pharmacological safety is a particularly important issue. The main reason for this is the
fact that for drugs with an extended therapeutic range (i.e., repurposed medications), the
number of patients for whom a given drug is recommended will increase significantly.
TGB discussed in this study belongs to this group of drugs. TGB is an anticonvulsant
medication. It is also used in the treatment of anxiety-related disorders, as are a few other
anticonvulsants [21]. In the case of this drug, the above mentioned point is particularly
important because TGB was originally prescribed to a relatively small group of patients
due to its narrow range of indicators (adjunctive treatment of partial seizures in adults
and children 12 years of age and older) [56]. However, when we consider its analgesic
and anxiolytic effects in our considerations, we include therapeutic indications for a
significantly larger group of patients. Reports presented in the scientific literature indicate
an approximate 70% increase in the number of patients on TGB therapy [57]. This is all the
more important as the safety and efficacy of TGB have not been systematically evaluated
for indications other than epilepsy.

Modern technology provides us with many different possibilities, the use of which
should create the conditions to learn about safety pharmacology. Undoubtedly, in silico
research is one of many possibilities for seeking answers in this regard. It seems to us that
the research presented above makes some important contributions to this issue. The study
tried to answer the question about the cardiovascular safety assessment of TGB. This is all
the more important in the light of the recent expert discussions focused on extending the
pharmacological profile of TBG. Many modern studies indicate that, in addition to the ther-
apeutic use of TGB in epilepsy, we should strongly consider its utilization for non-epileptic
indications. On the other hand, it is known that drugs that show this type of biological ac-
tivity might have a strong effect on a heart. This, in turn, undoubtedly forces us to increase
the effort focused on assessing cardiac safety. Considering the assessment of the effect of
the compound on so-called anti-targets adopted from CiPA in the cardiac risk assessment,
the TGB interaction was investigated with the following channels: hKv11.1, hNav1.5 and
hCav1.2. Drugs strongly affecting individual channels (such as TEF, BTX and NFD) were
selected as reference compounds for this study. TEF is a prodrug metabolized by intestinal
CYP3A4 to fexofenadine, the active form being a selective histamine H1-receptor antagonist
with antihistaminic and non-sedative effects. As it is well known, antihistamines may
increase the rate of heart beat [58,59]. TEF causes prolonged repolarization, as is reflected
in the broadening of the electrocardiographic QT interval, with the potential for serious
ventricular arrhythmia and death [60–62]. Due to this, in the U.S. TEF was superseded by
its active metabolite fexofenadine in the 1990s [59]. Numerous studies have proven that the
ability of TEF to extend the QT interval depends on its binding to the Kv11.1 (Figure S1)
protein encoded by hERG [63,64]. Nevertheless, TEF does not readily cross the blood–brain
barrier and due to this its CNS, depression is minimal. NFD is a calcium channel blocker,
a specific antagonist of Cav1.2 channels [65]. It is used to treat hypertension and chronic
stable angina. NFD binds directly to inactive calcium channels and stabilizes their inactive
conformation. By inhibiting the influx of calcium in smooth muscle cells, NFD prevents
calcium-dependent myocyte contraction and vasoconstriction [31,40]. BTX was chosen
as a reference compound in our docking experiment study due to its extremely potent
cardiotoxic and neurotoxic characteristics [29,42,46,47,66]. In animals, BTX inactivates
sodium channels in nerve cells and muscle cells, thereby interfering with the electrical
signals sent throughout the body and causing fibrillation, arrhythmias, cardiac failure
and death [29]. It is worth emphasizing that the obtained data from molecular modeling
confirmed the high selectivity of the reference compounds for the appropriate ion channels
(Table 2). The response obtained from molecular studies also indicates that the mechanisms
underlying tachycardia in patients treated with TGB appear to be unrelated to its effect on
the hNav1.5, hCav1.2 and hKv11.1 heart ion channels. Moreover, it is known that one of
the most common mechanisms of drug-induced ventricular tachycardia is the blocking of
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hERG channels [67,68]. For this reason, additional evidence supporting the conclusions of
the in silico study appears to provide epidemiological data (pharmacological reports) in
which tachycardia is noted in approximately 1.0% of patients treated with TGB. In light
of these facts, if TGB-induced tachycardia contacts the hKv11.1, hNav1.5 and hCav1.2.
blocking mechanism, one would expect a higher rate of these side effects. In addition to
the above-mentioned in vivo tests, as a part of safety pharmacology experiments, the TGB
effects on PQ, QRS and QT intervals and the effects of TGB on heart rate were assessed.
Many years of research have demonstrated that proarrhythmic effect, QT prolongation
and hERG blocking cannot be treated as the only determinants of the occurrence of TdP.
For instance, verapamil and ranolazines are examples of drugs that are strong inhibitors
of the hERG channel and are simultaneously devoid of the risk of inducing arrhythmias
and, vice versa, devoid of serious disorders of cardiomyocyte electrophysiology caused
by drugs that are weak hERG inhibitors (e.g., sotalol and alfuzosin) [24,69]. Thus, this
proves the insufficient specificity of the tests based only on the assessment of the hERG
channel blocking potential. The risk of drug-induced TdP is rather balanced by multiple
internal cardiac ionic currents that define ventricular repolarization. Therefore, studies that
utilize the whole tissue seem to be a good option for the reflection of pharmacodynamics
and potential adverse effects of a drug in a living organism. The in vivo results obtained
from studies in rats showed that TGB did not prolong the QT interval or alter the QRS
complex which suggests that it did not affect ventricular depolarization and repolarization.
Taking into account that as in many other animal models of human diseases and also in this
particular rat model, there might be basic translational problems. Some fundamental differ-
ences in the cardiac electrophysiology and myocyte calcium/potassium handling between
rodents and humans have been suggested [70], but, nonetheless, the ECG in rats is still a
widely applied experimental method in basic cardiovascular research. The technique of
ECG recordings is simple; however, the interpretation of electrocardiographic parameters
might be challenging. This is because the analysis may be biased by experimental settings,
such as the type of anesthesia and the strain or age of animals. Furthermore, differences
and similarities between rat and human ECG are frequently discussed in the context of
translational cardiovascular research. Despite this, rat electrocardiography is an important
investigational tool in experimental cardiology, even if the interpretation of electrocardio-
graphic parameters is problematic [71]. In addition to this, a number of studies have shown
that cardiotoxic drugs prolong QT interval in rodents and ECG recordings in rats have
been used as a screening tool to assess the cardiotoxicity of various drugs. However, it
needs to be stressed that the translation of the results of those studies to human application
also possesses limitations. This is because rats’ hearts do not express hERG, whereas the
cardiotoxicity of drugs is strongly associated with the blockade of hERG-related potassium
channels. However, rat hearts express a variant of Ether-à-go-go-Related Gene (rat ERG,
also known as Kcnh2) [72,73], which may also play a key role in the assessment of drug-
induced cardiotoxicity. Taken together, we are aware that extrapolating the results from
our rat model to humans should be performed extremely cautiously and this, of course,
should be regarded as the main limitation of our study. Therefore, one can assume that its
direct interaction with heart sodium and potassium channels can be neglected. TGB also
marks no significant effect on the PQ interval, which suggests that it does not influence
the atrio-ventricular conduction time. Consequently, we can postulate that TGB has low
pro-arrhythmic potential, at least, after a single administration. Given that tachycardia
may result due to a number of different mechanisms and not all of them directly affect
ion channels, it is also necessary to evaluate the effects of TGB on several neurotransmit-
ters/neuromodulators and the activity of the autonomic nervous system. However, these
effects were not investigated in the present research. Further studies are necessary to assess
the effect of TGB on the cardiovascular system, especially after chronic administration. On
the basis of our research, we can state that TGB did not bind to voltage-gated ion channels
and did not affect them directly. Furthermore, the observed accidents of tachycardia are
probably not due to the direct effect of TGB on voltage-gated ion channels.
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4. Methods

4.1. Pharmacological Studies General Information

The experiments were carried out using male Wistar rats (Krf:(WI) (WU), 200–250 g).
The animals were housed in constant temperature facilities exposed to 12:12 h light/dark
cycles and were maintained on a standard pellet diet with tap water given ad libitum.
All procedures were conducted according to guidelines of ICLAS (International Council
on Laboratory Animal Science) and approved by the Second Local Ethics Committee in
Krakow, Poland (resolution No. 106/2016, 14 June 2016).

4.1.1. Voltage-Dependent Calcium Channels—Functional Assays

In order to investigate the calcium entry blocking properties of TGB, it was tested on
isolated rat aorta precontracted with KCl. Rats were anaesthetized with thiopental sodium
(75 mg/kg, i.p., Rotexmedica, Germany) and the thoracic aorta was dissected, cleaned,
denuded of endothelium, cut and mounted as described earlier [35]. Briefly, aorta rings
were incubated in 30 mL chambers filled with a Krebs–Henseleit solution (NaCl 118 mM,
KCl4.7 mM, CaCl2 2.25 mM, MgSO4 1.64 mM, KH2PO4 1.18 mM, NaHCO3 24.88 mM,
glucose 10 mM, C3H3O3Na 2.2 mM and EDTA 0.05 mM) at 37 ◦C and pH 7.4 with constant
oxygenation (O2/CO2, 19:1) and connected to an isometric FDT10-A force displacement
transducer (BIOPAC Systems, Inc., COMMAT Ltd., Ankara, Turkey). The aortic rings were
stretched and maintained at an optimal tension of 2 g and permitted to equilibrate for 2 h.
The aortic rings were contracted to submaximal tension with KCl (60 mmol/L). Once the
plateau was attained, concentration-relaxation curves were obtained by the addition of
cumulative doses of tiagabine to the precontracted preparations.

Concentration-response curves were analyzed using GraphPad Prism 5.0 software
(GraphPad Software Inc., San Diego, CA, USA). Relaxations are expressed as a percentage
of inhibition of the maximal tension obtained with the contractile agent (Emax = 100%).
Data are the means ± SEM of at least 4 separate experiments.

4.1.2. The Effect on Normal Electrocardiogram

In vivo electrocardiographic investigations were carried out using an ASPEL ASCARD
B5 apparatus (Aspel, Poland), standard lead II and paper speed of 50 mm/s. The ECG
was recorded just prior to and also at 1, 5, 10, 20, 30, 40, 50 and 60 min following the i.p.
administration of TGB at a dose of 100 mg/kg. The QTc was calculated according to the
formula of Bazzett: QTc = QT/

√
RR [74]

4.2. In Silico Studies

The calculation procedures applied in the study are typical for the processing of
docking studies.

4.2.1. Ligand Preparation

For the 3D molecular structure calculations, the Gaussian 09 (version D.01. for
Unix/Linux) package was used [75]. The initial acceptable 3D structures of 6 stud-
ied compounds (Figure 2) were downloaded (as mol2 file) from ZINC [76]. Later, the
GaussView [75,77] was applied for preparation of Gaussian input files. All the molecules
were geometry-optimized in water as described by the PCM (polarizable continuum
model). DFT/B3LYP level of theory 6311 + G(d, p) basis set was used. After geometrical
optimization, (the root-mean-square gradient value smaller than 10−6 a.u.) compounds
were saved as mol2 files using the GaussView. Subsequently, torsionals and the number
of active torsions for ligands were defined and the Gasteiger charges were assigned to
each compound via AutoDockTools (ADT) [78]. Finally, ligands prepared for docking were
saved as pdbqt files.

4.2.2. Voltage-Gated Ion Channels Preparation

• hNav1.5 preparation:
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The lack of crystal structure of hNaV1.5 pore domain causes the need for preparing
homology 3D models for this protein. For our research, the sequence for the hNav1.5
protein was gained from the Swiss Model Repository (SMR). SMR is a database which
currently holds over 400,000 high quality 3D protein structure models generated by the au-
tomated SWISS-MODEL homology modeling pipeline [79]. The pdb file was downloaded
from SWISS-MODEL SERVER (accession number Q14524) [80]. For this alignment, X-ray
structure of human Nav1.2-β2-KIIIA ternary complex (PDB entry 6J8E) was employed.
Sequence identity between template and the monomer of sodium channel protein type
5 subunit α is 66.70%. Subsequently, the pdb file was opened in ADT [78]. ADT read
coordinates, added charges, merged non-polar hydrogens and assigned appropriate atom
types. Before formatting a molecule for AutoDock, we removed 9Z9 ((3β,14β,17β,25R)-3-
[4-methoxy-3-(methoxymethyl)-butoxyl]-spirost-5-en), which is irrelevant molecule in this
experiment. Finally, the prepared protein was saved as a pdbqt file. In the computational
part of the study, we pondered the interaction between the investigated ligands and the
intracellular pore gate formed from the proper residues of chain A.

• hCav1.2 preparation

The dearth of a 3D structure of hCav1.2 proper region also causes need for prepar-
ing homology models of this protein. The sequence for the hCav1.2 was gained from
the SMR as well (accession number Q13936). For this alignment, X-ray structures of
nifedipine complex with rabbit Cav1.1 (PDB entry 6JP5) were employed. The sequence
identity between template and isoform 4 of CAC1C_HUMAN Voltage-dependent L-type
calcium channel subunit alpha-1C is 70.31% and, according to the best of our knowl-
edge, this is one of the highest identities currently available. Subsequently, similar to the
hNav1.5 protein, the pdb file was opened in ADT [58]. The next steps were also analogous.
Before the docking experiment, we removed C8U (methyl (4~{S})-2,6-dimethyl-5-nitro-4-[2-
(trifluoromethyl)phenyl]-1,4-dihydropyridine-3-carboxylate)), which is a pointless ligand
in this case. The pore forming and dihydropiridyne binding residues (from ARG1109 to
LYS1198) were considered as the ligand binding site [81].

• hKv11.1 preparation:

The sequence for the potassium voltage-gated channel subfamily H member 2 protein
was downloaded from the Research Collaboratory for Structural Bioinformatics (RCSB)
Protein Data Bank (PDB entry 5va2) as the crystal structure [82]. As in previous proteins, the
pdb file was opened in ADT, read coordinates, added charges, merged non-polar hydrogens
and assigned the appropriate atom types. As usual, we also removed crystallographic
waters from 5va2. The binding pocket of the studied molecule were composed of the pore
forming segment H5 and transmembrane helical fragment-Segment S6 [83].

4.2.3. Molecular Docking

Molecular docking was performed using the AutoDockTools 4.2 suite of the pro-
gram [55]. A grid box with a dimension of 60 × 60 × 60 Å3 and grid spacing of 0.375 Å,
which is large enough for a free rotation of a ligands, was built in the middle of the binding
pockets of the studied Voltage Gated Ion Channels (VGICs) channels, which are composed
using the appropriate residues (Table 4).

Torsionals in the residuals of the binding pocket were not rotatable. The rigid docking
was carried out using the Lamarckian genetic algorithm 4. The optimized docking parame-
ters were set as default values, with the exception of the number of genetic algorithms run
which was 100. Torsionals in the ligands were rotatable-6 active torsions in each ligand
(except for terfenadine, where it was 11). A cluster analysis was performed using RMS
tolerance of 2 Å. In each case, the best docking result was considered as the complex with
the lowest binding energy. Interactions between ligands and the related channel models
were analyzed using the AutoDockTools program (ADT. Version 1.5.4) [78].
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Table 4. The composition of the binding pocket of the analyzed channel models: hNav1.5, hCav1.2 and hKv11.1.

Protein Intramembrane Pore-Forming Region Sequences

hNav1.5

358–382 (Phe, Ala, Trp, Ala, Phe, Leu, Ala, Leu, Phe, Arg, Leu, Met, Thr, Gly, Leu, Ans, Asp, Cys, Trp, Glu, Arg, Leu, Tyr, Gly, Leu, Ans,
Gly, Leu, Ans, Thr, Leu)

884–904 (Phe, Phe, His, Ala, Phe, Leu, Ile, Ile, Phe, Arg, Ile, Leu, Cys, Gly, Glu, Trp, Ile, Glu, Thr, Met, Trp)
1406–1427 (Gly, Ala, Gly, Tyr, Leu, Ala, Leu, Leu, Gly, Leu, Ans, Val, Ala, Thr, Phe, Lys, Gly, Trp, Met, Asp, Ile, Met, Tyr, Ala)

1697–1719 (Phe, Ala, Ans, Ser, Met, Leu, Cys, Leu, Phe, Gly, Leu, Ans, Ile, Thr, Thr, Ser, Ala, Gly, Trp, Asp, Gly, Leu, Leu, Ser, Pro) [84,85]

hCav1.2

351–372 (Phe, Ala, Met, Leu, Thr, Val, Phe, Gly, Leu, Ans, Cys, Ile, Thr, Met, Glu, Glu, Trp, Thr, Asp, Val, Leu, Tyr, Trp, Val)
694–715 (Gly, Leu, Ans, Ser, Leu, Leu, Thr, Val, Phe, Gly, Leu, Ans, Ile, Leu, Thr, Gly, Glu, Asp, Trp, Ans, Ser, Val, Met, Tyr, Asp, Gly)

1122–1142 (Leu, Ala, Ala, Met, Met, Ala, Leu, Phe, Thr, Val, Ser, Thr, Phe, Glu, Gly, Trp, Pro, Glu, Leu, Leu, Tyr)
1453–1471 (Ala, Val, Leu, Leu, Leu, Phe, Arg, Cys, Ala, Thr, Gly, Glu, Ala, Trp, Gly, Leu, Ans, Asp, Ile, Met, Leu) [86,87]

hKv11.1 612–632 (Val, Thr, Ala, Leu, Tyr, Phe, Tphe, Ser, Ser, Leu, Thr, Ser, Val, Gly, Phe, Gly, Ans, Vsp) [88,89]

Supplementary Materials: The following are available online, Figure S1: Model transport proteins
selected for the study: hNav1.5, hCav1.2, Kv11.1. Figure S2: Figure S3: Binding modes between
hNav1.5, hCav1.2 and Kv11.1 and the four tested compounds () and two validated compounds
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Abbreviations

AP Cardiac action potential
(R/S)-TGB (R/S)-Tiagabine
(R/S)-TEF ((R/S)-Terfenadine
NFD Nifedipine
BTX Batrachotoxin
# Hydrogen bond components: from the protein
% Hydrogen bond components: from the ligand
Acc Hydrogen bond acceptor
EB Complex energy binding
EHB Hydrogen bond energy
θ Hydrogen bond angle
VGICs Voltage-Gated Ion Channels
VGKCs Voltage-Gated Potassium. Channels
VGNaCs Voltage-Gated Sodium Channels
VGCaCs Voltage-Gated Calcium Channels
KV11.1 (hERG) Cardiac Voltage-Gated Potassium Channels
NaV1.5 Cardiac Voltage-Gated Sodium Channels
CaV1.2 Cardiac Voltage-Gated Calcium Channels
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Abstract: Halogens have been reported to play a major role in the inhibition of monoamine oxidase
(MAO), relating to diverse cognitive functions of the central nervous system. Pyrazoline/halogenated
pyrazolines were investigated for their inhibitory activities against human monoamine oxidase-
A and -B. Halogen substitutions on the phenyl ring located at the fifth position of pyrazoline
showed potent MAO-B inhibition. Compound 3-(4-ethoxyphenyl)-5-(4-fluorophenyl)-4,5-dihydro-
1H-pyrazole (EH7) showed the highest potency against MAO-B with an IC50 value of 0.063 μM. The
potencies against MAO-B were increased in the order of –F (in EH7) > –Cl (EH6) > –Br (EH8) > –H
(EH1). The residual activities of most compounds for MAO-A were > 50% at 10 μM, except for EH7

and EH8 (IC50 = 8.38 and 4.31 μM, respectively). EH7 showed the highest selectivity index (SI) value
of 133.0 for MAO-B, followed by EH6 at > 55.8. EH7 was a reversible and competitive inhibitor of
MAO-B in kinetic and reversibility experiments with a Ki value of 0.034 ± 0.0067 μM. The molecular
dynamics study documented that EH7 had a good binding affinity and motional movement within
the active site with high stability. It was observed by MM-PBSA that the chirality had little effect
on the overall binding of EH7 to MAO-B. Thus, EH7 can be employed for the development of lead
molecules for the treatment of various neurodegenerative disorders.

Keywords: halogenated pyrazolines; monoamine oxidase inhibitors; kinetics; reversibility; molecular
dynamics

1. Introduction

Monoamine oxidases (MAOs) are the principal metabolizing enzymes responsible for
the oxidative degradation of various biogenic amines that are related to diverse cognitive
functions of the central nervous system (CNS) [1]. Considering the difference in the
structure, substrate specificity, biological functions, and catalytic mechanism of MAOs,
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two types of isoforms are available, namely, MAO-A and MAO-B [2]. Ammonia, aldehyde,
and hydrogen peroxide are the major intermediate products formed during MAO-based
catalyzed oxidative deamination [3]. These can produce substantial issues, such as astrocyte
swelling, unbalancing of the signaling process in the neurotransmission, neuronal loss, and
mitochondrial dysfunctions [4]. Eventually, these toxic by-products can lead to numerous
neurodegenerative disorders, such as Alzheimer’s disease (AD) and Parkinson’s disease
(PD) [5]. Selegiline is a selective/irreversible MAO-B inhibitor used as an adjuvant therapy
with L-DOPA, which is considered a safe therapy for PD [6,7]. The latest research has also
documented that potent, reversible dual targeted MAO-B/AChE inhibitors can decrease
the production of β-amyloid peptide levels in AD-related neurons [8]. In 2017, safinamide,
as the first selective and reversible MAO-B inhibitor approved by the USFDA for PD
treatment, along with levodopa, has promising neuroprotective effects on MPTP-treated
mice [9,10].

In the exploration of novel, selective, and reversible MAO-B inhibitors, a general
blueprint of drug design has been widely accepted recently, and it consists of a molecular
framework of two hydrophobic rings of phenyl/heteroaryl, which are separated by an
electron-rich and flexible short spacer unit (Figure 1) [11]. Many of the molecules from
this diverse class, such as pyrazolines, enamides, carboxamides, and α, β-unsaturated
ketones, were identified as potent MAO-B inhibitors [12–21]. The presence of a rotatable
bond and electron-rich Michael acceptor unit in the spacer can efficiently make appropriate
orientations and binding affinities in the entrance and substrate cavity of MAO-B. The
flexibility of the molecules provides good recognition of aromatic systems of the ligand
to the hydrophobic cavity of the inhibitor binding cavity of MAO-B by Pi–Pi stacking or
Pi–cation interactions. The binding requirements of the selective MAO-B inhibitors include
one or more hydrophobic ring, preferably an aromatic or heteroaromatic nucleus with
small lipophilic substituents, such as dimethylamino, ethoxy, methoxy, and halogens. The
presence of a hydrogen bond acceptor (HBA) and hydrogen bond donor (HBD) linker with
optimal rotatable bonds between these hydrophobic units had a pivotal role in the design
of potent MAO-B inhibitors [22–26].

Figure 1. General blueprint of the design of MAO-B inhibitors.

Pyrazoline, or dihydropyrazole, is the partially reduced form of pyrazole, and 2-
pyrazoline is the most stable tautomeric from in this class [27]. The presence of an asym-
metric carbon atom at the C5 position of pyrazoline was revealed to be due to two epimers
of the R and S forms [28]. The ring closure reaction of α, β-unsaturated ketones with
hydrazine derivatives in the presence of basic medium is the commonly used synthetic
methodology for 2-pyrazolines [29]. The separation of the R and S forms from the racemic
mixture of 2-pyrazoline is a considerable task in the identification of biologically more
active isomers [30]. Many studies of the literature have documented that the substitution
of the 3rd and 5th position of pyrazolines with aryl/heteroaryl units can favor MAO-B
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inhibition [31]. At the same time, the length and bulkiness of the groups anchoring from the
N1 position of pyrazolines can shift the selectivity from MAO-B to MAO-A. The presence
of lipophilic groups, such as halogens, hydroxyl, and methoxy groups, on the phenyl ring
of the third and fifth positions of the pyrazoline nucleus, can cause significant MAO-B
inhibition [32–35].

Regarding the role of halogens in MAO inhibition, it is generally known that FDA-
approved MAO inhibitors like clorgyline, moclobemide, safinamide, and lazabemide are
chlorine-containing drugs [36]. The evidence shows that more than 40% of drugs in FDA-
approved or clinical trials are in the halogenated form [37]. Recently, our group emphasized
the presence and orientation of various halogens on chemical scaffolds, such as chalcones,
chromones, coumarins, hydrazothiazoles, and pyrazolines, thereby providing in-depth
knowledge on MAO inhibition and B isoform selectivity. It was noted that this can have a
new type of impact on the drug–target interaction of these MAO inhibitors in order to fill
the small lipophilic pockets in the inhibitor binding cavity (IBC) of MAOs [38].

The objective of the present study was focused on the in vitro evaluation of MAO-
A and MAO-B inhibitions of pyrazoline/halogenated pyrazoline derivatives. The lead
molecules were further studied for kinetics, reversibility, and blood–brain barrier (BBB)
permeation. Detailed molecular dynamics established precisely the protein–ligand binding
interactions of the halogenated molecules in their respective active sites of enzyme targets
and the role of chirality towards MAO-B inhibition.

2. Results and Discussion

2.1. Inhibitory Activities against MAO Enzymes

At 10 μM, all derivatives in the EH sequence had potent inhibitory action against
MAO-B, with residual activities of about 50% (Table 1). Fluorine-containing compound EH7

showed the greatest inhibitory activities against MAO-B with an IC50 value of 0.063 μM,
followed by chlorine-containing EH6 (IC50 = 0.40 μM), and bromine-containing EH8

(IC50 = 0.69 μM). Comparing EH1 (IC50 = 5.38 μM) with EH7, the potencies for MAO-
B greatly increased, i.e., by 85.4 times, based on their IC50 values, with the presence of –F
instead of –H. Most of the compounds weakly inhibited MAO-A at 10 μM, with residual
activities of >50%, except EH7 and EH8. Among them, EH7 showed the highest selectivity
index (SI) value for MAO-B with 133.0, followed by EH6 with 55.8.

Table 1. Inhibitions of recombinant human MAO enzymes by compounds of the EH series a.

Compounds
Residual Activity at 10 μM (%) IC50 (μM)

SI b

MAO-A MAO-B AChE MAO-A MAO-B AChE

EH1 99.1 ± 0.27 33.7 ± 0.96 81.0 ± 6.21 >40 5.38 ± 0.16 >40 >7.43
EH6 68.1 ± 0.18 19.4 ± 1.01 63.5 ± 4.99 22.3 ± 0.12 0.40 ± 0.051 >40 55.8
EH7 46.9 ± 1.25 4.03 ± 0.53 74.0 ± 0.71 8.38 ± 0.88 0.063 ± 0.0042 >40 133.0
EH8 33.5 ± 0.65 11.3 ± 0.13 53.7 ± 2.15 4.31 ± 0.013 0.69 ± 0.017 10.8 ± 0.15 6.3

Toloxatone 1.08 ± 0.0025 - -
Lazabemide - 0.11 ± 0.016 -
Clorgyline 0.0070 ± 0.00070 - -
Pargyline - 0.14 ± 0.0059 -

Tacrine - - 0.27 ± 0.019
a Results are expressed as the means ± standard errors of duplicate or triplicate experiments. b SI values are expressed for IC50 of
MAO-B/IC50 of MAO-A. Values for reference compounds were determined after preincubation for 30 min with enzymes.

The enzyme inhibition results obtained in the current study revealed that all of the
halogenated pyrazoline derivatives showed good selective MAO-B inhibitory activity.
The study mainly confirmed the effect of halogens on the para-position of the B ring of
ethoxylated pyrazolines. Among the halogens, fluorine had the greatest impact on MAO-B
inhibition with a sub-micromolar level range. It is worth noting that a highly electronega-
tive fluorine atom-containing compound is two times more potent than marketed drugs
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for the inhibition of MAO-B, such as reversible-type lazabemide (IC50 = 0.11 μM) and
irreversible pargyline (IC50 = 0.14 μM). Recent reports state that the anisotropy of charge
circulation around the fluorine atom, which is the reason for the directional and stabilizing
property of the active site, proves that halogen enhances the analogy of drugs of new
molecules [38].

Recently, we evaluated MAO-B inhibitory activities for ethoxylated head of chalcone
derivatives and found that chlorine-, fluorine-, or bromine-containing chalcones had good
IC50 values of 0.57, 0.053, and 2.01 μM, respectively [39]. Cyclization with hydrazine
hydrate of the same halogenated molecules retained higher MAO-B inhibitory activities
than the unsubstituted one. This finding clearly shows the importance of halogen incorpo-
ration both in ethoxylated chalcones and their pyrazolines moieties for MAO-B inhibition.
Interestingly, in both series, fluorine-containing compounds showed dominant MAO-B
inhibition profiles. For the purpose of the development of compounds with good MAO-B
inhibitory activity, the bonding of fluorine to the molecule was an auspicious lead.

2.2. Kinetics of MAO Inhibition

Kinetic studies on MAO-A and MAO-B inhibitions by EH6 and EH7 were performed.
Lineweaver–Burk plots and secondary plots showed that EH6 was a competitive inhibitor
of MAO-A and MAO-B (Figure 2A,C), with Ki values of 10.8 ± 1.03 and 0.19 ± 0.016 μM,
respectively (Figure 2B,D). Lineweaver–Burk plots and secondary plots exhibited that
EH7 was a competitive inhibitor of MAO-A and MAO-B (Figure 3A,C), with Ki values of
3.64 ± 0.18 and 0.034 ± 0.0067 μM, respectively (Figure 3B,D). These results suggest that
EH6 and EH7 are selective and competitive inhibitors of MAO-B.

Figure 2. Lineweaver–Burk plots for MAO-A and MAO-B inhibitions by EH6 (A,C) and their
respective secondary plots (B,D) of slopes vs. inhibitor concentrations.
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Figure 3. Lineweaver–Burk plots for MAO-A and MAO-B inhibitions by EH7 (A,C) and their
respective secondary plots (B,D) of slopes vs. inhibitor concentrations.

2.3. Reversibility Study

Reversibility studies on MAO-B inhibition were carried out on EH7. In these exper-
iments, inhibition of MAO-B by EH7 was recovered from 12.5% (value of AU) to 89.5%
(value of AD). The recovery value was similar to that of the reversible reference lazabemide
(from 35.3% to 75.7%); however, it was different from that of the irreversible inhibitor par-
gyline (from 41.3% to 44.9%), which was not recovered (Figure 4). Similar to the reversible
reference level, inhibition of MAO-B by EH7 was reversed in these experiments, indicating
that EH7 is a reversible inhibitor of MAO-B.

Figure 4. Recovery of MAO-B inhibition by EH7, using dialysis experiments. The concentrations
used were EH7 at 0.15 μM, lazabemide (a reversible reference inhibitor) at 0.20 μM, and pargyline
(an irreversible reference inhibitor) at 0.30 μM.
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2.4. Blood–Brain Barrier (BBB) Permeation Studies

The CNS bioavailability of the molecules was confirmed by a parallel artificial mem-
brane permeability assay (PAMPA) [40]. From the assay, highly effective permeabilities
and high CNS bioavailabilities were observed for the halogenated pyrazolines with Pe
ranges of 14.13 ~ 14.56 × 10−6 cm/s (Table 2). All halogenated substituted derivatives
showed higher CNS permeabilities than unsubstituted ones.

Table 2. BBB assay of standard and EH compounds.

Compounds
Bibliography

Pe (×10−6 cm/s) a
Experimental

Pe (×10−6 cm/s)
Prediction

Progesterone 9.3 9.02 ± 0.11 CNS+
Verapamil 16.0 15.53 ± 0.24 CNS+
Piroxicam 2.5 2.43 ± 0.30 CNS+/−

Lomefloxacin 1.1 1.12 ± 0.01 CNS−
Dopamine 0.2 0.22 ± 0.01 CNS−

EH1 10.34 ± 0.33 CNS+
EH6 14.26 ± 0.80 CNS+
EH7 14.13 ± 0.71 CNS+
EH8 14.56 ± 0.26 CNS+

CNS+ (high): Pe (10−6 cm/s) > 4.00; CNS− (low): Pe (10−6 cm/s) < 2.00; CNS± (uncertain): Pe (10−6 cm/s) from
4.00 to 2.00. a From [40].

2.5. Molecular Dynamics Studies
2.5.1. EH1, EH6, EH7, and EH8 Exert Differential Impacts on the Stability of MAO-A and
MAO-B

The root mean square deviation (RMSD) can be used to estimate the conformational
stability of a system during a production run [41]. The differential structural perturbatory
effect of the ligands on the structure of MAO-B relative to MAO-A was first explored. MAO-
B_EH6, MAO-B_EH7, and MAO-B_EH8 attained equilibration at around 20 ns (Figure 5).
However, MAO-B_EH1 achieved convergence earlier in the simulation run but eventually
elicited a somewhat high structural movement at around 45 ns. In comparison, EH1, EH6,
EH7, and EH8 did not elicit similar stabilizing effects on the MAO-A protein; this could be
due to the IC50 values experimentally reported, suggesting their low inhibitory potential
towards MAO-A. The superior stabilizing effect elicited by the ligands against MAO-B
when compared to MAO-A binding points to the high selective targeting of the ligands for
MAO-B. As indicated by the IC50, EH7 had the highest stabilizing impact on MAO-B with
an average RMSD value of 1.49 Å, while EH1, EH6, and EH8 had 2.29, 1.61, and 1.79 Å,
respectively (Table 3).

Table 3. Average RMSD, RMSD_AS, RMSF, and IC50 of the Apo and bound systems.

Complexes RMSD RMSD_AS RMSF IC50 (μM)

MAO-A_EH1 3.35 (0.73) 1.93 (0.18) 1.47 (1.28) >40
MAO-A_EH6 2.63 (0.72) 1.44 (0.27) 1.15 (1.04) 22.3
MAO-A_EH7 2.74 (0.59) 2.09 (0.29) 1.07 (0.96) 8.38
MAO-A_EH8 3.26 (0.74) 1.96 (0.34) 1.40 (1.28) 4.31
MAO-B_EH1 2.29 (0.34) 2.85 (0.37) 0.88 (0.59) 5.38
MAO-B_EH6 1.61 (0.22) 1.54 (0.14) 0.83 (0.60) 0.40
MAO-B_EH7 1.49 (0.26) 1.60 (0.16) 0.68 (0.72) 0.063
MAO-B_EH8 1.79 (0.24) 1.70 (0.25) 0.75 (0.61) 0.69
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Figure 5. Comparative root mean square deviations (RMSDs) of the Cα carbon atoms of the compounds in whole systems
for MAO-B (A) and MAO-A (B) and in active sites for MAO-B (C) and for MAO-A (D). (A,C) EH1, black; EH6, green; EH7,
blue; and EH8 red. (B,D) EH1, black; EH6, red; EH7, green; and EH8, blue.

Zeroing on structural influence of the ligands on the mechanistic behavior of the
active site could provide more clues regarding their activity. The RMSD of the MAO-A and
MAO-B active sites upon EH1, EH6, EH7, and EH8 binding revealed that EH6 and EH7

had the highest active site-stabilizing effect on MAO-B, with overall average RMSD_AS
values of 1.61 and 1.49 Å, respectively.

The orientation and position of a ligand are considerably indicative of how reactive
the ligands can be within the active site. The characteristics of the ligands were therefore
investigated. Interestingly, while EH7 elicited some motional movement within the active site,
which made it flexible enough to interact with crucial amino acid residues, it also exhibited
good stability—just enough to be adequately anchored for overall binding (Figure 6).
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Figure 6. Stability plot of compounds EH1, EH6, EH7, and EH8.

2.5.2. EH7 Exhibited Low Residual Motion and Trajectory Movement upon Binding to
MAO-A and MAO-B

Principal component analysis (PCA) is a common molecular dynamic simulation
analysis used in the estimation of the essential production run of a system when computed
on a low-dimensional free energy space [42]. This estimation is associated with correlated
vibrational modes; the translation of the MD trajectory towards the geometric center abol-
ishes the initial rotational and translational movements of the atoms. The decomposition
of the trajectory along PC1 and PC2 reveals that upon EH7 binding to MAO-B, the system
exhibits very low diagonalization when compared with other systems (Figure 7A). This
further corroborates the results discussed above in the stability section, which attest to
the superior activity of EH7 over other ligands in the series. In contrast, due to the low
specificity of EH1, EH6, EH7, and EH8 towards MAO-A, less high trajectory motion was
observed in the ligand-bound MAO-A (Figure 7B).

The root mean square fluctuation (RMSF) computes the residual deviation of a protein
over a period of time using a reference position, such as the averaged residual position.
RMSF estimates the level of fluctuation of residue from its original position [43]. As
depicted in the RMSF plot, the average RMSF values of MAO-B_EH1, MAO-B_EH6, MAO-
B_EH7, and MAO-B_EH8 were 0.88, 0.83, 0.68, and 0.75 Å, respectively (Figure 7C), while
those of MAO-A_EH1, MAO-A_EH6, MAO-A_EH7, and MAO-A_EH8 were 1.47, 1.15,
1.07, and 1.40 Å, respectively (Figure 7D).

2.5.3. Estimation of Free Binding Energies of EH1, EH6, EH7, and EH8 on MAO-A and
MAO-B

The estimation of free binding energy using an MM/PBSA protocol can be employed
to gain insight into the models and further obtain the semiquantitative values of their
stability. We therefore used a representative snapshot and active site residue decomposition
to further explore the time-wise bond interaction occurring between major residues in the
active sites of MAO-A/MAO-B and the ligands. MM/PBSA has found useful application
in the drug design space used in the estimation of binding affinity between ligands and
biomolecules [44].

As indicated in Table 4, EH7 had higher binding affinity (−36.29 kcal/mol) towards
MAO-B than the other ligands, while the binding of EH1, EH6, and EH8 was recorded to
be −4.11, −11.5, and −5.48 kcal/mol, respectively. Of note is the surprising high binding
affinity (−32.55 kcal/mol) of EH7 for MAO-A. This could be due to the high electronega-
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tivity potential of fluorine, which is characteristic of compound EH7. In agreement with
the IC50, the binding affinity of the compounds also followed the same trend.

Figure 7. Principal component analysis of the compounds bound to MAO-B (A) and to MAO-A (B), and root mean square
fluctuation (RMSF) of the compounds bound to MAO-B (C) and to MAO-A (D). (A,B) EH1, black; EH6, green; EH7, blue;
and EH8, red. (C,D) EH1, black; EH6, green; EH7, blue; and EH8, red.

The individual energy contributions of the active sites were determined using the
MM/PBSA per residue energy decomposition protocol [45]. The high binding energy
exhibited by EH7 was contributed by electrostatic interactions of Arg42, Arg87, Arg98,
Lys296, and Lys386, with energy values of −28.4, −12.8, −15.3, −41.9, and −20.6 kcal/mol,
respectively (Figure 8C). In the interaction between compound EH6 and MAO-B, residues
Arg42, Gly58, Tyr60, Arg87, Pro98, and Arg100 contributed an electrostatic energy of
−2.68, −0.04, −0.12, −15.17, −0.14, and −17.27 kcal/mol, respectively (Figure 8B). Despite
the electrostatic interactions and other favorable bonds elicited by EH1, EH6, and EH8,
compound EH7 still had the best binding energy and highest contribution of electrostatic
interactions. This behavior may not be unrelated to the impact of fluorine found on
compound EH7. Furthermore, the energetically favored disposition assumed by EH7 could
be attributed to the hydrogen bond formed between the fluorine of EH7 and hydrogen of
Trp386 (Figure 9C). The ligand interaction profile of the interaction of EH1 (A), EH6 (B),
EH7 (C), and EH8 (D) with MAO-B is shown in Figure 9.
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Table 4. The total free binding energy contributions of EH, EH6, EH7, and EH8.

Complexes
Energy (kcal/mol)

ΔEvdW ΔEele ΔGgas ΔGGB ΔGSA ΔGsol ΔGbind

MAO-B_EH1
−6.68 −34.66 −35.32 35.91 −1.68 35.74 −4.11

(±0.19) (±4.28) (±4.20) (±3.99) (±0.01) (±3.98) (±0.36)

MAO-B_EH6
−25.46 −94.22 −96.77 108.35 −4.28 107.92 −11.15
(±0.15) (±2.01) (±2.06) (±2.64) (±0.01) (±2.63) (±0.88)

MAO-B_EH7
−36.79 −32.46 −85.96 55.09 −5.12 49.67 −36.29
(±0.15) (±0.54) (±0.53) (±0.50) (±0.01) (±0.50) (±0.13)

MAO-B_EH8
−36.79 −101.78 −105.46 106.54 − 5.35 106 −5.48
(±0.15) (±1.73) (±1.74) (±1.56) (±0.01) (±1.56) (±0.37)

MAO-A_EH1
−33.17 −12.98 −13.31 −12.85 −4.65 12.81 −5.06
(±0.22) (±4.07) (±4.20) (±2.86) (±0.01) (±2.85) (±1.49)

MAO-A_EH6
−36.75 −14.50 −14.88 13.78 −4.86 13.73 −11.33
(±0.18) (±2.36) (±2.39) (±1.61) (±0.01) (±1.61) (±0.97)

MAO-A_EH7
−32.75 −13.21 −13.54 −36.79 −4.85 13.21 −32.55
(±0.15) (±2.06) (±2.06) (±0.15) (±0.01) (±1.36) (±1.07)

MAO-A_EH8
−7.52 −12.07 −12.14 12.92 −2.61 12.89 −7.48

(±0.15) (±2.49) (±2.56) (±2.30) (±0.01) (±0.15) (±0.15)

Figure 8. Per residue decomposition of EH1 bound to MAO-B (A), EH6 bound to MAO-B (B), EH7 bound to MAO-B (C),
and EH8 bound to MAO-B (D) systems.
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Figure 9. Ligand interaction profile of the interaction of EH1 (A), EH6 (B), EH7 (C), and EH8 (D) with MAO-B.

2.5.4. Estimation of Free Binding Energies of EH1, EH6, EH7, and EH8 on MAO-A and
MAO-B

Since our compounds contain a pyrazoline moiety, it is assumed that they possess
an asymmetric carbon atom and, hence, exist as enantiomers. We therefore generated the
R and S enantiomers of EH7 as a representative structure of the compounds, taking into
consideration the fact that it has the best IC50 and total free energy values. We explored the
differential binding and estimated the total free binding energy of the R isomeric form of
EH7 (MAO-B_EH7R) and its S counterpart (MAO-B_EH7S) using MM/PBSA calculations.
Our calculations revealed that MAO-B_EH7R and MAO-B_EH7S possess binding energies
of −36.29 and −36.17 kcal/mol (Table 5). This suggests that the chirality does not change
considerably in the overall binding of EH7 to MAO-B. However, MAO-B_EH7S has more
van der Waals interactions than MAO-B_EH7R. Despite having total free binding energy
values that are close, dissimilar residues present in the active sites are responsible for the
binding interactions. Chiefly among the residues are Tyr435, Tyr398, and Leu328 (jointly
shared by MAO-B_EH7R), which contribute van der Waals binding energies of −2.93,
−1.58, and −1.00 kcal/mol, respectively (Figure 10).

2.6. Target Predicition and ADME Analysis

The biological target and ADME predictions of the lead molecule of EH7 were assessed
by the online web-based program SwissTarget. The lead molecule showed good prediction
results on biological targets of MAO and AChE (Figure 11A). The bioavailability radar
gave saturation, size, flexibility, insolubility, and polarity of the molecule, which provided a
quick judgement of the drug-likeness of the molecule. The lead molecule was recognized to
be within the pink region (optimal ranges) and could be considered a compound endowed
with drug-like characteristics (Figure 11B). The BOILED-Egg model also predicted the
passive human BBB permeation and gastrointestinal absorption (HIA) for the compound
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(Figure 11C). The results revealed that EH7 had comparatively higher probability of BBB
and HIA.

Table 5. The differential free binding energy of MAO-B_EH7R and MAO-B_EH7S enantiomers.

Energy (kcal/mol)

Complexes ΔEvdW ΔEele ΔGgas ΔGGB ΔGSA ΔGsol ΔGbind

MAO-
B_EH7R

−36.79 −32.46 −85.96 55.09 −5.12 49.67 −36.2
(±0.15) (±0.54) (±0.53) (±0.50) (±0.01) (±0.50) (±0.13)

MAO-B_EH7S
−53.42 −17.59 −22.93 19.88 −5.62 19.31 −36.17
(±0.08) (±1.56) (±0.50) (±1.49) (±0.01) (±0.47) (±0.12)

Figure 10. Per residue decomposition of MAO-B_EH7S enantiomer.

Figure 11. Swiss target/ADME prediction: (A) Biological target prediction of lead molecule EH7; (B) bioavailability radar
of EH7; (C) the BOILED-Egg construction of EH7.
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3. Materials and Methods

3.1. Synthesis

A series of ethoxylated chalcone (0.0078 M) was refluxed with (0.0629 M) hydrazine
hydrate under ethanol medium. After 14–16 h of reflux, the product was cooled, acidified
with dil. HCl, washed thoroughly with water, filtered, dried, and recrystallized from
ethanol. The progress of the formation of pyrazoline product was monitored by thin-layer
chromatography (TLC; ethylacetate–hexane = 1:9). The synthetic route is depicted in
Scheme 1.

Scheme 1. Synthetic route of the compounds under the present study.

3-(4-ethoxyphenyl)-5-phenyl-4,5-dihydro-1H-pyrazole (EH1): 1H NMR (400 MHz, CDCl3) δ:
1.47–1.45 (t, 3H, J = 8.0 Hz, CH3), 4.15–4.13 (d, 2H, J = 8.0 Hz, CH2), 3.76 (d, 1H, HA), 4.02
(d, 1H, HB), 5.51 (d, 1H, HX), 7.89–7.10 (d, 9H, ArH), 9.21(S, NH). MS (ESI) m/z calcd. for
C17H18N2O: 266.3376, found 266.3345.

5-(4-chlorophenyl)-3-(4-ethoxyphenyl)-4,5-dihydro-1H-pyrazole (EH6): 1H NMR (400 MHz,
CDCl3) δ: 1.47–1.45 (t, 3H, J = 8.0 Hz, CH3), 4.14–4.12 (D, 2H, J = 8.0 Hz, CH2), 3.75 (d, 1H,
HA), 4.01 (d, 1H, HB), 5.51 (d, 1H, HX), 7.99–7.08 (d, 8H, ArH) 9.24 (S, NH). MS (ESI) m/z
calcd. for C17H17N2OCl: 284.3280, found 284.3276.

3-(4-ethoxyphenyl)-5-(4-fluorophenyl)-4,5-dihydro-1H-pyrazole (EH7): 1H NMR (400 MHz,
CDCl3) δ: 1.47–1.45 (t, 3H, J = 8.0 Hz, CH3), 4.15–4.13 (d, 2H, J = 8.0 Hz, CH2), 3.72 (d, 1H,
HA), 4.04 (d, 1H, HB), 5.51 (d, 1H, HX), 7.96–7.03 (d, 8H, ArH) 9.23 (S, NH). MS (ESI) m/z
calcd. for C17H17N2OF: 266.3376, found 266.3345.

5-(4-bromophenyl)-3-(4-ethoxyphenyl)-4,5-dihydro-1H-pyrazole (EH8): 1H NMR (400 MHz,
CDCl3) δ: 1.47–1.45 (t, 3H, J = 8.0 Hz, CH3), 4.15–4.13 (q, 2H, J = 8.0 Hz, CH2), 3.76 (d, 1H,
HA), 4.02 (d, 1H, HB), 5.51 (d, 1H, HX), 7.89–7.70 (d, 8H, ArH), 9.24(S, NH). C17H17N2OBr:
345.2336, found 345.2340.
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3.2. Enzyme Assays

MAO activities were assayed as described previously, using recombinant human
MAO-A and MAO-B and kynuramine (0.06 mM) and benzylamine (0.3 mM) as substrates,
respectively; both substrate concentrations were 1.5 × Km (Km = 0.041 and 0.20 mM,
respectively). The enzymes and chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA) [17].

3.3. Analysis of Enzyme Inhibitions and Kinetics

The inhibitory activities of the four compounds against MAO-A and MAO-B were
first observed at a concentration of 10 μM. IC50 values for MAO-B by compounds showing
residual activities of <50% were determined. Kinetic studies were performed on the most
potent inhibitors, i.e., EH6 and EH7 for MAO-A and MAO-B, at five concentrations of the
substrates and three inhibitor concentrations, as previously described [18].

3.4. Analysis of Inhibitor Reversibilities

Reversibilities of EH7 were analyzed using a dialysis method after preincubating
with MAO-B for 30 min, as previously described. The concentrations used were EH7 at
0.15 μM, lazabemide (a reversible MAO-B reference inhibitor) at 0.20 μM, and pargyline (an
irreversible MAO-B reference inhibitor) at 0.30 μM. The relative activities for undialyzed
(AU) and dialyzed (AD) samples were compared to determine the reversibility patterns [19].

3.5. Molecular Dynamics Study

The 3D structures of MAO-A (PDB ID: 2Z5X and MAO-B: 2V5Z), hereafter referred to as
MAO-A and MAO-B, respectively, were retrieved from the Protein Data Bank (PDB) [46,47].
Molecules that were co-crystallized with MAO-A and MAO-B were deleted with the
exception of the co-enzyme FAD. Missing residues were filled with the aid of MODELLER
tools found in the graphic user interface of Chimera [48,49]. Marvin Sketch was employed
to draw the 2D structures of EH1, EH6, EH7, and EH8; afterwards, geometrical and
structural optimizations of these ligands were carried out using B3LYP/6-311 ++G (d,p)
and the UFF forcefield of Gaussian 16, respectively [50]. Active site identification was
achieved by centering the grid box around a co-crystallized ligand found on the MAO-
A and MAO-B proteins downloaded from PDB. Molecular docking was then carried
out using AutoDock Vina [51]. The systems were then subjected to a simulation run of
50 ns using Amber18 software (San Francisco, CA, USA) [52]. Eight systems were set
up for simulation (MAO-A:EH1, MAO-A:EH6, MAO-A:EH7, MAO-A:EH8, MAO-B:EH1,
MAO-B:EH6, MAO-B:EH7, and MAO-B:EH8). The simulation process was carried out in
accordance with an in-house protocol. The CPPTRAJ module of Amber18 software was
used to analyze the trajectories emanating from the simulation process [53,54].

3.6. Target Predicition and ADME Analysis

The biological target and ADME predictions of the lead molecule of EH7 were assessed
at http://www.swisstargetprediction.ch (access on 23 May 2021) [55,56].

4. Conclusions

A series of four halogenated pyrazolines with ethoxylated heads (EH1, EH6, EH7,
and EH8) was synthesized from their corresponding chalcones. All four compounds were
explored for their MAO-A and MAO-B inhibitory activities. On the basis of previous
studies regarding the role of halogens in various scaffolds with MAO inhibition activities,
we mainly focused on the effect of various halogens on the pyrazoline core with the
ethoxylated head. According to the results of this study, the synthesized halogenated
pyrazolines exhibited good selective MAO-B inhibition. Fluorine-containing pyrazoline
(EH7) exhibited an improved selectivity profile against the MAO-B isoform. Kinetics
and reversibility studies revealed that EH7 is a selective and competitive inhibitor of
MAO-B, with a recovery value similar to that of the reversible reference drug lazabemide.
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Pyrazolines are said to be optically active compounds, and, from the MM/PBSA values
obtained, it can be clearly observed that chirality has minimal influence on the binding of
the compound to MAO-B. It may be suggested that the absence of bulky groups on the N1
position of pyrazoline limited the role of chirality in the binding mode of the lead molecule
in the current study.
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Abstract: Men with early-onset androgenetic alopecia are characterized by hormonal profiles similar
to those observed in women with polycystic ovary syndrome. The purpose of this research was to
investigate levels of cardiometabolic risk factors in 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA)-treated men with early-onset androgenic alopecia. We studied two matched rosuvastatin-
treated groups of men with mixed dyslipidemia: subjects with early-onset androgenic alopecia (group
A) and subjects with normal hair growth (group B). Plasma lipids, glucose homeostasis markers, and
levels of sex hormones, uric acid, hsCRP, homocysteine, fibrinogen, and 25-hydroxyvitamin D were
measured before entering the study and six months later. Both groups differed in insulin sensitivity
and levels of calculated bioavailable testosterone, dehydroepiandrosterone-sulfate, uric acid, hsCRP,
fibrinogen, and 25-hydroxyvitamin D. Though observed in both study groups, treatment-induced
reductions in total cholesterol, LDL cholesterol, hsCRP, and fibrinogen were more pronounced in
group B than group A. Moreover, only in group A did rosuvastatin deteriorate insulin sensitivity,
and only in group B did the drug affect uric acid, homocysteine, and 25-hydroxyvitamin D. The
impact of rosuvastatin on cardiometabolic risk factors correlated with insulin sensitivity, calculated
bioavailable testosterone, and dehydroepiandrosterone-sulfate. The obtained results suggest that
men with early-onset androgenic alopecia may benefit to a lesser degree from rosuvastatin treatment
than their peers.

Keywords: androgenetic alopecia; 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors;
mixed dyslipidemia; risk factors

1. Introduction

The presence of polycystic ovary syndrome (PCOS) in women is associated with an
increased arterial stiffness, increased carotid intima-media thickness, endothelial dysfunc-
tion, thrombotic complications, cerebrovascular events, and possibly also cardiovascular
events [1]. Compared with brothers of healthy women, brothers of women with PCOS
are characterized by increased levels of two-hours post-challenge glucose, increased val-
ues of insulin resistance markers, and higher values of systolic blood pressure, as well
as higher prevalences of impaired glucose tolerance, metabolic syndrome, and type 2
diabetes [2–8]. Brothers of PCOS probands are also characterized by elevated levels of
dehydroepiandrosterone-sulfate (DHEA-S) levels and lower concentrations of bioavail-
able testosterone [5–7]. Therefore, it is reasonable to assume that male relatives of PCOS
probands should be screened, identified, and appropriately treated [9,10].

Interestingly, a very similar hormonal profile to that observed in male siblings of
women with PCOS was reported in men with early-onset androgenic alopecia. The preva-
lence of androgenic alopecia increases with age, and it is estimated that up 30% of Caucasian
men have androgenic alopecia by the age of 30, and 80% of Caucasian men are affected by
this disorder in the course of their life [11,12]. The classic male-pattern of hair loss involves
the temporal and vertex region while leaving a rim of hair at the sides and sparing the
occipital region [12]. Male pattern hair loss probably results from both genetic susceptibility
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and excessive androgen action [13]. The estimated heritability of early-onset androgenic
alopecia in men is about 80%, while genetic variability in the androgen receptor gene and
ectodysplasin A2 receptor gene is a prerequisite for the development of this disorder [9,13].
Compared with control subjects, men with early androgenetic alopecia have shown in-
creased levels of testosterone, DHEA-S, LH, and prolactin; decreased levels of FSH and
sex hormone-binding globulin; and increased values of the free androgen index and the
LH/FSH ratio [14]. In comparison with healthy subjects, the risk of metabolic syndrome
was found to be 2.3 times higher in men with early-onset androgenetic alopecia [15]. There
is also evidence that early-onset androgenic alopecia is associated with obesity, insulin
resistance, dyslipidemia, hypertension, and atherosclerosis [10]. Genetic, hormonal, and
metabolic similarities to PCOS mean that early-onset androgenic alopecia is regarded as a
male equivalent of PCOS [16].

The results of a recent study indicated that cardiometabolic effects of atorvastatin are
less pronounced in brothers of women with polycystic ovary syndrome than in the male
siblings of unaffected women [17]. Moreover, high-dose treatment with rosuvastatin, the
latest and the most potent statin that is currently available on the market and frequently
used in clinical practice, was found to reduce circulating testosterone levels but not to affect
levels of DHEA-S in men with coronary artery disease [18]. Because no previous study
has investigated statin action in subjects with male-pattern hair loss, the purpose of this
study was to investigate whether early-onset androgenic alopecia determines the impact of
rosuvastatin therapy on cardiometabolic risk factors in men with mixed dyslipidemia.

2. Results

At study entry, there were no differences between both groups in age, smoking, body
mass index, and blood pressure, as well as in the plasma levels of total cholesterol, LDL
cholesterol, HDL cholesterol, triglycerides, glucose, estradiol, and homocysteine. Both
groups differed in HOMA1-IR and levels of calculated bioavailable testosterone, DHEA-S,
uric acid, hsCRP, and fibrinogen, which were higher in group A than in group B, as well as
in 25-hydroxyvitamin D, which was higher in group B than in group A (Tables 1 and 2).

Table 1. Baseline characteristics of patients.

Variable Group A a Group B b p-Value
(Group A vs. Group B)

Number (n) 25 25 -
Age (years; mean (SD)) 30 (5) 31 (5) 0.4829

Smokers (%) 32 28 -
Body mass index

(kg/m2; mean (SD)) 28.9 (4.3) 28.7 (4.6) 0.8745

Systolic blood pressure
(mmHg; mean (SD)) 131 (14) 129 (15) 0.62828

Systolic blood pressure
(mmHg; mean (SD)) 85 (6) 84 (6) 0.5585

a Men with early-onset androgenic alopecia. b Control men.

Rosuvastatin did not result in serious adverse events, and all patients completed the
study. Body mass index and blood pressure remained at a similar level throughout the
study.

In both study groups, rosuvastatin decreased the levels of total cholesterol, LDL-
cholesterol, hsCRP, and fibrinogen. Treatment-induced changes in total and LDL choles-
terol, hsCRP, and fibrinogen were more pronounced in group B than group A. Rosuvastatin
increased HOMA1-IR exclusively in group A, while the drug only reduced levels of
triglycerides, uric acid and homocysteine and increased levels of HDL cholesterol, and 25-
hydroxyvitamin D only in group B. Rosuvastatin treatment did not affect glucose, DHEA-S,
total testosterone, bioavailable testosterone, estradiol, and the estimated glomerular filtra-
tion rate. After six months of treatment, there were differences between both groups in total

38



Molecules 2021, 26, 2844

cholesterol, LDL cholesterol, HOMA1-IR, DHEA-S, calculated bioavailable testosterone,
uric acid, hsCRP, homocysteine, fibrinogen, and 25-hydroxyvitamin (Table 2).

Table 2. The effect of rosuvastatin on plasma lipids, glucose homeostasis markers, hormones, and
the investigated cardiometabolic risk factors in young men with mixed dyslipidemia.

Variable Group A a Group B b p-Value
(Group A vs. Group B)

Total cholesterol (mg/dL; mean (SD))
At the beginning of the study 262 (32) 267 (35) 0.6005

At the end of the study 216 (28) 196 (25) * 0.0105
p-value (post-treatment vs. baseline) <0.0001 <0.0001 -
LDL cholesterol (mg/dL; mean (SD))

At the beginning of the study 167 (23) 171 (26) 0.5672
At the end of the study 124 (20) 103 (15) * 0.0001

p-value (post-treatment vs. baseline) <0.0001 <0.0001 -
HDL cholesterol (mg/dL; mean (SD))

At the beginning of the study 43 (7) 42 (7) 0.6158
At the end of the study 46 (8) 48 (8) * 0.3812

p-value (post-treatment vs. baseline) 0.1647 0.0069 -
Triglycerides (mg/dL; mean (SD))

At the beginning of the study 240 (62) 252 (58) 0.4832
At the end of the study 218 (51) 195 (43) * 0.0912

p-value (post-treatment vs. baseline) 0.177 0.0003 -
Glucose (mg/dl; mean (SD))
At the beginning of the study 95 (10) 93 (12) 0.5251

At the end of the study 97 (11) 93 (8) 0.148
p-value (post-treatment vs. baseline) 0.5044 1 -

HOMA1-IR (mean (SD))
At the beginning of the study 3.4 (0.7) 3.0 (0.6) 0.035

At the end of the study 3.9 (0.8) * 2.8 (0.7) < 0.0001
p-value (post-treatment vs. baseline) 0.0228 0.2835 -

DHEA-S (μmol/L; mean (SD))
At the beginning of the study 4.8 (0.9) 4.1 (1.0) 0.0123

At the end of the study 5.0 (1.2) 4.2 (1.1) 0.0177
p-value (post-treatment vs. baseline) 0.5082 0.7381 -

Total testosterone (nmol/L; mean (SD))
At the beginning of the study 20.8 (6.4) 17.9 (6.0) 0.1049

At the end of the study 20.4 (7.2) 16.8 (5.8) 0.0574
p-value (post-treatment vs. baseline) 0.8364 0.5131 -
Calculated bioavailable testosterone

(nmol/L; mean (SD)) 8.09 (2.11) 6.31 (1.98) 0.0035
At the beginning of the study 8.26 (2.28) 6.02 (2.06) 0.0007

At the end of the study 0.7856 0.6141 -
p-value (post-treatment vs. baseline)

Estradiol (pmol/L; mean (SD))
At the beginning of the study 140 (29) 148 (32) 0.359

At the end of the study 135 (25) 143 (34) 0.348
p-value (post-treatment vs. baseline) 0.5169 0.5982 -

Uric acid (mg/dL; mean (SD))
At the beginning of the study 4.9 (1.3) 4.2 (1.0) 0.038

At the end of the study 4.7 (1.2) 3.6 (1.0) * 0.001
p-value (post-treatment vs. baseline) 0.1641 0.0391 -

hsCRP (mg/L; mean (SD))
At the beginning of the study 3.4 (0.9) 2.8 (0.8) 0.0162

At the end of the study 2.8 (0.9) 1.8 (0.7) * 0.0001
p-value (post-treatment vs. baseline) 0.0225 < 0.0001 -

Fibrinogen (mg/dL; mean (SD))
At the beginning of the study 375 (82) 329 (64) 0.0318

At the end of the study 324 (70) 260 (59) * 0.001
p-value (post-treatment vs. baseline) 0.0221 0.0002 -
Homocysteine (μmol/L; mean (SD))

At the beginning of the study 24 (8) 25 (9) 0.6798
At the end of the study 20 (7) 15 (6) * 0.0093

p-value (post-treatment vs. baseline) 0.0661 <0.0001 -
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Table 2. Cont.

Variable Group A a Group B b p-Value
(Group A vs. Group B)

25-hydroxyvitamin D (ng/mL; mean (SD))
At the beginning of the study 25 (10) 32 (10) 0.0169

At the end of the study 27 (8) 38 (9) * <0.0001
p-value (post-treatment vs. baseline) 0.6446 0.0305 -
Estimated glomerular filtration rate

(ml/min/1.73 m2; mean (SD))
At the beginning of the study 92 (15) 93 (16) 0.8206

At the end of the study 92 (13) 94 (14) 0.6031
p-value (post-treatment vs. baseline) 1 0.8151 -

a Men with early-onset androgenic alopecia. b Control men. * The impact of rosuvastatin (percent
changes from baseline after adjustment for baseline values) stronger than in the second group.

At entry, total cholesterol and LDL cholesterol correlated with levels of uric acid,
hsCRP, homocysteine, and fibrinogen (group A: r values between 0.24 (p = 0.0499) and
0.40 (p = 0.0011); group B: r values between 0.30 (p = 0.0345) and 0.47 (p = 0.0001)), and
there were inversely correlated with levels of 25-hydroxyvitamin D (group A: r = −0.32
(p = 0.0285) and r = −0.41 (p = 0.0007); group B: r = −0.35 (p = 0.0122) and r = −0.44
(p = 0.0002)). Moreover, there were positive correlations between HDL cholesterol and 25-
hydroxyvitamin D (group A: r = 0.48 (p < 0.0001); group B: r = 0.50 (p < 0.0001), triglycerides
or HOMA1-IR and hsCRP and fibrinogen (group A: r values between 0.26 (p = 0.0385) and
0.47 (p = 0.0001); group B: r values between 0.29 (p = 0.0403) and 0.49 (p = 0.0001)), and there
were inverse correlations between triglycerides or HOMA1-IR and 25-hydroxyvitamin D
(group A: r = −0.35 (p = 0.0071) and r = −0.43 (p = 0.0008); group B: r = −0.41 (p = 0.0014)
and r = −0.49 (p < 0.0001)), as well as between HDL cholesterol and hsCRP and fibrinogen
(group A: r = −0.34 (p = 0.0087) and r = −0.40 (p = 0.0025); group B: r = −0.39 (p = 0.0037)
and r = −0.47 (p = 0.0001)). Treatment-induced changes in uric acid, hsCRP, fibrinogen,
homocysteine, and 25-hydroxyvitamin D inversely correlated with calculated bioavailable
testosterone levels (group A: r values between −0.32 (p = 0.0298) and −0.42 (p = 0.0006);
group B: r values between −0.35 (p = 0.0281) and −0.48 (p < 0.0001)) and DHEA-S (group
A: r values between -0.24 (p = 0.0488) and −0.37 (p = 0.0046); group B: r values between
−0.31 (p = 0.0011) and −0.47 (p < 0.0001)). All other correlations were not significant.

3. Discussion

In comparison with the control subjects, men with androgenic alopecia had increased
plasma concentrations of DHEA-S and increased levels of calculated bioavailable testos-
terone. Because of the exclusion criteria and selection procedure, these findings could not
be attributed to differences in body mass index, blood pressure, plasma lipids, concomitant
disorders, or drug interactions. The hormonal profile of individuals with early-onset alope-
cia differed from that observed in the male siblings of PCOS probands, in whom elevated
concentrations of DHEA-S coexisted with lower levels of calculated bioavailable testos-
terone [17]. Unlike bioavailable testosterone, in both studies, mean total testosterone levels
were similar to those observed in control groups. This discrepancy may be explained by
the fact that bioavailable testosterone (denoting the sum of the free and free weakly bound
testosterone) calculated by Vermeulen’s formula (used in the current study) correlates with
free testosterone levels when assessed by equilibrium dialysis [19,20]. Because only un-
bound testosterone binds the androgen receptor in target tissues in order to exert its activity,
the obtained results seem clinically relevant. Under physiological conditions, DHEA-S is
converted to testosterone by three enzymes: steroid sulfatase, 3β-hydroxysteroid dehy-
drogenase, and 17β-hydroxysteroid dehydrogenase type 3 [21,22]. Therefore, it is possible
that in brothers of PCOS women, but not in men with early-onset androgenic alopecia, the
activity of at least one these enzymes is slightly disturbed. In addition to increased levels
of HOMA1-IR, uric acid, and hsCRP and a decreased concentration of 25-hydroxyvitamin
D, as observed in both brothers of PCOS probands and men with early-onset alopecia,
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individuals with early-onset alopecia were characterized by elevated levels of fibrinogen.
Interestingly, fibrinogen levels were found to correlate with the incidence rates of myocar-
dial infarction and stroke and with cardiovascular mortality, while the risk of coronary
artery disease in individuals with hyperfibrinogenemia was comparable to or higher than
that in subjects with elevated total cholesterol levels [23]. Based on the obtained results,
at least three conclusions may be drawn. Firstly, from the phenotype point of view, men
with early-onset androgenic alopecia and male siblings of women with PCOS represent
different clinical entities or constitute different spectra of the same entity. Secondly, they
may differ in cardiometabolic risk, which seems to be higher in subjects with alopecia.
Finally, because men with early-onset androgenic alopecia were more insulin-resistant
than body mass index-, plasma lipid- and blood pressure-matched peers, this state may
predispose subjects to type 2 diabetes, metabolic syndrome, and other conditions associated
with insulin resistance.

The current study also showed that subjects with alopecia differed from the con-
trol group in the impact of rosuvastatin on lipids, insulin sensitivity, and levels of car-
diometabolic risk factors. Individuals with early-onset alopecia were characterized by less
pronounced changes in plasma lipids and cardiometabolic risk factors, as well as by a
potentially unfavorable effect on insulin sensitivity. These findings indicate that men with
early-onset male-pattern hair loss may benefit to a lesser degree from rosuvastatin therapy
than subjects with normal hair growth, at least in the primary prevention of cardiovascular
disease. This observation is of clinical significance because early-onset androgenic alopecia
can be easily diagnosed based on anamnesis and basic clinical signs.

There are different possible explanations for dimorphism in rosuvastatin action be-
tween both study groups. Some our observations seemed to indicate that they are probably
partially related to differences in insulin sensitivity. Both groups differed in baseline
HOMA1-IR and in the impact of rosuvastatin on HOMA1-IR, present only in men with
alopecia. Moreover, treatment-induced changes in circulating levels of uric acid, hsCRP,
fibrinogen, homocysteine, and 25-hydroxyvitamin D levels correlated with HOMA1-IR.
If this explanation is accurate, non-pharmacological treatment or metformin may restore
the pleiotropic effects of rosuvastatin in subjects with early-onset androgenic alopecia,
and we intend to verify this hypothesis in our future studies. Despite numerous clinical
cardiovascular benefits of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase
inhibitors in type 2 diabetes, statin therapy is associated with a slightly increased risk of
developing new-onset diabetes [24]. Considering the results of our study, this risk may be
higher in men with early-onset androgenic alopecia than in other groups of patients with
indications for treatment with HMG-CoA reductase inhibitors.

According to another explanation, dimorphism in the lipid-lowering and extra-lipid
effects of statins may be associated with differences in the baseline levels of endogenous an-
drogens, particularly testosterone. Over the entire study period, the levels of DHEA-S and
calculated bioavailable testosterone were higher in subjects with early-onset androgenic
alopecia than in individuals without it, while the impact of rosuvastatin on all assessed car-
diometabolic risk factors correlated with calculated bioavailable testosterone and, though
to a lesser extent, with DHEA-S. Because HMG-CoA reductase inhibitors do not affect
androgen levels [18], except for high-dose statin therapy, between-group differences in the
impact of rosuvastatin cannot be attributed to their effect on plasma androgens. They are
also not associated with differences in the conversion of androgens to estrogens because
estradiol levels were similar in both study groups. It is much more probable that statins
and testosterone may interact at the level of conversion of HMG-CoA to mevalonate. The
pleiotropic properties of statins result from their inhibitory effect on the biosynthesis of
some isoprenoids, particularly farnesyl pyrophosphate and geranylgeranyl pyrophosphate,
that play essential roles in the posttranslational modification of numerous key proteins
that act as molecular switches (especially Ras, Rac, and Rho) [25]. This mechanism may be
attenuated by high testosterone levels. Even a single dose of exogenous testosterone was
found to induce the expression of HMG-CoA reductase [26]. Moreover, testosterone has
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recently been shown to increase levels of key enzymes of the mevalonate pathway, and its
high levels may stimulate the posttranslational prenylation and farnesylation of numerous
small signaling proteins [27].

This study had some study limitations that require consideration. The study popula-
tion exceeded the required sample size, but due to a relatively small number of participants,
our findings should be verified in a large prospective study. We did not investigate hard
clinical endpoints, such as morbidity and mortality rates. The study design did not allow us
to conclude whether the obtained results may be explained by a “class effect” of HMG-CoA
reductase inhibitors or only characterize rosuvastatin or some statins. Finally, because the
study included only men with normal glucose homeostasis or prediabetes, it cannot be
totally ruled out that the impact of rosuvastatin is different in individuals with coexisting
type 2 diabetes.

In conclusion, compared with age-, body mass index-, and blood pressure-matched
subjects with isolated mixed dyslipidemia, men with early-onset androgenic alopecia
were characterized by impaired insulin sensitivity; elevated levels of DHEA-S, calcu-
lated bioavailable testosterone, uric acid, hsCRP, and fibrinogen; and lower levels of
25-hydroxyvitamin D. In addition to less expressed lipid-lowering properties, men with
early-onset androgenic alopecia were characterized by less pronounced cardiometabolic
effects of rosuvastatin. Contrary to the control subjects, the rosuvastatin treatment of men
with alopecia deteriorated insulin sensitivity. The obtained results suggest that men with
early-onset androgenic alopecia may benefit from rosuvastatin treatment to a lesser degree
than other subjects with mixed dyslipidemia.

4. Materials and Methods

The study was conducted in accordance with the 1964 Helsinki Declaration and
its later amendments. The experimental protocol was reviewed and approved by the
Institutional Review Board. All participants provided written informed consent prior to
enrolment in the study.

4.1. Patients

We studied two groups of young men (aged 18–35 years) with mixed dyslipidemia,
defined as total cholesterol levels above 200 mg/dL, low-density lipoprotein (LDL) choles-
terol levels above 115 mg/dL, and triglyceride levels of more than 150 mg/dL, despite
complying with the lifestyle modification for more than 3 months before entering the study.
Group A included 25 individuals with early-onset androgenic alopecia, while group B
(which was a control group) included 25 matched men with isolated mixed dyslipidemia.
Early-onset androgenic alopecia was defined as grade 3 vertex or more alopecia on the
Hamilton and Norwood scale, which is used to classify the stages of male pattern baldness
as diagnosed before the age of 30 years [28,29].

The study population was selected among a larger group of subjects with mixed
dyslipidemia (n = 112), diagnosed and treated in our department. A power calculation
using 80% power and a type I error of 0.05 indicated that at least 23 individuals would
need to be enrolled in each group to detect a 20% difference in the effects of treatment on
the measured cardiometabolic risk factors between the groups. The selection procedure,
performed using the freely available PEPI-for-Windows computer program, was intended
to obtain two groups matched for age, blood pressure, and body mass index. To minimize
the impact of seasonal fluctuations in the study outcomes, similar numbers of participants
were included in January or February (n = 26) and in July and August (n = 24).

The exclusion criteria were as follows: cardiovascular disease (with the exception of
mild arterial hypertension), impaired renal or hepatic function, diabetes, thyroid disorders
or other endocrine disorders, acute and chronic inflammatory processes, malabsorption
syndromes, any other serious disorder, and any pharmacotherapy.
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4.2. Study Design

Rosuvastatin was administered at a dose of 10 mg once daily at bedtime for 6 months.
All participants were also given detailed advice about how to achieve the goals of lifestyle
modification, which were a total fat intake of less than 30% of total energy intake, a
saturated fat intake of less than 7% of energy consumed, a cholesterol intake of less than
200 mg per day, and an increase in fiber intake to 15 g per 1000 kcal. They were also
recommended to do at least 150 min of moderate-intensity aerobic physical activity per
week, as well as muscle-strengthening activities that were of moderate intensity and
involved all major muscle groups on two or more days a week. Medication adherence was
assessed every 6 weeks by means of a four-item Morisky–Green test and by pill count.

4.3. Laboratory Assays

All laboratory assays were carried out at baseline and 6 months later. Venous blood
samples for laboratory were collected between 7.00 and 8.00 a.m. after 12-h overnight
fasting in a quiet and air-conditioned room (constant temperature of 23–24 ◦C), and they
were assessed in duplicate. Standard laboratory techniques were used to measure plasma
glucose levels, plasma lipids (total cholesterol, LDL cholesterol, HDL cholesterol, and
triglycerides), uric acid, and creatinine (Roche Diagnostics, Basel, Switzerland). The plasma
levels of insulin, DHEA-S, total testosterone, estradiol, sex-hormone binding globulin,
homocysteine, and 25-hydroxyvitamin D were assayed by direct chemiluminescence using
acridinium ester technology (ADVIA Centaur XP Immunoassay System, Siemens Health-
care Diagnostics, Munich, Germany). The plasma levels of high-sensitivity C-reactive
protein (hsCRP) were measured using an immunoassay with chemiluminescent detection
(Immulite 2000XPi, Siemens Healthcare, Warsaw, Poland), while fibrinogen levels were
measured by the Clauss technique using an automated BCS XP analyzer (Siemens Health-
care, Warsaw, Poland). The homeostasis model assessment 1 of insulin resistance index
(HOMA1-IR) was calculated by multiplying plasma insulin (mIU/L) by plasma glucose
(mg/dL) and dividing that by 405. Bioavailable testosterone was calculated on the basis of
total testosterone and sex hormone-binding globulin levels using a freely available online
calculator (www.issam.ch/freetesto.htm). The estimated glomerular filtration rate was
calculated using the Modification of Diet in Renal Disease equation.

4.4. Statistical Analysis

Outcome variables were log-transformed for analysis to obtain a better approximation
of the normal distribution, and they were transformed back for reporting in the tables. All
analyses were adjusted for age, smoking, body mass index, and blood pressure as potential
confounding factors. Both groups and differences between percent changes from baseline
after adjustment for baseline values (reflecting rosuvastatin action) were compared by
Student’s t-tests for independent samples. The differences between the means of variables
within the same group were analyzed using Student’s paired t-test. Qualitative data
were compared using the χ2 test. Correlations were assessed using Pearson’s correlation
coefficient (r). Two-tailed p-values corrected for multiple testing below 0.05 were considered
statistically significant.
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17. Krysiak, R.; Szkróbka, W.; Okopień, B. The impact of atorvastatin on cardiometabolic risk factors in brothers of women with
polycystic ovary syndrome. Pharmacol. Rep. 2021, 73, 261–268. [CrossRef]
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Abstract: Fibromyalgia is a disease characterized by lowered pain threshold, mood disorders, and
decreased muscular strength. It results from a complex dysfunction of the nervous system and due
to unknown etiology, its diagnosis, treatment, and prevention are a serious challenge for contem-
porary medicine. Impaired serotonergic and dopaminergic neurotransmission are regarded as key
factors contributing to fibromyalgia. The present research assessed the effect of serotonergic and
dopaminergic system modulators (vortioxetine and ropinirole, respectively) on the pain threshold,
depressive-like behavior, anxiety, and motor functions of mice with fibromyalgia-like symptoms
induced by subcutaneous reserpine (0.25 mg/kg). By depleting serotonin and dopamine in the
mouse brain, reserpine induced symptoms of human fibromyalgia. Intraperitoneal administration of
vortioxetine and ropinirole at the dose of 10 mg/kg alleviated tactile allodynia. At 5 and 10 mg/kg
ropinirole showed antidepressant-like properties, while vortioxetine had anxiolytic-like properties.
None of these drugs influenced muscle strength but reserpine reduced locomotor activity of mice.
Concluding, in the mouse model of fibromyalgia vortioxetine and ropinirole markedly reduced pain.
These drugs affected emotional processes of mice in a distinct manner. Hence, these two repurposed
drugs should be considered as potential drug candidates for fibromyalgia. The selection of a specific
drug should depend on patient’s key symptoms.

Keywords: reserpine-induced fibromyalgia model; vortioxetine; ropinirole; serotonin and dopamine
in fibromyalgia; mouse

1. Introduction

According to the American College of Rheumatology, fibromyalgia (FM) is a common
neurological health problem that causes widespread musculoskeletal pain accompanied
by fatigue, sleep, memory, and mood issues [1–4]. The development of FM results from a
complex dysfunction of the nervous system, and therefore, not only its diagnosis but also
treatment and prevention based on combined pharmacological, alternative medicine [5,6],
and educational methods [7] are a serious challenge for contemporary medicine [8].

FM affects 2–4% of the population and it is more prevalent in the population of people
from urban than rural areas [8–13]. Other risk factors comprise female sex, stress, genetic
factors, and comorbid inflammatory diseases (e.g., osteoarthritis, rheumatoid arthritis,
lupus, and ankylosing spondylitis) [8,14–16]. Clinical symptoms of FM arise from the
central sensitization [17] due to the neuroendocrine dysfunction and fluctuations in the
concentration of neurotransmitters, namely decreased levels of biogenic amines, accompa-
nied by cytokine abnormalities, increased concentrations of excitatory neurotransmitters,
and substance P. Impaired functions of the hypothalamic–pituitary–adrenal axis and the
autonomic nervous system are also observed in FM patients [18,19].

On the molecular level, the development of FM is based on the impaired serotonin-,
noradrenaline-, and dopamine-mediated neurotransmission [20]. This dysregulated neu-
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rotransmission is likely to be responsible not only for painful symptoms of FM but also
mood control deficits, sleep dysregulation, and cognitive dysfunction as these neurotrans-
mitters serve as neurochemical substrates for a wide range of central nervous system
activities [21–23].

In view of potential neurochemical mechanisms underlying FM, for years many
attempts have been made to search for effective therapies for FM and drugs targeting
at serotonergic, noradrenergic, and dopaminergic neurotransmission systems, including
serotonin/noradrenaline reuptake inhibitors (duloxetine and desvenlafaxine) [24–27], or
ligands of the α2-δ subunit of voltage-gated calcium channels [7,8] have been recommended
for FM treatment but their efficacy seems to be modest [25,28]. On the other hand, selective
serotonin reuptake inhibitors turned out to be ineffective in the treatment of other than
depression symptoms of FM [29].

In the present study we focused on the assessment of two potential drug candidates
for FM treatment. The first one affects serotonergic signaling in the brain, while the second
one stimulates dopaminergic neurotransmission in the central nervous system. We used
a mouse model of FM, i.e., the reserpine (RES) model, and we compared the effects of
vortioxetine (VORT), a serotonin transporter (SERT) inhibitor, a 5-HT3, 5-HT7 receptor
antagonist, and a 5-HT1A receptor agonist [30], and ropinirole (ROP), a dopaminergic
D2 and D3 receptor agonist [31], on the pain threshold, depressive-like and anxiety-like
responses, locomotor activity and muscle strength of mice exposed to RES to assess if
these drugs are able to attenuate the key symptoms resembling those of human FM.
The anti-FM effectiveness of multitarget serotonergic agents (e.g., VORT) has not been
established, yet. Additionally, the effectiveness of dopamine-mimetics in FM patients
requires further confirmation [32] because at present, such compounds are mainly used
in the treatment of Parkinson’s disease and restless legs syndrome [33,34]. ROP, because
of its previously shown significant impact on decreasing tenderness without causing side
effects [35], and pramipexole, which affects muscle pressure and tactile allodynia [36], seem
to be promising drugs for FM, even though their therapeutic potential in FM has never
been thoroughly investigated.

2. Results

The experimental design for in vivo tests is presented in Figure 1. A general procedure
used for the induction of FM-like symptoms (Figure 1A) and the behavioral testing protocol
used in this study (Figure 1B) are described in Sections 4.3 and 4.4.

Since this set of experiments, which focused on the assessment of the influence of
VORT and ROP on FM-like symptoms, was the first-in-animal study, we investigated phar-
macological activities of both drugs at only one time point of testing and we did not carry
out time-effect studies. In our study only one route of drug administration was used. Avail-
able literature indicates that in pain tests utilizing mechanical and thermal stimulation the
maximum effect of oral VORT can be achieved 60–240 min after its administration [37], and
oral ROP reaches its peak concentration within approximately 60–120 min [38]. Therefore,
in this study we chose 60 min after drug administration as the time point for behavioral
testing. We used the intraperitoneal route because the pharmacokinetics of substances
administered intraperitoneally resembles that seen after oral administration [39].

2.1. Effect on Tactile Allodynia (Von Frey Test)

In the von Frey test repeated-measures ANOVA revealed an overall effect of treatment
(F[5, 108] = 62.72, p < 0.0001). Time effect and drug × time interaction were also significant
(F[1, 108] = 38.25, p < 0.0001 and F[5, 108] = 10.98, p < 0.0001, respectively).
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Figure 1. Experimental design used in the present study. FM-like model was induced in mice
by a 3-day administration of subcutaneous reserpine (RES; 0.25 mg/kg). Twenty-four hours after
the last administration of RES, behavioral tests were carried out (A). Vortioxetine (VORT) and
ropinirole (ROP) were injected intraperitoneally at doses 5 and 10 mg/kg (B). Before test compound
administration and 1 h later, the effects of test drugs on tactile allodynia and heat hyperalgesia were
measured in the von Frey test (vFT) and the hot plate test (HPT), respectively. Antidepressant-like
and anxiolytic-like activities of VORT and ROP were measured in the forced swim test (FST) and the
four-plate test (FPT), respectively. Effects of test drugs on the muscle strength were measured using
the grip strength test (GST), while the effects of VORT and ROP on the locomotor activity of mice
were measured using the locomotor activity test (LA).

In this assay (Figure 2A), Tukey’s post hoc analysis showed that RES significantly low-
ered the mechanical nociceptive threshold in mice (p < 0.0001 vs. predrug paw withdrawal
of VEH group). VORT and ROP influenced the paw withdrawal threshold of mice treated
with RES and compared to RES + VEH group a statistically significant (p < 0.001) elevation
of the mechanical nociceptive threshold was noted in RES + VORT 10 mg/kg and RES +
ROP 10 mg/kg groups. The dose 5 mg/kg of VORT or ROP did not affect the mechanical
nociceptive threshold of mice treated with RES (Figure 2A).

2.2. Effect on Heat Hyperalgesia (Hot Plate Test)

Repeated measures ANOVA did not reveal an effect of treatment on the hot plate test
results (F[5, 108] = 1.994, p > 0.05). Time effect was significant (F[1, 108] = 6.455, p < 0.05)
but the drug × time interaction was not (F[5, 108] = 0.3449, p > 0.05). Post hoc analysis did
not reveal statistically significant antihyperalgesic properties of VORT or ROP in this assay
(Figure 2B).

2.3. Effect on Depressive-Like Symptoms (Forced Swim Test; FST)

In the FST one-way ANOVA showed an overall effect of treatment on the duration of
immobility in mice (F[5, 51] = 25.00, p < 0.0001).
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Figure 2. Antiallodynic and antihyperalgesic activities of intraperitoneally administered vortioxetine
(VORT; 5 and 10 mg/kg) and ropinirole (ROP; 5 and 10 mg/kg) in the mouse FM-like model induced
by a 3-day administration of subcutaneous reserpine (RES; 0.25 mg/kg). The effect of test drugs on
tactile allodynia was measured in the von Frey test (A) and their effect on heat hyperalgesia was
measured in the hot plate test (B) 1 h after drug administration. Results are shown as the mean
paw withdrawal threshold (g) (A), or the mean latency to pain reaction (s) (B) ± SEM for n = 10.
Statistical analysis: repeated measures analysis of variance, followed by Tukey’s post hoc comparison.
Significance vs. predrug paw withdrawal of VEH group: #### p < 0.0001 and significance vs. postdrug
paw withdrawal of RES + VEH group: *** p < 0.001, **** p < 0.0001.
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In the FST Dunnett’s post hoc test revealed that although RES prolonged immobility
in mice this effect was not specific, i.e., the effect of RES on the duration of immobility
compared to that of VEH was not statistically significant (Figure 3). In contrast to this, in
mice treated with RES, both doses of ROP significantly reduced the duration of immobility
(p < 0.001 vs. RES + VEH group; Figure 3). In this test, VORT did not influence immobility
of animals, which were previously treated with RES (Figure 3).

Figure 3. Antidepressant-like properties of intraperitoneally administered vortioxetine (VORT; 5 and
10 mg/kg) and ropinirole (ROP; 5 and 10 mg/kg) in the mouse FM-like model induced by a 3-day
administration of subcutaneous reserpine (RES; 0.25 mg/kg). The effect of test drugs on the duration
of immobility was measured in the FST carried out 1 h after drug administration. Results are shown
as the mean duration of immobility (s) ± SEM for n = 8–10. Statistical analysis: one-way analysis of
variance, followed by Dunnett’s post hoc test. Significance vs. RES + VEH group: *** p < 0.001.

2.4. Effect on Anxiety-Like Symptoms (Four-Plate Test; FPT)

One-way ANOVA demonstrated a statistically significant overall effect of treatment
on the number of punished crossings in the FPT (F[5, 52] = 7.953, p < 0.0001).

Dunnett’s post hoc analysis revealed that the number of punished crossings in the
RES + VEH group was significantly lower as compared to the VEH group (p < 0.05),
RES + VORT 5 mg/kg (p < 0.01), and RES + VORT 10 mg/kg groups (p < 0.0001, Figure 4).
ROP at doses 5 and 10 mg/kg did not show anxiolytic-like properties in the mouse FPT
(Figure 4).

2.5. Effect on Muscle Strength (Grip Strength Test)

The grip strength test was carried out to assess if RES, VORT, or ROP affect muscle
strength of mice. Repeated measures ANOVA showed that neither drug effect, time
effect, nor the drug × time interaction were significant (F[5, 108] = 0.4860, p > 0.05,
F[1, 108] = 0.1589, p > 0.05, and F[5, 108] = 1.639, p > 0.05. respectively) and none of
the drugs used affected muscle strength of mice (Figure 5).

51



Molecules 2021, 26, 2398

Figure 4. Anxiolytic-like properties of intraperitoneally administered vortioxetine (VORT; 5 and
10 mg/kg) and ropinirole (ROP; 5 and 10 mg/kg) in the mouse FM-like model induced by a 3-day
administration of subcutaneous reserpine (RES; 0.25 mg/kg). The effect of test drugs on the number
of punished crossings was measured in the FPT performed 1 h after drug administration. Results
are shown as the mean number of punished crossings ± SEM for n = 8–10. Statistical analysis:
one-way analysis of variance, followed by Dunnett’s post hoc test. Significance vs. RES + VEH group:
* p < 0.05, ** p < 0.01, and **** p < 0.0001.

Figure 5. Effect of intraperitoneally administered vortioxetine (VORT; 5 and 10 mg/kg) and ropinirole
(ROP; 5 and 10 mg/kg) on the muscle strength in the mouse FM-like model induced by a 3-day
administration of subcutaneous reserpine (RES; 0.25 mg/kg). The effect of VORT and ROP was
measured in the grip strength test carried out 1 h after drug administration. Results are shown as the
mean force (expressed in (g)) that evoked the animal’s reaction ± SEM for n = 10. Statistical analysis:
repeated-measures analysis of variance, followed by Tukey’s post hoc comparison. Significance vs.
RES + VEH group at the respective time point of testing: p > 0.05.

2.6. Effect on Locomotor Activity

Repeated measures ANOVA demonstrated an overall effect of treatment on the loco-
motor activity of mice (F[3, 84] = 9.104, p < 0.0001). Time effect was also statistically signifi-
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cant (F[2, 84] = 78.90, p < 0.0001) but the drug × time interaction was not (F[6, 84] = 1.421,
p > 0.05).

Locomotor activity did not differ in RES + VEH group compared to RES + VORT group
or RES + ROP group. However, locomotor activity of RES + VEH group was significantly
decreased as compared to the VEH group (p < 0.01 in the 5th min of the test, and p < 0.001
in the 6th min of the test, Figure 6).

Figure 6. Effect of intraperitoneally administered vortioxetine (VORT; 10 mg/kg) and ropinirole (ROP;
10 mg/kg) on the locomotor activity of mice in the FM-like model induced by a 3-day administration
of subcutaneous reserpine (RES; 0.25 mg/kg). The effect of test drugs on the number of light beam
crossings was measured in the locomotor activity test carried out 1 h after drug administration.
Results are shown as the mean number of light beam crossings ± SEM for n = 8. Statistical analysis:
repeated-measures analysis of variance, followed by Tukey’s post hoc comparison. Significance vs.
RES + VEH group at the respective time point of testing: ** p < 0.01 and *** p < 0.001.

3. Discussion

FM is a disease that results from the impaired neurotransmission mediated by sero-
tonin and catecholamines [40–42]. This altered neurotransmission underlies many symp-
toms of this disease, including chronic pain, mood and sleep disorders, and cognitive
decline [43]. In FM dysregulated dopaminergic neurotransmission was shown and a strong
correlation between dopamine metabolism and reduced gray matter density was reported.
These phenomena contributed to the enhanced pain perception, cognitive deficits and
abnormal stress reactivity [44]. Additionally, a disruption of presynaptic dopaminergic
neurotransmission in those brain regions where dopamine plays a putative role in analgesia
was shown in FM patients [45]. Recent human and animal studies have revealed that a
decreased level of dopamine or the hypofunction of the dopaminergic system might lead
to a significantly lowered pain threshold [46,47] and chronic pain intensification [48]. In
patients suffering from FM, abnormal dopamine function may be associated with differen-
tial processing of pain perception [49,50]. It has also been shown that the polymorphism in
the serotonergic 5-HT3 receptor gene (HTR3) might modulate the striatal dopamine D2/D3
receptor availability in FM patients [15].

Considering this key role of the abnormal serotonergic and dopaminergic neurotrans-
mission in the development of FM in humans, in the present research we investigated the
influence of VORT and ROP on the pain threshold, depressive-like symptoms, anxiety, and
motor functions in a rodent model of FM caused by RES.

In this mouse study we used RES, a natural alkaloid [51,52], which acts by inhibiting
the sequestration of monoamine neurotransmitters, namely noradrenaline, dopamine,
and serotonin into storage vesicles [53,54]. This action triggers increased metabolism of
neurotransmitters resulting in their marked decrease in the brain and the spinal cord [55].
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Peripheral administration of RES at doses 1–10 mg/kg produces a significant (70–95%)
depletion of monoamine content in the central nervous system. This monoamine deple-
tion occurs 30 min after RES injection and may last up to 2 weeks, finally returning to
physiological levels after 21 days of retrieval [56].

As proposed by Nagakura and colleagues [36], repeated-dose RES-induced depletion
of biogenic amines in the nervous system underlies the development of sensory hypersensi-
tivity accompanied by depressive-like and anxiety-like behavior in rodents [57,58]. Behav-
ioral studies also proved the effect of RES on sleep architecture [59], muscle strength [60],
and cognitive impairment [61]. Hence, RES is regarded as a reliable tool compound to
induce FM-like symptoms in laboratory animals. It offers good construct validity, face
validity, and predictive validity [41] because its use mimics disease biochemistry, many
symptoms that occur in FM patients and it is also useful in the search for new biologically
active compounds with potential therapeutic effectiveness in FM.

It should be however emphasized that the RES-induced mouse model of FM used in
this present study has several limitations, mainly because it is not entirely specific for this
disease. Particular attention should be paid to the fact that RES is also used as a tool to
model Parkinson’s disease and similarities in behavioral changes in the FM model and the
Parkinson’s disease model are observed. As shown by Leal and colleagues [62] repeated
administrations of low doses of RES can mimic the progressive nature of Parkinson’s
disease. This confirms the ability of RES to produce symptoms similar to those observed
in the early stages of this disease, i.e., RES-treated animals show cognitive and emotional
deficits in the early stages of this disorder, even before the onset of motor abnormalities. The
non-motor symptoms typical for the RES-induced model of Parkinson’s disease have been
associated mainly to impairments in the serotonergic and noradrenergic neurotransmission
pathways. In this sense, it is not fully understood, whether the model that we used in this
present study more closely reflects the symptoms of FM, or rather those which are typical
for the early stages of Parkinson’s disease as behavioral changes present in both these
disorders can be easily modeled with the use of RES. Due to this issue, future studies using
another rodent model of FM should be carried out to confirm the results obtained in the
present experiment [62], also considering that at concentrations similar to those used in this
present research, RES has still been used in rodents to investigate the pathophysiology of
Parkinson’s disease and to demonstrate therapeutic efficacy of drugs and drug candidates
for this neurodegenerative disorder [63,64], while its higher dosages varying from 1 to
10 mg/kg induce a wide range of motor impairments that resemble Parkinson’s disease:
akinesia, hypokinesia, catalepsy, limb rigidity, and oral tremor. Importantly, some of these
motor deficits might influence locomotor activity measures [56,62] and they might be
accompanied by memory deficits, anxiety-like behavior, depressive-like behavior, and
nociceptive sensitization. Of note, anxiety-like behavior occurs in RES-treated animals
in a dose range that does not produce motor impairment (0.1–0.5 mg/kg) and this dose
range was used in our study. Moreover, the repeated treatment with low doses of RES
(0.1 mg/kg) was suggested as a progressive model of Parkinson’s disease in which motor
impairments were preceded by cognitive decline, neuronal alterations compatible with
the pathophysiology of Parkinson’s disease, and emotional processing deficits. In this
progressive model of Parkinson’s disease, the observed immobility in the FST correlated
well with nociceptive sensitization, anxiety, and depression, showing that RES induced non-
motor symptoms comorbid with the motor ones [56,65]. Taken together, these data indicate
that RES has good face validity for both FM and Parkinson’s disease by inducing symptoms
that are noted in both disorders, although for the latter condition, a longer period of RES
administration (i.e., 3 weeks) is usually recommended [65]. Additionally, high predictive
validity of RES as a tool to assess the efficacy of dopaminergic and non-dopaminergic
drugs for both FM and Parkinson’s disease seems to be another potential limitation of our
study and the effectiveness of drugs such as ROP in the RES-based Parkinson’s disease
model (and FM) must be considered. For ROP increased locomotor activity and the ability
to reverse hind limb rigidity were shown previously [64]. In addition to this, ROP at doses
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almost 2-fold higher than those used in our study was able to reduce catalepsy caused by
RES [63].

Chronic and widespread pain is one of the most distressing symptoms of FM that
often leads to a significant reduction in the normal physical activity, social, and professional
exclusion and it is estimated that the use of both pharmacological and non-pharmacological
methods to treat FM symptoms is inadequate in approximately 50% of FM patients [66]. In
our present study, RES significantly lowered mechanical nociceptive threshold measured
in the von Frey test. It induced anxiety-like symptoms in mice and it significantly reduced
animals’ locomotor activity measured in the locomotor activity test. RES also prolonged
immobility in the FST, however this effect did not reach statistical significance. It did not
affect thermal nociceptive threshold measured in the hot plate test. Muscle strength was
not altered by RES, either. Taken together, the analysis of the effects of RES on FM-like
symptoms revealed that it mainly influenced the mechanical nociceptive threshold and
anxiety-like behavior of mice. Lowered pain threshold for mechanical stimulation [67] and
increased anxiety due to RES administration [68] were also shown previously.

In our study we demonstrated that both VORT and ROP used at the dose of 10 mg/kg
were able to elevate the mechanical nociceptive threshold and VORT was more efficacious
than ROP in this assay. Previous studies revealed analgesic properties of VORT in various
pain conditions in mice [37,69] and humans [70,71] and it was suggested that the analgesic
properties of VORT in chronic pain conditions were due to the increased content of sero-
tonin and noradrenaline in the brainstem of mice [37]. Our present study is the first one
that shows that VORT might also be effective in pain in the course of FM.

In the von Frey test we also demonstrated that ROP, the dopaminergic D2/D3 re-
ceptor agonist was effective as an antiallodynic agent. The role of spinal D2 receptor
stimulation in the reduction of superficial dorsal horn neuron hyperexcitability has been
recently shown [72] and it has been suggested that spinal D2 receptors might be promising
therapeutic targets for the treatment of pain symptoms in some chronic diseases [72,73].
Interestingly, the latter study used the von Frey test and it showed antiallodynic properties
of ROP in a mouse model of Parkinson’s disease. Potential analgesic efficacy of ROP result-
ing from its agonistic activity at D2/D3 receptors in FM patients was suggested previously
based on results from clinical trials [74,75] and our present study confirmed antiallodynic
properties of this drug in a mouse model of this disease.

In contrast to previously published results [55], in our present research RES did
not induce heat hyperalgesia in mice. This difference is hard to explain. Specific strain
differences or distinct temperature range used during testing might be potential explanation
for this discrepancy between these two studies. On the other hand, there are also some
studies that showed antinociceptive properties of RES in the hot plate test [76], which
might be the explanation for the observed lack of hyperalgesia due to RES administration.
In the hot plate test, neither VORT, nor ROP influenced the thermal pain threshold of mice
treated with RES.

Acute stress is one of contributing factors to increased depressive symptomatology
and anxiety [77]. Stress also plays an important role in the development of FM in hu-
mans [16] and for this reason some antidepressants, which act as inhibitors of serotonin
and noradrenaline reuptake, were previously found to be effective in FM patients [24,78,79].
The FST is an assay for screening of compounds with potential antidepressant properties
and it reveals compounds, even after their acute administration [80]. In this test, increased
immobility of mice is not only a measure of depressive-like state but it also shows a coping
strategy of a mouse exposed to an acute inescapable stress. Thus, the test provides some
insight into the neural mechanisms of the stress response [81].

In our present research RES did not induce depressive-like behavior measured in the
FST in mice. Although the 3-day administration of this alkaloid slightly prolonged the
duration of immobility, this activity did not reach statistical significance. We can therefore
conclude that the FM model based on repeated administrations of RES showed limited face
validity for this disorder. Our finding is, however, in contrast with that previously reported
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by Klein and colleagues [55] who noted a prolongation of immobility of mice injected with
RES in the FST.

Interestingly, in the FST we were not able to demonstrate antidepressant-like prop-
erties of VORT. In contrast to this, a statistically significant reduction of immobility time
was shown for ROP-treated group. The FST results obtained for the antidepressant drug
VORT might seem surprising, however the lack of antidepressant-like properties of VORT
revealed in this test might be explained as follows: VORT is a drug that acts by modulating
serotonergic neurotransmission and according to Cryan and colleagues [82] serotonergic
compounds might not reveal their potential antidepressant properties in the classical FST,
which was used in the present experiment. In contrast to this, antidepressant-like proper-
ties shown for ROP in the FST in a mouse model of FM are in line with the previous reports.
They demonstrated that ROP possessed antidepressant-like properties in mice [83,84],
which were due to ROP-induced altered functions of dopaminergic, serotonergic, or sigma
receptors [83]. This activity of ROP was also confirmed in humans [85].

The above-mentioned previous study [84] showed that ROP significantly and dose-
dependently decreased immobility time in experimental animals. Only at the dose of
10 mg/kg it increased swimming and climbing. Different active behaviors are related
to different neurotransmitter systems [86]. Specifically, the serotonergic system has been
implicated in swimming behavior, while climbing might be related to function of the
noradrenergic system. Taken together these data demonstrated that ROP may affect
serotoninergic neurotransmission, whereas noradrenergic neurotransmission might be
affected only following high doses of this drug. Our present data are in accordance with
previous findings, which indicated that ROP decreased duration of immobility time in
rodents [83,87]. Those effects of ROP seem to be mediated by D2-like receptors, because
they were blocked by D2-like receptor antagonists (e.g., haloperidole), but not by the D1
receptor antagonists (e.g., SCH 23390) [83].

In our present research we also assessed potential anxiolytic-like properties of VORT
and ROP in a mouse model of FM induced by RES. In the FPT, RES caused a statistically
significant decrease in the number of punished crossings, which was a measure of anxiety-
like behavior in this assay [88]. In contrast to the FST, the FPT revealed a significant
anxiolytic-like activity of VORT, but not of ROP in mice treated with RES. Anxiolytic
properties of VORT were also previously reported [89–92]. For ROP both anxiety [93,94]
and anxiolytic-like properties [84,95] were demonstrated. A possible explanation for the
observed lack of anxiolytic-like properties of the D2/D3 receptor agonist, ROP, in mice with
FM-like symptoms shown in our present study might be related to the previously reported
correlation between abnormally high D2/D3 receptor availability in the ventral striatum
and enhanced anxiety symptoms in depressed subjects [96]. It should also be noted that an
increased dopaminergic neurotransmission involving D2 (and D1) dopaminergic receptors
is postulated as an underlying mechanism for anxiety-like behavior in mice [97].

Pain threshold of mice measured in the von Frey test and the hot plate test, immobility
duration assessed in the FST or the number of punished crossings measured in the FPT
might be influenced by compounds, which impair locomotor activity or other motor
functions of animals used in behavioral tests [88]. This, in turn, can significantly reduce the
translational value of the preclinical research. Having this in mind, in order to avoid false
positive results in behavioral tests assessing the effect of VORT and ROP on key symptoms
of FM, we additionally assessed their effects on the muscle strength and locomotor activity
of mice. None of the test drugs altered muscle strength of mice measured in the grip
strength test and only RES (but not VORT or ROP) reduced locomotor activity of mice. This
finding is in line with previous studies, which showed that RES induced features of akinesia
and hind limb rigidity in rats for up to 24 h [56,64]. This effect was dependent on striatal
dopamine deficits and it was reversed by dopamine replenishment. In our study, locomotor
activity of mice was investigated 24 h after the last RES injection and this might explain the
observed decreased locomotor functions in the RES + VEH group. As for intraperitoneal
ROP or VORT, we did not demonstrate their effects on the locomotor activity of mice.
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This is in line with previous studies showing that ROP at doses 1–10 mg/kg showed the
antidepressant-like effect in the FST without impairing locomotion in rats [84] or mice [83],
and that VORT did not affect locomotor activity of mice [92]. Taken together, it can be
concluded that the results obtained for VORT and ROP in pain tests, FST and FPT are not
falsified by impaired motor functions of mice treated with these drugs. Additionally, it
has to be noted that in mice treated with RES, neither VORT, nor ROP were able to restore
motor activity of animals to levels observed in the VEH group.

4. Materials and Methods

4.1. Animals and Housing Conditions

In vivo experiments were performed at the Department of Pharmacodynamics, Faculty
of Pharmacy, Jagiellonian University Medical College, Krakow, Poland. Behavioral tests
were carried out between 9 am and 2 pm. All procedures for in vivo tests were performed
in full accordance with ethical standards laid down in respective Polish and EU regulations
(Directive No. 86/609/EEC and the 1st Local Ethics Committee’s in Krakow approval
No. 250/2019). In order to avoid potential bias in data recording the investigators who
were involved behavioral assays were blinded to experimental groups.

In behavioral tests adult male CD-1 mice weighing 18–22 g were used. The animals
were kept in groups of 10–15 mice in cages at standard laboratory conditions (room
temperature of 22 ± 2 ◦C, light/dark (12:12) cycle, humidity 50% ± 10%, free access to
food and water, and environmental enrichment before the experiments). The ambient
temperature of the room and humidity were kept consistent throughout all the tests.
For all experiments the animals were selected randomly. Each experimental group of
mice consisted of 8–10 animals/dose. Immediately after the experiment the animals
were euthanized.

4.2. Chemicals

RES, VORT, and ROP were purchased from Sigma Aldrich (Poznan, Poland). For
in vivo tests, the solution of RES was prepared by dissolving an appropriate amount of
this drug in the glacial acetic acid (Polskie Odczynniki Chemiczne, Gliwice, Poland) and
diluted to a final concentration of 0.5% acetic acid with phosphate buffer (PBS, BioShop
Canada Inc., Burlington, ON, Canada). VORT and ROP were suspended in 1% solution of
Tween 80 (Pol-Aura, Zabrze, Poland). Test drugs were administered by the intraperitoneal
route at a constant volume of 0.1 mL/10 g, 1 h before behavioral tests. Two fixed doses
of VORT and ROP were used in this study. Dose selection was based on the previously
published literature data [83,98,99]. Control mice received 1% Tween 80.

4.3. Induction of FM-Like Model in Mice

The mouse FM-like model induced by RES administration is based on causing a
decrease in the concentration of biogenic amines, mostly dopamine and serotonin in the
structures of the central nervous system, resulting in a decreased pain threshold and
induction of depressive-like and anxiety-like responses. This model was established by
Nagakura and colleagues [36] to be used in rats and then adapted for mice by de Souza
and colleagues [57]. To induce symptoms mimicking human FM, mice were injected
subcutaneously with RES (0.25 mg/kg) for the three consecutive days. Behavioral tests
were carried out 24 h after the last RES administration (Figure 1).

4.4. Behavioral Tests
4.4.1. Effect on Pain Threshold

Pain threshold of RES-treated mice was assessed at two time points, i.e., before the
test drug (VORT, ROP, or VEH) administration (referred to as ‘predrug’ measurement) and
60 min after its administration (‘postdrug’ measurement). Both mechanical and thermal
nociceptive thresholds were assessed in each experimental group using the von Frey test
and the hot plate test, respectively.
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Influence on Tactile Allodynia (Von Frey Test)

The test was carried out according to a procedure previously described [100]. The
electronic von Frey unit (Bioseb, Vitrolles, France) is a device supplied with a single flexible
filament applying the increasing force (from 0 to 10 g) against the plantar surface of the
hind paw of a mouse. In this assay the nocifensive paw withdrawal response automatically
turned off the stimulus and the mechanical pressure that evoked the response was recorded.
On the day of the experiment, the mice were placed individually in test compartments
with a wire mesh bottom and were allowed to habituate for 1 h. After the habituation
period, in order to obtain baseline (predrug) values of mechanical nociceptive threshold,
each mouse was tested 3 times alternately in each hind paw, allowing at least 30 s between
each measurement. Then, the mice received tested compounds or vehicle and 1 h later they
were tested again and mean postdrug values were obtained for each mouse.

Influence on Thermal Hyperalgesia (Hot Plate Test)

The hot plate test evaluated the effect of compounds on thermally-induced pain. The
assay was carried out as previously described [100]. Briefly, the mice were placed on a plate
with a surface temperature of 55–56 ◦C (hot/cold plate analgesiameter, Bioseb, Vitrolles,
France). The predrug latency to pain reaction, i.e., the hind paw licking or jumping was
measured in all experimental groups. Then, the test compounds were injected and 1 h later
the test was carried out again to obtain postdrug measurements. To prevent paw tissue
damage, the cut-off time of 60 s was established and mice not responding within 60 s were
removed from the apparatus and assigned a score of 60 s.

4.4.2. Assessment of Antidepressant-Like Activity (Forced Swim Test, FST)

The FST was carried out according to the method originally described by Porsolt and
colleagues [101] with some modification [102]. Mice were dropped individually into glass
cylinders (height: 25 cm, diameter: 10 cm) filled with water (maintained at 23–25 ◦C) to
a height of 10 cm. The whole test lasted for 6 min, during which after an initial 2-min
period of vigorous activity, each mouse assumed an immobile posture. The total duration
of immobility was recorded during the final 4 min of the whole 6-min testing period and
the results obtained were compared between control and drug-treated groups of mice.
Animals were regarded to be immobile when they remained floating passively in the water,
making only small movements to keep their heads above the water surface.

4.4.3. Assessment of Anxiolytic-Like Activity (Four-Plate Test, FPT)

The FPT test was carried out according to a previously described method [103]. The
four-plate apparatus (Bioseb, Vitrolles, France) is a cage (25 cm × 18 cm × 16 cm) that is
floored with four identical, rectangular plates (11 cm × 8 cm) separated from each other
by 4-mm gaps. An electric stimulus transmitted to plates (0.6 mA, duration: 0.5 s) was
produced by an electric shock generator. In this test, after a 15-s habituation period, each an-
imal was subjected to an electric shock when crossing from one plate to another (two limbs
on one plate and two on another) with a 3-s break between each shock. The total duration
of this test was 60 s. The number of punished crossings were counted and compounds with
anxiolytic-like properties were able to increase the number of punished passages.

4.4.4. Assessment of the Effect on Muscle Strength (Grip-Strength Test)

The grip-strength apparatus (TSE Systems, Bad Homburg, Germany) was supplied
with a steel wire grid (8 cm × 8 cm) connected to anisometric force transducer. In this
assay, each mouse was gently kept by its tail so that it could grasp the grid mounted to a
high-precision force sensor of the grip-strength device with its forepaws. Then, the animal
was pulled back gently by the tail until it released the grid and the maximal grip strength
value (expressed in grams) was recorded for each animal. This procedure was repeated
three times and the mean of three measurements for each mouse was calculated [104].

58



Molecules 2021, 26, 2398

4.4.5. Assessment of the Effect on Locomotor Activity

The locomotor activity test was performed using activity cages (40 cm × 40 cm × 31 cm,
Ugo Basile, Varese, Italy) supplied with I.R. beam emitters connected to a counter for the
recording of light-beam interrupts [102]. Sixty minutes before the locomotor activity test, the
mice were pretreated with VORT, ROP, or VEH. Then, they were individually placed in the
activity cages for an adaptation period (30 min). The animals’ locomotor activity (i.e., the
number of light beam crossings) was counted during the next 6 min in 1-min intervals.

4.5. Data Analysis

Data analysis was performed using GraphPad Prism software (version 8.0, San Diego,
CA, USA). Numerical results obtained in behavioral tests are expressed as the mean ± SEM.
Statistical analysis was carried out using a one-way analysis of variance (ANOVA), followed
by Dunnett’s post hoc comparison to compare results obtained for drug-treated groups
and the control group. Repeated measures ANOVA and Tukey’s post hoc comparison
were used for group comparisons made repeatedly at different time points. p < 0.05 was
considered significant.

5. Conclusions

To sum up, the treatment of EM is a challenge for contemporary medicine and novel
treatment options for this disorder are a serious medical demand. In the present study
a mouse model of FM was used to assess if two drugs modulating serotonergic and
dopaminergic neurotransmission, namely VORT and ROP, might be potentially useful in
the treatment of key symptoms of FM in humans. Both drugs markedly reduced tactile
allodynia caused by RES, but they affected emotional processes of mice in a distinct manner.
VORT reduced anxiety-related behavior induced by RES in mice, while ROP showed
an- tidepressant-like properties in RES-treated mice but these RES-exposed mice did not
develop depressive-like phenotype. Hence, we concluded that these two repurposed drugs
should be considered as potential drug candidates for FM patients, but the selection of a
specific drug (i.e., either VORT or ROP) should depend on a careful analysis of the type of
patient’s key symptoms (severe anxiety or depressive state comorbid chronic pain).

The alterations of central nervous system neurotransmitter levels induced by RES used
to develop the FM-like animal model, could be translated into psychiatric and neurological
impairments typically observed in FM patients. However, it is worth noting that the
model that was used in this present study has some limitations, of which the lack of full
specificity for FM and the ability of this model to reflect symptoms typical for Parkinson’s
disease are of particular concern. Therefore, future studies should be focused on testing
VORT and ROP in other FM models, such as the acid saline-induced pain model, sound,
intermittent cold, and subchronic swimming stress models. As FM is a diverse syndrome
that involves multiple etiologies and multiple subtypes, the combined use of these models
may be relevant for the assessment of pathways and mechanisms underlying this disease.
These combined models are able to mimic particular biomarkers and clinical conditions
observed in FM patients and may contribute to a successful development of drugs and
their combinations for FM [105].

Since we demonstrated that the RES model did not show signs of depressive-like
behavior measured in the FST, and FST was not sensitive enough to measure this FM symp-
tom, we also proposed using additional methods to study antidepressant-like potential of
VORT and ROP. Such behavioral assays (e.g., the novelty-suppressed feeding test) were
previously used for the validation of RES model of FM [106] but they also seem to be of
interest in terms of their potential usefulness to develop drugs for FM. Other behavioral
methods for measuring muscle strength deficits and heat hyperalgesia in mice exposed to
RES should also be considered in future studies as the tests we used (grip strength test and
hot plate test) did not reveal differences between animals treated and animals not treated
with RES.
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Abstract: 5-Hydroxytryptamine (5-HT, serotonin) is a neurotransmitter in both the central nervous
system and peripheral structures, acting also as a hormone in platelets. Although its concentration
in the gut covers >90% of all organism resources, serotonin is mainly known as a neurotransmitter
that takes part in the pathology of mental diseases. Serotonin modulates not only CNS neurons, but
also pain transmission and platelet aggregation. In the periphery, 5-HT influences muscle motility
in the gut, bronchi, uterus, and vessels directly and through neurons. Serotonin synthesis starts
from hydroxylation of orally delivered tryptophan, followed by decarboxylation. Serotonin acts via
numerous types of receptors and clinically plays a role in several neural, mental, and other chronic
disorders, such as migraine, carcinoid syndrome, and some dysfunctions of the alimentary system.
5-HT acts as a paracrine hormone and growth factor. 5-HT receptors in both the brain and gut are
targets for drugs modifying serotonin neurotransmission. The aim of the present article is to review
the 5-HT receptors in the gastrointestinal (GI) tract to determine the role of serotonin in GI physiology
and pathology, including known GI diseases and the role of serotonin in GI pharmacotherapy.

Keywords: serotonin; 5-HT receptors; gastrointestinal tract

1. Introduction

Serotonin (5-hydroxytryptamine; 5-HT) and serotoninergic drugs have become pop-
ular in the treatment of depression, and this common use has contributed to a broad
knowledge of serotoninergic neurotransmission in the central nervous system (CNS).
However, serotonin is not found solely in the CNS, and its highest concentrations occur
elsewhere. Though obtained from a normal diet, serotonin must be synthesized de novo
from tryptophan at the destinations of its action because it is almost fully metabolized
before being absorbed. Tryptophan (TRP) is a nutritional amino acid and precursor of
many physiologically essential substances, including 5-HT, melatonin, and kynurenine.
Only 1–2% of TRP is degraded into 5-HT and melatonin, as 95% goes into kynurenine,
kynurenic acid, xanturenic acid, quinolinic acid, and picolinic acid through the kynurenine
pathway [1]. TRP undergoes hydroxylation in neurons and chromaffin cells via the enzyme
tryptophan hydroxylase (TPH), which exists as two isoforms: TPH1 localized in the gut and
TPH2 found in CNS neurons, mainly the raphe nuclei of the brain stem, and some neurons
in the enteric nervous system (ENS). 5-Hydroxytryptophan (5-HTP) is then decarboxylated
by a non-specific aromatic L-amino acid decarboxylase (L-AADC) that also participates
in histamine and catecholamine transformation. 5-HT compounded with chromogranin
A (CGA) is stored in vesicular monoamine transporter 1 (VMAT1), which is expressed
by granules/vesicles in enterochromaffin (EC) cells [2]. EC cells within the gastrointesti-
nal (GI) mucosa synthesize and secrete up to 95% of total body serotonin, whereas the
remaining 5% is synthesized by neurons, mostly in the CNS, but also in pancreatic islets,
mammary glands, and adipose tissue [3]. These cells respond to chemical and mechanical
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stimulation, but also collect signals from gut microbiota to release serotonin [4]. 5-HT
interacts with nerve terminals or other cells (immune, epithelial) or is transported into
enterocytes by the serotonin reuptake transporter (SERT) or organic cation transporters and
dopamine transporter when SERT does not work. Elimination occurs through deamination
to 5-hydroxyindole acetaldehyde (5-HIAL), followed by oxidation to 5-hydroxyindoloacetic
acid (5-HIAA), which is excreted by the kidneys. The urine concentration of 5-HIAA is
clinically important as an indicator of 5-HT synthesis [5]. A scheme of serotonin production
is presented on Figure 1 [6].

Figure 1. A scheme of serotonin production.

Serotonin was first discovered in the bowel and called “enteramine” by Vittorio Es-
pramer in 1937 [7]. Further studies showed that “enteramine” has the same structure as
the serum vasoconstrictor described by Rupport in 1947, which was called “serotonin” [8].
Serotonin and its receptors are part of the multimodal processes that affect homeostasis.
5-HT receptors are classified into seven families involving at least 15 subgroups of recep-
tors [9]. Only the 5-HT3 receptor is a cation channel activated by a ligand; the others are
coupled to a G protein, which is a membrane protein consisting of three subunits (alpha,
beta, gamma), interacts with guanine nucleotides (GTP and GDP), and conjugates with
different receptors that may result in several intracellular effects. The most common type of
receptors in the GI tract are 5-HT3, 5-HT4, and 5-HT7. 5-HT receptors and their functions
are presented in Table 1.

Table 1. Serotonin receptors and their functions in the gastrointestinal tract.

Receptor Family Receptor or Subtype Function

5-HT1

5-HT1A, 5HT1D Gastric fundus relaxation
5-HT1B/1D Prokinetic intestinal stimulation

5-HT1D Contraction of intestinal circular muscle
5-HT1B Contraction of intestinal longitudinal muscle
5-HT1P Peristaltic and secretory reflexes

5-HT2
5-HT2A Contraction of smooth muscles

5-HT2B Contraction of smooth muscles in stomach fundus,
relaxation of longitudinal muscle in the intestine

5-HT3
5-HT3 Chloride secretion and serotonin release from EC cells

5-HT3A Increase intestinal motility

5-HT4 7 splice variants Increase intestinal motility, contraction of esophagus,
relaxation of colon, chloride secretion

66



Molecules 2022, 27, 1680

Table 1. Cont.

Receptor Family Receptor or Subtype Function

5-HT5 - Not known in gastrointestinal tract (essential solely in CNS)

5-HT6 - Not known in gastrointestinal tract (essential solely in CNS)

5-HT7 5 splice variants Excitatory effect, anti-inflammatory activity
CNS—central nervous system.

Serotonin increases the motility of the GI tract muscles, induces muscle constriction in
the lungs and uterus, influences vessel muscles in both directions (constriction/relaxation),
takes part in platelet aggregation, excites nociceptive pain neurons, and influences CNS
neurons. Serotonin also plays a role in the symptoms of GI inflammation, acting through
different mechanisms to exert pro- or anti-inflammatory activity [5,10–12]. Common
substances have been shown to influence serotonin secretion, which may be responsible for
the presence of ambiguous disease symptoms and prevalent digestive diseases. Bisphenol
A, a chemical compound in plastic bottles made of PE, was shown in an animal study to
enhance the number of 5-HT-positive cells in the mucosal layer of the small intestine [13].
GI tract disorders are closely associated with serotoninergic transmission. We review the
current knowledge of peripheral serotonin neurotransmission with special emphasis on
the effects essential for GI action and reference to drugs affecting the alimentary system.

2. Serotonin in the GI Tract

A highly organized ENS, also called the “abdominal brain” or “second brain”, regu-
lates absorption, secretion, and gut motility. It is the only organ that, although under the
control of the CNS, can function in isolation independent of the brain. Serotonin is secreted
by EC cells apically to the intestine lumen and baso-laterally in response to mechanical and
chemical stimulation [14,15]. Through the mucosal projections of primary afferent neurons,
intrinsic and extrinsic nerves conduct information to the CNS. Submucosal projections
of intrinsic primary afferent neurons (IPANs) initiate peristaltic and secretory reflexes,
whereas myenteric projections are responsible for giant contractions and mediate excitatory
neurotransmission regulating GI motility [16]. Mechanical stimulation of the bowel (by
food) provides secretion of 5-HT that activates IPANs containing calcitonin gene-related
peptide (CGRP) in the mucosa, which synapse with ascending and descending interneurons.
Through excitatory motor neurons, ascending interneurons cause contraction of smooth
muscle mediated by acetylcholine, substance P, and neurokinin A. Descending interneu-
rons cause smooth muscle relaxation, activating inhibitory motor neurons to release nitric
oxide (NO), vasoactive intestinal peptide (VIP), and pituitary adenylate cyclase-activating
peptide (PACAP) [17]. Longitudinal smooth muscles contract and relax in reverse fashion
to circular muscle under the regulation of the same neurotransmitters [18,19].

2.1. GI Serotonin—Linkage to Metabolism

Investigations on human carcinoid EC cell lines have given information about its
response to some nutrients. It was confirmed that EC cells are sensitive to luminal glucose
levels through glucose–sensing mechanisms for both an acute increase and chronic reduc-
tion in glucose availability. EC cells express a range of G-protein-coupled receptors that
are tuned to other nutrients, such as amino acids triggering serotonin release. Similarly,
production of secondary bile acids and short-chain fatty acids by gut microbiota activates
EC cells for 5-HT secretion. In vitro EC cells respond to neuromodulatory agents, which
suggests that these cells may be responsive to neural signals in the CNS and ENS. Luminal
5-HT is required for intestinal nutrients and water absorption and takes part in bicarbonate
and electrolyte secretion into the lumen, as well as bile acid turnover, bile acid synthesis,
and liver secretion [20].
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Serotoninergic intestinal activity depends on local stimulation. 5-HT secreted by
EC cells acts as a paracrine messenger because there are no direct connections to the
activated nerves. There is also confirmed hormonal signaling with other enteroendocrine
cells. Mouse models have shown the role of gut-derived serotonin (GDS) in lipolysis and
gluconeogenesis. Sumara et al., identified that 5-HT acts directly on adipocytes through
the Htr2b receptor and promotes lipolysis during fasting. As a result, free fatty acids and
glycerol are released as a substrate for liver gluconeogenesis. Htr2b is the most highly
expressed 5-HT liver receptor. Serotonin has been observed to favor gluconeogenesis by
enhancing the activity of two rate-limiting enzymes, FBPase and G6Pase. Through the
same receptor, GDS suppresses glucose uptake in hepatocytes, possibly by suppressing
glucokinase activity and glucose transporter 2 (Glut2) degradation. In diabetes type 2, there
is often lipolysis and liver gluconeogenesis, and these results suggest that decreasing GDS
synthesis could ameliorate type 2 diabetes [21]. Some EC cells express specific receptors,
including receptors for glucagon-like peptide 1 and 2 (GLP1, GLP2) in diabetes and GI
tract motility, respectively. GLP2 is secreted in response to food intake and influences GLP1
secretion from L cells in the ileum in response to an elevated glucose concentration. Thus,
serotonin may act as a kind of mediator in inhibiting gastric emptying and stimulating
gastric secretion with GLP2, and takes part in the metabolic reaction for glucose intake
with GLP1 [20]. The intestinal microbiome performs a range of essential functions on the
host metabolism.

Although the gut bacterial system, including that of Corynebacterium spp., Strepto-
coccus spp., and Enterococcus spp., can synthesize and secrete 5-HT, it provides signals
through metabolites, such as fatty and biliary acids, to EC cells to maintain the gut content
and plasma serotonin levels [22].

Only a small amount of 5-HT is synthesized with bacterial beta-glucuronidase from
glucuronide-conjugated serotonin. Some microbial metabolites promote TPH1 expression
and 5-HT release. The pathway goes through specific receptors present in the colon, includ-
ing olfactory receptor 78 (OLF78) for short-chain fatty acids, G-protein-coupled receptor
35 (GPR35) for small aromatic acids, G-protein-coupled bile acid receptor 1 (GPBAR1)
for secondary bile acids, free fatty acid receptor 2 (FFAR2), and other G-protein coupled
receptors [23,24]. The enteric microbiota is crucial and takes part in regulating a variety
of neurotransmitters, including those playing an important role in diseases of the GI tract,
such as histamine, serotonin, and glutamate. Non-specific and specific symptoms of GI
tract failure seem to be a common problem in health services all over the world. According
to the National Centre for Health Statistics (NCHS) in the US, there were 37.2 million
visits to physician offices and 7.9 million to the emergency department with diseases of the
digestive system as a primary diagnosis in 2018 [25].

2.2. Serotonin in GI Tract Disorders
2.2.1. Irritable Bowel Syndrome (IBS)

IBS is a bothersome disease that may occur with several leading symptoms with
predominant complaints according to Rome IV criteria of constipation (IBS-C), diarrhea
(IBS-D), mixed type (IBS-M), and unclassified (IBS-U) [26]. Symptoms may vary and are
dependent on diet and lifestyle, and even may be influenced by psychological factors. There
are no reliable, established, standardized tests to assess disease activity. One of the crucial
factors that may influence the disease course is intestinal microbiota, and communication
between the gut microbiota and CNS was proposed as the brain-gut microbiome (BGM). The
microorganism composition is relatively stable, and an imbalance in homeostasis caused
by usage of antibiotics or other drugs, diet change, and/or exposure to enteritis may lead
to dysbiosis and clinical deterioration [27,28]. Bacterial overgrowth in the small intestine
(SIBO) leads to a disturbance in intestinal absorption and release of toxic products, such as
methane gas, influencing motor activity and delayed bowel transit [22]. There are several
microbial neurotransmitters, including 5-HT, which seems to be an essential molecule that
induces IBS symptoms through the activation of immune cells, changes in gut motility, and
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increased visceral hypersensitivity and epithelial permeability. Excessive serotonin release
promotes GI motility and may be responsible for IBS-D symptoms, and bacteria-derived
5-HIAA directly accelerates colonic motility via activation of L-type calcium channels [29].
In contrast, increased SERT function and downregulation of TPH1 in animal models has
been shown to reduce GI motility and lead to delayed intestinal transit [30,31]. Through
5-HT as a neurotransmitter, the gut microbiota stimulates mesenteric sensory fibers and
vagal and spinal afferent fibers, influencing the presence of chronic pain in IBS patients,
and the pro-inflammatory action of serotonin exacerbates abdominal pain intensity [32,33].

2.2.2. Inflammatory Bowel Disease (IBD)

IBD consists of two diseases—ulcerative colitis (UC) and Crohn’s disease (CD). CD
may affect all of the small and large bowel, whereas UC is limited to the colon. There are
different types of immune responses involved in GI inflammation. CD is characterized
by type 1 or type 17, with increased production of IL-12, IL-17, IL-23, IFNγ and TGFβ,
whereas UC is typified by type 2 with higher levels of IL-5 and IL-13 [34,35]. There is
high symptom heterogeneity, and the main factors affecting the course of IBD are genetic
predisposition, infectious history, diet, and microbiota, which seems to play an important
role in intestinal inflammation [36]. Kwon et al., compared the influence of serotonin
on chemically induced colitis in a mouse model and showed that serotonin selected for
more colitogenic microbiota by regulating bacterial growth and inhibiting beta-defensin
production in colonic epithelial cells. A significantly reduced intestinal concentration
of 5-HT decreased the severity of colitis. Microbial transfer between guts with 5-HT
reduced and normalized the mediated colitis severity, indicating the protective function
of microflora with reduced serotonin levels [37]. In humans, Escherichia coli, available as
probiotic bacteria, regulates tryptophan hydroxylase 1, enhancing the 5-HT level. It may
be beneficial in IBS-C to have a decreased serotonin level, and in IBD, an increased level
of serotonin may be associated with exacerbation of the clinical course due to enhanced
inflammation [38]. Microbiota-derived short-chain fatty acids, through upregulation of
G-protein coupled receptors, strengthen the epithelial barrier integrity and, by inducing
regulatory T cells, have anti-inflammatory potential. On the other hand, short-chain fatty
acids upregulate TPH transcription, which increases mucosal production of serotonin,
supporting inflammation and colitis manifestation [26].

Peripheral serotonin is important for a proper immune response but also impacts
various inflammatory conditions, such as IBD. The main source of 5-HT for the immune
response is platelets. Platelets cannot produce 5-HT themselves, but they take it from
the bloodstream by SERT. In contrast, mast cells, monocytes/macrophages, and T cells
partially participate in serotonin production. Serotonin acts as a chemotactic agent, in-
creases pro-inflammatory cytokine secretion (e.g., IL-1, IL-6, IL-8, and NFkB), and enhances
phagocytosis. Serotonin can affect both T cells and lymphocytes through their 5-HT re-
ceptors [39–42]. 5-HT increases the production of reactive species, enhances cytokine
production, and promotes adhesion of monocytes to GI epithelial cells [43].

2.2.3. Carcinoid

Carcinoid is one of the best described neuroendocrine tumors (NETs), and carcinoid
syndrome (CS) is the most frequent of the NET ectopic hormonal syndromes. CS occurs
when a sufficient amount of tumor-related compounds are secreted into systemic circulation.
Despite the fact that numerous potential mediators are reported to be responsible for the
clinical symptoms of CS, the most frequently used for laboratory confirmation is 5-HIAA,
the product of 5-HT degradation. Overproduction of serotonin is noted in 98–100% of
cases, and persevering diarrhea is one of the symptoms of CS [44]. Serotonin stimulates
colonic motor functions via 5-HT3 and chloride ion secretion via the 5-HT2A and 5-HT4
receptors [9].
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In February 2017, the Food and Drug Administration (FDA) approved telotristat ethyl
for the treatment of CS diarrhea in patients inadequately controlled by somatostatin ana-
logue therapy. The European Medicine Agency (EMA) followed suit in September of that
year. The drug is a first-in-class, small molecule, peripheral TPH inhibitor [45]. TPH is one
of the main causes of the effects of CS, such as frequent bowel movements associated with
diarrhea and other symptoms [46]. Telotristat ethyl is given as a tablet three times daily and
is generally well tolerated. The proportion of patients reporting at least one adverse event
related to the drug is similar to that observed with placebo. The most common adverse
events are abdominal pain, nausea, increased gamma-glutamyltransferase, and fatigue [47].
However, the drug was labeled with a black triangle due to EMA regulations for new drugs
and biologics approved since January 2011. The symbol displayed in their package leaflet
and the summary of product characteristics (SmPC) for healthcare professionals means
that the medications are under ‘additional monitoring’ by regulatory authorities, and is
meant to encourage doctors and patients to report any adverse effects [48].

2.3. 5-HT Receptors and Drugs Acting in the GI Tract

Multimodal serotonin GI function and enteric pathologies are a result of the presence
of different types of 5-HT receptor families. 5-HT1 includes five subtypes: 5-HT1A, 5-HT1B,
5-HT1D, 5-HT1e, and 5-HT1F. However, for 5-HT1e, a functional response in native cells
or tissue has not been identified [9]. What was the 5-HT1C receptor was finally classi-
fied as 5-HT2C, so it does not exist in the 5-HT1 family. Representatives of this group
of receptors have been confirmed in many tissues. The most extensively distributed is
the 5-HT1A receptor, which is present in the CNS, cardiovascular system, and GI tract.
Extensive investigations of the distribution of the 5-HT1 receptors and their involvement in
a variety of physiological and pathological responses have led to a broad knowledge base
on 5-HT1 receptor identification, expression, and pharmacology. Much is known about
5-HT1A receptors, especially in area of targeting for pharmacotherapy in a broad spectrum
of neuropsychiatric disorders, such as major depression, anxiety, schizophrenia, pain, atten-
tion deficiency hyperactivity disorder, cognitive deficits, Parkinson’s disease, and recently
sexual dysfunction and respiratory deficits [9]. Its role in the human GI tract seems to be
rather limited. The main confirmed role is a contribution to gastric contractility. Application
of a selective 5-HT1A receptor agonist, R137696, resulted in fundus relaxation with no
effect on distension-induced dyspeptic symptoms [49]. Similar observations concerning the
administration of sumatriptan, a 5-HT1D agonist, was reported by Coullie et al., who noted
that relaxation of the gastric fundus resulted in a prolonged half-emptying time of liquids
and solids [50]. Sumatriptan also increases lower esophageal sphincter (LES) contraction
but increases the frequency of reflux. This is probably due to sumatriptan evoking stomach
postprandial relaxation and delayed meal retention [51]. The 5-HT1B receptor is present in
the CNS and vessels, but 5-HT1B/1D agonists have been observed to have a prokinetic
influence on GI tract muscles [52]. Different types of 5-HT receptor antagonists act through
different types of intestine musculature. 5-HT1D antagonists decrease contraction of the
circular muscle of human small intestine, whereas 5-HT1B antagonists decrease contraction
of the longitudinal muscle [53]. A few publications have distinguished the 5-HT1P receptor
as a separate subtype [54–56], but it needs to be defined and is suspected to be either the
5-HT7 receptor or a heterodimer consisting of the dopamine D2 receptor with either the
5-HT1B or 5-HT1D receptor with a functional role in the ENS, as it was not detected in
the CNS [57]. The 5-HT1P receptor may be critical in the initiation and maintenance of
peristaltic and secretory reflexes; it activates submucosal IPANs, and receptor agonists
can be expected to enhance diarrhea, whereas antagonists stimulate constipation, or even
paralytic ileus [56,57]. Several antidepressant and antimigraine drugs acting via the 5-HT1
receptor have been registered and approved. Sumatriptan prototypical triptane with affin-
ity for different 5-HT1 receptors affects the smooth muscles in the GI tract and, in 1992,
was the first triptane approved by the FDA for migraine treatment. Triptanes of mixed
affinity to 5-HT1 receptors were available on the market later. Sumatriptan, zolmitriptan,
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naratriptan, and riazatriptan are full agonists of all 5-HT1 receptors. Frovatriptan is a
full agonist to 5-HT1B and 5-HT1D receptors with partial agonism towards 5HT1A and
5-HT1F receptors. Attempts to develop 5-HT1D selective agonists have been unsuccessful,
but a new class of drugs was recognized during the research into selective subtypes of
5-HT1 receptor agonists. These are “ditans” that selectively act at the 5-HT1F receptor.
Activation of a second messenger for the 5-HT1B receptor, but not the 5-HT1D or 5-HT1F
receptors, correspond to the contractile potency of isolated human blood vessels in vitro
and in anesthetized canines in vivo [58]. Lasmiditan is considered to be a first-in class
“ditan” registered by the FDA in October 2019 [59] and is under evaluation by the EMA.
None of the triptanes or lasmiditan have been registered directly for GI tract diseases [60].
However, sumatriptan given to a patient with functional dyspepsia delays gastric emptying,
improves gastric accommodation, and reduces the perception of gastric distension and
early satiety [61]. Thus, 5-HT1B and 5-HT1D receptors may be involved in the mechanism
of vomiting, though this has not been elucidated [62].

The 5-HT2 receptor family consists of three subtypes: 5-HT2A, 5-HT2B, 5-HT2C. This
family has excitatory activity, but 5-HT2A also has inhibitory effects. 5-HT2A receptors
were first identified in the brain but soon after were found to mediate several effects
in the periphery, including platelet aggregation, chloride ion secretion [63], and trigger-
ing the contraction of smooth muscles due to its presence in myenteric and submucosal
neurons, enterocytes, and both the longitudinal and circular muscles of the GI tract [64].
Many cell types in the periphery express 5-HT2A receptors, including platelets, fibroblasts,
lymphocytes, and myocytes [9]. 5-HT2B receptors are present in the longitudinal and
circular muscle layers and myenteric neurons. Their activation results in the contraction
of smooth muscle in the stomach fundus and longitudinal muscle in the intestine. In
preclinical studies, these receptors were postulated to take part in the development of the
ENS [5]. 5-HT2C receptors have no known role in GI physiology. There are a number
of drugs that act through 5-HT2 receptors. Some are used in migraine, including methy-
segrid (withdrawn from the market due to cases of retroperitoneal fibrosis), pizotifen,
and cyproheptadine. Atypical antipsychotics, such as risperidone, olanzapine, clozapine,
and sertindole, block 5-HT2A receptors with high affinity but have limited selectivity
versus 5-HT2C and dopamine receptors [8a]. The discovery that 5-HT2A receptor inverse
agonists have antipsychotic effects opened an alternative pathway for treating psychosis
and drove the development of pimavanserin, a 5HT2A inverse agonist. Pimavanserin
lacks dopamine receptor affinity but exhibits antipsychotic activity [65]. In 2016, the FDA
and EMA approved pimavanserin for the treatment of psychosis in Parkinson’s disease.
Considering the GI system, 5-HT2B receptor expression has been found in spontaneous
human carcinoid tumors [66] and hepatitis C-type hepatocellular carcinoma [67]. This
suggests 5-HT receptors as a therapeutic target.

There is still little evidence on the expression of 5-HT1C receptor outside the CNS.
Low levels of the 5-HT2C receptor mRNA has been noted in pancreatic islet cells [68]
and been induced in cultured adipocytes [69]. The physiological role of 5-HT2C in the
above-mentioned areas still needs to be elucidated.

The 5-HT3 receptor is different in structure and function from the other six families of
5-HT receptors. The 5-HT3 receptors have a pentameric composition of five identical or
nonidentical subunits (from A to E). Only 5-HT3A subunits form functional homomeric
5-HT3 receptors. Other subunits have been identified (from B to E), but only 5-HT3B
has been investigated to any extent. Co-expression of the 5-HT3B subunit with 5-HT3A
creates the 5-HT3AB receptor. The presence of at least one 5-HT3A subunit is necessary
for heteromeric forms [9]. The number and arrangement of 5-HT3C, 5-HT3D, and 5-HT3E
subunits in functional receptors has not been determined, though their expression at
the protein level was not confirmed too long ago [70]. 5-HT3 receptors create the only
group that is ion channel gated by ligand and permeable to sodium, potassium, and
calcium. They are expressed mostly in the CNS but are also important in the GI tract, as
they take part in gut motility and chemotherapy-induced nausea and emesis. Receptor
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immunoreactivity was confirmed in the myenteric and submucosal plexuses, cells of Cajal,
and the circular and longitudinal muscle cells. Receptor genes were present in both the
colon and intestine [71,72]. A preclinical study showed that myenteric IPAN excitation
occurs through 5-HT3 receptor activation, and the myenteric and submucosal neurons
respond to stimulation [73]. 5-HT3 receptors also play a role in GI mucosal secretion, as
their activation results in chloride secretion and serotonin release from EC cells [74,75].
Some studies have confirmed that 5-HT3A receptor mRNA, in particular, is present at
high levels in the stomach and colon rather than the small intestine. These receptors are
expressed in cholinergic nerves and PDGFRα-positive cells in the myenteric plexus, directly
influencing motility. Their activation accelerates gastric emptying and colon transit [76].
5-HT3 receptors play a role in rotavirus –induced diarrhea. Hagbom showed that serotonin
is secreted by EC cells in response to rotavirus enterotoxin NSP4, which acts via 5-HT3
receptor and increases bowel motility [77]. The mechanism of chemotherapy-dependent
nausea is via excitation by anticancer drugs (e.g., cisplatin) of EC cells to release serotonin,
which activates 5-HT3 receptors and vagal sensory afferent neurons conduct signals to the
emetic center in the brain stem [17,78]. In patients treated by cisplatin, higher urinary levels
of 5-HIAA confirmed the correlation with the development of emesis. What is important
about transmission depends on vagal excitation rather than serotonin release; thus, 5-HT3
antagonist (ondansetron) does not affect the increased 5-HIAA urinary levels [79].

Dependent on anticancer drug doses and type, ondansetron combined with dexam-
ethasone gives complete protection from vomiting in up to 70–80% of cases without adverse
effects on intestinal activity and stool consistency [17,80,81]. Ondansetron was first ap-
proved in the EU in 1990 and in the US in 1991. It is indicated in the EU for the management
of nausea and vomiting induced by cytotoxic chemotherapy and radiotherapy (adults and
children > 6 months) and for the prevention and treatment of post-operative nausea and
vomiting (adults and children > 1 month). The FDA issued a warning about the risk of
abnormal heart rhythms from high doses of ondansetron in 2011, followed by the EMA
in 2012 [82]. The SmPC was updated in November 2019 with important changes to the
section on “Fertility, pregnancy and lactation”. The SmPC now states that ondansetron
should not be used in the first trimester of pregnancy due to the risk of congenital cardiac
malformations and oral cleft [83]. Alosetron and cilansetron were implemented into IBS-D
treatment but were suspected in the development of ischemic colitis requiring advanced
surgical treatment, despite no serious constipation. Due to such serious adverse events,
these drugs were withdrawn from the market in 2000. The FDA approved a supplemental
new drug application in 2002, which allows for the remarketing of alosetron, but under
conditions of restricted use [17,60]. Several other drugs also act on the GI tract via the 5-HT3
receptor. These are non-selective 5-HT3A antagonists, such as metoclopramide, which acts
as an antagonist to both dopamine D2 and 5-HT3A receptors. It was approved by the FDA
and EMA in 1979 and is recommended to avoid postoperative and chemotherapy-induced
emesis. However, in 2013, some restrictions to the use of metoclopramide were introduced
by the EMA [84] that were mainly aimed to minimize the known risks of potentially seri-
ous adverse neurological reactions. It was recommended that metoclopramide should be
prescribed only for short-term use (up to five days) and not be used in children < 1 year of
age, and in children > 1 year of age, it may only be used as a second-choice treatment for
the prevention of delayed nausea and vomiting after chemotherapy and for the treatment
of post-operative nausea and vomiting. In adults, it is used for the prevention and treat-
ment of nausea and vomiting, such as that associated with chemotherapy, radiotherapy,
surgery, and in the management of migraine. Moreover, the maximum allowable doses
in adults and children were reduced, and higher strength formulations removed from
the market [84]. 5-HT3A selective antagonists consist of palonosetron (approved by FDA
in 2003 and EMA in 2009 as antiemetic), alosetron (approved and reapproved in 2002 in
IBS treatment), granisetron (approved by FDA in 1993 and EMA in 2012 as antiemetic),
tropisetron (approved for chemotherapy-induced emesis), and ondansetron (approved
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by FDA in 1991 as antiemetic in patients receiving chemotherapy and in postoperative
emesis) [60].

The 5-HT4 receptor family represents G protein-coupled metabotropic receptors with
seven splice variants associated with adenylyl cyclase activity. These receptors are widely
distributed within the CNS and periphery, including the heart, GI tract, adrenal and salivary
glands, urinary bladder, and lungs [9]. Stimulation of the receptors by an agonist affects the
modulation of GI motility and contraction of the esophagus and potentiates peristaltic reflex
by colon relaxation and contraction depending on the method of stimulation. In a preclinical
investigation, activation of the 5-HT4 receptors located on circular smooth muscle cells
resulted in colon relaxation, whereas activation via receptors located on neurons leads
to excitatory and inhibitory neurotransmitter release (calcitonin gene-related peptide,
vasoactive inhibitory peptide, substance P) [85]. 5-HT4 receptors are important in the early
development of enteric neurons, affecting neurogenesis after injury or surgical wound
healing after gut anastomosis in adults. Thus, in an animal model, the receptor agonist
mosapride promoted the regeneration of an impaired myenteric plexus and recovered the
defecation reflex in the rectum [86,87]. In the ileum and right colon, serotonin increases
chloride secretion via the 5-HT4 receptors and, with short-chain fatty acids, HCO3 luminal
secretion [16]. In addition, voltage-controlled ion channel stimulation influences not only
intestinal muscles, but also heart atria [88–90], which may be responsible for the cardiac
toxicity of pure older agonists, such as cisapride. The arrhythmogenic effect of stimulation
of atrial 5-HT4 receptors was proposed long ago [91], and the antiarrhythmic effects of
5-HT4 antagonists were presented in a porcine model of atrial fibrillation [92]. Atrial 5-HT4
expression was increased in human chronic atrial fibrillation [93]. QT prolongation and
ventricular tachyarrhythmias are thought to be due to potassium channel dysfunction,
and cisapride can trigger tachycardia and supraventricular arrhythmia via 5-HT4 atrial
receptors [94]. Later, the mechanism through which cisapride promotes cardiac arrhythmias
was found to be unrelated to 5-HT4 receptor agonism. The cardiac risk is thought to
be related to its affinity for hERG channels, which results in QT prolongation and is
enhanced by the concomitant use of inhibitors of CYP involved in cisapride metabolism [95].
Nevertheless, cisapride was withdrawn from the US market in 2000 [76] and suspended
from the European market in 2002 [96] due to serious adverse cardiac events. The affinity
of the 5-HT4 receptor for particular ligands has been noted to depend on which COOH-
terminal splice variant is expressed by a particular cell. This differentiation may explain
why the same agonist facilitates increased GI motility with high intrinsic activity, whereas
the intrinsic activity in cardiac muscle is low [97,98]. The only drugs acting as selective 5HT4
agonists that remain on the market are mosapride, which improves gastric emptying and
reduces gastro-esophageal reflux symptoms, and prucalopride for the treatment of chronic
constipation in adults for whom laxatives do not work well enough [99]. Prucalopride
has also been investigated in idiopathic, diabetic, and connective tissue disease-related
gastroparesis [100,101]. Partial agonists of 5-HT4 receptors, such as tegaserod, seem to be
safer by not resulting in heart toxicity and, therefore, are useful in treating the symptoms
of IBS-C. Tegaserod reduces the severity of colitis, increases the proliferation of crypt
epithelial cells via receptor stimulation, and reduces oxidative stress-induced apoptosis,
which was confirmed in animal models before implementation in IBS treatment [102].
Some data also indicate a beneficial role of tegaserod in gastro-esophageal reflux disease
(GERD) and gastroparesis treatment. It improves esophageal acid clearance, reduces
lower esophageal sphincter (LES) relaxation, and enhances gastric meal passage. This
reduces the low postprandial esophagus exposition for stomach acid and decreases GERD
symptoms [100,101]. Only a few of the drugs mentioned above were approved in the
US and EU with a mechanism acting via the 5-HT4 receptor, though tegaserod was also
withdrawn from the market in 2007 due to adverse cardiovascular effects [58].
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The 5-HT5 and 5-HT6 receptors are present mostly in the CNS [103–105]. They are
probably involved in psychiatric disorders, but also anxiety and memory processes [106].

The 5-HT7 receptors have five splice variants that are abundantly present in the ves-
sels and extravascular smooth muscles of the GI tract [5]. They are present in the human
stomach, small intestine, and colon, and their activity has been confirmed in myenteric
and submucosal IPANs [107]. The activation of these receptors in IPANs produces slow
excitatory postsynaptic potentials, resulting in muscle relaxation. In animal models, selec-
tive 5-HT7 antagonists have been shown to inhibit the excitatory potential and reduce the
accommodation of the circular muscles during the relaxation phase of peristalsis. Over-
stimulation of the receptors has been postulated to be responsible for abdominal bloating
and the exaggerated relaxation of circular muscles, resulting in the symptoms of functional
bowel diseases. 5-HT7 agonists may improve after-feeding symptoms, such as postprandial
satiety [108]. A similar effect has been investigated for other fundus-relaxing drugs, includ-
ing sumatriptan and buspirone, which are not classical 5-HT7 agonists. The 5-HT7 receptor
is expressed in enteric neurons and CD11c/CD86 cells of the colon in animal models suffer-
ing from induced CD. Receptor stimulation has shown an anti-inflammatory effect, likely
by the regulation of cytokine production by activated immune cells. The 5-HT7 receptor
takes part in cytokine production by antigen-presenting dendritic cells and LPS-stimulated
macrophages, except that dendritic cells are able to modulate T-cell function through the
5-HT7 receptor. Thus, the 5-HT7 receptor blockade results in severe inflammation severity,
whereas its stimulation results in the clinical remission of symptoms [109]. In contrast to
these results, in 2,4,6 trinitrobenzene sulfonic acid-induced colitis, blockade of the receptor
does not have such an effect on the severity of inflammation. Thus, this activity may be
model-dependent and require further studies [110]. There have been solely antidepressant
and antipsychotic drugs approved in the US and EU that have a mechanism of action
involving the 5-HT7 receptor [61].

The peripheral effects of acting on serotonin receptors and therapeutic outcomes are
presented in Figure 2.
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Figure 2. Peripheral effects of acting on serotonin receptors and therapeutic outcomes [111–114].
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3. Conclusions

In summarizing the multimodal role of serotonin, it is worth underlining that the
effects of its activity differ according to the receptors on which it acts. Serotonin takes part
in both the physiology and pathophysiology of the GI tract. In general, it increases intestinal
motility but, depending on the receptors, may play opposite roles in the upper and lower
part of the GI tract. In IBS with diarrhea, the plasma level of serotonin is increased, whereas
in patients with constipation it is decreased. Thus, the proposed pharmacological treatment
involves 5-HT3 receptor antagonism to slow the passage or 5-HT4 receptor agonism as a
prokinetic agent. Models of IBD have confirmed that serotonin plays a role in enhancing
inflammation, whereas a decreased level of 5-HT is accompanied by a decreased severity
of disease signs and symptoms. An anti-inflammatory reaction goes through activation of
5-HT4 and 5-HT7 receptors. Immunology of the response of the 5-HT receptor involves
immune cells, including dendritic cells, macrophages, neutrophils, and lymphocytes, and
is altered by the pro-inflammatory cytokines TNFα, IL-1β, IL-6, and IFNγ and the anti-
inflammatory IL-10. Although some drugs acting on 5-HT receptors are registered in GI
tract diseases, there is still much to be elucidated in terms of their mechanism of action,
efficacy, and safety.
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Abstract: Antibiotics as antibacterial drugs have saved many lives, but have also become a victim of
their own success. Their widespread abuse reduces their anti-infective effectiveness and causes the
development of bacterial resistance. Moreover, irrational antibiotic therapy contributes to gastroin-
testinal dysbiosis, that increases the risk of the development of many diseases, including neurological
and psychiatric. One of the potential options for restoring homeostasis is the use of oral antibiotics
that are poorly absorbed from the gastrointestinal tract (e.g., rifaximin alfa). Thus, antibiotic therapy
may exert neurological or psychiatric adverse drug reactions which are often considered to be over-
looked and undervalued issues. Drug-induced neurotoxicity is mostly observed after beta-lactams
and quinolones. Penicillin may produce a wide range of neurological dysfunctions, including en-
cephalopathy, behavioral changes, myoclonus or seizures. Their pathomechanism results from the
disturbances of gamma-aminobutyric acid-GABA transmission (due to the molecular similarities
between the structure of the β-lactam ring and GABA molecule) and impairment of the functioning
of benzodiazepine receptors (BZD). However, on the other hand, antibiotics have also been studied
for their neuroprotective properties in the treatment of neurodegenerative and neuroinflammatory
processes (e.g., Alzheimer’s or Parkinson’s diseases). Antibiotics may, therefore, become promising
elements of multi-targeted therapy for these entities.

Keywords: antibiotics; neurotoxicity; adverse drug reaction; neurotransmission

1. Introduction. Antibiotics and Antibiotic-Induced Adverse Drug Reactions

Antibiotics are one of the most widely used classes of drug that have revolutionized
the treatment of infectious diseases, enabling the causal treatment of these conditions. The
discovery of antibiotic agents and their introduction into clinical practice is considered to
be one of the greatest medical breakthrough of the 20th century [1]. Mankind has used
antibacterial agents of natural origin since the dawn of its history, based on empirical
knowledge and centuries-old tradition in various healing systems (e.g., traditional Chinese
medicine and others). Traces of tetracyclines, incorporated into the hydroxyapatite mineral
portion of bones, have been found in skeletal remains of ancient people (e.g., of the Roman
period or even in Sudanese Nubian human remains dated back to 350–550 CE) [2]. The
beginning of the modern “antibiotic era” and antibiotic therapy used to treat human infec-
tions is usually associated with names of Paul Ehrlich, Gerhard Domagk and Alexander
Fleming. These researchers became famous in the history of medicine with the introduc-
tion of the first modern, arsenic-based antimicrobial agent named Salvarsan, effective
in the treatment of syphilis (Ehrlich; 1909), the discovery of the sulfa drug, sulfonami-
dochrysoidine (Protonsil), endogenously releasing active sulfanilamide (Domagk; 1935;
Nobel Prize laureate in Medicine or Physiology in 1939 for the development of antibacterial
effect of Protonsil) and the discovery of penicillin (Fleming; 1929; Nobel Prize laureate

Molecules 2021, 26, 7456. https://doi.org/10.3390/molecules26247456 https://www.mdpi.com/journal/molecules81



Molecules 2021, 26, 7456

in Medicine or Physiology in 1945 for the discovery of penicillin and its curative effect
in various infectious diseases) [2,3]. Obviously, these “milestones” of antibiotic therapy
would not have been possible without the prior work of other researchers, such as Antonie
van Leeuwenhoek, Robert Hooke, Robert Koch and Louis Pasteur who laid the basics for
modern microbiology [3]. Then, “the golden age of antibiotic discovery” began, which
lasted for about 20 years and resulted in the introduction of most of the currently used
antibiotics in clinical practice. The twilight of this period, which also includes the present
times, is the aftermath and one of the fundamental problems of antibiotic therapy, i.e., the
development of bacterial strains resistant to various antibiotics, which results in the loss
of the anti-infective effectiveness of many of the preparations used so far. Uncontrolled
infectious diseases are again becoming an emerging problem in modern medicine. Esti-
mates indicate that mortality rates due to multidrug-resistant bacterial infections have
become increasingly higher—each year, about 25,000 of patients treated in the EU die from
multidrug-resistant bacterial induced infections and in the USA about 63,000 deaths are
caused by hospital-acquired infections [2]. Currently, bacterial resistance is not limited to
primary inpatients, but is especially true for outpatients. The ongoing antibiotic resistance
crisis is determined by various factors, the most important of which include the excessive
and unreasonable antibiotic consumption (due to the fact that in many countries antibiotics
use is unregulated and available over the counter without a rational medical recommen-
dation), inappropriate prescribing and extensive agricultural use (primarily to promote
growth of housed animals and to prevent infections) [4]. Complex genetic mechanisms,
including plasmids, bacteriophages, naked DNA or transposons, are the background for
the development of bacterial resistance to antibiotics. Spontaneous mutations are also
an important cause, allowing the acquisition of bacterial resistance to antibiotics without
the exchange of genetic material between various strains [5]. The problem of widespread
bacterial resistance to many, if not most, antibiotics still used in the current therapy is a
major threat and disadvantage. New solutions are expected (including the discovery of
new structures with antimicrobial activity) that would allow us to be “one step” ahead
of bacteria in the fight to control infection. To sum up, despite the undisputed benefits of
antibiotics, which have saved millions of lives from the consequences of infectious diseases,
the current treatment of these diseases is becoming more and more challenging.

Additionally, a significant problem of antibiotic therapy is the occurrence of many
possible antibiotic-related adverse drug reactions (ADR). An adverse drug reaction is
regarded as an expected, unwanted, harmful or unpleasant effect attributed to the use of a
medication that occurs during its usual clinical use. According to the commonly accepted
definition given by Edward and Aronson, “an adverse drug reaction is an appreciably
harmful or unpleasant reaction, resulting from an intervention related to the use of the
medicinal product, which predicts hazard from future administration and warrants pre-
vention or specific treatment, or alternation of the dosage regimen, or withdrawal of the
product”. ADRs appear in both outpatients and hospitalized patients and manifest a wide
spectrum of clinical entities, ranging from mild symptoms to life-threatening disorders.
Estimates indicate that ADRs occur in 5–10% of cases of hospital admissions and, in as
many as 0.1–0.3% ADRs, may be serious and cause death [6–8].

Antibiotics, along with antiplatelets, anticoagulants, cytotoxics, immunosuppressants,
diuretics or antidiabetics, have been particularly implicated in ADR inducement. Perhaps
the most characteristic for antibiotic-related ADRs are the symptoms caused by hypersensi-
tivity and allergic reactions, which most often take the form of skin reactions (rash, hives,
itching), but these can also be severe disorders such as angioedema or anaphylactic shock.
Other characteristic antibiotic-induced ADRs are complex symptoms originating from the
gastrointestinal tract (e.g., nausea, vomiting, bloating, diarrhea/constipation) determined
by the altered secretion, absorption and motility due to dysbiosis. There are also reported
class-specific (or even compound-specific) antibiotic-related ADRs, for example: the possi-
bility of developing pseudomembranous colitis induced by Clostridium difficile colonization
after application of antibiotics with broad antibacterial activity, aminoglycoside-associated
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renal toxicity, fluoroquinolone-related tendonitis and Achilles tendon rupture, myelosup-
pression after linezolid, cardiac arrythmias induced by macrolides or diffuse interstitial
pneumonitis, and pulmonary fibrosis that might be the consequence of nitrofurantoin
administration [9,10]. However, many antibiotics are considered to exert hepato- and
nephrotoxicity, peripheral blood disorders (anemia, leukopenia, thrombocytopenia) or
electrolyte abnormalities. Among other potential ADRs induced during antibiotic ther-
apy, uncommon, but possible, neurotoxicity should also be mentioned, mostly associated
with the use of beta-lactams or quinolones. Post-antibiotic neurological disorders are
manifested by hearing loss or labyrinthine dysfunction (characteristic for erythromycin
and azithromycin), and by ototoxicity and vestibular dysfunction (pathognomonic for
aminoglycosides) or by other forms of neurotoxicity, affecting either peripheral or the
central nervous system [11]. Generally, drug-induced neurological disorders (DIND) are
manifested by a very broad spectrum of disorders, e.g., cerebrovascular disease, delirium,
headache, nerve and muscle disorders, movement disturbances, seizure attacks, sleep
abnormalities and others [12,13]. They are listed in Table 1 below. Among the potential
drugs responsible for the development of DIND, antibiotics should also be mentioned.
Most commonly, the above-mentioned aminoglycosides and macrolides are character-
ized by harmful potential toward the nervous system, but this also applies to quinolones,
sulfonamides, penicillin, carbapenems, tetracyclines, oxazolidinones, polymyxins’ and
metronidazole. These are listed in the next chapter. The toxic effects of antibiotics on the
central nervous system are not as well understood as their other side effects and may be
confused with symptoms of various neurological or psychiatric diseases.

Table 1. Examples of drug-induced neurological disorders (DIND).

Disorder/Syndrome Symptoms Drugs

Cerebrovascular
disorders

Stroke due to deep venous
thrombosis or pulmonary embolism

Cerebellar syndrome

estrogens/progestins (oral contraceptives)
antiepileptic drugs (phenytoin, carbamazepine), lithium,

selected antibiotics

Cognitive impairment
and delirium

Dementia
Fluctuations in cognition, mood,

attention and arousal

1-st generation antihistamines, antiparkinsonian agents, skeletal
muscle relaxants, tricyclic antidepressants, antipsychotics,

benzodiazepines

Neuroleptic malignant
syndrome

Muscular rigidity, tremor, possible
muscle tissue breakdown,

autonomic instability, high fever,
changes in cognition

antipsychotics (neuroleptics)

Nerve and muscle
disorders

Muscular weakness, loss of
coordination, possible paralysis

benzodiazepines
selected antibiotics

Movement disorders Akathisia, dystonia,
pseudo-parkinsonism

dopamine receptor blockers: 1-st generation neuroleptics and
antiemetics (metoclopramide), anticholinergic agents
(benztropine, diphenhydramine), benzodiazepines

Epilepsy Seizures or impairment of
consciousness and/or movements

benzodiazepines (when suddenly withdrawn), diuretics (due to
electrolyte imbalance), antiarrhythmics, bupropion,

antipsychotics (chlorpromazine, clozapine), lithium, opiate
analgesics (fentanyl, meperidine, tramadol), selected antibiotics

Serotonin syndrome

Cognitive and behavioral changes,
autonomic instability, high blood

pressure, sweating, agitation,
tremor, fever, nausea and vomiting

serotonin reuptake inhibitors
serotonin-norepinephrine reuptake inhibitors, tricyclic

antidepressants, opiate analgesics (meperidine,
dextromethorphan), anti-migraine drugs-triptans, selected

antibiotics

Sleep disorders
Insomnia or excessive daytime

sleepiness with decreased ability to
concentrate, think and reason

stimulants: adrenergic agents, antidepressants, corticosteroids,
antiparkinsonian agents, sleep-inducing agents (when overused

or suddenly discontinued)

Disorders of the sense
organs Hearing and vision impairment selected antibiotics
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The pathogenesis underlying DIND is complex. To damage nervous system struc-
tures, a drug or its metabolites must either cross the blood–brain barrier (BBB) or become
incorporated into the neuron by peripheral axonal uptake and retrograde axonal transport.
The first mechanism is mainly used by lipophilic drugs, and their potential neurotoxicity
is obviously exacerbated by already existing damage to the BBB. The direct mechanisms
by which drugs may produce neurotoxic effects include impairment of neuronal energy
production with subsequent disturbances of ion channels’ functioning, disturbances in
synthesis and release of neurotransmitters from neuronal terminals, or noxious effects of
cellular structures of neurons exerted by drug metabolites. Neuronal ATP synthesis may
be affected not only by hypoxia, ischemia or hypoglycemia but also by drugs that disrupt
the metabolism by hindering energy production or enhancing energy consumption, con-
tributing to uncoupling of electron flow and oxidative phosphorylation, oxidative stress or
inhibition of adenosine enzymatic breakdown. These disturbances lead to the subsequent
intracellular ion entry (Ca2+, Na+) and release of excitatory glutamate which in the “vi-
cious circle” mechanism intensify already existing damage and activity of Ca2+-dependent
cellular phenomena. Finally, the release of neurotransmitters (serotonin, noradrenaline,
dopamine, acetylcholine) is disturbed and the calcium-dependent apoptotic processes
of nerve cells occur. The triggering factors facilitating the DIND involve drug related
factors (e.g., polydrug abuse, formation of neurotoxic metabolites during endogenous drug
metabolism) and individual related factors (age, gender, gestational drug exposure, antiox-
idant status, diet) or influence of environmental conditions (chronic stress, temperature,
exposure to environmental toxins and pollutions) [14,15].

2. Antibiotic-Related Neurotoxicity—A General Outline and Pathogenesis

Antibiotics may be causative agents of peripheral or central nervous system dysfunc-
tion. The neurogenic ADRs of antibiotics are more common in elderly patients with kidney
and/or liver insufficiency and in patients with preexisting neurological abnormalities. As
with other ADRs, antibiotic-induced neurological disorders are potentially reversible as
long as they are quickly recognized and corrected.

The risk of post-antibiotic peripheral neuropathy occurs with prolonged administra-
tion of some antibiotics, e.g., metronidazole. Seizures, twitching and hallucinations are
possible neurological ADRs caused mostly by penicillin, imipenem-cilastin, cephalosporins
or ciprofloxacin [11]. However, central nervous system toxicities were also demonstrated
for sulfonamides, tetracyclines, chloramphenicol, colistin, aminoglycosides, metronidazole,
isoniazid, rifampin, ethionamide, cyclo-serine, and dapsone. Cranial nerve toxicities, mani-
fested by myopia, optic neuritis, deafness, vertigo, and tinnitus, were associated with the
use of erythromycin, sulfonamides, tetracyclines, chloramphenicol, colistin, aminoglyco-
sides, vancomycin, isoniazid, and ethambutol. Symptoms of paresthesias, motor weakness
or sensory impairment, which are considered to be a clinical manifestation of peripheral
neuropathy, were associated with the use of penicillin, sulfonamides, chloramphenicol,
colistin, metronidazole, isoniazid, ethionamide, and dapsone. Neuromuscular blockade
and weakening of the neuromuscular strength were related to the use of tetracyclines,
polymyxins, lincomycin, clindamycin, and aminoglycosides. Antibiotic-related neurotox-
icity depends on the dosing schedule and the functional status of the liver and kidneys.
There are reports that penicillin G intravenous administration may lead to harmful effect
in the central nervous system when given more than 50 million units per day in adults [16].
The maximum recommended dose of imipenem-cilastin in adults with preserved renal
function that does not cause neurological disorders is 4 g per day and estimates indicate
that seizures occurring in patients using this antibiotic occur in 2% of cases [17]. Similarly,
fluoroquinolone use was found to be associated with seizures and headaches in 1–2% of
recipients. The other, unusual effects observed in patients treated with fluoroquinolones
(ofloxacin, sparfloxacin) included orofacial dyskinesia and a Tourette-like syndrome [18].
Neuromuscular blockade and the possibility of intensification of the action of intraopera-
tive muscle relaxants is the most commonly known neurological ADR of aminoglycosides,
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but the symptoms were also demonstrated for tetracyclines, polymyxins, lincomycin, clin-
damycin, although to a much lesser extent. Thus, aminoglycosides should be avoided in
patients with inherited neuromuscular disturbances, e.g., myasthenia gravis [16]. Ototoxic-
ity or vestibular dysfunction are also well-known neurological ADRs of aminoglycosides.
These disturbances are usually dose- and frequency-dependent and correlated with other
risk factors for cranial nerve VIII damage, such as advanced age, fever, anemia, baseline
creatinine level and concomitant use of other ototoxic agents (e.g., furosemide, salicy-
late) [19–21]. Macrolides-erythromycin and azithromycin administration may cause the
bilateral hearing loss or labyrinthine dysfunction and vertigo, and patients with hepatic
insufficiency are especially predestined to develop these disturbances. In most cases, these
complications were described as dose-dependent and usually reversible within 2 weeks
after discontinuation of the treatment, although there have also been reports of irreversible
hearing loss [22–25].

A summary of the neurotoxic effects related to the use of different classes of antibiotics
is given in Table 2 below [26,27].

Table 2. Possible and most common adverse drug reactions in the form of neurotoxicity of different
classes of antibiotics.

Class of Antibiotic Neurotoxicity

penicillin confusion, disorientation, tardive seizure, encephalopathy, tremors

cephalosporins lethargy, tardive seizures, myoclonus, encephalopathy, chorea,
athetosis,

carbapenems headache, seizures, encephalopathy, myoclonus, peripheral
neuropathy

glycopeptides ototoxicity

macrolides ototoxicity, seizures, confusion, agitation, insomnia, delirium,
exacerbation of myasthenia gravis

aminoglycosides ototoxicity-class effect, peripheral neuropathy, neuromuscular
blockade class-effect, autonomic dysfunction

oxazolidinones encephalopathy, peripheral neuropathy, optic neuropathy

polymyxins Encephalopathy, paresthesias, ataxia, diplopia, potosís and
nystagmus, vertigo, confusion, ataxia, seizures

tetracyclines cranial nerve toxicity, neuromuscular blockade, intracranial
hypertension

lincosamides movement disturbances

chloramphenicol optic neuropathy

sulfonamides
/trimethoprim tremor, transient psychosis, encephalopathy, aseptic meningitis

quinolones headache, seizures, confusion, insomnia, encephalopathy, myoclonus,
orofacial dyskinesias, ataxia, chorea, extra-pyramidal disturbances

metronidazole headache, dizziness, confusion, encephalopathy, optic neuropathy,
peripheral neuropathy

nitrofurantoin intracranial hypertension, peripheral neuropathy

isoniazid, ethambutol,
cyclo-serine peripheral neuropathy, seizures, optic neuropathy
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3. Antibiotics and the Dysbiosis of the Gastrointestinal Tract and Its Relation to
Neurotoxicity

The human digestive tract is inhabited by many microorganisms that form a specific
ecosystem, which includes, among others, bacteria, fungi, yeasts and viruses. All these
living microorganisms are collectively named “the microbiota” (this term has replaced the
previously used term “microflora”), while the collection of genes of the microorganisms con-
stituting the microbiota is called “the microbiome” (containing about 3 million genes). More
broadly, the microbiota is also considered to be a collection of all microorganisms found in
the various compartments of the human body, including the above-mentioned gut micro-
biota and organisms inhabiting the skin, distal urogenital or respiratory systems [28–30].
The term “microbiota” was introduced by the Nobel Laureate Joshua Lederberg in 2001 to
define the whole system of commensal, syn-biotic and pathogenic microorganisms that
share a living space with the human host [31,32].

The microorganisms inhabiting the gut are an integral part of its host’s well-being
and the composition of the microbiota is individual and unique for every human be-
ing. It is formed during childbirth, but modified after birth by many factors: age, ge-
netic conditions of the host, diet, infections and use of antibacterial drugs or probi-
otics/prebiotics/symbiotics. Under physiological conditions, the intestine is colonized
by approximately 1013–1014 bacteria represented primarily by Firmicutes, Bacteroidetes,
Actinobacteria, Proteobacteria, Fusobacteria and Verrucomicrobia. In health, all intestinal mi-
croorganisms are in a state of dynamic equilibrium known as eubiosis. This state has
protective, trophic and metabolic functions in the gastrointestinal tract, but also plays a
role in controlling the brain activity and behavior. The phenomenon is widely known as
the gut–brain axis (GBA) [33]. This axis is functionally based on communication between
the central and the enteric nervous system (mostly via vagus nerve fibers), linking centers
of the brain with peripheral intestinal functions. GBA appears to be bidirectional, namely
through signaling from gut-microbiota to the brain (“bottom-up”) and from the brain to
gut-microbiota by means of neural, endocrine, immune, and humoral pathways. The
background for signaling from the gut to the brain are several microbiologically derived
metabolites (short-chain fatty acids (SCFAs) butyrate, propionate, and acetate, secondary
bile acids, tryptophan metabolites). These agents act primarily through interactions with
enteroendocrine cells, enterochromaffin cells and the musical immune system, also re-
sulting in an increased release of cytokines (Il-1β, Il-6, TNF-α). There are two barriers
to GBA signaling: the intestinal barrier and the blood–brain barrier (BBB). In conditions
of dysbiosis (pathological change of eubiosis) there is an increase in the permeability
of the intestinal wall (“leaky gut”) and the transfer of bacterial mediators to the blood
and inflammation takes place. Dysbiosis is also associated with disruptive BBB changes
since abnormal gut microbiota may affect proper traffic between the circulatory system
and the cerebrospinal fluid of the central nervous system. The descending modulation
of GBA activity takes place indirectly through changes in the activity of the autonomic
nervous system and directly through luminal release of neurotransmitters (catecholamines,
serotonin, dynorphins). Autonomic fibers (both sympathetic and parasympathetic, the
most important being the vagus nerve) control gut functions including motility, secretion,
epithelial fluid maintenance, intestinal permeability and mucosal immune response and
these phenomena affect the microbial habitat, thus influencing the composition and activity
of microbiota [34–37].

Abnormalities in gut microbiome and GBA interactions have been implicated in the
pathogenesis of functional gastrointestinal disorders (e.g., irritable bowel syndrome; IBS)
but also in neurologic and psychiatric entities [33,34]. There is also evidence that the
dysbiosis-induced stimulation of the vagal nerve, that conveys information between the
gut and the central nervous system, intensifies the expression of neurotrophic elements
determining the development of new neurons and synaptic connections, which has been
shown to be associated with mood disorders [34,38]. Moreover, it has been demonstrated
that bacterial strains residing in the intestines may be implicated in affecting the brain by
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impacting the production or response to neurotransmitters (GABA, serotonin) [34,39,40].
Abnormal gut microbiota may produce a large number of amyloids and other toxins and act
as a source of systemic inflammation, thus contributing to increased risk of Alzheimer’s dis-
ease development [34,41]. The intestinal dysbiosis also predisposes to Parkinson’s disease
development due to the fact that gut inflammatory pathomechanisms play a significant
role in alpha-synuclein misfolding [34,42]. It was also found that higher concentrations of
Enterobacteriaceae were directly proportional to gait and postural instability [34,43]. Studies
also revealed the role of the gut microbiome in amyotrophic lateral sclerosis (ALS). In an
experimental ALS mouse model, a tight junction structure, greater intestinal permeability,
and an abnormal microbiota profile with lower butyrate-producing bacteria were observed
compared to controls. Butyrate, a bacterial metabolic by-product, has been proposed to
normalize the gut microbiota, as well as to enhance the lifespan of ALS [34,44]. Abnor-
malities of the gut microbiota and the “leaky gut” syndrome development that allows
bacterial metabolites to cross the intestinal barrier is also considered to be implicated in the
pathogenesis of some psychiatric entities. The results of some studies demonstrated that
persistent, low-grade inflammation as a result of a “leaky gut” predisposes the host to the
development of anorexia nervosa, depression and anxiety conditions [34,45,46].

To sum up, the gut microbiota significantly influences the interaction between the gut
and the brain through complex neuroendocrine and immune processes. It has long been
known that dysbiosis of the intestinal microbiota is associated with various disorders of the
nervous system. It is worth mentioning that the use of antibiotics leads to the rebuilding
of microbiota composition and activity. Therefore, the administration of antibiotics, in
the context of their effect on GBA, can be viewed dichotomously. On the one hand, by
increasing the risk of dysbiosis development when used irrationally, these antibacterial
agents may promote neurotoxicity. On the other hand, if properly applied, by eliminating
pathogenic bacterial strains, antibiotics can significantly reduce the risk of neurological
disorders resulting from GBA abnormalities [47].

4. Short Description of the Detailed Neurotoxicity of Particular Classes of Antibiotics

4.1. Metronidazole

Metronidazole has been used for decades as a broad-spectrum antimicrobial agent
effective in the treatment of anaerobic bacterial and protozoal infections and in Helicobacter
pylori eradication [48]. Metronidazole-induced encephalopathy (MIE) was first described
in 1977 [49]. The most common reported neurologic disturbances are mild and involve
dizziness, headache, confusion, vertigo and insomnia [48]. However, an inappropriate,
excessive use of the drug may lead to neurological complications, the severity of which
reflects total drug exposure. Therefore, it is recommended to reduce rationally both the
duration of treatment and adopted doses while maintaining its effectiveness [50,51]. Neu-
rological complications become more common when the drug is used in a dose exceeding
2 g/day for prolonged time [52]. Severe neuropsychiatric disturbances have been observed
in patients treated with metronidazole in a total dose of 42 g for 4 weeks of continuous
therapy. However, the symptoms are observed to resolve after the discontinuation of the
therapy in most patients [53]. The encephalopathy symptoms may be still present within
1–12 weeks following high-dose metronidazole treatment and the imaging abnormalities
resolve between 3 to up to 16 weeks after stopping metronidazole administration [52]. In
rare cases, persistent MRI abnormalities of the brain and clinical symptoms of encephalopa-
thy have been reported despite discontinuation of the treatment [54]. Metronidazole use is
associated with the risk of both central and peripheral neurotoxicity [48,50,55]. Usually, the
metronidazole-induced neurotoxicity is characterized by a gradual onset and mostly affects
patients with concomitant renal and/or liver dysfunctions [56,57]. The peripheral neuropa-
thy induced by higher doses of metronidazole manifests by sensi-motor neuropathy and in
some patients it may be accompanied by autonomic neuropathy in the form of vasomotor
and temperature dysregulations. The reason for sequential involvement of peripheral sen-
sory, motor and finally autonomic fibers evoked by the drug is unknown [52,58]. Moreover,
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the induction of cerebellar and vestibular system damage with subsequent ataxia after
metronidazole, often demonstrated in experimental studies, remains unclear [52]. The
proposed pathomechanism of metronidazole-induced neurotoxicity is related to the basic
antimicrobial action of metronidazole and is associated with the drug’s ability to generate
free radicals. These intermediate molecules may cause oxidation of catecholamines and
other neurotransmitters and contribute to production of semiquinone and nitro-anion
secondary neurotoxic radicals [52,58]. Moreover, inhibition of neuronal protein synthesis
and radical injury to nerve tissue may result in peripheral nerve injury (“axonal swelling”
and localized neuronal ischemia with perineural edema) leading to mixed neuropathy
symptoms development. The proposed, complementary mechanism of metronidazole
neurotoxicity is also the inhibition of GABAergic neurotransmission and modulation of the
GABA receptor [50,52,55,58]. The hypothesis is in line with the experimental observations
that central metronidazole-associated neurotoxicity is ameliorated by diazepam [59].

4.2. Sulfonamides/Trimethoprim

Sulfonamides as antagonists of para-aminobenzoic acid (PABA; folate precursor),
were the first antimicrobial agents used in the treatment of infections evoked by many
Gram-positive cocci and Gram-negative bacilli. Currently, sulfonamides have diminished
importance due to resistance, but are still used in the treatment of certain infections (dysen-
tery, plague, tetanus, typhoid and paradour), and as second-line drugs in the treatment
of infections of the urinary tract and the respiratory system. They are also externally
used on the skin for the prevention of post-burn infections and topically to treat bacterial
conjunctivitis. Moreover, these drugs are still important in the prophylaxis and treat-
ment of some opportunistic infections associated with immunodeficiency in the course
of AIDS. At present the most clinically relevant is sulfomethoxazole (SMX) administered
with trimethoprim (TMP; a dihydrofolate reductase inhibitor) [60]. SMX/TMP adminis-
tration produces various ADRs, including gastrointestinal, dermatological disturbances,
hematological and hypersensitivity reactions. Some neurological disruptions in the form
of tremor and transient psychosis with agitation and visual and auditory hallucinations
were also reported [26,27,60]. The first reports of psychiatric disorders related to the use
of sulfa drugs appeared as early as 1942 [61]. More recently, Walker et al. [62] confirmed
the development of temporary psychosis in 20% of immunosuppressed HIV-negative,
renal transplantation patients, with Pneumocystis jirovecii infection, treated with SMX/TMP.
The symptoms appeared between 3–10 days after initiation of the SMX/TMP adminis-
tration and resolved within 24 h after discontinuation of the treatment. In another study
Lee et al. [63] demonstrated that almost 12% of HIV-infected patients with P. jirovecii-
induced pneumonia treated intravenously with SMX/TMP presented acute psychosis
symptoms after an average of 5 days of the drug administration. The symptoms resolved
after discontinuation of treatment or, in some cases, after SMX/TMP dose reduction or
change of the route of administration from i.v. to oral while maintaining the applied dose.
Moreover, SMX/TMP administration was also reported to be, rarely, associated with the
aseptic meningitis development or transient-occurring tremor in immunocompromised
patients [64,65].

The mechanisms contributing to sulfonamide-induced acute behavioral changes re-
main unknown. However, it is postulated that the psychiatric disturbances may be related
to the SMX/TMP-dependent deficiency of the tetrahydrobiopterin synthesis. This factor
is also utilized in the formations of essential central neurotransmitters, e.g., serotonin
or dopamine, thus the resulting disturbances in central neurotransmission may be co-
responsible for the generation of symptoms of transient psychosis [66]. Some reports also
indicate a relationship between a powerful antioxidant level-glutathione and SMX/TMP
neurotoxicity. It is also likely that the decrease of preventive glutathione enables the
formation of unstable, neurotoxic sulfonamide by-products. This hypothesis would be
in line with the observations that sulfonamide neurological ADRs are often noticed in
HIV-infected or geriatric patients with depleted endogenous reserves of glutathione [67,68].
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Of note, the SMX/TMP neurotoxicity is less commonly reported in children, probably due
to the lower doses used in the therapy, the lack of significant concurrent diseases and drug
interactions resulting from polypharmacotherapy [69].

4.3. Beta-Lactams

The beta-lactam antibiotics include penicillin, cephalosporins, carbapenems and
monobactams. Except for monobactams, this group of antibiotics, together with quinolones,
have been reported to account mostly for neurological ADRs development. The risk factors
of beta-lactam induced neurotoxicity include: renal dysfunction (both acute and chronic)
that decreases drug clearance, a blood level decrease in albumin binding of the antibiotics
(e.g., hypoalbuminemia), liver insufficiency with downregulation of the hepatic metabolism
by cytochromes P450 system, advanced age, high dosing, previous, concomitant diseases
of the nervous system, low birth weight in newborns and all pathological conditions pre-
disposing to increased permeability of BBB [26,27,49,60,70]. The most common potential
neurological disturbances attributed to penicillin were abnormalities found in electroen-
cephalograms (with epileptiform discharges), myoclonia, seizures and the presence of
disorientation, confusion, delusions or hallucinations [26,27,60,70–72]. The convulsant
effect of penicillin was first observed in 1945 by Walker and Johnson [27,49]. These an-
tibiotics also stimulate T-cells and are responsible for the occurrence of drug-induced
aseptic meningitis (DIAM) [49,72]. Hoigne’s syndrome is a specific neuropsychiatric entity
associated with the intramuscular use of procaine penicillin. The incidence of the condition
is estimated at about 0.8–16.8/1000 injections [71]. The symptoms include panic attacks,
depersonalization, auditory, visual, gustatory and somatosensory hallucinations, which are
accompanied by adrenergic overstimulation (tachycardia, high blood pressure, shortness
of breath) and possible generalized seizures. The attack usually lasts a few minutes and is
preceded by residual asthenia and anxiety [73,74]. The potential underlying mechanism of
the phenomena is that of embolic events in brain vessels, secondary to accidental penetra-
tion of procaine penicillin in the vascular system during injection or the direct toxic effect
exerted by procaine with presumed limbic excitation [75]. Penicillin neurotoxicity is mani-
fested primarily upon intravenous or intrathecal administration [27]. Among the penicillin
agents, piperacillin and tazobactam appear to be most potent to produce neurotoxicity
symptoms [60,76,77], although ampicillin or benzylpenicillin-induced epileptogenic po-
tential has also been reported in the literature [78,79]. It has been shown that symptoms
of encephalopathy can occur 1.5 to 7 days after piperacillin or piperacillin/tazobactam
administration [72].

Cephalosporin-induced neurological ADRs are similar to those observed after peni-
cillin administration and include, abnormal electroencephalogram, non-convulsive status
epilepticus, myoclonus, chorea-athetosis, seizures and psychotic symptoms [26,27,60,70,71].
The variety of clinical presentation, ranging from simple EEG abnormalities to mental
status changes, myoclonus, seizures or even coma have been reported within all four gener-
ations of cephalosporins, with the most frequent findings related to cefepime, cefoperazone,
ceftazidine, cefuroxime and cefazolin [60,80]. The time to develop encephalopathy ranges
from 1 to 10 days after medication initiation, and resolves in 2 to 7 days following discon-
tinuation. Renal failure may be responsible for drug accumulation, which promotes the
occurrence of neurotoxic effects. These manifest themselves at serum trough concentrations
ranging from 15 to 20 mg/L. Other risk factors for encephalopathy are preexisting brain
injury, increased serum concentration and overdose of the drug. Analogous to penicillin,
they may mediate DIAM through specific drug-IgG binding in cerebrospinal fluid [49].
Cefazolin, ceftazidime, and cefepime-cephalosporins, with higher GABAA receptor affinity
and increased BBB penetration, are thought to be more predisposed to cause neurotoxic
symptoms [72]. It should be noted that sepsis and systematic inflammation compromise
the integrity of BBB and may make it easier for drugs to overcome it [49]. The probability of
neurotoxicity of cefotaxime or ceftriaxone is lower than in the above-mentioned group [27],
although the study of Lacroix et al. reported the incidence of serious CNS complications
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associated with ceftriaxone therapy to be seven times higher than that published in the
literature. Reported CNS ADRs between 1995 and 2017 identified ceftriaxone as both the
leading cause of hospitalization and life-threatening situations, or even death [81].

Carbapenems including imipenem, meropenem, panipenem, ertapenem, and dorip-
enem are also antibiotics that were demonstrated to share common symptoms of neu-
rotoxicity with other beta lactams. Treatment with carbapenems may induce headache,
seizures and encephalopathy [26,27,60,70,71]. Seizure incidence of imipenem was esti-
mated in up to 1.5–2% and this decreases with the newer carbapenems, with a value found
for doripenem of 1.1% [82,83]. The pro-convulsive effects may be related to its action
on the a-amino-3-hydroxy-5-methyl-isoxazolepropionate (AMPA) and NMDA receptor
complexes [49].

There is no unambiguously convincing evidence supporting the significant neurotoxi-
city of monobactams. The leaflet dedicated to these preparations mentions the possibility
of seizures, confusion, dizziness, vertigo, paresthesia or insomnia, but they are reported
very rarely [70,71].

The mechanisms responsible for beta lactam neurotoxicity are related to the ability
of these drugs to exert inhibitory effects on GABA neurotransmission. This effect is
thought to be due to the structural resemblance of the beta lactam ring and its affinity to
GABA receptor binding since the degradation of the beta-lactam structure prevents the
occurrence of seizures [49,84]. Thus, GABA complex receptor inhibition via competitive
(for cephalosporins) or non-competitive affecting of the GABAA subunits is the basic
hypothesis for beta lactam neurotoxicity [26,84,85]. The complementary hypotheses raise
issues of the release of various cytokines with potential for neurotoxicity and an ability
to increase the excitatory action of N-methyl-D-aspartate (NMDA) and alpha-amino-3-
hydroxy-5-methylisoxazolepropionate receptors with overactivity of the glutamatergic
system and accumulation of neurotoxic metabolites [26,49,80,84–88].

4.4. Glycopeptides

It would be difficult to imagine the practice of infectious diseases treatment over the
past 20 years without glycopeptide antibiotics. Their safety profile is favorable, although
vancomycin (with intravenous use) and teicoplanin can induce sensorineural hearing
loss, with possible association to tinnitus, dizziness and vertigo [89–92]. Penetration of
vancomycin into cerebrospinal fluid is poor, but has increased in patients with meningitis.
Encephalopathy and mononeuritis multiplex are rarely observed during the use of this
drug [93]. The mechanism of vancomycin ototoxicity involves direct damage by the drug
to the auditory branch of the eighth cranial nerve [91]. Moreover, an explanation for this
toxicity may be oxidative stress, which leads to loss of sensory cochlear cells [94]. Transient
or permanent hearing loss has been reported during vancomycin use, especially in patients
treated with high doses, those receiving concomitant other drugs with ototoxic effects (e.g.,
aminoglycosides), with renal dysfunction or those with pre-existing hearing impairment.
The risk of hearing loss is greater in elderly patients [91,92]. Ototoxicity with teicoplanin
has been observed, but it does not occur often [92]. Currently available data suggests that
the second generation lipoglycopeptides, dalbavancin and oritavancin, have no effect on
hearing loss or dysfunction [95,96].

4.5. Macrolides

Macrolides show a similar spectrum of antimicrobial activity as benzylpenicillin mak-
ing them useful alternatives for people with a history of penicillin and cephalosporin allergy.
Erythromycin, the prototype macrolide, has been used since 1952, and clarithromycin or
azithromycin are popular in treating upper respiratory infections but their administration
may be accompanied by confusion, obtundation, agitation, insomnia, delirium, disorienta-
tion, psychosis and exacerbation of myasthenia gravis. The timing of these dose-dependent
symptoms can range from 3 to 10 days after drug ingestion. Some may be permanent.
Risk factors include psychiatric illness, renal insufficiency or excess dosage of medica-
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tion [27,60,72]. Steinmam and Steinman were the first to point out visual hallucinations
induced by clarithromycin taken 500 mg twice daily for acute bronchitis. This complication
developed within 24 h of taking the drug. The 56-year-old patient described them as
“constantly evolving landscape of sharks, priests, red lines and other technicolor” [97]. The
mechanisms of CNS toxicity of macrolides are unclear. Several hypotheses include drug
interactions (metabolism through isoenzyme CYP3A4), adverse effects of the lipid-soluble
active metabolite of clarithromycin (14-hydroxyclarithromycin) on the CNS, alterations
of cortisol and prostaglandin metabolism, as well as interactions with glutaminergic and
GABA pathways [27,60,97–99]. Macrolides also induce ototoxicity. It has been suggested
that patients may recover from transient hearing loss associated with macrolide therapy,
but develop tinnitus, which may be generated in the auditory centers of the brain by
deviant neuronal activity caused by macrolide use [100].

4.6. Aminoglycosides

Aminoglycosides are used in patients with serious gram-negative infections. They
have been known to cause ototoxicity, peripheral neuropathy, encephalopathy and neu-
romuscular blockade [26,27,60]. Hearing loss may occur in 20–63% of patients using
aminoglycosides for many days. Acute ototoxicity is related to ion channel blockade and
calcium antagonism and chronic ototoxicity is based on drug access to perilymph and
endolymph, and penetration of the hair cells [101]. The cause of the toxic effect on the
hearing organ is the excitotoxic activation of NMDA receptors within the cochlea as a
result, with subsequent oxygen radicals formulation, which is postulated to contribute
to cell death [26]. The mechanism responsible for neuromuscular blockade is inhibition
of quantal release of acetylcholine in the neuromuscular junction pre-synaptically and a
postjunctional binding of aminoglycosides to the acetylcholine receptor complex [26,27].
Inflammation and fever increase the risk of aminoglycoside-induced hearing loss. Another
cause of hearing loss may be coexisting renal insufficiency, which decreases excretion of
aminoglycosides from the blood [102].

4.7. Oxazolidinones

This class of antibiotics is used to treat serious skin and bacterial infections, often
after other antibiotics have been ineffective. They are active against a large spectrum of
gram-positive bacteria, including methicillin- and vancomycin-resistant staphylococci,
vancomycin-resistant enterococci, penicillin-resistant pneumococci, and anaerobes. Mani-
festations of oxazolidinone neurotoxicity, especially linezolid, include peripheral and optic
neuropathy, serotonin syndrome, encephalopathy, and delirium. Peripheral neuropathy
appears to be most commonly reported. It is more likely to occur during prolonged courses
of treatment (>28 days, median 5 months). Optic neuropathies in patients treated for Staphy-
lococcus aureus infections may be asymptomatic or lead to decreased visual acuity, blurred
vision, central scotomas, and dyschromatopsia, The mechanism of linezolid neuropathies
is unclear. It may be associated with mitochondrial injury. In addition, the drug has the
ability to penetrate the central nervous and ocular system. Risk factors for developing neu-
ropathy include pre-existing neurologic diseases, alcohol abuse, diabetes, chemotherapy
and antiviral therapy. It generally improves or completely resolves after discontinuation of
the medicine, although occasionally can be permanent. Linezolid is a nonselective inhibitor
of monoamine oxidase. Inhibition of monoamine oxidase A increases levels of serotonin,
and monoamine oxidase B elevates catecholamines. Epinephrine, norepinephrine, and
dopamine are reported to be involved in serotonin syndrome, delirium or encephalopa-
thy associated with the administration of this drug. When it is used with, e.g., selective
serotonin and norepinephrine reuptake inhibitors, it can increase the risk of serotonin
syndrome. Linezolid, which has dopaminergic properties, may cause serotonin syndrome
if used with a monoamine oxidase inhibitor. Its administration with an anticholinergic
substances increases encephalopathy risk [27,60,103,104].
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4.8. Polymyxins

Polymyxins are peptide antibiotics of natural origin, first obtained in 1947 by fermenta-
tion in Bacillus polymyxa subspecies colistinus. In the early 1980s, data on the safety risks of
their use related to severe episodes of renal failure, as well as incompletely understood neu-
rotoxicity, and the availability of antibiotics with fewer potential side effects reduced their
use in therapy. The incidence of neurological complications with these antibiotics ranges
from 7–27%, including dizziness, generalized or muscle weakness, confusion, hallucina-
tions, seizures, paresthesias, ataxia and, less commonly, diplopia, nystagmus and ptosis [60].
Paresthesias are more common with intravenous administration than intramuscular use.
Ventilation-dependent respiratory disturbances were observed after intramuscular admin-
istration of polymyxins. They lasted from 10 to 48 h. This was probably a myasthenia-like
syndrome. The polymyxin chemical structure contains a fatty acid, which may interact
with the lipophilic content of neurons. Neuromuscular blockade may be related to inhi-
bition of acetylcholine release in the synaptic cleft. Risk factors of neurotoxicity include
renal dysfunction, hypoxia and concomitant use of such medication as nephrotoxic agents,
sedatives, muscle relaxants, anesthetic drugs or corticosteroids [60]. Colistin neurotoxicity,
especially observed in patients with renal failure or receiving high doses, includes facial
paresthesias (pricking, tingling, numbness), dizziness, speech impairment, visual distur-
bances, confusion, and psychosis. Neuromuscular blockade manifested by myasthenia-like
syndrome or as respiratory muscle paralysis producing apnea has also been observed.
Colistin neurotoxicity primarily involving paresthesias, and in only sporadic cases apnea,
especially in patients with intramuscular administration of the drug, with acute or chronic
renal failure and receiving medications, induces respiratory muscle weakness [99,105]. Two
mechanisms account for colistin neurotoxicity and neuromuscular blockade. One involves
presynaptic action of the drug, preventing the release of acetylcholine into the synaptic
gap. The other is biphasic, involving a short phase of competitive blockade between
acetylcholine and colistin, followed by a prolonged depolarization phase, leading to loss
of calcium from neurons, resulting in altered mitochondrial permeability. This results in
mitochondrial dysfunction in neuronal cells and accumulation of reactive oxygen species.
This in turn is the cause of oxidative stress and further nerve damage [26,106].

4.9. Tetracyclines

Tetracyclines are a class of broad-spectrum bacteriostatic antibiotics discovered in
the 1940s, including tetracycline, minocycline, and doxycycline, which have shown to
be effective against aerobic and anaerobic bacteria, as well as Gram-positive and Gram-
negative bacteria (with the exceptions of Proteus species and Pseudomonas aeruginosa). They
are largely prescribed in dermatology and infectious diseases, both for the anti-bacterial and
anti-inflammatory actions. Neurotoxicity associated with this class of antibiotics include
cranial nerve toxicity, neuromuscular blockage and intracranial hypertension [26,27,60].
During therapy with tera-cyclines, symptoms such as blurred vision, loss of balance,
light-headedness, dizziness, vertigo or tinnitus were observed [60].

4.10. Quinolones

Quinolones are a family of antibiotics with a wide range of antimicrobial activity,
which are active against both Gram-positive and Gram-negative bacteria, including my-
cobacteria, and anaerobes. Since their discovery in the early 1960s, they have become
increasingly important in the treatment of both community and serious hospital-acquired
infections. In the 1970s and 1980s, the scope of the quinolone class was greatly ex-
panded by the groundbreaking development of fluoroquinolones, which exhibit a much
broader spectrum of action and improved pharmacokinetics compared with first-generation
quinolones [107]. Unfortunately, several European Medicines Agency (EMA) recommen-
dations have recently been made to healthcare providers regarding risk factors for mus-
culoskeletal, neurological and psychiatric adverse reactions observed among quinolone
users [108].
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Many members of this group of antibiotics (norfloxacin > ciprofloxacin > ofloxacin,
levofloxacin) are known for their neurotoxic effects. These may manifest as headache,
confusion, decline of attention, tremors, psychosis, seizures, myoclonic jerks, insomnia,
encephalopathy, delirium, sleep disturbances, toxic psychosis or Tourette-like syndrome,
and moreover as extrapyramidal manifestations such as gait disturbance, dysarthria and
choreiform movements. Scavone et al. observed that third-generation quinolones were
always associated with higher reporting probability of neurological and psychiatric adverse
drug effects compared to second generation. These effects were presented 1 to 2 days after
antibiotic therapy and were dose-dependent. Their etiology is likely to be multifactorial
and include inhibition of GABAA receptor, stimulation of NMDA receptor and ligand-
gated glutamate receptors which reduce seizure threshold. It has also been suggested that
oxidative stress is increased by these drugs. No less important is the relationship between
their chemical structure and the symptoms observed, e.g., ciprofloxacin, norfloxacin as
a quinolone with 7-piperazine and clinafloxacin, and tosufloxacin as a quinolone with
7-pyrrolidine have been observed to be highly associated with epilepsy. The epilepto-
genic potential of fluoroquinolones is increased by simultaneously used non-steroidal
anti-inflammatory drugs (NSAIDs). Moreover, these antibiotics penetrate through the
BBB and induce eosinophilic meningitis. Risk factors for neurotoxicity include older
age, hypoxemia, pre-existing central nervous system diseases, electrolyte disturbance,
thyrotoxicosis, renal and hepatic dysfunction. Hemodialysis may be a useful treatment
for encephalopathy associated with quinolone treatment in patients with impaired renal
function [27,49,72,99,108–110].

4.11. Other Antibacterial Agents (Chloramphenicol, Nitrofurantoin, Isoniazid, Ethambutol,
Cycloserine)

Chloramphenicol is a broad spectrum antibiotic, which was first isolated from Strepto-
myces venezuelae in 1947. It is currently of limited use due to adverse effects and frequently
observed antimicrobial resistance. It must be used only in those serious infections for
which less potentially dangerous drugs are ineffective or contraindicated. Headache, mild
depression, mental confusion, and delirium have been described in patients receiving this
medicine. Optic and peripheral neuritis have been reported, usually following long-term
therapy. If this occurs, the drug should be promptly withdrawn [26].

Nitrofurantoin, a synthetic nitrofuran derivative, has been available for the treatment
of uncomplicated lower urinary tract infection since 1952. It is effective against E. coli and
many gram-negative organisms. Nitrofurantoin treatment has been associated with neu-
rotoxicity effects including peripheral neuropathy, dizziness, vertigo, diplopia, cerebellar
dysfunction and intracranial hypertension. These are observed particularly in women and
elderly patients. The etiology is attributed to axon loss [111].

Isoniazid, cyclo-serine and ethambutol-medications used for treating tuberculosis,
may cause both central and peripheral neuropathy. Isoniazid administration may be ac-
companied by peripheral neuropathy, psychosis and seizures. The importance of isoniazid
interference with GABA synthesis is emphasized in the etiology of seizures, through inhi-
bition of pyridoxal-5 phosphate. This compound is a cofactor for the enzymatic activity
of glutamic acid decarboxylase, thus reducing the concentration of GABA and enhanced
seizure susceptibility. Status epilepticus was also observed after therapeutic doses of the
medicine. Cyclo-serine may be the cause of neuropsychiatric adverse events including
anxiety, agitation, depression, psychosis, and, rarely, seizures. The frequencies of psychi-
atric and central nervous system adverse events are 5.7 and 1.1%, respectively. They may
be associated with elevated plasma concentrations of the drug. Cyclo-serine crosses the
blood–brain barrier and decreases GABA production. It binds to N-methyl-d-aspartate
receptors, which in part explains the commonly associated neurotoxicity. At the recom-
mended dosage for cyclo-serine (250 to 500 mg once daily), the neurotoxicity can range
from mild to severe and has resulted in psychosis and treatment discontinuation in some
cases. Concurrent use of alcohol increases the risk of developing psychosis and seizures.
Another complication of ethambutol therapy can be optic nerve neuropathy. This is dose-
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dependent, with the lowest risk at total daily doses < 15 mg/kg. Its risk factors include
older age, hypertension, renal insufficiency, and duration of treatment. Symptoms are
manifested by gradual onset of reduced visual acuity, dyschromatopsia and central or
mid-central visual field losses observed several months after the drug was started. They
are probably related to mitochondrially induced papillary bundle dysfunction [27,99,112].

To sum up, the mechanisms contributing to the neurotoxic adverse effects of antibiotics
are multiple and specific to a given class of those drugs. They are summarized in Table 3
below.

Table 3. Summary of the mechanisms of neurotoxicity of particular classes of antibiotics.

Class of Antibiotic Mechanisms of Neurotoxicity

penicillin GABA complex receptor inhibition via competitive or non-competitive affecting the GABAA
subunits; an increase of the N-methyl-D-aspartate (NMDA) and

alpha-amino-3-hydroxy-5-methylisoxazolepropionate receptors stimulation resulting in the
overactivity of glutamatergic system

cephalosporins

glycopeptides direct damage of the auditory branch of the eighth cranial nerve; an increase of the oxidative stress
leading to loss of sensory cochlear cells

macrolides
drug interactions (metabolism through isoenzyme CYP3A4); direct neurotoxic effect produced by the
lipid-soluble active metabolites; alterations of cortisol and prostaglandin metabolism; interactions

with glutaminergic and GABA pathways

aminoglycosides

Ototoxicity-determined by the overactivation of NMDA receptors within the cochlea with
subsequent oxygen radicals formulation; neuromuscular blockade-due to the presynaptic inhibition
of quantal release of acetylcholine in the neuromuscular junction and a postjunctional blockade of the

acetylcholine receptor complex

oxazolidinones mitochondrial injury; nonselective inhibition of monoamine oxidase leading to increased serotonin
and catecholamines levels

polymyxins

neuromuscular blockade-due to the presynaptic decrease of acetylcholine release into the synaptic
gap; induction of prolonged depolarization following the transient postsynaptic blockade, with loss
of calcium from neurons and altered mitochondrial permeability; accumulation of reactive oxygen

species

quinolones inhibition of GABAA receptor; stimulation of NMDA receptor and ligand-gated glutamate receptors;
an increase of the oxidative stress

sulfonamides
/trimethoprim

deficiency in the tetrahydrobiopterin synthesis resulting in disturbances in synthesis of central
neurotransmitters

metronidazole an increase of oxidative stress; oxidation of catecholamines and other neurotransmitters; inhibition of
GABA-ergic neurotransmission

other anti-infective agents:
nitrofurantoin,

isoniazid,
ethambutol

loss of axons; decrease of GABA synthesis, NMDA receptors activation

5. Methods of Reducing the Frequency and Severity of Antibiotic-Induced Neurologic
and Psychiatric Entities

Modern optimal antibiotic therapy requires extensive knowledge of the mechanisms
of drug action, their pharmacokinetic properties, adverse effects, identification of their
risk factors, especially underestimated neurotoxicity, toxicity thresholds limiting dosing,
infection site and antibiotic penetration, and careful monitoring of the consequences of their
action. It is necessary to control the clinical condition of patients, to examine the efficiency
of organs responsible for elimination of drugs from the body. Early recognition of renal
failure may reduce the frequency or severity of neurologic and psychiatric symptoms asso-
ciated with antibiotic administration. EEG may be helpful in differentiating between drug
complications in the form of non-convulsive status epilepticus (NCSE) and encephalopathy.
Sometimes temporary use of anti-convulsant medication may be needed. Myasthenic
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syndrome accompanying treatment with polymyxins may require ventilatory support
depending on the degree of respiratory impairment. Hemodialysis or hemofiltration may
be needed in patients with impaired renal function if antibiotic-induced neurotoxicity is
observed [26,113].

In recent years, much attention has been given to increasing the optimization of
antibiotic therapy based on pharmacokinetic and pharmacodynamic (PK/PD) model-
ling [114–117]. To evaluate the efficacy and safety of antimicrobial therapy, three basic ratios
were developed: Cmax/MIC (minimal inhibitory concentration), T > MIC, AUC24/MIC.
Concentration-dependent antibiotics include aminoglycosides and metronidazole. Their
efficacy best correlates with peak concentration (Cmax) to MIC. Clinical PK/PD target
for amikacin/gentamicin efficacy is Cmax/MIC ≥ 8–10, clinical PK/PD threshold for
amikacin toxicity is Cmin > 5 mg/L, for gentamicin > 1 mg/L. The group of antibi-
otics whose effectiveness is determined by the time the concentration remains above the
MIC of the bacterial pathogen include penicillin, cephalosporins, carbapenems, monobac-
tams, macrolides (erythromycin, clarithromycin), linezolid. Clinical PK/PD target for
carbapenems/penicillin efficacy is 50–100% fT>MIC, for cephalosporins 45–100%, clinical
PK/PD threshold for meropenem nephro- or neurotoxicity is Cmin > 44.5–64 mg/L, for
neurotoxicity of cefepime Cmin ≥ 20–22 mg/L, for piperacillin Cmin > 64–361 mg/L.
Concentration-dependent antibiotics with a time-dependent component for which the best
predictor of efficacy is the area under the concentration-time curve during a 24 h time
period (AUC24) to the MIC ratio include: glycopeptides, oxazolidinones, fluoroquinolones,
polymixins, daptomycin, azithromycin and tigecycline. Clinical PK/PD target for van-
comycin efficacy is AUC0–24/MIC ≥ 400, threshold for its toxicity AUC0–24 > 700 mg·h/L,
Cmin > 20 mg/L [118]. This individualized approach has allowed two directions for opti-
mizing antibiotic therapy, especially in intensive care patients: dose adjustment based on
therapeutic drug monitoring (TDM) or modification of drug dosing by using higher initial
and maintenance doses or by using prolonged or continuous infusions [119–121].

TDM, the measurement of drug concentrations in biological fluid (typically plasma)
is particularly important with respect to drugs with a narrow therapeutic index, with a
defined relationship between their concentration and pharmacological effect, significant
intra-and/or inter-individual pharmacokinetic variability, established target concentration
range, which are the cause of numerous drug complications and interactions with other
drugs, long duration of therapy, absence of pharmacodynamic markers of therapeutic
response and/or toxicity, and availability of cost-effective drug assay (precise, accurate,
highly selective bioanalytical assay methods for drug measurement). It is widely used for
aminoglycosides, and vancomycin, for beta-lactam antibiotics, particularly for piperacillin
and meropenem, is becoming increasingly common [113,122,123]. It is important to re-
member that the drug concentration is only complementary but not a substitute for clinical
judgement, and we treat the individual patient, not the laboratory value.

Imami et al. retrospectively reviewed a series of cases of people treated with poten-
tially neurotoxic antibiotics hospitalized at St Vincent Hospital in Sydney between 2013
and 2015. Adverse events of neurotoxicity, nephrotoxicity, hepatotoxicity and Clostrid-
ium difficile infections were assessed. Based on the measurements of drug concentrations
(piperacillin, meropenem, fluo-cloxacillin), their direct relationship with the complica-
tion was demonstrated. The breakpoint for which the risk of neurotoxicity is 50% for
piperacillin was found to be Cmin > 361.4 mg/L, for meropenem > 64.2 mg/L, and for
flucloxacillin > 125.1 mg/L. Therefore, measuring the concentrations of these antibiotics,
especially in patients with an increased risk of neurological complications, is a method of
optimizing their use [124].

Oda et al. reported a case of using Bayesian estimation calculations in conjunction with
the measurement of cefepime concentration to reduce the dose in people with pneumonia
to prevent neurological complications. After receiving a dose of 1.0 g every 8 h, the patient
developed aphasia on the fifth day. Measurement of the drug concentration in the serum
showed 71.3 mg/l, which was 2–3 times higher than the recommended value (22–35 mg/L).
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Bayesian pharmacokinetic calculations indicated the need to reduce the dose to 0.5 g every
12 h. After 3 days, the neurological symptoms improved and the treatment was continued
successfully [125].

Another case was described by Smith et al. and concerned an 82-year-old patient
admitted to the intensive care unit with a diagnosis of severe community-acquired pneu-
monia, septic shock and multiple organ failure. After administration of cefepime, the
patient developed convulsions. Blood and cerebrospinal fluid drug concentrations were
measured and increased values were found. After dose adjustments and a decrease in
cefepime levels, the seizures subsided [126].

In 2020, a summary of an expert discussion panel on the use of TDM in relation to
antibiotics, antifungal and antiviral drugs in intensive care units was published. It was
emphasized that from a clinical practice point of view dosing drugs under TDM control is
beneficial for the aminoglycosides, voriconazole and ribavirin. Therapeutic ranges have
been defined for some of the antibiotics. Routine use of TDM has been recommended for
therapy with aminoglycosides, beta-lactam antibiotics, linezolid, teicoplain, vancomycin
and voriconazole in critically ill patients. The authors pointed out that, although drug con-
centration monitored therapy was first used in the 1940s, it still requires the development
of globally uniform standards of care, especially with regard to the treatment of patients
with comorbidities and multi-organ disorders [118].

According to a systematic review by Barreto et al., clinical observations have shown
that, in critically ill patients, beta-lactam antibiotic levels must be monitored, and the
recommended minimum concentrations should be greater than the MIC for at least half
the time between doses. The free drug fraction is recommended to be measured during the
first 48 h of therapy, and should be above the MIC breakpoint of the most likely pathogen
before blood culture results are available. This concentration should be maintained for
the entire period between doses, and after this time the minimum concentration should
reach a value of 1–2x of the observed MIC of the pathogen obtained in microbiological
cultures. Neurotoxicity has also been shown to be the most dose-dependent adverse event,
although direct evidence is not yet available to indicate the concentration above which this
complication is likely to occur [127].

A retrospective cohort study published in 2017, which included 53 patients admitted to
the intensive care unit with no neurological abnormalities prior to commencing continuous
infusion of piperacillin at the standard dose and subjected to serum piperacillin determi-
nation, showed that 23 patients developed a neurological disorder, in which piperacillin
causation was consistent chronologically and semiologically. The minimum concentration
value of 157.2 mg/L, regardless of other variables, was the factor of the occurrence of
neurotoxicity with 96.7% specificity and 52.2% sensitivity. This is a phenomenon that
may be a limitation in antibiotic therapy if the patient has pathogens less sensitive to this
antibiotic [128].

Optimization of antibiotic therapy also requires the use of guidelines adapted to
local needs and adherence to these by medical staff. Unfortunately, a multi-center study
has shown that 37.8% of antibiotic use in European hospitals does not comply with this
restriction. Antimicrobial stewardship programs are a promising strategy. One of the
methods is a pharmacokinetic dosing nomogram. This describes the influence of a covariate
(e.g., weight) on a drug exposure target (e.g., concentration). It can be combined with TDM.
Clinical pharmacological advice, which is delivered by the clinical pharmacologist who
interprets the therapeutic drug monitoring results of antimicrobials in relation to the site of
infection, the pathophysiological characteristics of the patient, and potential drug–drug
interactions are very important in personalized treatment [129,130]. The interprofessional
team should include a clinical pharmacist, who can play an important role by monitoring
antimicrobial prescriptions and providing advice or educating medical and nursing staff,
because approximately 50% of hospitalized patients receive at least one antibiotic, and
20-30% cases of antibiotic therapy are unnecessary. Clinical pharmacist intervention has
been shown to be effective in enhancing appropriate use of antibiotics and reducing their
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toxicity, which may improve patient care. Moreover these had a positive impact not only
on the clinical, but on financial outcomes [131–135].

6. Neuroprotective Action of Antibiotics

In recent years, old, well-known drugs have been increasingly used in new indications.
Such a strategy is referred to as “repositioning drugs”, “redirecting drugs” or “finding new
uses for old drugs”. It is an efficient and cost-effective pathway to new drug development.
Antibiotics are also being studied for their anti-amyloidogenic and anti-inflammatory
properties. Results of ongoing observations suggest the possible use of antibiotics in
Alzheimer’s disease, Parkinson’s disease or multiple sclerosis. Tetracyclines, and especially
doxycycline, are promising in this area. Interest in their use in Alzheimer’s disease dates
back to the early 2000s when it was discovered that tetracyclines could inhibit the aggrega-
tion of the β-amyloid peptide (Aβ). Moreover they have anti-oxidative and anti-apoptotic
activities [136–138]. Many studies have confirmed the neurotrophic, anti-inflammatory,
antioxidant and anti-apoptotic effects of minocycline, a long-acting, semi-synthetic tetra-
cycline. This antibiotic is characterized by high lipophilicity and can easily penetrate
the blood–brain barrier, has long half-life time and excellent tissue penetration. It alters
the reactivity of microglia cells, counteracts inflammatory processes, and reduces neu-
rodegenerative processes within the central nervous system. Its effectiveness has been
proven in experimental models for the treatment of Alzheimer’s disease, Parkinson’s dis-
ease, Huntington’s disease, multiple sclerosis, neuropathic pain, stroke, hypoxic-ischemic
encephalopathy and hypomyelination. It has been shown to reduce white matter and
hippocampal lesions and improve cerebral blood flow. The drug reduces the expression
of pro-inflammatory markers responsible for increasing the activity of chemokine CCL2,
IL-1β, IL-6, TNF-α and iNOS. Minocycline has antioxidant and antiapoptotic properties,
manifested by caspase inhibition. In turn, ceftriaxone was found to increase the expression
of astrocytic glutamate transporter 1 (GLT-1), decreasing excitotoxicity and neuroinflam-
mation by detoxifying the brain from glutamate. It should be emphasized that persistently
elevated amounts of this compound in the synaptic space may contribute to neurodegen-
erative diseases and ischemic stroke [139]. It affects the markers of oxidative status and
neuroinflammation [138]. Rifampicin is also a broad-spectrum antibiotic whose protective
effect on the brain has been demonstrated in many experimental studies. Its mechanism of
action includes inhibitory effect on free oxygen radicals, tau and Aβ protein accumulation,
microglial activation, apoptotic cascades [140]. Use of antibiotics in neuroprotection is
promising, creates new potential treatment options for neurodegenerative diseases, but
requires many more studies using not only laboratory models but also human subjects.

7. Conclusions

The study of neuroprotective drugs that lead to rescue, recovery or regeneration of
the nervous system, its cells, structure and function, has been ongoing for many years.
These are based on three main strategies, i.e., the synthesis of new drugs, the use of natural
products with as yet unidentified properties, and attempts to develop therapies based
on existing drugs, so-called “drug repositioning” or “drug reprofiling”. The latter area
seems worthy of attention, as the pharmacokinetic and pharmacodynamic profile of such
drugs is already known, and the effort put into such a strategy requires incomparably
less time and cost than developing new drugs. Unfortunately, this is not an easy task,
as there are many neurochemical modulators of nervous system damage. Clinical trials
often fail to demonstrate their efficacy, and the doses used prove toxic [141]. Patients with
nervous system dysfunctions are also a very heterogeneous group in terms of both their
etiology and their age, etc., and they are additionally burdened with various risk factors.
Experimental models also differ significantly from clinical conditions. The development of
such drugs requires a better understanding of the etiology and pathogenesis of nervous
system diseases. It is believed that neuroinflammatory mechanisms may account for many
of the processes responsible for the neuronal degeneration observed in Alzheimer’s disease,
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Parkinson’s disease, stroke, and other neurodegenerative diseases. They undoubtedly
represent a significant health problem and challenge for 21st century medicine. Antibiotics
are also being investigated in this aspect and promising observational results provide
new potential avenues for their use as neuroprotective rather than just anti-infective
drugs. Rifaximin is currently in phase II clinical trials based on the association between
changes in the gut microbiota and neuropsychiatric diseases. It is hypothesized that it may
improve memory and daily functioning in people with Alzheimer’s disease by reducing
blood levels of ammonia and/or levels of pro-inflammatory cytokines secreted by gut
bacteria [142]. On the other hand, it is very important to pay attention to the possibility of
neurotoxicity during antibiotic therapy. Multidirectional monitoring of patients at high
risk of neurotoxicity is necessary to prevent or reduce its severity. As described above, its
causes are not fully understood. It is also necessary to conduct multidirectional research
dedicated to the elucidation of mechanisms responsible for nervous system dysfunction
under the influence of antimicrobial drugs. To achieve an effective antimicrobial effect,
and at the same time not to induce drug-related complications, the choice of antibiotic
and therapy depend on clinical diagnosis, pathogens isolated from patient or those most
frequently causing a specific infection in a population and their sensitivity to antibiotics,
concomitant diseases present in the patient (taking into account past diseases, chronic
diseases, impaired renal or hepatic function, age, allergies, etc.), and properties of the
antibiotic itself (pharmacodynamics, pharmacokinetics, possible side effects, toxicity).
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Abstract: Patients with diabetes are at higher risk of cardiovascular diseases and cognitive impair-
ment. SGLT2 inhibitors (Empagliflozin, Canagliflozin, Dapagliflozin, Ertugliflozin, Sotagliflozin) are
newer hypoglycemic agents with many pleiotropic effects. In this review, we discuss their neuropro-
tective potential. SGLT2 inhibitors (SGLT2i) are lipid-soluble and reach the brain/serum ratio from
0.3 to 0.5. SGLT receptors are present in the central nervous system (CNS). Flozins are not fully SGLT2-
selective and have an affinity for the SGLT1 receptor, which is associated with protection against
ischemia/reperfusion brain damage. SGLT2i show an anti-inflammatory and anti-atherosclerotic
effect, including reduction of proinflammatory cytokines, M2 macrophage polarization, JAK2/STAT1
and NLRP3 inflammasome inhibition, as well as cIMT regression. They also mitigate oxidative
stress. SGLT2i improve endothelial function, prevent remodeling and exert a protective effect on
the neurovascular unit, blood-brain barrier, pericytes, astrocytes, microglia, and oligodendrocytes.
Flozins are also able to inhibit AChE, which contributes to cognitive improvement. Empagliflozin
significantly increases the level of cerebral BDNF, which modulates neurotransmission and ensures
growth, survival, and plasticity of neurons. Moreover, they may be able to restore the circadian
rhythm of mTOR activation, which is quite a novel finding in the field of research on metabolic
diseases and cognitive impairment. SGLT2i have a great potential to protect against atherosclerosis
and cognitive impairment in patients with type 2 diabetes mellitus.

Keywords: SGLT2i; sodium-glucose cotransporter 2 inhibitors; neuroprotection; atheroprotection;
mTOR; type 2 diabetes mellitus; cognitive impairment; inflammation; oxidative stress

1. Introduction

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disease causing a variety of
complications, including atherosclerosis which is associated with increased cardiovascu-
lar risk contributing to reduced life expectancy [1]. Additionally, atherosclerosis is an
important factor leading to cognitive impairment in the elderly via several mechanisms
such as ischemia and a direct molecular link [2,3]. Diabetes mellitus type 2 accelerates the
development of atherosclerosis, and patients with T2DM are at a two to four times higher
risk of developing vascular diseases than non-diabetics [4]. There is a lot of evidence that
proves that diabetic patients are at an increased risk of developing cognitive impairment.
Glucose metabolism is also impaired in Alzheimer’s disease, as it is sometimes called ‘Type
3 diabetes’ or ‘diabetes of the brain’ [5]. According to a meta-analysis performed by Zhang
J. et al., patients with diabetes mellitus type 2 have a 53% higher relative risk of Alzheimer’s
disease than non-diabetic individuals (RR 1.53, 95% CI: 1.42–1.63) [6]. Among diabetics,
the presence of micro- and macrovascular complications increases the risk of cognitive
decline even further, suggesting that vascular mechanisms, including atherosclerosis, are
important players [7]. As diabetic patients with atherosclerosis are especially vulnerable to
cognitive impairment, it is necessary to search for drugs that could ensure T2DM control,
reduce cardiovascular risk and improve cognitive functions.

SGLT2 inhibitors are newer hypoglycemic drugs that have revolutionized the clinical
approach to T2DM management. Their main mechanism of action is inhibiting SGLT2
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receptors in the proximal tubules of the kidneys and thus lowering blood glucose levels
by blocking its reabsorption from the urine [8]. As it has been proved by large double-
blind clinical trials, Empagliflozin not only decreases HbA1c in diabetic patients but also
improves their life expectancy by reducing cardiovascular mortality [9]. Canagliflozin,
Dapagliflozin, Sotagliflozin significantly decrease the composed primary end-point, in-
cluding cardiovascular mortality and other cardiovascular outcomes [10–12]. Ertugliflozin
showed non-inferiority vs. placebo in reducing cardiovascular mortality and other car-
diovascular outcomes [13]. The exact mechanism has not been fully established yet, and
SGLT2 inhibitors show many additional beneficial effects which contribute to their wider
use, even in non-diabetic patients [14]. There is growing evidence that SGLT2 inhibitors
have a neuroprotective potential, as in a murine mixed model of diabetes mellitus and
Alzheimer’s disease, empagliflozin improved both cerebral microvascular and cognitive
impairment [15]. There is no available data on the adverse effects flozins may exert on
the Central Nervous System. The most commonly known side effects are genitourinary
infections; however, rare but more serious effects also may occur, like euglycemic ketoaci-
dosis [16]. In this review, we are focusing on SGLT2 inhibitors’ potential to improve the
impaired cognitive functions of diabetic patients with atherosclerosis.

2. Neurological Potential of SGLT2 Inhibitors

SGLT2 inhibitors are lipid-soluble and cross the blood-brain barrier reaching the brain-
to-serum ratio of the areas under the curves from 0.3 (Canagliflozin and Dapagliflozin)
up to 0.5 (Empagliflozin) [17]. They have the ability to directly affect their target, since
SGLT1 and SGLT2 co-receptors are expressed in the human central nervous system and
play an important role in maintaining glucose homeostasis. SGLTs are responsible for the
transport of glucose, galactose and sodium ions against the concentration gradients [18].
SGLT1 transports two Na+ ions with one D-glucose molecule and SGLT2 one sodium ion
with one D-glucose [19]. They may be found in many areas of the central nervous system
in several isoforms. SGLT1 inhibitors are present in the pyramidal cells of the brain cortex,
Purkinje cerebellum cells, hippocampus pyramidal, and granular cells [20]. They were
also detectable in glial cells in the ventromedial hypothalamus [21]. Brain expression of
SGLT2 is lower than SGLT1, and it occurs mainly in the microvessels of the blood-brain
barrier, but also in the amygdala, hypothalamus, periaqueductal gray (PAG), and in the
dorsomedial medulla – the nucleus of the solitary tract (NTS) [22,23]. The presence of
SGLT1/SGLT2 was also described in the abluminal membrane of the capillary endothe-
lium [21]. Interestingly, the brain locations where SGLTs are present have been proven
to be responsible for learning processes, food intake, energy and glucose homeostasis,
and central cardiovascular and autonomic regulation [23,24]. The location of SGLT1 and
SGLT2 receptors in the CNS is presented in Figure 1. It is possible that SGLT2 receptors
also exert a cardioprotective effect through central mechanisms by directly influencing
cardiovascular regulation and autonomic pathways, including the paraventricular nucleus
of the hypothalamus, the nucleus of the solitary tract, and the periaqueductal gray [23]. An
immunoblotting study of post-mortem human brain tissue showed a significant increase in
SGLT1 and SGLT2 expression following brain injury [25]. Results of a study performed
in a murine model suggest that, after a brain injury, SGLT1 blockage may bring beneficial
effects with regard to the area of the brain lesions, the volume of damaged tissue, edema,
and motoric disability [26].
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Figure 1. Distribution of SGLT1 and SGLT2 receptors in the Central Nervous System: 1. Pyramidal
cells of brain cortex; 2. Purkinje cerebellum cells; 3. Hippocampus pyramidal and granular cells; 4.
Hypothalamus; 5. Microvessels; 6. Amygdala; 7. Periaqueductal grey; 8. Dorsomedial medulla—nucleus
of the solitary tract (NTS).

SGLT2 inhibitors are not fully selective for SGLT2 co-receptors, and they also affect
SGLT1 to various extents (Table 1). Sotagliflozin has the most affinity to SGLT1 receptors.
It is even called a “dual SGLT1/SGLT2 inhibitor”, however, it is the newest Flozin, and it
is not yet used in diabetic patients on a large scale [12]. Among commonly used SGLT2
inhibitors, Canagliflozin has the greatest potential for inhibiting SGLT1 receptors. In
contrast, Empagliflozin and Ertugliflozin are the most selective for SGLT2 and have the
lowest potential for interaction with SGLT1 [27]. Therefore, theoretically, to obtain the
neuroprotective effect associated with SGLT1 inhibition in diabetic patients, Sotagliflozin
and Canagliflozin should be preferred over Dapagliflozin, Empagliflozin, and Ertugliflozin.

Table 1. Comparison of pleiotropic effects of Sotagliflozin, Canagliflozin, Dapagliflozin, Empagliflozin, Ertugliflozin.

Sotagliflozin Canagliflozin Dapagliflozin Empagliflozin Ertugliflozin

SGLT2 Selectivity
over SGLT1

20 fold
[28]

250 fold
[28]

1200 fold
[28]

2500 fold
[28]

2500 fold
[28]

Brain/Serum Ratio n/a 0.3 0.3 0.5 n/a

AChE Inhibition Ki 5.6μM
[29]

The most potent, even
called a dual inhibitor

Ki 0.13 μM
[29]

Ki 25.02μM
[29]

Ki 0.177μM
[30] Ki 31.69μM

[29]

BDNF Increase n/a n/a n/a Yes
[31] n/a

Anti-epileptic
Potential n/a n/a Yes

[32] n/a n/a

CIMT Regression n/a n/a Yes
[33]

Yes
[34] n/a

Anti-inflammatory n/a Yes
[35]

Yes
[36]

Yes
[37]

No|n/a
[38]

Blood-brain Barrier
Protection n/a n/a n/a Yes

[37] n/a
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Table 1. Cont.

Sotagliflozin Canagliflozin Dapagliflozin Empagliflozin Ertugliflozin

NLRP3 Inflammasome
Inhibition n/a n/a Yes

[39]
Yes
[40] n/a

Promoting M2
Macrophages
Polarization

n/a Yes
[41]

Yes
[42]

Yes
[43] n/a

Oxidative Stress
Reduction

Yes
[44]

Yes
[45]

Yes
[46]

Yes
[47]

Yes
[48]

Neurovascular Unit
Remodeling n/a n/a n/a Yes

[49] n/a

Cerebral
Ischemia/Reperfusion

Damage Reduction
n/a n/a n/a Yes

[50] n/a

Reduced mTOR
Signaling n/a Yes

[51]
Yes
[51]

Yes
[52]

Yes
[53]

In the central nervous system, there is also a place for selective SGLT2 inhibitors
since, based on the results obtained by Erdogan MA. et al., Dapagliflozin significantly
reduces seizure activity, both at the electrophysiological and clinical level, in a rat model of
epilepsy [32]. It may be associated with a similar effect of glucose fasting-like metabolic
switch as the one observed in ketogenic diets, which in some circumstances also improve
brain seizure activity [54]. There is no clinical data comparing the efficacy of ketogenic diets
and dapagliflozin therapy on brain epileptic activity; however, adhering to a ketogenic
diet is difficult and has to be closely monitored. On the contrary, dapagliflozin is a safe
drug widely used in diabetic patients. Interestingly, cognitive impairment shares the same
risk factors as epilepsy and atherosclerosis, and commonly used anti-epileptic drugs such
as phenytoin, carbamazepine, valproic acid are associated with increased cardiovascular
risk [55]. Dapagliflozin may be a preferable flozin in diabetic patients with epilepsy as it
has an anti-epileptic potential. Moreover, it significantly reduces cardiovascular risk and
thus may prevent cognitive decline.

There is in vivo evidence for the expression of SGLT2 protein in choroid plexus
epithelial cells and ependymal cells of the human brain [56]. This is crucial information
indicating that SGLT2 may have an influence on the composition of the cerebrospinal
fluid (CSF), whose role in the pathology of neurodegenerative disorders provides a new
direction for research and requires further investigation [57].

There is growing evidence that apart from direct mechanisms of SGLT2 inhibitors in
the central nervous system, they also exert a beneficial pleiotropic effect. In silico studies
indicate that flozins have the molecular ability to inhibit acetylcholinesterase. Canagliflozin
was even called a ‘dual inhibitor of SGLT2 and AChE’ as its estimated inhibition constant
Ki (i.e., the concentration required to produce half-maximum inhibition) against AChE was
0.12859 μM [58]. It is clinically relevant as patients taking canagliflozin reach a serum drug
concentration of 10μM, and the brain/serum ratio of canagliflozin is 0.3. Therefore, the
amount of canagliflozin penetrating the brain (3 μM) is enough to inhibit AChE [17,59]. As
for other SGLT2i, the Ki for inhibiting AChE is 0.177 μM for empagliflozin and 25.02 μM
for dapagliflozin, and brain concentrations are 0.5 μM and 0.3 μM, respectively, so out
of those two, only in the case of empagliflozin, brain concentration is enough to inhibit
AChE (Table 1) [17,30,60]. Patients with Alzheimer’s disease have a reduced amount of
acetylcholine neurotransmitters in the brain, and acetylcholinesterase inhibitors including
donepezil, rivastigmine, galantamine are commonly used to increase the acetylcholine
level and improve cognition [61]. In a rat model of cognitive impairment induced by
scopolamine, canagliflozin, similarly to galantamine, decreased AChE activity, increased
acetylcholine M1 receptor (M1 mAChR) and monoamines levels. It also improved cognitive
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functions in the Y maze task and water maze task [62]. Canagliflozin has the greatest
potential of inhibiting AChE and may be a preferable solution in patients with T2DM who
would also benefit from the inhibition of acetylcholinesterase.

Another promising effect SGLT2i exert on the central nervous system was described by
Lin B. et al., for empagliflozin, which significantly increased cerebral BDNF (Brain-derived
neurotrophic factor) levels in db/db mice (Table 1). Moreover, this effect was accompanied
by improvement in cognitive functions [31]. BDNF takes part in the growth, survival, and
plasticity of neurons as well as in the modulation of neurotransmission. It is an important
factor for the processes of learning and memorizing [63]. Interestingly, a significant decline
of BDNF was observed in patients with T2DM, and it was associated with cognitive
impairment, which was not observed in non-diabetic controls [64]. Surprisingly, BDNF is
crucial not only for the central nervous system but also for atherosclerosis. Patients with
DMAS (Diabetes Mellitus Accelerated Atherosclerosis) had a lower expression of BDNF,
and it was negatively correlated with inflammation. In the same study, supplementation
of BDNF in mice significantly reduced atherosclerotic lesions [65]. The anti-inflammatory
properties of BDNF are probably associated with promoting M2 macrophages polarization
via STAT3 [65]. SGLT2i may thus bring benefits to diabetic patients with atherosclerosis by
preventing cognitive impairment associated with low levels of BDNF.

3. Atherosclerosis, Cognitive Impairment, and SGLT2i

The presence of cholesterol-rich plaques in the walls of large cerebral arteries is de-
fined as Cerebral Atherosclerosis (CA). In previous studies, atherosclerotic lesions in intra-
and extra-cranial arteries were associated with cognitive impairment and even demen-
tia [2,66,67]. According to results obtained by Dearborn JL. et al., atherosclerotic plaques
in the anterior cerebral artery occurred independently of vascular risk factors associated
with increased prevalence of dementia (RPR 3.81 95%CI [1.57–9.23] p = 0.003) in elderly
patients [2]. On the other hand, atherosclerosis in the posterior cerebral artery increased
the risk of Mild Cognitive Impairment (MCI) (RPR 1.44 95% CI [1.04–1.98] p = 0.027) [2].
As demonstrated by another study, dementia occurred more frequently in patients with
atherosclerotic calcifications in intra and extra-cranial arteries as opposed to coronary
vessels [66]. Cerebral atherosclerosis and dementia are related to each other; however,
the exact mechanism remains unknown. In reference to the proteomic sequencing of the
dorsolateral prefrontal cortex of 438 humans performed by Wingo A.P. et al., CA was
associated with reduced synaptic function, excess myelination, and axonal injury indepen-
dently of ischemia [67]. Preventing atherosclerosis would contribute to the improvement
in cognitive functions in elderly people. Results obtained by Sabia S. et al. show that
cardiovascular health at the age of 50 years is crucial for further development of cognitive
impairment [68]. As mentioned before, SGLT2i significantly reduce cardiovascular risk.
They exert a pleiotropic anti-atherosclerotic effect by reducing vascular inflammation,
oxidative stress and improving endothelial dysfunction [69]. In a previous study including
diabetic patients, a three-month treatment with empagliflozin resulted in a significant
regression of complex intima media thickness (cIMT) by 7.9%; p < 0.0001. Interestingly,
this effect was significant just after one month of empagliflozin therapy [34]. CIMT is a
relevant marker of early atherosclerosis, and it is often measured in the carotid arteries [70].
According to Feinkohl I. et al., cIMT is also a significant predictor of cognitive decline in
patients with T2DM [71]. Future studies should evaluate the clinical relevance of the ability
of SGLT2 to reduce atherosclerotic lesions and thus the impact on cognitive functions.

4. Inflammation

The inflammatory process in the central nervous system also referred to as neuroin-
flammation, is associated with a lot of pathologies, including cognitive dysfunction. In
a study conducted by Suridjan I. et al., and including patients with Alzheimer’s disease,
the presence of neuroinflammation detected by [18F]-FEPPA was positively correlated
with the level of cognitive decline [72]. There is growing evidence that the presence of
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inflammation outside the central nervous system (systemic inflammation) can also con-
tribute to a decline in cognitive functions [73]. According to Walker K. et al., elevated
inflammatory markers in middle adulthood resulted in significant cognitive decline after
20 years [74]. The neurovascular unit (NVU), which is composed of endothelial cells lin-
ing brain microvessels as well as neurons, microglia, astrocytes, and pericytes, mediates
homeostasis by regulating traffic between blood and the neural environment. Systemic
inflammation is associated with circulating proinflammatory cytokines, which impair the
endothelium of brain microvessels, increase the permeability of the blood-brain barrier
and change the phenotype of astrocytes and microglia into pro-inflammatory ones [75]. M1
activated microglia impair NVU by secreting proinflammatory cytokines, including TNF-α,
IL-1β, IL-6, IL-18, which contribute to neurodegeneration by breaking neurotransmitters
into bioactive metabolites, tau hyperphosphorylation, β-amyloid oligomerization, and
complement activation [76,77]. In a mouse model of T2DM, empagliflozin had a protective
effect, involving remodeling prevention on the neurovascular unit, the blood-brain barrier,
pericytes, astrocytes, microglia, and oligodendrocytes [49]. The inflammatory process is
also a key driver of atherosclerosis. In the CANTOS study, inhibition of interleukin-1β with
canakinumab significantly reduced cardiovascular risk independently of lipid levels [78].
Proinflammatory cytokines including TNF-α, IL-1β, IL-6 are also a mediator of atheroscle-
rosis since they activate endothelial cells, attract monocytes, and facilitate their adhesion
by up-regulating MCP-1, ICAM, VCAM [79]. There is abundant evidence from animal
studies showing that SGLT2 inhibitors slow down the progression of atherosclerosis and
exert an anti-inflammatory effect by reducing the expression of proinflammatory cytokines,
including TNF-α, IL-1β, IL-6, MCP-1, ICAM, VCAM [69]. In humans, the serum level of
IL-6 dropped by 26.6% (p = 0.010) after 2 years of canagliflozin treatment [35].

NLRP3 (NOD-, LRR- and pyrin domain- containing protein 3) inflammasome acti-
vation is one of the key molecular pathways mediating inflammation as it leads to the
release of IL-1β and IL-18 cytokines. It is a crucial element of the innate immune system ac-
tivated not only by microbial infection or cellular damage but also by chronic inflammatory
diseases, including atherosclerosis and Alzheimer’s disease [80]. NLRP3 is an important
mechanism that drives inflammation in atherosclerosis since activation of this pathway
in arterial walls by lipoproteins triggers inflammatory response [81]. In a mouse model
of atherosclerosis, the inhibition of the NLRP3 inflammasome by MCC950 resulted in a
significant reduction in atherosclerotic lesions [82]. In Alzheimer’s disease, NLRP3 inflam-
masome links systemic inflammation with neuroinflammation and impairs the removal of
amyloid-beta by the microglia [83]. This effect may be clinically significant, as, in another
study, the inhibition of NLRP3 by OLT1177 significantly improved cognitive impairment in
a mouse model of Alzheimer’s disease [84]. SGLT2 inhibitors may improve atherosclerosis
and cognitive dysfunction via NLRP3 inflammasome inhibition (Table 1). As proven by
Kim S. et al., in the ex vivo study in diabetic patients, empagliflozin significantly attenuated
the inflammasome activity after 30 days of treatment [40].

Macrophages play a central role in atherosclerosis due to their foam cell formation
in the vascular lesions. They are also an important factor in the pathology of cognitive
impairment associated with Alzheimer’s disease as their infiltration is increased in patients
with AD being most abundant in the brain regions rich in Aβ plaques [85]. Macrophages
are immune cells responsible for mediating chronic low-grade inflammation and residual
cardiovascular risk, which remains after lipid reduction. They are characterized by an
ability to change in response to the environment. There are two immunological types of
macrophages, i.e., M1 and M2 macrophages. M1 proinflammatory macrophages secrete 1β,
IL-6, and TNF-α, maintain a chronic inflammatory state, and promote atherogenesis. On
the contrary, M2 macrophages have an anti-inflammatory and atheroprotective profile by
secreting IL-1 receptor agonist, IL-10, and collagen [86]. SGLT2 inhibitors have been proven
to strongly promote macrophage polarization towards M2 and thus alleviate inflammation
and atherosclerosis (Table 1) [42]. In the central nervous system, M1 polarization of glial
cells was associated with neurodegeneration [73]. M1 polarized macrophages activate
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STAT-1, which is a proinflammatory transcription factor [87]. It can also be involved
in cognitive impairment in Alzheimer’s disease since it is activated by intracellular Tau
accumulation. In a murine model, depletion of STAT-1 activation significantly reduced
synaptic dysfunction and cognitive impairment associated with Tau accumulation [88].
Empagliflozin was proven to mitigate inflammation by downregulation of the JAK2/STAT1
pathway in macrophages [89]. Macrophages take part in cognitive impairment as perivas-
cular macrophages (PVM) are the source of vascular oxidative stress by producing a large
amount of free radicals near the neurovascular unit [90]. They also affect the permeability
of the blood-brain barrier [91]. In previous studies, depletion of perivascular macrophages
prevented short-term memory impairment in a murine model [92]. SGLT2 inhibitors
may possibly attenuate atherosclerosis and cognitive impairment via macrophages by
promoting M2 polarization and downregulating STAT-1 (Figure 2).

 

Figure 2. Influence of SGLT2 inhibitors on inflammation, atherosclerosis, and neuroinflammation.
IL-1RA—Interleukin 1 Receptor Agonist, cIMT—carotid intima-media thickness, STAT1—Signal
transducer and activator of transcription 1, VCAM—Vascular Cell Adhesion Molecule; ICAM-
Intracellular Adhesion Molecule.

5. Oxidative Stress and Mitochondrial Dysfunction

A chronic inflammatory state also contributes to oxidative damage as it causes the
release of reactive oxygen species (ROS) [93]. The overproduction of ROS or decrease in
the anti-oxidant defense results in oxidative stress, which is a significant contributor to
vascular diseases, including atherosclerosis, as it causes endothelial dysfunction, promotes
remodeling and further enhances inflammation [94]. Oxidative stress is also associated with
Aβ- or tau -induced neurotoxicity since it facilitates their aggregation, phosphorylation,
and polymerization. These processes contribute to neurodegeneration which results in
impaired synaptic plasticity, neuroinflammation, neurotransmitter imbalance, neuronal
and synaptic loss leading to cognitive impairment [95]. In the previous study, the increased
level of oxidative stress was associated with cognitive decline in a healthy population [96].
Interestingly, SGLT2 inhibitors were proven to ameliorate oxidative stress not only by
maintaining a normal glucose level but also by reducing the generation of free radicals
(Table 1) [97]. In patients with T2DM, empagliflozin significantly enhanced leukocyte
expression of antioxidative enzymes including glutathione s-reductase and catalase and
simultaneously reduced pro-oxidative myeloperoxidase after four months of treatment [47].

Mitochondrial function is crucial for maintaining neuronal homeostasis, as neurons
are vulnerable to bioenergetic changes. Mitochondrial dysfunction plays an important
role in the pathogenesis of neurodegenerative diseases; there is even a ”Mitochondrial
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Cascade hypothesis” in Alzheimer’s Disease pathology [98]. In a murine model, deple-
tion of AIF (apoptosis-inducing factor), which is a mitochondrial protein taking part
in apoptosis and electron transport chain, was associated with serious disturbances in
hippocampal-dependant spatial learning and memory [99]. In a rat model, taking da-
pagliflozin was associated with significant improvement in brain mitochondrial function,
including decreased ROS production, mitochondrial swelling, and mitochondrial mem-
brane depolarization [100]. The existing evidence supports the concept that SGLT2 may
improve atherosclerosis and cognitive impairment by reduction in oxidative stress and
improvement in mitochondrial dysfunction.

6. mTOR Signaling

mTOR (mechanistic/mammalian target of rapamycin) is a novel, promising molecu-
lar pathway linking metabolic diseases and cognitive impairment. It is a crucial cellular
coordinator of systemic energy status and local nutrients. Chronic up-regulation of mTOR
is present in an anabolic state (increased levels of glucose, amino acids, growth factors)
associated with over-nutrition and lack of physical activity [101]. Continuous activation of
mTOR causes endothelial cell dysfunction, which is not only a key point of atherosclerosis
but also contributes to interruption in the blood-brain barrier [102]. Unrestrained mTOR
up-regulation has also been linked to tau and amyloid β hyperphosphorylation and aggre-
gation in Alzheimer’s disease [103]. Moreover, chronic mTOR activation impairs lysosomal
protein degradation, which supports the “Endo-Lysosomal Dysfunction” hypothesis of
Alzheimer’s Disease [104]. It is believed that restoring the circadian rhythm of mTOR acti-
vation would be beneficial in metabolic diseases and cognitive impairment. This effect can
be achieved by increasing physical activity, reducing calories intake, or intermittent fasting.
All the abovementioned interventions require the patient’s determination and are difficult
to obtain in real-life clinical practice. SGLT2 inhibitors are able to mimic those states by
promoting catabolism and restoring mTOR cycling, thus decreasing cognitive impairment
associated with metabolic diseases [105]. An interesting SGLT2i effect was noticed by
Esterline R. et al.; SGLT2 inhibitors cause loss of glucose with urine, but simultaneously
they activate glycogenolysis and gluconeogenesis and thus increase fasting endogenous
glucose production, which occurs particularly at night. This effect contributes to switch-
ing metabolism from anabolic to catabolic depending not on glucose and insulin but on
fatty acid oxidation and leads to a decrease in mTOR fuel: blood insulin and amino-acids.
Nocturnal mTOR suppression is followed by daily activation, and this state allows main-
taining mitochondrial and lysosomal homeostasis (Figure 3) [104]. Additionally, according
to Packer M, SGLT2 inhibitors cause transcriptional changes in cells that occur during
starvation, which is called “state of fasting mimicry” and include SIRT/AMPK activation
and Akt/mTOR suppression (Figure 3). Moreover, taking flozins causes changes similar
to an ischemic state, including HIF-2α activation which stimulates erythropoiesis, and
patients with higher erythrocyte count benefited most from SGLT2i therapy. Interestingly
those effects occurred also in cells, which do not express SGLT [106]. There is a lot of
evidence that SGLT2 inhibitors are able to suppress mTOR (Table 1). Flozins, by restoring
the circadian rhythm of mTOR activity, seem to bring benefits in patients with Alzheimer’s
Disease according to “Type 3 Diabetes Hypothesis”, “Mitochondrial Cascade Hypothesis”
and “Endo-Lysosomal Dysfunction Hypothesis” [105].

112



Molecules 2021, 26, 7213

 

Figure 3. Influence of SGLT2 inhibitors on unrestrained activation of mTOR (mechanis-
tic/mammalian target of rapamycin). AMPK-AMP-activated protein kinase, SIRT-Sirtuin.

7. Cerebrovascular Dysfunction

Cerebrovascular dysfunction is a pathological condition of the brain related to vascular
pathology. A hyperglycemic state impairs the microvascular structure of the brain causing
neurovascular remodeling, including loss of endothelial integrity, basement membrane
thickening, loss of myelin and neurons, astrocytes and pericytes disturbance [107]. Such
ultrastructural changes are associated with cognitive decline [108]. In a mouse model of
T2DM, empagliflozin exerted a neuroprotective effect on neurovascular remodeling [49].

Cerebrovascular dysfunction is mainly associated with disturbed blood flow being
either ischemia or bleeding. The presence of atherosclerotic lesions within arterial walls
impairs cerebral blood flow and causes cerebrovascular dysfunction [109]. Most ischemic
strokes are caused by atherosclerosis. According to a meta-analysis, the presence of carotid
atherosclerosis was associated with an increased risk of recurrent stroke (OR: 2.87; 95% CI
(2.42–3.37); p < 0.00001) [110]. Acute ischemic stroke leads to a critical limitation of blood
supply, which results in neuronal cell death and cognitive decline. Cognitive impairment
affects 20–80% of patients after acute brain ischemia [111]. Although SGLT2 inhibitors
do not reduce the risk of ischemic stroke incidence, they affect the most important cere-
brovascular risk factors, including hyperglycemia, hypertension, obesity, dyslipidemia,
and atherosclerosis [112]. Hypertension is the most common risk factor of stroke [113].
SGLT2 inhibitors significantly lower systolic and diastolic blood pressure without reflex
activation of the sympathetic nervous system and are even able to change the non-dipping
to dipping circadian blood pressure profile. While the exact mechanism of the antihyper-
tensive effect of SGLT2 inhibitors has not been clearly established, it is considered that the
most important factors are osmotic diuresis (induced by glucosuria) and natriuresis. Other
features of SGLT2 inhibitors that contribute to lowering blood pressure are suppression of
the renin-angiotensin system, decreased activity of the sympathetic system, antioxidative
activity, and improvement in endothelial cell function [114]. Moreover, SGLT2 inhibitors
may improve brain damage and cognitive impairment in patients after a stroke. SGLT
receptors are important in ischemia-reperfusion cerebral damage. As presented in a mouse
model of subcortical white matter infarct with cognitive impairment, the knockout of the
SGLT1 receptor was associated with a lower expression of proinflammatory cytokines
and better cognitive performance [115]. SGLT1 receptors mediate sodium influx, which
causes depolarization and contributes to neuronal cell death during ischemia. According
to Yamazaki Y. et al., increased sodium influx via the SGLT1 receptor was associated with
more exacerbated neuronal damage, which was not observed in SGLT-1 knockdown mice
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(Figure 4) [116]. In a study assessing cerebral ischemia/reperfusion damage in a rat model,
empagliflozin, in a dose-dependant manner, reduced neuronal death, infarct size and
ameliorated cognitive impairment via HIF-1α/VEGF signaling [50]. SGLT2 inhibitors may
preserve cognitive functions in diabetic patients by preventing neurovascular remodel-
ing and reducing the well-known risk factors of stroke. They can also bring benefits to
post-stroke patients by reducing inflammation, sodium influx, and HIF-1α/VEGF pathway.

 

Figure 4. SGLT1 inhibition and ischemic brain damage. 1. Brain damage; 2. In the area of brain
damage, there is an increase in the expression of SGLT1; 3. Sodium influx through SGLT1 receptors is
associated with increased ischemia/reperfusion damage, lesion size, edema, inflammation, neuronal
cell death, and decline in cognitive functions; 4. SGLT receptor blockage/knockdown was associated
with improvement in damages caused by ischemia and ischemia/reperfusion damage.

8. The Effect of SGLT2i on Alzheimer’s Disease Pathology

SGLT2 inhibitors can possibly bring benefits in patients with Alzheimer’s Disease us-
ing the abovementioned mechanisms, including not only anti-inflammatory, anti-oxidative
or atheroprotective effects, but also direct neuroprotective effects including BDNF increase
and AChE inhibition. Additionally, SGLT2i can also be favorable for AD patients by im-
proving brain insulin sensitivity [100]. Insulin resistance is present in 8 out of 10 patients
suffering from Alzheimer’s Disease [117]. Peripheral resistance to insulin also occurs in
the CNS, as the glucose metabolic rate is reduced in the brains of AD patients in fluo-
rodeoxyglucose positron emission tomography (FDG PET) [118,119]. Increased insulin
level in the brain contributes to Alzheimer’s Disease pathology, as the insulin-degrading
enzyme (IDE) also takes part in degrading senile plaques, and in insulin resistance, it
is involved in degrading insulin [117]. Moreover, insulin resistance is associated with
activating GSK3-β (glycogen synthase kinase 3β) signaling, which takes part in tau phos-
phorylation and Aβ production and Aβ mediated neuronal damage [117,120]. SGLT2
inhibition reduced GSK3-β activity in hepatocytes [121]. In previous studies involving
murine models, SGLT2i treatment caused a significant reduction in AD pathology, includ-
ing tau phosphorylation and senile plaques density. This effect was associated with the
improvement in cognitive functions, including memory and learning processes in the new
object discrimination test and Morris water maze test [15].

9. Summary

Type 2 Diabetes Mellitus, atherosclerosis, and cognitive impairment still remain global
health problems as they are chronic, incurable diseases leading to a reduction in life quality
and expectancy. All these diseases share many pathological pathways. In the era of tailored-
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made therapies and novel drugs with numerous pleiotropic effects, it is very important to
seek for shared molecular pathways of commonly occurring diseases and redefine indica-
tions for commonly used medications since such solutions may be beneficial for patients.
In this review, we have discussed the role of SGLT2 inhibitors used in diabetic patients for
the prevention of atherosclerosis and cognitive impairment. Flozins may bring positive
effects in T2DM, atherosclerosis, and cognitive impairment through several mechanisms,
including anti-inflammatory and anti-atherosclerotic properties, SGLT1 inhibition, AChE
inhibition, reduction in oxidative stress, amelioration cerebrovascular remodeling and
restoring a balance between catabolism and anabolism. However, long-term clinical trials
are necessary to establish whether the above-mentioned mechanisms are clinically relevant
since atheroprotective and neuroprotective effects will not be immediate and require a long-
term SGLT2i intake. Currently, the University of Kansas Medical Center (NCT03801642) is
conducting a clinical trial on dapagliflozin in patients with Alzheimer’s disease.
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Nicolaus Copernicus University in Toruń, 2 dr. A. Jurasza St., 85-094 Bydgoszcz, Poland

* Correspondence: alicja@cm.umk.pl; Tel.: +48-52-585-3904

Abstract: For years, guanylate cyclase seemed to be homogenic and tissue nonspecific enzyme;
however, in the last few years, in light of preclinical and clinical trials, it became an interesting
target for pharmacological intervention. There are several possible options leading to an increase in
cyclic guanosine monophosphate concentrations. The first one is related to the uses of analogues of
natriuretic peptides. The second is related to increasing levels of natriuretic peptides by the inhibition
of degradation. The third leads to an increase in cyclic guanosine monophosphate concentration
by the inhibition of its degradation by the inhibition of phosphodiesterase type 5. The last option
involves increasing the concentration of cyclic guanosine monophosphate by the additional direct
activation of soluble guanylate cyclase. Treatment based on the modulation of guanylate cyclase
function is one of the most promising technologies in pharmacology. Pharmacological intervention is
stable, effective and safe. Especially interesting is the role of stimulators and activators of soluble
guanylate cyclase, which are able to increase the enzymatic activity to generate cyclic guanosine
monophosphate independently of nitric oxide. Moreover, most of these agents are effective in chronic
treatment in heart failure patients and pulmonary hypertension, and have potential to be a first line
option.

Keywords: guanylate cyclase (GC); chronic heart failure (CHF); pulmonary arterial hypertension (PAH)

1. Introduction

Since the beginning of the 21st century, the treatment of metabolic disturbances-
related diseases of the cardiovascular system has become deeper. Previously, the target
of treatment was rather clinical, whereas now, the clinical answer is important but the
tools have changed; now, they are generally metabolic. For years, GCs had seemed to be
an homogenic and tissue nonspecific enzyme, whereas within the last few years, in light
of preclinical and clinical trials, it became an interesting an target for pharmacological
intervention. This review will focus on the role of direct and indirect modulation of
guanylate cyclases in cardiovascular pharmacology.

2. Guanylate Cyclases

In mammals, there are two key types of guanylate cyclases (GC), classified according
to localization of enzymes in the cell. The first is called guanylate cyclase-coupled receptor
or membrane-bound guanylate cyclase (mGC). The second is completely intracellular,
soluble (sGC). Agonists for mGC are peptides, such as natriuretic peptides type A, B, C,
whereas for sGC, they are gaseous mediators, such as nitric oxide and carbon monoxide [1].

In detail, there are four soluble guanylate cyclase subunits, marked α1, α2, β1 and
β2, and transmembrane forms named with consecutive letters of the alphabet, from A to
G (Table 1). Dimer is a typical and minimal form of catalytic unit [2,3]. Transmembrane
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forms exist as homodimers, whereas soluble forms are heterodimers. One of the mGCs,
type C, seems to be different—homotrimer [2–5].

Table 1. Guanylyl cyclases: activators, tissue expression and physiological effects.

Guanylyl Cyclase Tissue Expression Physiological Activator Key Effects

Soluble α1 Cardiovascular system,
platelets, brain NO, CO Vasodilation, angiogenesis, inhibition of

platelet aggregation

Soluble α2 Cardiovascular system, brain NO, CO Vasodilation, angiogenesis

Soluble β1 Cardiovascular system,
platelets, brain NO, CO Vasodilation, angiogenesis inhibition of

platelet aggregation, intestinal motility

Soluble β2 Gastrointestinal tract, liver,
kidney NO, CO Apoptosis, inhibition of anti-apoptotic

endothelin pathway

GC-A

Cardiovascular system
(vascular smooth muscle,

heart), lung, kidney, adrenal,
adipose tissue

ANP, BNP Vasodilation, angiogenesis, regulation of
hypertrophy, remodeling processes

GC-B

Cardiovascular system
(vascular smooth muscle,
endothelium, heart), lung,
bone, brain, liver, uterus,

follicle

CNP

Vasodilation, angiogenesis. regulation of
hypertrophy, remodeling processes,

cartilage homeostasis and endochondral
bone formation, regulation of female

fertility

GC-C Intestinal epithelium
Guanylin, uroguanylin and

bacterial heat-stable
enterotoxin

Regulation of colonic epithelial cell
proliferation

GC-D Olfactory bulb Guanylin, uroguanylin,
CO2/HCO3

guanylin- and uroguanylin-dependent
olfactory signaling, food and odor

preference response (mices)

GC-E Retina, pineal gland guanylyl cyclase activator
proteins Vision process

GC-F Retina guanylyl cyclase activator
proteins Vision process

GC-G Olfactory bulb, lung, intestine,
skeletal muscle, testes Pheromones, CO2/HCO3

detection of the volatile alarm
pheromones,

kidney, ischemia/reperfusion
preconditioning

Soluble GCs (Figure 1, EC 4.6.1.2) were found in many different tissues, especially
brain, cardiovascular system, kidney and lungs [5]. All four units—α1, α2, β1 and β2—
were identified in humans. At the amino acid level, the α1 subunit found in humans is
about 34% identical to the β1 subunit, whereas the α2 subunit is 48% homologous to the
α1 subunit [6–8]. Experiments performed on mice suggest that α1 is the major subunit
in platelets and lungs. Meanwhile, α2 subunits are responsible for about 6% of activity
of sGCs in vasculature, but in response to NO in mice, lacking α1 is sufficient to achieve
maximal vascular smooth muscle relaxation [8]. Further, β1 contains several interesting
binding domains, such as about 200 residues in the aminoterminal heme prosthetic group
and about 250 residues of carboxyl-terminal GC domain. In this condition, compared to
the β1 isoform, β2 subunit has an additional 86 carboxyl-terminal amino acids sequence
for isoprenylation or carboxymethylation [9]. The relation between sCG and hemoglobin
is interesting. The β1 subunit is the axial ligand of the pentacoordinated reduced iron
center of heme. The binding place, His-105, is located at the amino terminus of the β1
subunit (Figure 1). This kind of binding is necessary for both NO- and CO-dependent
activation. NO binds to the heme ring at sixth position. It breaks the bond between the iron
and axial histidine to form a five-coordinated ring with NO in the fifth position. sGC can
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be activated by other gaseous mediator CO, but it binds heme to form a six-coordinated
complex [10]. This interaction can partially explain the hyperreactivity of vascular smooth
muscle after blood transfusions. Disruption of β1 subunit leads to significant reduction
in NO-dependent vascular relaxation and platelet aggregation, whereas disruption of α1
subunit leads to loss of platelet aggregation only. The male mice lacking β1 subunit are
infertile. Homozygous knockout animals presented gastrointestinal obstruction similar
to the cGMP dependent protein kinase G (PKG). Molecular studies suggest that sGC is
one of the most important enzymes in the cardiovascular system and targets for possible
pharmacological intervention. Increased vascular resistance in cases with reduced NO
bioavailability secondary to the endothelial damage can be effectively bypassed by direct
intervention at the sGC level. Mergia et al. [8] confirmed that GC activation is sufficient
to mediate vasorelaxation not only at higher NO concentrations, but by direct enzyme
stimulation. The results of study presented by Wedel et al. suggested that mutation of
six conserved histidine residues reduced—but did not abolish—nitric oxide stimulation,
whereas a change of His-105 to phenylalanine in the beta 1 subunit yielded a heterodimer
that retained basal cyclase activity but failed to respond to nitric oxide supporting thesis
that direct activation can be more effective option than heme-related intervention [10]. The
results presented by Friebe et al. confirmed the crucial role of sGC as a receptor for NO
in different smooth muscle reactivity related settings [11]. The loss of cGMP-dependent
protein kinase I abolishes nitric oxide dependent relaxation of smooth muscle, resulting in
severe vascular and intestinal dysfunctions confirming role of sGC pathway in relaxation
of smooth muscle [12], especially signalling pathway mediated by IP3 receptor associated
cGMP-dependent protein kinase type I substrate which is highly expressed in smooth mus-
cle of cardiovascular and gastrointestinal tissue is essential for smooth muscle relaxation
by NO/cGMP and ANP/cGMP [13]. The GC pathway, especially sGC, is crucial enzyme
mediating relaxation of different types of smooth muscles [14,15]; thus, it is a very interest-
ing target for achieving therapeutic goals, especially in diseases secondary to atherosclerosis
process with common endothelial dysfunction and decreased NO bioavailability.

Figure 1. X-ray structure of soluble guanylate cyclase (sGC). Domain organization of the human α1β1GC heterodimer (PDB
ID: 6JT1, 3.9 Å) (a) [16], interaction side view between heme and histidine 105 (his 105) (b) and α1β1GC catalytic domains
that resembles the Chinese yin-yang symbol with both subunits arranged in a head-to-tail conformation (PDB ID: 4NI2, 1.9
Å) (c) [17].
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Guanylate cyclase-coupled receptors (mGC) are activated by peptides such as atrial
natriuretic peptides (NP). The first type of mGC is called GC-A and is activated by NP type
A (ANP) and B (BNP). The lack of ANP stimulation leads to cardiovascular hypertrophy
with hypertensive vessel response, whereas isolated BNP deficiency is a situation leading
to hypertrophy without hyperreactivity of vascular smooth muscle cells [18–21]. GC
type B (GC-B) is activated by NP type C (CNP). Structurally, it is similar to the GC-A,
but predominantly localized in bone and ovary tissue make the key actions in stimulation
of endochondral ossification required for long bone growth and oocyte maturation. Because
of its localization in the cardiovascular system, smooth muscle cells and fibroblasts GC-B
seem to be one of the most important mGCs in heart failure [18,22–28]. GC type C is
activated by different peptide agonists: guanylin and uroguanylin. GC-C present on apical
membrane of epithelial cells is a target for heat stable enterotoxins leading by elevation
of intracellular cGMP concentration and PKG-dependent phosphorylation of the cystic
fibrosis transmembrane regulator to increased Cl− secretion in gut [29]. An animal model
of mice lacking functional GC-C resistance to heat stable endotoxin (Salmonella enterica
serovar Typhimurium) was found [30]. Inhibition of guanylin stimulation increased colonic
epithelial cell proliferation with no influence on vessel smooth muscle cells contractility
and sodium excretion. In this condition, uroguanylin signaling inhibition decreased the
ability to excrete an enteral sodium and chlorides ions load and induced salt-independent
hypertension [31,32]. The influence on the process of epithelial cells proliferation seems
to be a possible therapeutic target, i.e., in the treatment of colon cancer [29,33,34]. Type
D of GC was found in the olfactory system. GC-D can be activated by peptides guanylin
and uroguanylin, but not heat stable enterotoxins and additionally by carbon dioxide
and bicarbonate. In mice, GC-D participates in food preference response [35–37]. GCs
type E and F are involved in the process of producing vision. Both types are expressed
in retina and GC-E additionally in pineal gland. Inactivation of enzymes leads to rod
and cone dystrophy and blindness [38,39]. GC-G was found in rat small intestine. The
structure is similar to NP receptors, but elevation of activity of GC was not dependent
on ANP, BNP, CNP and heat stable enterotoxins. Some authors suggest bicarbonate as an
activator [40]. In mice, GC-G serves as an unusual receptor in Grueneberg ganglion of the
anterior nasal region neurons mediating the detection of the volatile alarm pheromones
especially substance 2-sec-butyl-4,5-dihydrothiazole [41,42].

Animal studies suggested the significant role of modulation of GC function in patho-
genesis of diseases especially of the cardiovascular system, intestinal, skeletal, visual
system and fertility. There are some possibilities of pharmacological intervention. An
increase in the activity of GC may be achieved directly or indirectly. Direct pharmaco-
logical intervention is the simplest way to modify receptor or enzyme answers. sGCs
can be activated by NO or NO donors such as sodium nitroprusside; thus, modulation of
vascular smooth muscle reactivity was used in different clinical settings such as arterial
hypertension and pulmonary arterial hypertension (PAH) to achieve rapid blood pressure
stabilization in heart failure patients. This pathway of the modulation of vessel function
was effective for different contraction models [43–45] and different clinical settings [46–50].
In this condition, the source of NO can be nitric oxide produced by nitric oxide synthase or
drug and, thus, exogenous NO or NO-donor.

The key molecule in this system is cGMP. The produced cGMP is responsible for
numerous effects in cells. Most of them are guided by PKG pathway. Activation of PKG is
responsible for the activation of myosin phosphatase, which, in turn, leads to the release of
calcium from intracellular stores in smooth muscle cells, finally leading to vascular smooth
muscle relaxation. Phosphorylation by the PKG of vasodilator-stimulated phosphoprotein
(VASP) is responsible for the decrease in platelet activation level and the activation of
a number of transcription factors which can lead to changes in gene expression, which,
in turn, can alter the response of the cell to a variety of stimuli [12–15].
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3. NO Production

Nitric oxide synthase is an enzyme that catalyzes the synthesis of nitric oxide in two
different steps. The first one is the oxidation of L-arginine to Nω-hydroxy-L-arginine;
then, the substrate under the influence of NOS and oxygen is decomposed into L-citrulline,
accompanied by the release of nitric oxide from vascular endothelial cells. Three basic types
of nitric oxide synthase have been distinguished, now called NOS-1, NOS-2 and NOS-3.
In the recently used nomenclature, they were designated NOS-1: nNOS (neuronal NOS),
NOS-2: iNOS (inducible NOS) and NOS-3: eNOS (endothelial NOS), respectively. Type 1
synthase is localized primarily in the central and peripheral nervous system, skeletal mus-
cles, pancreatic islets, endometrium and nephron dense macula. The basic physiological
tasks of NOS-1 include modulating nerve transmission and regulating the function of the
nephron or regulating intestinal peristalsis. Nitric oxide produced by NOS-1 can also act
as a neurotransmitter, especially in the vegetative system known as non-adrenergic non-
cholinergic (NANC). Type 2 synthase is located mainly in macrophages, cardiac striated
muscle cells, liver, smooth muscle and vascular endothelium, and is synthesized as part
of the response to infection, inflammation or sepsis, under the influence of inflammatory
cytokines (mainly interleukin-1, interferon-γ or TNF-α). The activated enzyme remains
active for several hours, synthesizing significant amounts of nitric oxide [51]. Nitric oxide
produced by NOS-3 plays primarily a role as a regulator of muscle tone in the local vascular
endothelial-vascular muscular system. It is also a factor that inhibits the adhesion and
aggregation of platelets and angiogenesis. The role of NOS-3, as an element initiating
the activation of NOS-2 under the influence of lipopolysaccharides, is emphasized. In
experimental studies on the hyporeactivity of vessels treated with lipopolysaccharides,
it was suggested that synthase located in the vascular endothelium was involved as the
first link in the development of vascular hyporeactivity in sepsis [46]. In studies on isolated
animal tissues exposed to short exposure to lipopolysaccharides, a statistically significant
inhibition of NOS-2 expression was demonstrated in the case of a previous blockage of
NOS-3 activity. Such results suggest that nitric oxide synthesized by NOS-3 may be a
mediator of inflammation in sepsis [52] and confirmed results presented by Grześk in
2001 [46] and 2003 [48]. The results confirm the results of subsequent experiments, which
showed that the lack of NOS-3 prevents from full expression of NOS-2 in the presence of
lipopolysaccharides, which suggests that in the pathogenesis of sepsis there is primary acti-
vation of NOS-3, followed by the released nitric oxide being a pro-inflammatory stimulus
for expression NOS-2 [53].

4. Pharmacological Intervention

There are several possible options leading to increase in cGMP concentrations. The first
one is related to the use of analogues of ANP and BNP. The second is the increasing ANP
and BNP by inhibition of degradation of peptides. The third one leads to increase in cGMP
concentration by inhibition of its degradation by inhibition of phosphodiesterase type 5.
The last option is the increasing concentration of cGMP by additional direct activation of
sGC (Figure 2).

At the clinical level, pharmacological intervention seems to be dedicated for all clinical
settings with low bioavailability of nitric oxide. In clinical medicine, there is a huge family
of diseases with a vascular endothelium as one of the core symptoms. The depressed
GC-pathway signaling is common in a family of atherosclerosis related diseases such as
coronary artery disease, heart failure and hypertension, but also diabetes and hyperc-
holesterolemia. It explains why side effects are very rare during the stimulation of this
pathway, but, if are they present, are related to the overstimulation in non-target tissues.
The overproduction of NO is seen especially in acute diseases such as septic shock. The
common side effects are low blood pressure, blurred vision, confusion, dizziness, faintness
or lightheadedness when getting up suddenly from a lying or sitting position, pale skin,
sweating, trouble breathing, unusual bleeding or bruising, unusual tiredness or weakness.
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On the other hand, the predominant therapeutic effect for all studies and all therapeutic
pathways is the same: to decrease mortality, hospitalization rate and increase quality of life.

Figure 2. Schematic illustration of pharmacological intervention in guanylate cyclase/cyclic GMP pathway. Guanylate
cyclase-coupled receptor, membrane-bound guanylyl cyclase (mGC); soluble guanylate cyclase (sGC); natriuretic peptides
type A, B and C (ANP, BNP and CNP); neprilysin (NEP); gaseous mediators–nitric oxide (NO) and carbon monoxide (CO);
cyclic guanosine monophosphate (cGMP); guanosine triphosphate (GTP); guanosine monophosphate (GMP); phosphodi-
esterase type x (PDEx).

4.1. Natriuretic Peptides Analogues

According to the current guidelines, pharmacological intervention with NO or NO-
donors as stimulators of sGC are considered only for short-time actions, whereas in chronic
treatment, these are not recommended [54–56]. What is interesting is the possibility of
activation of mGC, located in cells of the cardiovascular system; thus, types activated
by NPs type A, B and C GC-A and GC-B can be stimulated by physiological agonists,
ANP, BNP and CNP, but with the analogs too. The first attempt at this kind of intervention
was made after the discovery of analogues of NPs: carperitide, analogue of ANP and
nesiritide, an analogue of BNP. Carperitide is a recombinant α-human atrial natriuretic
peptide, leading to vasodilation. It is indicated for the treatment of patients with acute
heart failure (including acute exacerbation of chronic heart failure). Moreover, carperitide
was approved by the Pharmaceuticals and Medical Devices Agency of Japan (PMDA).
Nesiritide is the recombinant form of BNP. Nesiritide works to facilitate cardiovascular
fluid homeostasis through the counterregulation of the renin–angiotensin–aldosterone
system, stimulating cGMP, leading to smooth muscle cell relaxation. Both mechanisms
were important in the prevention of progression in the exacerbation of heart failure and
chronic kidney disease. Nesiritide was investigated as a pharmacological agent indicated in
acute decompensated congestive heart failure. It was registered in the United States Food
and Drug Administration (FDA) for this purpose in 2001 after initial non-approval. Mitaka
et al. [57] analyzed the risk of cardiovascular and renal effects of carperitide and nesiritide
for preventing and treating acute kidney injury in cardiovascular surgery patients. A meta-
analysis showed that carperitide infusion significantly decreased peak serum creatinine
levels, incidence of arrhythmia and renal replacement therapy. The meta-analysis also
showed that carperitide or nesiritide infusion significantly decreased the length of intensive
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care unit stay and hospital stay vs. controls. The authors concluded that NP treatment is
an interesting option to preserve postoperative renal function in cardiovascular surgery
patients [57]. Sezai et al. [58] investigated the efficacy of carperitide treatment for high-risk
patients undergoing coronary artery bypass grafting (CABG). In a randomized controlled
trial of 367 high-risk patients undergoing CABG, the primary endpoint was major adverse
cardiovascular and cerebrovascular events. There was no significant difference in survival
between the carpetide and placebo groups (p = 0.1651), but no patient from the carperitide
group started hemodialysis after operation, but 7 patients did in the placebo group and the
dialysis rate was significantly lower in the carperitide group (p = 0.0147). Serum creatinine
and BNP were also significantly lower in the carperitide group at 1 year postoperatively.
The authors concluded that in the early postoperative period, carperitide has a cardiorenal
protective effect that prevents postoperative cardiovascular and cerebrovascular events and
hemodialysis. Perioperative low-dose carperitide infusion was found useful in high-risk
patients undergoing on-pump CABG [58]. Zhao et al. [59] prepared a meta-analysis of
the efficacy and safety of nesiritide in patients with acute myocardial infarction and heart
failure. The results of trials involving 870 participants were included in the meta-analysis.
Nesiritide treatment significantly increased left ventricular ejection fraction, cardiac index
and 24 and 72 h urine volumes. Additionally, pulmonary capillary wedge pressure, right
atrial pressure and BNP and N-terminal brain natriuretic peptide (NT-proBNP) levels
were significantly decreased in patients treated with nesiritide, compared with those
treated with control drugs (“control drugs” were optimal pharmacotherapy according to
guidelines). The authors concluded that nesiritide appeared to improve cardiac function
and, moreover, was safe for patients [59]. The results of large clinical trials presented
by O’Conor et al. in 2011 failed to show a difference between nesiritide and placebo on
mortality or rehospitalization rate in this group of patients [60]. Other studies suggest that
protective effect is non-significant or borderline [61]; thus, large placebo-controlled studies
must be performed to clarify the role of these agents in clinical medicine.

Therapeutic stimulation with analogues of NP is interesting, but, unfortunately, in all
performed studies, populations were rather small and not homogenous. The multifactor
etiology of heart failure can explain why the presented results were different. All the
studies confirmed the safety of that therapeutic option and its efficacy in laboratory and
echocardiographic parameters describing disease progress, highly suggesting that this
therapeutic option must be considered. To clearly describe the parameters such as mortality
and hospitalizations rate, large placebo-controlled studies must be performed to describe
the role of NPs analogues in the treatment of heart failure.

4.2. Inhibition of Neprilysin

The second therapeutic option is the inhibition of degradation of NPs into inactive
metabolites; thus, real tissue concentration becomes higher. Neprilysin (NEP, EC 3.4.24.11)
is key enzyme responsible for degradation of vasoactive peptides, such as ANP, BNP and
CNP, but also adrenomedullin, angiotensin I and II, bradykinin and vasoactive intestinal
peptide. Some of these peptides, i.e., NPs or bradykinin, are responsible for vascular tone
regulation and modulation of remodeling in cardiovascular system, especially in heart fail-
ure. The spectrum of NEP actions is wider and includes peptides involved in neurodegen-
erative diseases (i.e., amyloid β, neurotensin), inflammation processes (i.e., neurokinin A,
calcitonin gene-related peptide), mitomitogenesis, angiogenesis and hypothalamic-pituary
axis. McMurray et al. [62] published results of the PARADIGM-HF trial. The study drug,
sacubitril/valsartan, was compared to the standard according to the current guidelines of
therapy, including enalapril and angiotensin converting enzyme inhibitor. The study was a
prospective, randomized, double-blind trial of 9,419 patients with NYHA class II-IV, heart
failure and reduced left ventricular ejection fraction, with confirmation by elevated NP
levels. The key exclusion criteria included symptomatic hypotension, SBP < 100 mm Hg,
serum potassium >5.2 mmol/L, eGFR < 30 mL/min or a history of angioedema. The trial
concluded early after meeting a pre-specified stopping point for compelling clinical benefit.
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After a median follow-up of 27 months, the sacubitril/valsartan group of patients had a
20% reduction in the combined endpoint of cardiovascular death or HF hospitalization.
All-cause mortality was also significantly lower in the valsartan/sacubitril group (17% vs.
19.8%) [62]. Clinical beneficial effect is predominantly dependent on ANP increase and par-
tially BNP, whereas there are no changes in CNP levels [63,64]. Meta-analysis from clinical
trials suggest the presence of a beneficial effect only in patients with reduced EF, whereas
in patients with EF > 45%, the effect is not significant [65,66]. Additional beneficial effects
were present during dual path treatment including NEP inhibition and angiotensin convert-
ing enzyme [67]. The benefits of the treatment are partially dose-dependent. Patients with
dose reduction effects were similar to the target dose group [68]. According to the current
guidelines of the European Society of Cardiology, the top target is the treatment of heart
failure with reduced ejection fraction patients. The spectrum of sacubitril action is much
wider and includes the possibility of arterial hypertension treatment [69] and treatment of
chronic kidney disease, especially in heart failure subjects [70]. Moreover, recently, a drug
was approved by the FDA for the treatment of heart failure with preserved ejection fraction.
In animal models, NEP plays a role in pathogenesis of several amyloid deposition diseases
such as age-related macular degeneration, cerebral amyloid angiopathy or sensorimotor
axonal polyneuropathy. As heart failure is a disease affecting elderly groups, neurological
benefits are valuable [71,72]. Studies performed with NEP inhibitors clearly presented the
relation between benefits and side effects. Pharmacological intervention was very effective
and safe; thus, NEP inhibitors became one of key groups in the treatment of heart failure
with a high possibility of an increase in their role in next guidelines.

Currently, NEP inhibition represents a powerful therapeutic tool in treating chronic
heart failure, but data suggest a potential role for the use of that pathway in a broader
spectrum of cardiovascular and non-cardiovascular disease.

4.3. Inhibition of Phosphodiesterases

In humans, three PDEs are selective and involved in cGMP actions. There are PDE5
located especially in cardiovascular system, PDE6 found in the retina and PDE9 present
in heart muscle and brain. In this condition, modulation of PDE5 and PDE9 function is
interesting as a cardiovascular therapeutic option [73–75].

The family of PDE5 inhibitors was discovered as a drug for heart failure treatment. The
key metabolic path was related to an increase in cGMP concentration, as PDE5 is responsible
for specific cGMP degradation. Currently, PDE5 inhibitors are an important therapeutic
option in the treatment of pulmonary hypertension and their concentration is the highest
in pulmonary circulation. PDE5 inhibitors are effective in the treatment of pulmonary
arterial hypertension, both primary and associated with systemic connective tissue disease,
in adults and children [76–79]. Pulmonary arterial hypertension is characterized by a
reduction in the production of NO in the endothelium with a simultaneous increase
in the expression and activity of PDE type 5 in smooth muscle cells of the pulmonary
arteries [76]. In the SUPER study (Sildenafil Use in Pulmonary Arterial Hypertension),
12 week treatment with sildenafil in 278 patients with pulmonary arterial hypertension
in WHO functional class II or III compared to placebo was associated with an extension
of 6 min walk distance and a decrease in pulmonary vascular resistance [80]. Similar
properties were also demonstrated by tadalafil, which was confirmed in the PHIRST
(Pulmonary Arterial Hypertension and Response to Tadalafil) study [81]. According
to the current guidelines of pharmacotherapy with PDE5 inhibitors is cornerstone of
pulmonary hypertension therapy [77,78]. In heart failure with reduced ejection fraction,
there are only some small clinical trials. A hemodynamic effect was confirmed. Sildenafil
decreased both resting and stress pulmonary pressure, pulmonary resistance, increased
cardiac index, right ventricle ejection fraction and improved peak oxygen consumption [82].
Unfortunately, PDE5 were not effective in the treatment of heart failure with preserved
ejection fraction [83]. Some studies and case reports describe the effectiveness of PDE5
before and after heart transplant in patients with pulmonary hypertension secondary
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to left ventricle heart failure [84]. PDE5 inhibitors, by stimulating the GCs pathways,
show a relatively selective vasodilator activity to the pulmonary arteries, and thus are
one of the basic groups used in pharmacotherapy of pulmonary hypertension. Moreover,
they can reverse their pathological remodeling and directly increase the contractility of
the overloaded right ventricle. Although data from clinical trials are limited, it appears
that these drugs may become an attractive and clinically beneficial therapeutic option for
patients with heart failure and secondary pulmonary hypertension.

PDE9 inhibition increases cGMP signaling and attenuates stress-induced hypertrophic
heart disease in preclinical studies. In the mouse transverse aortic constriction pressure
overload heart failure model, a PDE9 inhibitor, CRD-733 treatment reversed existing LV
hypertrophy, significantly improved left ventricle ejection fraction and attenuated left
atrial dilation. CRD-733 prevented elevations in left ventricle end diastolic pressures [85].
These findings support future investigation into the therapeutic potential of CRD-733 in
human heart failure [85–87]. Inhibition of brain PDE9 may improve synaptic plasticity,
behavior; thus, PDE9 inhibitors have been advanced into initial clinical studies to assess
the potential to improve cognitive function in patients with Alzheimer’s disease and
schizophrenia [75,88].

The inhibition of PDE5 is commonly used as an element in multi-compound ther-
apy of pulmonary hypertension and impotence, whereas historically, the primary target,
treatment of heart failure due to side effects, failed because of low tissue selectivity in
the cardiovascular system. In this condition, due to localization inside heart muscle cells
and the brain, pharmacotherapy with novel PDE9 inhibitors seems to be very promis-
ing not only in cardiology, but in geriatrics too. According to the results of first studies,
there is a huge chance for an effective and safe therapeutic option for both heart failure
and dementia patients.

4.4. Direct Activation of Soluble Guanylate Cyclase

Modulators of sGC have been developed to target this important signaling cascade in
the cardiovascular system. sGC stimulators display a dual directional action, synergistic
effect with endogenous NO and direct stimulation of the native form of the enzyme
independently of NO, resulting in increased cGMP production. sGC activators are able
to activate the dysfunctional heme-free sGC, resulting in increased cGMP production
even in reduced NO bioavailability [89,90]. In patients treated because of atherosclerosis
dependent diseases such as heart failure, coronary artery disease, arterial hypertension and
many others, the cornerstone of disease is endothelial dysfunction leading to depressed
NO production; thus, heme-dependent activation of sGC and production of cGMP will be
reduced. In that condition, there is only one possibility to stabilize cGMP levels; it is direct
stimulation of sGC by its activators.

Riociguat is the first sGC stimulator to have made a successful transition from ani-
mal experiments to controlled clinical studies in patients [91]. After clinical evaluation,
riociguat was accepted for the treatment of pulmonary arterial hypertension and chronic
thromboembolic pulmonary hypertension. In pulmonary arterial hypertension patients,
riociguat significantly improved exercise capacity and secondary efficacy endpoints in
patients with pulmonary arterial hypertension. The 6 min walk distance had significantly
increased by a mean of 30 m in the riociguat group and had decreased by a mean of 6 m in
the placebo group. Riociguat improved the 6 min walk distance both in patients who were
receiving no other treatment for the disease and in those who were receiving endothelin-
receptor antagonists or prostanoids. There were significant hemodynamic improvements
in pulmonary vascular resistance, NT-proBNP levels, WHO functional class, time to clinical
worsening and Borg dyspnea score [92]. Patients with chronic thromboembolic pulmonary
hypertension similar relations were observed in a riociguat group of patients: improve-
ment in 6 min walk test, decrease in pulmonary vascular resistance, NT-proBNP levels,
WHO functional class, quality of life [93]. Because of pharmacokinetic profile (short half
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lifetime) application of riociguat in other cardiovascular indications, such as heart failure,
is limited [94].

Heart failure as clinical indication for vericiguat treatment was evaluated in clinical
trials. One of the first of them was the SOCRATES-REDUCED study [95]. The key target
was to determine the dosage and safety of vericiguat, a soluble guanylate cyclase stimula-
tor, in patients with worsening chronic heart failure and reduced left ventricular ejection
fraction. A total of 456 patients, clinically stable with ejection fraction less than 45% and
a worsening chronic HF event. Vericiguat did not have a statistically significant effect on
change in NT-proBNP level at 12 weeks but was well-tolerated. In the VICTORIA study,
phase 3, randomized, double-blind, placebo-controlled trial, 5050 patients with chronic
heart failure and an ejection fraction of less than 45% were enrolled. Patients were ran-
domized to vericiguat or placebo, in addition to current guideline-based medical therapy.
Among patients with high-risk heart failure, the incidence of death from cardiovascular
causes or hospitalization for heart failure was lower among those who received vericiguat
than among those who received placebo [96]. Moreover, results of studies in patients with
chronic heart failure and preserved ejection fraction suggest that vericiguat treatment in
current regimen is not effective, but continuation of large clinical trials is necessary [97,98].
Among patients with CHF with recent decompensation, a novel strategy of sGC activation
was effective. Vericiguat compared with placebo was effective in reducing cardiovascular
death or hospitalization for heart failure, but with no reduction in all-cause mortality. In
this condition, vericiguat may represent a novel treatment option in heart failure patients
with recent decompensation.

Clinical trial confirmed efficacy of small molecule sGC activator vericiguat in patients
with heart failure with reduced ejection fraction. Due to the unequivocal results, it can
be expected that this therapeutic option will be included in the nearest guidelines for the
treatment of heart failure with reduced left ventricular systolic function. Unfortunately,
treatment of heart failure with preserved systolic function has been difficult to date, as there
is practically no therapeutic option with proven effectiveness. It is necessary to continue
clinical trials conducted in relatively large and homogeneous populations in order to obtain
conclusive results.

5. Conclusions and Perspective

Treatment based on modulation of GCs pathway function is one of the most promising
technologies in pharmacology. Pharmacological intervention is not only effective and
safe, but also provides a stable increase in the basal concentration of cGMP. The target for
all therapeutic options is similar: to increase in cGMP level. The effect can be achieved
by stimulation of guanylate cyclase-coupled receptors on cell surface with analogues of
NPs, inhibition of degradation of cGMP with blockade of dependent enzymes PDE5 and
PDE9 and inhibition of degradation of NPs into inactive metabolites by inhibition of
neprilysin or direct stimulation of sGC. For all therapeutic options, benefits in laboratory
and echocardiographic findings in cardiovascular diseases were confirmed.

Especially interesting is the role of sGC stimulators and sGC activators, able to increase
the enzymatic activity of sGC to generate cGMP independently of NO. Moreover, most
of these agents are effective in chronic treatment in heart failure patients and pulmonary
hypertension and have a potential to be a first line option especially in patients with
recurrent exacerbations. Additionally, the possibility to block PDE9 in heart failure and
dementia patients is very interesting. The confirmation of mortality and hospitalization
rate reduction was clearly presented for sGC activator, neprilysin inhibitor in heart failure
patients and PDE5 inhibitors in pulmonary hypertension patients. For all groups of patients,
it is necessary to continue clinical trials conducted in large and homogeneous populations
in order to obtain conclusive results to modify and extend indications for current and
novel agents.
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The modulation of the GC pathway presents the potential to be a key therapeutic
option in patients with atherosclerosis-related diseases, pulmonary hypertension and
diseases with reduced cognitive function in elderlies.
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Abbreviation

cAMP Cyclic Adenosine Monophosphate
CO carbon monoxide
FDA US Food and Drug Administration
GC guanylate cyclase
GC-A guanylate cyclase type A
GC-B guanylate cyclase type B
GC-C guanylate cyclase type C
GC-D guanylate cyclase type D
GC-E guanylate cyclase type E
GC-F guanylate cyclase type F
GC-G guanylate cyclase type G
sGC soluble guanylate cyclase
mGC guanylate cyclase-coupled receptor or membrane-bound guanylyl cyclase
GMP guanosine monophosphate
cGMP cyclic guanosine monophosphate
GTP guanosine triphosphate
LPS lipopolysaccharide/endotoxin
NP natriuretic peptide
ANP natriuretic peptide type A
BNP natriuretic peptide type B
CNP natriuretic peptide type C
NANC non-adrenergic, non-cholinergic
NEP neprilysin
NO nitric oxide
NOS nitric oxide synthase
NOS-1 neuronal nitric oxide synthase
NOS-2 cytokine-inducible nitric oxide synthase
NOS-3 endothelial nitric oxide synthase
PAH pulmonary arterial hypertension
PDE5 Phosphodiesterase type 5
PDE9 Phosphodiesterase type 9
PKG cGMP dependent protein kinase G
SNP sodium nitroprusside
TNFα tumor necrosis factor α
NT-proBNP N-terminal pro-brain natriuretic peptide
VASP vasodilator-stimulated phosphoprotein
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46. Grześk, G.; Szadujkis-Szadurski, L. Pharmacometric analysis of alpha1-adrenoceptor function in rat tail artery pretreated with

lipopolysaccharides. Pol. J. Pharmacol. 2001, 53, 605–613.
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Abstract: Statins are among the most widely used drug classes in the world. Apart from their
basic mechanism of action, which is lowering cholesterol levels, many pleiotropic effects have been
described so far, such as anti-inflammatory and antiatherosclerotic effects. A growing number of
scientific reports have proven that these drugs have a beneficial effect on the functioning of the
nervous system. The first reports proving that lipid-lowering therapy can influence the development
of neurological and psychiatric diseases appeared in the 1990s. Despite numerous studies about the
mechanisms by which statins may affect the functioning of the central nervous system (CNS), there
are still no clear data explaining this effect. Most studies have focused on the metabolic effects of this
group of drugs, however authors have also described the pleiotropic effects of statins, pointing to their
probable impact on the neurotransmitter system and neuroprotective effects. The aim of this paper
was to review the literature describing the impacts of statins on dopamine, serotonin, acetylcholine,
and glutamate neurotransmission, as well as their neuroprotective role. This paper focuses on the
mechanisms by which statins affect neurotransmission, as well as on their impacts on neurological
and psychiatric diseases such as Parkinson’s disease (PD), Alzheimer’s disease (AD), vascular
dementia (VD), stroke, and depression. The pleiotropic effects of statin usage could potentially
open floodgates for research in these treatment domains, catching the attention of researchers and
clinicians across the globe.

Keywords: dopamine; acetylcholine; glutamate; BDNF; serotonin; neurotransmitters; statins;
neurodegenerative diseases; stroke; depression

1. Introduction

Statins are the most widespread group of lipid-lowering drugs in the world [1]. For this
reason, they are recommended for the primary and secondary prevention of cardiovascular
events [2]. For many years, other effects of this group of drugs have been well known,
which are primarily focused on anti-inflammatory activity [3,4]. The first scientific reports
on the impacts of antilipid therapy on psychiatric and neurological diseases appeared in
the 1990s. In 1990, Muldoon et al. proved that cholesterol-lowering therapy increases the
risk of death in men as a result of accidents and suicide [5]. Subsequent reports also showed
a relationship between cholesterol levels and the occurrence of anxiety, depression, and
related suicide [6,7]. Moreover, despite very ambiguous results concerning these effects,
meta-analyses have shown that statins reduce depressive symptoms and the frequency of
hospitalization caused by intensification of these symptoms [8,9]. At the same time, reports
began to appear in which researchers described the relationship between cholesterol level
and the symptom severity in neurodegenerative diseases such as Alzheimer’s disease (AD)
and Parkinson’s disease (PD) [10,11]. These observations prompted researchers to look
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for a potential mechanism of action by which statins act on neurotransmitter systems to
influence neurological and psychiatric disorders.

This study aims to systematize the current knowledge about the potential mechanisms
by which statins affect cholinergic, dopaminergic, glutaminergic, and serotonergic trans-
mission, as well as the impact of these interactions on the development and progression
of neurodegenerative diseases and psychiatric disorders. Obviously, the effects of statins
on neurological diseases through their lowering of the amount of total cholesterol and
antiatherosclerotic effects seem not to be overlooked. However, in our manuscript, we
only focus on their effects on neurotransmission and their neuroprotective role, because
this topic is still a subject of discussion among scientists and requires further clinical re-
search [12,13]. In this publication, we try to systematically review the current scientific data
from international reports. For this purpose, the PubMed databases were reviewed in order
to isolate reports according to the following key phrases: “statins and neurotransmission”,
“lipid signaling and neurotransmission”, “statins and neurodegenerative diseases”, and
“statins and psychiatric disorders”.

2. Statins–Structure and Permeability

Statins are drugs whose primary mechanism of action is to inhibit 3-hydroxy-3-
methylglutaryl coenzyme A reductase (HMGCR). This is related to the ability of the
pharmacophore, which for all statins is a dihydroheptanoic acid, to lower HMGCR activity.
However, it is not a pharmacophore but rather the covalently related hydrophobic ring
system that determines the chemical properties of individual statins, such as their solubility
or pharmacokinetic properties.

Statins are divided into two categories: type 1, natural or semi-synthetic (these in-
clude lovastatin, simvastatin, and pravastatin); and type 2, otherwise known as fully
synthetic [14]. One of the differences between the types of statins is their ability to bind to
HMGCR. Type 2 statins, such as atorvastatin and rosuvastatin, are able to interact more
strongly with HMGCR due to their greater hydrogen binding capacity [15]. The second
difference is their different hydrophilicity. Lovastatin, simvastatin, fluvastatin, pitavas-
tatin, and cerivastatin are more lipophilic, while rosuvastatin and pravastatin are more
hydrophilic. This feature is very important in the context of the pleiotropic effects of this
group of drugs. Lipophilic statins have a greater ability to passively pass from blood to
tissues, including the ability to cross the blood–brain barrier (BBB). This results, among
other things, in a greater severity of side effects. Hydrophilic statins, due to the necessity
to penetrate inside the cells by active transport, show a more hepatoselective effect, which
means that other effects, apart from lipid-lowering activity, are less intense. Recent studies
confirm this difference in the ability to produce pleiotropic effects after taking type 1 and
type 2 statins [16].

In summary, the basic differences between the two types of statins consist of their
differences in chemical structure, which result in different pharmacokinetics for both types
and the ability to penetrate into different types of tissues. Thereby, this results in the
differentially expressed capacity to induce pleiotropic effects by different types of statins,
including actions on the central nervous system (CNS).

3. Statins and Dopaminergic Neurotransmission

3.1. Structure and Synthesis of Dopamine

The chemical 4-(2-aminoethyl)-1,2-benzenediol, known as dopamine (DA), is one of
the most important neurotransmitters in the human nervous system. It is synthesized from
phenylalanine (Phe), which is converted by phenylalanine hydroxylase (PH) to tyrosine
(Tyr), which is a precursor of several important bioactive molecules. Two enzymes are
involved in the conversion of Tyr to DA: L-tyrosine hydroxylase (TH), used as a marker for
dopamine-producing cells, and levo-dopa decarboxylase (DOPA DEC). DA synthesized in
cells can be used and is then degraded, but in some cells with dopamine beta-hydroxylase
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(DAβH), such as adrenal gland cells, it takes part in the synthesis of norepinephrine (NA).
The detailed synthesis and degradation process is shown in Figure 1.

 
Figure 1. Dopamine synthesis and degradation pathways. L-Phe, L-phenylalanine; PH, phenylala-
nine hydroxylase; L-Tyr, L-tyrosine; TH, tyrosine hydroxylase; L-DOPA, levo-dopa; DOPA DEC,
L-DOPA decarboxylase; ASC, ascorbic acid; DA βH, dopamine β-hydroxylase; MAO, monoamine
oxidase; DOPAC, 3,4-dihydroxyphenylacetic acid; COMT, catechol-o-methyltransferase.
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In the CNS, the process described above is carried out by groups of neurons called
dopaminergic neurons, which can be found in many different parts of the CNS but are
mostly concentrated in the substantia nigra pars compacta (SNpc). These neurons are
responsible for receiving signals traveling from the striatum, then processing them and fur-
ther transmitting them to other parts of the CNS, such as the globus pallidus (GP), thalamus,
or substantia nigra pars reticulata (SNpr). DA, through the signaling pathways described
above, participates in many processes regulated by the CNS, from the control of motor
functions to cognition. Its action is based on two well-known mechanisms. The first one,
called wiring transmission, involves the release of DA by neurons into the synaptic cleft,
which then the released neurotransmitter acts on receptors in the postsynaptic membrane.
The second mechanism, which is much more interesting, is called volume transmission, in
which DA released from the presynaptic membrane reaches the extracellular space and
binds to the dopaminergic receptors of neurons, which are not in direct contact with the
cell from which it is released [17–19].

3.2. Dopamine Receptors

So far, five dopamine receptors (D1, D2, D3, D4, and D5) have been described. They
belong to the G-protein-coupled receptor (GPCR) family. It is considered that the bind-
ing of DA to these receptors leads to changes in the concentration of cyclic adenosine
monophosphate (cAMP), which changes the activity of kinase DA- and cAMP-regulated
phosphoprotein of 32 kDa molecular weight (DARPP32), which is a key protein in dopamin-
ergic neurotransmission. This is mediated by G proteins associated with the individual
dopaminergic receptors. The Gs protein, associated with D1 and D5 receptors, causes the
activation of adenylate cyclase (AC), which causes an increase in cAMP concentration,
while the Gi protein, associated with D2, D3, and D4 receptors, causes inactivation of AC
and a decrease in cAMP concentration [20]. This process is shown in Figure 2. Importantly,
dopamine receptors can be found not only in the brain, but also in other types of tissues,
which leads to the conclusion that DA is more than just a neurotransmitter [21–23].

Figure 2. Mechanism of action of dopaminergic receptors. The binding of dopamine to the D1 and
D5 receptors causes the activation of adenylate cyclase (AC) via the Gs protein. Activation of AC
causes an increase in the concentration of cyclic adenosine monophosphate (cAMP), which results in
an increase in the concentration of DA- and cAMP-regulated phosphoprotein of 32 kDa molecular
weight (DARPP32), which penetrates into the cell nucleus, inducing a physiological response of the
cell to dopamine. The reverse reaction is caused by the binding of dopamine to the D2, D3, and D4
receptors, which causes the inhibition of AC through the Gi protein.
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Researchers have repeatedly described the presence of different variants of dopamine
receptors and many polymorphisms of the genes encoding these receptors. Importantly,
some of these polymorphisms may be associated with some types of addiction, such as
alcohol or drug addiction [24–27]. The variety of DA’s effects and the variety of drugs
affecting dopaminergic transmission come from the ability of dopamine receptors to form
complexes in which they combine with each other or with other types of membrane re-
ceptors. Importantly, each of the heteromers formed in this way transmits a different
signal inside the cell after activation by DA, so each has a different physiological role and
pharmacological properties [28,29]. Examples of such heteromers are homeotropic het-
eromers D1–D3 [30], D2–D3 [31], D2–D5 [32], and D2–D4 [33] and heterotropic heteromers
A1–D1 [34], A2A–D2 [35], D1–H3 [36], D2–H3 [37] and D4-adrenergic [38]. The presence of
these heteromers is important not only in physiological mechanisms, such as the regulation
of melatonin production by the pineal gland [39], but also in the pathogenesis of diseases
such as PD. One of the main causes of this disease is the antagonism between dopaminergic
transmission and purinergic regulation of neurotransmitter release caused by the presence
of A1–D1 and A2A–D2 heteromers [40,41].

3.3. Cholesterol and Dopaminergic Transmission

Because disorders of dopaminergic transmission were found to be among the main
causes of PD development, researchers have also described other mechanisms that are
responsible for such disorders. One of the described mechanisms is a disorder of DA release
and reuptake regulated by the dopamine transporter (DAT) and vesicular monoamine
transporter 2 (VMAT2) proteins. These proteins are key regulators of DA release into the
synaptic cleft. Because the structure of DAT consists of two conserved cholesterol-like
molecules, it is suggested that the protein may interact directly with cholesterol. In the
absence of cholesterol, changes occur in the conformation of this protein that enhance
DA reuptake, and in the presence of bound cholesterol these conformational changes are
inhibited [42]. Moreover, cholesterol strengthens H-bonds, which bind DA and levo-dopa
(L-DOPA) to the cell membrane, influencing their metabolism [43]. It is worth noting that
the relationship between cholesterol and DA is not one-sided. Excess DA is responsible for
the increase in cholesterol synthesis by activating the c-Jun N-terminal kinase (JNK3)/sterol
regulatory element-binding protein 2 (SREBP2) signaling pathway in astrocyte colonies [44].

Another described mechanism by which cholesterol levels may influence the develop-
ment of PD is an increased concentration of oxysterols produced from cholesterol. Evidence
from studies shows that an elevated concentration of 24-hydroxycholesterol (24-OHC) in
the cerebrospinal fluid of patients suffering from PD correlates with the worst progno-
sis [45]. Accordingly, it has been proposed that 24-OHC becomes a biomarker in PD. Other
studies also indicate the effect of 27-hydroxycholesterol (27-OHC), another oxysterol. In
dopaminergic neurons, this causes an increase in α-synuclein concentration by inhibiting
proteasomes and activating the liver X receptors (LXRs) [46,47]. Moreover, 27-OHC induces
inhibition of the estrogen receptor, which leads to inhibition of the expression of TH, and
thus slows down the synthesis of DA [48].

The last mechanism by which cholesterol metabolism may affect neurodegenerative
processes within dopaminergic neurons is related to the relationship between cholesterol
and accumulated α-synuclein deposits [49]; α-synuclein is a protein whose overexpression
may inhibit the transport and release of neurotransmitters from synaptic vesicles [50].
The α-synuclein molecule is made up of 140 amino acids and can be broken down into
three domains: the N-terminal lipid-binding α-helix, the amyloid-binding central domain
(known as NAC), and the C-terminal acidic tail. Importantly, its structure is characterized
by a tandem repeat in the α-helix similar to those found in apolipoproteins. It follows that
this protein has a structure similar to apolipoproteins [51,52]. The two cholesterol binding
domains thus give the α-synuclein molecule a strong tendency to bind to lipid membranes,
especially in cholesterol-rich regions. Moreover, studies conducted in vitro and in animal
models show that α-synuclein could play a role in cholesterol transport [53–55]. Studies
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have reported that cholesterol may affect the interaction between α-synucelin oligomers
and the cell membrane, which leads to membrane destruction, and thus cell death [56].
Moreover, with a low concentration of apolipoprotein E (APOE), α-synuclein is more prone
to aggregation, which suggests that these two proteins may be competitively bound to
cholesterol [57]. The mechanisms described above are illustrated in Figure 3.

Figure 3. Cholesterol metabolism in Parkinson’s disease. After endocytosis of apolipoprotein E
(APOE)-cholesterol particles, cholesterol is metabolized to 27-hydroxylcholesterol (27-OHC) and
other oxysterols. Furthermore, 27-OHC can increase α-synuclein synthesis, downregulate tyrosine
hydroxylase (TH) activity, and cause oxidative stress and apoptosis. In addition, excessive cholesterol
and oxysterol can promote α-synuclein aggregation, and aggregated α-synuclein will eventually
form Lewy bodies (LBs).

It is important to emphasize that the last two described mechanisms concerning
oxysterols and the deposition of α-synuclein are responsible for neurodegeneration not
only within dopaminergic neurons, but also within other types of neurons, which may
result in the occurrence of diseases such as AD [58,59] or Lewy body dementia (LBD) [60].

3.4. Influence of Statins on Dopaminergic Transmission

Due to the above-described mechanisms involving the influence of cholesterol on
neurodegenerative processes and dopaminergic transmission, researchers’ attention has
been drawn to the influence of lipid-lowering therapy with statins on the course of neu-
rodegenerative diseases such as PD and AD. Studies show that chronic statin treatment
exerts an anti-inflammatory effect, inhibits oxidative stress, and has a preventive effect on
apoptosis of neurons, including dopaminergic neurons [61,62]. This effect is mainly focused
on inhibiting the release of pro-inflammatory cytokines and the activation of nuclear factor
kappa-light-chain-enhancer of activated B (NF-κB) cells [61]. It has also been proven in
cell models that simvastatin, by inhibiting N-methyl-D-aspartate receptor 1 (NMDAR1),
inhibits the inflammatory process within nerve cells [63]. Another mechanism by which
statins inhibit neurodegenerative processes is in vitro reduction of beta-amyloid (Aβ)
concentration in nerve cells [64], as well as activation of a disintegrin and metallopro-
teinase domain-containing protein 10 (ADAM10) and increased activity of phospholipid
transporter (PLTP), which reduces the concentration of plasma-phosphorylated tau181
(p-tau181) [65]. So far, however, there are no reports describing the influence of statins on
the process of dopaminergic transmission by modifying cholesterol levels. All preclinical
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effects of statins on the process of neurotransmission and neuroprotection discussed in this
article are summarized in the Table S1.

In connection with the above-described mechanisms, many clinical trials have been
conducted to determine the effects of lipid-lowering therapy on the course of PD and AD.
In the case of AD, previous studies have shown that statin therapy reduces the risk of AD
by up to 70% [66,67]. However, later studies showed no correlation between this therapy
and the risk of dementia [68]. These differences may be caused not only by differences
in disease severity between patients, but also by the different chemical properties of the
statins. For example, lipophilic statins, due to the ease of crossing BBB, show a stronger
effect than hydrophilic ones in inhibiting the progression of AD [69]. In the case of PD
research, the divergence is even greater. According to a meta-analysis prepared by Sheng
et al., most observational studies show that statins can reduce the risk of PD by up to
26% [70], while several clinical studies have shown that statins are harmful to patients
suffering from PD. Studies on the efficacy of statins for the prevention of PD and AD are
summarized in Table 1.

Table 1. Studies on the efficacy of statins for prevention of Alzheimer’s disease (AD) and Parkinson’sdisease (PD).

Statins Model Group Size Effects References

All types Rotterdam study 6992 Reduced risk of late-onset AD Haag et al. [71]
Prospective study 15,291 Incerased risk of PD Huang et al. [72]

Retrospective case–control analysis 2322
Lipophilic statins increased risk of
PD and hydrophilic statins did not

affect incidence of PD
Liu et al. [73]

Population-based cohort study 232,877 Statins did not affect incidence of PD Rozani et al. [74]

Meta-analysis 3,845,303 Statins, especially atorvastatin,
reduced risk of PD Yan et al. [75]

Meta-analysis 3,513,209 Decreased risk of PD Bai et al. [76]
Meta-analysis 2,787,249 Statins reduced risk of PD Sheng et al. [70]

Atorvastatin Randomized controlled trial 640 No therapeutic effect in AD Feldman et al. [77]
Randomized controlled trial 63 AD progressed slowly Sparks et al. [78]

Lovastatin Randomized controlled trial 160 Decreased serum Aβ Friedhoff et al. [79]

Because of these uncertainties regarding the research on groups of patients with PD
and AD, well-designed controlled trials are needed to clearly demonstrate the effects of
these groups of drugs on neurodegenerative diseases.

4. Statins and Cholinergic Neurotransmission

4.1. Cholinergic Transmission in Pathogenesis of Vascular Dementia

Vascular dementia (VD) is the second most frequent subtype of cognitive disorders
after AD [80]. Chronic cerebral hypoperfusion (CCH), the crucial factor, which is caused by
negative modification of cerebral blood vessels and associated with the initiation and pro-
gression of VD, results in numerous molecular changes inside the brain cells and neuronal
junctions, including neurotransmitter and lipid metabolism disturbance, mitochondrial dys-
function, alteration of growth factors, neuroinflammation, and overproduction of reactive
oxygen species (ROS) [81].

Acetylcholine (ACh) plays an important role in the physiological functioning of the
CNS. The neuronal synthesis of Ach from choline and acetyl-CoA is catalyzed by acetyl-
choline transferase enzyme (ChAT). Subsequently, Ach, transported in vesicles with the
involvement of vesicular acetylcholine transporter (VAChT), is released into the synaptic
cleft, where it can bind to receptors. Within the synapse, ACh is degraded by acetyl-
cholinesterase (AChE), resulting in the formation of acetic acid and choline, a precursor for
the synthesis of new ACh [82,83].

There are two types of ACh receptors: metabotropic muscarinic receptors (mAChRs)
and ionotropic nicotinic receptors (nAChRs). The family of mACHRs contains five subtypes
of GPCR, M1–M5. The larger group, with pentameric nAChRs made up of α and β subunits,
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contains nonselective cation channels. The effects of binding ACh to cholinergic receptors
can result in stimulation or inhibition of neuronal signaling, depending on the receptor
subtype and its location on a pre- or postsynaptic membrane [84–86].

The basal forebrain cholinergic system, comprising the medial septal nucleus, the nu-
cleus of the diagonal band of Broca, and the nucleus basalis of Meynert, is widely accepted
as a crucial structure of cognitive functions. It is involved in the regulation of memory,
attention, and emotions [87]. There is some evidence that cholinergic mechanisms are also
responsible for the control of cerebral blood flow [88,89]. This may partially explain the
pathogenesis of VD and deterioration in the course of disease. The ongoing neuroinflam-
mation in patients with VD may also be attenuated by activation of the cholinergic system
(α7 nAChRs) [90].

Ischemic lesions observed in various areas of the brain in patients with VD can cause
decreased amounts of ACh, gamma-aminobutyric acid (GABA), or DA [81]. The most pro-
found deficits of common cholinergic markers, such as ChAT, AChE, and VAChT, appear
in the temporal cortex and hippocampus [91]. However, the latest research suggests that
more evident loss of cholinergic function occurs in the brains of patients with mixed de-
mentia [92]. A decreased Ach level is also observed in cerebrospinal fluid [93,94].Findings
concerning changes in cholinergic receptor numbers are contradictory for mAChRs [95,96].
The amount of nAChRs seems to be preserved in VD [97]. The cholinergic reductions
observed in the course of VD may be responsible for the cognitive impairment [98].

4.2. Influence of Statins on Cholinergic Transmission

Statins, due to their pluripotential pleiotropic effects on brain cells and vessels beyond
lipid-lowering actions, have been widely tested as drugs for the treatment of VD [99]. In L-
methionine-induced VD, the use of simvastatin ameliorated behavioral status and increased
the amount of ACh in the brain tissue of rats [100]. These encouraging observations have
not been seen in human patients with VD. Moreover, some studies indicated potential
harmful effects of statin therapy on neuropsychological tests of attention and psychomotor
speed [101]. Recent assessments of randomized, placebo-controlled trials did not confirm
the clinical significance of these observations [102]. Although statin therapy is useful in
primary and secondary prevention of vascular incidents, including strokes, to date there
is no conclusive proof that statins have a major influence on the prevention, incidence, or
progression of VD [80,103].

5. Statins and Glutamatergic Neurotransmission

5.1. Structure and Synthesis of Glutamate

Glutamate (Glu), the anion of glutamic acid, acts as a neurotransmitter. It is the major
excitatory transmitter within the human nervous system, accounting for over 85% of the
synaptic connections in the CNS. Glu can be produced de novo from α-ketoglutaric acid as
part of the citric acid cycle. In CNS, Glu is synthesized in the glutamate–glutamine cycling
mechanism. These reactions occur in presynaptic neurons or glial cells. Glu is transported
within presynaptic neurons by vesicular glutamate transporters and then released into the
synaptic cleft. Inside the synaptic cleft, anions of glutamic acid can bind several different
postsynaptic receptor types, named according to their agonists: kainite receptor (KAR),
α-amino-3-hydroxy-5-methyl4-isoxazole propionic acid receptor (AMPAR), and N-methyl-
D-aspartate receptor (NMDAR). Glu binds to these receptors with different affinity and
induces differential effects on target postsynaptic neurons [104,105]. For this part of the
review, we would like to focus on NMDARs.

5.2. N-Methyl-D-Aspartate Receptor

Belonging to the neurotransmitter receptors, NMDARs constitute the largest sub-
class of glutamate-gated ion channels in human excitatory synapses, which have a main
part in neuroplasticity, neuronal development, and learning and memory processes [106].
NMDARs are heteromeric molecules formed of one obligatory GluN1 (also referred to
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asNR1) incorporated with various constellations of GluN2 (also named NR2) and GluN3
subunits, which take several variants: the single GluN1 subunit with eight isoforms, four
GluN2 subunits (GluN2A–GluN2D), and two GluN3 subunits. Both the GluN1 and GluN2
subunits participate in the development of the NMDAR ion channel. Each NMDAR has
a similar membrane subunit topology, which is dominated by a large extracellular N-
terminus, a membrane region containing three transmembrane segments, a re-entrant
loop, and an extracellular loop between the transmembrane segments. Intracellularly, it is
situated in a carboxyl (C) domain of various sizes, and miscellaneous proteins interact in
this site [107–111].

NMDAR is extraordinary in that the opening of the channel requires the merging of
two different agonists, Glu and glycine (Gly). Glu binds to the GluN2 subunit, while the
binding site for Gly, the co-agonist, is located on the GluN1 subunits. The NMDAR ion
channel is permeable to monovalent cations, such as Na+ and K+, and divalent cations,
especially Ca2+. It is regulated by voltage-dependent Mg2+ blockade. Accordingly, both
depolarization of the postsynaptic neurons and presynaptic release of Glu is needed for
maximal current flow through the NMDAR channel. The concentration of Gly in most
synapses is usually enough to allow for efficient NMDAR activation [108,110–113]. NM-
DAR is mainly located at dendritic spines, where through specific interactions it connects to
intracellular molecules of the postsynaptic multiprotein network known as the postsynap-
tic density (PSD); for the subunit GluN1thisis neurofilament light protein (NF-L), while for
GluN2 these are PSD-95, PSD-93, and synapse-associated protein 102(SAP102). In addition
to their function as PSD cytoskeleton proteins, PSD-95 and SAP102 are involved in trans-
porting newly synthesized NMDA receptors to the PSD. Build or behavior irregularities for
these molecules could disturb receptor signaling, interfere with NMDAR trafficking, and
finally affect neurotransmission [107]. The number of NMDARs can be modified, which
contributes to the mechanism regulating synaptic efficacy and their remodeling [114]. With
disorder in the NMDA signal pathway, glutamatergic transmission could exacerbate brain
diseases, including psychiatric, neurodegenerative, and excitotoxic disorders [112].

5.3. Role of Glutamatergic Transmission in the Pathogenesis of Stroke

Excitotoxicity is a pathological process that causes cell death as the result of the toxic
actions of excitatory amino acids. Considering that Glu is the main excitatory neurotrans-
mitter in the human CNS, excitotoxicity typically refers to the trauma and death of neurons
that occur from prolonged exposition to Glu. It comes from overloading the cell with ions,
mainly calcium, which is notably neurotoxic and leads to the activation of enzymes that
degrade proteins, nucleic acids, and other components of the cell. It is considered that
Ca2+ inflow through NMDA channels is a common pathway of neuronal cell death. Excess
levels of Glu in the CNS are associated with increased intracellular calcium ions levels,
which cause a rise in their concentration in sensitive organelles such as mitochondria and
the endoplasmic reticulum (ER) [115]. The mitochondrial uptake of calcium results in the
production of ROS [116].

Stroke is a major cause of death, causing approximately 9% of deaths worldwide. Up
to 80% of the global burden of stroke is attributed to ischemic stroke. This is a type of
stroke characterized by a temporary or permanent reduction in blood perfusion due to
embolic or thrombotic occlusion in cerebral arteries. Most cases of focal ischemia result
from occlusion of the middle cerebral artery [117]. There is evidence that stroke leads to
the release of large amounts of Glu, which activates NMDARs, and that glutamate-induced
excitotoxicity participates in the neuronal death observed after stroke [118]. The first step
of excitotoxicity during acute ischemia is a sudden increase of Glu levels in the ischemic
region of the brain. Activation of NMDARs does not always lead to excitotoxicity. There
is evidence that this receptor has dual effects, depending on the subunit subpopulation.
GluN2A tends to promote neuronal survival and protects the brain against excitotoxic
injury, whereas the GluN2B subunit promotes neuronal death. Cerebral ischemia triggering
excessive activation of NMDARs induces rapid and specific upregulation of GluN2B [119].

145



Molecules 2021, 26, 2838

Previous studies found that the excitotoxic process connected with acute ischemia is
responsible for redistributed microtubule-associated proteins (MAP2) and loss of micro-
tubule stability as a consequence. Normally these proteins are engaged in the regulation
of vesicle transport during the creation or recovery of neuronal pathways [120]. Com-
plexes of cadherin or catenins and actin are involved in maintaining the structure of the
scaffolding proteins. Cerebral ischemia leads to structural damage of the cytoskeleton
mediated by RhoGTPasas imbalance, Ras homolog family member A (RhoA) activation,
and inactivation of Ras-related C3 botulinum toxin substrate (Rac), related to the rupture of
adhesion. A study by Cespedes-Rubio showed that RhoA activity is increased in cell death
processes due to excitotoxicity [121]. The inflammatory response induced by ischemia
triggers the activation of signaling pathways, finally leading to neuronal cell death. There
is evidence confirming that the phosphatidylinositol 3-kinase (PI3K)-protein kinase B (Akt)
signaling pathway is one of the serious signaling paths taking part in neuronal apopto-
sis. Glycogen synthase kinase-3β (GSK-3β) is an important protein downstream of Akt.
Sustained activation of GSK-3β is pro-apoptotic in cerebral ischemia because it leads to
hyperphosphorylation of tau, with consequent microtubule destabilization [122].

5.4. Influence of Statins on Glutamatergic Transmission and Their Neuroprotective Effect

Researchers continue to look for new effects of statin treatment in stroke, in primary
and secondary prevention and in the acute phase of ischemia. Statins exert protective
effects in vivo and in experimental models of stroke. Recent meta-analyses showed that
statin therapy significantly reduces the overall risk and mortality rate of stroke, in both
primary and secondary prevention, which confirms that accurate control of the lipid profile
is needed [123,124]. Beyond their effects on the lipid profile, statins are also credited
with pleiotropic effects. Among the pleiotropic effects reported in cerebral ischemia is
improved endothelial function, stabilized atherosclerotic plaque, impaired inflammation
with a concomitant decrease in ROS, and inhibition of the thrombogenic response [125].
Increasingly, studies are examining the effects of statin treatment on NMDARs and the
process of excitotoxicity after acute ischemia. The precise mechanisms involved in these
actions are not completely known. Studies indicate that NMDA channels are involved
in the neuroprotective mechanism induced by statins to promote neuronal recovery after
cerebral focal ischemia.

Gutierrez-Vargas et al. examined the influence of a high dose of atorvastatin on NMDA
receptors after cerebral ischemia in laboratory rats. This work suggests that atorvastatin
protects neurons after ischemia, restoring the balance of subunits by decreasing GluN2B
upregulation [106]. Additionally, the same study described that treatment with atorvastatin
improves the adhesion protein complex of NMDARs associated with PSD-95, influences Akt
activation in promoting cell survival, and in turn promotes synaptic plasticity. Statins inhibit
the synthesis of valid isoprenoids, such as farnesyl pyrophosphate (FPP) and geranylger-
anyl pyrophosphate (GGPP), which are important intermediates for the post-translational
modification of Rho GTPases, leading to the modulation of various cellular functions, e.g.,
decreased structural damage of the cytoskeleton [125]. Additionally, Gutierrez-Vargas et al.
proved that atorvastatin used after ischemic stroke influences the recovery of the actin
cytoskeleton and stabilizes microtubules by increased activity of Rac and RhoA reduc-
tion [126]. Another mechanism of neuroprotection by statins involves their influence on
inflammation through a number of proinflammatory cytokines. Tuttolomondo et al., in the
first human randomized trial, proved that early administration of high-dose atorvastatin
caused a significantly lower serum level of inflammatory markers and may be related to
a better prognosis after stroke [127]. Additionally, Campos-Martorell et al. showed that
simvastatin used after acute ischemia had an influence on decreased oxidative stress [128].
Brain-derived neurotrophic factor (BDNF) induces neuronal proliferation and synaptogene-
sis and is also involved in the regulation of neurogenesis. After injury, it takes part in the
recovery of neuronal tissue. Cerebral ischemia decreased levels of BDNF [129]. Atorvastatin
used in the treatment of cerebral ischemia in animals led to recovered BDNF levels [106].
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Considering that cerebral ischemia is one of the major global health problems with
great costs for rehabilitation and recovery, more effective and accessible methods are
needed to immediately reduce postischemic injury. Statins meet these criteria: they are
cheap and easily available. Experimental models, experiments on rats, and preclinical
studies have shown that they influence neuronal cells differently and could be used to
reduce neurodegeneration after stroke. The above studies prove that large multi-center
clinical studies are needed.

6. Statins and Serotoninergic Neurotransmission

6.1. Structure and Synthesis of Serotonin

Serotonin (5-HT) is one of the oldest neurotransmitters; it is estimated that its receptors
appeared 700–800 million years ago in unicellular eukaryotes, such as Paramecium cauda-
tum [130]. It is a monoamine produced within both the CNS and the peripheral nervous
system (PNS). In the CNS, serotonergic neurons can be found in the dorsalraphe nucleus
(DRN) and median raphe nucleus (MRN) [131]. In the PNS, it is synthesized in the gastroin-
testinal (GI) system by gut neurons and enterochromaffin cells. The substrate for its production
is tryptophan and the synthesis process follows the scheme shown in Figure 4 [132].

Figure 4. Serotonin synthesis and degradation pathways.
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In the CNS, serotonergic neurons from DRN and MRN communicate with various
areas within the cerebral cortex, limbic system, midbrain, and cerebellum [133]. Serotonin
communication occurs mainly through volume transmission (VT) in the extracellular space
and the cerebrospinal fluid (CSF). Serotonin travels from the source to target cells (neurons
and astroglia) through energy gradients, leading to its diffusion and convection [134]. By
interacting with its receptors, 5-HT is responsible for the regulation of many processes
important for life, which include perception, mood, anxiety, aggression, cognitive functions,
attention, sexual functions, and the circadian rhythm [131,135,136].

6.2. Serotonin Receptors and Transporters

Thirteen G-protein-coupled heptahelial serotonin receptors (5-HTRs) and one ligand-
gated ion channel have been identified and are divided into seven distinct classes (5-
HT1–7) [132,134]. All 5-HTRs are heteroreceptors associated with the postsynaptic mem-
brane on nonserotonergic neurons. Presynaptically located autoreceptors (5-HT1A,1B,1D)
respond to the regulation of 5-HT release through negative feedback and influence the
neuronal firing rate. The 5-HTRs are located within the CNS, PNS, and other tissues,
and the exact mechanisms of their action and the effects of stimulation are presented in
Table 2 [132,137].

Table 2. Serotonin (5-HT) receptor subtypes. CNS, central nervous system; cAMP, cyclic adenosine monophosphate; AC,
adenylate cyclase; GIT, gastrointestinal tract; IP3, inositol-1,4,5-triphosphate; PKC, protein kinase C.

Receptor Location Mechanism of Action Functions

5-HT1A CNS Decreased cAMP concentration
by inhibition of AC Learning and memory, depression, anxiety-like behaviors

5-HT1B
CNS, vascular
smooth muscle

Decreased cAMP concentration
by inhibition of AC

Aggression, antimigraine effects and vasoconstriction,
depression and anxiety-like behaviors

5-HT1C CNS, limfocytes Not completely understood Not completely understood

5-HT1D
CNS, vascular
smooth muscle

Decreased cAMP concentration
by inhibition of AC

Pain perception,
antimigraine effects, and vasoconstriction

5-HT1E CNS Decreased cAMP concentration
by inhibition of AC Not completely understood

5-HT1F
CNS, uterus,

heart, GIT
Decreased cAMP concentration

by inhibition of AC
Pain perception,

antimigraine effects, andanxiety-like behaviors

5-HT2A

CNS, PNS,
thrombocytes,

smooth muscles
Enhanced AC activity and IP3

Pain perception, sensorimotor, motivation,
emotionalregulation, vasoconstriction, smooth muscles

cell constriction, thrombocyte aggregation
5-HT2B CNS, stomach Enhanced PKC activity and IP3 Anxiety-like behaviors, smooth muscle cell constriction

5-HT2C CNS, limfocytes Enhanced PKC activity and IP3 Anxiogenesis, sexual behavior, pain perception,
regulation of serotonergic neuron activity

5-HT3 CNS, PNS
Opening of Na+, Ca2+, and

K+ channels, depolarization of
plasma membrane

Vomiting reflex, anxiety-like behaviors

5-HT4 CNS, PNS Increased cAMP concentration by
activation of AC Anxiety-like behaviors, learning and memory

5-HT5A CNS Decreased cAMP concentration
by inhibition of AC

Learning and memory, emotional behaviors, acquisition of
adaptive behavior, circadian rhythm

5-HT6 CNS, leukocytes Increased cAMP concentration by
activation of AC Anxiety-like behaviors, learning and memory, cognition

5-HT7
CNS, GIT, vascular

smooth muscles
Increased cAMP concentration by

activation of AC

Regulation of sleep and circadian rhythm,
thermoregulation, learning and memory, regulation of

5-HT release

One of the new concepts of depression is that disturbances in integrated allosteric
receptor–receptor interactions in highly sensitive 5-HT1A heteroreceptor complexes may
contribute to the induction of major depression (MD). For example, disruption or dys-
function in 5-HT1A-FGFR1 heteroreceptor complexes in the suture–hippocampal serotonin
neuron systems may contribute to the development of MD [134].
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Another important membrane protein involved in serotonergic transmission is the
serotonin reuptake transporter (SERT). It is responsible for the removal of free 5-HT from
the synaptic cleft, which directly affects the duration of 5-HTR activation. Some transporter-
regulatory proteins, such as syntaxin 1A (Syn1A) and secretory carrier membrane protein
2 (SCAMP2), are involved in regulating the activity of SERT [138]. It is also known that
some polymorphisms in the SERT gene are associated with the occurrence of depression,
anxiety disorders, autism, and suicidality [139]; therefore, the process of 5-HT reuptake has
become one of the most important points in therapy for depression disorders.

6.3. Influence of Statins on Serotoninergic Transmission

Due to the influence of statins on neurodegenerative diseases and cognitive disor-
ders known from many studies, consideration was also given to their potential influence
on psychiatric disorders. A possible mechanism of their action is to increase serotonin
reuptake through the SERT receptor in a manner independent of the cholesterol syn-
thesis pathway, as described in animal models [140]. The range of concentrations in
which statins increase SERT uptake is wide and includes concentrations achieved in acute
systemic treatment [140,141]. Such a mechanism would suggest a potential effect of in-
tensifying or inducing depressive symptoms. However, a cohort study of the Swedish
population published in 2020 suggested that the incidence of depressive disorders in the
group of people taking statins was lower than in the general population [142].

Possible mechanisms underlying the antidepressant effects of statins may include
anti-inflammatory, antioxidant, and lipid-lowering properties [143]. The potential anti-
inflammatory effects of statins include lowering C-reactive protein (CRP) levels [144]
andantioxidant activity [145], inhibiting the production of pro-inflammatory cytokines by
monocytes [146], inhibiting lymphocytes by blocking the function of antigen-1 leukocytes
(LFA-1) [147], and blocking T-cell activation [148]. The antidepressant mechanism of statins
may also be related to their antiatherosclerotic effect and their influence on damage to
small white matter vessels, which underlies the hypothesis of vascular depression [149].
Such injuries may predispose people to depression, accelerate its course, and reduce the
effectiveness of antidepressants [143].

Despite the mechanisms described above and the retrospective studies conducted so
far, the influence of statins on the incidence of depressive disorders is still unclear and
requires further research.

7. Conclusions

To date, researchers have described a number of mechanisms by which cholesterol
influences neuronal transmission. These mechanisms can also be influenced by statins,
which has been confirmed in animal and cellular models. Additionally, many retrospective
studies have described the beneficial effects of this group of drugs on neurological diseases
and psychiatric disorders. So far, however, there have been no clinical trials that have
unequivocally proven their beneficial effects on the diseases described in our paper. This
opens up a wide field for researchers, especially as statins still remain one of the most
widely used drug groups in the general population.

Supplementary Materials: The following are available online. Table S1: Preclinical effects of statins
on neurotransmission and neuroprotection.
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Anna Pierzchlińska 1,*, Magdalena Kwaśniak-Butowska 2,3, Jarosław Sławek 2,3, Marek Droździk 4,* and
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Abstract: Dementia is one of the most disabling non-motor symptoms in Parkinson’s disease (PD).
Unlike in Alzheimer’s disease, the vascular pathology in PD is less documented. Due to the un-
certain role of commonly investigated metabolic or vascular factors, e.g., hypertension or diabetes,
other factors corresponding to PD dementia have been proposed. Associated dysautonomia and
dopaminergic treatment seem to have an impact on diurnal blood pressure (BP) variability, which
may presumably contribute to white matter hyperintensities (WMH) development and cognitive
decline. We aim to review possible vascular and metabolic factors: Renin-angiotensin-aldosterone
system, vascular endothelial growth factor (VEGF), hyperhomocysteinemia (HHcy), as well as the
dopaminergic treatment, in the etiopathogenesis of PD dementia. Additionally, we focus on the
role of polymorphisms within the genes for catechol-O-methyltransferase (COMT), apolipopro-
tein E (APOE), vascular endothelial growth factor (VEGF), and for renin-angiotensin-aldosterone
system components, and their contribution to cognitive decline in PD. Determining vascular risk
factors and their contribution to the cognitive impairment in PD may result in screening, as well as
preventive measures.

Keywords: white matter hyperintensities; dysautonomia; genetic polymorphisms; dementia; lev-
odopa; renin-angiotensin system; orthostatic hypotension

1. Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder with a wide spectrum of
motor (bradykinesia, tremor, rigidity, loss of postural stability) and non-motor (cognitive
decline, depression, dysautonomia, psychosis) symptoms. Parkinson’s disease dementia
mostly affects the executive and visuospatial functions, as well as attention. However, the
impairment in memory and language functions are less pronounced than in Alzheimer’s
disease (AD) [1]. Dementia in PD is six times more common than in age-matched general
population [2]. As a result of an 8-year prospective study, the cumulative prevalence of
dementia was assessed to be 78% [3]. According to a 5-year prospective study in more
than 400 patients with PD, the risk factors for dementia included older age, longer disease
duration, later age-at-onset and higher daily levodopa (L-dopa) dosage [4]. In contrast
to Alzheimer’s disease, vascular contribution to PD dementia is not so obvious. The
available data demonstrate the multifactorial origin of PD dementia: The combination of
pathological findings of Alzheimer-like and cortical Lewy-bodies, but also a possible role
of vascular burden due to hyperhomocysteinemia and dysautonomia with abnormal blood
pressure (BP) variability [5,6]. In this review paper, the authors present the current state
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of information about the role of BP variability and other vascular risk factors, as well as
selected genetic polymorphisms, in the pathogenesis of PD dementia.

2. Blood Pressure Variability

In healthy individuals a compensatory mechanism, involving the sympathetic and
parasympathetic systems, provides an adequate response of BP and cerebral perfusion
to environmental (e.g., seasons, altitude), physical (e.g., posture), and emotional factors.
The size and patterns of these BP variations constitute BP variability, which occurs within
seconds and minutes (very short-term), along 24 h (short-term), between days (mid-term),
months or even years (long-term; visit-to-visit BP variability) [7].

Numerous studies have shown a dysfunctional response of autonomic nervous system
controlling blood pressure in PD [8,9]. Dysautonomia in PD is manifested, among others, in
orthostatic hypotension (OH), supine hypertension or loss of circadian rhythm of BP, which
may be the results of both autonomic nervous system dysfunction and pharmacological
management, including dopaminergic medications.

Orthostatic hypotension is defined as a systolic pressure fall of at least 20 mmHg
and/or diastolic pressure fall of 10 mmHg upon standing or passive tilting. Supine
hypertension in PD is often associated with OH and causes an increase in BP when lying
down—to at least 150 mmHg in systolic and/or 90 mmHg in diastolic BP. This phenomenon
often remains unrecognized, thus an ambulatory 24-h BP monitoring provides a valuable
insight into the BP alterations and enables non-pharmacological and pharmacological
management. Supine hypertension can be additionally worsened by the drugs prescribed
against OH. On the other hand, the treatment of hypertension may worsen OH, thus it
should include non-pharmacological measures as a priority [8]. Four clinical trials have
addressed OH in conditions with dysautonomia, including PD, and have posted results
by the time of this review (clinicaltrials.gov: NCT00738062, NCT00782340, NCT01176240,
NCT00633880). In all of them droxidopa—a precursor of norepinephrine—was compared
with placebo. The results showed some discrepancies, as only two of the trials established
significant clinical changes favoring droxidopa in terms of increasing upright systolic
BP, ameliorating symptoms associated with OH and improving daily life activities (i.e.,
standing, walking) (NCT00782340, NCT00633880) [10].

Evaluating the circadian blood pressure profile in healthy subjects demonstrated a
physiological decrease of arterial BP at night, while sleeping (dipping) [11]. This phe-
nomenon is influenced by several factors, and we briefly describe only some of them. First
of all, photoreceptor cells in retina detect the environmental darkness, subsequently, the
information is conveyed via the suprachiasmatic nucleus—the central oscillator—to the
pineal gland, which reacts by producing melatonin. Melatonin decreases BP by its impact
on vasodilation, nitric oxide, and norepinephrine levels. Accordingly, the pivotal role in
the circadian BP pattern is exerted by the sympathetic nervous system with norepinephrine
and epinephrine having the lowest levels in the evening and the highest in the morning.
Sleep itself affects BP, decreasing its values especially during the deep sleep stages [12].
Similarly, physical activity may change the circadian rhythm—people who work at night,
are likely to have blunted nocturnal drop in systolic BP. Dipping depends also on the BP
liability upon dietary sodium intake and endothelial function [13]. The loss of night BP
reduction (non-dipping) has been recognized as a risk factor of cardiovascular patholo-
gies, e.g., left ventricle hypertrophy [14]. Nocturnal hypertension is usually diagnosed
when BP is higher than 120/70 mmHg [8]; whereas the term “non-dipping” relates to a
relative difference between daytime and nighttime BP (i.e., <10% of difference). It is often
associated with other cardiovascular autonomic abnormalities, such as OH and supine
hypertension [15]. The 24-h BP monitoring showed that over 70% of PD patients did not
have a proper circadian BP profile compared to 48% in the control group [16]. The analysis
performed by Berganzo et al. revealed that the most frequent phenotype among the PD
patients was non-dipper, while the number of the risers (mean arterial BP higher in the
night than during the day) was the same as subjects having the physiological diurnal
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pattern [16]. Orthostatic hypotension was more prevalent in non-dippers and risers; those
phenotypes administrated a higher dose of dopaminergic treatment; however, none of the
associations reached statistical significance.

Neurocirculatory abnormalities in PD have been linked to cognitive impairment. In
patients with early stage of the disease, who were not receiving dopaminergic medication,
dementia was significantly more often in the subjects with OH or supine hypertension [17].
Strikingly, none of the patients suffering from both OH and supine hypertension was
cognitively intact. The disruption of the nocturnal BP fall was related to worse visuospatial
memory registration; however, mild cognitive impairment (MCI) or dementia were sim-
ilarly frequent in dipper and non-dipper groups. Anang et al. carried out a prospective
research with a comprehensive assessment of 80 PD patients who were cognitively intact at
baseline [18]. After 4.4 years’ follow-up, higher BP at the entry and OH were predisposing
factors for cognitive decline. Some of the cross-sectional studies reviewed by Udow et al.
did not provide a correlation linking OH in PD with cognitive impairment assessed with
Mini–Mental State Examination (MMSE) [19]. On the other hand, in analyses using more
detailed neuropsychological tests OH was associated with worse performance. In one
of the recent studies the riser pattern in PD was significantly correlated with dementia,
whereas the dipper status was much less common in demented (3.7%) than non-demented
(23.6%) subjects [20]. The authors found no association between dementia and non-dipper
or extreme dipper (nocturnal BP lower >20% compared to daytime) phenotypes. Both
OH and supine hypertension were significantly more prevalent in the dementia group.
Thus, cardiovascular autonomic dysfunction can be considered as a plausible predictor of
PD dementia.

3. The Role of Levodopa in Neurocirculatory Abnormalities and Cognitive Decline in
Parkinson’s Disease

The dopaminergic medications used in the treatment of PD produce positive effects on
PD motor manifestations, but at the same time may promote the development of side effects,
e.g., dyskinesia may enhance autonomic disturbances [21]. Positron emission tomography
(PET) and functional magnetic resonance imaging (fMRI) in experimental models and
in PD patients have shown changes in dopaminergic synapses during long-term admin-
istration of L-dopa. The chronic use of L-dopa resulted in endothelial cell proliferation,
promoted angiogenesis in the striatum and other structures of the basal ganglia in animals
with L-dopa–induced dyskinesia [22]. Animal models have also evidenced that chronic
L-dopa treatment induced expression of vascular endothelial growth factor (VEGF) in the
basal ganglia in a dose-dependent manner [23]. VEGF exerts angiogenic activity and is
essential for vasculogenesis. It can also enhance blood–brain barrier permeability, which
in turn increases the bioavailability of L-dopa to the central nervous system (CNS). In the
aforementioned model, VEGF was expressed predominantly in astrocytes and astrocytic
processes around blood vessels. Administration of a VEGF signaling inhibitor blocked
the appearance of markers of blood–brain barrier permeability (albumin extravasation)
as well as of angiogenic response—nestin (a marker of immature endothelial cells) and
VEGF expression. Furthermore, it was found that VEGF inhibition significantly attenuated
the expression of dyskinesia in animal models with L-dopa-induced dyskinesia. Human
tissue from the autopsies of chronically L-dopa-treated PD patients established increased
nestin staining and VEGF mRNA expression in the striatum [23,24]. Pulsatile stimulation of
dopamine receptors, which may be a result of abnormal L-dopa pharmacokinetics in the ab-
sence of efficient, endogenous regulatory mechanisms, is regarded as the main mechanism
of peak-of-dose choreic dyskinesia (the result of D-receptor hypersensitivity or excessive
dopamine release). Chronic L-dopa administration, apart from inducing angiogenesis and
changes in blood–brain barrier permeability, stimulates vasodilation through D1 receptor
agonist action, thus increasing regional blood flow [24].

According to a 5-year prospective study higher L-dopa dose was established as one of
dementia risk factors in PD—the mean L-dopa dosage equivalent (LDE) was 514 mg per day,
whereas non-demented patients received 316 mg of LDE per day [4]. Moreover, L-dopa-
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induced dyskinesia were correlated with the progression of cognitive decline, especially
executive functions [25]. Daily changes in BP, dipper or non-dipper phenotype, OH and
supine hypertension may modulate CNS blood flow, and thus affect L-dopa distribution,
which may result in cognitive performance deterioration, and other side effects. Up to now,
no studies have addressed the role of BP variability, especially nocturnal BP reduction, in
the development of L-dopa complications, e.g., peak-of-dose dyskinesia due to impaired
drug distribution.

Dopaminergic treatment was suggested to exacerbate dysautonomia in PD; L-dopa
may worsen or cause OH [26], however, Goldstein et al. indicated that OH occurs in-
dependently from L-dopa treatment [27]. Although L-dopa is well known for its BP
decreasing function [9,28], the available literature does not give a clear answer to the
question whether it decreases supine hypertension [28,29]. There are some discrepancies
on the role of dopamine agonists as well. Non-ergot derivatives of dopamine agonists
possibly influence cardiovascular functions less, compared to ergot-derivatives [30]. Nev-
ertheless, the side effects of non-ergot derivatives depend on the affinity to dopaminergic
and α-adrenergic receptors [31]. Although non-ergot dopamine agonists were gener-
ally correlated with OH occurrence, rotigotine was showed to improve the abnormal
24-h BP pattern in PD patients [32]. On the other hand, rotigotine may increase the
risk of the atrioventricular block. Pramipexole in turn, due to its high affinity towards
α2-adrenergic receptors, may decrease the adrenergic tone and myocardial contractility,
facilitating heart failure occurrence. Pramipexole may unmask a subclinical heart failure
or exacerbate preexisting cardiovascular comorbidities [31]. Another non-ergot dopamine
agonist—apomorphine—was suggested to prolong QT interval; however, no causality has
been established [31,33]. Undoubtedly, the aforementioned cardiovascular side effects
influence BP and may lead to the impairments within the cerebrovascular functions, such
as episodes of hypo- and hyperperfusion.

The relationship between dopaminergic treatment and the BP variability needs to
be further assessed. It seems important because disturbances in the diurnal BP pattern,
especially nocturnal hypertension, are associated with an increased risk of cerebrovascular
complications. Nevertheless, despite many side effects, levodopa is still the most often
prescribed antiparkinsonian medication due to its effectiveness against motor symptoms.
Non-ergot derivatives are in turn beneficial in treating non-motor symptoms, e.g., de-
pression, sleep disorders, and nocturnal akinesia [31]. In most cases positive effects of
dopaminergic medication (L-dopa and dopamine agonists) surpass potential side effects in
the cardiovascular system, however, the risk must be always individually estimated.

4. White Matter Hyperintensities

Shimada et al. documented that an absent or insufficient nocturnal BP fall in elderly
hypertensives was associated with a silent cerebrovascular damage seen in MRI as white
matter hyperintensities (WMH) [34]. In recent years, WMH appearance has become the
radiological marker of CNS ischemia. White matter hyperintensities are more frequently
observed in subjects over 60 years of age with cardiovascular disease, diabetes, hyperhomo-
cysteinemia, and other vascular risk factors [35,36]. Chronic ischemia being a consequence
of BP variability was established as one of the possible factors leading to the development
of WMH. In addition to a non-dipper phenotype, an excessive nocturnal BP fall of more
than 20% compared to daytime BP values was found to be an important risk factor of
WMH. The extreme dipper phenotype also was proven to be a risk factor for clinically
silent brain ischemia episodes, particularly those associated with more extensive white
matter damage, and can be related to nocturnal cerebral hypoperfusion [37,38]. Studies
analyzing neurocirculatory abnormalities in PD demonstrated a correlation between WMH
and OH [17,39]. Cerebral hypoxia along with hypoperfusion were proposed as mechanisms
linking OH and WMH [40]. Indeed, hippocampal atrophy was correlated with WMH in
the study performed by Sławek et al. [41]. Furthermore, WMH in PD was also associated
with other cardiovascular dysautonomic features, as supine hypertension [17] or nocturnal
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hypertension [42]. Up to date, the only study examining nighttime BP fall and WMH in
PD showed no correlation between non-dipping status and WMH [42].

According to the meta-analysis performed by Debette and Markus, WMH predicted
faster decline in global cognitive performance and executive function [43]. In PD associated
dysautonomia and dopaminergic medication-induced hypotension may be responsible for
WMH formation and cognitive decline. In a prospective study in PD patients a significant
relationship between increased WMH volume and cognitive burden was demonstrated.
Moreover, the risk for the development of MCI in the course of PD was higher in the
subjects with greater WMH [44]. Subsequent studies supported the finding, demonstrating
a significant correlation between WMH and MCI or dementia in PD [45,46]

Cardiovascular dysautonomia in PD, along with dopaminergic therapy, leading to
episodes of cerebral hypo- and hyperperfusion, may be one of the most important patho-
physiological mechanisms leading to WMH and, presumably, dementia.

The studies on the impact of BP variability on cognition and WMH in PD are summa-
rized in Table 1.

Table 1. Studies on the impact of blood pressure (BP) variability and white matter hyperintensities (WMH) on cognitive
performance in Parkinson’s disease (PD).

Blood Pressure Variability

Authors (year),
Type of the Study

Subjects Factor Outcome

Oka et al. (2020) [47],
retrospective study

PD = 75
(de novo)
DLB = 24

Circadian blood pressure variability.
Supine hypertension.

Better performance assessed with MMSE positively
associated with the percentage of nocturnal BP fall in PD.

No correlation with SH.
Nocturnal BP fall (%) positively associated with better

performance in Frontal Assessment Battery. SH
negatively correlated with Frontal Assessment Battery.

Sforza et al. (2018) [48],
retrospective study PD = 28 Orthostatic hypotension.

In upright position, PD-OH(+) performed worse at the
Stroop’s test word reading time and number of errors at

the interference section compared to PD-OH(−).

Tanaka et al. (2018) [20],
retrospective study

PD-NCI = 110
PDD = 27

Circadian blood pressure variability.
Orthostatic hypotension.

The riser pattern associated with dementia. Coexistence
of the riser pattern and OH more associated with

dementia than the riser pattern alone.

Centi et al. (2017) [49],
retrospective study

PD-OH(+) = 18
PD-OH(−) = 19

controls = 18
Orthostatic hypotension.

Upright posture correlated with the deficits in sustained
attention and response inhibition, reduced semantic

fluency and verbal memory in the PD-OH(+).
OH correlated with the deficits in executive function,

memory and visuospatial function.

Anang et al. (2014) [18],
prospective study

PD = 80 (dementia free at
baseline) Orthostatic hypotension. OH strongly associated with dementia risk.

Pilleri et al. (2013) [50],
retrospective study PD = 48 Orthostatic hypotension.

PD-OH(+) performed significantly worse in sustained
attention, visuospatial and verbal memory, compared

with PD-OH(−).

Kim et al. (2012) [17],
retrospective study

PD-NCI = 25
PD-MCI = 48

PDD = 14

Circadian blood pressure variability,
supine hypertension and orthostatic

hypotension.

The OH group had more severe impairment in verbal
immediate/delayed memory.

Dementia significantly more prevalent in patients having
OH, SH or OH + SH.

Non-dipping not associated with cognitive impairment.

Allcock et al. (2006) [51],
retrospective study

PD-OH(+) = 87
PD-OH(−) = 88 Orthostatic hypotension.

OH(+) subjects worse in sustained attention and visual
episodic memory.

OH not associated with the MMSE score, the prevalence
of dementia, or the simple and choice reaction times,

working memory or long term memory.

White Matter Hyperintensities

Authors (Year),
Type of the Study

Subjects Factor Outcome

Nicoletti et al. (2021) [52],
prospective study

PD-NCI = 84
PD-MCI = 55 WMH WMH was a predictor of PDD development.

Huang et al. (2020) [53],
retrospective study

Early PD:
PD-NCI = 81
PD-MCI = 94

WMH

PD-MCI associated with the periventricular WMH but
not with total WMH.

Periventricular WMH associated with worse executive
function and visuospatial function.

Ramirez et al. (2020) [54],
retrospective study PD = 139 WMH WMH negatively associated with global cognition.
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Dadar et al. (2020)
[55], prospective study

PD = 50
controls = 45 WMH

No correlation between WMH and total Dementia Rating
Scale.

Greater WMH burden in patients diagnosed with
dementia at 36 months.

Linortner et al. (2020) [56],
retrospective study

PD = 85
controls = 18 WMH

Dementia and executive impairment significantly more
prevalent in PD patients with WMH than without WMH.

WMH associated with worse performance in Symbol
Digit Modalities and Stroop tests.

Lee et al. (2020) [57],
retrospective study PD = 136 (de novo) WMH Performance in language function, frontal/executive and

visual memory associated with the severity of WMH.

Chahine et al. (2019) [58],
prospective study

PD = 141
controls = 63 WMH

Annual rate of change in global cognition correlated with
WMH.

Higher temporal WMH associated with greater decline
over time in verbal memory.

Hanning et al. (2019) [59],
prospective study

Drug-naïve:
PD-NCI = 79
PD-MCI = 29
controls = 107

WMH (volume and CHIPS score) No association between global or localised WMH and
cognitive decline, both cross-sectional and longitudinal.

Pozorski et al. (2019) [60],
prospective study

PD = 29
controls = 42 WMH

Greater regional and global WMH at baseline more
strongly associated with lower executive function in PD

than in controls.
Increased regional WMH more strongly associated with

impaired memory performance in PD relative to controls.
Longitudinally, no associations between WMH and

cognitive change.

Stojkovic et al. (2018) [61],
retrospective study

PD-NCI = 49
PD-MCI = 61

PDD = 23
WMH PDD patients had significantly greater whole brain

WMH than PD-NCI subjects.

Dadar et al. (2018) [62],
prospective study

PD = 365 (de novo)
controls = 174 WMH

PD subjects with greater WMH had significantly more
severe cognitive decline than PD subjects with low

WMH load or controls with high WMH load.

Ham et al. (2016) [63],
retrospective study PD = 171 (non-demented) WMH Total WMH and deep WMH associated with worse

performance in semantic fluency.

Mak et al. (2015) [64],
retrospective study

PD-NCI = 65
PD-MCI = 25 WMH

Greater total and periventricular WMH in PD-MCI than
in PD-NCI.

Spatial distribution of WMH associated with global
cognition, performance on the Frontal Assessment

Battery and Fruit Fluency.

Sunwoo et al. (2014) [45],
prospective study

PD-NCI = 46
PD-MCI = 65 WMH (volume and CHIPS score)

The progression from PD-MCI to PDD correlated with
WMH volume and CHIPS score.

In PD-MCI patients WMH volume and CHIPS score
associated with longitudinal decline in general cognition,

semantic fluency and Stroop test scores.

Kandiah et al. (2013) [44],
prospective study

PD-NCI = 67
PD-MCI = 24 WMH

PD-MCI patients had significantly greater volume of
periventricular and deep subcortical WMH than PD-NCI.
Regional WMH significantly greater among PD-MCI in

the frontal, parietal and occipital regions.

Sławek et al. (2013) [41],
retrospective study

PD-NCI = 135
PDD = 57

controls = 184
WMH WMH significantly greater in PDD than PD-NCI group.

Kim et al. (2012) [17],
retrospective study

PD-NCI = 25
PD-MCI = 48

PDD = 14
WMH (CHIPS score)

The severity of WMH in the periventricular and
subcortical white matter higher in PDD than in PD-NCI

or PD-MCI.
No difference in WMH between PD-NCI and PD-MCI.

Shin et al. (2012) [65],
retrospective study

PD-NCI = 44
PD-MCI = 87

PDD = 40
WMH (CHIPS score)

The CHIPS score significantly higher in PDD than in
PD-NCI or PD-MCI. WMH negatively associated with

performance in MMSE.
The CHIPS score correlated with the performance in
contrasting programme and forward digit span tests.

Lee et al. (2010) [66],
retrospective study

PD-NCI = 11
PD-MCI = 25

PDD = 35
WMH

Greater total and periventricular WMH in the PDD
group compared to PD-MCI and PD-NCI groups.

No difference in WMH between PD-MCI and PD-NCI
groups.

Dalaker et al. (2009) [67],
retrospective study

Drug-naïve:
PD-NCI = 133
PD-MCI = 30
controls = 102

WMH
No differences between the groups in total volume or
spatial distribution of WMH. No correlation between

WMH and cognitive functions.

Beyer et al. (2006) [68],
retrospective study

PD-NCI = 19
PDD = 16

controls = 20
WMH PDD group had significantly more WMH in deep white

matter and periventricular areas than the PD-NCI group.
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Interaction between WMH and BP Variability

Authors (year),
type of the study

Subjects Factor Outcome

Dadar et al. (2020) [69],
prospective study

PD = 365 (de novo)
controls = 174

WMH
Orthostatic hypotension.

A correlation between WMH burden and worse Montreal
Cognitive Assessment (MoCA) score in PD over time.

WMH linked with diastolic OH.
Direct effect of diastolic OH on the rate of cognitive

decline via WMH burden.

Oh et al. (2013) [39],
retrospective study PD = 117

WMH
Orthostatic hypotension, supine

hypertension.

Orthostatic hypotension and supine hypertension
correlated with WMH score.

Oh et al. (2013) [42],
retrospective study

Drug-naïve:
PD = 129

WMH
Circadian blood pressure variability.

Nocturnal hypertension associated with WMH in the
basal ganglia. No influence of the non-dipping pattern

on WMH.
Nighttime systolic BP closely correlated with WMH.

Kim et al. (2012) [17],
retrospective study

PD-NCI = 25
PD-MCI = 48

PDD = 14

WMH (CHIPS score)
Circadian blood pressure variability,
supine hypertension and orthostatic

hypotension.

WMH significantly more severe in patients having OH,
SH or OH + SH.

No difference in WMH between the dippers and
non-dippers.

BP—blood pressure; DLB—dementia with Lewy Bodies; CHIPS—Cholinergic Pathways Hyperintensities Scale, measures the extent of
WMH in the periventricular and subcortical white matter; MCI—mild cognitive impairment; MMSE—Mini-Mental State Examination;
NCI—no cognitive impairment; OH(+)—with orthostatic hypotension; OH(−)—without orthostatic hypotension; PDD—PD dementia;
WMH—white matter hyperintensities.

5. Metabolic and Vascular Risk Factors

The etiology of cognitive impairment in PD presumably involves other than dopamine-
dependent mechanisms, from which factors affecting the cerebrovascular status seem
highly probable (Figure 1) [61]. Hypertension, diabetes mellitus and hypercholesterolemia
lead to structural changes in the vessels [52], hypoperfusion, endothelial disorders, and
altered blood–brain barrier permeability [70]. This results in cerebrovascular pathologies,
seen as WMH—a marker of cognitive deterioration [52].

Vascular risk factors and their significance in PD and PD dementia have been in-
vestigated in several analyses, one of which was a cohort study on Finnish population
assessing the impact of diabetes on PD occurrence. The hazard ratio of PD among patients
with type 2 diabetes at baseline was estimated as 1.83 (95% CI 1.21–2.76) [71]. However,
in the Nurses’ Health Study and the Health Professionals Follow-up Study the relation-
ship between PD and self-reported diabetes was not confirmed [72]. In the same analysis
self-reported history of hypertension or high cholesterol levels were not established as PD
risk factors either. In the meta-analysis performed by Cereda et al. diabetes was correlated
with PD, although the diagnosis of idiopathic PD without imaging techniques in some
studies seemed to be uncertain, since diabetes might lead to microvascular complications
with parkinsonism as clinical outcome [73]. The impact of diabetes on PD dementia in a
meta-analysis by Xu et al. was not confirmed, in contrast to hypertension (OR 1.57, 95%
CI 1.11–2.22) [74]. The relationship between hypertension and cognitive performance was
additionally found in Doiron et al. research [70]. In this prospective study, the history
of hypertension was followed by lower Z-scores on immediate and delayed free recall,
recognition, and verbal fluency tests. However, the numbers of years with hyperlipidemia
did not correlate with a change in any of the Z-scores at the 24-month follow-up. In a
prospective research, hypertension was correlated with an increased risk of the MCI devel-
opment in PD patients, whereas MCI and WMH predicted the conversion to PDD [52]. No
impact of hypertension on the progression from MCI to PDD was established. Thus, it is
likely that hypertension contributes to increasing WMH, which in turn modulates the risk
of dementia. On the other hand, vascular factors (e.g., smoking status, body mass index,
hypertension, and diabetes)—calculated together into Framingham General Cardiovascular
Disease Risk Score—increased the risk of both MCI and dementia in PD [61]. Homocys-
teine (Hcy) is an established risk factor for vascular damage. Additionally, it has been
correlated with neurodegeneration related to oxidative stress, calcium accumulation and
apoptosis [75]. An elevated concentration of homocysteine (hyperhomocysteinemia: HHcy;
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value over 15 μmol/L of blood) was more frequently observed in PD dementia than in PD
patients without dementia [41]. Hcy elevated levels might result from L-dopa methylation
by catechol-O-methyltransferase (COMT), but the authors assessed the correlation between
Hcy levels and L-dopa dose as weak (coefficient of determination R2 = 0.12). However,
an increase in Hcy level was established for the treatment with duodenal levodopa gel
(duodopa), due to its formulation which negatively affects the absorption of B6 vitamin
and folate, necessary for reducing Hcy levels [76,77]. The correlation between Hcy and
cognitive status in PD was demonstrated in a meta-analysis performed by Xie et al., with
suggestion that the detrimental effect of HHcy could be mitigated with folate and/or B12
vitamin supplementation [78].

Figure 1. Possible vascular-related mechanisms leading to dementia in Parkinson’s disease.

The plasma and tissue renin–angiotensin–aldosterone (RAA) system has recently
emerged as another risk factor for PD and PD dementia. It plays a key role in controlling
BP as well as water and electrolytes homeostasis. The conversion of angiotensinogen to
angiotensin II (AngII) is catalyzed by renin, and then angiotensin converting enzyme (ACE).
The resultant AngII binds to type 1 or 2 angiotensin receptors (AT1R, AT2R), expressed
among others in peripheral vessels, heart, kidneys and CNS. Initially, the effects of the RAA
system in CNS were considered to be mediated only through circumventricular organs,
since active products of this system do not cross the blood–brain barrier [79]. However,
at this moment it is known that the brain has an independent local RAA system, and the
existence of the intracellular RAA system has been confirmed. As demonstrated in the
experimental model, angiotensinogen in CNS is produced by astrocytes with a limited
contribution from neurons, and central AngII levels may be even higher than the peripheral
concentration [80]. The role of the RAA system in the nigro-striatal pathway seems to be of
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particular interest. Dopamine deficiency leads to compensatory RAA system hyperreactiv-
ity and an increased expression of AT1R and AT2R [81]. In neurons, interaction of AngII
with its receptor AT1 leads to activation of neuronal NADPH oxidase and production of
reactive oxygen species (ROS). This triggers oxidative stress and inflammatory processes
that are additionally enhanced by ROS from other sources i.e., mitochondria or activated
microglia. Free radicals from the latter are released extracellularly, and consequently, may
lead to progressive damage to dopaminergic neurons [79].

Experimental and clinical evidence demonstrates beneficial effects of AT1 receptor
blocking or converting enzyme inhibition on RAA system function, and dopamine con-
centration in striatum, as well as a reduction in inflammatory processes [79,82]. The RAA
system is closely linked to VEGF synthesis, and like AngII, VEGF stimulates angiogenesis,
affects permeability of blood vessels and blood brain barrier function. Janelidze et al.
established the correlation between cerebrospinal fluid (CSF) biomarkers of angiogenesis
and PD with and without dementia [40]. Levels of VEGF, placental growth factor (PlGF),
and one of VEGF receptors (VEGFR-2) were significantly higher in both demented and
non-demented PD patients comparing to the control group. However, no difference was
observed between PD and PD dementia groups. In another study, the CSF level of VEGF
was considerably higher in PD dementia (grouped together with patients with Lewy bodies
dementia) than in the control subjects [83]. VEGF was suggested as a potent trigger of
vascular leakage and blood–brain barrier dysfunction, which is in line with elevated en-
dothelial cell nuclei and vessels in the substantia nigra pars compacta of PD patients found
in post-mortem studies [23,84]. Moreover, it was noted that patients with diastolic OH had
increased levels of VEGF and PlGF in comparison with subjects without OH. Insufficient
autoregulation of cerebral blood flow in PD patients results in hypoxia-induced VEGF
signaling and, consequently, in an angiogenic response [40].

Some proteins from the VEGF family demonstrate neuroprotective activity (VEGF-B),
as revealed in diencephalon cell cultures exposed to rotenone (widely used as an experimen-
tal model of PD). The neuroprotective effect of VEGF on 6-hydroxydopamine (6-OHDA)
treated dopaminergic neurons was reported to be mediated by both direct and indirect
vascular and neuronal mechanisms. The neuroprotective effect of VEGF in PD models
was dose-dependent, i.e., the low dose protected dopaminergic neurons, whereas the high
dose induced severe brain edema [85]. Excessive activation of the tissue and/or plasma
RAA system resulting from dopamine deficiency may lead to the fostering of processes
damaging dopamine neurons. This in turn may increase the risk of L-dopa-induced side
effects (e.g., dyskinesia) due to both increased neurodegeneration and changes in L-dopa
distribution within CNS (pulsatile dopamine receptor stimulation).

Muñoz et al. demonstrated that administration of candesartan, AT1 receptor blocker,
significantly reduced dyskinesia in the 6-OHDA induced, experimental model of PD [86].
In animals with dyskinesia, higher concentrations of VEGF and IL-1β within striatum
and substantia nigra were found. Furthermore, animals treated with candesartan along
with L-dopa were characterized by lower levels of VEGF, IL-1β, and less severe dyskinesia
compared to animals receiving only L-dopa. L-dopa monotherapy reduces the activity of
the RAA system. It is likely that the effects of L-dopa on angiogenesis in the course of
chronic treatment cannot be eliminated, but can be mitigated by AT1R blockade. Moreover,
the reduction of L-dopa-induced dyskinesia did not diminish L-dopa effectiveness against
motor symptoms. Taking into consideration the aforesaid facts that long-term L-dopa
treatment is a risk factor for developing PD dementia and that L-dopa-induced dyskinesia
correlate with cognitive decline, it is possible that blocking AT1R may decrease the risk of
cognitive decline.

A recent prospective study assessed the impact of several angiotensin II-stimulating
(thiazides, dihydropyridine calcium channel blockers, AT1R blockers) and angiotensin
II-inhibiting (ACE inhibitors, β-blockers, nondihydropyridine calcium channel blockers)
antihypertensive drugs on the risk of dementia in older people (70–78 years at baseline) [87].
Subjects administrating AngII-stimulating antihypertensives had significantly lower risk
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of developing dementia compared to AngII-inhibiting drugs, independently of systolic
BP or the baseline history of stroke, diabetes or CV diseases. As for the individual types
of antihypertensives, the only significant decrease of dementia risk was associated with
dihydropyridine calcium channel blockers. The beneficial role of upregulating AngII may
result from the neuroprotection connected with AT2R. On the other hand, as ACE was
showed to degrade amyloid-β (Aβ) in experimental models, the use of ACE inhibitors
may promote Aβ plaque formation [87,88]. Regardless of the pivotal role of Aβ in AD, its
deposition in PD was associated with cognitive decline [89]. However, in the aforemen-
tioned prospective study, the incidence rate of dementia in the group using ACE inhibitors
did not differ from other types of antihypertensive drugs [87]. Moreover, Zhuang et al.
showed in their meta-analysis that ACE inhibitors, as well as AT1R blockade, lowered the
risk of AD, and AT1R blockade additionally decreased the risk of cognitive impairment
associated with age [90]. Thus, the possible involvement of ACE in cognitive impairment
and the effects exerted by ACE inhibitors seem to be far from being elucidated.

6. Genetic Factors

Although several causative genes for PD have been found, they scarcely account
for some of the familial cases, whereas for the idiopathic form of PD and PD demen-
tia, only susceptibility genes have been established, though not without inconsistency.
Among the analyzed susceptibility genes are these coding for catechol-O-methyltransferase
(COMT), apolipoprotein E (APOE), vascular endothelial growth factor (VEGF) and for
renin–angiotensin–aldosterone system.

6.1. COMT

Catechol-O-methyltransferase (COMT) catalyzes the transfer of a methyl group from
S-adenosyl-methionine to a hydroxyl group on a catecholamine (e.g., dopamine, nore-
pinephrine, or catechol estrogen), thus regulating dopamine level in the prefrontal cor-
tex, and is also a crucial enzyme involved in L-dopa metabolism [91,92]. Furthermore,
the methylation of L-dopa is followed by the production of S-adenosylhomocysteine, hy-
drolyzed to homocysteine, which in turn may be responsible for HHcy in L-dopa medicated
PD patients. However, homocysteine levels can be reduced by concurrent administration of
COMT inhibitors in PD patients [93]. A common polymorphism in COMT gene—a G→A
substitution (rs4680) results in an amino acid codon alteration (Val158Met in the membrane-
bound form of COMT), and according to Chen et al., significantly lower enzymatic activity
in homozygous COMT-Met in comparison with homozygous COMT-Val in post-mortem
human prefrontal cortex tissues [91]. The dopaminergic imaging study demonstrated that
Met homozygotes were characterized by an increased level of caudate striatal dopamine
transporter (DAT), and a slightly protective effect on dementia was found for homozygous
COMT-Met carriers [94]. Additionally, in a prospective analysis, Val homozygotes were
at greater risk of developing PD-MCI than the other COMT genotypes, although the cor-
relation with PD dementia was not observed [95]. Interestingly, Williams-Gray et al. [96]
demonstrated in their longitudinal CamPaIGN study a varying impact of COMT alleles
in relation to the disease duration. In “early” disease (<1.6 years), there was a significant
decrease in the Tower of London (TOL; test of planning) scores with an increasing number
of Met alleles, whereas no effect was observed in the “later” disease group (>1.6 years).
Moreover, after 5.2-year follow-up, Met homozygotes were more likely to improve the
TOL test score, in contrast to Val homozygotes or heterozygotes. The observed difference
is possibly a consequence of an inverted U-shaped relationship between dopamine levels
and prefrontal function, assessed mainly by working memory [96].

The COMT polymorphism seems to affect Hcy total level as well. Tunbridge et al.
established that Val carriers had 1 μmol/L higher Hcy plasma values compared with Met
homozygotes [92]. Additionally, the effect correlated with a polymorphism in methylenete-
trahydrofolate reductase (MTHFR 677C > T; rs1801133) gene, which is commonly analysed
with regard to Hcy/folate metabolism, resulting in the highest Hcy level among PD pa-
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tients with both MTHFR 677TT and COMT-Val genotypes [92,97]. This indicates a necessity
of COMT inhibitors administration, especially in patients at the greatest genetic risk for
developing HHcy. However, in another study, significantly higher Hcy plasma levels were
observed only in PD patients with MTHFR 677TT and low activity-determining COMT
genotypes (based on the genotyping of four COMT single nucleotide polymorphisms—
SNPs: rs4680, rs6269, rs4633 and rs4818) at the same time. The authors showed a correlation
between Hcy levels and PD dementia, although none of the analyzed polymorphisms had
an impact on cognitive impairment [97].

6.2. APOE

Apolipoprotein E (apoE) is associated with cerebrovascular and neurodegenerative
diseases, such as late onset AD and PD [98,99]. The APOE gene polymorphism is identified
in the form of three major alleles APOE2, APOE3, and APOE4, which determine three
protein isoforms (E2, E3, and E4, resp.) and six possible genotypes (e2/e2, e2/e3, e2/e4, e3/e3,
e3/e4, and e4/e4). Several studies showed that the e2 allele is associated with a higher risk
of PD [100,101], whereas in others, the e4 allele was a risk factor. However, the data is
inconsistent [102,103]. It was suggested that APOE4 expression exerts detrimental effects
on the cerebrovascular system, including blood–brain barrier impairments [104]. Indeed,
Bell et al. showed that mice expressing human APOE4 had altered blood–brain barrier
permeability and reduced cerebral blood flow compared with animals expressing APOE2
or APOE3 [105]. In addition, apoE mediates the clearance of Aβ across blood–brain barrier,
through binding to its liver receptor (low-density lipoprotein receptor-related protein-1—
LRP1), and that APOE4 allele contributes to cerebral accumulation of Aβ [105].

In a study performed by Janelidze et al., blood–brain barrier permeability character-
ized by the use of the cerebrospinal fluid/plasma albumin ratio (Qalb) differed significantly
in groups with dementia (AD, dementia with Lewy bodies or PD dementia, vascular de-
mentia or frontotemporal dementia) compared to healthy controls, although no impact of
APOE4 allele on Qalb was found [83]. Nevertheless, Qalb seemed to correlate with CSF
biomarkers of angiogenesis or endothelial damage, i.e., intracellular adhesion molecule 1
(ICAM-1), vascular cell adhesion molecule 1 (VCAM-1) and VEGF, in all diagnostic groups.
Those results support the role of the blood–brain barrier leakage in dementia, including
PD dementia.

Despite some discrepancy in the studies assessing the role of APOE4 in cognitive
status of PD patients, possibly due to different diagnostic criteria for dementia [106], two
meta-analyses [101,107] showed an over-representation of APOE4 carriers in PD dementia
groups compared to cognitively normal PD patients. Additionally, the most recent meta-
analysis revealed that APOE4 was a risk factor for PD dementia development regardless of
the population origin [107].

6.3. VEGF

Variability in VEGF expression, induced by specific VEGFA variants, is involved in
angiogenesis-related disorders. At least 30 SNPs in this gene have been described, and some
SNPs can alter VEGF serum levels. Three common SNPs, namely −2578C/A in the pro-
moter region (rs699947), −634C/G in the 5-untranslated region (rs2010963) and +936C/T in
the 3-untranslated region (rs3025039) are related to VEGF protein production [108,109], al-
though no association between VEGF serum level and PD has been established so far [110].
Some VEGF SNPs have been examined as susceptibility factors to AD. Del Bo et al. found
a correlation between AD and −2578A/A and −1198C/T genotypes [111]. Although the
VEGF serum level did not differ between AD patients and controls, increased values were
correlated with VEGF polymorphisms, which had previously been described as associated
with AD. Furthermore, a link between the severity of cognitive impairment and VEGF
level was determined in Alvarez et al. study—the protein values were higher in AD than
in MCI patients and in the controls [112]. The number of wild-type VEGF −2578C alleles
was positively associated with total grey matter volume, total white matter volume and
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total arterial blood volume in young adults [113]. Considering that brain atrophy, thus
smaller brain volume, correlates with cognitive decline in in PD [114], this can suggest a
protective role of the C allele.

In the studies on VEGF genetic polymorphisms in PD patients, rs3025039 was the
only VEGF polymorphism determined to correlate with PD development [110,111,115].
VEGF gene expression interacted with the genetic susceptibility factor for PD dementia.
i.e., APOE4, on global cognition in AD, but not on AD neuropathology suggesting inde-
pendence of the interaction from AD neuropathology [116]. However, no research has
analyzed the impact of VEGF polymorphisms on cognitive performance or dementia in PD.

6.4. RAA System Genes

The neuroprotective effects of ACE inhibitors or AT1R antagonists observed in animal
PD models suggest that abnormalities in the RAA system may promote the PD develop-
ment [117]. Over the past several years, numerous polymorphic loci in genes encoding
various components of the RAA system were defined, e.g., an insertion/deletion poly-
morphism in angiotensin converting enzyme gene (ACE) [118] or SNPs in angiotensin II
receptor type 1 (AGTR1) [119], angiotensin II receptor type 2 (AGTR2) [120] or in an-
giotensinogen (AGT) [121] genes.

The insertion/deletion polymorphism in the angiotensin-converting enzyme gene
(ACE I/D) was the first in the RAA system to be examined as a potential susceptibility
factor in PD [122]. Though no association was found by Mellick et al. in an Australian
population [122], or Pascale et al. in an Italian one [123], a study in a Chinese population
showed an increased frequency of DD genotype in PD compared to the control group [124].
This discrepancy may result from differences in ACE I/D polymorphism frequency among
the respective populations, since the prevalence of the D allele is estimated to be 50–58% in
Caucasians and 35–39% in a Chinese population [124].

On the other hand, in a Swedish study the II homozygotes had a two-fold higher
risk of dementia (including AD and vascular dementia) than the other ACE I/D carri-
ers [125]. However, the polymorphism was not associated with dementia in the follow-up.
Similarly, the CC genotype of AGTR1 rs5186 was associated with dementia only at base-
line [126]. Three other SNPs in AGTR1 (rs2638363, rs1492103, rs2675511) were signs of
worse episodic memory performance in a 4 years’ follow-up and additionally correlated
with a hippocampal atrophy in older adults [127].

Purandure et al. reported a link between ACE I/D polymorphism and WMH in
patients of Caucasian origin with AD or vascular dementia [128]. White matter hyperin-
tensities were more severe in patients carrying the DD than ID (p = 0.01) or II genotype
(p = 0.009) and the correlation remained significant after a correction for cardiovascular
risk factors, thus suggesting other mechanisms contributing to WMH development. It is
worth mentioning that carriers of both APOE4 genotype and ACE I allele were at higher
risk of developing late-onset AD [129].

Other ACE polymorphisms (rs4362), along with the SNP in the angiotensinogen
gene (AGT rs699) and the SNP in angiotensin II receptor type 1 gene (AGTR1 rs5182)
were evaluated in older Australians [130]. A male-only relationship between AGT rs699
and ACE rs4362 polymorphisms and WMH was found, independently of hypertension.
Moreover, the authors reported a synergistic effect of AGT rs699 and AGTR1 rs5182 on
WMH. Although it was established that ACE I/D polymorphism accounts for 47% of the
variation in ACE serum level [131], other genetic polymorphisms, including synonymous
ones, can affect gene expression and protein synthesis. Therefore, they may exert an impact
on WMH and cognitive functions.
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The available literature does not provide a comprehensive assessment of variability in
genes encoding the RAA system components and their associations with BP variability in
the course of PD or cognitive decline in PD (Table 2).

Table 2. Genetic factors influencing vascular functions and cognitive decline in PD.

Gene Name of the Protein Function of the Protein Role in Cognitive Decline References

COMT catechol-O-
methyltransferase

metabolism of catecholamines
and L-dopa, involved in Hcy

synthesis

polymorphism associated with
Hcy overproduction [92]

APOE apolipoprotein E component of several
lipoproteins

APOE4 variant linked to Aβ

accumulation and BBB
disruption

[105]

VEGF vascular endothelial
growth factor

angiogenic activity,
essential in vasculogenesis.

microvascular pathologies,
BBB disruption [23]

MTHFR methylenetetrahydrofolate
reductase Hcy and folate metabolism polymorphism correlated

with HHcy [132]

ACE angiotensin converting
enzyme

catalyzes AII synthesis;
its inhibitors lower BP

Aβ degradation;
polymorphism associated with

WMH
[87,130]

AGT angiotensinogen precursor of all components
within the RAA system

polymorphism associated with
WMH [130]

AGTR1 angiotensin receptor type 1 AII receptor

oxidative stress and
neuroinflammation;

polymorphisms associated
with hippocampal atrophy

[79,127]

AGTR2 angiotensin receptor type 2 AII receptor possible neuroprotection [87]

HMGCR HMG-CoA reductase rate-controlling enzyme in the
cholesterol synthesis pathway

polymorphism decreases
cholesterol production [133]

AII—angiotensin II; Aβ—amyloid-β; BBB—blood–brain barrier; Hcy—homocysteine; HHcy—hyperhomocysteinemia; HMG-CoA—
3-hydroxy-3-methylglutaryl-CoA; RAA—renin-angiotensin-aldosterone; WMH—white matter hyperintensities.

7. Conclusions

There is a growing demand to determine factors predisposing to the development of
PD dementia. The impact of abnormal circadian BP variability observed in PD patients
seems to contribute to WMH, which in turn may be a radiological marker for cognitive
decline. Many of the presented factors, correlating with WMH hyperintensities and/or
cognitive decline in PD, may and should be treated as far as possible (Figure 2). Hyperten-
sion, OH, supine hypertension and the absence of nocturnal BP fall can be diagnosed by
an ambulatory 24-h BP monitoring and then managed by both nonpharmacological and
pharmacological measures. Similarly, the impact of hyperhomocysteinemia—a metabolic
risk factor for dementia in PD—may be possibly alleviated by more frequent blood concen-
tration assessments and folate and/or B12 vitamin supplementation. As for the genetic risk
factors, they may serve as markers of cognitive decline in PD or indicate a future direction
for specific treatment, e.g., AGT1 receptor blockers and inhibitors of the RAA system.
In summary, knowledge on vascular risk factors and their contribution to the cognitive
impairment in PD may result in prophylaxis and better screening methods. However, this
matter needs to be addressed in future studies, including clinical trials.
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Figure 2. Possible measures decreasing the risk of developing WMH, and/or dementia, in Parkinson’s
disease.
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Gołąb-Janowska, M.; et al. The impact of MRI white matter hyperintensities on dementia in Parkinson’s disease in relation to the
homocysteine level and other vascular risk factors. Neurodegener. Dis. 2013, 12, 1–12. [CrossRef] [PubMed]

42. Oh, Y.S.; Kim, J.S.; Yang, D.W.; Koo, J.S.; Kim, Y.I.; Jung, H.O.; Lee, K.S. Nighttime blood pressure and white matter hyperintensities
in patients with Parkinson disease. Chronobiol. Int. 2013, 30, 811–817. [CrossRef] [PubMed]

43. Debette, S.; Markus, H.S. The clinical importance of white matter hyperintensities on brain magnetic resonance imaging:
Systematic review and meta-analysis. BMJ 2010, 341, c3666. [CrossRef]

44. Kandiah, N.; Mak, E.; Ng, A.; Huang, S.; Au, W.L.; Sitoh, Y.Y.; Tan, L.C. Cerebral white matter hyperintensity in Parkinson’s
disease: A major risk factor for mild cognitive impairment. Parkinsonism Relat. Disord. 2013, 19, 680–683. [CrossRef]

45. Sunwoo, M.K.; Jeon, S.; Ham, J.H.; Hong, J.Y.; Lee, J.E.; Lee, J.M.; Sohn, Y.H.; Lee, P.H. The burden of white matter hyperintensities
is a predictor of progressive mild cognitive impairment in patients with Parkinson’s disease. Eur. J. Neurol. 2014, 21, 922-e50.
[CrossRef] [PubMed]

46. Compta, Y.; Buongiorno, M.; Bargalló, N.; Valldeoriola, F.; Muñoz, E.; Tolosa, E.; Ríos, J.; Cámara, A.; Fernández, M.; Martí, M.J.
White matter hyperintensities, cerebrospinal amyloid-β and dementia in Parkinson’s disease. J. Neurol. Sci. 2016, 367, 284–290.
[CrossRef] [PubMed]

47. Oka, H.; Umehara, T.; Nakahara, A.; Matsuno, H. Comparisons of cardiovascular dysautonomia and cognitive impairment
between de novo Parkinson’s disease and de novo dementia with Lewy bodies. BMC Neurol. 2020, 20, 350. [CrossRef]

48. Sforza, M.; Assogna, F.; Rinaldi, D.; Sette, G.; Tagliente, S.; Pontieri, F. Orthostatic hypotension acutely impairs executive functions
in Parkinson’s disease. Neurol. Sci. 2018, 39, 1459–1462. [CrossRef]

49. Centi, J.; Freeman, R.; Gibbons, C.H.; Neargarder, S.; Canova, A.O.; Cronin-Golomb, A. Effects of orthostatic hypotension on
cognition in Parkinson disease. Neurology 2017, 88, 17–24. [CrossRef] [PubMed]

50. Pilleri, M.; Facchini, S.; Gasparoli, E.; Biundo, R.; Bernardi, L.; Marchetti, M.; Formento, P.; Antonini, A. Cognitive and MRI
correlates of orthostatic hypotension in Parkinson’s disease. J. Neurol. 2013, 260, 253–259. [CrossRef]

51. Allcock, L.M.; Kenny, R.A.; Mosimann, U.P.; Tordoff, S.; Wesnes, K.A.; Hildreth, A.J.; Burn, D.J. Orthostatic hypotension in
Parkinson’s disease: Association with cognitive decline? Int. J. Geriatr. Psychiatry 2006, 21, 778–783. [CrossRef]

52. Nicoletti, A.; Luca, A.; Baschi, R.; Cicero, C.E.; Mostile, G.; Davì, M.; La Bianca, G.; Restivo, V.; Zappia, M.; Monastero, R. Vascular
risk factors, white matter lesions and cognitive impairment in Parkinson’s disease: The PACOS longitudinal study. J. Neurol.
2021, 268, 549–558. [CrossRef] [PubMed]

53. Huang, X.; Wen, M.C.; Ng, S.Y.; Hartono, S.; Chia, N.S.; Choi, X.; Tay, K.Y.; Au, W.L.; Chan, L.L.; Tan, E.K.; et al. Periventricular
white matter hyperintensity burden and cognitive impairment in early Parkinson’s disease. Eur. J. Neurol. 2020, 27, 959–966.
[CrossRef]

54. Ramirez, J.; Dilliott, A.A.; Binns, M.A.; Breen, D.P.; Evans, E.C.; Beaton, D.; McLaughlin, P.M.; Kwan, D.; Holmes, M.F.; Ozzoude,
M.; et al. Parkinson’s Disease, NOTCH3 Genetic Variants, and White Matter Hyperintensities. Mov. Disord. 2020, 35, 2090–2095.
[CrossRef] [PubMed]

55. Dadar, M.; Gee, M.; Shuaib, A.; Duchesne, S.; Camicioli, R. Cognitive and motor correlates of grey and white matter pathology in
Parkinson’s disease. Neuroimage Clin. 2020, 27, 102353. [CrossRef]

56. Linortner, P.; McDaniel, C.; Shahid, M.; Levine, T.F.; Tian, L.; Cholerton, B.; Poston, K.L. White Matter Hyperintensities Related to
Parkinson’s Disease Executive Function. Mov. Disord. Clin. Pract. 2020, 7, 629–638. [CrossRef] [PubMed]

57. Lee, Y.H.; Lee, W.J.; Chung, S.J.; Yoo, H.S.; Jung, J.H.; Baik, K.; Sohn, Y.H.; Seong, J.K.; Lee, P.H. Microstructural Connectivity is
More Related to Cognition than Conventional MRI in Parkinson’s Disease. J. Parkinsons Dis. 2020. [CrossRef]

58. Chahine, L.M.; Dos Santos, C.; Fullard, M.; Scordia, C.; Weintraub, D.; Erus, G.; Rosenthal, L.; Davatzikos, C.; McMillan, C.T.
Modifiable vascular risk factors, white matter disease and cognition in early Parkinson’s disease. Eur. J. Neurol. 2019, 26, 246-e18.
[CrossRef] [PubMed]

59. Hanning, U.; Teuber, A.; Lang, E.; Trenkwalder, C.; Mollenhauer, B.; Minnerup, H. White matter hyperintensities are not
associated with cognitive decline in early Parkinson’s disease—The DeNoPa cohort. Parkinsonism Relat. Disord. 2019, 69, 61–67.
[CrossRef]

172



Molecules 2021, 26, 1523

60. Pozorski, V.; Oh, J.M.; Okonkwo, O.; Krislov, S.; Barzgari, A.; Theisen, F.; Sojkova, J.; Bendlin, B.B.; Johnson, S.C.; Gallagher, C.L.
Cross-sectional and longitudinal associations between total and regional white matter hyperintensity volume and cognitive and
motor function in Parkinson’s disease. Neuroimage Clin. 2019, 23, 101870. [CrossRef] [PubMed]

61. Stojkovic, T.; Stefanova, E.; Soldatovic, I.; Markovic, V.; Stankovic, I.; Petrovic, I.; Agosta, F.; Galantucci, S.; Filippi, M.; Kostic, V.
Exploring the relationship between motor impairment, vascular burden and cognition in Parkinson’s disease. J. Neurol. 2018, 265,
1320–1327. [CrossRef] [PubMed]

62. Dadar, M.; Zeighami, Y.; Yau, Y.; Fereshtehnejad, S.M.; Maranzano, J.; Postuma, R.B.; Dagher, A.; Collins, D.L. White matter
hyperintensities are linked to future cognitive decline in de novo Parkinson’s disease patients. Neuroimage Clin. 2018, 20, 892–900.
[CrossRef] [PubMed]

63. Ham, J.H.; Lee, J.J.; Sunwoo, M.K.; Hong, J.Y.; Sohn, Y.H.; Lee, P.H. Effect of olfactory impairment and white matter hyperintensi-
ties on cognition in Parkinson’s disease. Parkinsonism Relat. Disord. 2016, 24, 95–99. [CrossRef] [PubMed]

64. Mak, E.; Dwyer, M.G.; Ramasamy, D.P.; Au, W.L.; Tan, L.C.; Zivadinov, R.; Kandiah, N. White Matter Hyperintensities and Mild
Cognitive Impairment in Parkinson’s Disease. J. Neuroimaging 2015, 25, 754–760. [CrossRef]

65. Shin, J.; Choi, S.; Lee, J.E.; Lee, H.S.; Sohn, Y.H.; Lee, P.H. Subcortical white matter hyperintensities within the cholinergic
pathways of Parkinson’s disease patients according to cognitive status. J. Neurol. Neurosurg. Psychiatry 2012, 83, 315–321.
[CrossRef] [PubMed]

66. Lee, S.J.; Kim, J.S.; Yoo, J.Y.; Song, I.U.; Kim, B.S.; Jung, S.L.; Yang, D.W.; Kim, Y.I.; Jeong, D.S.; Lee, K.S. Influence of white matter
hyperintensities on the cognition of patients with Parkinson disease. Alzheimer Dis. Assoc. Disord. 2010, 24, 227–233. [CrossRef]

67. Dalaker, T.O.; Larsen, J.P.; Dwyer, M.G.; Aarsland, D.; Beyer, M.K.; Alves, G.; Bronnick, K.; Tysnes, O.B.; Zivadinov, R. White
matter hyperintensities do not impact cognitive function in patients with newly diagnosed Parkinson’s disease. Neuroimage 2009,
47, 2083–2089. [CrossRef] [PubMed]

68. Beyer, M.K.; Aarsland, D.; Greve, O.J.; Larsen, J.P. Visual rating of white matter hyperintensities in Parkinson’s disease. Mov.
Disord. 2006, 21, 223–229. [CrossRef]

69. Dadar, M.; Fereshtehnejad, S.M.; Zeighami, Y.; Dagher, A.; Postuma, R.B.; Collins, D.L. White Matter Hyperintensities Mediate
Impact of Dysautonomia on Cognition in Parkinson’s Disease. Mov. Disord. Clin. Pract. 2020, 7, 639–647. [CrossRef]

70. Doiron, M.; Langlois, M.; Dupré, N.; Simard, M. The influence of vascular risk factors on cognitive function in early Parkinson’s
disease. Int. J. Geriatr. Psychiatry 2018, 33, 288–297. [CrossRef]

71. Hu, G.; Jousilahti, P.; Bidel, S.; Antikainen, R.; Tuomilehto, J. Type 2 diabetes and the risk of Parkinson’s disease. Diabetes Care
2007, 30, 842–847. [CrossRef] [PubMed]

72. Simon, K.C.; Chen, H.; Schwarzschild, M.; Ascherio, A. Hypertension, hypercholesterolemia, diabetes, and risk of Parkinson
disease. Neurology 2007, 69, 1688–1695. [CrossRef]

73. Cereda, E.; Barichella, M.; Pedrolli, C.; Klersy, C.; Cassani, E.; Caccialanza, R.; Pezzoli, G. Diabetes and risk of Parkinson’s disease:
A systematic review and meta-analysis. Diabetes Care 2011, 34, 2614–2623. [CrossRef]

74. Xu, Y.; Yang, J.; Shang, H. Meta-analysis of risk factors for Parkinson’s disease dementia. Transl. Neurodegener. 2016, 5, 11.
[CrossRef] [PubMed]

75. Sławek, J.; Białecka, M. Homocysteine and Dementia. In Diet and Nutrition in Dementia and Cognitive Decline; Martin, C.R., Preedy,
V.R., Eds.; Academic Press: Cambridge, MA, USA, 2015; Chapter 57; pp. 611–621. [CrossRef]

76. Nyholm, D. Duodopa® treatment for advanced Parkinson’s disease: A review of efficacy and safety. Parkinsonism Relat. Disord.
2012, 18, 916–929. [CrossRef] [PubMed]

77. Klostermann, F.; Jugel, C.; Müller, T.; Marzinzik, F. Malnutritional neuropathy under intestinal levodopa infusion. J. Neural.
Transm. 2012, 119, 369–372. [CrossRef] [PubMed]

78. Xie, Y.; Feng, H.; Peng, S.; Xiao, J.; Zhang, J. Association of plasma homocysteine, vitamin B12 and folate levels with cognitive
function in Parkinson’s disease: A meta-analysis. Neurosci. Lett. 2017, 636, 190–195. [CrossRef]

79. Labandeira-Garcia, J.L.; Rodriguez-Pallares, J.; Dominguez-Meijide, A.; Valenzuela, R.; Villar-Cheda, B.; Rodríguez-Perez, A.I.
Dopamine-Angiotensin interactions in the basal ganglia and their relevance for Parkinson’s disease. Mov. Disord. 2013, 28,
1337–1342. [CrossRef] [PubMed]

80. Milsted, A.; Barna, B.P.; Ransohoff, R.M.; Brosnihan, K.B.; Ferrario, C.M. Astrocyte cultures derived from human brain tissue
express angiotensinogen mRNA. Proc. Natl. Acad. Sci. USA 1990, 87, 5720–5723. [CrossRef] [PubMed]

81. Labandeira-García, J.L.; Garrido-Gil, P.; Rodriguez-Pallares, J.; Valenzuela, R.; Borrajo, A.; Rodríguez-Perez, A.I. Brain renin-
angiotensin system and dopaminergic cell vulnerability. Front. Neuroanat. 2014, 8, 67. [CrossRef]

82. Villar-Cheda, B.; Valenzuela, R.; Rodriguez-Perez, A.I.; Guerra, M.J.; Labandeira-Garcia, J.L. Aging-related changes in the nigral
angiotensin system enhances proinflammatory and pro-oxidative markers and 6-OHDA-induced dopaminergic degeneration.
Neurobiol. Aging 2012, 33, 204.e1–204.e11. [CrossRef]

83. Janelidze, S.; Hertze, J.; Nägga, K.; Nilsson, K.; Nilsson, C.; Swedish BioFINDER Study Group; Wennström, M.; van Westen, D.;
Blennow, K.; Zetterberg, H.; et al. Increased blood-brain barrier permeability is associated with dementia and diabetes but not
amyloid pathology or APOE genotype. Neurobiol. Aging 2017, 51, 104–112. [CrossRef]

84. Faucheux, B.A.; Bonnet, A.M.; Agid, Y.; Hirsch, E.C. Blood vessels change in the mesencephalon of patients with Parkinson’s
disease. Lancet 1999, 353, 981–982. [CrossRef]

173



Molecules 2021, 26, 1523

85. Yasuhara, T.; Shingo, T.; Muraoka, K.; wen Ji, Y.; Kameda, M.; Takeuchi, A.; Yano, A.; Nishio, S.; Matsui, T.; Miyoshi, Y.; et al. The
differences between high and low-dose administration of VEGF to dopaminergic neurons of in vitro and in vivo Parkinson’s
disease model. Brain Res. 2005, 1038, 1–10. [CrossRef]

86. Muñoz, A.; Garrido-Gil, P.; Dominguez-Meijide, A.; Labandeira-Garcia, J.L. Angiotensin type 1 receptor blockage reduces
l-dopa-induced dyskinesia in the 6-OHDA model of Parkinson’s disease. Involvement of vascular endothelial growth factor and
interleukin-1β. Exp. Neurol. 2014, 261, 720–732. [CrossRef] [PubMed]

87. Van Dalen, J.W.; Marcum, Z.A.; Gray, S.L.; Barthold, D.; Moll van Charante, E.P.; van Gool, W.A.; Crane, P.K.; Larson, E.B.; Richard,
E. Association of Angiotensin II-Stimulating Antihypertensive Use and Dementia Risk: Post Hoc Analysis of the PreDIVA Trial.
Neurology 2021, 96, e67–e80. [CrossRef]

88. Kehoe, P.G. The Coming of Age of the Angiotensin Hypothesis in Alzheimer’s Disease: Progress Toward Disease Prevention and
Treatment? J. Alzheimers Dis. 2018, 62, 1443–1466. [CrossRef]

89. Lim, E.W.; Aarsland, D.; Ffytche, D.; Taddei, R.N.; van Wamelen, D.J.; Wan, Y.M.; Tan, E.K.; Ray Chaudhuri, K.; Kings Parcog
groupMDS Nonmotor Study Group. Amyloid-β and Parkinson’s disease. J. Neurol. 2019, 266, 2605–2619. [CrossRef] [PubMed]

90. Zhuang, S.; Wang, H.F.; Wang, X.; Li, J.; Xing, C.M. The association of renin-angiotensin system blockade use with the risks of
cognitive impairment of aging and Alzheimer’s disease: A meta-analysis. J. Clin. Neurosci. 2016, 33, 32–38. [CrossRef] [PubMed]

91. Chen, J.; Lipska, B.K.; Halim, N.; Ma, Q.D.; Matsumoto, M.; Melhem, S.; Kolachana, B.S.; Hyde, T.M.; Herman, M.M.; Apud, J.;
et al. Functional analysis of genetic variation in catechol-O-methyltransferase (COMT): Effects on mRNA, protein, and enzyme
activity in postmortem human brain. Am. J. Hum. Genet. 2004, 75, 807–821. [CrossRef] [PubMed]

92. Tunbridge, E.M.; Harrison, P.J.; Warden, D.R.; Johnston, C.; Refsum, H.; Smith, A.D. Polymorphisms in the catechol-O-
methyltransferase (COMT) gene influence plasma total homocysteine levels. Am. J. Med. Genet. B Neuropsychiatr. Genet.
2008, 147B, 996–999. [CrossRef]

93. Lamberti, P.; Zoccolella, S.; Iliceto, G.; Armenise, E.; Fraddosio, A.; de Mari, M.; Livrea, P. Effects of levodopa and COMT
inhibitors on plasma homocysteine in Parkinson’s disease patients. Mov. Disord. 2005, 20, 69–72. [CrossRef]

94. Huertas, I.; Jesús, S.; García-Gómez, F.J.; Lojo, J.A.; Bernal-Bernal, I.; Bonilla-Toribio, M.; Martín-Rodriguez, J.F.; García-Solís, D.;
Gómez-Garre, P.; Mir, P. Genetic factors influencing frontostriatal dysfunction and the development of dementia in Parkinson’s
disease. PLoS ONE 2017, 12, e0175560. [CrossRef]

95. Bäckström, D.; Eriksson Domellöf, M.; Granåsen, G.; Linder, J.; Mayans, S.; Elgh, E.; Zetterberg, H.; Blennow, K.; Forsgren, L.
Polymorphisms in dopamine-associated genes and cognitive decline in Parkinson’s disease. Acta Neurol. Scand. 2018, 137, 91–98.
[CrossRef]

96. Williams-Gray, C.H.; Evans, J.R.; Goris, A.; Foltynie, T.; Ban, M.; Robbins, T.W.; Brayne, C.; Kolachana, B.S.; Weinberger, D.R.;
Sawcer, S.J.; et al. The distinct cognitive syndromes of Parkinson’s disease: 5 year follow-up of the CamPaIGN cohort. Brain 2009,
132, 2958–2969. [CrossRef]

97. Białecka, M.; Kurzawski, M.; Roszmann, A.; Robowski, P.; Sitek, E.J.; Honczarenko, K.; Gorzkowska, A.; Budrewicz, S.; Mak,
M.; Jarosz, M.; et al. Association of COMT, MTHFR, and SLC19A1(RFC-1) polymorphisms with homocysteine blood levels and
cognitive impairment in Parkinson’s disease. Pharmacogenet. Genom. 2012, 22, 716–724. [CrossRef]

98. Mata, I.F.; Leverenz, J.B.; Weintraub, D.; Trojanowski, J.Q.; Hurtig, H.I.; Van Deerlin, V.M.; Ritz, B.; Rausch, R.; Rhodes, S.L.;
Factor, S.A.; et al. APOE, MAPT, and SNCA genes and cognitive performance in Parkinson disease. JAMA Neurol. 2014, 71,
1405–1412. [CrossRef]

99. Zlokovic, B.V. Cerebrovascular effects of apolipoprotein E: Implications for Alzheimer disease. JAMA Neurol. 2013, 70, 440–444.
[CrossRef] [PubMed]

100. Huang, X.; Chen, P.C.; Poole, C. APOE-[epsilon]2 allele associated with higher prevalence of sporadic Parkinson disease.
Neurology 2004, 62, 2198–2202. [CrossRef] [PubMed]

101. Williams-Gray, C.H.; Goris, A.; Saiki, M.; Foltynie, T.; Compston, D.A.; Sawcer, S.J.; Barker, R.A. Apolipoprotein E genotype as a
risk factor for susceptibility to and dementia in Parkinson’s disease. J. Neurol. 2009, 256, 493–498. [CrossRef] [PubMed]

102. Li, Y.J.; Hauser, M.A.; Scott, W.K.; Martin, E.R.; Booze, M.W.; Qin, X.J.; Walter, J.W.; Nance, M.A.; Hubble, J.P.; Koller, W.C.; et al.
Apolipoprotein E controls the risk and age at onset of Parkinson disease. Neurology 2004, 62, 2005–2009. [CrossRef]

103. Pankratz, N.; Byder, L.; Halter, C.; Rudolph, A.; Shults, C.W.; Conneally, P.M.; Foroud, T.; Nichols, W.C. Presence of an APOE4
allele results in significantly earlier onset of Parkinson’s disease and a higher risk with dementia. Mov. Disord. 2006, 21, 45–49.
[CrossRef]

104. Alata, W.; Ye, Y.; St-Amour, I.; Vandal, M.; Calon, F. Human apolipoprotein E ε4 expression impairs cerebral vascularization and
blood-brain barrier function in mice. J. Cereb. Blood Flow Metab. 2015, 35, 86–94. [CrossRef] [PubMed]

105. Bell, R.D.; Winkler, E.A.; Singh, I.; Sagare, A.P.; Deane, R.; Wu, Z.; Holtzman, D.M.; Betsholtz, C.; Armulik, A.; Sallstrom, J.; et al.
Apolipoprotein E controls cerebrovascular integrity via cyclophilin A. Nature 2012, 485, 512–516. [CrossRef] [PubMed]
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