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690022 Vladivostok, Russia; daminin@piboc.dvo.ru

The intention of this Special Issue is to focus on new aspects of drug discovery, includ-
ing the search for new molecular targets of various diseases, the creation of new modern
methods for diagnosing diseases, the development of new test systems and kits for assess-
ing the selectivity and effectiveness of new drugs, the study of the molecular mechanisms
of biologically active compounds, the formulation of new drugs, pharmacokinetic and
pharmacodynamic studies and preclinical trials of important molecules.

Most of the articles in this Special Issue are devoted to the creation of new compounds
with an antitumor activity and for anticancer therapy and cancer diagnostics. Thus, new
platinum (II) cationic five-coordinate complexes and their physicochemical properties
were described. Their biological activity was investigated against two pairs of cancer
and non-cancer cell lines. The tested drugs were internalized in cancer cells and were
able to activate the apoptotic pathway [1]. The regio- and diastereoselective synthesis
of novel pyrrolidine-fused spiro-dihydrophosphacoumarins were presented in [2]. This
new approach in the synethesis of spiro-dihydrophosphacoumarins is complementary to
existing approaches and provides an easy entry to the otherwise inaccessible derivatives,
some of which have significantly greater cytotoxic activity against the HuTu 80 cell line
than the reference 5-fluorouracil.

Two articles consider the creation of phototoxic compounds and methods of photo-
dynamic cancer therapy. Mikra et al. [3] synthesized a set of arylazo sulfones, known
to undergo N–S bond cleavage upon exposure to light, and investigated their activity
in the dark and upon the irradiation of DNA. It turned out that exposure to UV light
leads to structural rearrangements in some arylazo sulfones, increasing their cytotoxic
activity against several cell lines. Thus, the temporal and spatial manipulation of light
may enable these new scaffolds to be useful for the creation of phototoxic pharmaceuticals.
One study [4] is devoted to the development of a method of minimally invasive focal
therapy to reduce the number of prostate tumor cells while maintaining delicate structures
in the treatment of prostate cancer. Prostate tissue samples were treated with oxygenated
solutions of Rose Bengal or protoporphyrin IX disodium salt and illuminated with visible
light. They were then analyzed for changes in morphology using microscopy and assessed
for measurements detected using MRI. The parameters recorded indicated a pronounced
antitumor effect of the drugs after photodynamic exposure.

In the investigation by Samir et al. [5], the expressions of a number of molecular
markers characteristic of tumor-associated macrophages (TAMs) were localized. Immuno-
histochemical and morphometric analyses of tissue samples from patients with lung adeno-
carcinoma revealed that higher numbers of a basic leucine zipper transcription factor of
macrophage (MAFB+) cells were significantly correlated with increased metastasis, a high
recurrence rate, increased lymphatic permeability, higher vascular invasion, and pleural
infiltration. It turned out that an increase in the number of MAFB+ cells is accompanied by
the poor survival of tobacco-dependent patients, and MAFB can be considered a marker
for TAMs and a prognostic biomarker for smokers with lung cancer. Using big data mining
and deep learning methods, Yeh et al [6] studied the pathogenesis of two subtypes of
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diffuse large B-cell lymphoma. Applying a modern approach, the authors were able to
compare the main signaling pathways and pathogenic mechanisms, making possible to
identify pathogenic biomarkers as drug targets for two tumor subtypes. Through the use
of a deep-neural-network-based drug-target interaction model that was trained in advance,
assessments of the drug regulation ability and drug toxicity were carried out. As a result,
the two drug combinations were proposed to alleviate two subtypes of B-cell lymphoma,
respectively.

One publication examined the radioprotection activity of two lipid-lowering drugs,
Pravastatin and Metformin, that are used to treat type 2 diabetes mellitus [7]. It was found
that the combined administration of these two drugs had a therapeutic effect on acute
radiation-induced intestinal injury in mouse and mini-pig models and markedly increased
animal survival in a radiation-induced intestinal injury model. The effect was accompanied
by a significant reduction in radiation-induced biochemical damages.

Several articles concern the study of the anti-inflammatory activities and neuropro-
tective properties of chemical compounds and their antimicrobial potential and ability to
inhibit key enzymes. Three novel regioisomeric analogues of naphthyl-N-acylhydrazone
derivatives were studied with respect to their anti-inflammatory activity in in vitro and
in vivo models of inflammation. The compounds did not have toxic properties. At the
same time, they significantly reduced the migration of leukocytes associated with inflam-
mation and the production of nitric oxide and interleukin-1β; however, they did not affect
the activity of inducible nitric oxide synthase and did not demonstrate an NO scavenger
effect. The data show that these substances have promising effects for the development
of new drug prototypes [8]. The neuroprotective properties of a series of recombinant sea
anemone peptides were studied in [9]. It was established that two selected peptides inhibit
the formation of ROS and NO in Neuro-2a neuroblastoma cells induced by paraquat and
rotenone to mimic Parkinson disease in vitro. Spectrofluorometry, fluorescence imaging
and SPR analysis have shown that the peptide protective mechanism is mediated by the
inhibition of the P2X7 receptor’s functionality.

Using combined computer simulation methods, the antimicrobial properties of ben-
zoic acid derivatives, sigmacidins, which inhibit the interaction of the bacterial RNA
polymerase-σ factor and demonstrate pronounced antimicrobial activity against Strepto-
cocci, were studied. The use of the QSAR, docking and molecular dynamics methods made
it possible to predict means of further optimizing the chemical structure of sigmacidins in
order to enhance their antimicrobial properties and create new drugs against pathogenic
Streptococcus pneumoniae [10].

Acetylcholinesterase inhibitors are widely used in medical practice. One review [11]
collected information on natural inhibitors, the sources of their production, and the relation-
ship of their chemical structures with therapeutic effects and described various methods
for determining their biological activity. The review emphasized that further studies of the
mechanisms of action and structure–activity correlations are needed to discuss the use of
new cholinesterase inhibitors for the treatment of certain diseases.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: This article aims to provide an updated description and comparison of the data currently
available in the literature (from the last 15 years) on the studied natural inhibitors of cholinesterases
(IChEs), namely, acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE). These data also
apply to the likely impact of the structures of the compounds on the therapeutic effects of available
and potential cholinesterase inhibitors. IChEs are hitherto known compounds with various structures,
activities and origins. Additionally, multiple different methods of analysis are used to determine the
cholinesterase inhibitor potency. This summary indicates that natural sources are still suitable for
the discovery of new compounds with prominent pharmacological activity. It also emphasizes that
further studies are needed regarding the mechanisms of action or the structure–activity correlation to
discuss the issue of cholinesterase inhibitors and their medical application.

Keywords: natural products; acetylcholinesterase inhibitors; butyrylcholinesterase inhibitors;
Alzheimer’s disease; central nervous system

1. Introduction

Cholinesterase inhibitors are chemical compounds that impair the activity of cholinesterases:
AChE and BuChE. They reduce the hydrolysis of the neurotransmitters acetylcholine (ACh)
(acetylcholinesterase inhibitors) and butyrylcholine (butyrylcholinesterase inhibitors), thereby in-
creasing their levels in the body (brain, blood and nerve tissue). Naturally occurring cholinesterase
inhibitors affect esterases in a reversible manner [1].

IChE drugs currently used in medicine are synthetically derived. The majority of them
originate from natural substances. One of them, tacrine, was approved for treatment, and it
has been used similarly to donepezil, galanthamine (1) and rivastigmine. Unfortunately, the
first of them causes hepatotoxicity, while the others have side effects including insomnia,
diarrhea, nausea and vomiting [2].

IChEs (BuChE and AChE) also show therapeutic activity when applied in treatments
for myasthenia gravis, myopathies, disorders associated with peripheral nerve damage,
impaired conduction of nervous stimuli, and diseases associated with dementia, such as
vascular dementia and Alzheimer’s and Parkinson’s diseases [3–5].

The mechanisms causing Alzheimer’s disease (AD) are not entirely understood. In
patients with AD, marked decreases in neurotransmitter levels in the cells are observed. In
particular, the concentration of acetylcholine is reduced, together with dopamine, glutamate,
serotonin and norepinephrine [6].

Currently, due to the limited knowledge of effective methods of treating the causes of
these disorders, therapies, as before, are mainly based on symptomatic treatments (except
for Aduhelm® Aducanumab, which underwent accelerated FDA (U.S. Food and Drug
Administration) approval [7]). Studies indicate that an increase in the level of cholinergic
transmission in patients with AD (increase in ACh) mitigates disease progression. It also
has a beneficial effect on cognitive functions and improves the patient’s mood, despite the
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reduction in cholinergic neurons in the brain [1,5,6]. This can be accomplished by inhibiting
the hydrolytic enzyme that decomposes acetylcholine (AChE) after its release from neurons
to the synaptic area. There are some studies that suggest that maintaining acetylcholine
prevents the formation of senile plaques through its indirect impact on the activation of
α-secretase. This is a result of the activation of protein kinase C upon stimulation by the
ACh receptor muscarinic M1 [5].

AChE and BuChE can be distinguished in the central nervous system [8]. Both
cholinesterases influence the distribution of ACh.

With the level of advancement of AD, the increased function of BuChE with a decrease
in AChE was observed [9]. There are reports suggesting that AChE impacts the progression of
dementia diseases by increasing the expression of Aβ amyloid precursor, neuronal apoptosis
and the aggregation of AChE-Aβ amyloid, which is more toxic than the protein itself [1].

For the mitigation of symptoms such as a decline in cognition, listlessness and mood
swings, inhibitors of BuChE may be helpful due to the presence of the enzyme observed
in the structures responsible for these functions in the brain (thalamic nucleus and glia).
BuChE was also present in pathological structures: senile plaques and neurofibrillary
tangles in patients with AD [3,8]. During tests in normal mice, these stimulants showed an
increasing tendency of ACh release in the brain. These functions are controlled by the areas
of the forebrain. This can lead to the conclusion that decreasing the number of cholinergic
neurons in this area can cause a disturbance in attention [10].

Potentially, it can be assumed that drugs that demonstrate the inhibition of both AChE
and BuChE are preferable. It is difficult to say which substances prove to be more efficient.
Certainly, we know that irreversible AChE inhibitors can cause serious toxicity and may
even lead to death; hence, only reversible inhibitors are of therapeutic use [3,5].

There are also opinions in publications suggesting that compounds selectively inhibit-
ing BuChE will be more effective than selective AChE inhibitors. These findings are based
on the published results of work relating to the activity of huperzine A and the analysis of
the effects of inhibitors presently used in medicine [11]. Galanthamine (1) and donepezil
are reversible inhibitors of both cholinesterases (transient bonding), while rivastigmine
is pseudo-irreversible (covalent bonding with the enzyme). Hence, a greater focus on
selective inhibitors of BuChE is suggested [12].

The purpose of this review is to provide updated information (from the last 15 years)
on cholinesterase inhibitors present in plant materials, discuss their structure–activity
correlation and describe methods that can be used for their analysis. We hope that such a
comprehensive review will serve as a guide for scientists willing to find potentially novel
molecules for neurodegenerative disorders, such as AD.

2. Chemistry–Structure Activity

Cholinesterase inhibitors belong to different groups of compounds. It may be noted
here that compounds that have shown activity generally are in similar classes and included
in the same group of compounds or even the same type in the group.

Compounds of natural origin showing an inhibitory effect on cholinesterase (ChE) can
be considered in terms of the potency of their activity, their selectivity for each cholinesterase
or their method of binding to the enzyme (reversible, pseudo-irreversible or irreversible
inhibitors) [13].

The ability to inhibit cholinesterases is observed in various groups, including alkaloids,
anthranoids, bibenzyls, coumarins, chromones, diarylheptanoids, fatty acids, flavonoids, lig-
nans, phenanthrenes, phenylpropanoids, phthalates, phenolic acids, phlorotannins, polyphe-
nols, polyketides, steroids (sterols), terpenes (diterpenes, triterpenoids, lanostane triterpenes
and sesquiterpenes (sesquiterpene lactones)), stilbenoids, triflavanones and xanthonoids.

The majority of hitherto known, applied and potent IChEs (e.g., galanthamine (1),
rivastigmine and tacrine) are derived from the group of alkaloids. Additionally, flavonoids
and coumarins (IBuChE) have become increasingly important as appropriate inhibitors,
because they show strong inhibition of ChE and fewer side effects.
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Therefore, the focus is on describing the correlation between the activity and structure
of selected groups of compounds for which the results of AChE or BuChE inhibition were
the most promising (Table 1) [13]. There are reports that suggest a correlation of the activity
of a compound on AChE and BuChE with certain components of its structure.

2.1. Alkaloids

These metabolites are characterized by the presence of nitrogen in a negative oxidation
state (proton acceptor), in most cases positioned in a heterocycle. This may affect the active
site of cholinesterase [13,14].

Because of its use in therapeutics, galanthamine (1) may be considered the most
important alkaloid inhibiting cholinesterases. It is applied in AD treatment or other
neurological disorders. Amaryllidaceae plants are natural sources of galanthamine (1).
Some species of Narcissus, Leucojum and Ungernia genera are particularly rich in this
alkaloid. It can also be obtained synthetically. There were also attempts to obtain it through
biosynthesis [15].

Galanthamine (1) has a strong inhibitory effect on both AChE and BuChE; however,
it is more selective toward AChE. It reveals competitive inhibition; additionally, it has a
modulating impact on the nicotinic acetylcholine receptor. Thanks to this effect, it also
supports neuromuscular conduction [15–17]. There are many publications describing the
inhibition of cholinesterase by galanthamine (1). Thus, it is often treated as a reference
substance (Table 1). On the basis of research on the interaction between galanthamine (1)
and AChE from Torpedo californica, it was found to bind in the active center of the enzyme.
The interaction between the double bond present in the galanthamine (1) cyclohexene ring
and Trp84 enzyme was observed [18].

Monoterpenoid indole alkaloids from Nauclea officinalis exhibit inhibitory activity
against BuChE. The inhibitory impact of some of them (Table 1, Figure 1) is greater than
that of galanthamine (1) [19]. Liew et al. (2015) [19], after performing molecular docking,
speculate that the high value of cholinesterase inhibition exhibited by angustidine (2)
is due to the hydrogen bonding (atom C-19 participates in the hydrogen bond) of the
inhibitor with amino acids of the enzyme (Ser 198 and His 438) (Figure 1). On the basis
of the structure–activity relationship (SAR), McNulty et al. (2010) [18] indicated that the
inhibitory effect of lycorine-type alkaloids on AChE is due to an increase in the involvement
of the lipophilic substituent in C-1 and C-2 acting as hydroxyl in galanthamine (1) (general
structure of lycorine-type alkaloids (3)) (Figure 1).
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Figure 1. Chemical structures of galanthamine (1) and angustidine (2) and general structure of
lycorine-type alkaloids (3).

According to Berkov et al. (2008), the alkaloids N-allyl-nor-galanthamine (4) and
N-(14-methylallyl)-nor-galanthamine (5) isolated from the leaves of Leucojum aestivum L.
demonstrated more potent inhibition of AChE than galanthamine (1) (Table 1). It appears
that the inhibitory activity of both compounds is due to the substitution of the N-methyl
derivative (allyl or 14-methylallyl group). The compounds are characterized by the presence
of a methoxyl substituent at C-9, and the nitrogen atom also has a substituent alkyl group
(Figure 2), which may indicate its greater lipophilicity compared to galanthamine (1) [20].
Among the alkaloids belonging to the Amaryllidaceae family (Table 1), sanguinine (6)
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isolated from Galanthus woronowii or Hieronymiella marginata [21,22] is the most potent.
It is also substituted at the N atom but with a methyl group; however, this is the same
moiety as in the case of galantamine. The stronger activity of sanguinine (6) compared to
galanthamine (1), N-allyl-nor-galanthamine (4) and N-(14-methylallyl)-nor-galanthamine
(5) may be explained by the presence of a hydroxyl group at the C-9 carbon and is not
due to a methoxy group as in their case. The stronger the directing effect of the hydroxyl
substituent (compared to the methoxy group), the stronger the activation of the aromatic
ring in the electrophilic substitution reaction (Figure 2).

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 4 of 52 
 

 

group (Figure 2), which may indicate its greater lipophilicity compared to galanthamine 
(1) [20]. Among the alkaloids belonging to the Amaryllidaceae family (Table 1), sangui-
nine (6) isolated from Galanthus woronowii or Hieronymiella marginata [21,22] is the most 
potent. It is also substituted at the N atom but with a methyl group; however, this is the 
same moiety as in the case of galantamine. The stronger activity of sanguinine (6) com-
pared to galanthamine (1), N-allyl-nor-galanthamine (4) and N-(14-methylallyl)-nor-galan-
thamine (5) may be explained by the presence of a hydroxyl group at the C-9 carbon and 
is not due to a methoxy group as in their case. The stronger the directing effect of the 
hydroxyl substituent (compared to the methoxy group), the stronger the activation of the 
aromatic ring in the electrophilic substitution reaction (Figure 2). 

 
Figure 2. Chemical structures of N-allyl-nor-galanthamine (4), N-(14-methylallyl)-nor-galanthamine 
(5) and sanguinine (6). 

The structures of isoquinoline alkaloids of the protoberberine type (Table 1) are sim-
ilar to the structure of acetylcholine, containing an anionic site—acetoxy—and simultane-
ously a cationic site (amine). As in the case of acetylcholine, this structure may enable the 
bonding of the acetoxy group to the serine hydroxyl group at the site of hydrolysis of the 
substrate located in the esteratic site of AChE. The cationic site may be an isoquinoline 
nitrogen atom [1]. Protoberberine-type alkaloids (e.g., berberine (7), dihydroberberine (8) 
and coptisine (9)) such as Amaryllidaceae alkaloids are characterized by the presence of 
substituent methoxy and hydroxy groups or methylenedioxy groups, but in different po-
sitions (at C-2, C-3 and C-9, C-10), as well as a positively charged nitrogen atom [23]. 

As noted by Song et al. (2021), the presence of a conjugated aromatic system in the B 
ring is responsible for the strong inhibitory activity (e.g., berberine (7), coptisine (9), 
epiberberine, jatrorrhizine and palmatine (Table 1)). The hydrogenation of this ring de-
creases the inhibitory activity of the alkaloid (e.g., dihydroberberine (8)), while the cy-
clization leading to the methylenedioxy group has no impact on this activity (e.g., coptis-
ine (9)) [23] (Figure 3). 

 
Figure 3. Chemical structures of berberine (7), dihydroberberine (8) and coptisine (9). 

In the case of alkaloids extracted from Lycopodium casuarinoides (lycoparins A (10), B 
(11) and C (12)), the structure is also important in the inhibitory activity. Only lycoparin 
C (12) showed such an ability (Table 1), whereas lycoparins A (10) and B (11) have poor 
activity (IC50 > 200 µM) as a consequence of the occurrence of carboxylic acid at the C-15 
and methyl substituents attached to N (Figure 4) [24]. 

Figure 2. Chemical structures of N-allyl-nor-galanthamine (4), N-(14-methylallyl)-nor-galanthamine (5)
and sanguinine (6).

The structures of isoquinoline alkaloids of the protoberberine type (Table 1) are similar
to the structure of acetylcholine, containing an anionic site—acetoxy—and simultaneously
a cationic site (amine). As in the case of acetylcholine, this structure may enable the
bonding of the acetoxy group to the serine hydroxyl group at the site of hydrolysis of the
substrate located in the esteratic site of AChE. The cationic site may be an isoquinoline
nitrogen atom [1]. Protoberberine-type alkaloids (e.g., berberine (7), dihydroberberine (8)
and coptisine (9)) such as Amaryllidaceae alkaloids are characterized by the presence
of substituent methoxy and hydroxy groups or methylenedioxy groups, but in different
positions (at C-2, C-3 and C-9, C-10), as well as a positively charged nitrogen atom [23].

As noted by Song et al. (2021), the presence of a conjugated aromatic system in the B
ring is responsible for the strong inhibitory activity (e.g., berberine (7), coptisine (9), epiber-
berine, jatrorrhizine and palmatine (Table 1)). The hydrogenation of this ring decreases
the inhibitory activity of the alkaloid (e.g., dihydroberberine (8)), while the cyclization
leading to the methylenedioxy group has no impact on this activity (e.g., coptisine (9)) [23]
(Figure 3).
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In the case of alkaloids extracted from Lycopodium casuarinoides (lycoparins A (10), B
(11) and C (12)), the structure is also important in the inhibitory activity. Only lycoparin
C (12) showed such an ability (Table 1), whereas lycoparins A (10) and B (11) have poor
activity (IC50 > 200 µM) as a consequence of the occurrence of carboxylic acid at the C-15
and methyl substituents attached to N (Figure 4) [24].
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In a study of the activity of coumarins from Angelica archangelica L., the authors as-
sume that BuChE inhibitory activity occurs only in C-8-substituted furanocoumarins (im-
peratorin (17), heraclenol-2′-O-angelate (18) (Table 1)). Simple coumarins (osthole and 
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Figure 4. Chemical structures of lycoparin A (10), lycoparin B (11) and lycoparin C (12).

Strong inhibitory activity against AChE comparable to that of galanthamine (1) is
demonstrated by indole alkaloids from Ervatamia hainanensis (coronaridine (13) and voa-
cangine (14)). Due to the presence of the substituent voacangine (14), they have markedly
increased AChE inhibition. This is because of the attachment of the methoxyl substituent to
the phenyl group, while the substitution of 10-hydroxycoronaridine with a hydroxy group
on the phenyl decreases the activity (Table 1) (Figure 5) [25].
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Figure 5. Chemical structures of coronaridine (13) and voacangine (14).

2.2. Coumarins

Coumarins are derivatives of an α-pyrone ring fused with benzene. Hydroxycoumarin
(a hydroxyl group), methoxycoumarin (a methoxy group) (substituted at C-7, C-5 or less so
at C-6, C-8), furanocoumarin (a furan ring) and piranocoumarin (a pyran ring) have been
distinguished.

Research on the structure and inhibition led to the conclusion that furanocoumarins
have more affinity for BuChE than AChE [13,14]. Cholinesterase-inhibiting coumarins are
often found in the Apiaceae and Rutaceae families [26].

It is noted that the effect of compounds isolated from an extract of Citrus hystrix
(6′-hydroxy-7′-methoxybergamottin (15) and 6′, 7′-dihydroxybergamottin (16)) against
BuChE depends on the presence of a dioxygenated geranyl chain in their structures
(Figure 6) [27].
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amottin (16).

In a study of the activity of coumarins from Angelica archangelica L., the authors
assume that BuChE inhibitory activity occurs only in C-8-substituted furanocoumarins
(imperatorin (17), heraclenol-2′-O-angelate (18) (Table 1)). Simple coumarins (osthole and
archangelicin), 5-substituted furanocoumarins (isoimperatorin (19), phellopterin, bergapten
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and isopimpinellin) and substituted derivatives at both C-5 and C-8 (byakangelicin-2′-O-
angelate (20) and byakangelicin-2′-O-isovalerate) do not show this effect (Figure 7) [28].

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 6 of 52 
 

 

2′-O-angelate (20) and byakangelicin-2′-O-isovalerate) do not show this effect (Figure 7) 
[28]. 

 
Figure 7. Chemical structures of imperatorin (17), heraclenol-2′-O-angelate (18), isoimperatorin (19) 
and byakangelicin-2′-O-angelate (20). 

Compounds isolated from Mesua elegans such as 4-phenylcoumarins [29] show an 
explicit impact of inhibiting of AChE, because the activity increases for those which con-
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Figure 7. Chemical structures of imperatorin (17), heraclenol-2′-O-angelate (18), isoimperatorin (19)
and byakangelicin-2′-O-angelate (20).

Compounds isolated from Mesua elegans such as 4-phenylcoumarins [29] show an ex-
plicit impact of inhibiting of AChE, because the activity increases for those which contain a
dimethylpyran ring at C-5/C-6 and a prenyl substituent in position C-3 (mesuagenin B (21)).
For 6-geranylated coumarins (5,7-dihydroxy-8-(3-methylbutanoyl)-6-[(E)-3,7-dimethylocta-
2,6-dienyl]-4-phenyl-2H-chromen-2-one (22)), the activity increases in the case of the pres-
ence of a 2-methylbutanoyl group, and it is lower for those with a 2-methylpropanoyl or
3-methylbutanoyl group at C-8 (Figure 8) [29].
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2.3. Diarylheptanoids

Diarylheptanoids are a group of natural compounds with structures based on a
1,7-diphenylheptane skeleton [30].

In diarylheptanoids isolated from Alpinia officinalis by Lee et al. (2018) [31] (Table 1),
it has been observed that the ChE inhibition strength is related to the presence of double
bonds in the molecule and is proportional to their number. Thus, (−)-alpininoid B (23)
exhibits the strongest AChE and BuChE inhibition, whereas (4E)-1,7 diphenyl 4-hepten-
3-one is weaker (24), and dihydroyashsbushiketol is the weakest (25), where additional
bonds are absent (Figure 9) [31].
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2.4. Flavonoids

Flavonoids are highly active inhibitors with low toxicity [29]. The flavonoid group
consists of flavanones (27), flavonols (28), dihydroflavonols, flavones, isoflavones (29),
chalcones, dihydrochalcones and aurones (Figure 10) [14].
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The bond-line formula of flavonoids is made of two aromatic rings linked to diphenyl-
propane in a C6-C3-C6 system. Most of them have an additional gamma-pyrone system
(rings C) divided into types due to the different positions of the B ring, the oxidation
number of the C ring and the presence of additional functional groups [13,14,32].

Xie et al. (2014) [32] studied the link between the binding affinities of flavonoids
with AChE using a typical measurement—the fluorescence quenching method reported
by Ryu et al. (2012) [33]. They checked 20 flavonoids (i.e., baicalin, genistein, chrysin,
apigenin, formononetin, 7,8-dihydroflavone, puerarin, luteolin, rutin (36), fisetin, narin-
genin, daidzein, daidzin, myricetin, myricetrin, quercetin, quercetrin, kaempferol (35),
kaempferide and baicalein). According to this research, it can be inferred that inhibitory
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flavonoids form a complex with AChE. The presence of a hydroxyl group, especially in
the A ring of the flavonoid, as well as the double bond between C-2 and C-3, increases the
affinity of the enzyme (hydrogen bonds) and also increases the AChE inhibitory properties
of flavonoids. Glycosylation, on the other hand, decreases the activity and affinity of
flavonoids toward the enzyme in a manner that depends on the form of the attached sugar
moiety (1–5-fold). The presence of a methoxy group affects the activity of a flavonoid
differently depending on its type, and no correlation was observed here [32].

Analyzing the impact of the structure of flavonoids from Paulownia tomentosa fruits in-
dicated that geranylated flavonoids at C-6 (e.g., diplacone (30)) (Table 1) are pivotal against
hAChE and BuChE. The lack of this moiety causes a clear decrease in inhibition (eriodictyol (31)
(IC50 = 1663 µM)). It has also been proved that dihydroflavonols (4′-O-methyldiplacol (32)) show
stronger inhibition compared to flavones (4′-O-methyldiplacone (33)) (Figure 11) [34].
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4′-O-methyldiplacone (33).

Selected flavonoids have been studied (docking study) (galangin (34), kaempferol (35),
quercetin, myricetin, fisetin, apigenin, luteolin and rutin (36)) [35]. The inhibitory potency
of flavonoids toward BuChE depends on the presence and the location of OH groups in the
structure. A sugar moiety causing steric hindrance reduces these properties. Galangin (34)
showed the strongest activity, kaempferol (35) was proved to be weaker, and rutin (36) was
the weakest (Figure 12).
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2.5. Phenanthrenes

Phenanthrenes are a group of natural compounds with a structure based on the phenan-
threne skeleton, occurring in the form of monomeric, dimeric or trimeric derivatives [36].

Phenanthrenes from Bletilla striata showed potent and selective inhibitory activity
against BuChE [37]. A publication by Liu et al. (2022) described that the presence of sub-
stituents at C-2 and C-7 is responsible for the stronger BuChE inhibition of phenanthrenes
from Bletilla striata. The activity is more potent when the phenanthrene is substituted with
a hydroxy group (e.g., 1-[(4-hydroxyphenyl)methyl]-4-methoxy-2,7-phenanthrenediol (37)),
while substitution with a methoxy group reduces this effect (e.g., 1-(4-hydroxybenzyl)-4,
7-dimethoxyphenanthrene-2,8-diol (38)). Substituents at C-8 (hydroxy group) and also at
C-1 (4-hydroxybenzyl) improve the affinity to the enzyme (Figure 13) [37].
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2.6. Terpenes

These are compounds aggregated from properly bound isoprene subunits. We can
distinguish monoterpenes, sesquiterpenes, diterpenes and triterpenes [14].

By testing acetone extracts of the roots of Salvia miltiorhiza Bunge, strong inhibitory
activity against AChE for the diterpenes dihydrotanshinone I (39) (IC50 = 1 µM) and
cryptotanshinone (40) (IC50 = 7 µM) and weak activity for tanshinone I (41) (IC50 > 50 µM)
and tanshionone IIA (42) (IC50 > 140 µM) [38] (Table 1) were found by Ren et al. (2004).
The authors suppose that the activity is probably a result of the existence of a dihydrofuran
ring instead of a furan ring present in the compounds indicating weak inhibitory activity.
Additionally, compounds containing an aromatic ring in their structures showed much
higher activity than those that have a cyclohexane ring at this site [38]. However, the
study by Zhou et al. (2011) showed quite different results [39]. Inhibitory activity was
not observed in tanshinone IIA (42) or cryptotanshinone (40), but tanshinone I (41) and
dihydrotanshinone I (39) showed strong activity. Both of these compounds are similar in
terms of o-aromatic rings; they only differ in the presence or lack of a double bond in the
furan ring. The authors suggest that for the inhibitory effect on AChE, the structure of
the aromatic ring may be more important than the furan ring as was thought before (the
presence or lack of a double bond) (Figure 14) [39].
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2.7. Xanthonoids

Xanthonoids and xanthones are subgroups of polyphenols with structures based on
the tricyclic skeleton dibenzo-γ-pirone [40].

In the study by Urbain et al. (2004), xanthones isolated from Gentiana campestris exhib-
ited inhibitory activity against AChE [41]. Bellidifolin (43) had the best result. It achieved
a minimum inhibitory quantity on TLC identical to that of galanthamine (1) (0.03 nM),
while weaker results were those of bellidin (44) (0.15 nM) and its bellidifolin glycosides:
8-O-β-glucopyranoside (nor-swertianolin) and 8-O-β-glucopyranoside (swertianolin) were
even weaker (0.18 and 1.2 nM, respectively) [41]. The weaker inhibition of the enzyme by
glycosides can probably be explained by steric hindrance and diverted hydrophobicity. On
the other hand, xanthones containing an additional methoxyl group in the C-3 position
showed stronger activity [41].

In a more recent study by Urbain et al. (2008), the activity of xanthones of Gentianella
amarella ssp. acuta was examined [42]. They exhibited weaker activity (also including
bellidin (44) and bellidifolin (43)), and only triptexanthoside C (45) reached significant
results for activity against AChE (Table 1) [42]. This compound also has a methoxyl group in
its structure, which may influence the higher result of cholinesterase inhibition (Figure 15).
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In summary, the potential activity of an acetylcholinesterase inhibitor is influenced
by the presence of hydroxyl and methoxyl groups in the molecule and also by the
presence of the cationic part of the structure of the compound (e.g., nitrogen in the hete-
rocyclic system). The substrate-like structure of the inhibitor (or acetylcholine) indicates
the competitive inhibition of the enzyme, and it is most beneficial in pharmacology.
Large molecules, e.g., glycosidic forms of the tested compounds, were characterized
by weaker AChE inhibitory activity due to their steric hindrance in the enzyme. The
occurrence, different number and localization of double bonds, preferably in conjugated
systems (diarylheptanoids and Amaryllidaceae alkaloids), are of utmost importance.
With the increase in the number of conjugated double-bond systems, as well as the
presence of substituents that polarize the aromatic system, the energy of the cation–π
interaction increases, and thus, the binding energy of the inhibitor with the protein
residue of the enzyme increases [43]. The presence of these substituents in the com-
pounds was also significant in the inhibition against AChE. This may be related to
the ability of BuChE to hydrolyze both butyrylcholine and acetylcholine [1,44]. The
structure of the BuChE enzyme molecule enables the catalysis of large acyl groups,
which the AChE molecule is not capable of. Hence, in the presented data (Table 1), there
are many inhibitors that are inactive against AChE while demonstrating moderate or
strong activity toward BuChE [1]. This may be due to the steric hindrance of the AChE
enzyme due to the large branched structures of such compounds, as is demonstrated
by the weaker activity of glycosides in relation to their aglycones (xanthonoids from
Gentiana campestris) (Table 1).

The review topic of natural cholinesterase inhibitors has been discussed in other
publications, including [45–47]. Most of them are based on the description of results
obtained for plant fractions and extracts or, in addition, for compounds isolated from
them [45,46]. This article focuses on the comparison of particular isolated natural com-
pounds’ activities, considering both plant and animal origins (e.g., alkaloids from scorpi-
ons or sponges). Some of the previous reviews did not include this information [45,46].
The current review includes 20 groups (24 subgroups) of compounds; a total of 357
results for cholinesterase inhibition by natural compounds are listed, arranged alphabet-
ically by compound group, species name and compound name. A total of 84 species or
their varieties belonging to 44 families were examined. The current review shows, in tab-
ular form, the results of the inhibition of both AChE and BuChE enzymes. The present
summary is also characterized by the fact that the type of enzyme and the method used
in the study are presented. This review shows that differences are significant and have
an impact on the results of enzyme inhibition by the tested compounds. This paper
focuses on the review of the results of studies on natural cholinesterase inhibitors tested
using in vitro methods. The presented overview is also characterized by the description
and consideration of the type of method used for the determination of cholinesterase
inhibition, which has not been undertaken in other recent reviews, or they were limited
to the modifications of colorimetric Ellman’s method [46].

The data, mainly from the selected latest publications issued from 2008 to 2022, on
cholinesterase inhibitors of natural origin are ordered in the table below (Table 1). The
following sources were used to prepare the review article database: Chemical Abstract
(SciFinder), Reaxys and Science Direct (partially by authorized access), as well as sources
directly obtained from the authors (ResearchGate GmbH)).
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Table 1. Inhibitors’ classification in terms of their affiliation with a group of compounds, their effects
on AChE and BuChE, their activity, their origins and the methods of their analysis.

Inhibitors Source

Activity

Method Ref.Value of Inhibition
against AChE

Reference Standard for
AChE

Value of Inhibition
against BuChE

Reference Standard for
BuChE

ALKALOIDS

Lindoldhamine isomer
Abuta panurensis Eichler

Menispermaceae
(branches)

39.38 ± 0.08 µM a,j NEO
3.72 ± 0.03 µM a,j nd nd MCE

[48–50]

5-N-Methylmaytenine
Abuta panurensis Eichler

Menispermaceae
(branches)

19.55 ± 0.09 µM a,j NEO
3.72 ± 0.03 µM a,j nd nd MCE

N-trans-
Feruloyltyramine

Abuta panurensis Eichler
Menispermaceae

(branches)
na NEO

3.72 ± 0.03 µM a,j nd nd MCE

Palmatine
Abuta panurensis Eichler

Menispermaceae
(branches)

35.25 ± 0.04 µM a,j NEO
3.72 ± 0.03 µM a,j nd nd MCE

Stepharine
Abuta panurensis Eichler

Menispermaceae
(branches)

61.24 ± 0.03 µM a,j NEO
3.72 ± 0.03 µM a,j nd nd MCE

Aconorine
Aconitum laeve
Ranunculaceae

(tubers)
2.51 ± 0.037 µM a,e GAL

3.26 ± 0.021 µM a,e 8.72 ± 0.023 µM a,m GAL
10.13 ± 0.05 µM a,m MCE

[51,52]

Hohenackerine
Aconitum laeve
Ranunculaceae

(tubers)
4.53 ± 0.062 µM a,e GAL

3.26 ± 0.021 µM a,e 9.94 ± 0.073 µM a,m GAL
10.13 ± 0.05 µM a,m MCE

Lappaconotine
Aconitum laeve
Ranunculaceae

(tubers)
6.13 ± 0.019 µM a,e GAL

3.26 ± 0.021 µM a,e 11.24 ± 0.12 µM a,m GAL
10.13 ± 0.05 µM a,m MCE

Swatinine-C
Aconitum laeve
Ranunculaceae

(tubers)
3.7 ± 0.085 µM a,e GAL

3.26 ± 0.021 µM a,e 12.23 ± 0.014 µM a,m GAL
10.13 ± 0.05 µM a,m MCE

4-Methoxy-1-methyl-2-
quinolone

Atractylis cancellata L.
Asteraceae

(whole plant)
>50 µg mL−1 a,k GAL

6.27 ± 1.15 µg mL−1 a,k 37.49 ± 1.61 µg mL−1 a,n GAL
34.75 ± 1.99 µg mL−1 a,n MCE

[53]

Pyrroloquinolone A
Atractylis cancellata L.

Asteraceae
(whole plant)

18.48 ± 0.33 µg mL−1 a,k GAL
6.27 ± 1.15 µg mL−1 a,k 9.66 ± 0.16 µg mL−1 a,n GAL

34.75 ± 1.99 µg mL−1 a,n MCE

Buthutin A

Buthus martensii Karsch
Buthidae

(whole body of
scorpion)

7.83 ± 0.06 µM a,e
GAL

1.17 ± 0.01 µM a,e

DON
0.049 ± 0.004 µM a,e

47.44 ± 0.95 µM a,m
GAL

18.78 ± 1.81 µM a,m

DON
5.536± 0.018 µM a,m

MCE

[48,54,55]Buthutin B

Buthus martensii Karsch
Buthidae

(whole body of
scorpion)

61.45 ± 2.34 µM a,e
GAL

1.17 ± 0.01 µM a,e

DON
0.049 ± 0.004 µM a,e

122.64 ± 5.21 µM a,m
GAL

18.78 ± 1.81 µM a,m

DON
5.536± 0.018 µM a,i

MCE

Trigonelline

Buthus martensii Karsch
Buthidae

(whole body of
scorpion)

97.30 ± 4.18 µM a,e
GAL

1.17 ± 0.01 µM a,e

DON
0.049 ± 0.004 µM a,e

441.87 ± 7.99 µM a,m
GAL

18.78 ± 1.81 µM a,m

DON
5.536± 0.018 µM a,m

MCE

17-oxo-3-
Benzoylbuxadine

Buxus hyrcana Pojark.
Buxaceae
(leaves)

17.6 ± 0.5 µM a,k
GAL

0.53 ± 0.5 µM a,k

HUP
1.7 ± 0.3 µM a,k

186.8 ± 1.0 µM a,n
GAL

8.7 ± 1.0 µM a,n

HUP
>1000 ± 3.0 µM a,n

MCE

[48,56–58]

31-Demethylcy-
clobuxoviridine

Buxus hyrcana Pojark.
Buxaceae
(leaves)

298.3 ± 1.0 µM a,k
GAL

0.53 ± 0.5 µM a,k

HUP
1.7 ± 0.3 µM a,k

15.4 ± 0.5 µM a,n
GAL

8.7 ± 1.0 µM a,n

HUP
>1000 ± 3.0 µM a,n

MCE

31-Hydroxybuxamine B
Buxus hyrcana Pojark.

Buxaceae
(leaves)

61.3 ± 2.0 µM a,k
GAL

0.53 ± 0.5 µM a,k

HUP
1.7 ± 0.3 µM a,k

112.1 ± 3.0 µM a,n
GAL

8.7 ± 1.0 µM a,n

HUP
>1000 ± 3.0 µM a,n

MCE

Buxamine A
Buxus hyrcana Pojark.

Buxaceae
(leaves)

81.4 ± 2.4 µM a,k
GAL

0.53 ± 0.5 µM a,k

HUP
1.7 ± 0.3 µM a,k

100.2 ± 1.4 µM a,n
GAL

8.7 ± 1.0 µM a,n HUP
>1000 ± 3.0 µM a,n

MCE

Buxamine B
Buxus hyrcana Pojark.

Buxaceae
(leaves)

79.6 ± 3.0 µM a,k
GAL

0.53 ± 0.5 µM a,k

HUP
1.7 ± 0.3 µM a,k

100.5 ± 2.5 µM a,k
GAL

8.7 ± 1.0 µM a,n

HUP
>1000 ± 3.0 µM a,n

MCE

Buxhyrcamine
Buxus hyrcana Pojark.

Buxaceae
(leaves)

18.2 ± 0.3 µM a,k
GAL

0.53 ± 0.5 µM a,k

HUP
1.7 ± 0.3 µM a,k

209.0 ± 1.0 µM a,n
GAL

8.7 ± 1.0 µM a,n

HUP
>1000 ± 3.0 µM a,n

MCE

Buxmicrophylline F
Buxus hyrcana Pojark.

Buxaceae
(leaves)

22.4 ± 0.7 µM a,k
GAL

0.53 ± 0.5 µM a,k

HUP
1.7 ± 0.3 µM a,k

154.2 ± 1.0 µM a,n
GAL

8.7 ± 1.0 µM a,n

HUP
>1000 ± 3.0 µM a,n

MCE

Buxrugulosamine
Buxus hyrcana Pojark.

Buxaceae
(leaves)

24.8 ± 1.0 µM a,k
GAL

0.53 ± 0.5 µM a,k

HUP
1.7 ± 0.3 µM a,k

160.2 ± 4.0 µM a,n
GAL

8.7 ± 1.0 µM a,n

HUP
>1000 ± 3.0 µM a,n

MCE

Cyclobuxophylline O
Buxus hyrcana Pojark.

Buxaceae
(leaves)

35.4 ± 1.0 µM a,k
GAL

0.53 ± 0.5 µM a,k

HUP
1.7 ± 0.3 µM a,k

45.0 ± 2.0 µM a,n
GAL

8.7 ± 1.0 µM a,n

HUP
>1000 ± 3.0 µM a,n

MCE
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Inhibitors Source

Activity

Method Ref.Value of Inhibition
against AChE

Reference Standard for
AChE

Value of Inhibition
against BuChE

Reference Standard for
BuChE

ALKALOIDS

Cyclobuxoviridine
Buxus hyrcana Pojark.

Buxaceae
(leaves)

179.7 ± 0.4 µM a,k
GAL

0.53 ± 0.5 µM a,k

HUP
1.7 ± 0.3 µM a,k

304.5 ± 1.0 µM a,n
GAL

8.7 ± 1.0 µM a,n

HUP
>1000 ± 3.0 µM a,n

MCE

E-Buxenone
Buxus hyrcana Pojark.

Buxaceae
(leaves)

71.0 ± 2.5 µM a,k
GAL

0.53 ± 0.5 µM a,k

HUP
1.7 ± 0.3 µM a,k

200.7 ± 2.6 µM a,n
GAL

8.7 ± 1.0 µM a,n

HUP
>1000 ± 3.0 µM a,n

MCE

Homomoenjodarmine
Buxus hyrcana Pojark.

Buxaceae
(leaves)

19.5 ± 1.0 µM a,k
GAL

0.53 ± 0.5 µM a,k

HUP
1.7 ± 0.3 µM a,k

52.2 ± 3.0 µM a,n
GAL

8.7 ± 1.0 µM a,n

HUP
>1000 ± 3.0 µM a,n

MCE

Moenjodaramine
Buxus hyrcana Pojark.

Buxaceae
(leaves)

25.0 ± 2.9 µM a,k
GAL

0.53 ± 0.5 µM a,k

HUP
1.7 ± 0.3 µM a,k

102.4 ± 2.0 µM a,n
GAL

8.7 ± 1.0 µM a,n

HUP
>1000 ± 3.0 µM a,n

MCE

Nb-Dimethylcy-
clobuxoviricine

Buxus hyrcana Pojark.
Buxaceae
(leaves)

45.5 ± 0.6 µM a,k
GAL

0.53 ± 0.5 µM a,k

HUP
1.7 ± 0.3 µM a,k

133.8 ± 3.4 µM a,n
GAL

8.7 ± 1.0 µM a,n

HUP
>1000 ± 3.0 µM a,n

MCE

N20-Formylbuxaminol E
Buxus hyrcana Pojark.

Buxaceae
(leaves)

25.5 ± 0.8 µM a,k
GAL

0.53 ± 0.5 µM a,k

HUP
1.7 ± 0.3 µM a,k

120.9 ± 2.0 µM a,n
GAL

8.7 ± 1.0 µM a,n

HUP
>1000 ± 3.0 µM a,n

MCE

Spirofornabuxine
Buxus hyrcana Pojark.

Buxaceae
(leaves)

6.3 ± 0.6 µM a,k
GAL

0.53 ± 0.5 µM a,k

HUP
1.7 ± 0.3 µM a,k

125.2 ± 1.0 µM a,n
GAL

8.7 ± 1.0 µM a,n

HUP
>1000 ± 3.0 µM a,n

MCE

Papillozine C
Buxus hyrcana Pojark.

Buxaceae
(leaves)

47.8 ± 1.4 µM a,k
GAL

0.53 ± 0.5 µM a,k

HUP
1.7 ± 0.3 µM a,k

35.2 ± 2.0 µM a,n
GAL

8.7 ± 1.0 µM a,n

HUP
>1000 ± 3.0 µM µM a,n

MCE

Z-Buxenone
Buxus hyrcana Pojark.

Buxaceae
(leaves)

87.4 ± 1.7 µM a,k
GAL

0.53 ± 0.5 µM a,k

HUP
1.7 ± 0.3 µM a,k

155.8 ± 3.8 µM a,n
GAL

8.7 ± 1.0 µM µM a,n

HUP
>1000 ± 3.0 µM µM a,n

MCE

Dihydroberberine
Coptis chinensis
Ranunculaceae

(rhizomes)
1.18 ± 0.03 µM a,e

BER
1.01 ± 0.01 µM a,e

TAC
0.22 ± 0.004 µM a,e

38.82 ± 0.52 µM a,m TAC
0.014 ± 0.0043 µM a,m MCE [48,59,60]

10-Hydroxy-
infractopicrin

Cortinarius infractus
Berk

Cortinariaceae
(toadstool)

12.7 ± 0.16 µM a,d
GAL

8.70 ± 0.05 µM a,d

PHY
2.58 ± 0.03 µM a,d

nd < 100 µM a,m
GAL

24.4 ± 2.84 µM a,m

PHY
1.34 ± 0.279 µM a,m

MCE

[16,48,61]

Infractopicrin
Cortinarius infractus

Berk
Cortinariaceae

(toadstool)
9.72 ± 0.19 µM a,d

GAL
8.70 ± 0.05 µM a,d

PHY
2.58 ± 0.03 µM a,d

nd < 100 µM a,m
GAL

24.4 ± 2.84 µM a,m

PHY
1.34 ± 0.279 µM a,m

MCE

(+)-Adlumine

Corydalis mucronifera
Maxim.

Papaveraceae
(whole plants)

>100 µM a,e GAL
1.34 ± 0.11 µM a,e >100 µM a,m GAL

6.81 ± 0.60 µM a,m MCE

[16,48,62,63]

Bicucullinine

Corydalis mucronifera
Maxim.

Papaveraceae
(whole plants)

85.89 ± 0.92 µM a,e GAL
1.34 ± 0.11 µM a,e 59.75 ± 2.40 µM a,m GAL

6.81 ± 0.60 µM a,m MCE

(−)-Corydalisol

Corydalis mucronifera
Maxim.

Papaveraceae
(whole plants)

51.12 ± 0.27 µM a,e GAL
1.34 ± 0.11 µM a,e >100 µM a,m GAL

6.81 ± 0.60 µM a,m MCE

Demethylcorydalmine

Corydalis mucronifera
Maxim.

Papaveraceae
(whole plants)

71.43 ± 0.55 µM a,e GAL
1.34 ± 0.11 µM a,e >100 µM a,m GAL

6.81 ± 0.60 µM a,m MCE

6,7-Dimethoxy-2-
methyl-1,2,3,4-

tetrahydroisoquinoline

Corydalis mucronifera
Maxim.

Papaveraceae
(whole plants)

45.70 ± 0.42 µM a,e GAL
1.34 ± 0.11 µM a,e >100 µM a,m GAL

6.81 ± 0.60 µM a,m MCE

1-(1,3-Dioxolo
[4,5-g]isoquinolin-5-

yl)-ethanone

Corydalis mucronifera
Maxim.

Papaveraceae
(whole plants)

>100 µM a,e GAL
1.34 ± 0.11 µM a,e >100 µM a,m GAL

6.81 ± 0.60 µM a,m MCE

epi-Coryximine

Corydalis mucronifera
Maxim.

Papaveraceae
(whole plants)

92.00 ± 0.19 µM a,e GAL
1.34 ± 0.11 µM a,e >100 µM a,m GAL

6.81 ± 0.60 µM a,m MCE

Hendersine B

Corydalis mucronifera
Maxim.

Papaveraceae
(whole plants)

14.22 ± 0.34 µM a,e GAL
1.34 ± 0.11 µM a,e >100 µM a,m GAL

6.81 ± 0.60 µM a,m MCE

Hydrohydrastinine

Corydalis mucronifera
Maxim.

Papaveraceae
(whole plants)

9.13 ± 0.15 µM a,e GAL
1.34 ± 0.11 µM a,e >100 µM a,m GAL

6.81 ± 0.60 µM a,m MCE
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Inhibitors Source

Activity

Method Ref.Value of Inhibition
against AChE

Reference Standard for
AChE

Value of Inhibition
against BuChE

Reference Standard for
BuChE

ALKALOIDS

9-Methyldecumbenine C

Corydalis mucronifera
Maxim.

Papaveraceae
(whole plants)

>100 µM a,e GAL
1.34 ± 0.11 µM a,e >100 µM a,m GAL

6.81 ± 0.60 µM a,m MCE

Mucroniferanines H

Corydalis mucronifera
Maxim.

Papaveraceae
(whole plants)

2.31 ± 0.20 µM a,e GAL
1.34 ± 0.11 µM a,e 36.71 ± 1.12 µM a,m GAL

6.81 ± 0.60 µM a,m MCE

Mucroniferanines K

Corydalis mucronifera
Maxim.

Papaveraceae
(whole plants)

>100 µM a,e GAL
1.34 ± 0.11 µM a,e >100 µM a,m GAL

6.81 ± 0.60 µM a,m MCE

Mucroniferanines L

Corydalis mucronifera
Maxim.

Papaveraceae
(whole plants)

>100 µM a,e GAL
1.34 ± 0.11 µM a,e >100 µM a,m GAL

6.81 ± 0.60 µM a,m MCE

Mucroniferanines M

Corydalis mucronifera
Maxim.

Papaveraceae
(whole plants)

>100 µM a,e GAL
1.34 ± 0.11 µM a,e >100 µM a,m GAL

6.81 ± 0.60 µM a,m MCE

(+)-Ochotensine

Corydalis mucronifera
Maxim.

Papaveraceae
(whole plants)

>100 µM a,e GAL
1.34 ± 0.11 µM a,e >100 µM a,m GAL

6.81 ± 0.60 µM a,m MCE

(−)-Ochrobirine

Corydalis mucronifera
Maxim.

Papaveraceae
(whole plants)

>100 µM a,e GAL
1.34 ± 0.11 µM a,e >100 µM a,m GAL

6.81 ± 0.60 µM a,m MCE

Orientaline

Corydalis mucronifera
Maxim.

Papaveraceae
(whole plants)

83.96 ± 1.06 µM a,e GAL
1.34 ± 0.11 µM a,e >100 µM a,m GAL

6.81 ± 0.60 µM a,m MCE

1R,9S,7′S-
Methylegenine

Corydalis mucronifera
Maxim.

Papaveraceae
(whole plants)

>100 µM a,e GAL
1.34 ± 0.11 µM a,e >100 µM a,m GAL

6.81 ± 0.60 µM a,m MCE

5,6,7,8-Tetrahydro-1,3-
dioxolo

[4,5-g]isoquinoline

Corydalis mucronifera
Maxim.

Papaveraceae
(whole plants)

>100 µM a,e GAL
1.34 ± 0.11 µM a,e >100 µM a,m GAL

6.81 ± 0.60 µM a,m MCE

Pseudocoptisine
Corydalis turtschaninovii
Besser forma yanhusuo
Papaveraceae (tuber)

12.8 µM a,i TAC
0,175 µM a,i nd nd MCE [64]

(−)-Desmethylseco-
antofine

Cryptocarya densiflora BI.
Lauraceae

(leaves)
201.52 µM a,e PHY

0.16 µM a,e 166.69 µM a,m PHY
0.58 µM a,m MCE

[48,65,66]

(+)-Laurotetanine
Cryptocarya densiflora BI.

Lauraceae
(leaves)

100 µg mL−1

—17.51 ± 0.68% b,e nd 100 µg mL−1

—22.58 ± 0.47 µM a,m
PHY

0.58 µM a,m MCE

(+)-nor-Nantenine
Cryptocarya densiflora BI.

Lauraceae
(leaves)

205.55 µM a,e PHY
0.16 µM a,e 94.45 µM a,m PHY

0.58 µM a,m MCE

(+)-Oridine
Cryptocarya densiflora BI.

Lauraceae
(leaves)

100 µg mL−1

—27.89 ± 0.64% b,e nd 288.34 µM a,m PHY
0.58 µM a,m MCE

2-Methoxyatherosperminine
Cryptocarya griffithiana

Wight.
Lauraceae

(bark)

100 µg mL−1

—31.58 ± 2.87% b,e nd 3.95 µM a,m PHY
0.58 µM a,m MCE

(+)-Reticuline
Cryptocarya griffithiana

Wight.
Lauraceae

(bark)
301.01 µM a,e PHY

0.16 µM a,e 65.04 µM a,m PHY
0.58 µM a,m MCE

Atherosperminine
Cryptocarya infectoria

Miq.
Lauraceae

(bark)

100 µg mL−1

—2.06 ± 1.29% b,e nd 19.34 µM a,m PHY
0.58 µM a,m MCE

(+)-N-
Methylisococlaurine

Cryptocarya infectoria
Miq.

Lauraceae
(bark)

100 µg mL−1

—14.93 ± 0.53% b,e nd 100 µg mL−1

—37.33 ± 1.56 a,m
PHY

0.58 µM a,m MCE

(+)-N-
Methyllaurotetanine

Cryptocarya infectoria
Miq.

Lauraceae
(bark)

100 µg mL−1

—38.79 ± 2.6% b,e nd 218.81 µM a,m PHY
0.58 µM a,m MCE

Chitralinine A
Delphinium chitralense H.

Riedl in Kew Bull.
Ranunculaceae

(aerial parts)
13.86 ± 0.35 µM a,e

GAL
10.12 ± 0.06 µM a,e

ALA
8.23 ± 0.01 µM a,e

28.17 ± 0.92 µM a,m
GAL

20.62 ± 0.08 µM a,m

ALA
18 ± 0.06 µM a,m

MCE

[48,67]

Chitralinine B
Delphinium chitralense H.

Riedl in Kew Bull.
Ranunculaceae

(aerial parts)
11.64 ± 0.08 µM a,e

GAL
10.12 ± 0.06 µM a,e

ALA
8.23 ± 0.01 µM a,e

24.31 ± 0.33 µM a,m
GAL

20.62 ± 0.08 µM a,m

ALA
18 ± 0.06 µM a,m

MCE
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against AChE

Reference Standard for
AChE

Value of Inhibition
against BuChE

Reference Standard for
BuChE

Chitralinine C
Delphinium chitralense H.

Riedl in Kew Bull.
Ranunculaceae

(aerial parts)
12.11 ± 0.82 µM a,e

GAL
10.12 ± 0.06 µM a,e

ALA
8.23 ± 0.01 µM a,e

26.35 ± 0.06 µM a,m
GAL

20.62 ± 0.08 µM a,m

ALA
18 ± 0.06 µM a,m

MCE

Dihydropentagynine
Delphinium denudatum

Ranunculaceae
(aerial parts)

11.2 ± 0.23 µM a,e GAL
10.1 ± 0.06 µM a,e 22.2 ± 0.33 µM a,m GAL

20.6 ± 0.08 µM a,m MCE

[51,68]Isotalatizidine hydrate
Delphinium denudatum

Ranunculaceae
(aerial parts)

12.1 ± 0.43 µM a,e GAL
10.1 ± 0.06 µM a,e 21.4 ± 0.23 µM a,m GAL

20.6 ± 0.08 µM a,m MCE

Jadwarine-A
Delphinium denudatum

Ranunculaceae
(aerial parts)

9.2 ± 0.12 µM a,e GAL
10.1 ± 0.06 µM a,e 19.6 ± 0.72 µM a,m GAL

20.6 ± 0.08 µM a,m MCE

Coronaridine

Ervatamia hainanensis
Tsiang

Apocynaceae
(stems)

8.6 µM a,e GAL
3.2 µM a,e nd nd CE

[25,48]

Voacangine

Ervatamia hainanensis
Tsiang

Apocynaceae
(stems)

4.4 µM a,e GAL
3.2 µM a,e nd nd CE

1-O-Acetyl-9-O-
methylpseudolycorine

Galanthus woronowii
Losinsk

Amaryllidaceae
(aerial parts and bulbs)

78.7 µM a,f GAL
0.15 µM a,f nd nd MCE

[21,48,69]

Galanthine

Galanthus woronowii
Losinsk

Amaryllidaceae
(aerial parts and bulbs)

7.75 µM a,f GAL
0.15 µM a,f nd nd MCE

Lycorine

Galanthus woronowii
Losinsk

Amaryllidaceae
(aerial parts and bulbs)

na GAL
0.15 µM a,f nd nd MCE

Narwedine

Galanthus woronowii
Losinsk

Amaryllidaceae
(aerial parts and bulbs)

11,79 µM a,f GAL
0.15 µM a,f nd nd MCE

O-Methylleucotamine

Galanthus woronowii
Losinsk

Amaryllidaceae
(aerial parts and bulbs)

16.42 µM a,f GAL
0.15 µM a,f nd nd MCE

Salsoline

Galanthus woronowii
Losinsk

Amaryllidaceae
(aerial parts and bulbs)

na GAL
0.15 µM a,f nd nd MCE

Sanguinine

Galanthus woronowii
Losinsk

Amaryllidaceae
(aerial parts and bulbs)

0.007 µM a,f GAL
0.15 µM a,f nd nd MCE

Sternbergine

Galanthus woronowii
Losinsk

Amaryllidaceae
(aerial parts and bulbs)

0.99 µM a,f GAL
0.15 µM a,f nd nd MCE

Chlidanthine

Hieronymiella marginata
Hunz

Amaryllidaceae
(bulbs)

23.50 ± 0.65 µM a,e GAL
1 ± 0.05 µM a,e 196.79 ± 2.67 µM a,m GAL

14 ± 0.03 µM a,m MCE

[22,48,70]

Lycorine

Hieronymiella marginata
Hunz

Amaryllidaceae
(bulbs)

>200 µM a,e GAL
1 ± 0.05 µM a,e >200 µM a,m GAL

14 ± 0.03 µM a,m MCE

Sanguinine

Hieronymiella marginata
Hunz

Amaryllidaceae
(bulbs)

0.10 ± 0.03 µM a,e GAL
1 ± 0.05 µM a,e 21.50 ± 0.04 µM a,m GAL

14 ± 0.03 µM a,m MCE

Tazettine

Hieronymiella marginata
Hunz

Amaryllidaceae
(bulbs)

>200 µM a,e GAL
1 ± 0.05 µM a,e >200 µM a,m GAL

14 ± 0.03 µM a,m MCE

Hamayne

Hippeastrum argentinum
Pax

Amaryllidaceae
(bulbs)

>200 µM a,e GAL
0.48 ± 0.03 µM a,e >200 µM a,m GAL

22.39 ± 0.09 µM a,m MCE

[48,69,70]7-Hydroxyclivonine

Hippeastrum argentinum
Pax

Amaryllidaceae
(bulbs)

114.07 ± 0.08 µM a,e GAL
0.48 ± 0.03 µM a,e 67.3 ± 0.09 µM a,m GAL

22.39 ± 0.09 µM a,m MCE

Lycorine

Hippeastrum argentinum
Pax

Amaryllidaceae
(bulbs)

>200 µM a,e GAL
0.48 ± 0.03 µM a,e >200 µM a,m GAL

22.39 ± 0.09 µM a,m MCE
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4-O-Methylnangustine

Hippeastrum argentinum
Pax

Amaryllidaceae
(bulbs)

>200 µM a,e GAL
0.48 ± 0.03 µM a,e >200 µM a,m GAL

22.39 ± 0.09 µM a,m MCE

Montanine

Hippeastrum argentinum
Pax

Amaryllidaceae
(bulbs)

>200 µM a,e GAL
0.48 ± 0.03 µM a,e >200 µM a,m GAL

22.39 ± 0.09 µM a,m MCE

Pancracine

Hippeastrum argentinum
Pax

Amaryllidaceae
(bulbs)

>200 µM a,e GAL
0.48 ± 0.03 µM a,e >200 µM a,m GAL

22.39 ± 0.09 µM a,m MCE

Discorhabdin C
Latrunculia biformis

Latrunculiidae
(sponge)

14.5 ± 1.5 µM a,e

152 ± 12 µM a,f

PHY
3.0 ± 0.3 µM a,e

PHY
14.5 ± 2.0 µM a,f

15.8 ± 3.5 µM a,m PHY
28.5 ± 3.0 µM a,m MCE

[48,71]

Discorhabdin G
Latrunculia biformis

Latrunculiidae
(sponge)

1.3 ± 0.2 µM a,e

116 ± 9 µM a,f

PHY
3.0 ± 0.3 µM a,e

PHY
14.5 ± 2.0 µM a,f

7.0 ± 1.0 µM a,m PHY
28.5 ± 3.0 µM a,m MCE

Discorhabdin B
Latrunculia bocagei

Latrunculiidae
(sponge)

5.7 ± 0.8 µM a,e

49.4 ± 7.5 µM a,f

PHY
3.0 ± 0.3 µM a,e

PHY
14.5 ± 2.0 µM a,f

137 ± 14.5 µM a,m PHY
28.5 ± 3.0 µM a,m MCE

Discorhabdin L
Latrunculia bocagei

Latrunculiidae
(sponge)

25.7 ± 3.0 µM a,e

158 ± 15 µM a,f

PHY
3.0 ± 0.3 µM a,e

PHY
14.5 ± 2.0 µM a,f

531 ± 45.0 µM a,m PHY
28.5 ± 3.0 µM a,m MCE

Lupanine

Leontice leontopetalum L.
subsp. ewersmannii.

Berberidaceae
(tubers)

200 µg/µL
—35.41 ± 3.55% b,k

GAL
200 µg/µL

—89.98 ± 0.61% b,k

200 µg/µL
—81.77 ± 2.41% b,n

GAL
200 µg/µL

—92.47 ± 0.63% b,n
CE [48,72]

N-(14-Methylallyl)-nor-
galanthamine

Leucojum aestivum L.
Amaryllidaceae

(aerial parts)
0.16 ± 0.01 µM a,e GAL

1.82 ± 0.40 µM a,e nd nd MCE

[20,69]

N-Allyl-nor-galanthamine
Leucojum aestivum L.

Amaryllidaceae
(aerial parts)

0.18 ± 0.01 µM a,e GAL
1.82 ± 0.40 µM a,e nd nd MCE

Casuarinine C

Lycopodiastrum
casuarinoides Spring

Lycopodiaceae
(whole plant)

20.9 µM a,i HUP
0.125 µM a,i nd nd MCE

[48,73]

Casuarinine I

Lycopodiastrum
casuarinoides Spring

Lycopodiaceae
(whole plant)

12.1 µM a,i HUP
0.125 µM a,i nd nd MCE

N-Demethylhuperzinine

Lycopodiastrum
casuarinoides Spring

Lycopodiaceae
(whole plant)

15.0 µM a,i HUP
0.125 µM a,i nd nd MCE

Huperzine C
Lycopodiastrum

casuarinoides Spring
Lycopodiaceae
(whole plant)

0.489 µM a,i HUP
0.125 µM a,i nd nd MCE

Lycoparin C

Lycopodium
casuarinoides Spring

Lycopodiaceae
(whole plant)

25 µM a,k nd nd nd CE [24,48]

Serratezomine D

Lycopodium serratum
Thunb. var. serratum

Lycopodiaceae
(whole plant)

0.6 mM a,e GAL
6.4 µM a,e nd nd CE [48,74]

Berberine
Mahonia bealei Carrière,
Mahonia fortunei Fedde

Berberidaceae
(root, stem, leaf)

0.52 ± 0.06 µM a,k GAL
0.81 ± 0.08 µM a,k nd nd MCE

[23,48,75]Coptisine
Mahonia bealei Carrière,
Mahonia fortunei Fedde

Berberidaceae
(root, stem, leaf)

0.53 ± 0.04 µM a,k GAL
0.81 ± 0.08 µM a,k nd nd MCE

Corypalmine
Mahonia bealei Carrière,
Mahonia fortunei Fedde

Berberidaceae
(root, stem, leaf)

130.10 ± 9.81 µM a,k GAL
0.81 ± 0.08 µM a,k nd nd MCE

Dihydroberberine
Mahonia bealei Carrière,
Mahonia fortunei Fedde

Berberidaceae
(root, stem, leaf)

7.33 ± 0.47 µM a,k GAL
0.81 ± 0.08 µM a,k nd nd MCE

[23,48,75]

Epiberberine
Mahonia bealei Carrière,
Mahonia fortunei Fedde

Berberidaceae
(root, stem, leaf)

0.80 ± 0.15 µM a,k GAL
0.81 ± 0.08 µM a,k nd nd MCE
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Jatrorrhizine
Mahonia bealei Carrière,
Mahonia fortunei Fedde

Berberidaceae
(root, stem, leaf)

0.51 ± 0.04 µM a,k GAL
0.81 ± 0.08 µM a,k nd nd MCE

Palmatine
Mahonia bealei Carrière,
Mahonia fortunei Fedde

Berberidaceae
(root, stem, leaf)

0.74 ± 0.13 µM a,k GAL
0.81 ± 0.08 µM a,k nd nd MCE

Stylopine
Mahonia bealei Carrière,
Mahonia fortunei Fedde

Berberidaceae
(root, stem, leaf)

5.07 ± 0.16 µM a,k GAL
0.81 ± 0.08 µM a,k nd nd MCE

Tetrahydroberberine
Mahonia bealei Carrière,
Mahonia fortunei Fedde

Berberidaceae
(root, stem, leaf)

13.13 ± 0.4 µM a,k GAL
0.81 ± 0.08 µM a,k nd nd MCE

Tetrahydropalmatine
Mahonia bealei Carrière,
Mahonia fortunei Fedde

Berberidaceae
(root, stem, leaf)

47.56 ± 1.46 µM a,k GAL
0.81 ± 0.08 µM a,k nd nd MCE

Mahanimbine
Murraya koenigii L.

Rutaceae
(leaves)

0.03 ± 0.09 mg mL−1 a,d
GAL

0.006 ± 0.001 mg
mL−1 a,d

nd nd MCE [48,76]

1,2-Dihydrogalanthamine
Narcissus jonquilla ‘Pipit’

Amaryllidaceae
(bulbs)

0.19 µM a,e GAL
0.27 µM a,e nd nd

BTLC
by
Mroczek

[77]

Haemanthamine

Narcissus poeticus ‘Pink
Parasol’

Amaryllidaceae
(bulbs)

>500 µM a,f
GAL

1.7 ± 0.1 µM a,f

HUP
0.033 ± 0.001 µM a,f

>500 µM a,l
GAL

42.3 ± 1.3 µM a,l

HUP
>500 µM a,l

MCE

[48,78]

Hippeastrine

Narcissus poeticus ‘Pink
Parasol’

Amaryllidaceae
(bulbs)

>500 µM a,f
GAL

1.7 ± 0.1 µM a,f

HUP
0.033 ± 0.001 µM a,f

>500 µM a,l
GAL

42.3 ± 1.3 µM a,l

HUP
>500 µM a,l

MCE

Homolycorine

Narcissus poeticus ‘Pink
Parasol’

Amaryllidaceae
(bulbs)

64 ± 4 µM a,f
GAL

1.7 ± 0.1µM a,f

HUP
0.033 ± 0.001µM a,f

151 ± 19 µM a,l
GAL

42.3 ± 1.3 µM a,l

HUP
>500 µM a,l

MCE

Incartine

Narcissus poeticus ‘Pink
Parasol’

Amaryllidaceae
(bulbs)

208 ± 14 µM a,f
GAL

1.7 ± 0.1µM a,f

HUP
0.033 ± 0.001 µM a,f

>500 µM a,l
GAL

42.3 ± 1.3 µM a,l

HUP
>500 µM a,l

MCE

Lycoramine

Narcissus poeticus ‘Pink
Parasol’

Amaryllidaceae
(bulbs)

456 ± 57 µM a,f
GAL

1.7 ± 0.1 µM a,f

HUP
0.033 ± 0.001 µM a,f

>500 µM a,l
GAL

42.3 ± 1.3 µM a,l

HUP
>500 µM a,l

MCE

Masonine

Narcissus poeticus ‘Pink
Parasol’

Amaryllidaceae
(bulbs)

304 ± 34 µM a,f
GAL

1.7 ± 0.1 µM a,f

HUP
0.033 ± 0.001 µM a,f

229 ± 24 µM a,l
GAL

42.3 ± 1.3 µM a,l

HUP
>500 µM a,l

MCE

Narcipavline

Narcissus poeticus ‘Pink
Parasol’

Amaryllidaceae
(bulbs)

208 ± 37 µM a,f
GAL

1.7 ± 0.1 µM a,f

HUP
0.033 ± 0.001 µM a,f

24.4 ± 1.2 µM a,l
GAL

42.3 ± 1.3 µM a,l

HUP
>500 µM a,l

MCE

Narwedine

Narcissus poeticus ‘Pink
Parasol’

Amaryllidaceae
(bulbs)

281 ± 33 µM a,f
GAL

1.7 ± 0.1 µM a,f

HUP
0.033 ± 0.001 µM a,f

>500 µM a,l
GAL

42.3 ± 1.3 µM a,l

HUP
>500 µM a,l

MCE

nor-Lycoramine

Narcissus poeticus ‘Pink
Parasol’

Amaryllidaceae
(bulbs)

>500 µM a,f
GAL

1.7 ± 0.1 µM a,f

HUP
0.033 ± 0.001 µM a,f

>500 µM a,l
GAL

42.3 ± 1.3 µM a,l

HUP
>500 µM a,l

MCE

Oduline

Narcissus poeticus ‘Pink
Parasol’

Amaryllidaceae
(bulbs)

>500 µM a,f
GAL

1.7 ± 0.1 µM a,f

HUP
0.033 ± 0.001 µM a,f

>500 µM a,l
GAL

42.3 ± 1.3 µM a,l

HUP
>500 µM a,l

MCE

seco-
Isopowellaminone

Narcissus poeticus ‘Pink
Parasol’

Amaryllidaceae
(bulbs)

293 ± 33 µM a,f
GAL

1.7 ± 0.1 µM a,f

HUP
0.033 ± 0.001 µM a,f

>500 µM a,l
GAL

42.3 ± 1.3 µM a,l

HUP
>500 µM a,l

MCE

Incartine

Narcissus jonquila var.
henriquesii Samp.
Amaryllidaceae

(bulbs)

208.2 ± 14.3 µM a,f

GAL
1.7 ± 0.06 µM a,f

HUP
0.03 ± 0.0 µM a,f

PHY
0.06 ± 0.0 µM a,f

943.4 ± 140.7 µM a,l

GAL
42.3 ± 1.3 µM a,l

HUP
>1000 µM a,l

PHY
0.13 ± 0.0 µM a,l

MCE

[48,79]

Narwedine

Narcissus poeticus
’Brackenhurst’

Amaryllidaceae
(bulbs)

281.2 ± 33.9 µM a,f

GAL
1.7 ± 0.06 µM a,f

HUP
0.03 ± 0.0 µM a,f

PHY
0.06 ± 0.0 µM a,f

911.3 ± 68.7 µM a,l

GAL
42.3 ± 1.3 µM a,l

HUP
>1000 µM a,l

PHY
0.13 ± 0.0 µM a,l

MCE
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11-Hydroxygalanthine

Narcissus tazetta subsp.
tazetta L

Amaryllidaceae
(bulbs

and leaves)

0.67 µM a,e GAL
0.15 µM a,e 18.17 µM a,m GAL

2.47µM a,m MCE

[48,80]

9-O-Demetil-2-α-
hydroxyhomolycorine

Narcissus tazetta subsp.
tazetta L

Amaryllidaceae
(bulbs

and leaves)

19.84 µM a,e GAL
0.15 µM a,e na GAL

2.47 µM a,m MCE

Narcissidine

Narcissus tazetta subsp.
tazetta L

Amaryllidaceae
(bulbs

and leaves)

1.85 µM a,e GAL
0.15 µM a,e na GAL

2.47 µM a,m MCE

Pancratinine-C

Narcissus tazetta subsp.
tazetta L

Amaryllidaceae
(bulbs

and leaves)

na GAL
0.15 µM a,e 32.04 µM a,m GAL

2.47 µM a,m MCE

Pseudolycorine

Narcissus tazetta subsp.
tazetta L

Amaryllidaceae
(bulbs

and leaves)

32.51 µM a,e GAL
0.15 µM a,e 21.64 µM a,m GAL

2.47 µM a,m MCE

Angustidine
Nauclea officinalis Merr.

& Chun.
Rubiaceae

(bark)
21.72 µM a,e GAL

0.94 µM a,e 1.03 µM a,m GAL
28.29 µM a,m CE

[19,48,81]

Angustine
Nauclea officinalis Merr.

& Chun.
Rubiaceae

(bark)

100 µg mL−1

—40.19 ± 0.65% b,e
GAL

0.94 µM a,e 4.98 µM a,m GAL
28.29 µM a,m CE

Angustoline
Nauclea officinalis Merr.

& Chun.
Rubiaceae

(bark)
261.89 µM a,e GAL

0.94 µM a,e 25.10 µM a,m GAL
28.29 µM a,m CE

Harmane
Nauclea officinalis Merr.

& Chun.
Rubiaceae

(bark)
300.68 µM a,e GAL

0.94 µM a,e 13.18 µM a,m GAL
28.29 µM a,m CE

Nauclefine
Nauclea officinalis Merr.

& Chun.
Rubiaceae

(bark)

100 µg mL−1

—34.61 ± 4.84% b,e
GAL

0.94 µM a,e 7.70 µM a,m GAL
28.29 µM a,m CE

7,8,13,14-
Dehydroorientalidine

Papaver setiferum
Goldblatt

Papaveraceae
(capsules)

nd NEO
6.0 ± 1.1 µM a,e nd NEO

92.7 ± 2.2 µM a,m MCE

[48,82,83]

7,8-
Didehydromecambridine

TFA salt

Papaver setiferum
Goldblatt

Papaveraceae
(capsules)

10.3 ± 1.1 µM a,e NEO
6.0 ± 1.1 µM a,e 100 ± 5 µM a,m NEO

92.7 ± 2.2 µM a,m MCE

7,8-
Didehydroorientalidine

TFA salt

Papaver setiferum
Goldblatt

Papaveraceae
(capsules)

3.4 ± 4.7 µM a,e NEO
6.0 ± 1.1 µM a,e 98.5 ± 0.6 µM a,m NEO

92.7 ± 2.2 µM a,m MCE

Alborine

Papaver setiferum
Goldblatt

Papaveraceae
(capsules)

6.8 ± 4.5 µM a,e NEO
6.0 ± 1.1 µM a,e 63.1 ± 0.5 µM a,m NEO

92.7 ± 2.2 µM a,m MCE

Isothebaine

Papaver setiferum
Goldblatt

Papaveraceae
(capsules)

260 ± 1 µM a,e NEO
6.0 ± 1.1 µM a,e 2.8 ± 3.0 µM a,m NEO

92.7 ± 2.2 µM a,m MCE

N-Methylcodamine

Papaver setiferum
Goldblatt

Papaveraceae
(capsules)

nd NEO
6.0 ± 1.1 µM a,e 221 ± 1 µM a,m NEO

92.7 ± 2.2 µM a,m MCE

N-Methylisothebainium

Papaver setiferum
Goldblatt

Papaveraceae
(capsules)

nd NEO
6.0 ± 1.1 µM a,e 7.1 ± 2.7 µM a,m NEO

92.7 ± 2.2 µM a,m MCE

N-Methylorientaline

Papaver setiferum
Goldblatt

Papaveraceae
(capsules)

nd NEO
6.0 ± 1.1 µM a,e 342 ± 3 µM a,m NEO

92.7 ± 2.2 µM a,m MCE

Orientalidine

Papaver setiferum
Goldblatt

Papaveraceae
(capsules)

5.0 ± 1.0 µM a,e NEO
6.0 ± 1.1 µM a,e 104 ± 4 µM a,m NEO

92.7 ± 2.2 µM a,m MCE

Salutaridine

Papaver setiferum
Goldblatt

Papaveraceae
(capsules)

nd NEO
6.0 ± 1.1 µM a,e 335 ± 4 µM a,m NEO

92.7 ± 2.2 µM a,m MCE
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19(S)-Hydroxyibogamine
Tabernaemontana bufalina

Lour.
(Apocynaceae)

nd nd 20.1 µM a,m TAC
0.025 µM a,m MCE [48,84,85]

3α-Dihydrocadambine

Uncaria rhynchophylla
Miq. ex Havil

Rubiaceae
(stems)

37.01 ± 1.57 µM a,e TAC
4.39 ± 0.80 µM a,e 33.34 ± 0.51 µM a,m TAC

3.25 ± 1.86 µM a,m MCE

[48,86]

7-epi-Javaniside

Uncaria rhynchophylla
Miq. ex Havil

Rubiaceae
(stems)

2.85 ± 0.50 µM a,e TAC
4.39 ± 0.80 µM a,e 2.13 ± 0.10 µM a,m TAC

3.25 ± 1.86 µM a,m MCE

Cadambine

Uncaria rhynchophylla
Miq. ex Havil

Rubiaceae
(stems)

26.12 ± 2.12 µM a,e TAC
4.39 ± 0.80 µM a,e 30.69 ± 0.69 µM a,m TAC

3.25 ± 1.86 µM a,m MCE

Strictosamide

Uncaria rhynchophylla
Miq. ex Havil

Rubiaceae
(stems)

46.57 ± 0.58 µM a,e TAC
4.39 ± 0.80 µM a,e 6.47 ± 0.72 µM a,m TAC

3.25 ± 1.86 µM a,m MCE

Vincosamide

Uncaria rhynchophylla
Miq. ex Havil

Rubiaceae
(stems)

12.4 ± 0.86 µM a,e TAC
4.39 ± 0.80 µM a,e 23.18 ± 0.14 µM a,m TAC

3.25 ± 1.86 µM a,m MCE

Deoxyvobtusine
lactone

Voacanga globosa Merr.
Apocynaceae

(leaves)
10−4.3 M—91% b,e GAL

0.64 µM a,e 20.2 µM a,m GAL
8.40 µM a,m MCE

[87–89]

Deoxyvobtusine
Voacanga globosa Merr.

Apocynaceae
(leaves)

10−4.3 M—87% b,e GAL
0.64 µM a,e 6.2 µM a,m GAL

8.40 µM a,m MCE

Globospiramine
Voacanga globosa Merr.

Apocynaceae
(leaves)

10−4.3 M—94% b,e GAL
0.64 µM a,e 16.4 µM a,m GAL

8.40 µM a,m MCE

Vobtusine
lactone

Voacanga globosa Merr.
Apocynaceae

(leaves)
10−4.3 M—90% b,e GAL

0.64 µM a,e 18.0 µM a,m GAL
8.40 µM a,m MCE

ANTHRANOIDS

2-Geranylemodin

Psorospermum
glaberrimum Hochr.

Hypericaceae
(stem bark)

0.1 mM—12.9% b,e GAL
0.50 ± 0.001 µM a,e 11.30 ± 0.23 µM a,m GAL

8.50 ± 0.001 µM a,m MCE

[48,90]

3-Prenyloxyemodin

Psorospermum
glaberrimum Hochr.

Hypericaceae
(stem bark)

0.1 mM—35.0% b,e GAL
0.50 ± 0.001 µM a,e 13.3 ± 1.10 µM a,m GAL

8.50 ± 0.001 µM a,m MCE

Acetylvismione D

Psorospermum
glaberrimum Hochr.

Hypericaceae
(stem bark)

0.1 mM—45.70% b,e GAL
0.50 ± 0.001 µM a,e e 10.1 ± 0.20 µM a,m GAL

8.50 ± 0.001 µM a,m MCE

Bianthrone 1a

Psorospermum
glaberrimum Hochr.

Hypericaceae
(stem bark)

63.0 ± 0.46 µM a,e GAL
0.50 ± 0.001 µM a,e a,e 9.25 ± 0.25 µM a,m GAL

8.50 ± 0.001 µM a,m MCE

3-Geranyloxyemodin
anthrone

Psorospermum
glaberrimum Hochr.

Hypericaceae
(stem bark)

100 µM—5.4% b,e GAL
0.50 ± 0.001 µM a,e e 11.60 ± 0,20 µM a,m GAL

8.50 ± 0.001 µM a,m MCE

3-Prenyloxyemodin
anthrone

Psorospermum
glaberrimum Hochr.

Hypericaceae
(stem bark)

100 µM—13.8% b,e GAL
0.50 ± 0.001 µM a,e 10.1 ± 0.5 µM a,m GAL

8.50 ± 0.001 µM a,m MCE

Emodin
Talaromyces aurantiacus

FL 15
(strain from leave
Huperzia serrata)

>100 µM a,e
RIV

1.82 ± 0.13 µM a,e

HUP
0.045 ± 0.01 µM a,e

>100 µM a,m nd MCE

[48,91,92]Physcion
Talaromyces aurantiacus

FL 15
(strain from leave
Huperzia serrata)

>100 µM a,e
RIV

1.82 ± 0.13 µM a,e

HUP
0.045 ± 0.01 µM a,e

>100 µM a,m nd MCE

Chrysophanol
Talaromyces aurantiacus

FL 15
(strain from leave
Huperzia serrata)

>100 µM a,e
RIV

1.82 ± 0.13 µM a,e

HUP
0.045 ± 0.01 µM a,e,

>100 µM a,m nd MCE

BIBENZYLS

3,3′-Dihydroxy-4-(4-
hydroxybenzyl)-5-
methoxybibenzyl

Bletilla striata Reichb. f.
Orchidaceae

(tuber)

25 µg mL−1

—2.6 ± 2.8% b,e

GAL
25 µg mL−1

—94.8 ± 0.9% b,e

25 µg mL−1

—22.6 ± 2.1% b,m

GAL
25 µg mL−1

—64.2 ± 0.6% b,m

46.3 ± 5.8 µM a,m

TAC
0.0101 ± 0.0005 µM a,m

MCE

[37,48]

3′ ,5-Dihydroxy-2-(4-
hydroxybenzyl)-3-
methoxybibenzyl

Bletilla striata Reichb. f.
Orchidaceae

(tuber)

25 µg mL−1

—5.0 ± 1.5% b,e

GAL
25 µg mL−1—94.8 ±

0.9% b,e

25 µg mL−1

—51.3 ± 2.0% b,m

80.3 ± 5.2 µM a,m

GAL
25 µg mL−1

—64.2 ± 0.6% b,m

46.3 ± 5.8 µM a,m

TAC
0.0101 ± 0.0005 µM a,m

MCE
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Bulbocol
Bletilla striata Reichb. f.

Orchidaceae
(tuber)

25 µg mL−1

—16.3 ± 3.8% b,e

GAL
25 µg mL−1

—94.8 ± 0.9% b,e

25 µg mL−1

—67.7 ± 0.3% b,m

33.5 ± 3.7 µM a,m

GAL
25 µg mL−1

—64.2 ± 0.6% b,m

46.3 ± 5.8 µM a,m

TAC
0.0101 ± 0.0005 µM a,m

MCE

Gymconopin D
Bletilla striata Reichb. f.

Orchidaceae
(tuber)

25 µg mL−1

—48.1 ± 6.3% b,e

GAL
25 µg mL−1

—94.8 ± 0.9% b,e

25 µg mL−1

—66.2 ± 3.4% b,m

40.5 ± 5.6 µM a,m

GAL
25 µg mL−1

—64.2 ± 0.6% b,m

46.3 ± 5.8 µM a,m

TAC
0.0101 ± 0.0005 µM a,m

MCE

COUMARINS

Scopoletin
Scopolia carniolica Jaqc.

Solanaceae
(roots)

168.6 µM a,e GAL
3.2 µM a,e nd nd MCE [16,48,93–95]

Decursinol
Angelica gigas Nakai

Apiaceae
(underground parts)

28 µM a,k nd nd nd MCE

[48,96–98]

Isoimperatorin
Angelica gigas Nakai

Apiaceae
(underground parts)

69 µM a,k nd nd nd MCE

Marmesin
Angelica gigas Nakai

Apiaceae
(underground parts)

67 µM a,k nd nd nd MCE

Nodakenin
Angelica gigas Nakai

Apiaceae
(underground parts)

68 µM a,k nd nd nd MCE

Xanthotoxin
Angelica gigas Nakai

Apiaceae
(underground parts)

54 µM a,k nd nd nd MCE

Bergapten
Angelica officinalis L.

Apiaceae
(fruits)

25 µg mL−1—
32.65 ± 6.10% b,e

100 µg mL−1

—nd

GAL
100 µg mL−1

—98.97 ± 0.24% b,e

25 µg mL−1

—86.69 ± 2.56% b,m

100 µg mL−1- nd

GAL
100 µg mL−1

—80.31 ± 1.14% b,m
MCE

[48,99,100]Imperatorin
Angelica officinalis L.

Apiaceae
(fruits)

25 µg mL−1—
18.76 ± 1.07% b,e

100 µg mL−1

—46.11 ± 0.92% b,e

GAL
100 µg mL−1

—98.97 ± 0.24% b,e

25 µg mL−1—
37.46 ± 1.09% b,m

100 µg mL−1—
83.98 ± 0.99% b,m

GAL
100 µg mL−1

—80.31 ± 1.14% b,m
MCE

Xanthotoxin
Angelica officinalis L.

Apiaceae
(fruits)

25 µg mL−1—
38.23 ± 0.06% b,e

100 µg mL−1

—66.08 ± 2.88% b,e

GAL
100 µg mL−1

—98.97 ± 0.24% b,e

25 µg mL−1

—63.60 ± 1.78% b,m

100 µg mL−1

—88.04 ± 0.83% b,m

GAL
100 µg mL−1

—80.31 ± 1.14% b,m
MCE

Heraclenol-2′-O-
angelate

Archangelicae officinalis L.
Apiaceae

(roots)
>1000 µM a,e GAL

0.37 ± 1.1 µM a,e 7.5 ± 1.8 µM a,m GAL
8.3 ± 2.6 µM a,m

BTLC
by
Marston
etal.
(2002)

[28,48,101]

Imperatorin
Archangelicae officinalis L.

Apiaceae
(fruits)

156 ± 15 µM a,e GAL
0.37 ± 1.1 µM a,e 14.4 ± 3.2 µM a,m GAL

8.3 ± 2.6 µM a,m

BTLC
by
Marston
et al.
(2002)

Isoimperatorin
Citrus hystrix DC.

Rutaceae
(peels of fruits)

nd nd 23 ± 0.2 µM a,m GAL
3.2 ± 0.2 µM a,m MCE

[27,48]
6′ ,7′-

Dihydroxybergamottin

Citrus hystrix DC
Rutaceae

(peels of fruits)
nd nd 15.4 ± 0.3 µM a,m GAL

3.2 ± 0.2 µM a,m MCE

6′-Hydroxy-7′-
methoxybergamottin

Citrus hystrix DC.
Rutaceae

(peels of fruits)
nd nd 11.2 ± 0.1 µM a,m GAL

3.2 ± 0.2 µM a,m MCE

5,7-Dihydroxy-8-(3-
methylbutanoyl)-

6-[(E)-3,7-
dimethylocta-2,6-
dienyl]-4-phenyl-

2H-chromen-2-one

Mesua elegans Kosterm.
Clusiaceae

(bark)
3.06 ± 0.04 µM a,e TAC

0.074 ± 0.012 µM a,e nd nd CE

[29,48]
Mesuagenin A

Mesua elegans Kosterm.
Clusiaceae

(bark)
1.06 ± 0.04 µM a,e TAC

0.074 ± 0.012 µM a,e nd nd CE

Mesuagenin B
Mesua elegans Kosterm.

Clusiaceae
(bark)

0.70 ± 0.10 µM a,e TAC
0.074 ± 0.012 µM a,e nd nd CE

Mesuagenin D
Mesua elegans Kosterm.

Clusiaceae
(bark)

8.73 ± 0.25 µM a,e TAC
0.074 ± 0.012 µM a,e nd nd CE

Lucidafuranocoumarin A
Peucedanum alsaticum L.

Apiaceae
(fruits)

na

GAL
100 µg mL−1

—92.14 ± 2.49% b,k

1.82 ± 0.22 µg mL−1 a,k

100 µg mL−1

—40.66 ± 1.25% b,n

GAL
100 µg mL−1

—81.93 ± 2.52% b,n

22.16 ± 0.91 µg mL−1 a,n

MCE [102]
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Bergamottin
Peucedanum alsaticum L.

Apiaceae
(fruits)

100 µg mL−1

—4.00 ± 0.82% b

GAL
100 µg mL−1

—92.14 ± 2.49% b,k

1.82 ± 0.22 µg mL−1 a,k

100 µg mL−1

—17.65 ± 1.50% b

GAL
100 µg mL−1

—81.93 ± 2.52% b,n

22.16 ± 0.91 µg mL−1 a,n

MCE

CHROMONES

Sargachromanol G
Sargassum siliquastrum

Sargassaceae
(strains)

1.81 ± 0.020 µM a,e
BER

1.01 ± 0.01 µM a,e

TAC
0.22 ± 0.004 µM a,e

10.79 ± 0.65 µM a,m TAC
0.014 ± 0.0043 µM a,m MCE

[48,59,60]

Sargachromanol I
Sargassum siliquastrum

Sargassaceae
(strains)

0.79 ± 0.07 µM a,e
BER

1.01 ± 0.01 µM a,e

TAC
0.22 ± 0.004 µM a,e

13.69 ± 5.07 µM a,m TAC
0.014 ± 0.0043 µM a,m MCE

DIARYLHEPTANOIDS

(−)-Alpininoid B

Alpinia officinarum
Hance

Zingiberaceae
(rhizomes)

100 µM—87.6 ± 0.1% b,e

2.6 ± 4.2 µM a,e
TAC

111.8 ± 4.6 µM a,e 100 µM—64.7 ± 1.4% b,m

35.2 ± 0.7 µM a,m
TAC

8.9 ± 2.4 µM a,m MCE

[31,66]

(4E)−1 ,7-Diphenyl-4-
hepten-3-one

Alpinia officinarum
Hance

Zingiberaceae
(rhizomes)

100 µM—98.0 ± 0.9% b,e

23.9 ± 2.6 µM a,e
TAC

111.8 ± 4.6 µM a,e 100 µM—62.3 ± 3.5% b,m

70.7 ± 2.5 µM a,m
TAC

8.9 ± 2.4 µM a,m MCE

Dihydroyashsbushiketol

Alpinia officinarum
Hance

Zingiberaceae
(rhizomes)

100 µM—36.2 ± 1.9% b,e TAC
111.8 ± 4.6 µM a,e 100 µM—15.7 ± 2.1% b,m TAC

8.9 ± 2.4 µM a,m MCE

(4E)-7-(4-
Hydroxyphenyl)-1-

phenyl-4-hepten-3-one

Alpinia officinarum
Hance

Zingiberaceae
(rhizomes)

100 µM –57.9 ± 3.2% b,e

87.3 ± 3.4 µM a,e
TAC

111.8 ± 4.6 µM a,e 100 µM—41.1 ± 0.1% b,m TAC
8.9 ± 2.4 µM a,m MCE

(4E)-7-(4-Hydroxy-3-
methoxyphenyl)-1-
phenyl-hept-4-en-3-

one

Alpinia officinarum
Hance

Zingiberaceae
(rhizomes)

100 µM—76.6 ± 0.3% b,e

39.1 ± 2.3 µM a,e
TAC

111.8 ± 4.6 µM a,e 100 µM—43.7 ± 1.4% b,m TAC
8.9 ± 2.4 µM a,m MCE

(5R)-7-(4-Hydroxy-3-
methoxyphenyl)-5-

methoxy-1-phenyl-3-
heptanone

Alpinia officinarum
Hance

Zingiberaceae
(rhizomes)

100 µM—35.3 ± 1.0% b,e TAC
111.8 ± 4.6 µM a,e 100 µM—21.5 ± 0.6% b,m TAC

8.9 ± 2.4 µM a,m MCE

Kaempferide

Alpinia officinarum
Hance

Zingiberaceae
(rhizomes)

100 µM—67.2 ± 1.8% b,e

31.9 ± 2.0 µM a,e
TAC

111.8 ± 4.6 µM a,e 100 µM –47.6 ± 1.6% b,m TAC
8.9 ± 2.4 µM a,m MCE

Galangin

Alpinia officinarum
Hance

Zingiberaceae
(rhizomes)

100 µM—65.4 ± 4.5% b,e

70.1 ± 1.5 µM a,e
TAC

111.8 ± 4.6 µM a,e 100 µM—63.6 ± 3.1% b,m

61.4 ± 1.4 µM a,m
TAC

8.9 ± 2.4 µM a,m MCE

DITERPENES

Dihydrotanshinone
Salvia miltiorhiza Bunge

Lamiaceae
(roots)

1 µM a,d PHY
0.25 µM a,d nd nd MCE

[38,103]

Cryptotanshinone
Salvia miltiorhiza Bunge

Lamiaceae
(roots)

7 µM a,d PHY
0.25 µM a,d nd nd MCE

Tanshinone I
Salvia miltiorhiza Bunge

Lamiaceae
(roots)

>50 µM a,d PHY
0.25 µM a,d nd nd MCE

Tanshionone IIA
Salvia miltiorhiza Bunge

Lamiaceae
(roots)

>140 µM a,d PHY
0.25 µM a,d nd nd MCE

Scapaundulin C Scapania undulate L.
Scapaniaceae >250 ng c,e GAL

>10 ng c,e nd nd

BTLC
by
Marston
et al.
(2002)

[104,105]

Scapaundulin
A

Scapania undulate L.
Scapaniaceae >250 ng c,e GAL

>10 ng c,e nd nd

BTLC
by
Marston
et al.
(2002)

5α, 8α,
9α-Trihydroxy-13E-

labden-12-one

Scapania undulate L.
Scapaniaceae >250 ng c,e GAL

>10 ng c,e nd nd

BTLC
by
Marston
etal.
(2002)

5α, 8α-
Dihydroxy-13E-
labden-12-one

Scapania undulate L.
Scapaniaceae >250 ng c,e GAL

>10 ng c,e nd nd

BTLC
by
Marston
et al.
(2002)

(13S)-15-Hydroxylabd-8
(17)-en-19-oic acid

Scapania undulate L.
Scapaniaceae >500 ng c,e GAL

>10 ng c,e nd nd

BTLC
by
Marston
et al.
(2002)
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AChE

Value of Inhibition
against BuChE

Reference Standard for
BuChE

FATTY ACID

(2E,4E,6R)-6-
Hydroxydeca-

2,4-dienoic acid.

Lycopodiella cernua L.
Lycopodiaceae
(whole plants)

0.22 ± 0.03 µM a,k BER
0.10 ± 0.01 µM a,k >30 µM a,n BER

1.09 ± 0.17 µM a,n MCE [48,106]

FLAVONOIDS

3-Methoxy quercetin
Agrimonia pilosa Ledeb.

Rosaceae
(leaves)

37.9 µM a,e DEH
37.8 µM a,e nd nd MCE

[48,107]

Quercetin
Agrimonia pilosa Ledeb.

Rosaceae
(leaves)

19.8 µM a,e DEH
37.8 µM a,e nd nd MCE

Quercitrin
Agrimonia pilosa Ledeb.

Rosaceae
(leaves)

66.9 µM a,e DEH
37.8 µM a,e nd nd MCE

Tiliroside
Agrimonia pilosa Ledeb.

Rosaceae
(leaves)

23.5 µM a,e DEH
37.8 µM a,e nd nd MCE

Linarin
Buddleja davidii Franch.

Buddlejaceae
(leaves)

>10 ng c,e HUP
>1 ng c,e nd nd

BTLC
by
Marston
et al.
(2002)

[101,104]

Garcineflavonol A
Garcinia atroviridis Griff.

ex T. Anderson
Clusiaceae
(stem bark)

100 µg mL−1

—68.45 ± 0.97% b,e

14.04 ± 0.77 µg mL−1 a,e

PHY
0.05 ± 0.01 µg mL−1 a,e 14.50 ± 0.47 µg mL−1 a,m PHY

0.14 ± 0.015 µg mL−1 a,m MCE [48,108,109]

Quercetin
Ginkgo biloba L.
Ginkgoaceae

(leaves)
95.8 µg mL−1 a,h CHL

12.4 µg mL−1 a,h nd nd MCE

[48,110,111]

Quercetin-
3-O-α-L-

rhamnopyranosyl-
(1→ 6)-β-D-

glucopyranoside

Ginkgo biloba L.
Ginkgoaceae

(leaves)
73.1 µg mL−1 a,h CHL

12.4 µg mL−1 a,h nd nd MCE

Quercetin-3-O-
β-D-glucopyranoside

Ginkgo biloba L.
Ginkgoaceae

(leaves)
57.8 µg mL−1 a,h CHL

12.4 µg mL−1 a,h nd nd MCE

Quercetin-3-O-α-L-
rhamnopyranoside

Ginkgo biloba L.
Ginkgoaceae

(leaves)
110.9 µg mL−1 a,h CHL

12.4 µg mL−1 a,h nd nd MCE

Quercetin-3-O-α-L-
rhamnopyranosyl-

(1→ 4)-O-α-L-
rhamnopyranosyl-

(1→ 2)-β-D-
glucopyranoside

Ginkgo biloba L.
Ginkgoaceae

(leaves)
112.6 µg mL−1 a,h CHL

12.4 µg mL−1 a,h nd nd MCE

Taxifolin
Ginkgo biloba L.
Ginkgoaceae

(leaves)
133.1 µg mL−1 a,h CHL

12.4 µg mL−1 a,h nd nd MCE

Quercetin-3-O-
neohesperidoside

Lysimachia clethroides
Duby

Primulaceae
(whole plant)

6.98 ± 0.47 µM a,e
BER

1.01 ± 0.01 µM a,e

TAC
0.22 ± 0.004 µM a,e

>40 µM a,m TAC
0.014 ± 0.0043 µM a,m MCE [48,59,60]

Diplacone
Paulownia

tomentosa Steud.
Paulowniaceae

(fruits)
7.2 ± 0.6 µM a,f PHY

0.15 ± 0.03 µM a,f 1.4 ± 0.3 µM a,m PHY
3.7 ± 0.6 µM a,m MCEF

[34,48,112]

3′-O-Methyldiplacol

Paulownia
tomentosa Steud.
Paulowniaceae

(fruits)
48.5 ± 2.1 µM a,f PHY

0.15 ± 0.03 µM a,f 11.2 ± 2.1 µM a,m PHY
3.7 ± 0.6 µM a,m MCEF

3′-O-Methyldiplacone

Paulownia
tomentosa Steud.
Paulowniaceae

(fruits)
109.2 ±8.4 µM a,f PHY

0.15 ± 0.03 µM a,f 24.5 ± 1.2 µM a,m PHY
3.7 ± 0.6 µM a,m MCEF

4′-O-Methyldiplacone

Paulownia
tomentosa Steud.
Paulowniaceae

(fruits)
92.4 ± 4.1 µM a,f PHY

0.15 ± 0.03 µM a,f 25.6 ± 1.6 µM a,m PHY
3.7 ± 0.6 µM a,m MCEF

4′-O-Methyldiplacol

Paulownia
tomentosa Steud.
Paulowniaceae

(fruits)
31.9 ± 1.2 µM a,f PHY

0.15 ± 0.03 µM a,f 12.7 ± 1.3 µM a,m PHY
3.7 ± 0.6 µM a,m MCEF

6-Geranyl-3,3′ ,5,5′ ,7-
pentahydroxy-

4′-methoxyflavane

Paulownia
tomentosa Steud.
Paulowniaceae

(fruits)

15.6 ± 0.8 µM a,f PHY
0.15 ± 0.03 µM a,f 3.8 ± 0.8 µM a,m PHY

3.7 ± 0.6 µM a,m MCEF

6-Geranyl-3′ ,5,5′ ,7-
tetrahydroxy-

4′-methoxyflavanone

Paulownia
tomentosa Steud.
Paulowniaceae

(fruits)
22.9 ± 1.6 µM a,f PHY

0.15 ± 0.03 µM a,f 6.4 ± 0.9 µM a,m PHY
3.7 ± 0.6 µM a,m MCEF

6-Geranyl-4′ ,5,7-
trihydroxy-3′ ,5′-

dimethoxyflavanone

Paulownia
tomentosa Steud.
Paulowniaceae

(fruits)
316.3 ± 12.5 µM a,f PHY

0.15 ± 0.03 µM a,f 80.00 ± 2.6 µM a,m PHY
3.7 ± 0.6 µM a,m MCEF
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Mimulone
Paulownia

tomentosa Steud.
Paulowniaceae

(fruits)
91.5 ± 5.3 µM a,f PHY

0.15 ± 0.03 µM a,f 20.6 ± 1.1 µM a,m PHY
3.7 ± 0.6 µM a,m MCEF

Dihydrowogonin
Prunus padus var.
seoulensis Nakai

Rosaceae
(leaves)

21.53 ± 0.32 µM a,e TAC
0.22 ± 0.001 µM a,e nd nd MCE

[48,59]

Dihydrowogonin
7-O-glucoside

Prunus padus var.
seoulensis Nakai

Rosaceae
(leaves)

15.49 ± 0.11 µM a,e TAC
0.22 ± 0.001 µM a,e nd nd MCE

Genkwanin
Prunus padus var.
seoulensis Nakai

Rosaceae
(leaves)

17.03 ± 0.77 µM a,e TAC
0.22 ± 0.001 µM a,e nd nd MCE

Rhamnocitrin
Prunus padus var.
seoulensis Nakai

Rosaceae
(leaves)

18.26 ± 0.075 µM a,e TAC
0.22 ± 0.001 µM a,e nd nd MCE

3,5,7-Trihydroxy-8-
methoxyflavanone

Prunus padus var.
seoulensis Nakai

Rosaceae
(leaves)

17.92 ± 0.63 µM a,e TAC
0.22 ± 0.001 µM a,e nd nd MCE

Amentoflavone

Selaginella doederleinii
Hieron

Selaginellaceae
(whole plant)

0.73 ± 0.009 µM a,e TAC
1.26 ± 0.017 µM a,e nd nd MCE

[48,113]

Bilobetin

Selaginella doederleinii
Hieron

Selaginellaceae
(whole plant)

5.76 ± 0.021 µM a,e TAC
1.26 ± 0.017 µM a,e nd nd MCE

Isoginkgetin

Selaginella doederleinii
Hieron

Selaginellaceae
(whole plant)

4.11 ± 0.019 µM a,e TAC
1.26 ± 0.017 µM a,e nd nd MCE

Robustaflavone

Selaginella doederleinii
Hieron

Selaginellaceae
(whole plant)

6.16 ± 0.032 µM a,e TAC
1.26 ± 0.017 µM a,e nd nd MCE

Kaempferol
Spiranthes sinensis Ames

Orchidaceae
(whole plant)

12.64 ± 0.31 a,k GAL
0.19 ± 0.02 µg/mL a,k nd nd MCE

[48,114]

Quercetin
Spiranthes sinensis Ames

Orchidaceae
(whole plant)

8.63 ± 0.37 a,k GAL
0.19 ± 0.02 µg/mL a,k nd nd MCE

LANOSTANE
TRITERPENES

Methyl lucidenate E2
Ganoderma lucidum

Karst.
Ganodermataceae
(fruiting bodies)

17.14 ± 2.88 µM a,k BERCl
0.04 ± 0.01 µM a,k >200 µM a,n BERCl

18.97 ± 0.41 µM a,n MCE

[48,115]

n-Butyl lucidenate A
Ganoderma lucidum

Karst.
Ganodermataceae
(fruiting bodies)

12.26 ± 0.68 µM a,k BERCl
0.04 ± 0.01 µM a,k >200 µM a,n BERCl

18.97 ± 0.41 µM a,n MCE

Ganoderic acid E
Ganoderma lucidum

Karst.
Ganodermataceae
(fruiting bodies)

18.35 ± 2.95 µM a,k BERCl
0.04 ± 0.01 µM a,k >200 µM a,n BERCl

18.97 ± 0.41 µM a,n MCE

N-Butyl ganoderate H
Ganoderma lucidum

Karst.
Ganodermataceae
(fruiting bodies)

9.40 ± 0.88 µM a,k BERCl
0.04 ± 0.01 µM a,k >200 µM a,n BERCl

18.97 ± 0.41 µM a,n MCE

Lucidadiol
Ganoderma lucidum

Karst.
Ganodermataceae
(fruiting bodies)

31.03 ± 1.69 µM a,k BERCl
0.04 ± 0.01 µM a,k 156.27 ± 6.12 µM a,n BERCl

18.97 ± 0.41 µM a,n MCE

Lucidenic acid N
Ganoderma lucidum

Karst.
Ganodermataceae
(fruiting bodies)

25.91 ± 0.89 µM a,k BERCl
0.04 ± 0.01 µM a,k 188.36 ± 3.05 µM a,n BERCl

18.97 ± 0.41 µM a,n MCE

Lucidumol B
Ganoderma lucidum

Karst.
Ganodermataceae
(fruiting bodies)

16.27 ± 0.51 µM a,k BERCl
0.04 ± 0.01 µM a,k >200 µM a,n BERCl

18.97 ± 0.41 µM a,n MCE

n-Butyl lucidenate N
Ganoderma lucidum

Karst.
Ganodermataceae
(fruiting bodies)

11.58 ± 0.36 µM a,k BERCl
0.04 ± 0.01 µM a,k >200 µM a,n BERCl

18.97 ± 0.41 µM a,n MCE

LIGNANS

Macelignan
Myristica fragrans Houtt.

Myristicaceae
(seeds)

4.16 ± 0.070 µM a,e
BER

1.01 ± 0.01 µM a,e

TAC
0.22 ± 0.004 µM a,e

9.69 ± 0.98 µM a,m TAC
0.014 ± 0.0043 µM a,m MCE [48,59,60]
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(+)-(7R,8S)-Erythro-
4,7,9′-trihydroxy-8-O-
4′-neolignan-9-O-β-D-

glucopyranoside

Camelia sinensis var.
sinensis

Theaceae
(leaves and buds)

0.75 ± 0.04 µM a,e HUP
0.29 ± 0.05 µM a,e nd nd MCE

[48,116,117]
(7S,8S)-Threo-4,9,9′-
trihydroxy-8-O-4′-

neolignan-7-O-β-D-
glucopyranoside

Camelia sinensis var.
sinensis

Theaceae
(leaves and buds)

0.19 ± 0.02 µM a,e HUP
0.29 ± 0.05 µM a,e nd nd MCE

STILBENOID

Isoarundinin II
Bletilla striata Reichb. f.

Orchidaceae
(tuber)

25 µg mL−1

—0.9 ± 0.8% b,e

GAL
25 µg mL−1

—94.8 ± 0.9% b,e

25 µg mL−1

—39.3 ± 2.3% b,m

GAL
25 µg mL−1

—64.2 ± 0.6% b,m

46.3 ± 5.8 µM a,m

TAC
0.0101 ± 0.0005 µM a,m

MCE [37,48]

PHENANTHRENES

1-[(4-Hy-
droxyphenyl)methyl]-

4-methoxy-2,7-
phenanthrenediol

Bletilla striata Reichb. f.
Orchidaceae

(tuber)

25 µg mL−1

—19.1 ± 3.8% b,e

GAL
25 µg mL−1

—94.8 ± 0.9% b,e

25 µg mL−1

—96.6 ± 1.2% b,m

2.1 ± 0.3 µM a,m

GAL
25 µg mL−1

—64.2 ± 0.6% b,m

46.3 ± 5.8 µM a,m

TAC
0.0101 ± 0.0005 µM a,m

MCE

[37,48]

1,8-bis(4-
Hydroxybenzyl)-4-

methoxyphenanthrene-
2,7-diol

Bletilla striata Reichb. f.
Orchidaceae

(tuber)

25 µg mL−1

—16.1 ± 5.0% b,e

GAL
25 µg mL−1

—94.8 ± 0.9% b,e

25 µg mL−1

—95.4 ± 0.3% b,m

2.3 ± 0.4 µM a,m

GAL
25 µg mL−1

—64.2 ± 0.6% b,m

46.3 ± 5.8 µM a,m

TAC
0.0101 ± 0.0005 µM a,m

MCE

2,7-Dihydroxy-1,3-
bi(p-hydroxybenzyl)-

4-methoxy-9,10-
dihydrophenanthrene

Bletilla striata Reichb. f.
Orchidaceae

(tuber)

25 µg mL−1

—20.1 ± 3.5% b,e

GAL
25 µg mL−1

—94.8 ± 0.9% b,e

25 µg mL−1

—53.1 ± 1.2% b,m

44.6 ± 4.1 µM a,m

GAL
25 µg mL−1

—64.2 ± 0.6% b,m

46.3 ± 5.8 µM a,m

TAC
0.0101 ± 0.0005 µM a,m

MCE

1-(p-Hydroxybenzyl)-4,
7-dimethoxyphenanthrene-

2,8-diol

Bletilla striata Reichb. f.
Orchidaceae

(tuber)

25 µg mL−1

—20.4 ± 4.5% b,e

GAL
25 µg mL−1

—94.8 ± 0.9% b,e

25 µg mL−1

—85.2 ± 2.9% b,m

6.4 ± 0.2 µM a,m

GAL
25 µg mL−1

—64.2 ± 0.6% b,m

46.3 ± 5.8 µM a,m

TAC
0.0101 ± 0.0005 µM a,m

MCE

3-(4-Hydroxybenzyl)-
4-methoxy-9,10-

dihydrophenanthrene-
2,7-diol

Bletilla striata Reichb. f.
Orchidaceae

(tuber)

25 µg mL−1

—9.6 ± 2.6% b,e

GAL
25 µg mL−1

—94.8 ± 0.9% b,e

25 µg mL−1

—65.7 ± 0.7% b,m

34.0 ± 1.4 µM a,m

GAL
25 µg mL−1

—64.2 ± 0.6% b,m

46.3 ± 5.8 µM a,m

TAC
0.0101 ± 0.0005 µM a,m

MCE

9-(4′-Hydroxy-3′-
methoxyphenyl)-10-
(hydroxymethyl)-11-

methoxy-5,6,9,
10-

tetrahydrophenanthro
[2,3-b] furan-3-ol

Bletilla striata Reichb. f.
Orchidaceae

(tuber)

25 µg mL−1

—3.3 ± 1.8% b,e

GAL
25 µg mL−1

—94.8 ± 0.9% b,e

25 µg mL−1

—61.2 ± 1.3% b,m

35.8 ± 9.2 µM a,m

GAL
25 µg mL−1

—64.2 ± 0.6% b,m

46.3 ± 5.8 µM a,m

TAC
0.0101 ± 0.0005 µM a,m

MCE

Bleformin A
Bletilla striata Reichb. f.

Orchidaceae
(tuber)

25 µg mL−1

—18.5 ± 1.7% b,e

GAL
25 µg mL−1

—94.8 ± 0.9% b,e

25 µg mL−1

—70.0 ± 1.0% b,m

5.2 ± 0.4 µM a,m

GAL
25 µg mL−1

—64.2 ± 0.6% b,m

46.3 ± 5.8 µM a,m

TAC
0.0101 ± 0.0005 µM a,m

MCE

Bleformin B
Bletilla striata Reichb. f.

Orchidaceae
(tuber)

25 µg mL−1

—9.9 ± 4.7% b,e

GAL
25 µg mL−1

—94.8 ± 0.9% b,e

25 µg mL−1

—75.7 ± 1.1% b,m

16.7 ± 2.4 µM a,m

GAL
25 µg mL−1

—64.2 ± 0.6% b,m

46.3 ± 5.8 µM a,m

TAC
0.0101 ± 0.0005 µM a,m

MCE

Blestrin D
Bletilla striata Reichb. f.

Orchidaceae
(tuber)

25 µg mL−1

—6.8 ± 1.6% b,e

GAL
25 µg mL−1

—94.8 ± 0.9% b,e

25 µg mL−1

—69.0 ± 2.5% b,m

8.1 ± 0.5 µM a,m

GAL
25 µg mL−1

—64.2 ± 0.6% b,m

46.3 ± 5.8 µM a,m

TAC
0.0101 ± 0.0005 µM a,m

MCE

Blestrin A
Bletilla striata Reichb. f.

Orchidaceae
(tuber)

25 µg mL−1

—8.4 ± 3.1% b,e

GAL
25 µg mL−1

—94.8 ± 0.9% b,e

25 µg mL−1

—64.0 ± 2.6% b,m

17.9 ± 4.7 µM a,m

GAL
25 µg mL−1

—64.2 ± 0.6% b,m

46.3 ± 5.8 µM a,m

TAC
0.0101 ± 0.0005 µM a,m

MCE

Blestrin C
Bletilla striata Reichb. f.

Orchidaceae
(tuber)

25 µg mL−1

—4.9 ± 3.2% b,e

GAL
25 µg mL−1

—94.8 ± 0.9% b,e

25 µg mL−1

—64.3 ± 2.4% b,m

12.1 ± 3.4 µM a,m

GAL
25 µg mL−1

—64.2 ± 0.6% b,m

46.3 ± 5.8 µM a,m

TAC
0.0101 ± 0.0005 µM a,m

MCE
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Bletilol D
Bletilla striata Reichb. f.

Orchidaceae
(tuber)

25 µg mL−1

—5.7 ± 2.8% b,e

GAL
25 µg mL−1

—94.8 ± 0.9% b,e

25 µg mL−1

—31.6 ± 2.8% b,m

GAL
25 µg mL−1—64.2 ±

0.6% b,m

46.3 ± 5.8 µM a,m

TAC
0.0101 ± 0.0005 µM a,m

MCE

Bletilol E
Bletilla striata Reichb. f.

Orchidaceae
(tuber)

25 µg mL−1

—5.1 ± 4.0% b,e

GAL
25 µg mL−1

—94.8 ± 0.9% b,e

25 µg mL−1—8.0 ± 2.4%
b,m

GAL
25 µg mL−1

—64.2 ± 0.6% b,m

46.3 ± 5.8 µM a,m

TAC
0.0101 ± 0.0005 µM a,m

MCE

Favanthrin
Bletilla striata Reichb. f.

Orchidaceae
(tuber)

25 µg mL−1

—13.3 ± 2.9% b,e

GAL
25 µg mL−1—94.8 ±

0.9% b,e

25 µg mL−1

—56.7 ± 2.0% b,m

42.2 ± 5.1 µM a,m

GAL
25 µg mL−1

—64.2 ± 0.6% b,m

46.3 ± 5.8 µM a,m

TAC
0.0101 ± 0.0005 µM a,m

MCE

Pholidotol
Bletilla striata Reichb. f.

Orchidaceae
(tuber)

25 µg mL−1 –5.2 ± 3.2%
b,e

GAL
25 µg mL−1

—94.8 ± 0.9% b,e

25 µg mL−1

—29.1 ± 1.3% b,m

GAL
25 µg mL−1

—64.2 ± 0.6% b,m

46.3 ± 5.8 µM a,m

TAC
0.0101 ± 0.0005 µM a,m

MCE

Shancidin
Bletilla striata Reichb. f.

Orchidaceae
(tuber)

25 µg mL−1

—15.2 ± 3.6% b,e

GAL
25 µg mL−1

—94.8 ± 0.9% b,e

25 µg mL−1

—72.8 ± 3.4% b,m

16.7 ± 2.0 µM a,m

GAL
25 µg mL−1

—64.2 ± 0.6% b,m

46.3 ± 5.8 µM a,m

TAC
0.0101 ± 0.0005 µM a,m

MCE

Shanciol F
Bletilla striata Reichb. f.

Orchidaceae
(tuber)

25 µg mL−1

—5.5 ± 1.8% b,e

GAL
25 µg mL−1

—94.8 ± 0.9% b,e

25 µg mL−1

—21.8 ± 3.1% b,m

GAL
25 µg mL−1

—64.2 ± 0.6% b,m

46.3 ± 5.8 µM a,m

TAC
0.0101 ± 0.0005 µM a,m

MCE

Cremaphenanthrene F
Cremastra appendiculata

Makino
Orchidaceae

(tubers)
>200 µM a,e GAL

0.39 ± 0.04 µM a,e 14.62 ± 2.15 µM a,m GAL
1.12 ± 0.67 µM a,m MCE

[44,48]

Cremaphenanthrene G
Cremastra appendiculata

Makino
Orchidaceae

(tubers)
>200 µM a,e GAL

0.39 ± 0.04 µM a,e 79.56 ± 0.78 µM a,m GAL
1.12 ± 0.67 µM a,m MCE

PHENYLPROPANOIDS

Lapathoside A

Fallopia dentatoalata
Holub

Polygonaceae
(aerial part)

30.6 ± 4.7 µM a,e TAC
0.1267 ± 0.0011 µM a,e 2.7 ± 1.7 µM a,m TAC

0.0055 ± 0.0017 µM a,m MCE

[48,118,119]

Lapathoside B

Fallopia dentatoalata
Holub

Polygonaceae
(aerial part)

>100 µM a,e TAC
0.1267 ± 0.0011 µM a,e 10.9 ± 4.9 µM a,m TAC

0.0055 ± 0.0017 µM a,m MCE

Smilaside G

Fallopia dentatoalata
Holub

Polygonaceae
(aerial part)

>100 µM a,e TAC
0.1267 ± 0.0011 µM a,e 17.1 ± 3.4 µM a,m TAC

0.0055 ± 0.0017 µM a,m MCE

Smilaside J

Fallopia dentatoalata
Holub

Polygonaceae
(aerial part)

56.0 ± 2.4 µM a,e TAC
0.1267 ± 0.0011 µM a,e 10.1 ± 4.6 µM a,m TAC

0.0055 ± 0.0017 µM a,m MCE

Vanicoside B

Fallopia dentatoalata
Holub

Polygonaceae
(aerial part)

32.3 ± 4.7µM a,e TAC
0.1267 ± 0.0011 µM a,e 7.5 ± 4.1 µM a,m TAC

0.0055 ± 0.0017 µM a,m MCE

PHLOROTANNINS

974-B
Eisenia bicyclis

(Kjellman) Stechell
Laminariaceae

(leafy thalli)
1.95 ± 0.01 µM a,e BER

0.22 ± 0.03 µM a,e 3.26 ± 0.08 µM a,m BER
11.74 ± 0.85 µM a,m CE [48,120]

PHTHALATES

bis (7-Acetoxy-2-ethyl-
5-methylheptyl)

phthalate

Lonicera quinquelocularis
Hard.

Caprifoliaceae
(whole plant)

1.65 ± 0.03 µM a,k GAL
1.79 ± 0.061 µM a,k 5.98 ± 0.079 µM a,m GAL

7.98 ± 0.01 µM a,m MCE

[48,51,121]
Neopentyl-4-hydroxy-

3,5-bis
(3-methyl-2-butenyl)

benzoate

Lonicera quinquelocularis
Hard.

Caprifoliaceae
(whole plant)

3.43 ± 0.02 µM a,k GAL
1.79 ± 0.061 µM a,k 9.84 ± 0.037 µM a,m GAL

7.98 ± 0.01 µM a,m MCE

PHENOLIC ACIDS

4-Hydroxybenzoic
acid methyl ester

Spiranthes sinensis Ames
Orchidaceae
(whole plant)

42.89 ± 1.21 a,k GAL
0.19 ± 0.02 µg/mL a,k nd nd MCE

[48,114]

Ethyl ferulate
Spiranthes sinensis Ames

Orchidaceae
(whole plant)

19.97 ± 1.05 a,k GAL
0.19 ± 0.02 µg/mL a,k nd nd MCE
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3-(4-Tolyloxy)-
propanoic

acid

Spiranthes sinensis Ames
Orchidaceae
(whole plant)

15.31 ± 0.64 a,k GAL
0.19 ± 0.02 µg/mL a,k nd nd MCE

POLYKETIDES

Aspilactonol G
Phaeospaeria sp. LF5

(strain from Huperzia
serrata)

>100 µM a,k
RIV

1.82 ± 0.13 µM a,k

HUP
0.045 ± 0.01 µM a,k

nd nd MCE

[48,122,123]

Aspilactonol H
Phaeospaeria sp. LF5

(strain from Huperzia
serrata)

>100 µM a,k
RIV

1.82 ± 0.13 µM a,k

HUP
0.045 ± 0.01 µM a,k

nd nd MCE

Aspilactonol I
Phaeospaeria sp. LF5

(strain from Huperzia
serrata)

6.26 ± 0.15 µM a,k
RIV

1.82 ± 0.13 µM a,k

HUP
0.045 ± 0.01 µM a,k

nd nd MCE

de-O-
Methyldiaporthin

Phaeospaeria sp. LF5
(strain from Huperzia

serrata)
21.18 ± 1.53 µM a,k

RIV
1.82 ± 0.13 µM a,k

HUP
0.045 ± 0.01 µM a,k

nd nd MCE

6,8-Dihydroxy-3-(10R,
20R-dihydroxypropyl)-

isocoumarin

Phaeospaeria sp. LF5
(strain from Huperzia

serrata)
>100 µM a,k

RIV
1.82 ± 0.13 µM a,k

HUP
0.045 ± 0.01 µM a,k

nd nd MCE

E-∆2-
Anhydromevalonic

acid

Phaeospaeria sp. LF5
(strain from Huperzia

serrata)
>100 µM a,k

RIV
1.82 ± 0.13 µM a,k

HUP
0.045 ± 0.01 µM a,k

nd nd MCE

2-(1-Hydroxyethyl)-6-
methylisonicotinic

acid

Phaeospaeria sp. LF5
(strain from Huperzia

serrata)
>100 µM a,k

RIV
1.82 ± 0.13 µM a,k

HUP
0.045 ± 0.01 µM a,k

nd nd MCE

6-Hydroxy-8-methoxy-
3-

methylisocoumarin

Phaeospaeria sp. LF5
(strain from Huperzia

serrata)
>100 µM a,k

RIV
1.82 ± 0.13 µM a,k

HUP
0.045 ± 0.01 µM a,k

nd nd MCE

3-(Hydroxymethyl)-5-
methylfuran-2(5H)-

one

Phaeospaeria sp. LF5
(strain from Huperzia

serrata)
>100 µM a,k

RIV
1.82 ± 0.13 µM a,k

HUP
0.045 ± 0.01 µM a,k

nd nd MCE

4-Methyl-5,6-
dihydropyren-2-one

Phaeospaeria sp. LF5
(strain from Huperzia

serrata)
>100 µM a,k

RIV
1.82 ± 0.13 µM a,k

HUP
0.045 ± 0.01 µM a,k

nd nd MCE

(R)-6-Hydroxymellein
Phaeospaeria sp. LF5

(strain from Huperzia
serrata)

>100 µM a,k
RIV

1.82 ± 0.13 µM a,k

HUP
0.045 ± 0.01 µM a,k

nd nd MCE

Asterric acid
Talaromyces aurantiacus

FL 15
(strain from leave
Huperzia serrata)

66.7 ± 1.7 µM a,e
RIV

1.82 ± 0.13 µM a,e

HUP
0.045 ± 0.01 µM a,e

>100 µM a,m ns MCE

[48,91,92]

Ethyl asterrate
Talaromyces aurantiacus

FL 15
(strain from leave
Huperzia serrata)

20.1 ± 0.9 µM a,e
RIV

1.82 ± 0.13 µM a,e

HUP
0.045 ± 0.01 µM a,e

>100 µM a,m ns MCE

Methyl asterrate
Talaromyces aurantiacus

FL 15
(strain from leave
Huperzia serrata)

23.3 ± 1.2 µM a,e
RIV

1.82 ± 0.13 µM a,e

HUP
0.045 ± 0.01 µM a,e

>100 µM a,m ns MCE

Sulochrin
Talaromyces aurantiacus

FL 15
(strain from leave
Huperzia serrata)

>100 µM a,e
RIV

1.82 ± 0.13 µM a,e

HUP
0.045 ± 0.01 µM a,e

>100 µM a,m ns MCE

POLYPHENOLS

Broussonin A

Anemarrhena
asphodeloides

Bunge
Asparagaceae

(roots)

15.88 ± 1.02 µM a,e
BER

1.01 ± 0.01 µM a,e

TAC
0.22 ± 0.004 µM a,e

7.50 ± 0.07 µM a,m TAC
0.014 ± 0.0043 µM a,m MCE [48,59,60]

Mangiferin

Anemarrhena
asphodeloides Bunge

Asparagaceae
(whole plant)

62.8 µM a,g TAC
nd a,g nd nd MCE [48,124]

Caffeoylated catechin
Camellia sinensis var.

assamica
Theaceae
(leaves)

2.49 ± 0.43 µM a,e HUP
0.088 ± 0.004 µM a,e nd d MCE

[48,116]Epigallocatechin
3-O-p-coumaroate

Camellia sinensis var.
assamica

Theaceae
(leaves)

11.41 ± 2.00 µM a,e HUP
0.088 ± 0.004 µM a,e nd nd MCE

Epigallocatechin-3-O-
ferulate

Camellia sinensis var.
assamica

Theaceae
(leaves)

62.26 ± 10.18 µM a,e HUP
0.088 ± 0.004 µM a,e nd nd MCE
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Creoside IV

Codonopsis pilosula
Nannf

Campanulaceae
(roots)

7.30 ± 0.49 µM a,e
BER

1.01 ± 0.01 µM a,e

TAC
0.22 ± 0.004 µM a,e

>40 a,m TAC
0.014 ± 0.0043 µM a,m MCE [48,59,60]

Heyneanol A
Vitis amurensis Rupr.

Vitaceae
(roots)

1.66 ± 0.09 µM a,f GAL
0.93 ± 0.07 µM a,f 1.75 ± 0.09 µM a,l GAL

9.24 ± 1.32 µM a,l MCE

[48,125]

Vitisin A
Vitis amurensis Rupr.

Vitaceae
(roots)

1.04 ± 0.05 µM a,f GAL
0.93 ± 0.07 µM a,f 4.41 ± 0.39 µM a,l GAL

9.24 ± 1.32 µM a,l MCE

SESQUITERPENE
LACTONES

Britannin
Inula aucheriana DC.

Asteraceae
(aerial parts)

300 µg mL−1—25.2% b,k DON nd nd MCE

[48,126]Gaillardin
Inula oculus-christi L.

Asteraceae
(aerial parts)

300 µg mL−1—67% b,k DON nd nd MCE

Pulchellin C
Inula oculus-christi L.

Asteraceae
(aerial parts)

300 µg mL−1—10.9% b,k DON nd nd MCE

Amberin
Amberboa ramosa Jafri.

Asteraceae
(whole plant)

17.5 ± 0.01 µM a,e
GAL

0.5 ± 0.01 µM a,e

PHY
0.04 ± 0.0001 µM a,e

2.7 ± 0.02 µM a,m
GAL

8.2 ± 0.02 µM a,m

PHY
0.82 ± 0.001 µM a,m

MCE

[48,127]

Amberbin A
Amberboa ramosa Jafri.

Asteraceae
(whole plant)

8.6 ± 0.15 µM a,e
GAL

0.5 ± 0.01 µM a,e

PHY
0.04 ± 0.0001 µM a,e

4.8 ± 0.15 µM a,m
GAL

8.2 ± 0.02 µM a,m

PHY
0.82 ± 0.001 µM a,m

MCE

Amberbin B
Amberboa ramosa Jafri.

Asteraceae
(whole plant))

0.91 ± 0.015 µM a,e
GAL

0.5 ± 0.01 µM a,e

PHY
0.04 ± 0.0001 µM a,e

2.5 ± 0.15 µM a,m
GAL

8.2 ± 0.02 µM a,m

PHY
0.82 ± 0.001 µM a,m

MCE

Amberbin C
Amberboa ramosa Jafri.

Asteraceae
(whole plant)

1.1 ± 0.08 µM a,e
GAL

0.5 ± 0.01 µM a,e

PHY
0.04 ± 0.0001 µM a,e

17.9 ± 0.05 µM a,m
GAL

8.2 ± 0.02 µM a,m

PHY
0.82 ± 0.001 µM a,m

MCE

Zerumbone
Zingiber zerumbet L.

Zingiberaceae
(whole plant)

1 mg mL−1 c,k TAC
10 mM c,k nd nd

BTLC
by
Rhee
et al.
(2001)

[16,128]

Silphiperfolene acetate
Leontopodium alpinum

Cass.
Asteraceae

(sub-aerial parts)

200 µM
—40.64 ± 7.09% b,k

GAL
3.2 µM a,k

GAL
100 µM—89.30 ± 2.29%

b,k

nd nd MCE [93,95,129]

STEROIDS

Leucisterol
Leucas urticifolia Vahl.

Lamiaceae
(whole plant)

83.6 ± 0.59 µM a,k PHY
0.04 µM a,k 3.2 ± 0.85 µM a,n PHY

0.93 ± 0.3 µM a,n CE [48,130]

STEROLS

Haloxylon A

Haloxylon recurvum
Bunge ex Boiss

Chenopodiaceae
(whole plant)

8.3 ± 0.02 µM a,e GAL
0.5 ± 0.001 µM a,e 4.7 ± 0.01 µM a,m GAL

8.5 ± 0.00 µM a,m MCE

[48,131]

Haloxylon B

Haloxylon recurvum
Bunge ex Boiss

Chenopodiaceae
(whole plant)

0.89 ± 0.002 µM a,e GAL
0.5 ± 0.001 µM a,e 2.3 ± 0.001 µM a,m GAL

8.5 ± 0.00 µM a,m MCE

TRIFLAVANONES

Garcineflavanone A
Garcinia atroviridis Griff.

ex T. Anders.
Clusiaceae
(stem bark)

100 µg mL−1—80.15 ±
6.65% b,e

28.52 ± 5.23 µg mL−1 a,e

PHY
0.05 ± 0.01 µg mL−1 a,e ns PHY

0.14 ± 0.015 µg mL−1 a,m MCE [48,108,109]

TRITERPENOIDS

Arbora-
1,9(11)-dien-3-one

Buxus hyrcana Pojark.
Buxaceae
(leaves)

47.9 ± 1.2 µM a,k
GAL

0.53 ± 0.5 µM a,k

HUP
1.7 ± 0.3 µM a,k

220.1 ± 1.0 µM a,n
GAL

8.7 ± 1.0 µM a,n

HUP
>1000 ± 3.0 µM a,n

MCE [48,56–58]

Asiatic acid
Centella asiatica Urb

Apiaceae
(whole plant)

15.05 ± 0.05 µM a,e PHY
0.05 ± 0.12 µM a,e nd nd MCE

[48,132,133]

Asiaticoside
Centella asiatica Urb

Apiaceae
(whole plant)

59.13 ± 0.18 µM a,e PHY
0.05 ± 0.12 µM a,e nd nd MCE

Madecassic acid
Centella asiatica Urb

Apiaceae
(whole plant)

17.83 ± 0.06 µM a,e PHY
0.05 ± 0.12 µM a,e nd nd MCE

Madecassoside
Centella asiatica Urb

Apiaceae
(whole plant)

37.14 ± 0.04 µM a,e PHY
0.05 ± 0.12 µM a,e nd nd MCE
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Betulin
Garcinia hombroniana

Pierre
Clusiaceae

(bark)
28.5 ± 0.78 µM a,e PHY

0.04 ± 0.004 µM a,e nd PHY
0.09 ± 0.003 µM a,m MCE

[48,81]

Betulinic acid
Garcinia hombroniana

Pierre
Clusiaceae

(bark)
24.2 ± 0.99 µM a,e PHY

0.04 ± 0.004 µM a,e 19.1 ± 1.33 µM a,m PHY
0.09 ± 0.003 µM a,m MCE

2β-Hydroxy-3α-O-
caffeoyltaraxar-14-en-

28-
oic acid

Garcinia hombroniana
Pierre

Clusiaceae
(bark)

13.5 ± 0.95 µM a,e PHY
0.04 ± 0.004 µM a,e 10.6 ± 0.54 µM a,m PHY

0.09 ± 0.003 µM a,m MCE

Taraxerol
Garcinia hombroniana

Pierre
Clusiaceae

(bark)
nd PHY

0.04 ± 0.004 µM a,e 17.8 ± 1.73 µM a,m PHY
0.09 ± 0.003 µM a,m MCE

21β-Hydroxyserrat-
14-en-3,16-dione

Lycopodiella cernua L.
Lycopodiaceae)
(whole plants)

10.67 ± 0.66 µM a,k BER
0.10 ± 0.01 µM a,k >30 µM a,n BER

1.09 ± 0.17 µM a,n MCE

[48,106]

3β,21α-
Diacetoxyserratan-

14β-ol

Lycopodiella cernua L.
Lycopodiaceae
(whole plants)

0.91 ± 0.01 µM a,k BER
0.10 ± 0.01 µM a,k >30 µM a,n BER

1.09 ± 0.17 µM a,n MCE

3β,21β,29-
Trihydroxyserrat-

14-en-3β-yl
p-dihydrocoumarate

Lycopodiella cernua L.
Lycopodiaceae
(whole plants)

1.69 ± 0.10 µM a,k BER
0.10 ± 0.01 µM a,k 0.42 ± 0.01 µM a,n BER

1.09 ± 0.17 µM a,n MCE

SESQUITERPENES

1α-Acetoxy-6β,9β-
difuroyloxy-4β-

hydroxydihydro-β-
agarofuran

Maytenus disticha Urb.
Celastraceae

(seeds)
738.0 ± 0.007 µM a,e

GAL
10.0 ± 0.015 µM a,e

CAR
45.0 ± 0.031 µM a,e

ns a,m ns a,m MCE

[48,134]

6β-Acetoxy-9β-
benzyloxy-1α,8α-

dihydroxydihydro-β-
agarofuran

Maytenus disticha Urb.
Celastraceae

(seeds)
500.0 ± 0.03 µM a,e

GAL
10.0 ± 0.015 µM a,e

CAR
45.0 ± 0.031 µM a,e

ns a,m ns a,m MCE

6β,8α-Diacetoxy-9β-
furoyloxy-1α-

hydroxydihydro-β-
agarofuran

Maytenus disticha Urb.
Celastraceae

(seeds)
740.0 ± 0.045 µM a,e

GAL
10.0 ± 0.015 µM a,e

CAR
45.0 ± 0.031 µM a,e

ns a,m ns a,m MCE

1α,6β,14-Triacetoxy-
9β-benzyloxydihydro-

β-agarofuran

Maytenus magellanica
Hook.f.

Celastraceae
(seeds)

695.0 ± 0.001 µM a,e
GAL

10.0 ± 0.015 µM a,e

CAR
45.0 ± 0.031 µM a,e

ns a,m ns a,m MCE

2α,3β,6β-Triacetoxy-
1α,9β-dibenzyloxy-
4β-hydroxydihydro-

β-agarofuran

Maytenus magellanica
Hook.f.

Celastraceae
(seeds)

30.0 ± 0.06 µM a,e
GAL

10.0 ± 0.015 µM a,e

CAR
45.0 ± 0.031 µM a,e

ns a,m ns a,m MCE

XANTHONES

Bellidin

Gentianella amarella ssp.
acuta

J.M.Gillett
Gentianaceae
(whole plants)

10 µM—17.5 ± 5.7% b,e
GAL

10 µM—96.82 ± 0.04%
b,e

nd nd

MCE
BTLC
by
Marston
et al.
(2002)

[42,48,101,
135]

Bellidifolin

Gentianella amarella ssp.
acuta

J.M.Gillett
Gentianaceae
(whole plants)

10 µM—21.9 ± 6.2% b,e
GAL

10 µM—96.82 ± 0.04%
b,e

nd nd

MCE
BTLC
by
Marston
et al.
(2002)

Corymbiferin
1-O-glucoside

Gentianella amarella ssp.
acuta

J.M.Gillett
Gentianaceae
(whole plants)

10 µM—1.5 ± 1.2% b,e
GAL

10 µM—96.82 ± 0.04%
b,e

nd nd

MCE
BTLC
by
Marston
et al.
(2002)

Corymbiferin 3-O-β-
D-glucopyranoside

Gentianella amarella ssp.
acuta

J.M.Gillett
Gentianaceae
(whole plants)

10 µM—17.6 ± 1.8% b,e
GAL

10 µM—96.82 ± 0.04%
b,e

nd nd

MCE
BTLC
by
Marston
et al.
(2002)

nor-Swertianolin

Gentianella amarella ssp.
acuta

J.M.Gillett
Gentianaceae
(whole plants)

10 µM—4.4 ± 4.4% b,e
GAL

10 µM—96.82 ± 0.04%
b,e

nd nd

MCE
BTLC
by
Marston
et al.
(2002)

Swertianolin

Gentianella amarella ssp.
acuta

J.M.Gillett
Gentianaceae
(whole plants)

10 µM—9.8 ± 3.9% b,e
GAL

10 µM—96.82 ± 0.04%
b,e

nd nd

MCE
BTLC
by
Marston
et al.
(2002)
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Table 1. Cont.

Inhibitors Source

Activity

Method Ref.Value of Inhibition
against AChE

Reference Standard for
AChE

Value of Inhibition
against BuChE

Reference Standard for
BuChE

Swertiabisxanthone-I

Gentianella amarella ssp.
acuta

J.M.Gillett
Gentianaceae
(whole plants)

10 µM
—20.9 ± 3.3% b,e

GAL
10 µM

—96.82 ± 0.04% b,e
nd nd

MCE
BTLC
by
Marston
et al.
(2002)

Swertiabisxanthone-I
8′-O-β-D-

glucopyranoside

Gentianella amarella ssp.
acuta

J.M.Gillett
Gentianaceae
(whole plants)

10 µM
—12.3 ± 2.9% b,e

GAL
10 µM

—96.82 ± 0.04% b,e
nd nd

MCE
BTLC
by
Marston
et al.
(2002)

Triptexanthoside C

Gentianella amarella ssp.
acuta

J.M.Gillett
Gentianaceae
(whole plants)

10 µM
—43.7 ± 3.3% b,e

13.8 ± 1.6 µM a,e

GAL
10 µM

—96.82 ± 0.04% b,e

GAL
0.35 ± 0.02 µM a,e

nd nd

MCE
BTLC
by
Marston
et al.
(2002)

Veratriloside

Gentianella amarella ssp.
acuta

J.M.Gillett
Gentianaceae
(whole plants)

10 µM
—28.2 ± 2.5% b,e

GAL
10 µM

—96.82 ± 0.04% b,e
nd nd

MCE
BTLC
by
Marston
et al.
(2002)

XANTHONOIDS

Allanxanthone E
Garcinia mangostana L.

Clusiaceas
(seedcases)

15.0 ± 1.2 µM a,f

67.4 ± 0.3 µM a,e
PHY

0.043 ± 0.002 µM a,f

0.049 ± 0.003 µM a,e
11.0 ± 0.4 µM a,m PHY

0.073 ± 0.006 µM a,m MCEF

[48,112,136]

α-Mangostin
Garcinia mangostana L.

Clusiaceas
(seedcases)

8.0 ± 0.5 µM a,f

6.3 ± 0.6 µM a,e
PHY

0.043 ± 0.002 µM a,f

0.049 ± 0.003 µM a,e
2.9 ± 0.7 µM a,m PHY

0.073 ± 0.006 µM a,m MCEF

8-Deoxygartanin
Garcinia mangostana L.

Clusiaceas
(seedcases)

6.2 ± 0.3 µM a ,f
11.0 ± 0.6 µM e

PHY
0.043 ± 0.002 µM a,f

0.049 ± 0.003 µM a,e
9.2 ± 0.5 µM a,m PHY

0.073 ± 0.006 µM a,m MCEF

γ-Mangostin
Garcinia mangostana L.

Clusiaceas
(seedcases)

5.4 ± 0.3 µM a,f

2.5 ± 3.3 µM a,e
PHY

0.043 ± 0.002 µM a,f

0.049 ± 0.003 µM a,e
0.7 ± 0.03 µM a,m PHY

0.073 ± 0.006 µM a,m MCEF

Gudraxanthone
Garcinia mangostana L.

Clusiaceas
(seedcases)

11.7 ± 0.7 µM a,f

18.9 ± 1.7 µM a,e
PHY

0.043 ± 0.002 µM a,f

0.049 ± 0.003 µM a,e
9.0 ± 1.2 µM a,m PHY

0.073 ± 0.006 µM a,m MCEF

9-Hydroxy-
calabaxanthone

Garcinia mangostana L.
Clusiaceas
(seedcases)

>100 µM a,f

>100 µM a,e
PHY

0.043 ± 0.002 µM a,f

0.049 ± 0.003 µM a,e
86.3 ± 2.4 µM a,m PHY

0.073 ± 0.006 µM a,m MCEF

Mangostanol
Garcinia mangostana L.

Clusiaceas
(seedcases)

14.6 ± 0.7 µM a f

6.3 ± 5.4 µM a,e
PHY

0.043 ± 0.002 µM a,f

0.049 ± 0.003 µM a,e
6.0 ± 0.2 µM a,m PHY

0.073 ± 0.006 µM a,m MCEF

MISCELLANOUS

3-Methylbuthyl
hydrodisulfide

Buthus martensii Karsch
Buthidae

(whole body of
scorpion)

40.93 ± 3.21 µM a,e
GAL

1.17 ± 0.01 µM a,e

DON
0.049 ± 0.004 µM a,e

152.84 ± 7.22 µM a,m
GAL

18.78 ± 1.81 µM a,m

DON
5.536± 0.018 µM a,m

MCE [48,54,55]

2-Benzothiazolol
Spiranthes sinensis Ames

Orchidaceae
(whole plant)

37.67 ± 0.52 a,k GAL
0.19 ± 0.02 µg/mL a,k nd nd MCE [48,114]

Abbreviations in Table 1: nd—not determined; ns—not shown; a—inhibitory concentration for which
enzyme activity is equal to half-maximal (IC50)/(IC50) ± S.E.M.; b—percentage of inhibition against en-
zyme (xµg mL−1-y%, xµM—y%); c—minimal inhibitory quantity (MIC); d—IC50 against bovine acetyl-
cholinesterase (bAChE); e—IC50 against Electrophorus electricus acetylcholinesterase (eeAChE); f—IC50 against
human erythrocyte acetylcholinesterase (hAChE); g—IC50 against mice hippocampus acetylcholinesterase;
h—against Nilaparvata lugens acetylcholinesterase; i—IC50 against rat cortical acetylcholinesterase; j—against
Torpedo californica acetylcholinesterase; k—against acetylcholinesterase not specified in the publication; l—IC50
against human butyrylcholinesterase; m—IC50 against Equus caballus butyrylcholinesterase; n—against butyryl-
cholinesterase not specified in the publication. ALA—allanzanthane A; CAR—carvacrol; GAL—galanthamine;
TAC—tacrine; HUP—huperzine A; BER—berberine; BERCl—berberine chloride; PHY—physostigmine (eserine);
DEH—dehydroevodiamine; CHL—chlorpyrifos; DON—donepezil; NEO—neostigmine bromide; MCE—modified
colorimetric Ellman’s method; CE—colorimetric Ellman’s method; BTLC—bioautography TLC; MCEF—modified
colorimetric Ellman’s method and fluorescence measurement.

3. Activity

A comparison of the activity of individual isolated compounds is presented in Table 1.
Based on the information provided in Table 1, higher activity against AChE rel-

ative to galanthamine (1) is exhibited by the alkaloids aconorine, berberine (7), copti-
sine (9), 1,2-dihydrogalanthamine, epiberberine, jadwarine-A, jatrorrhizine, N-allyl-nor-
galanthamine (4), N-(14-methylallyl)-nor-galanthamine (5), sanguinine (6), phthalates
(e.g., bis (7-acetoxy-2-ethyl-5-methylheptyl) phthalate) and sterols (haloxylon B); relative
to berberine (7), sargachromanol I (chromones) shows stronger inhibitory activity; rela-
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tive to dehydroevodiamine, tiliroside and quercetin (flavonoids) have stronger inhibitory
activity; compared to huperzine A, (7S,8S)-threo-4,9,9′-trihydroxy-8-O-4′-neolignan-7-O-β-
D-glucopyranoside (lignans) has stronger inhibitory activity; compared to physostigmine
(eserine), discorhabdin G (alkaloids) has stronger inhibitory activity; relative to neostigmine
bromide, 7,8-didehydroorientalidine TFA salt and orientalidine (alkaloids) have stronger
inhibitory activity; and compared to tacrine, 7-epi-javaniside, six diarylheptanoids from
Alpinia officinarum and amentoflavone (flavonoids) show stronger inhibitory activity.

In the case of BuChE inhibitors, stronger BuChE inhibitory activity relative to galan-
thamine (1) is shown not only by the alkaloids aconorine, angustidine (2), angustine, an-
gustoline, deoxyvobtusine, harmane, hohenackerine, jadwarine-A, nauclefine and pyrrolo-
quinolone A, but also the bibenzyls bulbocol and gymconopin D; the coumarins bergapten,
imperatorin (17), heraclenol-2′-O-angelate (18) and xanthotoxin; the phthalate bis
(7-acetoxy-2-ethyl-5-methylheptyl) phthalate; the polyphenols vitisin A and heyneanol A;
twelve phenanthrenes from Bletilla strata; the sesquiterpene lactones amberin, amberbin A
and amberbin B; and the sterols haloxylon A and haloxylon B. In comparison to berberine
(7), stronger inhibitory activity is exerted by sargachromanol I (chromones), 3β,21β,29-
trihydroxyserrat-14-en-3β-yl p-dihydrocoumarate (triterpenoids) and compound 974-B
(phlorotannins); relative to physostigmine, discorhabdin C and G (alkaloids) and dipla-
cone (30) (flavonoids) show stronger inhibitory activity; relative to neostigmine bromide,
alborine, isothebaine and N-methylisothebainium (alkaloids) have stronger inhibitory
activity; and relative to tacrine, 7-epi-javaniside (alkaloids) has stronger inhibitory activity.

There are compounds that act more selectively and more potently on AChE versus
(vs.) BuChE. The majority of them are alkaloids, including alborine, 9-O-demetil-2-α-
hydroxyhomolycorine, 7,8-didehydromecambridine TFA salt, 7,8-didehydroorientalidine
TFA salt, dihydroberberine (8), discorhabdin B, G and L, chlidanthine, hendersine B,
hydrohydrastinine, 10-hydroxy-infractopicrin, 11-hydroxygalanthine, infractopicrin, mu-
croniferanines H, narcissidine, orientalidine, sanguinine (6), sargachromanol G and I, and
vincosamide from Buxus hyrcana (except 31-demethylcyclobuxoviridine and papillozine
C). Additionally, ethyl asterrate, methyl asterrate (anthranoids), (−) alpininoid B (23),
(4E)-1,7-diphenyl-4-hepten-3-one (24) and other diarylheptanoids from Alpinia officinarum
(diarylheptanoids), sargachromanol G and I (chromones), (2E,4E,6R)-6-hydroxydeca-2,4-
dienoic acid (fatty acid), quercetin-3-O-neohesperidoside (flavonoids), methyl lucidenate
E2, n-butyl lucidenate A and, n-butyl ganoderate H, ganoderic acid E, garcineflavanone
A, lucidanol, lucidenic acid, lucidumol B (lanostane triterpenes), macelignan (lignans),
creoside IV (polyphenols), amberbin C (sesquiterpene lactones), 3β,21α-diacetoxyserratan-
14β-ol and 21β-hydroxyserrat-14-en-3,16-dione (triterpenoids) represent the same feature.

The following compounds are more selective and act more potently on BuChE vs. AChE:
angustine, angustidine (2), angustoline, 31-demethylcyclobuxoviridine, harmane, isothebaine,
lupanine, 2-methoxyatherosperminine, 4-methoxy-1-methyl-2-quinolone, narcipavline, naucle-
fine, pancratinine-C, papillozine C, pyrroloquinolone A, strictosamide (alkaloids), acetylvis-
mione, bianthrone 1a, 2-geranylemodin, 3-geranyloxyemodin anthrone, 3-prenyloxyemodin, 3-
prenyloxyemodin anthrone (anthranoids), bibenzyls from Bletilla striata (bibenzyls), bergapten,
imperatorin (17), heraclenol-2′-O-angelate (18), xanthotoxin (coumarins), diplacone (30), 6-
geranyl-3,3′,5,5′,7-pentahydroxy-4′methoxyflavane, 6-geranyl-3′,5,5′,7-tetrahydroxy-4′methoxy-
flavanone, 3′-O-methyldiplacol, 3′-O-methyldiplacone, 4′-O-methyldiplacol, 4′-O-methyldiplacone
(33), mimulone (flavonoids), heyneanol A, vitisin A (polyphenols), cremaphenanthrene
F and phenanthrenes from Bletilla striata (37,38) (phenanthrenes), amberin, amberbin A,
(sesquiterpene lactones), leucisterol (steroids) and 3β,21β,29-trihydroxyserrat-14-en-3β-yl p-
dihydrocoumarate (triterpenoids). On the basis of the IC50 value (µM) for galanthamine (1)
obtained in the study and presented in Table 1, the median for AChE was determined, and
it was IC50 = 0.94 µM, and for BuChE, it was 8.70 µM. It was assumed that galanthamine
(1) exhibits strong inhibition of AChE and BuChE, and the potency of other inhibitors was
compared to the value of the determined median. Those with IC50 under 1.5 µM were con-
sidered strong, those under 20 µM were medium-strong, and those between 20 and 100 µM
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were weak for AChE. For BuChE, those with IC50 under 10 µM were considered strong, those
between 10 and 50 µM were medium-strong, and those in the range of 50–150 µM were weak.

From the presented tabular comparison (Table 1) of the results of the conducted studies
(values of IC50), it follows that the compounds belonging to the alkaloid group exhibit
the strongest activity against AChE and therefore are discussed in more detail. Fourteen
of them have strong inhibitory activity with an IC50 value < 1.5 µM, and forty-two have
medium-strong activity below 20 µM (Table 1).

The best AChE inhibition result in the entire table (Table 1) was obtained for sangui-
nine (IC50 = 0.007 µM). This was confirmed in another independent study in which the
compound was derived from a different plant material (IC50 = 0.10 µM). Strong activity
against AChE was also detected for five other Amaryllidaceae alkaloids (IC50 = 0.16 µM,
0.18 µM, 0.19 µM, 0.67 µM, 0.99 µM).

The different values of the inhibition coefficient obtained for sanguinine (6) are proba-
bly due to the use of various origins of AChE in the two studies. Similarly, for the same
Amaryllidaceae alkaloids, e.g., lycoramine, inconsistent results were observed, with po-
tent activity against Electric eel AChE and inactivity or weak activity using human AChE
(isolated from Narcissus jonquilla ‘Pipit’ and Narcissus poeticus ‘Pink Parasol’).

Stronger and more potent AChE inhibitory activity than galanthamine (1) was obtained
for five other isoquinoline alkaloids of the protoberberine type (IC50 = 0.52 µM, 0.53 µM,
0.51 µM, 0.74 µM, 0.80 µM) isolated from Mahonia bealei and Mahonia fortunei, as well as
medium-strong activity for three Mahonia alkaloids (IC50 = 5.07–13.3 µM).

Values of the IC50 inhibition coefficient of AChE below 1.5 µM were demonstrated by
alkaloids derived from the sponge Latrunculia biformis (discorhabdin G) and an alkaloid
from Lycopodium, huperzine C, with a slightly weaker result than the known activity of
huperzine A.

Fourteen alkaloids from Ranunculaceae exhibit strong or medium-strong AChE inhibi-
tion values (IC50 = 2.51–12.1 µM), including an isoquinoline alkaloid, dihydroberberine (8),
with IC50 = 1.18 µM (from Coptis chinensis), and diterpenoid alkaloids, including aconorine
(from Aconitum laeve) and jadwarine-A (from Delphinium denudatum), with a potential
stronger than the reference galanthamine (1) (Table 1).

Similar moieties that are crucial for the binding of the inhibitor to the enzyme are also
present in other strong and medium-strong inhibitors from other groups of compounds
present in Table 1.

Lipophilic substituents will have a stronger affinity for the hydrophobic AChE ester
part; hence, they show stronger binding to the enzyme and greater inhibition, which is
described in more detail in the chemistry–structure–activity section [1,43].

A BuChE inhibition study showed inhibitory activity for thirty-one alkaloids with
inhibition coefficients ranging from 10 to 50 µM and strong activity for alkaloids with inhi-
bition coefficients below 10 µM. Alkaloids isolated from Nauclea officinalis (IC50 = 1.03 µM,
4.98 µM, 7.70 µM), including angustidine (2), have the lowest inhibition coefficients of all
the alkaloids listed in Table 1.

The group of alkaloids is distinguished by a strong inhibitory effect on BuChE: al-
kaloids isolated from Papaver somniferum (IC50 = 2.80 µM, 7.1 µM), including one about
thirty times more potent than neostigmine; two alkaloids stronger than galanthamine
(1) from Aconitum laeve (IC50 = 8.72 µM, 9.94 µM) and deoxyvobtusine (IC50 = 6.20 µM)
from Voacanga globosa; two alkaloids more potent than physostigmine, i.e., discorhab-
din G (IC50 = 7.00 µM) from Latrunculia bocagei and 2-methoxyatherosperminine from
Cryptocarya griffithiana (IC50 = 3.95 µM); and two alkaloids more potent than tacrine from
Uncaria rynchophylla (Table 1).

From the coumarin group, coumarins isolated from Mesua elegans (IC50 = 0.70 µM,
1.06 µM, 3.06 µM) have the strongest ability to inhibit AChE. Four of them exhibit medium
activity with an IC50 value <10 µM. Their activity against BuChE has not been studied.
However, other presented coumarins displayed in the results seem to show BuChE inhibi-
tion (bergapten, imperatorin (17) and xanthotoxin (Table 1)). The IC50 values of coumarins
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isolated from Archangelicae officinalis and Citrus hystrix (Table 1) prove their activity against
BuChE (IC50 from 7.5 to 23 µM) as well.

From all of the presented flavonoids, linarin from Buddleja davidii requires the minimal in-
hibitory quantity (10 ng) to inhibit AChE. Diplacone (30) and quercetin-3-O-neohesperidoside
demonstrate the strongest activity against AChE, as determined by their IC50 values
(IC50 = 7.2 µM, 6.98 µM). Medium-strong inhibitor values are reported for quercetin and
tiliroside from Agrimonia pilosa and five flavonoids from Prunus padus var. seoulensis (IC50
between 15.49 and 21.53 µM) (Table 1). Flavonoids isolated from Paulownia tomentosa show rel-
atively medium or weak activity against AChE (values of IC50 between 7.2 µM and 109.2 µM)
and significant activity against BuChE (the strongest compounds demonstrated IC50 =1.4 µM,
3.8 µM). Garcineflavonol A (IC50 = 14.50 µM) showed medium-strong activity against BuChE.
Lanostane triterpenes from Ganoderma lucidum showed medium activity against AChE, rang-
ing from 9.40 µM to 31.03 µM, and n-butyl ganoderate H reached a value of IC50 = 9.40 µM.
However, most of the results against BuChE are IC50 > 200 µM, which may indicate the
selective activity of these compounds on AChE. Conversely, cremaphenanthrene F (phenan-
threnes) from Cremastra appendiculata shows more potent inhibition against BuChE vs. AChE.
Two lignans from Camelia sinensis var. sinensis ‘Huangjinya’ revealed strong AChE inhibition,
which was higher or slightly weaker than huperzine (Table 1). Strong activity against BuChE
and medium-strong activity against AChE were achieved for another lignan: macelignan
from Myristica fragrans. The phlorotannin compound 974-B reached satisfactory results for
both cholinesterases (for AChE IC50 = 1.95 µM and for BuChE IC50 = 3.26 µM).

Similarly, phthalates from Lonicera quinquelocularis had IC50 = 1.65 µM and 3.43 µM
for AChE and IC50 < 10 µM for BuChE. Among diterpenes, dihydrotanshinon I and
cryptotanshinone (40) showed strong inhibition against AChE, and triptexanthoside C
(45) (xanthones) showed significant inhibition. Xanthonoids from Garcinia mangostana
had IC50 on AChE from 2.5 µM, with six compounds having IC50 < 20 µM, and IC50
on BuChE from 0.7 µM, with six compounds having IC50 < 12 µM. Anthranoids from
Psorospermum glaberrimum demonstrated medium-strong activity toward BuChE
(9.25–13.30 µM) and weak activity toward AChE. A fatty acid from Lycopodiella cernua
has shown high inhibition of AChE (0.22 µM). Remarkable results are also shown by
polyphenols from Camellia sinensis var. assamica (caffeoylated catechin) against AChE, as
well as by polyphenols from Vitis amurensis (heyneanol A, vitsin A), which had strong
activity against AChE and BuChE. Medium-strong inhibition of AChE by creoside IV from
Codonopsis pilosula and strong inhibition against BuChE by broussonin A (Anemarrhena
asphodeloides) were found. High inhibition values against AChE and BuChE were also
observed for sesquiterpene lactones from Amberboa ramosa (amberin, amberbin A and
amberbin B). Sterols (leucisterol, haloxylon A and haloxylon B) from Haloxylon recurvum
have shown strong inhibition of both BuChE and AChE. A strong inhibition value against
AChE and medium inhibition against BuChE were shown by chromones from Sargassum
siliquastrum and one of the diarylheptanoids: (−)-alpininoid B (23) (Table 1). Terpenoids
demonstrated strong (Lycopodiella cernua) or medium-strong (Lycopodiella cernua or Garcinia
hombroniana) activity against AChE and BuChE. All results are presented in Table 1.

4. Analysis Methods

The studied compounds occur in materials of natural origin in the form of mixtures.
To determine the change in enzyme activity due to a particular compound, it is neces-
sary to purify samples or even fractionate them. Studies of inhibitory activity toward
cholinesterases in scientific reports are performed according to different methods and
procedures. Nevertheless, in most cases, analyses are based on Ellman’s assay [48]. A
summary of analysis methods used in the selected studies of cholinesterase inhibition is
presented in Table 1. The description of the most important one is presented below.

The method should be simple, quick to perform, sensitive and inexpensive [77,137].
The analysis methods are based on a colorimetric assay using chromatographic techniques,
TLC and fluorimetric and spectrophotometric measurements.
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These methods are based on measuring changes in parameters indicative of enzyme
activity before and after the introduction of the inhibitor to the system. Even slight changes
in temperature, incubation time, pH, the concentration of substrates and the enzyme and
the presence of other interfering compounds (detergents and heavy metal ions) can affect
the accuracy of the results.

4.1. The Colorimetric Method of Ellman (1961)

This procedure is based on the result of the color reaction between the formed pre-
thiocholine and the DTNB color developer (5,5′-dithiobis-(2-nitrobenzoic acid). Thiocholine
is the product of the enzymatic reaction between acetylthiocholine (ATCI) and ChE. The
intensity of the color of the product measured colorimetrically allows the determination of
changes in enzyme activity. In the presence of an inhibitor, the change is suppressed, and
we observe a lower-intensity color or complete inhibition [48].

Ellman’s method, among others, was applied to study the inhibitory activity of hexane
extracts of the roots of Archangelicae officinalis L. against AChE and BuChE using physostig-
mine as a standard and the following conditions: AChE (0.45 U mL−1) in Tris-HCl buffer (pH
7.8); incubation of the enzyme at 4 ◦C for t = 30 min; and incubation of the reaction mixture at
37 ◦C for 20 min, followed by measurements using an ELISA microplate reader (λ = 412 nm).
A weak result of inhibition was achieved for AChE (Angelica root hexane extract (IC50
AChE = 315 ± 20 (µg mL−1) and fruit hexane extract (IC50 AChE = 73 ± 7 (µg mL−1)),
but much higher inhibition was observed with regard to the BuChE root extract (IC50
BuChE = 16 ± 5 (µg mL−1)) and fruit hexane extract (IC50 BuChE = 9 ± 2 (µg mL−1)) [28].

4.2. Spectrophotometric Modification of Ellman’s Method

Ding et al. (2013) described a modification used to determine the inhibitory activity
of flavonoids and ginkgolides B and C from the leaves of Ginkgo biloba against AChE and
BuChE [111]. Only flavonoids inhibit AChE (results in Table 1). In the method of Park and
Choi (1991), the supernatant from the brown planthopper maggot was prepared (which
contains ChE) [110]; the homogenized supernatant (T = 4 ◦C, t = 30 min.) was prepared
in phosphate buffer (pH = 7.0) and 0.1 % Triton X-100. Acetone solutions of the analyzed
compounds and standard (chlorpyrifos) were mixed with the previously prepared solution
containing the supernatant and analyzed in a 96-well microtiter plate after 1h. DTNB and
ATCI were added. Then, the measurement of absorbance was performed (λ = 405 nm
microplate reader). The activity is relative to the control reaction, assumed as 100 %, and
to the test compounds replaced by the buffer. On the basis of the results, the IC50 was
determined [110].

The spectrophotometric modification of Ellman’s method described by Senol et al.
(2010) was used to verify the inhibition of the methanol extract and isolated compounds
(imperatorin (17), xanthotoxin and bergapten) from the fruits of Angelica officinalis L. [99].
The inhibition of both cholinesterases was tested using an ELISA microplate reader; galan-
thamine (1) as a standard; AChE from electric eel; and BuChE from horse serum. The
potent inhibition of BuChE was observed for both the extract (100 µg/mL—85.65 ± 1.49%)
and each of the compounds (Table 1) [100]. Many of the compounds were tested by using
various modifications of the spectrophotometric method; they differed in the incubation
time, the equipment used, the concentration of reactants and the wavelength measurement.
The inhibitors belong to different groups of compounds (Table 1).

Cholinesterase inhibitory activity was also identified by using a TLC technique. By
comparing the methods performed using the microplate and TLC, as described in Rhee
et al. (2001), it can be assumed that TLC methods are more sensitive [16]. Due to the
advantages of the TLC approach (simple, inexpensive and accurate measurement), this
review focuses on methods using this technique.
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4.3. TLC Modification of Ellman’s Method

The modification of Ellman’s method has been described by Rhee et al. (2001) [16,48].
As a result of the disruption of ATCI by AChE, choline is formed, which constitutes a
colored compound (5-thio-2-nitrobenzoate anion) with DTNB. The color intensity of the
product is measured spectrophotometrically. The bands of the tested extract are developed
on the TLC plate, and the band pattern is sprayed with a mixture of DTNB and then ATCI
in Tris-HCl buffer (Trizma hydrochloride with bovine serum, pH = 8); the AChE enzyme is
then applied (3 U mL−1; from electric eel). This results in a yellow background due to a
diazo compound (5 min) with white trails, which indicates inhibition by the extract. The
disadvantage of the method is the possibility of false-positive effects [16].

The modified method of Rhee et al. (2001) was used, inter alia, to evaluate the
obtained compound (mahanimbine) and petroleum ether extract (10 mg mL−1)) from
Murraya koenigii. The plates were developed with a mobile phase (petroleum ether: CHCl3,
50: 50 (v/v)) and, after drying, were sprayed with DTNB/ATCI, followed by the im-
plementation of the basic method. The enzyme activity was measured using a 96-well
microplate reader [16,48,76]. The procedure described by Rhee et al. (2001) was also used to
investigate the inhibitory activity against ChE by the extract and compounds (10-hydroxy-
infractopicrin and infractopicrin) isolated from the toadstool Cortinarius infractus. For
the measurement, the following compounds were used: AChE from bovine erythrocytes
or equine serum BuChE and tacrine, physostigmine and galanthamine (1) as standards
(>100 µM). The results were determined using a 96-well microplate reader [61].

4.4. TLC Bioautography by Marston

A properly made plate with applied spots of extracts was sprayed with a prepared
mixture with the enzyme AChE or BuChE (T = 4 ◦C in Tris-hydrochloric acid, pH = 7.8, with
bovine serum albumin as a stabilizer) and incubated (T = 37 ◦C, 20 min; increased humidity).

Then, in order to carry out the detection, a mixture containing, inter alia, Fast Blue Salt
and alpha-naphthyl acetate prepared ex tempore was sprayed. After incubation (1–2 min.),
a purple background due to the diazonium dye was obtained, while white spots indicated
inhibition caused by the applied sample. The clear differences in the background color and
band color indicate inhibition [101].

4.5. TLC Bioautography by Mroczek

A TLC plate with spots of the tested extracts (appropriately prepared) and the standard
(galanthamine (1)) was developed with an adequate mobile phase (here, CHCl3/MeOH/25 %
NH4OH 8:1:1 v/v/v) containing 2-naphthyl acetate. After developing and thoroughly drying
(10 min), the plate was sprayed with the prepared mixture containing AChE (3 U mL−1) in
TRIS buffer (pH 7.8) and incubated (increased humidity, T = 37 ◦C).

Then, it was sprayed with a solution of Fast Blue B salt. White spots demonstrating
inhibition were clearly visible on the dark purple background due to the azo compound
and appeared quickly (1 min), and they were very persistent (for 24 h). The advantage
of this method is the decreased usage of the enzyme and the shortened time required for
its incubation (10 min) compared to other methods. The method is highly sensitive and
fast [77].

This validation method was performed by the author for the determination of the in-
hibition of Amaryllidaceae AChE isolated from extracts from Narcissus jonquilla ‘Pipit’ and
Narcissus jonquilla ‘Havera’ and purified extracts of N. jonquilla ‘Baby Moon’, Crinum moorei
and Scadoxus puniceus. This procedure manages to achieve high sensitivity. The inhibitory
activity of the isolated alkaloid was demonstrated, and it was indicated that dihydro-
galanthamine has greater inhibition, approximately 42% higher than galanthamine (1) [77].
With the application of this method, the activity of alkaloids present in the extract from
Argemone mexicana L. roots was proved; it was weak for magnoflorine and strong for
berberine (7), palmatine and galanthamine (1), isolated for the first time from the Papaver-
aceae family [138]. Additionally, a two-dimensional thin-layer chromatography/high-

38



Int. J. Mol. Sci. 2023, 24, 2722

performance liquid chromatography/electrospray ionization time-of-flight mass spec-
trometry (TLC/HPLC/DAD/MS) system has been developed for both qualitative and
quantitative analyses of active AChE inhibitors in plant samples [139]. The method of
bioautography by Mroczek confirmed the inhibition of AChE by Amaryllidaceae alkaloids
and determined their numerous occurrences in three cultivars of Narcissus: N. jonquilla
‘Baby Moon’, N. ‘Golden Ducat’ and N. ‘Cheerfulness’; the alkaloids were and identified
both by using a TLC plate assay and by using TLC/HPLC/DAD/MS [140]. These methods
have also been used to demonstrate AChE inhibitory activity and to qualitatively evalu-
ate Lycopodiaceae alkaloids, and they were successfully used to study neuroprotective
polyphenols from two species of Trifolium as well [141,142].

4.6. Fluorimetric Methods

These are fluorescent techniques (quenching) that measure enzyme–inhibitor binding
affinities. This type of pathway has been chosen to demonstrate the activity of flavonoids
from Paulownia tomentosa fruits with minor modifications to the spectrophotometric method
of Ellman (1961). As a reference standard, physostigmine (eserine) was used (Table 1). In
addition, using the fluorescence assay method (decrease), the affinity of the compounds
with the relevant enzyme was studied.

The results were based on the dependency of the constant affinity rate, proportional to
the inhibitory activity. Spectrophotometer measurements of the fluorescence emission were
taken with a camera (M Series Multi-Mode Microplate Readers) (T = 18◦ and 37 ◦C) as the
solution was titrated with a predetermined amount of a solution of hAChE (phosphate
buffer (pH 8.0) (5 U mL−1)) with successive amounts of the tested flavonoids added. Studies
have shown that the presence of a geranyl substituent at the C6 position in the structure of
flavonoids is important for their ability to inhibit AChE [34].

The fluorimetric method was a part of the analysis of the Mangosteen seedcase extract
outlined below [136]. To measure the compounds, the following steps were performed: the
supernatant was centrifuged (12,000 rpm, 10 min.), a mixture with a buffer solution of ChE
(5 µL) was added to the extract solution (20 µL), and the extract (CHCl3 in MeOH) was incu-
bated (T = 37 ◦C, t = 30 min.). The supernatant (2 µL) was analyzed using ultra-performance
liquid chromatography coupled with a photo-diode array detector and quadrupole time-
of-flight mass spectrometry (UPLC/PDA/QTOF/MS), and the result was compared with
that of the analysis without the enzyme. In the chromatogram, the peaks of mangostanol,
allanxanthone E, gudraxanthone, γ-mangostin, 8-deoxygartanin and α-mangostin van-
ished (results in Table 1), so those compounds show an affinity for the enzyme. Then, the
inhibitory activity of both cholinesterases was measured using a modification of Ellman’s
method (Table 1). Using a fluorescence technique (quenching), affinity toward AChE was
compared with γ-mangostin (Table 1) and 9-hydroxycalabaxanthone (IC50 > 100 µM). The
first compound gained a much higher score. The authors supposed that the significant
inhibition of AChE can respond to the presence of more than one prenyl group [136].

The methods presented in this review for determining cholinesterase inhibition by the
investigated compounds can be described as qualitative and quantitative ones. Those based
on the TLC technique (TLC bioautography) are more suitable for demonstrating inhibition
by particular compounds (qualitative), and they are more sensitive compared to spectropho-
tometric methods (modifications of Ellman’s method). Nevertheless, they are not suitable
for the determination of the inhibition coefficient, or it is difficult to measure. Therefore,
they do not offer the possibility to compare the potency of inhibition among inhibitors.
Both of these advantages are realized by methods based on a combination of the TLC
technique (TLC bioautography) with more advanced techniques, such as HPLC/DAD/MS
(high performance liquid chro-matography with photodiode array mass spectrometry),
as mentioned in this article. Their use is increasingly observed in newer publications on
cholinesterase inhibitors.

39



Int. J. Mol. Sci. 2023, 24, 2722

5. Conclusions

Reviewing the available publications, it can be concluded that methods for investi-
gating cholinesterase inhibition have been mostly based on known procedures. These are
generally modifications of previously used methods. They differ in parameters, which
could affect the result of the activity of the enzyme and substrate, the incubation time, the
method of analysis, the order of the addition of reactants and the type of assay.

It is important to study pure plant materials from respectively tested sources (heavy
metal ions and detergents) and adequately purify the sample. The results (IC50) of the same
compound when determined relative to hAChE and eeAChE can differ [136]. In some
of the publications, the type of cholinesterase used in the study is not described or this
information is difficult to obtain.

It is only possible to compare the IC50 values of specific compounds when determined
under relatively similar conditions, using the same methods and compared to the same
reference compound, thereby concluding potency. In most cases, one method is used, and
results are rarely confirmed by using another method. An increased number of studies
examining the inhibitory effects on both cholinesterases would be advantageous. It is
beneficial to enhance the awareness and understanding of the subject of IChEs and activity
measurement methods. Some of the studies did not include designations of activity toward
both cholinesterases. It would be useful to use several reference substances in one study,
which would allow for a better comparison of the available inhibition results.

However, more recent studies include the determination of the inhibition of both
cholinesterases by the studied compounds and also attempt to analyze the structure and
enzyme–inhibitor interaction, which is highly beneficial. This review reveals that inhibitors
more potent than galanthamine (1), acting against both cholinesterases, are still being
discovered. At the same time, compounds exhibiting potent selective activity against
one of the cholinesterases have emerged. According to the established criteria in the
study, strong activity against AChE was shown by 27 compounds, medium-strong was
shown by 93 compounds, and weak activity was shown by 77 compounds, while against
BuChE, strong, medium-strong and weak activity was shown by 43, 68 and 22 inhibitors,
respectively. The largest group of compounds with a strong effect on both AChE and
BuChE, as shown by the tabular comparison, were alkaloids. Compounds from this group
demonstrated the most potent inhibition of AChE. Especially strong inhibition results
against both cholinesterases were demonstrated for alkaloids from the Amaryllidaceae
and Papaveraceae families. The most potent BuChE inhibition was demonstrated by
compounds from various groups: alkaloids, coumarins, flavonoids, phenylpropanoids,
polyphenols, phenanthrenes, phthalates, sterols and steroids, triterpenoids, xanthonoids
and also lignans or phlorotannins. The presented review, as well as a summary of the
results of the inhibitors’ structure analysis, may be beneficial in the determination and
planning of further stages of research for the presented compounds. These data may also
be helpful in the search and synthesis of new semi-synthetic or synthetic derivatives, as
well as new biologically active substances.

Work on finding compound derivatives with more specific, preferable features that we
find in plant materials has yielded positive results. The ability to modify them allows for
even better parameters of the drug, such as greater activity, a better match to the receptor,
mitigated side effects, a longer duration of action or a favorable method of production.
The integration of phytochemistry and cooperative disciplines of molecular modeling and
chemical synthesis provides an opportunity to find effective drugs. The studies conducted
continuously demonstrate that compounds of natural origin are still abundant and carry a
lot of possible solutions.

The observed persistent deficiency of effective therapies for neurological diseases,
including AD, requires researchers to further search for new therapeutic substances. The
presented review, conducted for the period from 2008 to 2022 years, shows that the search
for and analysis of natural cholinesterase inhibitors have not been exhausted yet. After
summarizing in vitro studies, the conclusion emerges that the potential for the use of
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cholinesterase inhibitors in therapeutics has not been fully explored. Only some of them
have been tested in vivo, and for several of them, clinical studies have been attempted. The
results presented in this publication indicate that natural sources are a huge reservoir in
the search for new therapeutic substances, including cholinesterase inhibitors.
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Abbreviations

ACh Acetylcholine
AChE Acetylcholinesterase
AD Alzheimer’s disease
ATCI Acetylthiocholine
BuChE Butyrylcholinesterase
ChE Cholinesterase
DTNB 5,5′-Dithiobis-(2-nitrobenzoic acid)
eeAChE Electrophors electricus acetylcholinesterase
e.g., (lat. exempli gratia) For example
hAChE Human erythrocyte acetylcholinesterase
IBuChE Inhibitor of butyrylcholinesterase
IC50 Inhibitory concentration for which enzyme

activity is equal to half-maximal
IChE Inhibitor of cholinesterases
SAR Structure–activity relationship
TLC/HPLC/DAD/MS Thin-layer chromatography/high-performance liquid

chromatography/electrospray ionization time-of-flight mass spectrometry
Tris-HCl Trizma hydrochloride with bovine serum
UPLC-PDA-QTOF-MS Ultra-performance liquid chromatography coupled with photo-diode

array detector and quadrupole time-of-flight mass spectrometry
vs. Versus
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acetylcholinesterase inhibitory and antioxidant activities. Food Chem. 2010, 120, 34–43. [CrossRef]
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Abstract: This study describes new platinum(II) cationic five-coordinate complexes (1-R,R’) of
the formula [PtR(NHC)(dmphen)(ethene)]CF3SO3 (dmphen = 2,9-dimethyl-1,10-phenanthroline),
containing in their axial positions an alkyl group R (methyl or octyl) and an imidazole-based NHC-
carbene ligand with a substituent R’ of variable length (methyl or octyl) on one nitrogen atom. The
Pt–carbene bond is stable both in DMSO and in aqueous solvents. In DMSO, a gradual substitu-
tion of dmphen and ethene is observed, with the formation of a square planar solvated species.
Octanol/water partitioning studies have revealed the order of hydrophobicity of the complexes
(1-Oct,Me > 1-Oct,Oct > 1-Me,Oct > 1-Me,Me). Their biological activity was investigated against
two pairs of cancer and non-cancer cell lines. The tested drugs were internalized in cancer cells and
able to activate the apoptotic pathway. The reactivity of 1-Me,Me with DNA and protein model sys-
tems was also studied using UV–vis absorption spectroscopy, fluorescence, and X-ray crystallography.
The compound binds DNA and interacts in various ways with the model protein lysozyme. Re-
markably, structural data revealed that the complex can bind lysozyme via non-covalent interactions,
retaining its five-coordinate geometry.

Keywords: platinum(II); five-coordinate complexes; glycoconjugation; cytotoxic activity; DNA
binding; protein X-ray structure; lipophilicity

1. Introduction

Cisplatin [1] and its derivatives are successfully used in the clinical treatment of cancer
diseases. However, their administration is often accompanied by side effects that seriously
affect the quality of life of patients [2]. Current strategies to enhance their performance
involve the accurate tailoring of the coordination environment of the compounds, to make
their action selective towards target cells, improve their stability, facilitate transport in
physiological fluids, increase internalization in cells, and favour accumulation in selected
biological compartments. This variety of options has produced a plethora of platinum(II)
and platinum(IV) complexes, respectively, square planar and octahedral, endowed with
biologically active fragments [3,4], modular and stable ligands [5–10], or functions that can
be interfaced with supramolecular structures [11].

Recently, our research group has contributed to this emerging area by proposing
new five-coordinate platinum(II) glycoconjugate complexes [12–15] (1) with the following
structural motifs (Figure 1):
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Figure 1. General structure of type 1 complexes.

We designed our structures aiming at conferring specific qualities to these agents,
taking full advantage of the high versatility of the trigonal bipyramidal (tbp) scaffold. This
coordinated saturation enhances their stability in biological milieux and hence, their chance
at reaching the cellular target intact. This property is guaranteed by the simultaneous
presence of the sterically hindered 2,9-dimethyl-1,10-phenanthroline (dmphen) and the
π-acid ligand ethene, which balance the delicate electronic equilibrium within the equa-
torial plane of the trigonal bipyramid [16]. One axial position is occupied by a targeting
ligand containing a sugar fragment. Glycoconjugation aims to selectively deliver the agent
to cancer cells [17], exploiting the overexpression of glycosyl receptors, to satisfy their
increased uptake of carbohydrates (“Warburg effect”), which is necessary to sustain cell
growth and proliferation. Remarkable results were obtained with a tbp Pt(II) complex
containing a glucoconjugate N-heterocyclic carbene ligand, which was demonstrated to be
highly active and by far more selective for cancer cells, compared to cisplatin [14]. Carbene
ligands are highly versatile synthetic platforms that can be variously decorated and confer
good resistance to their complexes under hydrolytic conditions such as those of biological
fluids [6].

The other apical position of the tbp, which in our previous structures hosted a halide (X)
or a methyl (Me), can be further exploited to provide additional features to the complexes.
This consideration inspired the possibility of adding further diversity, taking a cue from
recent studies on the fine engineering of platinum agents. It has been demonstrated that
the introduction of hydrophobic groups in the coordination sphere of metal complexes
can have a positive impact on their cytotoxicity, cellular uptake, and selective transport in
cellular targets [11,18–26]. This work aimed to verify the effect of fatty alkyl chains in the
following family of type 1 complexes (Figure 2).

Hydrophobic n-octyl groups were added both in the apical position and in the carbene
ligand, along with a simple methyl group. Thus, a set of four complexes spanning from
the less aliphatic 1-Me,Me to the more aliphatic 1-Oct,Oct were synthesised and fully
characterized. The ability of 1-Me,Me to interact with model DNA and protein systems
was demonstrated, and studies of cytotoxicity have disclosed that increasing the length of
the chain enhances its antiproliferative activity.
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2. Results and Discussion
2.1. Synthesis and Characterization

The synthesis of the target platinum(II) complexes involved the initial preparation of
pro-carbene imidazolinium salts Im-R (Scheme 1).
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Scheme 1. Synthesis of the pro-carbene species Im-Me and Im-Oct.

The imidazole precursor Im [12] was treated with an excess of the appropriate alkyl
iodide to yield the pro-carbene precursor Im-Me or Im-Oct (Scheme 1). The alkylation
was carried out in refluxing acetonitrile and the cationic products were isolated in a nearly
quantitative yield by the removal of the solvent. A high-frequency shift of the NMR signals
(Figures S1 and S2) of the three heterocyclic protons is indicative of the presence of a
positive charge. For instance, Figure 3 compares the NMR spectra of Im and Im-Oct in
deuterochloroform.
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Figure 3. The 1H NMR spectra of Im (trace 1) and Im-Oct (trace 2) in CDCl3.

The platinum precursors used to synthesise the glucoconjugated complexes were
obtained through the oxidative addition (path i of Scheme 2) of methyl iodide or n-octyl
iodide to the Pt(0) precursor [Pt(dmphen)(ethene)], affording the five-coordinate species
2-Me and 2-Oct in excellent yields as light yellow powders. Treatment with silver triflate
in acetone promoted the formation of the solvato species 3-Me and 3-Oct. They were
immediately reacted with the appropriate silver carbene complex Ag-R’ (iii), obtained by
treating the imidazolinium salts Im-R’ with silver oxide (iv). Transfer of the carbene ligand,
assisted by the precipitation of Ag-I, completed the synthesis of the type 1-R,R’ complexes.
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The products (complete names in Table S1) were characterized by 1H and 13C NMR
spectroscopy (Figures S3–S12), which allowed for the unequivocal assessment of their
structure, thanks to the following relevant observations. The two halves of dmphen are not
equivalent due to the presence of the chiral sugar ligand. The four ethene protons resonate
as an AA’BB’ multiplet or accidentally as a singlet flanked by the expected satellites due to
coupling with 195Pt nuclei. The chemical shift was at a low frequency (2–2.5 ppm) due to
the intense π-backdonation in the Pt–alkene bond. In accordance with this, olefin carbon
signals were also detected at ca. 30 ppm. The signal of the methyl on platinum was at
a low frequency in both the proton and carbon spectra, while the n-octyl chain gave rise
to a crowded set of signals in the aliphatic region. Sugar protons showed the expected
pattern of signals with H,H-couplings in accordance with their relative position in the
glucose ring. Finally, as expected, the C(carbene)–Pt signal was found at a high frequency
(173.8–172 ppm). Figure 4 displays the proton NMR spectrum of 1-Me,Oct, in which some
of the above evidence has been highlighted.
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Figure 4. The 1H NMR spectrum of 1-Me,Oct in CDCl3.

2.2. In-Solution Stability of 1-R,R’ Complexes

The stability of the complexes in DMSO-d6, the solvent used to prepare stock solutions
for biological experiments, was evaluated by recording their UV–vis absorptions and
1H-NMR spectra over time.

UV–vis absorption spectra of 1-Me,Me were recorded in DMSO for 5 h and then
after 24 h and 7 days (Figure 5). The Pt complex showed a maximum of absorbance at
278 nm and two shoulders at 260 and 300 nm. The kinetic measurements highlight the poor
stability of 1-Me,Me in DMSO since, after just a few minutes, a variation in the spectral
profile occurred. In fact, the λmax experienced a blue shift from 278 to 269 nm, giving rise
to an isosbestic point at 275 nm. In addition, a decrease in the absorbance of the shoulder
at 300 nm is observed, together with an absorbance increase in the shoulder at 260 nm.
These findings suggest that an exchange of metal ligands with DMSO occurs. The exchange
continued over time and the spectra significantly changed from 0 to 7 days. It is highly
probable that a slow release of ethene and dmphen can occur. This would lead to the
formation of the square planar species of type 4-R,R’, as reported in Scheme 3.
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Scheme 3. Reactivity of 1-R,R’ complexes in DMSO-d6.

The NMR data confirm (Figures S13–S16) this hypothesis and demonstrate that the
progress of the process is influenced by the steric hindrance of the alkyl substituent on
Pt: after 24 h, the molar ratios of 1-R,R’/4-R,R’ are, respectively, 1.8/1 for 1-Me,Me and
1-Me,Oct and 4.5/1 for 1-Oct,Me and 1-Oct,Oct. This finding indicates that the presence
of the octyl chain on the platinum centre represents the major obstacle to exchange. In
all cases, no cleavage of the Pt–carbene bond was detected. Figure 6 reports the 1H NMR
spectra of 1-Me,Oct after dissolution, 1.5, 5, and 24 h.

Attempts to evaluate their stability in aqueous solutions were complicated due the
poor solubility of the complexes in water. Only for 1-Me,Me was it possible to prepare a
solution in the mixed solvent D2O:DMSO-d6 10:1. After 24 h, no appreciable changes in
the NMR spectra of the complex were observed (Figure S17). To further study the stability
of 1-Me,Me in aqueous solvents, UV–vis absorption spectra over time were collected
under the two experimental conditions (20% ethylene glycol, 0.1 M sodium acetate buffer
at pH 4.0 and 0.6 M sodium nitrate and 2.0 M sodium formate, 0.1 M Hepes buffer at
pH 7.5), used to obtain crystals of the adducts with the model protein hen egg white
lysozyme (HEWL). HEWL has been used as a model system to study the interaction with
proteins of several metallodrugs [27–30], including cisplatin [31–33], oxaliplatin [34,35],
and carboplatin [31,32]. The 1-Me,Me complex appeared more stable in these solutions
than in DMSO (Figure S18A,B). Under the first condition, 1-Me,Me showed three signals: a
maximum at 275 nm and two minor peaks at 255 and 313 nm (Figure S18A). Over time,
a red shift of the λmax from 275 to 278 nm and of the peak at 313 nm, which shifted up to
317 nm, was observed. Under the other condition, spectra of 1-Me,Me showed a λmax at
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277 nm and a minor peak at 300 nm (Figure S18B). Under this condition, the compound
was stable over time and only a slight precipitation of the sample took place. Such results
convinced us that five-coordinate compounds are the species administered to cells if DMSO
stock solutions are immediately diluted in an aqueous medium.
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Figure 6. The 1H NMR spectrum of 1-Me,Oct in DMSO-d6 after dissolution (bottom), 1.5, 5, and
24 h (up).

2.3. Partition Coefficients of 1-R,R’ Complexes

The partition coefficients in octanol/water (log Po/w) were measured using the shake-
flask method [36], by calculating the equilibrium concentrations through UV spectra
(Table 1).

Table 1. Octanol/water partition coefficients.

Complex Log Po/w

1-Me,Me 0.42
1-Me,Oct 0.74
1-Oct,Me 1.14
1-Oct,Oct 0.80

Complexes with the methyl group on the platinum centre are more hydrophilic than
the ones with n-octyl. Among this first type of complexes, an increase in the length of its R
group is connected to an increase in its hydrophobicity. Conversely, for complexes with n-
octyl on platinum, there is an inversion of this trend. Therefore, the order of hydrophobicity
of the complexes is the following: 1-Oct,Me > 1-Oct,Oct > 1-Me,Oct > 1-Me,Me. This
tendency, although counterintuitive because it does not reflect the content of the carbon
atoms in the complexes, has already been observed in other studies on platinum agents
and has been attributed to the extent of ligand surface exposition [37,38].

2.4. Interaction with DNA

The interaction of Pt-based drugs with biological macromolecules deeply affects their
biological activity. DNA represents a target for this kind of metallodrug, while proteins
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are considered both as carriers and targets. To obtain information on the reactivity of the
synthesised Pt compounds with DNA, fluorescence intercalation displacement assays [39]
have been performed using ethidium bromide (EB) as the DNA intercalator. When bound
to DNA, EB has an emission fluorescence of significant intensity. On the other hand, when
it is displaced by a competitive DNA-binding molecule, it undergoes quenching by water
molecules. Thus, if a molecule binds DNA by displacing EB, a significant reduction in
the fluorescence intensity of the EB-DNA complex will be observed. Upon addition of
1-Me,Me to the EB-DNA complex, a significant reduction in fluorescence intensity was
found (Figure 7). This finding demonstrates that the complex binds DNA.
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Figure 7. Fluorescence quenching of a 20 µM EB-DNA complex upon titration with a solution of
1-Me,Me in 0.05 M of ammonium acetate at a pH of 7.5, reported as a function of the Pt compound
concentration.

2.5. Interaction with Proteins

To obtain information on the reactivity of 1-Me,Me with proteins, the X-ray structure
of the adducts that the Pt compound forms with HEWL was solved. It was preventively
verified that under these conditions, the complex does not degrade in the presence of the
protein (Figure S18C,D).

The structures were obtained using crystals grown in 20% ethylene glycol, 0.1 M
sodium acetate buffer at pH 4.0, and 0.6 M sodium nitrate (Structure A, Figure 8A) and in
2.0 M sodium formate and 0.1 M Hepes at pH 7.5 (Structure B, Figure 8B), refined at 1.25
and 1.33 Å resolutions, respectively (Table S2).
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Figure 8. Overall structures of the adducts formed upon the reaction of 1-Me,Me with HEWL in 20%
ethylene glycol, 0.1 M sodium acetate buffer at pH 4.0, and 0.6 M sodium nitrate (Structure A) and in
2.0 M sodium formate and 0.1 M Hepes at pH 7.5 (Structure B).

In both cases, the Pt compound binding did not significantly affect the protein’s
tertiary structure. The root mean square deviation of the Cα atoms from the structure of
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the metal-free HEWL (PDB code 193L) [40] were within the range of 0.16–0.23 Å. However,
under the two conditions, different results were obtained.

In Structure A, two Pt binding sites were observed (Figure 9A,B), close to the His15
and Asp119 side chains. In both these binding sites, Pt seems to adopt a square planar
geometry, suggesting that the complex lost its 5C geometry. The definition of Pt ligands at
these metal binding sites is not clear. In the final Structure A, at the His15 binding site, a Pt
atom coordinated by water molecules was modelled, while close to Asp119, it appeared that
a dmphen ligand could be present. Both His15 and Asp119 have already been identified
as Pt binding sites [34,35,41,42]. In Structure B, a single Pt binding site was observed
(Figure 9C). Notably, in this structure, a Pt-containing fragment non-covalently bound to
the protein was found. This Pt-containing fragment retained its 5C geometry. In fact, the
electron density map allowed for modelling all the ligands of the platinum centre, if the
glucoconjugated part of the carbene ligand was excluded (Figure 9C). This finding agrees
with the results of UV–vis absorption spectroscopy suggesting that 1-Me,Me does not
show any variation in its structure in the presence of the protein, under the crystallization
conditions used to obtain Structure B.
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2.6. Effects of Complexes on Cell Viability

To evaluate their biological activity, the effects of the four complexes on cell viability
were evaluated in eukaryotic cell models. For this purpose, experiments were performed on
two cancer cell lines, i.e., human epidermoid carcinoma cells (A431) and murine fibroblast
BALB/c-3T3 transformed with the SV40 virus (SVT2), and on two non-cancer cell lines,
i.e., immortalized human keratinocytes (HaCaT) and immortalized murine fibroblasts
(BALB/c-3T3). Cells were incubated with increasing concentrations of 1,Me-Me, 1,Oct-Me,
1,Me-Oct, and 1,Oct-Oct (from 0.1 to 50 µM). After 48 h of incubation, cytotoxicity was
determined by MTT assay [43] and cell survival was expressed as the percentage of viable
cells in the presence of each complex compared with that of the untreated cells (Figure S19).

The IC50 values (the concentration of the complex able to reduce cell viability to 50%)
and the selectivity indexes (SI) (the ratio between the IC50 values of the non-cancer cell line
and cancer cells) of the compounds are reported in Table 2.

Table 2. IC50 values (µM) obtained for Pt complexes on HaCaT, A431, BALB/c-3T3 and SVT2 cells
after 48 h incubation. The selectivity indexes (SI) are indicated by the ratios between the IC50 values
of the immortalized cells and cancer cells.

HaCaT A431 SI BALB-c/3T3 SVT2 SI

1-Me,Me 8.4 ± 1.7 20 ± 2 0.42 26 ± 1 9.8 ± 0.3 2.65
1-Me,Oct 8.0 ± 0.1 7.3 ± 0.4 1.1 8.3 ± 0.4 7.6 ± 1.1 1.09
1-Oct,Me 6.4 ± 1.0 2.3 ± 0.1 2.78 7.1 ± 0.1 8.6 ± 0.6 0.83
1-Oct,Oct 6.4 ± 0.8 5.0 ± 0.6 1.28 7.3 ± 0.7 4.5 ± 1.3 1.62
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Overall, despite the IC50 values being in the low micromolar range, only a slight
selectivity towards cancer cells was observed. Interestingly, in the case of the A431 cells,
the IC50 values increased with hydrophilicity, with 1-Oct,Me being the most active and
1-Me,Me being the least. Moreover, the SI decreased with hydrophilicity, suggesting that
the higher the hydrophobicity of the drug, the higher the selectivity observed. Indeed,
in the case of the A431/HaCaT couple, it was pleasantly observed that greater activity
of 1-Oct,Me was accompanied by a higher SI (2.78). By contrast, in the case of SVT2, the
highest SI was found for the most hydrophilic compound (1-Me,Me, SI of 2.65) with respect
to 1-Oct,Me, which showed the lowest SI value.

2.7. Cytotoxicity Pathways of 1-Me,Me and 1-Oct,Me

To further investigate the molecular mechanisms of cell death induced by the two
complexes that showed the highest SI values, the effects of 1-Me,Me and 1-Oct,Me were
analysed in cancer cells. In particular, SVT2 and A431 were incubated for 48 h with 1-
Me,Me and 1-Oct,Me, using the IC50 value concentrations. At the end of incubation, uptake
and cell death mechanisms were evaluated. As shown in Table 3, both complexes were
able to enter cells, but 1-Oct,Me was more internalized on A431 with respect to 1-Me,Me
on SVT2. This result is in agreement with the higher toxicity of 1-Oct,Me, as it is better
able to enter cells at a lower concentration. Finally, apoptosis was investigated by Western
blot analyses using specific antibodies against pro-caspases 9 and 3. As shown in Figure 10,
both complexes were able to induce the activation of apoptosis, as a significant decrease in
pro-caspases 9 and 3 levels was observed in both cell lines.
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Figure 10. Apoptosis analysis in cancer cell lines. Cells were incubated with the molecule being
tested, with each one at its IC50 value (9.8 µM 1-Me,Me on SVT2 and 2.3 µM 1-Oct,Me on A431).
After 48 h, protein extracts were analysed by Western blot using anti-pro-caspases 9 and 3. β-actin
was used as the loading control. The densitometric analysis is reported below the Western blot
images. Black bars, untreated cells; grey bars, treated cells. Data shown are the means ± S.D. of three
independent experiments. * indicates p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001 with respect
to untreated cells.
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Table 3. The uptake of 1-Me,Me and 1-Oct,Me in cancer cells. Cells were incubated with either
1-Me,Me or 1-Oct,Me, with each one tested at its IC50 value (9.8 µM 1-Me,Me on SVT2 and 2.3 µM
1-Oct,Me on A431). After 48 h, cells were analysed by ICP analysis, as described in the Materials and
Methods section. Data shown are the means ± S.E. of three independent experiments.

Samples Pt ng/106 cells

Untreated SVT2 <0.0001
SVT2 incubated with 1-Me,Me 0.772 ± 0.010

Untreated A431 <0.0001
A431 incubated with 1-Oct,Me 14.3 ± 1.3

3. Materials and Methods

All solvents and reagents were purchased from Merck KGaA (Darmstadt, Germany)
and used without any further purification. NMR spectra were recorded using a 400 Bruker
Avance with Ultrashield or a 500 Varian Inova spectrometer at 298 K. Chemical shifts
are given in parts per million (ppm, δ), referenced to the solvent peaks of CDCl3 (1H
NMR δ = 7.26, 13C NMR δ = 77), DMSO-d6 (1H NMR δ = 2.50, 13C NMR δ = 39.52), and
D2O (1H NMR δ = 4.79 ppm). Coupling constants are quoted in Hz (J). The 1H NMR
and 13C NMR splitting patterns were designated as singlet (s), doublet (d), triplet (t),
quartet (q), double doublet (dd), and broad (br). Splitting patterns with a difficult inter-
pretation or visualization were designated as multiplet (m). The compounds Im-Me [44],
[Pt(dmphen)(ethene)] [45], and 2-Me [44] were prepared according to procedures in the
literature. In describing the NMR assignments, the scheme adopted for numbering the
carbon atoms within the rings is reported as the following (Figure 11).
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For the ICP-MS analyses, high-purity water (resistivity of 18.2 MΩ cm) was obtained
from a Milli-Q unit (Millipore, Burlington, MA, USA) and was used for the standard
solution preparation and sample dilutions. Nitric acid (HNO3, 69% v/v Ultratrace@ ppb-
trace analysis grade) was provided by Scharlab (Barcelona, Spain). A certified reference
solution containing Pt at 100 mg/L of ultrapure grade for ICP by VWR Avantor® (Radnor
Township, PA, USA) was used.

3.1. Synthesis of Im-Oct

n-Octyl iodide (0.85 mL, 4.7 mmol) was added to a solution of Im (0.15 g, 0.31 mmol)
in 2 mL of acetonitrile. The light yellow solution was stirred under reflux for 3 h. The
solvent was removed and the orange oil was washed with n-hexane. A white powder was
obtained (yield: 97%). 1H NMR (500 MHz, 298 K, CDCl3): δ 10.17 (s, 1H, H2 imidazolium),
8.71 (s, 1H, H5 triazole), 7.72 (s, 1H, H5 imidazolium), 6.02 (d, 1H, 3JH1–H2 = 9.3 Hz, H1
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glu), 5.57 (t, 1H, 3JH2–H3 = 9.4 Hz, H2 glu), 5.46 (t, 1H, 3JH3–H4 = 9.5 Hz, H3 glu), 5.31 (t, 1H,
3JH4–H5 = 9.8 Hz, H4 glu), 4.41–4.30 (m, 3H, H6 glu, and NCH2), 4.22 (s, 3H, nMe), 4.19
(dd, 1H, 2JH6–H6′ overlapped, 3JH5–H6 = 1.8 Hz, H6′ glu), 4.15–4.08 (m, 1H, H5 glu), 2.09 (s,
3H, OAc), 2.07 (s, 3H, OAc), 2.04 (s, 3H, OAc), 2.02–1.93 (m, 2H, CH2), 1.90 (s, 3H, OAc),
1.47–1.17 (m, 10H, CH2), and 0.95–0.77 (m, 3H, Me). 13C NMR (125 MHz, 298 K, CDCl3): δ
170.6 (CO), 169.9 (CO), 169.4 (CO), 169.0 (CO), 137.7 (C2 imidazole), 134.1 (C4 imidazole),
126.4 (C4 triazole), 124.0 (C5 triazole), 120.2 (C5 imidazole), 85.8 (C1 glu), 75.3, 72.6, 70.5,
and 67.6 (C2–C5 glu), 61.5 (C6 glu), 50.7 (NCH2), 36.7 (nMe), 31.7, 30.2, 29.1, 29.0, 26.3, and
22.6 (6 CH2), 20.9 (OAc), 20.6 (x2, OAc), 20.4 (OAc), and 14.1 (Me).

3.2. Synthesis of 2-Oct

n-Octyl iodide (0.5 mL, 2.7 mmol) was added to a suspension of [Pt(dmphen)(ethene)]
(0.43 g, 1.0 mmol) in 5 mL of dry toluene and the mixture was stirred at room temperature.
After 1 h, n-hexane was added to complete the precipitation of a yellow solid, which was
recovered and washed with n-hexane. The solid was dissolved in dichloromethane, and
the solution was filtered on a thin pad of FLORISIL® (100–200 mesh) and crystallized with
n-hexane (light brown solid—yield: 65%). 1H NMR (500 MHz, 298 K, CDCl3): δ 8.31 (d, 2H,
J = 8.2 Hz, H4 and H7 dmphen), 7.85 (s, 2H, H5 and H6 dmphen), 7.77 (d, 2H, J = 8.2 Hz, H3
and H8 dmphen), 3.33 (s, 6H, Me dmphen), 3.31 (dd, 2H, JPt = 85.2 Hz, H ethene—partially
overlapped), 2.22 (dd, 2H, JPt = 62.0 Hz, ethene), 1.14–0.7 (m, 12H, Haliphatic), 0.75 (t, 3H,
J = 7.3 Hz, Me aliphatic), and 0.36–0.23 (m, 2H). 13C NMR (125.7 MHz, 298 K, CDCl3): δ
161.2 (x2, C2 and C9 dmphen), 145.2 (x2, C10a and C10b dmphen), 137.3 (x2, C4 and C7
dmphen), 128.5 (x2, C4a and C6a dmphen), 126.1 (x2, C5 and C6 dmphen), 125.8 (x2, C3
and C8 dmphen), 31.7, 31.0 (x2), 30.7 and 30.3 (5 CH2), 29.2 (x2, Me dmphen), 28.9 (x2)
(ethene, JPt = 382 Hz), 22.6 (CH2), 19.6 (PtCH2, JPt = 638 Hz), and 14.1 (Me).

3.3. Synthesis of Ag-R’ Complexes

The appropriate Im-R’ precursor (0.30 mmol) was dissolved in 6 mL of acetone. Then,
silver(I) oxide (0.046 g, 0.20 mmol) was added. The colourless mixture was stirred for 2 h in
the dark. The light yellow mixture was filtered on a Celite® to remove the excess of silver
oxide and the resulting colourless solution was used in situ as described in the following
paragraph.

3.4. Synthesis of 1-R,R’ Complexes

The appropriate type 2-R complex (0.30 mmol) was suspended in 6 mL of acetone.
Then, thallium triflate (0.10 g, 0.30 mmol) was added and the yellow mixture was stirred
for 15 min. The suspension was centrifuged to separate the thallium chloride. The resulting
solution, containing the type 3-R complex, was treated with the solution of Ag-R’ prepared
as described above. The mixture was stirred for 60 h in the dark. The resulting solution
was filtered on a Celite® to separate the silver iodide. The solvent was removed and a solid
was obtained. The crude residue was dissolved in dichloromethane and filtered on a pad
of basic activated aluminium oxide. The solution was treated with diethyl ether until the
precipitation of a solid and subsequently washed again with diethyl ether. The products
were obtained as yellow/light brown solids. 1-Me,Me (yellow solid—yield: 55%). 1H
NMR (500 MHz, 298 K, CDCl3): δ 8.49 (s, 1H, H5 triazole), 8.47 (d, 3JH4–H5 or H7–H6 = 8.1,
1H, H4 or H7 dmphen), 8.45 (d, 3JH7–H8 or H4–H5 = 8.1, 1H, H7 or H4 dmphen), 7.94–7.86 (m,
4H, H3, H5, H6, H8 dmphen), 7.08 (s, 1H, H5 imidazole), 5.85 (d, 1H, 3JH1–H2 = 9.4 Hz, H1
glu), 5.75 (t, 1H, 3JH2–H3 = 9.4 Hz, H2 glu), 5.35 (t, 1H, 3JH3–H4 = 9.4 Hz, H3 glu), 5.24 (t, 1H,
3JH4–H5 = 9.8 Hz, H4 glu), 4.25 (dd, 1H, 2JH6–H6′ = 12.6 Hz, 3JH5–H6 = 4.6 Hz, H6 glu), 4.13
(dd, 1H, 2JH6′–H6 = 12.6 Hz, 3JH5–H6′ = 1.9 Hz, H6′ glu), 4.05–4.00 (m, 1H, H5 glu), 3.56 (s,
3H, N-Me), 3.45 (s, 6H, Me dmphen), 3.33 (s, 3H, N-Me), 2.48 (AA’BB’, 4 H, JPt = 68.4 Hz,
ethene), 2.03 (s, 6H, OAc), 1.99 (s, 3H, OAc), 1.78 (s, 3H, OAc), and 0.18 (s, 3H, JPt = 45.7 Hz,
PtMe). 13C NMR (100 MHz, 298 K, CDCl3): δ 172.1 (C carbene), 170.7 (CO), 170.1 (CO),
169.4 (CO), 168.8 (CO), 161.3 and 161.2 (C2 and C9 dmphen), 145.9 (x2, C10a and C10b
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dmphen), 138.9 and 138.8 (C4 and C7 dmphen), 135.9 (C4 imidazole), 128.7 (x2, C4a and C6a
dmphen), 126.7 and 126.6 (C5 and C6 dmphen), 126.1 and 126.0 (C3 and C8 dmphen), 125.6
(C4 triazole), 124.5 and 122.0 (C5 triazole and C5 imidazole), 121.0 (q, CF3, JC–F = 321 Hz),
85.1 (C1 glu), 74.8, 73.4, 70.0 and 67.7 (C2–C5 of glu), 61.5 (C6 of glu), 37.2 (nMe), 36.4
(nMe), 30.1 (x2, ethene, JPt = 355 Hz), 28.7 (x2, Me dmphen), 20.8 (OAc), 20.7 (x2, OAc), 20.3
(OAc), and -6.6 (PtMe, JPt = 464 Hz). Calculated for C39H46F3N7O12PtS: C, 43.01; H, 4.26;
and N, 9.00. Found: C, 43.28; H, 4.33; and N, 8.87. 1-Me,Oct (yellow solid—yield: 63%). 1H
NMR (400 MHz, 298 K, CDCl3): δ 8.62 (s, 1H, H5 triazole), 8.47 (d, 3JH4–H5 or H7–H6 = 8.7,
1H, H4 or H7 dmphen), 8.45 (d, 1H, 3JH7–H8 or H4–H5 = 8.7, H7 or H4 dmphen), 7.96–7.82
(m, 4H, H3, H5, H6, H8 dmphen), 7.09 (s, 1H, H5 imidazole), 5.89 (d, 1H, 3JH1–H2 = 9.4 Hz,
H1 glu), 5.82 (t, 1H, 3JH2–H3 = 9.2 Hz, H2 glu), 5.36 (t, 1H, 3JH3–H4 = 9.2 Hz, H3 glu), 5.25 (t,
1H, 3JH4–H5 = 9.7 Hz, H4 glu), 4.26 (dd, 1H, 2JH6–H6′ = 12.7 Hz, 3JH5–H6 = 4.5 Hz, H6 glu),
4.14 (dd, 1H, 2JH6′–H6 = 12.7, 3JH5–H6′ = 2.3 Hz, H6′ glu), 4.09–4.01 (m, 1H, H5 glu), 3.70 (br,
2H, NCH2), 3.57 (s, 3H, nMe), 3.45 (s, 6H, Me dmphen), 2.47 (AA’BB’, 4 H, JPt = 68.4 Hz,
ethene), 2.04 (s, 3H, OAc), 2.03 (s, 3H, OAc), 1.99 (s, 3H, OAc), 1.78 (s, 3H, OAc), 1.40–1.10
(m, 12H, CH2), 0.92 (t, 3H, Me), and 0.19 (s, 3H, JPt = 46.5 Hz, PtMe). 13C NMR (100 MHz,
298 K, CDCl3): δ 172.0 (C carbene), 170.7 (CO), 170.1 (CO), 169.4 (CO), 168.7 (CO), 161.1
and 161.0 (C2 and C9 dmphen), 145.9 (x2, C10a and C10b dmphen), 138.8 and 138.7 (C4
and C7 dmphen), 135.8 (C4 imidazole), 128.7 and 128.6 (C4a and C6a dmphen), 126.7 and
126.5 (C5 and C6 dmphen), 126.4 and 126.2 (C3 and C8 dmphen), 126.1 (C4 triazole), 124.7
(C5 triazole), 121.0 (q, CF3, JC–F = 321 Hz), 118.9 (C5 imidazole), 85.0 (C1 glu), 74.7, 73.4,
69.9 and 67.6 (C2–C5 glu), 61.5 (C6 glu), 49.5 (NCH2), 36.4 (nMe), 31.8 (CH2), 30.6 (CH2),
30.1 and 30.0 (ethene), 29.3 (CH2), 29.2 (CH2), 28.7 (x2, Me dmphen), 26.8 (CH2), 22.7 (CH2),
20.7 (OAc), 20.6 (x2, OAc), 20.3 (OAc), 14.1 (Me), and -6.6 (PtMe, JPt = 466 Hz). Calculated
for C46H60F3N7O12PtS: C, 46.54; H, 5.09; and N, 8.26. Found: C, 46.39; H, 5.14; and N,
8.20. 1-Oct,Me (light brown solid—yield 62%). 1H NMR (400 MHz, 298 K, CDCl3): δ 8.49
(d, 1H, 3JH4–H3 or H7–H8 = 6.9, H4 or H7 dmphen), 8.49 (s, 1H, H5 triazole), 8.47 (d, 1H,
3JH7–H8 or H4–H3 = 6.8, H7 or H4 dmphen), 7.96–7.86 (m, 4H, H3, H5, H6, H8 dmphen), 7.06
(s, 1H, H5 imidazole), 5.85 (d, 1H, 3JH1–H2 = 9.3 Hz, H1 glu), 5.75 (t, 1H, 3JH2–H3 = 9.4 Hz,
H2 glu), 5.35 (t, 1H, 3JH3–H4 = 9.3 Hz, H3 glu), 5.24 (t, 1H, 3JH4–H5 = 9.7 Hz, H4 glu), 4.25
(dd, 1H, 2JH6–H6′ = 12.6 Hz, 3JH5–H6 = 4.7 Hz, H6 glu), 4.13 (dd, 1H, 3JH5–H6′ = 1.8 Hz, H6′

glu), 4.06–4.00 (m, 1H, H5 glu), 3.52 (s, 3H, N-Me), 3.46 (s, 6H, Me dmphen), 3.29 (s, 3H,
N-Me), 2.37 (s, 4 H, JPt = 75.5 Hz, ethene), 2.03 (s, 6H, OAc), 1.99 (s, 3H, OAc), 1.78 (s, 3H,
OAc), 1.13 (t, 2H, 3J = 7 Hz, JPt = 62.2 Hz, Pt-CH2), 1.10–0.92 (m, 8H, CH2), 0.90–0.80 (m, 2H,
CH2), 0.77 (t, 3H, Me), and 0.56 (br, 2H, CH2). 13C NMR (100 MHz, 298 K, CDCl3): δ 173.8
(C carbene), 170.8 (CO), 170.1 (CO), 169.4 (CO), 168.8 (CO), 161.0 and 160.9 (C2 and C9
dmphen), 145.8 and 145.7 (C10a and C10b dmphen), 138.8 and 138.7 (C4 and C7 dmphen),
135.9 (C5 imidazole), 128.8 (x2, C4a and C6a dmphen), 126.8 and 126.7 (C5 and C6 dmphen),
126.1 and 125.9 (C3 and C8 dmphen), 125.7 (C4 triazole), 124.4 and 122.0 (C5 triazole and
C4 imidazole), 121.0 (q, CF3, JC–F = 317 Hz), 85.1 (C1 glu), 74.8, 73.3, 70.0 and 67.6 (C2–C5
glu), 61.5 (C6 glu), 37.1 (nMe), 36.4 (nMe), 33.3 (CH2), 31.8 (CH2), 30.9 and 30.8 (ethene),
30.0, 29.2, 29.1 and 28.9 (x2) (3 CH2 and Me dmphen), 22.6 (CH2), 20.7 (OAc), 20.6 (x2, OAc),
20.3 (OAc), 14.1 (Me), and 13.8 (PtCH2, JPt = 458 Hz). Calculated for C46H60F3N7O12PtS: C,
46.54; H, 5.09; and N, 8.26. Found: C, 46.73; H, 4.99; and N, 8.35. 1-Oct,Oct (light brown
solid—yield 71%). 1H NMR (400 MHz, 298 K, CDCl3): δ 8.61 (s, 1H, H5 triazole), 8.49 (d,
1H, 3JH4–H3 or H7–H8 = 8.7 Hz, H4 or H7 dmphen), 8.47 (d, 3J H7–H8 or H4–H3 = 8.9 Hz 1H, H7
or H4 dmphen), 7.98–7.82 (m, 4H, H3, H5, H6, H8 dmphen), 7.06 (s, 1H, H5 imidazole),
5.89 (d, 1H, 3JH1–H2 = 9.4 Hz, H1 glu), 5.82 (t, 1H, 3JH2–H3 = 9.2 Hz, H2 glu), 5.35 (t, 1H,
3JH3–H4 = 9.2 Hz, H3 glu), 5.25 (t, 1H, 3JH4–H5 = 9.7 Hz, H4 glu), 4.26 (dd, 1H, 2JH6–H6′ =
12.7 Hz, 3JH5–H6 = 4.6 Hz, H6 glu), 4.14 (dd, 1H, 3JH5–H6′ = 2.1 Hz, H6′ glu), 4.09–3.99 (m,
1H, H5 glu), 3.65 (br, 2H, N-CH2), 3.53 (s, 3H, N-Me), 3.46 (s, 6H, Me dmphen), 2.36 (s,
4 H, JPt = 73 Hz, ethene), 2.04 (s, 3H, OAc), 2.03 (s, 3H, OAc), 1.99 (s, 3H, OAc), 1.78 (s,
3H, OAc), 1.40–1.20 (m, 10H, CH2), 1.13 (t, 2H, Pt-CH2), 1.10–0.90 (m, 10H, CH2), 0.91 (t,
3H, 3J = 7 Hz, Me), 0.77 (t, 3H, Me), and 0.55 (br, 2H, CH2). 13C NMR (125 MHz, 298 K,
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CDCl3): δ 173.6 (C carbene, JPt = 702 Hz), 170.8 (CO), 170.1 (CO), 169.4 (CO), 168.8 (CO),
160.8 (x2, C2 and C9 dmphen), 145.8 (x2, C10a and C10b dmphen), 138.7 and 138.6 (C4
and C7 dmphen), 135.8 (C4 imidazole), 128.8 and 128.7 (C4a and C6a dmphen), 126.8 and
126.6 (C5 and C6 dmphen), 126.6 and 126.3 (C3 and C8 dmphen), 126.1 (C4 triazole), 124.8
(C5 triazole), 118.9 (C5 imidazole), 85.0 (C1 glu), 74.7, 73.5, 69.9 and 67.7 (C2–C5 glu), 61.5
(C6 glu), 49.4 (NCH2), 36.4 (nMe), 33.3 (CH2), 31.8 (x2, CH2), 30.9 (x2, ethene), 30.6, 29.9,
29.4, 29.3, 29.2, 29.1 and 28.9 (x2) (6 CH2 and Me dmphen), 26.8 (CH2), 22.7 (x2, CH2), 20.8
(OAc), 20.7 (x2, OAc), 20.4 (OAc), 14.2 (Me), 14.1 (Me), and 13.7 (PtCH2). Calculated for
C53H74F3N7O12PtS: C, 49.53; H, 5.80; and N, 7.63. Found: C, 49.32; H, 5.71; and N, 7.52.

3.5. In-Solution Stability of 1-R,R’ Complexes

The stability of the 1-R,R’ complexes in DMSO was studied by dissolving 5 mg of
each complex in 250 µL of DMSO-d6 and then diluting 200 µL of this solution with 300 µL
of DMSO-d6. The stability of the 1-R,R’ complexes in aqueous solvents was studied by
dissolving 5 mg of each complex in 250 µL of DMSO-d6 and then diluting 50 µL of this
solution with 500 µL of D2O. The 1H-NMR spectra of the resulting solutions were recorded
over time.

UV–vis absorption spectra of 1-Me,Me were collected at 25 ◦C on a JASCO V-750
UV–vis spectrophotometer in the range of 240–500 nm, using a platinum compound
concentration of 50 µM in 100% DMSO as well as under the crystallization conditions of
20% ethylene glycol, 0.1 M sodium acetate buffer at pH 4.0, and 0.6 M sodium nitrate and
2.0 M sodium formate and 0.1 M Hepes at pH 7.5, in the absence and in the presence of
HEWL. The HEWL:1-Me,Me molar ratio was 1:3. Each measurement was repeated three
times.

3.6. Partition Coefficients

Partition coefficients for the platinum complexes were determined in triplicate in an
n-octanol/water system, with different ratios (1:1, 1:2, 2:1). Each complex was dissolved
in n-octanol at the concentrations 16.7, 12.5, or 10 µM and subsequently, an appropriate
volume of water was added. The mixtures were shaken mechanically for 1 h to ensure
the distribution between the two solvent phases. The samples were then centrifuged
(13,000 rpm, 10 min). Afterwards, the platinum concentration was determined in the
octanol phases by UV–vis spectrophotometry, after collecting a calibration line for each
complex. Results are expressed as the logarithm of the partition coefficient of octanol/water
(log Po/w), which is the logarithm of the concentration of platinum in the n-octanol divided
by its concentration in the aqueous layer.

3.7. DNA Binding Assays

The ethidium bromide (EB) displacement assay was performed on a HORIBA Fluoro
Max-4 spectrofluorometer equipped with a thermostat bath. Calf thymus DNA was in-
cubated with EB in 0.05 M of ammonium acetate at pH 7.5, at a DNA:EB molar ratio of
1:5 for 30 min in the dark at room temperature. Then, the fluorescence quenching of this
complex was evaluated by adding to it increasing amounts of Pt compounds dissolved
in DMSO (20 mM). Samples were equilibrated for 5 min before collecting each spectrum.
The other experimental settings comprised the following: a 1.0 cm quartz cell, 5.0 nm
excitation/emission slit, 560–750 nm range, and 50 nm minutes−1 scanning speed. Data
were obtained as the average of three independent measurements.

3.8. Crystallization of the Adducts Formed by the Reaction of 1-Me,Me with HEWL

HEWL crystals were grown using the hanging drop vapour diffusion method and the
following reservoirs:

(a) 20% ethylene glycol, 0.10 M sodium acetate at pH 4.0, and 0.60 M sodium nitrate
(b) 2.0 M sodium formate and 0.1 M HEPES at pH 7.5.
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The crystals of the protein adduct with 1-Me,Me were obtained by the soaking pro-
cedure. The HEWL crystals were soaked in a solution consisting of 83% reservoir, 17%
DMSO, and 3.3 mM 1-Me,Me.

3.9. Structure Solution and Refinement of Structures A and B

The structures of the Pt–HEWL adducts were solved by the molecular replacement
method, using the HEWL coordinates deposited in the PDB under the accession code
193L [40] as a model. Refinements were carried out with a CCP4 REFMAC5 [46], and the
model building, adjustments, and inspection of the electron density maps was manually
carried out using WinCoot [47].

The Pt binding sites were unambiguously identified by comparing 2Fo–Fc, residual
Fo–Fc, and anomalous difference electron density maps. The two structures were refined to
the R-factor/Rfree values of 0.187/0.219 and 0.184/0.218, respectively. The details of the
crystallographic and refinement parameters are given in Table S2. The refined models and
structure factors were deposited in the Protein Data Bank under the accession codes 8BOY
and 8BOV. The coordinates and structure factors, including anomalous data, were provided
to the reviewers and editor for the review process.

3.10. Cell Culture and Cytotoxicity

The immortalized human keratinocytes (HaCaT) were from Innoprot. Human The
A431 epidermoid carcinoma, murine BALB/c-3T3, and SVT2 fibroblasts were from ATCC.
Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich,
St. Louis, MO, USA), supplemented with 10% foetal bovine serum (HyClone), 2 mM L-
glutamine, and antibiotics, all from Sigma-Aldrich, under a 5% CO2-humidified atmosphere
at 37 ◦C. To test the effects of the complexes on cell viability, cells were seeded at a density
of 2.5 × 103 cells per well in 96-well plates. After 24 h, cells were incubated with increasing
concentrations (from 0.1 to 50 µM) of the four complexes. After 48 h, cell viability was
assessed by the MTT assay, as previously reported in [43]. Cell viability was expressed as
the percentage of viable cells in the presence of the Pt complexes compared to the controls,
represented by untreated cells and cells supplemented with identical volumes of DMSO.
Each sample was tested in three independent analyses, each carried out in triplicate.

3.11. Uptake Experiments

To study the uptake of the complexes, SVT2 and A431 were incubated for 48 h in
the presence of 1-Me,Me and 1-Oct,Me, respectively, at their IC50 concentrations. At
the end of incubation, Pt determination was performed by inductively coupled plasma
mass spectrometry (ICP-MS, Aurora M90; Bruker, Ettlingen/Leipzig, Germany) in the
“Normal Sensitivity” mode. Calibration curves for the quantification of Pt ranged from 0.1
to 100 µg/L and were constructed daily by the analysis of the standard solutions prepared
immediately before analysis. All standards used for analysis were prepared in HNO3
solution (2%, v/v). The internal standards were 89Y and 115In in both the calibration curve
and sample analyses. The linearity was acceptable with an R2 value greater than 0.9996.
The treatment of the cells involved a wet digestion: after centrifugation, cell samples were
wet digested with 1 mL of ultrapure HNO3 (67–69%, v/v). The mixture was gently boiled
over a water bath (90 ◦C) for 3 h until a clear solution was obtained. After cooling, HNO3
solution (2%, v/v) was added up to a final volume of 10 mL. The obtained solutions were
analysed by ICP-MS. Under this condition, the quantification limit for Pt was equal to
0.001 ng Pt/106 cells.

3.12. Western Blot Analysis

The SVT2 were seeded on six-well plates at a density of 2.5 × 105 cells/well, whereas
A431 was seeded at a density of 3× 105 cells/well. After 24 h, cells were treated with 9.8 µM
of 1-Me,Me or 2.3 µM 1-Oct,Me. After 48 h of incubation, Western blot analyses were
performed by using pro-caspase 9 (Cell Signaling Technology, Danvers, MA, USA) and pro-
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caspase 3 (Abcam, Cambridge, MA, USA) antibodies, as reported by Del Giudice et al. [48]
Protein intensity levels were normalized using β-actin (Sigma-Aldrich, St. Louis, MO,
USA). The chemiluminescence detection system was purchased from Bio-Rad (Hercules,
CA, USA).

3.13. Statistical Analysis

All experiments were performed in triplicate. The results are presented as the mean
of the results obtained after three independent experiments and compared by one-way
ANOVA according to Bonferroni’s method (post hoc), obtained using GraphPad Prism for
Windows, version 6.01.

4. Conclusions

This study demonstrates the versatility of platinum(II) anticancer agents with a co-
ordination number of five. Previous studies on methyl/carbene complexes with trigonal
bipyramidal geometry [14] have demonstrated that their structural diversity is enriched by
introducing variable-length alkyl groups in strategic positions of the coordination environ-
ment. This allows for a comparison of biological activity among complexes with different
lipophilicity, revealing different behaviours of the drug being tested, depending on the
cell system being analysed. The tested drug was internalized in cancer cells and able to
activate the apoptotic pathway. One might speculate that the activity of the complexes
may reside in the different compositions of their plasma membranes. Accordingly, changes
in the structural arrangements of membrane lipids may influence their lipid core and
consequently their overall surface properties [49,50]. The structural study also revealed
a variety of interactions between the metal fragment and the model protein HEWL. In
one of these, the metal complex retained its 5C geometry and established non-covalent
interactions with the protein. These data, along with the observation that the same complex
is stable for days in an aqueous solvent, demonstrate the great structural robustness of this
class of compounds and encourage further study towards understanding and optimization.
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Abstract: A set of arylazo sulfones, known to undergo N–S bond cleavage upon light exposure,
has been synthesized, and their activity in the dark and upon irradiation towards DNA has been
investigated. Their interaction with calf-thymus DNA has been examined, and the significant affinity
observed (most probably due to DNA intercalation) was analyzed by means of molecular docking “in
silico” calculations that pointed out polar contacts, mainly via the sulfonyl moiety. Incubation with
plasmid pBluescript KS II revealed DNA cleavage that has been studied over time and concentration.
UV-A irradiation considerably improved DNA damage for most of the compounds, whereas under
visible light the effect was slightly lower. Moving to in vitro experiments, irradiation was found
to slightly enhance the death of the cells in the majority of the compounds. Naphthylazosulfone 1
showed photo-disruptive effect under UV-A irradiation (IC50 ~13 µM) followed by derivatives 14
and 17 (IC50 ~100 µM). Those compounds were irradiated in the presence of two non-cancer cell
lines and were found equally toxic only upon irradiation and not in the dark. The temporal and
spatial control of light, therefore, might provide a chance for these novel scaffolds to be useful for the
development of phototoxic pharmaceuticals.

Keywords: arylazo sulfones; DNA binding; DNA cleavage; DNA photocleavage; A375 melanoma
cells; molecular docking; radicals; N–S bond homolysis

1. Introduction

A wide variety of small organic molecules have been designed and investigated for
their interaction with structural features of DNA, aiming to target the transcriptional
machinery of cancer cells and lead to apoptosis. Indeed, DNA modification may inhibit
cancer progression, and this can be achieved via several pathways, including hydrolysis of
phosphodiesters and oxidation of the deoxyribose sugar or the nucleotide bases [1,2]. In
this context, the affinity of a small molecule with DNA is examined as the initial step [3]
by means of spectroscopic analyses able to provide an evaluation of the changes in the
DNA moiety while interacting with the examined compound [4]. Thus, intercalation of

67



Int. J. Mol. Sci. 2023, 24, 1834

the “host” with DNA, minor and major groove binding can be revealed, indicating its
important physicochemical approach that is a prerequisite for possible effective damage.

Although most DNA-cleaving compounds are metal complexes, a significant number
of research publications are devoted to organic molecules, also referred to as artificial “metal-
free nucleases”, aiming to identify differentiated mechanisms of action. Such compounds
exhibit very diversified molecular structures, including, among the recent ones, simple
oximes and hydroxylamines [5], coumarin oxime ethers [6], imidazo-phenanthrolines [7]
and their carbohydrate conjugates [8], indolo-pyrimidines [9], pyridine [10] and naph-
thoquinone thiazole hybrids [11] and benzothiazole derivatives [12,13], bis- and tetrakis-
1,2,3-triazole derivatives [14], naphthalenophanes [15], selenylated oxadiazoles [16], 2-
styryl-4-aminoquinazoline [17], calixarene-benzazole [18] and indolyl derivatives [19],
azaenedienes [20], and the natural product Shishjimicin A [21].

The challenge to find DNA binding molecules that do not interfere with the func-
tions of normal cells and/or to overcome multidrug resistance to chemotherapeutics is the
most desirable goal. In this direction, due to the high spatial and temporal control, pho-
tochemotherapy [22–24] and photodynamic therapy [25–28] allow the minimally invasive
treatment of several kinds of cancer and other nonmalignant diseases. Such impressive
selectivity is due to the role of light, which acts as a counterpart to small organic molecules
that can be excited by the energy offered by light and affect the biological target. Thus,
a photosensitizer activatable under UV-B and UV-A irradiation is the requirement in
photochemotherapy and a photosensitizer in combination with UV-A/visible and NIR irra-
diations with concomitant participation of oxygen reactive species (mainly singlet oxygen)
characterize the photodynamic one.

However, to overcome multidrug resistance to chemotherapeutics, combinations of
photochemotherapy and chemotherapy were investigated for the treatment of cutaneous
T-cell lymphoma [29], whereas combinations of chemotherapy and photodynamic therapy
were applied to study the synergistic effects in various cancer cells [30] and for better
therapeutic efficacy in prostate [31] and breast cancer [32], advanced gastric adenocarci-
noma [33], etc. Additionally, photosensitizers are increasingly used for the inactivation of
bacteria and other microorganisms [34–36], with the scientist suspecting effectiveness that
will not reach the dead ends of antibiotics because of the multiple biological targets of the
process [37,38].

Recently, the concept of a dyedauxiliary group was introduced [39]. This moiety may be
incorporated within an organic molecule to induce a bathochromic shift and make it colored.
At the same time, these groups bear a chemical bond that is labile upon visible (or UV) light
excitation, thus causing the photorelease of reactive intermediates (e.g., radicals) [39,40].

Barton esters, which hold a photolabile N–O bond, have been employed in radi-
cal addition chain reactions for the synthesis of natural products as well as in the C–X
(X = sulfur, selenium, halogen, nitrogen) bond formation [41–44] (Figure 1A), path a). The
DNA photocleavage induced by these O-acyl thiohydroxamate esters has been previously
investigated [45–47]. Indeed, the N–O bond homolysis of Barton esters generated aroy-
loxyl (oxygen-centered) radicals (Figure 1A, path b) known to attack a thymidine model,
providing, along with the photobiological experiments, evidence of the efficiency of the
oxygen-centered reactive intermediates under chemical conditions [48]. In analogy with
O-acyl thiohydroxamate esters, N-aroyloxynaphthalimides exhibited good intercalation
and DNA photocleavage upon UV-A exposure [49,50].

The concept of using photolabile N–O bonds is general, as in the case of functionalized
oximes that are employed in chemistry for the creation of carbon, nitrogen, and oxygen-
centered radicals [51–54] and as photoinitiators in polymerizations [55]. Oxime carboxylates
have been applied to the DNA photocleavage of various substrates under UV-B and UV-A
irradiation [56–60], along with oxime sulfonates [61,62] and oxime carbamates [63]. It
should be noted that all the above-described compounds showed affinity to DNA, which is
a prerequisite for DNA photocleavage, and they are classified as “true” DNA photo-cleavers
because they show no evidence of DNA cleavage in the dark.
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biology (path b, this work).

Recently, our team has extensively studied a class of colored shelf-stable derivatives
containing a dyedauxiliary group, namely arylazo sulfones (Ar-N = N-SO2-R’). Such deriva-
tives underwent the N–S bond homolysis upon visible light irradiation (Figure 1B, path
a) and the ensuing loss of a molecule of nitrogen facilitates the formation of Ar˙ and R’-
S˙O2 reactive radicals that have been exploited in the preparation of, among the others,
arylstannanes [64], (hetero)arylphosphonates [65], aryl selenides and tellurides [66], sym-
metrical (hetero)biaryls [67], arylboronates [68], sulfonyl fluorides [69], stilbenes and vinyl
sulfones [70], trifluoromethylthiolates [71], and (E)-vinyl sulfones [72]. Additionally, ary-
lazo sulfones were able to initiate the polymerization of a broad range of electron-poor
olefins [73], or to cause covalent functionalization (arylation) of reduced graphene oxide
nanosheets [74] and simultaneous photografting of both aryl and methanesulfonyl groups
on a gold surface [75].

We were eager, within this manuscript, to investigate whether the rich photochemistry
of arylazo sulfones might have an effect on biomolecules and live cells, which are, to the
best of our knowledge, yet totally unexplored. For this reason, using a well-established
methodology, we have synthesized a set of arylazo sulfones (1–14, 16, Figure 2) with
compounds bearing various electron-donating and withdrawing groups on the aryl group.
The results have been compared with those obtained with compounds bearing a different
azo moiety, including an arylazo sulfide (15) and a triazene (17). A DNA binding profile
of the total set of seventeen compounds has been studied using calf-thymus (CT) DNA
and UV–vis and fluorescence spectroscopy as well as viscosity experiments. The DNA
cleavage (in dark) and photocleavage (under UV-A and visible light irradiations) were
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studied using plasmid DNA pBluescript SK II and visualized via agarose gel electrophoresis
(Figure 1B, path b). The highly malignant A375 melanoma cells were the model cells that
provided initial results on cell cultures under dark, UV-A [76,77], and visible light exposure.
Additionally, two non-cancer cell lines have been used as a control for the activity; HFL1, a
fibroblast cell line that was isolated from the lung of a white, normal embryo, and HaCaT
cell lines, human immortalized keratinocytes.
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Figure 2. Arylazo sulfones (1–14, 16), arylazo sulfide (15), and triazene (17) prepared and investigated
in this work.

2. Results and Discussion
2.1. Synthesis and Characterization of Arylazo Sulfones

A representative set of arylazo sulfones (mesylates 1–14 and p-nitrophenylsulfonate
16, Figure 2) have been prepared according to a reported procedure [64]. As hinted at
above, two further derivatives where the sulfone moiety has been replaced by a thioaryl
group and a piperidine moiety (azosulfide 15 and triazene 17, respectively) were likewise
prepared for the sake of comparison (copies of the NMR spectra of compounds 15 and 16
are available in Supporting Information, S.1, part S.1.a,b and S.1.c,d, respectively).

The seventeen compounds were preliminarily divided into four groups (A–D). Group
A contained hydrogen, carbon, and oxygen substituents on the aromatic moiety of ary-
lazo mesylates (1–4), Group B contained all nitro-substituted derivatives (5–7) and p-
nitrophenylazo (p-nitrophenyl)sulfone (16), Group C contained all halogenated compounds
(8–13), and Group D contained the remaining compounds (14, 15, and 17).

2.2. CT DNA Binding Studies of Arylazo Sulfones

The interaction of compounds 1–17 with calf-thymus DNA (CT DNA) was investigated
in vitro by UV–vis spectroscopy and viscosity measurements and via their ability to displace
ethidium bromide (EB) from the EB-DNA adduct, which was examined by fluorescence
emission spectroscopy.

The structural changes induced by the interaction of CT DNA with the examined
compounds have been investigated by means of UV–vis spectroscopy, which was exploited
to measure DNA-binding constants (Kb). In most cases, the bands observed in the UV–vis
spectra of the compounds (see the representative case of compound 1 shown in Figure 3a)
exhibited, in the presence of increasing amounts of CT DNA, slight hyperchromism or
even hypochromism accompanied by a slight red-shift (Table 1). These features may be
attributed to the interaction of the compounds with CT DNA, whereas the interaction mode
may not be safely interpreted, necessitating the performance of other experiments such as
DNA-viscosity measurements.
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Figure 3. (a) UV–vis spectra of compound 1 (2.5 × 10−4 M) in DMSO in the presence of increasing
amounts of CT DNA. The arrows show the changes upon increasing amounts of CT DNA. (b) Fluo-
rescence emission spectra (λexc = 540 nm) for EB-DNA conjugate ([EB] = 20 µM, [DNA] = 26 µM) in
buffer solution (150 mM NaCl and 15 mM trisodium citrate at pH = 7.0) in the presence of increasing
amounts of compound 9. The arrow shows the changes in intensity upon increasing amounts of
compound 9.

Table 1. Spectral features of the UV–vis spectra of compounds 1–17 upon addition of CT DNA.
UV-band (λ, nm) (percentage of observed hyper-/hypo-chromism (∆A/A0, %), blue-/red-shift of the
λmax (∆λ, nm)) and the corresponding DNA-binding constants (Kb, M−1).

Groups No of Compound Band (nm) (∆A/A0 (%) 1, ∆λ (nm) 2) Kb (M−1)

G
ro

up
A 1 272 (+2,+1); 385 (+17, 0) 3.73(±0.24) × 105

2 300 (+2, +1) 1.12(±0.15) × 105

3 347 (−4, +1) 5.04(±0.16) × 105

4 387 (−68, +11); 489 (+54, +6) 6.08(±0.15) × 105

G
ro

up
B 5 288 (+6, −2); 359 (sh) 3 (−43, +20) 9.31(±0.18) × 103

6 269 (+8, +2) 2.87(±0.10) × 107

7 289 (+2, +3) 4.59(±0.10) × 105

16 274 (+6, +3) 1.05(±0.08) × 106

G
ro

up
C

8 301 (+1, +1) 2.67(±0.27) × 105

9 298 (+2, +0) 3.81(±0.35) × 105

10 290 (+8, −1) 1.31(±0.08) × 106

11 308 (+4, +1) 6.41(±0.32) × 105

12 312 (+0.5, +2) 9.13(±0.15) × 105

13 330 (+8, −1) 6.02(±0.44) × 105

G
ro

up
D 14 279 (+12, 0) 7.42(±0.10) × 105

15 280 (+23, +8) 1.02(±0.04) × 105

17 322 (−3, +0) 3.82(±0.30) × 105

1 “+” denotes hyperchromism, “−“ denotes hypochromism; 2 “+” denotes red-shift, “−“ denotes blue-shift;
3 “sh” = shoulder.

The values of Kb of the compounds (Table 1) were determined with the Wolfe–Shimer
equation (SI, Part S.2.1, Equation (1)) [78] and the plots [DNA]/(εA–εf) versus [DNA]
(SI, Figure Part S.3). The Kb of the compounds 1–17 (in the order 105–106 M−1) are higher
than that of the classical intercalator EB (=1.23(±0.07) × 105 M−1) [79] and show the
magnitude of their interaction with CT DNA.

Among the compounds of Group A, compound 4 (the p-CH3CO-substituted) presents
the highest Kb value (=6.08(±0.15) × 105 M−1) whereas among the NO2 derivatives in
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Group B, the m-NO2-isomer 6 exhibited the strongest affinity (Kb = 2.87(±0.10) × 107 M−1)
and the highest DNA binding constant observed in the present work. A similar behavior
was observed for m-chloro derivative 10, Group C (Kb = 1.31(±0.08) × 106 M−1). As
concerning the effect of a halogen atom as the substituent, p-Br-derivative 12 bears the
highest Kb value (=9.13(±0.15) × 105 M−1).

Any changes in the DNA structure upon the addition of a studied compound have
also been monitored via viscosity experiments (SI, Part S.2.2) that provide information
about the mode of interaction due to their sensitivity to the relative DNA length changes
(L/Lo) [80]. More broadly speaking, when a compound intercalates into DNA, the distance
between the DNA base pairs increases at the intercalation site to facilitate the insertion of the
hosted compound. Thus, the relative DNA length increases, leading to an increase in DNA
viscosity, whose value is often proportional to the strength of the interaction [81]. In the case
of non-classical intercalation (i.e., electrostatic interaction or groove-binding), the relative
DNA length suffers rather than a slight shortening, and accordingly, a slight decrease in the
DNA viscosity may be induced [81]. Within this context, the viscosity of a CT DNA solution
(0.1 mM) was monitored upon the addition of increasing amounts of the compounds (up
to the value of r = 0.36, Figure 4). Initially and up to the r-value of 0.1, the viscosity of the
CT DNA solution remains practically stable, suggesting an external interaction with the
compounds (obviously groove-binding). For r-values above 0.1, the observed increase in
DNA viscosity could be attributed to an intercalative interaction [60–63].
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Figure 4. Relative viscosity (η/η0)1/3 of CT DNA (0.1 mM) in buffer solution (150 mM NaCl and
15 mM trisodium citrate at pH 7.0) in the presence of increasing amounts of compounds 1–17
(r = [compound]/[DNA] = 0–0.36). (a) Groups A and B; (b) Groups C and D.

EB is a fluorescent dye that intercalates DNA and forms an adduct with an intense
fluorescent emission band at 592–593 nm, when excited at 540 nm [82]. When a compound
that intercalates into DNA equally or more strongly than EB is added to the EB-DNA solu-
tion, changes in the EB-DNA emission band may be observed and are often monitored to
examine the competition of the compound with EB for the DNA intercalation site [82]. Thus,
the fluorescence emission spectra of 1 h pretreated EB-DNA ([EB] = 20 µM, [DNA] = 26 µM)
were recorded in the presence of increasing amounts of the compounds (see the case of
compound 9 in Figure 3b) and a significant decrease in the fluorescence emission band
of EB-DNA at 592 nm (up to 67.5% for compound 9, Figure 5b, Table 2) revealed that the
compounds are able to displace EB for the EB–DNA adduct. Thus, an intercalative mode of
interaction of the complexes with CT DNA can be indirectly proposed [83].
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Figure 5. Plot of EB–DNA relative fluorescence emission intensity at λemission = 592 nm (%) versus r
(r = [compound]/[DNA]) in the presence of compounds 1–17. (a) Groups A and B; (b) Groups C and
D; (up to 34.8 % of the initial EB–DNA fluorescence emission intensity for 1, 42.9 % for 2, 59.2 % for 3,
57.6 % for 4, 48.4% for 5, 45.8 % for 6, 45.2 % for 7, 42.0 % for 8, 32.5 % for 9, 41.0 % for 10, 41.3 % for
11, 43.4 % for 12, 46.7 % for 13, 38.8 % for 14, 47.1 % for 15, 50.5 % for 16, 49.3 % for 17).

Table 2. Data of the EB-DNA competitive studies of compounds 1–17. Percentage of EB-DNA
fluorescence quenching (∆I/Io, %), EB-DNA Stern–Volmer constants (KSV, M−1), and EB-DNA
quenching constants (kq, M−1s−1) for compounds 1–17.

Groups Compound (∆I/Io, %) KSV (M−1) kq, M−1 s−1

G
ro

up
A 1 65.2 2.40(±0.03) × 104 1.04(±0.01) × 1012

2 57.1 3.51(±0.06) × 104 1.53(±0.03) × 1012

3 41.8 4.41(±0.08) × 104 1.92(±0.03) × 1012

4 42.4 8.51(±0.26) × 104 3.70(±0.11) × 1012

G
ro

up
B 5 51.6 3.58(±0.06) × 104 1.56(±0.02) × 1012

6 54.2 3.41(±0.07) × 104 1.48(±0.03) × 1012

7 54.8 1.31(±0.03) × 104 5.70(±0.14) × 1011

16 49.5 3.31(±0.05) × 104 1.44(±0.02) × 1012

G
ro

up
C

8 58.0 8.40(±0.13) × 104 3.65(±0.05) × 1012

9 67.5 5.88(±0.13) × 104 2.56(±0.06) × 1012

10 59 4.65(±0.12) × 104 2.02(±0.05) × 1012

11 58.7 4.20(±0.08) × 104 1.83(±0.04) × 1012

12 56.5 3.90(±0.11) × 104 1.70(±0.05) × 1012

13 53.3 3.69(±0.07) × 104 1.60(±0.03) × 1012

G
ro

up
D 14 61.2 4.37(±0.11) × 104 1.90(±0.05) × 1012

15 52.9 3.61(±0.08) × 104 1.57(±0.03) × 1012

17 50.7 3.77(±0.05) × 104 1.64(±0.02) × 1012

The Stern–Volmer (KSV) constants (Table 2) of the complexes were calculated with
the Stern–Volmer equation (SI, Part S.2.3, Equation (2)) and the corresponding S–V plots
(Figure Part S.4). KSV are relatively high, compounds 4 and 8 exhibit the highest values
(8.40 × 104 and 8.51 × 104 M−1, respectively), suggesting a tight binding to DNA. In addi-
tion, the EB-DNA quenching constants (kq) of the compounds (Table 2) were calculated with
Equation (3) (SI, Part S.2.3) (considering τo = 23 ns as the fluorescence lifetime value) [84]
and are higher than the value 1010 M−1s−1 [83]. Therefore, a static quenching mechanism
may be proposed for the quenching of the fluorescence induced by the compounds [82],
suggesting subsequently the interaction of the compounds with the fluorophore.
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2.3. DNA Interactions of Arylazo Sulfones with Plasmid DNA pBluescript SK II
2.3.1. DNA Cleavage Experiments

All compounds, at DMSO solutions ≤10%, were incubated with plasmid DNA pBlue-
script SK II (500 ng). To confirm the stability of the examined compounds in DMSO,
NMR experiments in DMSO-d6 and other deuterated media (DMSO-d6/D2O and CD3OD,
t = 48 h) were carried out. The compounds were found to be stable in DMSO, the solvent
used for their storage (SI, Part S.5). It should be noted that the samples immediately after
their preparation in DMSO were kept at 4 ◦C, in the fridge.

The chosen concentration for the experiments in the dark was 100 µM, and the esti-
mated incubation time was 30 and 150 min. According to the protocol used, the compounds
are incubated for 30 min before irradiation, and then the irradiation lasts for two hours. As
can be seen in Figure 6 (and S.I. Part S.6.1), incubation of the compounds in the dark for 30
and 150 min (A and B, respectively, for plots with the same color, in Figure 6), most of the
compounds show their cleavage activity within the first 30 min. A slight increase over time
has been observed for only a few compounds (e.g., 1, 6, 7, 9, and 13).
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Figure 6. Plots of DNA cleavage of compounds 1–17 in dark. Explanation of the horizontal axis
codes: 1-A: The first number corresponds to the number of the compound in the text (compound 1 in
the example). A means incubation of the compound with plasmid DNA for 30 min and concentration
100 µM. B means incubation of the compound with plasmid DNA for 150 min and concentration
100 µM. Pictures of the agarose gel electrophoresis of representative experiment of each compound
under conditions A and B are given in SI, Part S.6.1. ds % is given always in red and on the top of the
ss % plot.

Having completed the control experiments in the dark, we proceeded to the irradia-
tions of all compounds at 100 µM.

2.3.2. DNA Photo-Cleavage Experiments

All compounds at a concentration of 100 µM were mixed with pBluescript SK II,
incubated for 30 min, and then irradiated for 120 min, either at 365 nm or with visible
light [Figure 7a–d; each set of three same-colored plots indicates the average number of
the % ss and % ds (photo)cleavage; the latter is always depicted on the top of the ss plot
and in red]. The second column of each triad affords the result of the UV-A irradiation
on each compound of the group, and the third column is the visible light irradiation
result. The first column was added for comparison of the effect in dark (Figure 6 under
the same concentrations and irradiation time; pictures of the agarose gel electrophoresis of
representative experiment of each compound under UV-A and under visible irradiation are
given in SI, Part S.6.2)]. UV-A irradiation caused obviously a stronger DNA photocleavage
than upon visible light for most of the compounds (Group A, compounds 1 and 2; Group
B, compounds 5, 7, and 16; Groups C and D, all compounds). This is probably due to the
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significant absorption of the compounds in the UV-A region (SI, Part S.7) and the higher
energy offered by UV-A irradiation compared to visible light. Nitro derivatives proved to
be very effective, and a lower concentration had to be examined. Gratifyingly, particularly
for compound 5, it was found very active even at a concentration of 25 µM (SI, Part S.6.3)
and led to a cleavage of 50% of the plasmid between 10 and 25 µM.
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Figure 7. Plots of DNA cleavage and photocleavage for (a) Group A, (b) Group B, (c) Group C, and
(d) Group D. For each compound, all three experiments at concentration 100 µM are depicted in the
order: dark, UV-A, visible. Pictures of the agarose gel electrophoresis of representative experiment of
each compound under UV-A and visible irradiation are given in SI, Part S.6.2. ds % is given always
in red and on the top of the ss % plot.

Mechanistic studies for compound 1 under UV-A showed that the DNA photocleavage
has been reduced both under argon and under air in the presence of scavengers of singlet
oxygen (such as histidine and NaN3) and in the presence of hydroxyl radical scavengers
(DMSO and KI), indicating that, among different ROS, singlet oxygen is effectively formed
(SI, Part S.8). Similar behavior towards various scavengers has been observed for compound
5. In visible light, the singlet oxygen formation was obvious.

2.4. Molecular Docking “In Silico” Calculations of DNA/Arylazo Sulfones

Molecular docking studies for all derivatives 1–17 were performed, utilizing the
AutoDock Vina program. The scope was to identify the polar contacts and calculate the
energy of their DNA binding. In Table 3, all calculated energy binding values as well as
DNA base interactions are provided. We may see that in Group A naphthyl derivative (1)
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shows the highest binding energy, meaning that probably the planarity offered by the extra
aromatic ring increases stacking with DNA base pairs. Additionally, polar interactions are
developed with the participation of both oxygen atoms that constitute the sulfonyl moiety
(Figure 8a), whereas in compounds 2–4, the polar interaction involves only one oxygen
atom (SI: Part S.9.1, Group A).

Table 3. “In silico” energy binding calculations towards DNA of compounds 1–17.

Groups Compound Energy (Kcal/mol) Interactions (PyMol)
Polar Contacts

G
ro

up
A 1 −7.8 DG16, DG10

2 −6.2 DA17
3 −6.8 DG16, DA17
4 −7.1 DG16, DA17

G
ro

up
B 5 −7.2 DA17, DG10

6 −7.3 DG10, DG12, DG14
7 −7.3 DG10, DG14, DG16
16 −8.9 DA16

G
ro

up
C

8 −6.6 DA17, DG10
9 −6.5 DG16, DA17
10 −6.7 DG10, DA17
11 −6.0 DG10, DA17
12 −6.5 DG16, DA17
13 −6.6 DG10, DA17

G
ro

up
D 14 −7.3 DA5

15 −7.3 No Polar Contacts
17 −7.1 No Polar Contacts
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Figure 8. 3D structures of the polar contacts of selected compounds of each group. (a) Compound 1
of Group A; (b) compound 16 of Group B; (c) compound 10 of Group C; (d) compound 14 of Group
D. See Figures S.9.1–S.9.4 for further details.

Compound 4 exhibits also comparable energy binding with the naphthylazo sulfone
1, and it seems to give superior values in UV binding experiments (Kb, Table 1) and in
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competitive studies with EB (Ksv and Kq, Table 2). In viscosity experiments up to r ~ 0.25,
compound 1 shows better interaction that is inversed in favor of compound 4 at higher r
values (Figure 4). In cleavage and photocleavage experiments, compound 1 was superior
to the remaining derivatives (Figure 7a).

In Group B, compound 16 shows the highest binding energy, with p-, m- and o-
derivatives showing quite similar values, albeit lower than 16 (Table 3, Figure 8b, SI:
Part S.9.2, Group B). We may observe, however, that the lack of the p-nitro-phenylsulfonyl
aromatic ring in compounds 5–7 allows them to possess more polar contacts. This is
more obvious for the m- and o- derivatives (6 and 7, respectively) where both nitro as
well as sulfonyl moieties develop polar contacts to DNA (SI: Part S.9.2, Group B). In all
DNA affinity calculations using spectroscopic techniques, compounds 5 and 6 were found
to have a stronger effect than compounds 7 and 16, with the exception of the viscosity
experiments, in which compounds 5, 7, and 16 exhibited almost equally high values up
to r ~ 0.36. As for DNA photocleavage, it is not safe to arrive at conclusions due to the
high reactivity of the compounds at the concentrations used in the experiments (Figure 7b).
DNA photocleavage is a complex phenomenon that requires not only a good affinity to
DNA for the photo-derived radicals to attack DNA but also the generation of those radicals,
which needs an efficient intersystem crossing of the photosensitizer to its triplet state, which
is a physico-chemical property of each individual compound [85].

The compounds of Group C seem to exhibit quite similar energy bindings (Table 3,
Figure 8c, SI: Part S.9.3, Group C) and this is observed in the DNA cleavage and photo-
cleavage experiments, with the exception of compound 13 (Figure 7c). Finally, in Group D,
it seems that polar interactions are important for DNA cleavage and photocleavage since
those that lack such interactions show very poor activity (Table 3, Figures 8d and 7d, SI:
Part S.9.4, Group D). However, their spectroscopically calculated bindings to CT-DNA were
comparable to most of the compounds.

2.5. Cell Culture Experiments of Arylazo Sulfones with Melanoma Cell Lines

Highly malignant melanoma cell lines have been used for cell culture experiments.
Control experiments have been performed in dark and under irradiation of the cells without
the presence of any arylazo sulfone. A second set of control experiments provided informa-
tion about the effect of the presence of 1% DMSO in the culture media, which was the final
concentration of DMSO in the solutions with the dissolved tested compounds. As shown,
the presence of 1% DMSO was well tolerated by the cells (Figure 9). For the photodamage
experiments, the cells were incubated individually with each of the seventeen compounds
(100 µM and 50 µM) for 1 h and then irradiated under UV-A light for 1 h. Cell culture media
with the compounds were then removed, and viability was measured after 24 h.

In Group A, it was observed that compound 1 induced satisfactory photodamage, causing
death in about 80% of the cells. By taking into account the “phototoxicity” caused by the 1%
DMSO alone (after normalization), the death of the cells is ~60% (Figure 9a). This is the first
indication that naphthyl-azo methylsulfone (1) is a “true” photo-disrupting compound that is
activated only in the presence of irradiation. Compound 3 exhibited the same percentage of
dead cells regardless of the use of irradiation, reaching its IC50 at 100 µM (Figure 9a). However,
derivatives 2 and 4 were able to cause some minor cell damage when used in the dark, with
the latter responding to irradiation, albeit to a lesser extent than compound 1. When the
concentration of the compounds was reduced to 50 µM, compound 1 continued to cause the
same high rate of cell death, but the activity of derivative 3 was reduced, whereas that of
derivatives 2 and 4 remained the same (SI: Part S.10.1, Group A).

As far as the nitro group-containing derivatives (Group B) are concerned, compound 5
reached its IC50 concentration at 100 µM. Irradiation did not cause any additional damage.
Under the dark, the effect of compounds 6, 7, and 16 was weak; however, irradiation
improved the effect on derivative 16. Lower compound concentrations reduced their effect
in the dark while retaining or increasing the photochemical effect (Figure 9b, SI: Part S.10.2,
Group B). The effect of all halogenated compounds of Group C on melanoma cells was
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weak; however, here again, lowering the concentration favored the photochemically over
the chemically (in the dark) caused death of the cells (Figure 9c, SI: Part S.10.3, Group C).
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It was very interesting to note that among compounds 14, 15, and 17 of Group D,
compound 14 and derivative 17 showed equal activity, with both compounds reaching
their IC50 at this concentration. Compound 14, apart from the exhibited photo-disruptive
activity on melanoma cells, showed the highest DNA-binding constant (Kb, Table 1), EB-
DNA Stern–Volmer and EB-DNA quenching constants (KSV, kq, Table 2), DNA cleavage and
photocleavage (Figure 8d) and “in silico” calculated energy bindings (Table 3). No activity
has been observed in the dark. Photo-reactivity was decreased when the concentration was
lowered to 50 µM (Figure 9d, SI: Part S.10.4, Group D). Compound 15, which contained
sulfur stripped of oxygen atoms, exhibited no activity, not only in cells but also towards
plasmid DNA (Figure 7). Even though more experimentation is required, it seems that
the azosulfone moiety is important for showing the examined biological activities. The
exchange of sulfur to nitrogen showed that the derived compounds should be considered
as a different class of possible photosensitizers, as experiments with plasmid DNA and
most importantly cell culture experiments indicated most probably a different mechanism
with the cells which are in due course.

Concluding the results of the cell cultures with melanoma cells, it was found that
compounds 1, 14, and 17 exhibited only photochemical activity, with the two last com-
pounds showing an IC50 of 100 µM and derivatives 3 and 5 having a chemical activity with
the same IC50. Derivative 1, however, was superior to all, and therefore for its IC50 to be
determined, A365 melanoma cells were incubated with six different concentrations of 1
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(0, 5, 10, 25, 50, 100, 200 µM) following the same procedure, in the dark and under UV-A
irradiation (Figure 10).
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Figure 10. IC50 determination for the effect of compound 1 on melanoma cells.

The results were very encouraging. Cells’ viability without irradiation was greater than
50% even at higher concentrations than 200 µM, whereas the IC50 under UV-A irradiation
was 13.34 µM.

2.6. Cell Culture Experiments of the Photoactive Arylazo Sulfones 1, 14 and 17 with Non-Cancer
Cell Lines

In order to perform a control experiment with non-cancer cells, two different cell
lines were used; HFL1, a fibroblast cell line that was isolated from the lung of a white,
normal embryo, and HaCaT cell lines, human immortalized keratinocytes (Figure 11a,b,
respectively). Cells were incubated with 13.4 µM of compound 1 and 100 µM of compounds
14 and 17. The experimental procedure was the same as the procedure followed for A375
cell lines. As can be seen in Figure 11, in these preliminary results, compounds 1 and 17
were less toxic for the fibroblast cell line than the keratinocyte ones. Nevertheless, the
photodamage in keratinocytes was comparable to that in melanoma cells (Figures 9a and 10
for compound 1 and Figure 9d for compounds 14 and 17). The damage was attributed
to the UV-A irradiation in combination with the compound. The compounds themselves
were found non-toxic for the cells in dark. Thus, it seems that the advantage of the spatial
and temporal control driven by light, in conjunction with the novelty of the arylazosulfone
scaffold, may be useful for the development of phototoxic pharmaceutics.
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3. Materials and Methods

All commercially available reagent-grade chemicals and solvents were used without
further purification. Trisodium citrate, NaCl, CT DNA, and EB were purchased from
Sigma-Aldrich Co., and all solvents were from Chemlab. DNA stock solution was prepared
by dilution of CT DNA to buffer (containing 150 mM NaCl and 15 mM trisodium citrate at
pH 7.0) followed by exhaustive stirring at 4 ◦C for 3 days and kept at 4 ◦C for no longer
than a week. The stock solution of CT DNA gave a ratio of UV absorbance at 260 and
280 nm (A260/A280) of ~1.90, indicating that the DNA was sufficiently free of protein
contamination [86]. The DNA concentration per nucleotide was determined by the UV
absorbance at 260 nm after 1:20 dilution using ε = 6600 M−1 cm−1 [87]. The supercoiled
plasmid pBluescript SK II was synthesized and tested not to contain nicked and/or linear
strands. All samples containing pBluescript SK II were irradiated at pH 6.8 with Philips
2 × 9W/10/2P UV-A lamps at 365 nm or white light OSRAM DULUX S BLUE. NMR
spectra were recorded on an Agilent 500/54 (500 MHz for 1H) (Agilent Technologies,
Santa Clara, CA, USA) and on a Bruker (300 MHz for 1H) spectrometer using DMSO-
d6, D2O, CDCl3, and CD3OD as solvents. UV–vis spectra were recorded on a Hitachi
U–2001 dual-beam spectrophotometer (Hitachi, Tokyo, Japan). Viscosity experiments
were carried out using an ALPHA L Fungilab rotational viscometer (Fungilab, Barcelona,
Spain) equipped with an 18 mL LCP spindle and the measurements were performed at
100 rpm. Fluorescence spectra were recorded in solution on a Hitachi F-7000 fluorescence
spectrophotometer (Hitachi, Tokyo, Japan).

Arylazo sulfones 1–14 were prepared from the corresponding diazonium salts by
following a known procedure [64]. Spectroscopic data for compounds 1, 11, 12 [88], 2–
4 [40] 5, 6–9, 14 [64], 10 [67], 13 [89] were in accordance with the literature. Compound 17
was synthesized from 4-bromoaniline by following a known procedure [90]. Spectroscopic
data for 17 were in accordance with the literature [91].

Synthesis of 4-(((4-chlorophenyl)thio)diazenyl)benzonitrile (15).
Compound 15 was prepared by adapting a known procedure [92]. 4-aminobenzonitrile

(11.4 mol) was suspended in MeCN:H2O 2:1 (5 mL), and the resulting mixture was cooled
to 0 ◦C. Conc. HCl (3.8 mL) was then added, and the so-obtained mixture was further
cooled to −5 ◦C. A solution of NaNO2 (17 mmol) in water (5 mL) was added dropwise, and
the mixture was treated with sodium acetate (25% w/w) until pH = 5. 4-chlorothiophenol
(11.4 mmol) in ethanol (20 mL) was then added dropwise, and the resulting orange precipi-
tate was collected by filtration and purified by recrystallization from ethanol, to afford 1.81
g of 15 (orange solid, 58% yield, mp (dec.): 111.3–112 ◦C).

15. 1H NMR (300 MHz, CDCl3) δ: 7.47–7.50 (d, 2H, J = 6Hz), 7.58–7.63 (m, 4H),
7.71–7.74 (d, 2H, J = 6 Hz). 13C NMR (75 MHz, CDCl3) δ: 113.5, 118.4, 122.4, 129.7, 131.5,
132.9, 133.4, 136.4, 153.5. Anal. Calcd for C13H8ClN3S: C, 57.04; H, 2.95; N, 15.35. Found: C,
57.1; H, 3.0; N, 15.2.

Synthesis of 1-(4-nitrophenyl)-2-((4-nitrophenyl)sulfonyl)diazene (16).
Compound 16 was prepared by adapting a known procedure [63]. 4-nitrophenyldiazonium

tetrafluoroborate (1.89 g, 8 mmol) and sodium 4-nitrobenzensulfinate [93] (1.77 g. 8.5 mmol)
were suspended in CH2Cl2 (20 mL). The resulting mixture was stirred overnight, then filtered,
and the obtained solution was evaporated to give a dark yellow residue, that was purified by
dissolving in CH2Cl2 and precipitated by adding cold n-hexane, to afford 336 mg of 16 (yellow
solid, 12.5% yield, mp (dec.): 129–130 ◦C.

16. 1H NMR (300 MHz, CD3COCD3) δ: 8.60 (d, J = 8.9 Hz, 2H), 8.49 (d, J = 9.0 Hz, 2H),
8.33 (d, J = 8.9 Hz, 2H), 8.11 (d, J = 9.0 Hz, 2H). 13C NMR (75 MHz, CD3COCD3) δ: 153.3,
153.2, 152.7, 139.1, 133.6, 126.6, 126.5, 125.8. Anal. Calcd for C12H8N4O6S: C, 42.86; H, 2.40;
N, 16.66. Found: C, 43.0; H, 2.5; N, 16.5.

3.1. Interaction with CT DNA

The interaction of the compounds with CT DNA was evaluated in vitro using their
solutions in DMSO (1 mM) due to their low solubility in water. These studies were
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performed in the presence of aqueous buffer solutions, where the mixing of each solution
never exceeded 5% DMSO (v/v) in the final solution. Control experiments were undertaken
to assess the effect of DMSO on the data, and no changes were observed in the spectra of
CT DNA. The interaction of the compounds with CT DNA was investigated by UV–vis
spectroscopy and viscosity measurements, and the evaluation of their EB-displacing ability
was studied by fluorescence emission spectroscopy. Detailed procedures and equations
regarding the in vitro study of the interaction of the compounds with CT DNA are given in
the Supporting Information File (SI, Parts S.2–S.4).

3.2. DNA Cleavage and Photo-Cleavage Experiments

Compounds 1–17 were individually incubated with plasmid DNA at the desired
concentration in Eppendorf vials and/or irradiated with UV-A or visible light (365 nm-18 W,
or white light 400–700 nm-18 W) and in 10 cm distance under aerobic conditions at room
temperature for 2 h. Conditions of the photobiological reaction and gel electrophoresis,
quantification of DNA cleaving activity, and calculation of ss% and ds% damage protocols
have been described previously [60]. All experiments were performed at least twice.

3.3. Molecular Docking Studies

Organic compounds were fully optimized at the B3LYP/6-31g* level of theory with the
LanL2DZ basis set for iodine in the case of compound 13 as implemented in the Gaussian
09 [94] suite of programs (Revision B.01). The crystal data of the B-DNA dodecamer
d(CGCGAATTCGCG)2 (PDB 1D:1BNA) were downloaded from the Protein Data Bank [95].
The docking analysis was performed using the AutoDock Vina program [96]. The DNA
was adapted for docking by removing water molecules and polar hydrogens, and Gasteiger
charges were added by Autodock 4.2 Tools (ADT) before performing docking calculations.
A grid box with a size of 60 × 80 × 114 with 0.375 Å spacing was used to encompass
the whole DNA. The rigid docking protocol and 100 runs of the Lamarckian genetic
algorithm for searching ligand conformations were performed. PyMOL [97] was used for
the representation of the docking results and interactions between DNA and compounds.

3.4. Cell Culture Experiments

A375 (CRL-1619TM) cell line was used to test the cytotoxic effect of the compounds [76].
Cells were cultured under aseptic conditions using DMEM basal medium (31885-023; Gibco,
MD, USA) supplemented with 10% fetal bovine serum (FB1000/500, Biosera, London,
UK), 100 units/ml penicillin, 100 ug/mL streptomycin (15140-122, Gibco), and 2 mM
L-glutamine (25030; Gibco). The cell line was maintained at standard conditions (37 ◦C, 5%
CO2) in a humidified atmosphere and was used at 70–90% confluency. Five thousand cells
were seeded per well. A UV-A lamp was placed 10 cm over the 96-well plate. After 1 h
incubation with 50 µM and 100 µM of each compound, 1 h irradiation with UV-A (365 nm)
followed. Then, compounds were removed, and a cytotoxicity assay was performed 24 h
later. Resazurin Cell Viability Assay (CA035, Canvax, Valladolid, Spain) was used for
fluorescence measurements according to the manufacturer’s guidelines. Essentially, a
non-irradiated 96-well plate was used as a control, under the same conditions. Incubation
with 10% resazurin (7 h) was followed by fluorescence measurement at λem = 590 nm and
λex = 530/560 nm in a VarioSkan lux reader (Thermo, MT, USA).

HFL1, a fibroblast cell line, was isolated from the lung of a white, normal embryo,
as were HaCaT cell lines, human immortalized keratinocytes. Cells were cultured under
aseptic conditions using DMEM basal medium (31885-023; Gibco) supplemented with
10% fetal bovine serum (FB1000/500, Biosera, UK), 100 units/ml penicillin, 100 ug/mL
streptomycin (15140-122, Gibco), and 2 mM L-glutamine (25030; Gibco). Cell lines were
maintained at standard conditions (37 ◦C, 5% CO2) in a humidified atmosphere and were
used at 70–90% confluency. Five thousand cells were seeded per well. Cells were incubated
with 13.4 µM of compound 1 and 100 µM of compounds 14 and 17. The experimental
procedure was the same as the procedure that was followed for A375 cell lines.
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4. Conclusions

A set of arylazosulfone derivatives has been synthesized, and their biological evalu-
ation has been investigated in relation to their strong UV-A and visible light absorption
and the lability of their N–S bond. Thus, their ability to photocleave DNA as well as their
cytotoxic effect on the highly malignant melanoma cells A375 as well as on two non-cancer
cell lines has been studied.

The affinity of sulfones to calf-thymus DNA has been studied to prove their ability
to interact with biological materials via polar contacts and Van der Waals forces. The
interaction of compounds 1–17 with CT DNA revealed their tight binding to CT DNA
via partial intercalation. It was found that the m-substitution (in the case of NO2- and Cl-
derivatives) leads to higher DNA-binding constants. Molecular docking calculations have
indicated moderate energy bindings and polar contacts for most of the compounds.

Incubation of the compounds with plasmid DNA showed DNA cleavage for several
derivatives, whereas application of light led to considerable DNA photocleavage, especially in
the UV-A region. The derivatives that exhibited the best photocleavage activity were compounds
1, 5–14, and 16, the vast majority of which had a nitro- or halogen-aromatic substituent.

Cell cultures with the melanoma cells showed that derivatives 3 and 5 exhibited
chemical activity with an IC50 of ~100 µM. On the other hand, compounds 1, 14, and 17
exhibited only photochemical activity with an IC50 of ~13, 100, and 100 µM, respectively.
The same was evident for the two non-cancer cell lines. Derivatives 14 and 17, and, most
importantly, naphthyl derivative 1, exerted a small effect in the dark on cells, but they killed
them in concentrations as low as 100, 100, and ~13 µM, respectively. Thus, they might be
lead compounds for the development of novel derivatives able to act under photodynamic
effects and to be used in the development of phototoxic pharmaceuticals.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24031834/s1.
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Abstract: Radiation-induced gastrointestinal (GI) damage is one of the critical factors that serve
as basis for the lethality of nuclear accidents or terrorism. Further, there are no Food and Drug
Administration-approved agents available to mitigate radiation-induced intestinal injury. Although
pravastatin (PS) has been shown to exhibit anti-inflammatory and epithelial reconstructive effects
following radiation exposure using mouse and minipig models, the treatment failed to improve the
survival rate of high-dose irradiated intestinal injury. Moreover, we previously found that metformin
(MF), a common drug used for treating type 2 diabetes mellitus, has a mitigating effect on radiation-
induced enteropathy by promoting stem cell properties. In this study, we investigated whether
the combined administration of PS and MF could achieve therapeutic effects on acute radiation-
induced intestinal injury in mouse and minipig models. We found that the combined treatment
markedly increased the survival rate and attenuated histological damage in a radiation-induced
intestinal injury mouse model, in addition to epithelial barrier recovery, anti-inflammatory effects,
and improved epithelial proliferation with stem cell properties. Furthermore, in minipig models,
combined treatment with PS and MF ameliorates gross pathological damage in abdominal organs
and attenuated radiation-induced intestinal histological damage. Therefore, the combination of PS
and MF effectively alleviated radiation-induced intestinal injury in the mouse and minipig models.
We believe that the combined use of PS and MF is a promising therapeutic approach for treating
radiation-induced intestinal injury.

Keywords: pravastatin; metformin; radiation-induced intestinal injury; minipigs; epithelial
regeneration; inflammation

1. Introduction

Radiotherapy, mainly used to treat cancer, induces radiation-induced gastrointestinal
(GI) damage, and presents a major limitation in the treatment of abdominal and pelvic
cancers. It can cause GI symptoms that affect the quality of life, including abdominal
pain, anorexia, vomiting, diarrhea, weight loss, and dehydration [1,2]. Furthermore, it is
predicted to be a mandatory factor for survival in the event of nuclear accidents or radio-
logical terrorism [3,4]. GI damage in acute radiation syndrome is characterized by nausea,
diarrhea, and endotoxemia. Delayed radiation damage leads to chronic inflammation and
fibrotic changes [5,6]. Although various therapeutic agents have been reported to minimize
these effects on healthy tissues, practical medication options are lacking. Therefore, it is
necessary to develop a suitable mitigating agent for radiation-induced intestinal injuries.

Statins inhibit 3-hydroxy-3-methyl-glutaryl coenzyme A reductase and are widely
used as lipid-controlling drugs [7,8]. The beneficial effects of statins include modulation
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of the immune system, reduction of vascular inflammation with improved endothelial
dysfunction, and inhibition of oxidative stress [8]. Statins exhibit a therapeutic effect on
radiation-induced damage, and various studies have demonstrated their anti-inflammatory
effect by regulating endothelial function after ionizing radiation [9–11]. In particular,
pravastatin (PS) has therapeutic effects on radiation-induced intestinal damage [10,12–14].
The anti-inflammatory, anti-fibrotic, and barrier reconstructive effects of PS following
radiation exposure have been revealed using mouse and minipig models [10,13,14]. A
clinical study also showed that statin treatment was associated with a reduction in acute GI
syndrome following pelvic radiotherapy [15]. Although the above-mentioned outcomes
proved certain effects of PS on the prevention and treatment of radiation-induced enteropa-
thy, it is noteworthy that radiation damage is triggered by multiple complicated crosstalk
mechanisms. Thus, a single therapeutic strategy may fail; for instance, PS treatment failed
to improve the survival rate of high-dose irradiated enteropathy.

Metformin (MF), a biguanide derivative, is the most extensively used drug for the
treatment of type 2 diabetes mellitus. It not only lowers blood glucose levels but also has
notable properties such as anti-oxidative and anti-inflammatory effects, which have been
demonstrated in several studies [16–18]. Recent studies have shown that MF can protect
healthy tissues from radiation-induced damage [17,19]. Furthermore, MF can stimulate the
restoration of damaged DNA by upregulating AMP-activated protein kinase [20]. Although
many studies have confirmed that MF is effective for radiation-induced injury, most studies
have focused on protective purposes rather than the mitigating effects. Nevertheless, in our
previous study, we found that MF mitigated radiation-induced enteropathy by promoting
stem cell properties [21].

Although many studies have been conducted using mice and rats in the medical industry,
several anatomical and physiological differences between humans and rodents exist [22]. Over
a long period of time, minipigs have evolved from little-known alternative animal models
compared with dogs and primates to promising models in the toxicology and drug development
fields [23]. The minipig model mimics the human GI tract anatomy and physiology (e.g., transit
time, pH value, and microbiota) [24]. Therefore, minipigs are an appropriate animal model
in evaluating oral bioavailability [25]. It is a potentially more useful animal model than are
rodent models in evaluating radiation-induced GI damage. As the body thickness of a minipig
resembles that of a young human, the radiation absorption patterns of minipigs are similar
to those of humans [26]. Therefore, the minipig model is a useful animal model for clinical
therapeutic studies on radiation-induced GI damage [14,27].

A single therapy with PS or MF did not show survival effects in lethal dose irradiation.
Surprisingly, the combined treatment of PS and MF notably increased the survival rate in
the lethal dose-irradiated mouse model. In the minipig model, combined treatment with PS
and MF improved gross pathological damage in abdominal organs and attenuated radiation-
induced intestinal histological damage. Collectively, the results indicated that the combined
administration of PS and MF in mouse and minipig models achieved superior therapeutic effects
on acute radiation-induced intestinal injury compared to a single treatment with PS or MF.

2. Results
2.1. Effects of Combined PS and MF Treatment on Survival Rate and Radiation-Induced Intestinal
Injury in the Mouse Model

To examine the effects of the combination of PS and MF on the outcome of radiation-
induced intestinal injury, we performed focal irradiation of the mouse abdomen using
Xrad-320 with a lethal dose of 15 Gy for survival analysis and a sublethal dose of 13.5 Gy
for the therapeutic effects of radiation-induced intestinal injury. As shown in Figure 1A,
MF treatment did not show a significant difference in the survival rate compared with
the IR group; however, PS treatment slightly, but not significantly, increased the survival
rate compared with the IR group (Figure 1A). In particular, the combination of PS and MF
significantly improved the survival rate compared to the IR group (Figure 1A). In sub-lethal
dose irradiation, the groups of PS, MF, and the combination of PS and MF treatment showed
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significantly increased body weight compared with the IR group (Figure 1B). There were no
significant differences in body weight between the IR + PS, IR + MF, and IR + PS/MF groups
(Figure 1B). Six days after irradiation, histological evaluation was performed to demonstrate
the therapeutic effects of the combination of PS and MF on radiation-induced intestinal
injury. hematoxylin and eosin (H&E) staining of the small intestine showed crypt and villus
destruction, loss of epithelial layers, inflammatory cell accumulation in the mucosa and
submucosa, and thickness of the submucosa in the IR group. While this histological damage
was partially attenuated in the PS- or MF-treated group, the combination treatment of PS
and MF improved the histological damage (Figure 1C). Villi lengths and crypt numbers
were increased in the IR + PS, IR + MF, and IR + PS/MF groups compared with those in the
IR group. In particular, the combination treatment with PS and MF improved the most in
the groups (Figure 1D,E). Further, we evaluated the histological scores, including epithelial
layer destruction, crypt damage, vascular dilation, and inflammation. The combination
treatment of PS and MF significantly decreased the histological scores compared to the
single treatment with PS or MF (Figure 1F). These results indicate that the combination
treatment of PS and MF improved the survival rate under lethal dose radiation exposure
and effectively alleviated radiation-induced intestinal injury.

2.2. Effect of Combined PS and MF Treatment on Epithelial Barrier Damage and Inflammatory
Response in Radiation-Induced Intestinal Injury

Epithelial tight junctions are physical components of epithelial integrity that pre-
serve intestinal homeostasis by controlling paracellular permeability [28,29]. In particular,
claudin3 (CLDN3) is highly sensitive to radiation exposure, and rapid disruption of CLDN3
induces loss of epithelial integrity in the irradiated intestine [27,30]. Previously, we iden-
tified that PS improves radiation-induced barrier destruction by regulating intercellular
junction molecules, including tight junctions [14]. The immunostaining of Cldn3 was also
strongly expressed in the epithelium of the small intestinal tissue under the PS, MF, and
combination treatment in PS and MF groups (Figure 2A). Moreover, we identified that
mRNA levels of Cldn3 significantly increased in the IR + PS and IR + PS/MF groups than
in the IR group (Figure 2C). There were no marked differences between IR + MF and IR
groups. As villin is an enterocyte marker involved in the regulation of epithelial integrity,
we evaluated villin expression. Villin protein was broadly expressed in the enterocytes of
the IR + PS, IR + MF, and IR + PS/MF groups (Figure 2B). Additionally, mRNA levels of
villin were significantly higher in the IR + PS, IR + MF, and IR + PS/MF groups than in the
IR group (Figure 2D).

Radiation-induced intestinal injury is characterized by an inflammatory response,
with increased leukocyte infiltration and (pro-)inflammatory cytokine expression. We
examined the anti-inflammatory effects of the combined PS and MF treatment on the
irradiated intestines. The increased expression of myeloperoxidase (MPO), a neutrophil
marker, corresponds to the severity of inflammation in intestinal diseases. Eosinophils
also play a critical role in intestinal inflammation and radiation-induced intestinal damage
by releasing cytokines and chemokines [31,32]. The number of cells positive for Mpo and
eosinophils increased in the IR group, and these inflammatory cells markedly decreased
in the IR + PS and IR + PS/MF groups (Figure 2E,F). In contrast, MF treatment slightly
decreased the number of active neutrophils and eosinophils in the irradiated intestines
(Figure 2E,F). Interleukin (IL) 1β and monocyte chemoattractant protein 1 (MCP1) are
well-known pro-inflammatory cytokines that cause inflammation [12,33]. The mRNA
levels of Il1β and Mcp1 were markedly increased in the irradiated intestine compared with
those in the healthy intestine (Figure 2G,H). However, these pro-inflammatory cytokines
(Il1β and Mcp1) mRNA levels considerably decreased in the PS-treated and combined
PS and MF-treated groups compared with those of the IR group. These data suggest
that the combination treatment with PS and MF restores barrier integrity with epithelial
reconstruction and inhibits inflammation in radiation-induced intestinal injury.
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Figure 1. Effects of combined pravastatin and metformin treatment on survival rate and radiation-
induced intestinal injury in the mouse model. (A) Survival Rate of control (Con), irradiated (IR),
pravastatin-treated IR (IR + PS), metformin-treated IR (IR + MF), combined PS and MF-treated IR
(IR + PS/MF) mice after abdominal irradiation of lethal dose of 15Gy. n = 10 mice per group (B) Body
weights of Con, IR, IR + PS, IR + MF, IR + PS/MF groups after abdominal radiation of sub-lethal
dose of 13.5 Gy. (C) Hematoxylin & Eosin (H&E) stain, (D) villi length, and (E) crypt count of 13.5 Gy
irradiated small intestine after 6 days. Bar = 100 µm. (F) Histological score defined by the degree of
maintenance of epithelial architecture, crypt damage, vascular dilation, and infiltration of inflammatory
cells in the lamina propria (0 = none, 1 = mild, 2 = moderate, 3 = high) of small intestine from Con, IR,
IR + PS, IR + MF, IR + PS/MF groups. Data are presented as the mean ± standard error of the mean;
n = 5–6 mice per group. * p < 0.05 compared to the control; # p < 0.05 compared to the IR group.
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Figure 2. Effect of combined pravastatin and metformin treatment on epithelial barrier damage
and inflammatory response in radiation-induced intestinal injury. Immunohistochemical analysis
of (A) claudin 3 (Cldn3) and (B) villin in intestine tissue of control (Con), irradiated (IR), pravastatin-
treated IR (IR + PS), metformin-treated IR (IR + MF), combined PS and MF-treated IR (IR + PS/MF)
groups. Red arrows indicate Cldn3 and villin positive cells. Bar = 100µm. mRNA levels of (C) Cldn3 and
(D) villin of the intestine from Con, IR, IR + PS, IR + MF, IR + PS/MF groups. (E) Immunohistochemical
analysis of myeloperoxidase (MPO) and (F) congo red stain for eosinophils. Red arrows indicate MPO
positive cells. Yellow arrows indicate eosinophils. Bar = 50 µm. mRNA levels of (G) interleukin 1b (Il-1b)
and (H) monocyte chemoattractant protein 1 (Mcp1) of the intestine from Con, IR, IR + PS, IR + MF,
IR + PS/MF groups. Data are presented as the mean ± standard error of the mean; n = 5–6 mice per
group. * p < 0.05 compared to the control; # p < 0.05 compared to the IR group.

91



Int. J. Mol. Sci. 2022, 23, 14827

2.3. Effect of Combined PS and MF Treatment on Epithelial Cell Proliferation in Radiation-Induced
Intestinal Injury

As the GI tract has a rapid self-renewal rate, intestinal stem cells are sensitive to radia-
tion exposure. Impaired intestinal stem cells by radiation retard epithelial cell proliferation
and regeneration of the intestine [34,35]. In our previous study, we found that MF treatment
promoted stem cell properties and increased epithelial proliferation [21]. Therefore, we
assessed the epithelial proliferation capacity and intestinal stem cell ability in the combined
PS and MF treatment under radiation exposure. Ki-67 is a marker of the active state of pro-
liferating cells and is used to identify regeneration crypts [36]. The number of Ki-67 positive
cells was markedly lower in the IR group than in the control group. However, Ki-67 positive
cells increased in the PS, MF, and combination of PS and MF-treated groups compared with
the IR group (Figure 3A). In particular, treatment with MF alone and combined treatment
with PS and MF markedly increased the Ki-67 positive cells in the irradiated intestine. The
protein and mRNA expression of olfactomedin 4 (Olfm4), an active-state intestinal stem
cell marker, considerably decreased in the IR group. The MF alone and the combination of
PS and MF treatment markedly increased the expression of Olfm4 compared with the IR
group. However, there was no significant difference in the Olfm4 mRNA levels between
the IR + PS and IR groups (Figure 3C). We also evaluated another intestinal stem cell
marker, leucine-rich repeat containing G protein-coupled receptor 5 (Lgr5), which is highly
sensitive to radiation [37]. In the small intestine of irradiated mice, the mRNA levels of Lgr5
were notably reduced compared with those in the control group. There was a remarkable
increase in Lgr5 expression in the group treated with MF alone or in combination with PS
and MF. Overall, the combination of PS and MF treatment enhanced epithelial proliferation
by promoting intestinal stem cell properties during radiation-induced intestinal injury.
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Figure 3. Effect of combined pravastatin and metformin treatment on epithelial cell prolifer-
ation in radiation-induced intestinal injury. Immunohistochemical analysis of (A) Ki-67 and
(B) olfactomedin 4 (Olfm4) in small intestine of control (Con), irradiated (IR), pravastatin-treated IR
(IR + PS), metformin-treated IR (IR + MF), combined PS and MF-treated IR (IR + PS/MF) groups.
Bar = 100 µm Red arrows indicate Ki-67 and Olfm4 positive cells. mRNA levels of (C) Olfm4 and
(D) leucine rich repeat containing G protein coupled receptor 5 (Lgr5) of Con, IR, IR + PS, IR + MF,
IR + PS/MF groups. Data are presented as the mean ± standard error of the mean; n = 5–6 mice per
group. * p < 0.05 compared to the control; # p < 0.05 compared to the IR group.
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2.4. Effect of Combined PS and MF Treatment on Radiation-Induced Damage in a Minipig Model:
Gross Morphology of Abdominal Organs

The minipig model is similar in anatomy and physiology to the human GI tract, in-
cluding transit time, pH value, microbiota [24], and the radiation absorption patterns in
humans [26]. Therefore, minipigs are an appropriate animal model to evaluate the effects
of oral pharmaceutical treatment on radiation-induced intestinal injury. We tested whether
the combination treatment of PS and MF was also effective in abdominally irradiated
minipigs. After anesthetizing the minipigs, they were placed in lateral recumbency, and
the abdomen was irradiated with a total dose of 15 Gy. A schematic of minipig modeling
and treatment is shown in Figure 4A. After 2 weeks, there was no significant difference
in body weight between the groups (Figure 4B). Necropsy was performed 2 weeks after
irradiation. We investigated the gross pathology of the abdominal lesions. Abdominal
irradiated minipigs showed an enlarged stomach due to poor peristalsis, spleen atrophy,
thin wall, and edematous small intestine, and congested blood vessels around the intestine
(Figure 4C). On the contrary, the IR + PS, IR + MF, and IR + PS/MF groups improved
these pathological changes to a gross appearance close to the normal condition (Figure 4C).
On gross appearance of the intestine, the IR group showed a thin and dilated intestinal
wall with accumulating gas and a congested change in the vessels in the intestinal wall
(Figure 4D). The other groups showed alleviation of these pathological changes (Figure 4D).
In spleen morphology, atrophic changes by irradiation improved the PS, MF, and combina-
tion of PS and MF treatments (Figure 4E). Overall, the combined treatment with PS and MF
alleviated the pathophysiological changes caused by radiation exposure.

2.5. Effect of Combined PS and MF Treatment on Histological Damage of the Intestine in the
Irradiated Minipig Model

To verify the effects of combined treatment with PS and MF on radiation-induced GI injury,
we performed H&E and periodic acid-Schiff (PAS) staining of intestinal tissue in a minipig
model. Histological analysis showed that the irradiated small intestine displayed congested
vessels, crypt loss, accumulation of inflammatory cells, a decreased number of goblet cells,
and disruption of epithelial continuity (Figure 5A,B). In contrast, PS treatment improved crypt
regeneration, epithelial integrity, inflammatory cell infiltration, and goblet cell maturation in the
small intestine. MF treatment also recovered the loss of crypts and epithelium with goblet cells,
but partial vessel congestion and inflammatory cell infiltration were observed. In particular,
the combined treatment with PS and MF resulted in complete epithelial continuity and goblet
cell maturation in the epithelial layers (Figure 5A,B). In the large intestine, irradiated minipigs
showed severe crypt and epithelial layer loss, inflammatory cell infiltration, and goblet cell
loss (Figure 5C,D). PS and MF treatment partially attenuated the histological damage caused
by irradiation (Figure 5C,D). In particular, the combined treatment with PS and MF resulted
in complete epithelial layers with mature goblet cells and crypt regeneration (Figure 5C,D).
Overall, the combined treatment of PS and MF improves histological damage compared to
monotherapy with PS or MF.

2.6. Effect of Combined PS and MF Treatment on Inflammatory Response and Epithelial Integrity
in Irradiated Minipig Model

In our previous study on radiation-induced intestinal injury in a mouse model, leuko-
cyte infiltration and production of inflammatory cytokines increased, resulting in an in-
flammatory response in the irradiated intestine. To classify inflammation occurring in
the small intestine of minipig models, we performed immunohistochemical analysis of
CD68 for monocytes and Congo red staining for eosinophils. As shown in Figure 6A and
6B, the number of CD68-positive cells and eosinophils in the IR group was significantly
higher than that in the IR + PS, IR + MF, and IR + PS/MF groups (Figure 6A,B). IL6, IL1β,
matrix metallopeptidase 9 (MMP9), and monocyte chemoattractant protein 1 (MCP1) are
representative inflammatory cytokines in the irradiated intestine [12,33]. PS treatment or
combined treatment with PS and MF significantly decreased the mRNA levels of IL6, IL1β,
MMP9, and MCP1 compared with those in the IR group (Figure 6C). MF treatment also

93



Int. J. Mol. Sci. 2022, 23, 14827

decreased the levels of these inflammatory cytokines, except MMP9 (Figure 6C). However,
there were considerable differences in the expression of inflammatory cytokines between
the IR + MF and IR + PS/MF groups. As the combined treatment of PS and MF affected
epithelial proliferation in the mouse model, we also investigated epithelial proliferative
ability in the minipig model. The expression of Ki-67 was higher in the IR + PS, IR + MF,
and IR + PS/MF groups than in the IR group (Figure 6D). The mucosal barrier is composed
of tight junction molecules (CLDN3 and ZO1), adherent junction molecules (E-cadherin),
and desmosomes (DSG2) [29]. The expression of DSG2 protein was increased in the IR + PS,
IR + MF, and IR + PS/MF groups compared with that in the IR group (Figure 6E). The
mRNA levels of CLDN3, ZO1, E-cadherin, and DSG2 were notably higher in the IR + PS, IR
+ MF, and IR + PS/MF groups than in the IR group (Figure 6F). In particular, these junction
molecules were most highly expressed in the IR + PS/MF group compared with the other
groups (Figure 6E). These results suggest that the combined treatment of PS and MF in
minipigs, as in mice, has a better effect on epithelial proliferation and epithelial junction
molecules recovery than when used individually.
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Figure 4. Effect of combined pravastatin and metformin treatment on radiation-induced damage in
a minipig model: gross morphology of abdominal organs. (A) Schematic diagram of the minipig
experimental protocol. Minipigs were treated with combination of pravastatin (PS) and metformin
(MF) by oral administration after receiving a single dose of 15Gy gamma-ray radiation to the whole
abdomen. (B) Body weights of minipig in irradiated (IR), PS-treated IR (IR + PS), MF-treated IR
(IR + MF), combined PS and MF-treated IR (IR+PS/MF) groups after 15Gy irradiation. (C) Gross
pathology of abdominal organs, (D) intestine, and (E) spleen at 14 days after irradiation of IR, IR + PS,
IR + MF, IR + PS/MF groups. Blue arrows indicate stomach. Yellow arrows indicate spleen.
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Figure 5. Effect of combined pravastatin and metformin treatment on histological damage of the
intestine in the irradiated minipig model. (A) Hematoxylin & Eosin (H&E) staining of small intesti-
nal tissues harvested from irradiated (IR), pravastatin-treated IR (IR + PS), metformin-treated IR
(IR + MF), combined PS and MF-treated IR (IR + PS/MF) minipigs. Bar = 200 µm. (B) Periodic Acid
Schiff (PAS) staining of small intestinal tissues harvested from IR, IR + PS, IR + MF, IR + PS/MF
groups. Bar = 200 µm. (C) H&E staining and (D) PAS staining of large intestinal tissues harvested
from IR, IR + PS, IR + MF, IR + PS/MF groups. Bar = 200 µm.
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Figure 6. Effect of combined pravastatin and metformin treatment on inflammatory response and
epithelial integrity in irradiated minipig model. (A) Immunohistochemical analysis of CD68 and
(B) congo red stain in small intestine of irradiated (IR), pravastatin-treated IR (IR + PS), metformin-
treated IR (IR + MF), combined PS and MF-treated IR (IR + PS/MF) minipigs. Yellow arrows indicate
eosinophils. Bar = 50 µm. (C) mRNA levels of inflammatory cytokines, such as interleukin (IL)
6, IL1b, matrix metallopeptidase 9 (MMP9), and monocyte chemoattractant protein 1 (MCP1) in
the small intestine of IR, IR+PS, IR+MF, IR+PS/MF groups. Immunostaining of (D) Ki-67 and
(E) desmoglein 2 (DSG2) in the small intestine. Red arrows indicate defective DSG2 expression in
the epithelium. Bar = 100 µm. (F) mRNA levels of intercellular junction molecules, such as claudin
3 (CLDN3), zonula occludens 1 (ZO1), E-cadherin, and DSG2 in the small intestine of IR, IR + PS,
IR+MF, IR+PS/MF groups. Data are presented as the mean ± standard error of the mean; n = 4 per
group. * p < 0.05 compared to the IR group; # p < 0.05 compared to the IR + MF group.
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3. Discussion

As radiation-induced GI injury limits the survival of casualties from nuclear acci-
dents or terrorism, GI damage is a critical factor responsible for mortality in humans and
other mammals [38]. Radiation exposure of over 10 Gy mainly leads to GI injury with
clinical symptoms, such as diarrhea, dehydration, sepsis, and intestinal bleeding, with
eventual mortality within 10–15 days post exposure [39]. Furthermore, no Food and Drug
Administration-approved agents are available to mitigate radiation-induced intestinal
injury [40]. In this study, the combined treatment of PS and MF was more effective in
alleviating radiation-induced intestinal injury than a single treatment. These data suggest
that combined treatment of PS and MF may be used as a powerful therapeutic agent for
radiation-induced enteropathy.

The anti-inflammatory effect of PS in radiation-induced GI injury has been demon-
strated in mice and minipigs [10,12–14]. Recently, we reported that PS directly regulated
epithelial barrier function and attenuated radiation-induced enteropathy in minipig mod-
els [14]. MF is a drug used worldwide for treatment of type 2 diabetes, and its various
effects have been widely studied. The protective effects of MF on radiation-induced GI dam-
age have been previously reported [17,19,20]. We also identified the stem cell preservative
effects of MF in a radiation-induced intestinal injury mouse model [21]. However, a single
therapy with PS or MF did not show survival effects in lethal dose irradiation in our data.
To overcome this limitation, we used a combination of PS and MF for radiation-induced
intestinal injury in mouse and minipig models in this study. We found that the combined
treatment of PS and MF notably increased the survival rate compared with the single
treatment or IR group in the lethal dose-irradiated mouse model. Histological analysis
showed that the combined treatment of PS and MF dramatically attenuated histological
damage, including villus length, crypt number, and histological score, compared with the
other groups.

Furthermore, using minipig models, we investigated the therapeutic effects of combi-
nation treatment with PS and MF. Several in vivo experiments have been designed using
rodents; however, there are limitations due to differences in anatomical, physiological,
histopathological, and sensitivity to radiation between humans and rodents. We adjusted
minipig models because not only is the GI function of minipigs similar to that of humans,
but also the response to radiation exposure is highly similar to that of humans, which has
been reported in several studies [41,42]. Therefore, minipigs are an appropriate animal
model for the evaluation of pharmaceutical oral bioavailability following radiation damage.
In the minipig model, combined treatment with PS and MF improved gross pathological
damage in abdominal organs, including the stomach, intestine, and spleen, and attenuated
radiation-induced intestinal histological damage.

Barrier damage with intercellular junction disruption is a well-known cause of radiation-
induced intestinal injury [14,43]. Damaged intestinal epithelium increases permeability
and promotes systemic influx of bacterial pathogens, resulting in inflammation and endo-
toxemia [34,44]. Clinical studies have shown that radiotherapy received patients exhibit
increased intestinal permeability and tight junction disruption [43]. PS directly enhances
intercellular junctions, including CLDN3, ZO1, and DSG2, in differentiated epithelial cells
upon radiation exposure [14]. Tao et al. reported that adenosine monophosphate-activated
kinase activation by MF accelerates tight junction molecules such as ZO1 and occludin
and alleviates colitis [16]. In this study, while single treatment with MF did not markedly
increase Cldn3 expression, single treatment with PS enhanced tight junction expression in
the mouse model. In particular, the combined treatment of PS and MF markedly increased
intercellular junction molecules, including CLDN3, ZO1, E-cadherin, and DSG2, compared
with the single treatment groups in the mouse and minipig models. Therefore, combined
treatment with PS and MF enhanced radiation-induced barrier damage by maintaining the
effects of PS.

Radiation-induced intestinal injury results in inflammatory reaction with increased lev-
els of inflammatory cytokines and chemokines, such as IL6, IL1β, MMP9, and MCP1 [12,14].
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IL6 is an important mediator of the acute inflammatory phase [45]. IL1β, an inflamma-
tory cytokine, is produced immediately following radiation exposure in epithelial and
endothelial cells [46]. MMP9 is mainly produced by neutrophils and is the most abundantly
expressed protease in inflamed tissues [47]. MCP1 is a chemokine that regulates migration
and infiltration of monocytes and macrophages. Leukocyte infiltration in inflamed tissues
is an important component of the progression of inflammatory processes. Neutrophils
migrate into damaged tissue, generating a respiratory burst and contributing to the pro-
gression of the inflammatory response [48]. Eosinophils are pro-inflammatory leukocytes
that comprise a small percentage of circulating blood cells [49]. Eosinophils also contribute
to the inflammatory process by releasing various cytokines and chemokines, which are de-
rived in concert with other inflammatory and immune cells during radiation exposure. PS
has potent anti-inflammatory effects on radiation-induced intestinal injury [10,12,13]. Here,
we also found that PS treatment showed anti-inflammatory effects, including inhibition of
leukocyte infiltration and decreased inflammatory cytokine and chemokine expression in
irradiated intestinal tissue. MF treatment did not inhibit the inflammatory response in the
irradiated mouse model. In the mouse and minipig models, combined treatment with PS
and MF effectively attenuated intestinal inflammation. Therefore, the combined treatment
with PS and MF showed anti-inflammatory effects in radiation-induced intestinal injury by
retaining the effects of PS.

The intestinal epithelium is one of the most rapidly proliferating tissues. Intestinal
stem cells located in the crypt drive a processes of epithelium turnover and intestinal
regeneration and generate precursors for specialized differentiated cells [50,51]. Therefore,
these intestinal stem cells are reported to be responsible for intestinal regeneration after
radiation damage [52]. The pathology of lethal GI tract damage is mainly involved in the
depletion of the pool of intestinal stem cells, which impairs the regeneration of the villi-crypt
structure and intestinal function [34,35]. MF was previously shown to mitigate radiation-
induced enteropathy by promoting stem cell properties and epithelial proliferation in
a mouse model and an ex vivo system [21]. In this study, we also identified that MF
activated stem cell properties and alleviated radiation-induced intestinal injury in mice
and minipig models. The combined treatment with PS and MF sustained the activated
stem cell properties of MF in radiation-induced intestinal injury. Therefore, the combined
treatment with PS and MF resulted in stem cell properties and epithelial regeneration in
radiation-induced intestinal injury.

In conclusion, our findings highlight that the combination of PS and MF was more
effective in alleviating radiation-induced enteropathy than a single treatment. Additionally,
we suggest that minipigs may serve as an outstanding animal model for studying radiation-
induced GI injury. Thus, the combined use of PS and MF is a promising therapeutic
approach for treating radiation-induced enteropathy.

4. Material and Methods
4.1. Animal
4.1.1. Mice

Male C57BL/6 mice (6-week-old) were obtained from DooYeol Biotech (Seocho-gu,
Seoul, Republic of Korea) and sustained under specific pathogen free conditions at the
animal facility of the Korea Institute of Radiological and Medical Sciences (KIRAMS). The
mice were housed in a temperature-controlled room with a 12 h light/dark cycle, and food
and water were provided ad libitum. The mice were acclimated for 1 week before the
commencement of the experiments and were assigned to the following groups: (1) control,
(2) irradiation (IR), (3) IR with PS treatment (IR + PS), (4) IR with MF treatment (IR + MF),
and (5) IR with combined PS and MF treatment (IR + PS/MF). All animal experiments were
approved by and performed in accordance with the guidelines of the Institutional Animal
Care and Use Committee (IACUC) of KIRAMS (kirams 2021-0018).
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4.1.2. Minipigs

Eight male Gottingen minipigs (PWG Genetics Korea, PyungTek, Republic of Korea),
weighing 20–25 kg each, were used in this study. The minipigs were physically examined for
health before the experiments. They were housed indoors in individual cages and provided
with dry pig food and filtered water. The minipigs were housed under environmentally
controlled conditions at 22 ± 1 ◦C and 50 ± 10% relative humidity, with a 12 h light/dark
cycle. The minipig care procedures were performed in accordance with the Guide for the
Care and Use of Laboratory Animals of the Institute of Laboratory Animal Resources. All
the animal experiments were approved by the IACUC of KIRAMS (kirams 2020-0090).
Minipigs were randomized before treatment initiation in all experiments.

4.2. Irradiation and Treatment
4.2.1. Irradiation and Treatment in Mice

The animals were anesthetized with an intraperitoneal injection of alfaxalone (85 mg/kg;
Alfaxan®; Careside, Gyeonggi-do, Republic of Korea) and xylazine (10 mg/kg; Rompun®;
Bayer Korea, Seoul, Republic of Korea). They were irradiated with a single exposure to 15 Gy
or 13.5 Gy of whole abdominal lesion at a dose rate of 2 Gy/min using an X-RAD 320 X-ray
irradiator (Softex, Gyeonggi-do, Republic of Korea). After exposure, the animals were orally
administered 30 mg/kg/day PS (Prastan®; Yunjin Pharm, Seoul, Republic of Korea) and/or
500 mg/kg/day MF (Diabex, Daewoong Pharm. Co., Ltd., Seoul, Republic of Korea) for 30 d
in the 15 Gy irradiated model and 6 d in the 13.5 Gy irradiated model.

4.2.2. Irradiation and Treatment in Minipigs

The minipigs were anesthetized using an intramuscular injection of Zoletil 50 (4 mg/kg;
Virbac, Republic of Korea) and xylazine (2.3 mg/kg; Rompun®; Bayer Korea, Seoul, Republic
of Korea). The minipigs were randomly divided into four groups: IR, IR + PS, IR + MF,
and IR + PS/MF. These minipigs were irradiated with 15 Gy at the abdominal lesions. For
radiation exposure, minipigs were placed bilaterally in lateral recumbency. The mean dose
rate at the center of the field was 1.12 Gy/min. The cranial landmark is located at the end
of the xiphoid process. The irradiated field size was 20 × 30 cm under a 60 Co gamma-ray
irradiation unit (Gamma Beam 100-80, 780; Best Theratronics, Ontario, Canada). The distance
between the radiation source and spine was 80 cm. After irradiation, the minipigs were
housed individually and provided dry food and filtered water. All minipigs were treated with
a twice-daily oral dose of 40 mg/day PS (Prastan®; Yungin Pharm, Seoul, Republic of Korea)
and/or 500 mg/day MF (Diabex, Daewoong Pharm. Co., Ltd., Republic of Korea) for 2 weeks.
On days 13 and 14, the minipigs were sacrificed.

4.3. Histological Analysis of the Intestinal Tissue

Intestinal tissues of mice and minipigs were fixed with 10% neutral buffered formalin
solution, embedded in paraffin wax, and sectioned transversely at a thickness of 4 µm. The
slides were stained with H&E and Congo red. Histological scores were quantified in the H&E-
stained slides and assessed by the degree of the epithelial maintenance, crypt damage, vascular
dysfunction, and inflammation with infiltration of inflammatory cells. To investigate radiation-
induced goblet cell damage, the slides were stained with PAS. For immunohistochemical
analysis, the slides were subjected to antigen retrieval for 20 min and then treated with 0.3%
hydrogen peroxide in methyl alcohol for 20 min to block endogenous peroxidase activity. After
washing with PBS, the slides were blocked with 10% normal goat serum (Vector ABC Elite kit;
Vector Laboratories, Burlingame, CA, USA) and incubated with primary antibodies, such as
anti-Cldn3 (Invitrogen, Carlsbad, CA, USA), villin (Abcam, Cambridge, UK), Mpo (Abcam),
ki-67 (Acris), Olfm4 (Invitrogen), and CD68 (Abcam) antibodies. Additionally, the slides were
incubated with horseradish peroxidase-conjugated secondary antibody (Dako, Carpinteria,
CA, USA) for 60 min. The peroxidase reaction was developed using diaminobenzidine
substrate (Dako) prepared according to the manufacturer’s instructions, and the slides were
counterstained with hematoxylin.
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4.4. RNA Extraction, Reverse Transcription-Polymerase Chain Reaction (RT-PCR), and Real-Time
PCR Quantification

Small intestine tissues of mice and minipigs were immediately snap-frozen and stored
at −80 ◦C until RNA extraction was performed. Total RNA was isolated from the intestinal
tissues using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s protocol. cDNA was synthesized using the AccuPower RT premix (Bioneer, Daejeon,
Republic of Korea) according to the manufacturer’s protocol. Real-time RT-PCR was per-
formed using a LightCycler 480 system (Roche, San Francisco, CA, USA). The mRNA
expression levels of gene, determined using LightCycler 480 system software (Roche), were
normalized to those of glyceraldehyde 3-phosphate dehydrogenase. Cycle threshold values
were used to calculate the relative mRNA expression using the 2−∆∆Ct method. The primer
sequences are listed in Table 1.

Table 1. The primer sequences.

Species Primer Forward (5′–3′) Reverse (5′–3′)

Mouse Cldn3 AAGCCGAATGGACAAAGAA CTGGCAAGTAGCTGCAGTG
Villin CACCTTTGGAAGCTTCTTCG CTCTCGTTGCCTTGAACCTC
Il-1β GCAACTGTTCCTGAACTCA CTCGGAGCCTGTAGTGCAG

Mcp-1 GCAGTTAACGCCCCACTCA CCCAGCCTACTCATTGGGATCA
Olfm4 GCTGGAAGTGAAGGAGATGC ACAGAAGGAGCGCTGATGTT
Lgr5 TCAGTCAGCTGCTCCCGAAT CGTTTCCCGCAAGACGTAAC

Gapdh AAGATGGTGATGGGCTTCCCG TGGCAAAGTGGAGATTGTTGCC

Minipig IL-6 TTCAGTCCAGTCGCCTTCT GTGGCATCACCTTTGGCATCTTCTT
IL-1b ACCTGGACCTTGGTTCTC GGATTCTTCATCGGCTTC

MMP-9 AAGACGCAGAAGGTGGATTC AACTCACACGCCAGAAGAAG
MCP-1 TCTCCAGTCACCTGCTGCTA AGGCTTCGGAGTTTGGTTTT
CLDN3 GCCAAGATCCTCTACTCCGC GAGAGCTGCCTAGCATCTGG

ZO1 GAGGATGGTCACACCGTGGT GGAGGATGCTGTTGTCTCGG
E-cadherin AAATGCTAGCTGGTGGGGAC GCCTCCCATTGCTAACACCT

DSG2 TCTTCCAGGCAGGGTCAAAC CCAGGATCACAGTGCTTGGT
GAPDH GAAGGTCGGAGTGAACGGAT CATGGGTAGAATCATACTGGAACA

4.5. Statistical Analysis

All quantitative data are expressed as the mean ± standard error of the mean. Sta-
tistical significance of differences was evaluated by performing Kaplan–Meier analysis
followed by log-rank test for survival data and one-way analysis of variance with Tukey’s
multiple comparison test for other data. Statistical significance was set at p < 0.05.
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Abstract: Herein we present the regio- and diastereoselective synthesis of novel pyrrolidine-fused
spiro-dihydrophosphacoumarins via intermolecular [3 + 2] cycloaddition reaction. The presented
approach is complementary to existing ones and provides an easy entry to the otherwise inaccessible
derivatives. Additionally, the unprecedented pathway of the reaction of 4-hydroxycoumarin with
azomethine ylides is described. The anti-cancer activity of the obtained compounds was tested
in vitro, the most potent compound being 2.6-fold more active against the HuTu 80 cell line than the
reference 5-fluorouracil, with a selectivity index > 32.

Keywords: phosphacoumarin; azomethine ylide; cycloaddition; anti-cancer; cytotoxicity;
quantum chemistry

1. Introduction

Coumarins and dihydrocoumarins are ubiquitous in nature and have attracted con-
siderable attention due to their biological properties [1–3]. Among known activities of
coumarins, their anti-cancer properties [4,5] have gained an increasing interest and rep-
resent an emerging area of research, as indicated by recent reviews [6,7]. A number of
substituted coumarins have been synthesized and tested in attempts to enhance their activ-
ity and pharmacological properties. The phosphorus-containing analogues of coumarins,
the phosphacoumarins, have recently appealed as promising compounds possessing in-
teresting structural, chemical and biological properties [8,9]. Various approaches to these
compounds exist [8,10–12], which have been summarized in a recent review paper [13].
Despite the ongoing research in this field, the synthesis of heterocycle annelated and spiro
derivatives of phosphacoumarins and dihydrophosphacoumarins is still scarce (see [14] for
the review).

The approach to the pyrazolidin-3-on-, pyrrolidine- and isoxazolidine-fused phos-
phacoumarins via intramolecular 1,3-dipolar cycloaddition of salicylaldehyde-derived
vinylphosphonates has been developed by Wu and coworkers (Scheme 1A) [15–17]. Earlier,
Nikolova and Rodios reported the synthesis of pyrazole-fused phosphacoumarins using
intermolecular [3 + 2] cycloaddition of phosphacoumarins with ethyl diazoacetate [18]. The
only synthesis of oxindole spiro phosphacoumarins has been described by Wu [19], which
also involved the intramolecular [3 + 2] cycloaddition of vinylphosphonates (Scheme 1B).
This is in sharp contrast to parent coumarins, for which a number of spiro derivatives are
known [20,21], including rather complex polycyclic [22] and even fullerene-fused ones [23].
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As a result of our ongoing research in this area [24–26], herein we report a highly
diastereoselective synthesis of spiro dihydrophosphacoumarins via intramolecular [3 + 2]
cycloaddition of phosphacoumarins with some azomethine ylides (Scheme 1C). The pro-
posed approach is complementary to that reported by Wu [19] and provides an easy entry
to the novel pyrrolidine-fused spiro-phosphacoumarins derivatives, which are inaccessible
via Wu’s method. The mechanism of the reaction and its regio- and diastereoselectivity
was explored using quantum chemistry calculations. The cytotoxicity of the obtained com-
pounds towards normal and cancer cell lines was also tested, the most potent compound
being 3-fold more active that reference 5-fluorouracil and exhibiting a selectivity index > 32.
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Scheme 1. Synthesis of heterocycle-fused phosphacoumarins via [3 + 2] cycloaddion reactions [15–18]
(A), the only reported synthesis of spiro phosphacoumarins [19] (B) and the complementary approach
developed in this work (C).

2. Results and Discussion
2.1. Chemistry

We started our research with the optimization of reaction conditions using phospha-
coumarin 1a, ninhydrin and sarcosine as model compounds. Pleasingly, simple refluxing
of reactants in ethanol provided the target compound 2a with a ca 90% yield according
to 31P NMR data (Scheme 2). Additionally, the reaction proceeded in a highly regio- and
diastereoselective manner (dr > 95: 5), which was also evidenced by 31P NMR data. We
succeeded in the isolation of the single diastereomer from the reaction mixture with a 53%
yield. Convinced of the possibility of the formation of the desired spiro dihydrophophos-
phacoumarins, we further extended the reaction scope using phosphacoumarins 1b–e.
The reaction proceeded smoothly, providing target spiro compounds with a 60–96% yield
according to NMR data. However, isolated yields were considerably lower due to the
degradation of phosphacoumarins 2 during silica gel column purification, leading to the
formation of highly polar compounds. Unfortunately, we were not able to isolate and
identify these byproducts.
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Scheme 2. Synthesis of spiro pyrrolidinophosphacoumarins 2. Isolated yield is given, yield according
to 31P NMR is given in parenthesis. a Isolated as a mixture of diastereomers with dr 12: 1 (see
discussion in the text).

Presumably, the electron-donating groups in aromatic moiety promote the reaction,
whereas electron withdrawing chlorine substituent clearly lowers the yield of the com-
pound 2c. In all cases, the target compounds were formed as single regioisomers with
an excellent diastereoselectivity (dr > 95: 5). The configuration of the compound 2c was
determined to be SS/RR with X-ray analysis.

We also tested L-proline as an amino acid component in this reaction, which also
furnished tetracyclic spiro phosphacoumarins 2e–g. Despite one more stereocenter being
present in these cases, the diastereoselectivity of the reaction remained fairly high (dr > 95: 5
according to 31P NMR data). Fortunately, we were able to grow crystals which were suitable
for x-ray analysis of the compound 2g, which allowed us to assign SRS/RSR configuration
to the obtained diastereomers.

Despite the 31P NMR data of the reaction mixtures in all cases indicating the presence of
single desired product, the compound 2f was isolated as a mixture of diastereomers (dr 12: 1,
see Supporting Information, Figure S31). This may be explained by the relatively low
sensitivity of the 31P NMR method, not allowing the detection of very low concentrations
(ca 2–3%) of the second diastereomer in the reaction mixtures. However, the reaction
mixture could be enriched with this unobservable diastereomer during work-up, which is
presumably the case for the compound 2f.

2.2. Quantum Chemistry Studies

In order to gain more insight into the regio- and diastereoselectivity of the reaction
of phosphacoumarins with azomethine ylides, quantum chemistry studies were carried
out using unsubstituted phosphacoumarin C as the model compound (Scheme 3A). The
first stage of the reaction, i.e., the formation of azomethine ylide AMY from ninhydrin and
sarcosine, is a well-known process (see, e.g., [27,28]) and therefore was not modelled. The
second stage is the [3 + 2] dipolar cycloaddition of intermediate AMY and compound C.
In principle, two regioisomeric products may be formed at this stage. Since each one can
exist as two diastereomers, this gives four possible final products in total. So, to identify
the most preferred regioisomer of the reaction, the quantum chemistry calculations of
the reagents C and AMY, the products P as well as the corresponding transitions states
TS were performed. Analysis of quantum chemical results shows that for the charged
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species taking solvation model with a protic ethanol solvent into account play a crucial
role in stabilizing the intermediates and products of [3 + 2]-cycloaddition (see Table S2 in
Supporting Information).
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Scheme 3. (A) Model [3 + 2] cycloaddition of phosphacoumarin C with ninhydrin-
derived azomethine ylide AMY alongside relative energies of the possible isomeric products
(∆E, kcal/mol); (B) Energy diagram (∆E, kcal/mol) as obtained from quantum chemistry calcu-
lations (PW6B95D/def2-TZVPD//B3LYP/6–31 + G*, Gaussian16). The sum of the total energies of
reactants (C + AMY) is taken as zero.

According to the obtained quantum chemistry data, the reaction under study is
exothermic (thermal effects are 21.5–22.0 kcal/mol for all expected reaction pathways)
with the compound SR/RS-P22 being slightly lower in energy compared to all the others
(Scheme 3A, see also Supporting Information, Table S1). This is somewhat counterintuitive,
since one would expect isomers RR/SS-P21 and SR/RS-P22 to be much more unfavourable
due to sterical hindrance caused by the ninhydrin moiety. However, the energy difference
appeared to be ca 0.1–0.5 kcal/mol only. Obviously, the preferable formation of the RR/SS-
P21 isomer cannot be attributed to its thermodynamic stability.

On the other hand, the calculated transition state energies differ significantly for all
products (Scheme 3B, see also Supporting Information, Table S2). The transition state ener-
gies for the SR/RS-diastereomers are significantly higher than for their SS/RR-counterparts
for both regioisomers. Taking into account the energy difference (ca 51–73 kcal/mol),
the barriers can be considered prohibitively high for the SR/RS-diastereomers formation.
On the other hand, the barrier for the formation of the SS/RR-P21 diastereomer is ca 7
kcal/mol lower compared to that of the SS/RR-P11-diastereomer. According to the Arrhe-
nius equation, 1 kcal/mol difference in activation energies results in more than a 6-fold
difference in reaction rates at room temperature. Thus, the formation of the compound
SS/RR-P21 is much more preferable. These results are in complete agreement with the
experimental observations. Thus, the high regio- and diastereoselectivity of the reaction
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may be attributed to the faster formation of the SS/RR-P21-isomer, which appears to be a
product of a kinetic control.

2.3. Biological Studies
2.3.1. In Vitro Cytotoxicity

Next, the obtained compounds were tested for cytotoxicity against normal and cancer
human cell lines at concentrations of 1–100 µM. The compounds 2f and 2g were excluded
from these studies, however, due to their extremely low solubility in water. As seen from
Table 1, all of the tested compounds exhibit low cytotoxicity against MCF-7 cancer cell
line, whereas the cytotoxicity against M-HeLa cells is comparable to that of the reference
compound 5-fluorouracil. Notably, some of the compounds appeared to be non-toxic to
normal cells in the studies’ concentrations range. Similarly, the cytotoxicity of the obtained
compounds against HuTu 80 cancer cells is either lower or comparable to the cytotoxicity
of 5-fluorouracil.

Table 1. Cytotoxic effects of phosphacoumarins 2 on the cancer and normal human cell lines 1.

Cmpd

Cancer Cell Line Normal Cell Line

M-HeLa MCF-7 HuTu 80 Chang Liver

IC50, µM SI IC50, µM SI IC50, µM SI IC50, µM

2a 52.6 ± 4.1 >15 82.3 ± 7.5 >10 25.1 ± 1.9 >32 >800
2b 59.7 ± 4.6 1 >100 ns 53.4 ± 4.2 1.2 62.0 ± 5.5
2c >100 ns 77.6 ± 6.2 ns 100 ± 8.4 ns >100
2d 60 ± 5.4 ns 92.2 ± 8.3 ns 82.6 ± 7.6 ns 57.0 ± 4.3
2e >100 ns >100 ns >100 ns >100

5-fluorouracil 62.0 ± 4.7 1.4 16.7 ± 1.3 5 65.2 ± 5.6 1.3 86.3 ± 6.5
1 Three independent experiments were carried out; “ns” means no selectivity.

The remarkable exception is the phosphacoumarin 2a. Its cytotoxicity against HuTu
80 cell line is ca 2.6-fold higher than the cytotoxicity of the reference compound, whereas
the cytotoxicity against the Chang liver normal cell line is more than 10-fold lower, which
gives a selectivity index > 32. For the M-HeLa cells, the cytotoxicity of compound 2a
was somewhat higher than that of the reference compound (52.6 ± 4.1 vs. 62.0 ± 4.7),
with a selectivity index > 15. Finally, although the activity against MCF-7 cell line was
considerably lower compared to the 5-fluorouracil, the selectivity index still remained above
10. Since compounds with a selectivity index > 10 are considered highly selective [29], the
phosphacoumarin 2a is a promising lead for further studies.

2.3.2. Cell Cycle Analysis

Taking into account the high potency and selectivity of the compound 2a, some
additional experiments were carried out to study in more details its anti-cancer action. The
mechanism of action of cytotoxic agents is often associated with cell cycle arrest, which
leads to a slowing down of cell proliferation. So, we have performed a cell cycle analysis
for the HuTu 80 cells using flow cytometry. According to the obtained data, the presence of
compound 2a at concentrations of IC50/2 (12.5 µM) and IC50 (25 µM) after 24 h leads to an
increase in the number of cells in the G1/G0 phase up to 79.0% and 81.0%, respectively,
compared with the control of 77% (Figure 1). Meanwhile, the proportion of cells in S phase
decreased almost by half (8.2% vs. 4.7%). Taken together, these results indicate that the
compound 2a treatment induces G0/G1 phase arrest and reduces the S phase of the cell
cycle, leading to an inhibition in the proliferation of HuTu 80 cells.
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Figure 1. Effect of compound 2a on cell cycle of HuTu 80 by flow cytometry. 1–2a at IC50/2
concentration (12.5 µM); 2–2a at IC50 concentration (25 µM).

2.3.3. Induction of Apoptotic Effects

Apoptosis is one of the most important mechanisms used to screen for new anticancer
agents. The ability of the lead compound 2a to induce apoptosis in HuTu 80 cells was
determined by flow cytometry using annexin V-Alexa Fluor 647. Cells were incubated in
the presence of 2a at concentrations of IC50/2 and IC50 (Figure 2). It can be seen that after a
24-h incubation, the test compound begins to induce apoptosis in HuTu 80 cells. The most
active apoptotic effects are manifested at an IC50/2 concentration (12.5 µM) in the early
apoptosis stage (Figure 3).
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2.3.4. Mitochondrial Membrane Potential

The possibility of apoptosis through the mitochondrial pathway was assessed by flow
cytometry using the JC-10 fluorescent dye (in the Mitochondria Membrane Potential Kit).
In normal cells with a high membrane potential, JC-10 accumulates in the mitochondrial
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matrix, where it forms aggregates with a red fluorescence. However, in apoptotic cells, a
decrease in the membrane potential occurs. JC-10 diffuses from mitochondria and turns into
a monomeric form, emitting a green fluorescence, which is recorded by a flow cytometer
(Figure 4). After treatment with lead compound 2a at concentrations of IC50/2 and IC50,
the intensity of the green fluorescence significantly increased compared to the control
(Figure 5). The results obtained indicated a significant decrease in the mitochondrial
membrane potential of HuTu 80 cells. As in the experiment with V-Alexa Fluor 647, the
cytotoxic effect of compound 2a was more pronounced at IC50/2 concentration. The results
described above suggest that the mechanism of action of the leader of compound 2a can be
associated with the induction of apoptosis proceeding via the mitochondrial pathway.
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Figure 5. Quantitative determination of % cells with green monomers; 1–2a at IC50/2 concentration
(12.5 µM); 2–2a at IC50 concentration (25 µM). Values are presented as mean ± SD; (∗) p < 0.05
compared to control.

An increase in the production of reactive oxygen species (ROS) by compounds also
characterizes the development of apoptosis along the mitochondrial pathway. Mitochondria
are a potential source and target of ROS. ROS leads to dysfunction of the mitochondria and,
consequently, to irreversible cell damage. In this regard, the effect of the lead compound 2a
in HuTu 80 cells on ROS production was investigated using a flow cytometry assay and the
CellROX® Deep Red flow cytometry kit. The data presented in Figure 6 show a significant
increase in CellROX® Deep Red fluorescence intensity dominated by IC50/2. This indicates
an increase in ROS production in the presence of compound 2a.
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3. Materials and Methods
3.1. Quantum Chemistry Calculations

All calculations were performed with Becke’s three parameter hybrid exchange func-
tional [30] and the gradient-corrected nonlocal correlation functional of Lee et al. [31]
(B3LYP) in combination with the standard 6–31 + G* basis set [32–34] in the Gaussian16
package [35]. All geometry optimizations were performed without symmetry constraints
(see Supporting Information, Table S3 for optimized cartesian coordinates). Since the
method and the basis set used are known to have many limitations [36], geometry opti-
mization was followed by a single-point calculation with PW6B95D functional [37] and
def2-TZVPD basis set [38] to improve energies. Additionally, the Polarizable Continuum
Model with the CPCM polarizable conductor calculation model was used in single-point cal-
culations as a solvation model with the molecule of interest inside a cavity in a continuous,
homogenous dielectric medium. Ethanol was used as a solvent in the used solvation model.

To ensure the calculated geometries correspond to true minima, vibrational analyses
were performed using the same level of theory and the structure was accepted only if all
eigenvalues of the Hessian matrix were positive. The transition states were confirmed by
the presence of one negative eigenvalue in the Hessian matrix of the second derivatives.
Additionally, the intrinsic reaction coordinate (IRC) was traced to ensure the transition
state really connects the species involved in the reaction. The energy diagram was created
with the aid of the Energy Diagram Plotter (CDXML) program [39].

3.2. Chemistry
3.2.1. General Methods

IR spectra were recorded on a UR-20 spectrometer in a 400–3600 cm−1 range in KBr.
1H NMR spectra were recorded on a Bruker MSL 400 spectrometer (399.93 MHz) with
respect to the signals of residual protons in the deuterated solvent (CDCl3, DMSO-d6,
D2O, CF3COOD). The 13C NMR spectra were recorded on a Bruker Avance 600 (151 MHz)
spectrometer relative to the signals of residual protons from the deuterated solvent (CDCl3,
DMSO-d6, D2O, CF3COOD) (see Supporting information, Figures S3–S30, S32–S36 for the
copies of NMR spectra). The 31P NMR spectra were recorded on a Bruker Avance 600 (151
MHz) spectrometer. Elemental analysis was performed on a Carlo Erba device EA 1108.
The melting points were determined in glass capillaries on a Stuart SMP 10 instrument.

The X-ray diffraction data for the crystals were collected on a Bruker D8 Venture
diffractometer equipped with a CCD detector (Mo-Kα, λ = 0.71073 Å, graphite monochro-
mator). Semi-empirical absorption correction was applied by the SADABS program [40].
The structures were solved by direct methods and refined by the full-matrix least squares
in the anisotropic approximation for non-hydrogen atoms. The calculations were carried
out by the SHELX-2014 program package [41] using Olex2 1.2 [42]. Crystallographic data
for the structures reported in this paper have been deposited with the Cambridge Crys-
tallographic Data Center (CCDC 2179367,2179368, see Supporting information, Tables S4
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and S5 and Figures S1 and S2 for the detailed data). Starting phosphacoumarins 1 were
obtained by reported procedures [43].

3.2.2. General Procedure for the Synthesis of Compounds 2

To a refluxing solution of phosphacoumarin 1 (1.8 mmol) in ethanol (5 mL), a mixture
of ninhydrin (0.32 g, 1.8 mmol) and appropriate aminoacid (1.8 mmol) was added in one
portion. The reaction mixture was refluxed until full consumption of starting materials
(31P NMR control, ca 12 h). The target compounds 2 were isolated in a pure form in two
ways. In case of compounds 2a–d the solvent was removed in a vacuum and the residue
was purified by gradient-elution column chromatography using DCM: ethanol as eluent.
In the case of compounds 2e–g, the precipitate formed was filtered off, washed thoroughly
with distilled water and dried in vacuum.

(3aS,9bS)-4-hydroxy-2,6,7,9-tetramethyl-2,3,3a,9b-tetrahydrospiro[benzo [5,6][1,2]oxaphos-
phinino [3,4-c]pyrrole-1,2’-indene]-1’,3’-dione 4-oxide (2a)

Yield 0.25 g (53%), yellow solid, m.p. > 300 ◦C. IR (ν, cm−1): 1080 (C-O), 1232 (P = O),
1460 (CH2), 1596 (C-CAr), 1705 (C = O), 1744 (C = O), 2939 (CH3). 1H NMR (600 MHz,
D2O): 1.64 (s, 3H), 1.94 (s, 3H), 2.04 (s, 3H), 2.31 (s, 3H), 2.58 (s, 1H), 3.03–3.13 (m, 1H),
3.53–3.60 (m, 1H), 3.85–3.95 (m, 1H), 4.41 (dd, 1H, PCH, 3JHH 11.74 Hz, 2JPH 17.08 Hz), 6.19
(s, 1H), 7.36 (d, 1H, 3JHH 7.71 Hz), 7.72 (t, 1H, 3JHH 7.56 Hz), 7.85 (t, 1H, 3JHH 7.55 hz), 7.99
(d, 1H, 3JHH 7.69 Hz). 13C NMR (151 MHz, D2O): 11.0, 18.8, 24.8, 35.7 (d, 1JPC 229.4 Hz),
49.0 (d, 2JPC 10.6 Hz), 56.8, 80.1, 118.4 (d, 2JPC 14.1 Hz), 122.3, 123.4, 125.7, 126.6, 134.0,
137.1, 138.0, 138.4, 141.2, 141.4, 151.1 (d, 3JPC 6.3 Hz), 201.0, 201.9 (s). 31P NMR (243 MHz,
D2O): 22.7. MS (MALDI TOF), m/z: 434 [M + Na]+. Calcd. (%) for C22H24NO5P: C, 63.92;
H, 5.19; O, 20.01 N, 3.39; P, 7.49. Found: C, 64.23; H, 5.39; O, 19.75; N, 3.19; P, 7.43.

(3aS,9bS)-4-hydroxy-7-methoxy-2-methyl-2,3,3a,9b-tetrahydrospiro[benzo [5,6][1,2]oxaphos-
phinino [3,4-c]pyrrole-1,2’-indene]-1’,3’-dione 4-oxide (2b)

Yield 0.36 g (47%), yellow solid, m.p. > 300 ◦C. IR (ν, cm−1): 1081 (C-O), 1162 (O-CH3),
1229 (P = O), 1504 (CH2), 1618 (C-CAr), 1705 (C = O), 1742 (C = O), 2930 (CH3). 1H NMR
(600 MHz, D2O): 2.18 (s, 3H, NCH3); 3.03–3.12 (m, 1H, CH2); 3.37–3.44 (mp, 1H, CH); 3.54 (s,
3H, OCH3); 3.70–3.79 (m, 1H, CH2) 4.05–4.12 (m, 1H, PCH); 5.97 (d, 1H, CH, 3JHH 8.19 Hz);
6.17 (d, 1H, CH, 3JHH 8.43 Hz); 6.44 (s, 1H, CH); 7.34 (d, 1H, CH, 3JHH 7.54 Hz); 7.73 (t, 1H,
CH, 3JHH 7.15 Hz); 7.85 (t, 1H, CH, 3JHH 7.49 Hz); 7.96 (d, 1H, CH, 3JHH 7.57 Hz). 13C NMR
(100.6 MHz, D2O): 35.7 (s); 35.81 (d, 1JPC 136.4 Hz); 52.0 (d, 2JPC 4.4 Hz); 56.0 (s); 57.3 (s);
80.8 (s); 106.2 (d, 2JPC 4.3 Hz); 109.8 (s); 115.2 (s); 115.4 (s); 122.8 (s); 124.1 (s); 130.8 (s);
137.7 (s); 138.4 (s); 142.1 (d, 3JPC 2.3 Hz); 153.7 (d, 3JPC 5.9 Hz); 160.2 (s); 202.7 (s); 203.5 (s).
31P NMR (242.9 MHz, D2O): 21.3. MS (MALDI-TOF) m/z: 420 [M + Na]+. Calcd: (%) for
C20H18NO6P: C, 60.15; H, 4.54; O, 24.04; N, 3.51; P, 7.76. Found: C, 60.23; H, 4.39; O, 23.95;
N, 3.27; P, 7.52.

(3aS,9bS)-6,8-dichloro-4,9-dihydroxy-2-methyl-2,3,3a,9b-tetrahydrospiro[benzo [5,6][1,2]oxa-
phosphinino [3,4-c]pyrrole-1,2’-indene]-1’,3’-dione 4-oxide (2c)

Yield 0.17 g (25%), yellow solid, m.p. > 300 ◦C. IR (ν, cm−1):1078 (C-Cl), 1229 (P = O),
1456 (CH2), 1591 (C-CAr), 1703 (C = O), 1736 (C = O), 2871 (CH3). 1H NMR (399.93 MHz,
D2O): 2.21 (s, 3H, NCH3); 3.01–3.15 (m, 1H, CH2); 3.37–3.44 (m, 1H, CH); 3.64–3.75 (m, 1H,
CH2); 4.36–4.46 (m, 1H, PCH); 7.25 (s, 1H, CH); 7.54 (d, 1H, CH, 3JHH 7.86 Hz); 7.85 (t, 1H,
CH, 3JHH 7.18 Hz); 7.94 (t, 1H, CH, 3JHH 7.76 Hz); 8.01 (d, 1H, CH, 3JHH 7.48 Hz). 13C NMR
(100.6 MHz, D2O): 34.4 (d, 1JPC 128.6 Hz); 46.5 (s); 56.9 (s); 78.6 (s); 114.6 (d, 2JPC 15.2 Hz);
115.5 (s); 122.2 (s); 123.4 (s); 129.0 (s); 137.4 (s); 139.9 (s); 142.4 (s); 148.0 (d, 3JPC 4.9 Hz);
202.2 (s); 203.1 (s). 31P NMR (161.9 MHz, D2O): 21.2. MS (MALDI-TOF) m/z: 492 [M + K]+.
Calcd: (%) for C19H14NCl2O6P: C, 50.24; H, 3.11; O, 21.14; Cl, 15.61; N, 3.08; P, 6.82. Found:
C, 50.23; H, 3.39; O, 20.95; N, 3.17; P, 6.41.

(3a’S,11a’S)-11’-hydroxy-2’-methyl-1’,2’,3a’,11a’-tetrahydrospiro[indene-2,3’-naphtho [2’,1’:5,6]
oxaphosphinino [3,4-c]pyrrole]-1,3-dione 11’-oxide (2d)

Yield 0.25 g (34.7%), yellow solid, m.p. > 300 ◦C. IR (ν, cm−1): 1243 (P = O), 1466
(CH2), 1596 (C-CAr), 1703 (C = O), 1749 (C = O). 1H NMR (399.93 MHz, D2O): 2.25 (s, 3H,
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NCH3); 3.23–3.33 (m, 1H, CH2); 3.51–3.58 (m, 1H, CH); 3.84–3.96 (m, 1H, CH2); 4.97 (dd, 1H,
PCH, 3JHH 11.87 Hz, 2JPH 16.02 Hz); 7.04–7.09 (m, 2H, CH); 7.13 (t, 1H, CH, 3JHH 7.56 Hz);
7.19 (t, 1H, CH, 3JHH 7.84 Hz); 7.40 (t, 1H, CH, 3JHH 7.62 Hz); 7.42–7.52 (m, 3H, CH); 7.59 (d,
1H, CH, 3JHH 8.87 Hz); 7.64 (d, 1H, CH, 3JHH 7.73 Hz). 13C NMR (100.6 MHz, D2O): 35.6
(d, 1JPC 136.9 Hz); 47.7 (d, 2JPC 4.35 Hz); 56.7 (s); 80.6 (s); 116.4 (d, 2JPC 15.5 Hz); 120.5 (d,
3JPC 10.1 Hz); 121.3 (d, 3JPC 9.0 Hz); 122.9 (s); 123.3 (s); 124.7 (s); 127.1 (s); 128.6 (s); 130.1 (s);
130.5 (s); 131.5 (s); 136.4 (s); 137.2 (s); 140.2 (s); 141.7 (s); 151.2 (d, 3JPC 6.1 Hz); 202.2 (s);
203.0 (s). 31P NMR (161.9 MHz, D2O): 23.6. MS (MALDI-TOF) m/z: 420 [M + 1]+, 442
[M + Na]+. Calcd: (%) for C23H18NO5P: C, 65.87; H, 4.33; O, 19.08; N, 3.34; P, 7.39. Found:
C, 65.65; H, 4.31; O, 19.01; N, 3.21; P. 7.40.

(6aS,6bR,11aS)-6-hydroxy-1,3,4-trimethyl-6a,6b,7,8,9,11a-hexahydrospiro[benzo [5,6][1,2]oxa-
phosphinino [3,4-a]pyrrolizine-11,2’-indene]-1’,3’-dione 6-oxide (2e)

Yield 0.28 g (35%), white solid, m.p. > 300 ◦C. IR (ν, cm−1): 1252 (P = O), 1460 (CH2),
1591 (C-CAr), 1708 (C = O), 1751 (C = O), 2929 (CH3).1H NMR (399.93 MHz, D2O): 1.82 (s,
3H, CH3); 1.97 (s, 3H, CH3); 2.01 (s, 3H, CH3); 2.10–2.29 (m, 2H, CH2); 2.44–2.57 (m, 2H,
CH2); 2.87–3.00 (m, 1H, CH2); 3.72–3.80 (m, 1H, CH); 4.23–4.32 (m, 1H, CH2); 4.95 (dd, 1H,
PCH, 3JHH 11.50 Hz, 2JPH 18.93 Hz); 5.51 (s, 1H, CH); 6.26 (s, 1H, CH); 7.49–7.52 (m, 1H,
CH); 7.81 (td, 1H, CH, 3JHH 6.35 Hz); 7.87 (td, 1H, CH, 3JHH 7.58 Hz); 8.00–8.04 (m, 1H, CH).
13C NMR (100.6 MHz, D2O): 10.7 (s); 18.4 (s); 18.7 (s); 23.5 (s); 29.5 (d, 3JPC 3.4 Hz) 41.5 (d,
1JPC 135.1 Hz); 47.1 (d, 2JPC 5.2 Hz); 50.4 (s); 72.0 (s); 77.1 (s); 115.6 (d, 2JPC 14.2 Hz); 122.9
(s); 123.9 (s); 125.9 (d, 3JPC 3.3 Hz); 127.3 (s); 134.3 (s); 137.3 (s); 138.1 (s); 139.5 (s); 139.9 (s);
141.0 (s); 150.5 (d, 3JPC 6.8 Hz); 192.9 (s); 193.8 (s). 31P NMR (161.9 MHz, D2O): 19.0. MS
(MALDI-TOF) m/z: 460 [M + Na]+. Calcd: (%) for C24H24NO5P: C, 65.90; H, 5.53; O, 18.29;
N, 3.20; P, 7.08. Found: C, 65.65; H, 5.31; O, 18.11; N, 3.11; P. 7.00.

(8a’S,8b’R,13a’S)-8’-hydroxy-8a’,8b’,9’,10’,11’,13a’-hexahydrospiro[indene-2,13’-naphtho
[2’,1’:5,6][1,2]oxaphosphinino [3,4-a]pyrrolizine]-1,3-dione 8’-oxide (2f)

Yield 0.44 g (58%), white solid, m.p. > 300 ◦C. IR (ν, cm−1): 1223 (P = O), 1465 (CH2),
1594 (C-CAr), 1715 (C = O), 1753 (C = O). 1H NMR (399.93 MHz, CF3COOD): 2.29–2.41 (m,
1H, CH2); 2.50–2.62 (m, 1H, CH2); 2.65–2.73 (m, 1H, CH2); 2.87–2.96 (m, 1H, CH2); 3.82–
3.92 (m, 1H, CH2); 3.98–4.09 (m, 1H, CH2); 4.25–4.35 (m, 1H, CH); 4.39–4.45 (m, 1H, CH);
5.06–5.18 (m, 1H, PCH); 7.39 (d, 1H, CH, 3JHH 8.94 Hz); 7.71–7.82 (m, 2H, CH); 7.86–7.95 (m,
2H, CH); 8.05 (d, 1H, CH, 3JHH 8.97 Hz); 8.11–8.18 (m, 2H, CH); 8.47 (d, 1H, CH, 3JHH 7.31
Hz). 13C NMR (100.6 MHz, CF3COOD): 7.5 (s); 23.2 (s); 25.4 (s); 37.2 (d, 1JPC 140.9 Hz); 42.9
(s); 51.0 (s); 61.5 (s); 68.5 (d, 3JPC 4.5 Hz); 72.3 (s); 77.4 (d, 2JPC 11.9 Hz); 105.6 (d, 2JPC 11.0
Hz); 115.7 (d, 3JPC 5.7 Hz); 121.0 (s); 121.9 (s); 122.1 (s); 122.2 (s); 123.0 (s); 123.8 (s); 126.1 (s);
126.6 (s); 126.9 (s); 127.4 (s); 127.9 (s); 143.8 (d, 3JPC 6.8 Hz); 147.2 (s); 192.6 (s). 31P NMR
(161.9 MHz, CF3COOD): 18.9. MS (ESI) m/z: 448 [M + 3]+. Calcd: (%) for C25H20NO5P: C,
67.41; H, 4.53; O, 17.96; N, 3.14; P, 6.95. Found: C, 67.65; H, 4.31; O, 18.01; N, 3.01; P. 6.85.

(8a’S,8b’R,13a’S)-4’-bromo-8’-hydroxy-8a’,8b’,9’,10’,11’,13a’-hexahydrospiro[indene-2,13’-naphtho
[2’,1’:5,6][1,2]oxaphosphinino [3,4-a]pyrrolizine]-1,3-dione 8’-oxide (2g)

Yield 0.23 g (50%), white solid, m.p. > 300 ◦C. IR (ν, cm−1): 1085 (C-Br), 1251 (P = O),
1500 (CH2), 1588 (C-CAr), 1713 (C = O), 1755 (C = O), 2926 (CH3). 1H NMR (399.93 MHz,
DMSO-d6): 1.73–1.84 (m, 1H, CH2); 1.87–1.94 (m, 1H, CH2); 2.05–2.16 (m, 2H, CH2);
2.87–2.97 (m, 2H, CH2); 3.47–3.55 (m, 1H, CH); 4.75–4.83 (m, 1H, CH); 5.19–5.26 (m, 1H,
PCH); 7.09 (d, 1H, CH, 3JHH 8.85 Hz); 7.30–7.36 (m, 2H, CH); 7.43 (d, 1H, CH, 3JHH 9.26 Hz);
7.62 (d, 1H, CH, 3JHH 8.92 Hz); 7.(td, 1H, CH, 3JHH 6.55 Hz); 7.71 (td, 1H, CH, 3JHH 8.61
Hz); 7.78 (d, 1H, CH, 3JHH 7.58 Hz); 7.89 (d, 1H, CH, 3JHH 2.1 Hz). 13C NMR (100.6 MHz,
DMSO-d6): 24.0 (s); 29.0 (s); 41.4 (d, 1JPC 131.9 Hz); 45.4 (s); 48.7 (s); 69.9 (s); 77.7 (s); 117.2
(d, 2JPC 14.9 Hz); 117.7 (s); 119.7 (s); 122.5 (d, 3JPC 3.0 Hz); 122.9 (s); 123.7 (s); 125.4 (s);
129.3 (s); 129.6 (s); 130.2 (s); 130.7 (s); 131.5 (s); 136.4 (s); 137.4 (s); 140.1 (s); 141.5 (s); 152.2
(d, 3JPC 6.3 Hz). 31P NMR (161.9 MHz, DMSO-d6): 20.06. MS (ESI) m/z: 520 [M-1]. Calcd:
(%) for C25H19NBrO5P: C, 57.27; H, 3.65; O, 15.26; Br, 15.24; N, 2.67; P, 5.91. Found: C, 57.25;
H, 3.61; O, 15.01; Br, 15.31; N, 2.61; P. 5.85.

1-methyl-1,3-dihydro-4H-spiro[chromeno [4,3-b]pyrrole-2,2’-indene]-1’,3’,4-trione (4)
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Yield 0.25 g (25%), orange solid, m.p. > 300 ◦C. IR (ν, cm−1): 1511 (CH2), 1594 (C-CAr),
1614 (C = C), 1707 (C = O), 1750 (C = O). 1H NMR (399.93 MHz, CDCl3): 3.25 (s, 3H, NCH3);
3.28 (s, 2H, CH2); 7.24–7.30 (m, 1H, CH); 7.43 (d, 1H, CH, 3JHH 8.04 Hz); 7.57 (t, 1H, CH,
3JHH 8.12 Hz); 7.99 (d, 1H, CH, 3JHH 8.11 Hz); 7.97–8.04 (m, 2H, CH); 8.10–8.15 (m, 2H, CH).
13C NMR (100.6 MHz, CDCl3): 35.0 (s); 36.2 (s); 78.0 (s); 96.0 (s); 113.2 (s); 118.4 (s); 123.1 (s);
123.4 (s); 124.6 (s); 132.0 (s); 137.1 (s); 141.1 (s); 155.0 (s); 158.1 (s); 159.3 (s); 196.5. MS (ESI)
m/z: 330 [M-1]. Calcd: (%) for C20H13NO4: C, 72.50; H, 3.95; O, 19.32; N, 4.23. Found: C,
72.10; H, 3.91; O, 19.31; N, 4.15.

3.3. Biological Studies
3.3.1. Cell Toxicity Assay (MTT-Test)

The toxic effect on cells was determined using the colorimetric method of cell prolifer-
ation MTT (Thiazolyl Blue Tetrazolium Bromide, Sigma). For this, 10 µL of MTT reagent in
Hank’s balanced salt solution (HBSS) (final concentration 0.5 mg/ml) was added to each
well. The plates were incubated at 37 ◦C for 2–3 h in an atmosphere humidified with 5%
CO2. Absorbance was recorded at 540 nm using an Invitrologic microplate reader (Russia).
Experiments for all compounds were repeated three times. The M-HeLa clone 11 human,
epithelioid cervical carcinoma, strain of HeLa, clone of M–HeLa; human duodenal cancer
cell line (HuTu 80); human breast adenocarcinoma cells (MCF-7) and Chang liver cell line
(Human liver cells) from the N. F. Gamaleya Research Center of Epidemiology and Micro-
biology and the Type Culture Collection of the Institute of Cytology (Russian Academy
of Sciences) were used in the experiments. The cells were cultured on a standard nutrient
medium “Igla” produced by the Moscow Institute of Poliomyelitis and Viral Encephalitis.
M.P. Chumakov by PanEco, with the addition of 10% fetal calf serum and 1% nonessential
amino acids (NEAA).

The cells were sown on a 96-well panel from Eppendorf at a concentration of 5 × 103 cells
per well with a volume of 100 µL medium, and cultured in a CO2 incubator at 37 ◦C. In
48 h after planting the cells, the culture medium was taken into the wells, and 100 µL
solutions of the studied drug in the specified dilutions were added to the wells. Dilutions
of the compounds were prepared directly in growth medium supplemented with 5%
DMSO to improve solubility. The cytotoxic effect of the test compounds was determined
at concentrations of 0.1–100 µM. The calculation of the IC50, the concentration of the drug
causing inhibition of cell growth by 50%, was performed using the program: MLA—“Quest
Graph ™ IC50 Calculator”. AAT Bioquest, Inc., Pleasanton, CA, USA, https://www.aatbio.
com/tools/ic50-calculator (accessed on 25 January 2022).

3.3.2. Induction of Apoptotic Effects by Test Compounds (Flow Cytometry Assay)

Cell Culture. HuTu 80 cells at 1 × 106 cells/well in a final volume of 2 mL were seeded
into six-well plates. After 24 h of incubation, various concentrations of compound 2a were
added to wells.

Cell Apoptosis Analysis. The cells were harvested at 2000 rpm for 5 min and then
washed twice with ice-cold PBS, followed by resuspension in binding buffer. Next, the
samples were incubated with 5 µL of annexin V- Alexa Fluor 647 (Sigma-Aldrich, St. Louis,
MO, USA) and 5 µL of propidium iodide for 15 min at room temperature in the dark.
Finally, the cells were analyzed by flow cytometry (Guava easy Cyte, MERCK, Rahway, NJ,
USA) within 1 h. The experiments were repeated three times.

3.3.3. Mitochondrial Membrane Potential

Cells were harvested at 2000 rpm for 5 min and then washed twice with ice-cold PBS,
followed by resuspension in JC-10 (10 µg/mL) and incubation at 37 ◦C for 10 min. After the
cells were rinsed three times and suspended in PBS, the JC-10 fluorescence was observed
by flow cytometry (Guava easy Cyte, MERCK, Rahway, NJ, USA).
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3.3.4. Detection of Intracellular ROS

HuTu 80 cells were incubated with compound 2a at concentrations of IC50 for 24 h.
ROS generation was investigated using flow cytometry assay and CellROX® Deep Red
flow cytometry kit. For this HuTu 80 cells were harvested at 2000 rpm for 5 min and then
washed twice with ice-cold PBS, followed by resuspension in 0.1 mL of medium without
FBS, to which was added 0.2 µL of CellROX® Deep Red and incubated at 37 ◦C for 30 min
After being washed three times, the cells were suspended in PBS, and the production of
ROS in the cells was immediately monitored using a flow cytometer Guava easy Cyte,
MERCK, Rahway, NJ, USA).

3.3.5. Statistical Analysis

The IC50 values were calculated using the online calculator MLA—Quest Graph™
IC50 Calculator AAT Bioquest, Inc., Pleasanton, CA, USA, 25 January 2022. The statistical
analysis was performed using the Mann-Whitney test (p < 0.05). Tabular and graphical
data contains averages and standard errors.

4. Conclusions

In conclusion, a series of novel pyrrolidine-fused spiro dihydrophosphacoumarins
were obtained via intermolecular [3 + 2] cycloaddition of phosphacoumarins with ninhydrin-
based azomethine ylides. The reaction proceeded in a highly regioselective manner, leading
to the formation of up to three stereocentres with excellent diastereoselectivity. The mecha-
nism of the reaction was studied with quantum chemistry methods. The obtained results
were in a good agreement with the experimental data and indicate that the preferential
formation of a single regio- and diastereoisomer is due to kinetic reasons. Additionally,
a novel pathway of the reaction of 4-hydroxycoumarin with azomethine ylides has been
revealed, which will be a subject for further research. The anti-cancer activities of spiro
phosphacoumarins were tested in vitro. The compound possessing three methyl groups in
aromatic moiety appeared to be the most potent against all tested cancer cell lines (M-HeLa,
HuTu 80 and MCF-7). Its cytotoxicity was up to 2.6-fold higher than the cytotoxicity of
areference compound. At the same time, its cytotoxicity against normal cell lines (Chang
liver) was much lower, thus giving the selectivity index ranging from 10 (M-HeLa cell
line) to >32 (HuTu 80 cell line). The more detailed studies of the anti-cancer activity of
the lead compound revealed that it arrests the cell cycle at the G1/G0 phase and leads
to an increased level of ROS in HuTu 80 cells, as well as decreasing the mitochondrial
potential. Thus, the death of cancer cells presumably occurs via an intrinsic mitochondrial
apoptosis pathway.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms232214348/s1.
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Abstract: Background: When homeostasis is disturbed it can result in a pathological event named
inflammation. The main drugs used in the treatment consist of non-steroidal and steroidal anti-
inflammatory drugs. However, the side effects remain an obstacle during the treatments. In this study,
we aimed to evaluate three new regioisomers analogues of naphthyl-N-acylhydrazone derivatives.
Methods: Acute models of inflammation in vivo (formalin-induced licking and carrageenan-induced
inflammation) as well as in vitro were used to evaluate the effects of LASSBio-2039, LASSBio-2040,
and LASSBio-2041. Results: All three substances (at 1, 10 or 30 µmol/kg) presented significant effects
in the in vivo model reducing leukocyte migration, nitric oxide (NO) and interleukin-1β production.
It was observed that only LASSBio-2039 significantly reduced cell migration in vitro. None of the
LASSBios affected inducible nitric oxide synthase activity nor presented nitric oxide (NO) scavenger
effect. No toxic effect was observed, either in vivo or in vitro. The new regioisomers analogues of
naphthyl-N-acylhydrazone derivatives presented significant anti-inflammatory activity, suggesting
LASSBio-2039 has a direct effect in leukocytes migratory capacity. Conclusions: Taken together, the
data indicate that these substances present promising effects for the development of a prototype for
new drugs.

Keywords: anti-inflammatory substance; N-acylhydrazone; naphthyl-N-acylhydrazone;
LASSBio-1524 analogues

1. Introduction

The definition of inflammation has been continuously adapted. Recently, it was char-
acterized as a tissue response to an emergent stimulus. This reaction can be macro and/or
microscopically identified and there is involvement of a variety of cells. Altogether, these
events can lead to necrosis, edema, fibrosis, malignancy and/or infection. An excessive
inflammatory response not controlled can evolve into several diseases such as arthritis,
osteoporosis [1], asthma [2], Alzheimer’s disease [3], cardiovascular disease [4], cancer [5]
and obesity [6]. Thus, the search and development of new anti-inflammatory substances
that could reduce or eliminate the inflammatory process continues to be an objective for
several groups. Although there is a wide variety of anti-inflammatory drugs, there are
concomitantly a wide variety of side effects that can limit their use. Thus, the continuous
search for new chemical entities with anti-inflammatory potential and lower incidence of
side effects remains a goal for researchers in this area.

Derivatives LASSBio-1524 (1) and LASSBio-1760 (2) have already been described as
powerful anti-inflammatory prototypes with action in several acute and chronic models of
inflammation [7–9]. These two compounds present the N-acylhydrazone (NAH) subunit,
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widely described as a privileged subunit [10], useful for discovering new drug candi-
dates due to its peptidomimetic nature and superior stability to chemical and metabolic
hydrolysis [11].

The bioisosteric relationship of 4-nitrophenyl fragment by 4-phenylboronic acid sub-
unit was previously characterized by comparing the anti-inflammatory profiles of com-
pounds 1 and 2 [8]. An isomeric exchange was performed in the naphthyl subunit of
LASSBio-1760 (2), with NAH linked to position α of the naphthyl subunit to generate
LASSBio-2039 (3) (Figure 1). Additionally, two LASSBio-1524 (1) regioisomers were pro-
posed, with the exchange of the nitro group of LASSBio-1524 from para-position to meta
position (LASSBio-2040, 3) or to the ortho position (LASSBio-2041, 5).

Figure 1. Design concept of novel naphthyl-N-acylhydrazone derivatives (3–5).

The changes introduced in new regioisomeric analogues (4) and (5) were purposed
to avoid the potential toxicity produced by nitroaromatic derivatives [12]. The main idea
was exchanging the position of the nitro group from a more accessible para-position to a
more hindered meta- and ortho-position, respectively, in order to prevent access to the CYP
reductase enzyme [13]. Moreover, it is well-known from the literature that the β-substituted
naphthyl group is more susceptible to oxidative metabolism to form toxic metabolites than
the corresponding α-substituted naphthyl, as learned from the discovery of β-blocker
propranolol from its precursor pronetalol [14]. So, we proposed the exchange of the β-
naphthyl group present in LASSBio-1760 (2) to the α-naphthyl group in LASSBio-2039 (3),
in order to reduce the potential toxicity of this new drug candidate.

Thus, in this study, we described the synthesis and anti-inflammatory actions of a new
small series of naphthyl-N-acylhydrazones (3–5), planned as regioisomeric analogues of
LASSBio-1524 (1) and LASSBio-1760 (2).

2. Results
2.1. Chemistry

LASSBio-2039 (3) were synthesized from 1-naphtoic acid, which underwent Fischer
esterification reaction in methanol, sulfuric acid at reflux to generated methyl 1-naphthoate
(7) [15,16]. Next, hydrazinolysis reaction of ester (7), performed by reflux of an ethanolic so-
lution containing anhydrous hydrazine hydrate, generated 1-naphthohydrazide (8) in 70%
yield [17,18]. The final step consisted of acid catalyzed condensation of 1-naphthohydrazide
(8) with 4-formylphenylboronic acid to furnish N-acylhydrazone LASSBio-2039 (3) in 92%
yield [8] (Scheme 1).
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Scheme 1. Reagents and conditions: (a) NH2NH2.H2O 100%, EtOH, reflux, 6 h, 83%; (b) 4-
formylphenylboronic acid, EtOH, cat. HCl 20%, rt, 3 h, 92%.

2-Naphthohydrazide (9), the key intermediate for the synthesis of compounds 4 and 5,
was prepared as previously described by Cordeiro et al. [8]. So, NAH derivatives 4 and 5
were obtained by adding, respectively, 3- or 2-nitrobenzaldehyde to 2-naphthohydrazide
(9) under acid catalysis and at room temperature [17]. Both N-acylhydrazones (4–5) were
obtained in very high yields as described in Scheme 2.

Scheme 2. Reagents and conditions: (a) 3-nitrobenzaldehyde or 2-nitrobenzaldehyde, EtOH, cat. HCl
20%, rt, 3 h, 94–97%.

All NAH derivatives were obtained as a single diastereoisomer, the most stable, (E)-
diastereoisomer. This statement can be confirmed and corroborated through the analysis of
1H-NMR spectra of molecules, which shows signs referring to only one imine hydrogen.
Furthermore, this spectroscopic characteristic was already described in the literature, and it
is a strong indication of the formation of (E)-diastereoisomer [19–21].

The obtained N-acylhydrazone derivatives (3–5) were fully spectroscopically charac-
terized and their degree of purity was determined by reversed-phase HPLC analysis to be
greater than 95%, which was considered adequate for the next step of investigating their
antinociceptive and anti-inflammatory actions.

2.2. LASSBios Did Not Induce Any In Vitro or In Vivo Toxic Effect

Pretreatment of mice with a single oral dose of any of LASSBios (at 30 µmol/kg) did
not affect either bone marrow cell count or hemogram values (blood leukocyte cell count,
hematocrit, red blood cell count, hemoglobin, and hematocrit values) (Figure 2).

We did not observe alterations to respiration and no ulcers were observed in the
stomach after 5 days. Additionally, there were no alterations in normal activity, such as
food and water intake (Figure 3), grooming, and loss of righting reflex. The incubation of
J774.A1 macrophage cell line with concentrations of 1, 10 or 30 µM of each LASSBio did
not affect cell viability, even after 24 h incubation.

2.3. LASSBio-2039, LASSBio-2040 and LASSBio-2041 Did Present Antinociceptive Effect in an
Inflammatory Pain Model

Figure 4 shows the effects of pretreatment of mice with LASSBio-2039, LASSBio-2040
or LASSBio-2041 one hour before formalin injection into the hind paw. Mice receiving the
vehicle remained linking the formalin-injected paw during 22 ± 3 s and 2356 ± 29 s, for the
first and second phases, respectively. The pretreatment of animals with acetylsalicylic acid
(ASA, 1100 µmol/kg) or morphine (15 µmol/kg) resulted in 14% and 53% reduction in the
first phase, respectively, and an inhibition in 40% and 15% in the second phase, respectively.
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Figure 2. LASSBio-2039, LASSBio-2040 and LASSBio-2041 did not affect blood, bone marrow or red
blood cells or platelet count nor hemoglobin and hematocrit levels. Mice were orally treated with
each of the substances (30 µmol/kg), water or vehicle. After 24 h bone marrow and blood were
collected to measurements. Results are expressed as mean ± standard deviation (n = 5–7).

Figure 3. LASSBio-2039, LASSBio-2040 and LASSBio-2041 did not affect food and water intake.
Mice were orally treated with each of the substances (30 µmol/kg), water or vehicle. After 24 h
the amount of water (in mL) or food (in grams) ingested were evaluated. Results are expressed as
mean ± standard deviation (n = 5–7).
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When LASSBio-2039 (1, 10 or 30 µmol/kg) was used, a reduction of 38%, 45% and
48%, respectively, was observed in the licking response of the first phase and 46%, 51%
and 51% inhibition in the second phase of the model. When compared with the original
substance, LASSBio-1760, similar effects can be observed. It is important to note that neither
LASSBio-2040 nor LASSBio-2041 affected the time of reaction in any dose tested.

Figure 4. LASSBio-2039, LASSBio-2040 and LASSBio-2041 effects in an inflammatory pain model.
Mice were orally treated with each of the substances with three different doses, acetylsalicylic acid
(1100 µmol/kg), morphine (15 µmol/kg), LASSBio-1524 or LASSBio-1760 (30 µmol/kg) or vehicle.
One hour later the nociceptive response was induced by intraplantar injection of formalin (2.5%) in
right hind paw. Results are expressed as mean ± standard deviation (n = 5–7). Statistical analyses
were calculated in GraphPad Prism 8.0 (San Diego, CA, USA) using analyses of variance (ANOVA)
followed by Tukey post-test with p < 0.01 (*) when comparing treated groups with vehicle-treated
group. Data for the original compounds (LASSBio-1524 and LASSBio-1760) are original, independent
duplicates of past results and have not been published previously.

2.4. LASSBios Reduced Inflammatory Parameters in an Acute Model of Inflammation

The injection of carrageenan (0.5%) into the subcutaneous air pouch induced a 35-fold
increase in leukocyte migration toward the pouch (167.3 ± 25.5 × 106 cells/mL versus
4.6 ± 1.9 × 106 cell/mL in animals that receives only saline in SAP). Dexamethasone (a
steroidal anti-inflammatory drug, 6.5 µmol/kg) significantly reduced in 72% the number of
leukocytes in the SAP (34 ± 2 × 106 cells/mL). When mice were pre-treated with LASSBio-
2039 (1, 10 or 30 µmol/kg), a dose-dependent reduction was observed (58%, 63% and 66%,
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respectively) in cell migration. Similarly, both LASSBio-2040 and LASSBio-2041 presented
significant effects. LASSBio-2040 reduced by 48%, 69% and 73%; LASSBio-2041 inhibited
in 29%, 62% and 68% for the doses of 1, 10, 30 µmol/kg, respectively. It is interesting to
note that the dose of 1 µmol/kg of LASSBios presented an inhibitory effect similar to that
observed with dexamethasone. When compared with the original substances (LASSBio-
1524 and LASSBio-1760, at 30 µmol/kg), it can be noted that the new compounds were most
effective in reducing cell migration than the original molecules, since the lower dose used
showed an effect comparable to the dose used from the LASSBio-1524 and LASSBio-1760
(Figure 5, left graphs).

We next decided to evaluate the capacity of each of the LASSBios in reducing protein
extravasation induced by carrageenan injected in the SAP. This phlogistic agent induced a
7-fold increase in the amount of protein extravasated to the exudate (212.6 ± 50.7 µg/mL
protein in carrageenan-injected group versus 33.7± 19.3 µg/mL in vehicle-treated group
receiving saline in the SAP). Pre-treatment of mice with dexamethasone caused a 71%
reduction in the protein extravasated. It is interesting to observe that all three LASSBios
significantly reduced protein extravasation with exception to a lower dose of LASSBio-2040.
When comparing LASSBios, the most potent was LASSBio-2039. All three substances were
also more potent than the original compound (Figure 5, right graphs).

Figure 5. LASSBios reduce cell migration induced by carrageenan into the subcutaneous air pouch
(SAP) and protein extravasated. Animals were pre-treated with vehicle, dexamethasone (6.5 µmol/kg)
or LASSBios (doses of 1, 10 or 30 µmol/kg) 1 h before injection of saline (NaCl 0.9%) or carrageenan
into the SAP. Results are expressed as media ± SD (n = 5–12). Statistical significance was calculated
in GraphPad Prism 8.0 (San Diego, CA, USA) using analyses of variance (ANOVA) followed by
Tukey post-test with p < 0.01 (#) when comparing vehicle-treated group that received carrageenan
injection into the SAP with vehicle-treated group that receives saline into the SAP or p < 0.01 (*)
when comparing dexamethasone- or LASSBios-treated group that received carrageenan injection
into the SAP with vehicle-treated group that receives carrageenan into the SAP. Data for the original
compounds (LASSBio-1524 and LASSBio-1760) are original, independent duplicates of past results
and have not been published previously.
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2.5. LASSBios Inhibited Cytokines Production

Figure 6 shows that LASSBio-2039 significantly and dose-dependently reduced
interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α) and interferon-γ (INF-γ) pro-
duction. The dose of 30 µmol/kg almost completely abolished cytokines production with
values close to those observed in the control group. An increase in interleukin-10 (IL-10)
production in those group of mice pretreated with LASSBio-2039 was also observed. It is
interesting to note that pretreating mice with the higher dose resulted in a significant effect,
even when compared with dexamethasone-treated mice. In those groups of mice pretreated
with LASSBio-2040 or LASSBio-2041, a reduction in all three cytokines production was
observed. Although in some groups these effects were significant, the inhibition caused by
both compounds was not as intense when compared with LASSBio-2039.

Figure 6. LASSBios reduce interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α), interferon-γ
(IFN-γ) and increase interleukin-10 (IL-10) produced in the inflammatory exudate. Animals were pre-
treated with vehicle, LASSBio-1524 or LASSBio-1760 (at 30 µmol/kg), dexamethasone (6.5 µmol/kg)
or LASSBios (doses of 1, 10 or 30 µmol/kg) 1 h before injection of saline (NaCl 0.9%) or carrageenan
into the SAP. Results are expressed as media ± SD (n = 5–12). Where no error bar is shown it is
because it is smaller than the symbol. Statistical significance was calculated in GraphPad Prism
8.0 (San Diego, CA, USA) using analyses of variance (ANOVA) followed by Tukey post-test with
p < 0.01 (#) when comparing vehicle-treated group that received carrageenan injection into the
SAP with vehicle-treated group that receives saline into the SAP. p < 0.01 (*) when comparing
dexamethasone- or LASSBios-treated group that received carrageenan injection into the SAP with
vehicle-treated group that receives carrageenan into the SAP. p < 0.01 ($) when comparing LASSBio-
2039-treated group that received carrageenan injection into the SAP with LASSBio-1760-treated group
that receives carrageenan into the SAP. Data for the original compounds (LASSBio-1524 and LASSBio-
1760) are original, independent duplicates of past results and have not been published previously.

We also measured the amount of nitric oxide (NO) produced in the inflammatory
exudate. NO is an instable mediator that is rapidly conversed and decayed to nitrate
when in biological fluids. In normal conditions, the level of this mediator is very low,
as we can observe in the groups of animals that received saline injection in the SAP
(15.4 ± 6.2 µM of NO). However, after an inflammatory insult such as carrageenan, a
12-fold increase was observed. The total amount of NO measured in exudates obtained from
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the carrageenan group was 189.2 ± 45.4 µM. The pre-treatment of mice with dexamethasone
resulted in an 86% reduction in NO produced. Our data show that LASSBio-2039 reduced
by at least 75%, and the higher dose (30 µmol/kg) completely blocked the production
of NO. When evaluating the results obtained with LASSBio-2040 and LASSBio-2041, it
was observed that even with 1 µmol/kg, the reduction in NO production was 54% and
71%, respectively. The other two doses inhibited at least 70% of the mediator production.
When compared with the original compounds, LASSBio-1524 and LASSbio-1760, data
demonstrated the LASSBio-2039 was more potent than LASSbio-1760 in reducing NO
production (at 30 µmol/kg) (Figure 7).

Figure 7. LASSBios reduce nitric oxide (NO) produced in the inflammatory exudate. Animals were
pre-treated with vehicle, LASSBio-1524 or LASSBio-1760 (at 30 µmol/kg), dexamethasone (6.5 µmol/kg)
or LASSBios (doses of 1, 10 or 30 µmol/kg) 1 h before injection of saline (NaCl 0.9%) or carrageenan into
the SAP. Results are expressed as media ± SD (n = 5–12). Where no error bar is shown it is because it is
smaller than the symbol. Statistical significance was calculated in GraphPad Prism 8.0 (San Diego, CA,
USA) using analyses of variance (ANOVA) followed by Tukey post-test with p < 0.01 (#) when comparing
vehicle-treated group that received carrageenan injection into the SAP with vehicle-treated group that
receives saline into the SAP. p < 0.01 (*) when comparing dexamethasone- or LASSBios-treated group that
received carrageenan injection into the SAP with vehicle-treated group that receives carrageenan into the
SAP. p < 0.01 ($) when comparing LASSBio-2039-treated group that received carrageenan injection into
the SAP with LASSBio-1760-treated group that receives carrageenan into the SAP. Data for the original
compounds (LASSBio-1524 and LASSBio-1760) are original, independent duplicates of past results and
have not been published previously.
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2.6. LASSBios Also Reduced Inflammatory Parameters In Vitro

Data obtained using in vivo models indicated that all three LASSBios significantly
reduced leukocyte migration and the production of cytokines and NO. These effects could
be a direct result of the reduction in cell viability and/or reduction in the number of cells
arriving in the inflammatory site, thus resulting in a reduced number of cells producing the
mediators. To rule out these possibilities, we used a macrophage cell line (J774.A1) activated
with lipopolysaccharide (LPS) and measured the production of NO, IL-1β, TNF-α, IFN-γ
and IL-10. As can be observed in Figure 8, non-LPS-activated cells produced low levels of
cytokines. However, when activated with LPS, there was an increase of at least 10-fold.

Similar to data obtained in the SAP model, LASSBio-2039 (at 10 µM) almost completely
inhibited IL-1β and TNF-α production. It was also observed that LASSBio-2040 and
LASSBio-2041 significantly inhibited cytokines production. However, these effects were
not as intense as those observed in the SAP model, suggesting that those effects could be a
group of actions (reduction in cell migration and a direct effect in cytokines production by
migrated cells).

Figure 8. Effect of LASSBios in interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α), interferon-γ
(IFN-γ) and interleukin-10 (IL-10) produced by J774.A1 cells line. Cells were incubated with vehicle,
LASSBio-1524 or LASSBio-1760 (at 30 µM), or LASSBios (0.1, 1 or 10 µM) and after 1 h were activated
with LPS (1 µg/mL). Results are expressed as media ± SD (n = 3). Where no error bar is shown it
is because it is smaller than the symbol. Statistical significance was calculated in GraphPad Prism
8.0 (San Diego, CA, USA) using analyses of variance (ANOVA) followed by Tukey post-test with
p < 0.01 (#) when comparing LPS-activated cells treated with vehicle and non-activated cells treated
with vehicle. p < 0.01 (*) when comparing LPS-activated cells treated with LASSBios and LPS-activated
cells treated with vehicle. Data for the original compounds (LASSBio-1524 and LASSBio-1760) are
original, independent duplicates of past results and have not been published previously.

Then, we evaluated the ability of each compound to inhibit NO production in vitro.
The data obtained (Figure 9) show that although LASSBio-2039 significantly reduced NO
production when LPS-activated cells were incubated with 1 and 10 µM, neither LASSBio-
2040 nor LASSBio-2041 affected NO production with any of the concentrations used.

125



Int. J. Mol. Sci. 2022, 23, 13562

Figure 9. Effect of LASSBios in nitric oxide (NO) produced by J774.A1 cells line. Cells were incubated
with vehicle, L-nitro mono methyl arginine (L-NMMA) or LASSBios (0.1, 1 or 10 µM) and after
1 h were activated with LPS (1 µg/mL). NO was measured 24 h later. Results are expressed as
media ± SD (n = 4–6). Where no error bar is shown is because it is smaller than the symbol. Statistical
significance was calculated in GraphPad Prism 8.0 (San Diego, CA, USA) using analyses of variance
(ANOVA) followed by Tukey post-test with p < 0.01 (#) when comparing LPS-activated cells treated
with vehicle and non-activated cells treated with vehicle. p < 0.01 (*) when comparing LPS-activated
cells treated with LASSBios and LPS-activated cells treated with vehicle. Data for the original
compounds (LASSBio-1524 and LASSBio-1760) are original, independent duplicates of past results
and have not been published previously.

The data obtained so far are suggestive that LASSBio-2039 can inhibit NO production;
however, we cannot conclude if this effect is due to inhibition in inducible nitric oxide
synthase (iNOS) expression, its activity, or a direct NO-scavenger effect of each substance.
Trying to elucidate these possibilities, we first incubated LPS-activated J774.A1 cells with
LASSBios and after 8 h of activation, a period where protein synthesis of iNOS was finished
and the enzyme begins it activity, LASSBios were added to culture medium. After 24 h
of activation, the supernatants were collected, and NO was measured. Results shown in
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Figure 10 demonstrated that none of LASSBios affected the NO production when added
8 h post-LPS activation, suggesting that their effects do not occur in enzyme activity.

Figure 10. Effect of LASSBios in inducible nitric oxide synthase enzyme activity. J774.A1 cells were
incubated with vehicle or lipopolysaccharide (LPS, 1 µg/mL) and after 8 h received LASSBios at
different concentrations (0.1, 1 or 10 µM). Twenty-four hours after LPS activation NO accumulated
in supernatant was measured. Results are expressed as media ± SD (n = 3). Where no error bar is
shown it is because it is smaller than the symbol. Statistical significance was calculated in GraphPad
Prism 8.0 (San Diego, CA, USA) using analyses of variance (ANOVA) followed by Tukey post-test
with p < 0.01 (#) when comparing LPS-activated cells treated with vehicle and non-activated cells
treated with vehicle.

To rule out the possibility that LASSBios could act as a NO scavenger due to a direct
interaction with the gas immediately after its production by cells, the NO donor SNAP
was incubated with LASSBios. It was observed that none of substances showed ability in
scavenger NO, thus reducing the levels of nitrite measured in the medium.
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2.7. LASSBio-2039 Did Reduce Cell Migration In Vitro

As we observed a reduction in the number of leukocytes that migrated to SAP, we
decided to assess whether this effect could be due to a direct action of LASSBios on cells,
thus affecting their migratory capacity. Therefore, LASSBios were incubated with J774.A1
cells and their capacity in affect the wound healing of cells were evaluated after 24 h
incubation. Figure 11 (left images) is a representative group of photos obtained at 0 or 24 h
after LPS activation and showed that J774.A1 cells migrated into the wound area of the well.
The values obtained in these groups were considered as 100% closed area. As can be seen
in Figure 11 (right graph), only LASSBio-2039 significantly affected the migratory capacity
of cells, thus reducing the percentage of area that became closed after 24 h incubation.

Figure 11. Effect of LASSBios in cell migration in vitro. J774.A1 cells were plated, and a wound area
done. Cells were incubated with vehicle or LASSBios (10 µM) 15 min before lipopolysaccharide (LPS,
1 µg/mL) and after 24 h the area in each well was measured with the aid of ImageJ software (version
1.8.0.172, National Institute of Health, USA). Photos in the left are representative of 4 independent
experiments and were obtained in a phase contrast microscope (EvosM500, ThermoFisher, Waltham,
MA, USA), in 10× objective. Bars corresponds to 10 µm. In the right is the graph with data obtained
after four different experiments. Results are expressed as media ± SD (n = 4). Statistical significance
was calculated in GraphPad Prism 8.0 (San Diego, CA, USA) using analyses of variance (ANOVA)
followed by Tukey post-test with p < 0.01 (*) when comparing LPS-activated cells treated with
LASSBios and LPS-activated cells treated with vehicle.

3. Discussion

In this study, we aimed to evaluate the anti-inflammatory effects of three new molecules
(named LASSBio-2039, LASSBio-2040 and LASSBio-2041). The advantage of these struc-
tures is based on the presence of a N-acylhydrazone (NAH) subunit, considered a privileged
subunit [10] used for discovering new drug candidates [11].

Formalin injection into the hind paw causes a biphasic response, with the first phase (or
neurogenic phase) occurring by an activation of nociceptors present in unmyelinated axons
and the second phase (or inflammatory phase) occurring due to the release of mediators
(i.e., histamine, prostaglandin, and serotonin) that can sensitize sensory neurons [22].
Drug-mediated reduction in paw licking occurs differently in both phases. Non-steroidal
anti-inflammatory drugs act preferentially in the second phase through a peripheral action,
whereas opioids act through a central action, inhibiting both phases [23–25]. Therefore,
this model becomes suitable for the assessment of non-inflammatory or inflammatory pain.
Our results showed that pre-treatment with LASSBio-2039 reduced the licking time in both
phases and the result in the second phase suggests possible anti-inflammatory activity.

The remarkable effects of LASSBio-2039, even when compared with the original com-
pound, LASSBio-1760, propelled us to continue investigating the anti-inflammatory effects.
In this regard, we used the carrageenan-induced inflammation into the subcutaneous
air pouch (SAP). This model is suitable for evaluating the local inflammatory response
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in vivo. Carrageenan injected into the SAP stimulates an inflammatory response with influx
of leukocytes, formation of exudate and accumulation of inflammatory mediators [10].
The migration of cells to the inflammatory site is involved in the development of several
diseases. Therefore, inhibiting leukocyte recruitment enables effective control of the in-
flammatory process [26]. Pre-treatment with LASSBios caused a significant reduction in
leukocyte migration. Some possibilities may be involved with this effect. Among them, the
inhibition in the production or release of mediators involved with the chemotaxis process
or even an action of LASSBios directly on the cells, preventing them from migrating to the
inflammatory site.

The production of inflammatory mediators also stimulates the increase in vascular per-
meability. This step causes the passage of fluids and plasma proteins from the bloodstream
to the tissue [27]. Our data showed that all three substances reduced the protein present in
the exudate. This effect suggests that LASSBios may be acting by inhibiting the increase in
vascular permeability, preventing the proteins from passing into the tissue. According to
Lampugnani and collaborators [28], mediators induce the formation of radial stress fibers
and the contraction of actomyosin, and this can result in the retraction of the intercellular
junction, allowing the passage of fluids and plasma proteins from plasma to tissues. So,
our results could suggest a direct effect against cells located in vascular lineage prevent
them to contract, thus reducing protein leakage to tissue.

Interleukin-1β (IL-1β) participates in the inflammatory response through the activation
of several molecules such as the cyclooxygenase-2 (COX-2) enzyme, nitric oxide (NO)
and endothelial adhesion molecules that will act in the maintenance of inflammatory
response [29,30]. Pre-treatment mice with LASSBios reduced the production of the cytokine
in the exudate. The inhibition could lead to a decrease in the migration of cells to the
inflammatory site and, therefore, a decrease in the arrival of activated cells, producing
other mediators and recruiting more cells. This hypothesis is in accordance with Theofilis
and collaborators [31] who found that cytokines can influence the expression of adhesion
molecules that participate in the process of leukocyte diapedesis. Thus, controlling the
production of this cytokine brings benefits for the treatment of various inflammatory
diseases [32].

The production of NO plays a fundamental role in the development and maintenance
of the inflammatory process. The increase in iNOS (inducible nitric oxide synthase enzyme)
expression also occurs in response to activation by lipopolysaccharide (LPS) and the NO
produced is one of the key molecules in the pathogenesis of several diseases, so the inhibi-
tion of this mediator becomes the target of several anti-inflammatory proposals [33]. Our
results show that LASSBios significantly reduced the concentration of NO in the inflamma-
tory exudate. It could be that once there was a reduction in the number of leukocytes, there
would also be a reduction in the production of NO. However, the percentage of reduction in
NO concentration is not proportional to the reduction in the number of cells that migrated.
In this sense our hypothesis is that it may be that the inhibition observed in NO production
could be due to the direct effect of LASSBios on the cells, either by inhibiting the production
or the activity of the iNOS.

Among the substances that activate macrophages is LPS, which activates Toll-like
receptor triggering production of a series of mediators [34,35]. Our data show that all
LASSBios reduced IL-1β production by LPS-activated cells. Our next step aimed to analyze
the effects of LASSBios on NO production in LPS-activated macrophages. Our data indicate
that only LASSBio-2039 reduced the NO production by activated macrophages. After 8 h of
activation with LPS, there is a peak in the expression of the iNOS enzyme and that, despite
this, the production of NO and this production remains for 24 h [36]. So, we evaluated
the effect of LASSBios on NO production after 8 h of LPS activation; however, none of
the LASSBios affected NO production. These results together suggest that the action of
inhibiting the production of NO caused by LASSBio-2039 can happen through the reduction
in the expression of iNOS and not by a reduction in the activity of this enzyme.
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After obtaining positive results in reducing the production of inflammatory mediators
in vitro, we choose to evaluate whether incubation with LASSBios would influence the
process of cell migration. Our assay is advantageous because it mimics the process of cell
migration in vivo, in addition to being considered a simple and inexpensive technique to
analyze this process [37]. Only incubation with LASSBio-2039 inhibited the macrophage
migration process in vitro. This result could be explained by the role of LASSBios in the
inhibition of NO that is involved with the SRC-FAK pathway. Macrophages activated with
LPS initiate the synthesis of a series of mediators, including the iNOS enzyme responsible
for the synthesis of NO. The NO produced actively participates in the SRC-FAK cascade
(steroid receptor co-activator-focal adhesion kinase). Studies indicate that this cascade is
linked to the process of macrophage mobility, influencing their migratory capacity [38,39].
By understanding the importance of the SRC-FAK cascade in the migration process and
how this cascade is highly dependent on NO, our hypothesis is that the effect caused by
LASSBio-2039 to reduce cell migration may be occurring due to the reduction caused in the
production of NO.

In 2011, LASSBio-1524 was synthesized with the aim of being an inhibitor of the
IKK-β enzyme and this was confirmed from structure-based drug design trials. IKK-β is
an important enzyme that participates in the activation of the signaling pathway of the
nuclear transcription factor kappa B (Nf-κB), the gene responsible for the transcription
of several mediators and enzymes that participate in the development and maintenance
of the inflammatory process [7]. In 2016, it was observed not only LASSBio-1524, but
also LASSbio-1760 pronounced anti-inflammatory activity through reduced cell migration,
reducing NO and TNF-α production. A reduction in the expression of phosphorylated
Nf-κB suggested that the anti-inflammatory effects of these compounds occur through the
inhibition of the Nf-κB signaling pathway [8]. The structural modifications performed
for the synthesis of LASSBio-2039, LASSBio-2040 and LASSBio-2041 did not influence the
anti-inflammatory activity presented by these compounds. When comparing all three
new LASSBios with LASSBio-1524 or LASSBio-1760, only the LASSBio-2039 presented
a significant effect when compared with the original molecule (LASSBio-1760). As the
molecular target of LASSBio-1524 and LASSBio-1760 is the enzyme that participates in the
activation of the Nf-κB pathway, we can assume that the LASSBios tested in this study also
act on the same molecular target. This signaling pathway can be activated by the cytokine
IL-1β and, once activated, initiates the synthesis of iNOS responsible for producing NO.
We observed a reduction in the production of the cytokine, which may have decreased
the activation of the Nf-κB signaling pathway, which may cause a reduction in leukocyte
migration, in NO, in vascular permeability and a consequent reduction in the concentration
of protein in the inflammatory exudate.

The modifications carried out in all three new substances evaluated in this study
demonstrated an absence of toxic effects observed in nitroaromatic derivatives [12]. These
changes lead to changes in the position of the nitro group to a meta-and ortho-position (in
LASSBios-2040 and 2041, respectively). It is also known that the presence of β-substituted
naphthyl group confers susceptibility to metabolism with the formation of toxic metabo-
lites [14]. So, the exchange of this group by a α-naphthyl group (in LASSBio-2039) may have
influenced this N-acylhydrazone to act differently from the others, indicating LASSBio-2039
a pronounced activity in relation to LASSBio-2040 and LASSBio-2041. It is worth noting
that the modification carried out in LASSBio-2039 in comparison to LASSBio-1760 resulted
in a more pronounced effect, indicating that the addition of the α-naphthyl group resulted
in an increase in activity.

It is also important to emphasize that unlike what is observed with anti-inflammatory
drugs already on the market, the substances evaluated in this study did not demonstrate
toxic effects, either for changes in the blood count, bone marrow, organs, or behavior, which
makes them promising substances for testing in chronic disease models as yet untreated.
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Taken together, the data demonstrated in this study suggest LASSBio-2039 with a signifi-
cant anti-inflammatory profile in pre-clinical models of acute inflammation could be developed
as a new substance that can be used as a source for the synthesis of new prototypes.

4. Materials and Methods
4.1. Chemistry

Reagents and solvents were purchased from commercial suppliers and have not
been purified. Melting points were determined in a Quimis Q340.23 apparatus and are
uncorrected. 1H-NMR and 13C-NMR spectra were recorded on Bruker AC-200, Bruker
DRX-300 and Varian MR-400 (coupling constant (J) values were given in Hertz). Infrared
spectra (IR) were carried out in the spectrophotometer apparatus Fourier transform IR
Nicolet 6700 FT-IR using tablets of potassium bromide (KBr). Purity of the final product was
determined by high-performance liquid chromatography (HPLC) on Shimadzu LC-20AD
with Kromasil 100–5 C18 column (4.6 mm × 250 mm), and Detector SPD-M20A (diode
array). Analyte quantification was performed using a standardized wavelength, 254 nm,
and acetonitrile and water 60% were used as the mobile phase.

Synthetic methodologies used to prepare methyl 1-naphthoate have been carefully
described in previously published studies [15,16]. Moreover, 2-naphthohydrazide was
prepared as previously described by Cordeiro et al. [8,9]. All the spectroscopical data can
be accessed in the Supplementary Material.

4.2. Synthesis of 1-Naphthohydrazide (8)

Methyl 1-naphthoate (7) (1.4 g, 7.5 mmol) was solubilized in 50 mL of absolute
ethanol in a round bottom flask. Then, 5 equivalents of hydrazine hydrate 100% (1.88 mL,
37.6 mmol) were slowly added under magnetic stirring. The mixture was refluxed for
6 h, then volume was partially reduced under reduced pressure. To the flask was added
crushed ice and 10 mL of cold water, with precipitate formation. 1-naphthohydrazide (8)
(11.6 g, 83%) was isolated by vacuum filtration in a Büchner funnel.

1H-NMR (300 MHz, DMSO-d6) δ 9.71 (s, 1H, NH), 8.23–8.21 (m, 1H), 8.02–7.96 (m, 2H),
7.58–7.51 (m, 4H), 4.62 (s, 3H, NH2); 13C-NMR (75 MHz, DMSO-d6) δ 168.00, 133.35, 133.12, 130.0,
129.96, 128.18, 126.64, 126.23, 125.42, 125.35, 124.99. IR (KBr, cm−1) 3276 (V N-H) 1645 (ν C=O).

4.3. General Procedure for the Synthesis of N-Acylhydrazone Derivatives (4) and (5)

In a round-bottom flask containing equimolar amounts of hydrazide (8 or 9, 0.3 g,
1.6 mmol) and the desired aromatic aldehyde (0.24 g, 1.6 mmol), three drops of 20% aq. HCl
and 20 mL of absolute ethanol were added. The mixture was stirred at room temperature
for three hours; however, in a few minutes intense formation of precipitates was already
visible. The volume of ethanol was partially reduced under reduced pressure and then
crushed ice and cold water were added to the flask. Finally, the solid was collected by
vacuum filtration in a Büchner funnel.

4-((E)-(1-naphthoylimino)methyl)phenylboronic acid (LASSBio-2039, 3): White amor-
phous solid; 92%; m.p. - ◦C. 1H-NMR (300 MHz, DMSO-d6) δ 12.07 (s, NH), 8.36 (s, 1H),
8.21 (s, 2H, BOH2), 8.10 (d, J = 7.8 Hz, 1H), 8.04–8.01 (m, 1H), 7.90 (d, J = 7.9 Hz, 2H),
7.78–7.72(m, 3H), 7.64–7.59 (m, 4H). 13C-NMR (75 MHz, DMSO-d6) δ 170.73, 164.78, 147.90,
136.38, 135.62, 134.56, 133.17, 132.79, 130.55, 129.96, 128.39, 127.13, 126.49, 126.14, 125.91,
125.02. IR (KBr, cm−1). Purity (HPLC): 99.5%.

(E)-N-(3-nitrobenzylidene)-2-naphthohydrazide (LASSBio-2040, 4): White amorphous
solid; 97%; m.p. -◦C. 1H-NMR (500 MHz, DMSO-d6) δ 12.32 (s, 1H), 8.61 (s, 1H), 8.57 (s,
2H), 8.27 (d, J = 8.0 Hz, 1H), 8.18 (d, J = 7.6 Hz, 1H), 8.10–8.06 (m, 2H), 8.02–8.00 (m, 2H),
7.76 (t, J = 7.9 Hz, 1H), 7.67–7.61 (m, 2H). 13C-NMR (126 MHz, DMSO-d6) δ 163.49, 148.28,
145.38, 136.26, 134.49, 133.49, 132.09, 130.54, 130.44, 129.02, 128.09, 127.78, 127.04, 124.36,
120.97. IR (KBr, cm−1). Purity (HPLC): 99.2%.

(E)-N-(2-nitrobenzylidene)-2-naphthohydrazide (LASSBio-2041, 5): White amorphous
solid; 94%; m.p. -◦C. 1H-NMR (300 MHz, DMSO-d6) δ 12.41 (s, 1H), 8.93 (s, 1H), 8.59 (s,
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1H), 8.18 (d, J = 7.2 Hz, 1H), 8.11–8.00 (m, 5H), 7.84 (t, J = 7.7 Hz, 1H), 7.71–7.63 (m, 3H).
13C-NMR (75 MHz, DMSO-d6) δ 163.43, 148.3, 142.99, 134.52, 133.82, 132.09, 130.75, 130.29,
129.02, 128.81, 128.4, 128.24, 128.1, 128.02, 127.77, 127.02, 124.75, 124.38. IR (KBr, cm−1).
Purity (HPLC): 98.8%.

4.4. Animals

Swiss Webster mice (25–30 g) were kindly donated by Instituto Vital Brazil (Niterói, Rio
de Janeiro, Brazil). Mice were maintained in a room in a light-dark cycle of 12 h, 22 ± 2 ◦C
from 60% to 80% humidity and with food and water provided ad libitum. Animals were
acclimatized to the laboratory conditions for at least 1h before each test and were used only
once throughout the experiments. All protocols were conducted in accordance with the
Guidelines on Ethical Standards for Investigation of Experimental Pain in Animals [40] and
followed the principles and guidelines adopted by the National Council for the Control
of Animal Experimentation (CONCEA), approved by the Ethical Committee for Animal
Research (# 31/19 and 34/19). All experimental protocols were performed during the
light phase. Animal numbers per group were kept at a minimum and at the end of each
experiment mice were sacrificed by ketamine/xylazine overdose.

4.5. Drugs, Reagents and Treatments

Acetylsalicylic acid (ASA), dexamethasone, L-NMMA (L-NG-monomethyl arginine),
Ara-C (cytosine arabinoside), MTT (3-(4,5-dimethyl-ltiazol-2-yl)-2,5-diphenyltetrazole) and
lipopolysaccharide were purchased from Sigma Aldrich (St. Louis, MO, USA). Ethanol
and formalin were purchased from Merck Inc. (São Paulo, Brazil). Cytokines kits were
purchased from BD Biosciences (Franklin Lakes, NJ, USA), protein kit (Kit Pierce BCA ™
Protein Assay) was purchased from ThermoFisher Scientific, Inc. (Waltham, MA, USA).
Morphine sulfate was kindly provided by Cristália (São Paulo, Brazil).

LASSBio-1524, LASSBio-1760, LASSBio-2039, LASSBio-2040 and LASSBio-2041 were
dissolved in dimethylsulfoxide (DMSO) to prepare 100 µmol/mL stock solutions. For use,
solutions were prepared from each stock solution using tween as vehicle. Doses of 0.1 to
10 µmol/kg (final volume of 0.1 mL per animal) were administered by gavage and final
tween percentage did not exceed 1%. Acetylsalicylic acid, morphine, dexamethasone, and
L-NMMA were used as references drugs. The doses of ASA, morphine, dexamethasone,
and L-NMMA were chosen based on previous results obtained by our group when it was
calculated the ED50 or IC50, the dose/concentration caused a 50% reduction in the effect
in each procedure. The control group was given vehicle (Tween 80, Isofar, Rio de Janeiro,
Brazil). All drugs and LASSBios were diluted just before their use. Data for LASSBio-1524
and LASSBio-1760 are original, independent duplicates of past results and have not been
published previously.

4.6. Cell Culture

The mouse monocyte macrophage J774.A1 (ATCC # TIB-67) was grown in RPMI
medium supplemented with 10% fetal bovine serum (from now on, named as RPMI) and
kept in a 5% CO2 incubator at 37 ◦C. An exchange of RPMI was carried out until cells
reached 90% confluence and exponential growth. On the day of assays, cells were collected
by scraping bottles and adhered in 96- or 12-well culture plates (2 × 106 cells/mL).

4.7. In Vitro Toxicity Test (Cell Viability)

In 96-well plates, J774.A1 cells (105/well, final volume of 200 µL) were adhered at
37 ◦C, 5% CO2. After 30 min incubation with LASSBio-1524 or LASSBio-1760 (30 µM),
LASSBio-2039, LASSBio-2040 or LASSBio-2041 (0.1, 1 or 10 µM), LPS (1 µg/mL) was added
to some groups. After 24 h of incubation (at 37 ◦C, 5% CO2), supernatant was changed and
MTT solution (5 mg/mL, 100 µL/well) was added. After 4 h of incubation (at 37 ◦C, 5%
CO2), supernatants were discarded and DMSO (100 µL/well) was added to solubilize the
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MTT-formazan crystals formed [41]. Absorbance was measured at a wavelength of 570 nm.
Control groups were composed by cells which received only RPMI plus DMSO.

4.8. In vivo Toxicity Test

Different groups of animals received an oral administration of 100 µmol/kg of LASS-
Bios. After 24 h, mice were euthanized with ketamine (50 mg/kg)/xylazine (20 mg/kg).
Sample of blood was collected. The femur was removed, the ends were cut, and the bone
marrow was washed with 1 mL of saline (NaCl 0.9%) and collected. Both samples of
blood and bone marrow were submitted to a complete blood hemogram and cell count,
respectively, in an automatic cell counter (PocH-100iV Diff, Sysmex, Kobe, Japan). Signs
of acute toxicity, such as behavioral parameters (i.e., convulsion, hyperactivity, sedation,
grooming, loss of righting reflexes, or increased or decreased respiration), as well as food
and water intake, were observed over a 5-day period after a single oral dose of each sub-
stance (100 µmol/kg) administered to a group of ten animals of both sexes. After this
period, the animals were sacrificed by ketamine/xylazine overdose, and their stomachs
were removed. An incision was made along the great curvature, and the presence of ulcers
or perforations and degree of hyperemia was observed and counted.

4.9. Formalin-Induced Paw Licking Model

The method was similar to previously described by Hunskaar and Hole [23,24] with
modifications [42]. Briefly, mice received an intraplantar injection of formalin (20 µL, 2.5%)
in one hind paw. Immediately they were individually placed in a box and the sum of the
times each one remained licking the formalin-injected paw was recorded with the aid of
a stopwatch at intervals of 5 min (first phase) or 15–30 min (second phase). Mice were
pretreated with vehicle, ASA (1100 µmol/kg), morphine (15 µmol/kg), LASSBio-1524 or
LASSBio-1760 (30 µmol/kg), LASSBios (1, 10 or 30 µmol/kg) for 1 h before formalin injection.

4.10. Carrageenan-Induced Inflammation into the Subcutaneous Air Pouch (SAP)

The protocol was based in Raymundo et al. [43]. A subcutaneous air pouch was
induced in the mice’s back through an injection of 10 mL of sterile air. After 3 days, a
new injection of 7 mL of sterile air was performed on the animals’ backs. On the 6th day,
the animals were orally treated with vehicle, LASSBios (1, 10 or 30 µmol/kg), LASSBio-
1524 or LASSBio-1760 (30 µmol/kg) or dexamethasone (6.5 µmol/kg) and after 60 min
mice received an injection of saline or carrageenan (0.5%, 1 mL) into the SAP. After 24 h,
the animals were euthanized, and the SAP washed with 1 mL of saline. The exudate
was collected for leukocyte count and centrifuged at 1500 r.p.m., for 10 min, 4 ◦C. The
supernatant was collected and stored at −20 ◦C for several dosages (see below).

4.11. Quantification of Proteins and Cytokines

To perform the quantification of proteins in the exudate obtained in the BAS the
BCA Protein Assay Kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA) was used.
Quantification of cytokines was performed in the exudate collected from BAS and in the
supernatant of J774.A1 cells, using an immunoenzymatic assay method (ELISA) with
specific ELISA kits (BD OptEIATM Set mouse, B&D, Albuquerque, NM, USA). Protocols
were carried out according to the manufacturer’s instructions.

4.12. Quantification of Nitric Oxide (NO) Production

When produced in biological fluids, NO interacts with hemoglobin and decays to
nitrate (NO3

−) and when its production occurs in vitro it interacts with oxygen decaying to
nitrite (NO2

−). As the technique does not quantify NO3
−, it is necessary to convert the ni-

trate generated after NO production in vivo to nitrite. The protocol for converting nitrate to
nitrite was described by Bartholomew [44] with adaptations made by Raymundo et al. [43].

Both the supernatant collected in the NO3
− to NO2

− conversion protocol and that
collected from cell cultures were mixed, in equal parts, with the Griess reagent [45]. The
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absorbance was read in a microplate reader (FlexStation, Molecular Devices, San Jose,
CA, USA) at 540 nm. The sodium nitrite concentrations were calculated using a standard
sodium nitrite curve.

4.13. Inducible Nitric Oxide (iNOS) Synthase Activity and NO-Scavenger Activity Assays

J774.A1 cells were plated in 96 well-plated and incubated with vehicle or lipopolysac-
charide (LPS, 1 µg/mL). After 8 h incubation, different concentrations (0.1, 1 or 10 µM) of
each LASSBio were added to different groups. Twenty-four hours after LPS activation, the
supernatants were collected to NO measurement.

The NO donor, S-nitroso-N-acetyl-DL-penicillamine (SNAP, at 1 mM) was incubated
with vehicle or LASSBios (10 µM) for 12 h at 37 ◦C. After incubation, an aliquot of 0.1 mL
was used for nitrite measurement as previously cited.

4.14. Cell Migration In Vitro

To assess the effect of LASSBios on cell migration in vitro, J774.A1 cells were plated at
1 × 106 cells per well in 12-well plates (in a final volume of 2 mL) and after 3 h a healing
was made in the well with the aid of a P20 tip. The wells were washed with RPMI to
remove non-adherent cells. In order to inhibit cell proliferation, the anti-mitotic cytosine
Arabinoside (AraC; 10−5 M, Sigma-Aldrich, USA) was added to wells. The cells were
treated with LASSBios (0.1, 1 or 10 µM) and immediately after treatment and after 24 h,
photographs of the wells were performed using an EvosM500 microscope (ThermoFisher).
The healing area was measured with the aid of the ImageJ software. To obtain the results,
three independent experiments were carried out.

4.15. Statistical Analysis

The experimental groups of the in vivo models were composed of 6 to 12 animals
selected at random. The in vitro experiments were repeated at least three times on different
days (and with a different cell lot) and each experimental group was carried out in triplicate.
The results were expressed as mean ± standard deviation (S.D.) and through the analysis
of variance test (ANOVA), statistical significance was calculated followed by the Bonferroni
post-test with the aid of the GraphPad Prisma 8.02 software. p values less than 0.05
(* p < 0.05) were considered significant.

5. Conclusions

Taken together, our data indicate that LASSBio-2039, LASSBio-2040 and LASSB90-2041
present anti-inflammatory effects, demonstrated in an acute model in vivo and in vitro. We
can suggest that these substances could be further studied for the development of new
drug prototypes.
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Abstract: Prostate cancer can significantly shorten the lifetime of a patient, even if he is diagnosed at
an early stage. The development of minimally-invasive focal therapies such as photodynamic therapy
to reduce the number of neoplastic cells while sparing delicate structures is extremely advantageous
for treating prostate cancer. This study investigates the effect of photodynamic therapy performed in
prostate tissue samples in vitro, using quantitative magnetic resonance imaging and histopathological
analysis. Prostate tissue samples were treated with oxygenated solutions of Rose Bengal (RB) or
protoporphyrin IX disodium salt (PpIX), illuminated with visible light, and then analyzed for changes
in morphology by microscopy and by measurement of spin–lattice and spin–spin relaxation times
at 1.5 Tesla. In the treated prostate tissue samples, histopathological images revealed chromatin
condensation and swelling of the stroma, and in some cases, thrombotic necrosis and swelling of
the stroma accompanied by pyknotic nuclei occurred. Several samples had protein fragments in the
stroma. Magnetic resonance imaging of the treated prostate tissue samples revealed differences in the
spin–lattice and spin–spin relaxation times prior to and post photodynamic action.

Keywords: prostate cancer; photodynamic therapy; magnetic resonance imaging; ex vivo

1. Introduction

Prostate cancer is the second most common malignant neoplasm in men [1–7]. Accord-
ing to the World Health Organization, prostate cancer had the highest incidence rate of 1 in
9.3 worldwide, assuming both sexes as the criterion and without the specified range of the
criterion [8]. In prostate cancer, cell growth is a hormonal receptor-stimulated disease [9,10],
and it is one of the few types of neoplasms for which no clear etiological factors can be
indicated [11,12]. Histopathological examination is the basis for the diagnosis of prostate
cancer, in which adenocarcinoma is mainly diagnosed. The acute and chronic forms of
prostate disease include a complex set of diseases that can both lead to and result from
cancer. Diseased states of the prostate require proper diagnosis and treatment, aided by
introducing new focal therapies, such as photodynamic therapy (PDT), which is increas-
ingly being applied as adjunctive therapy for cancer [13–21]. Deeper tumors are a challenge
to treat by PDT due to the limited penetration of light into tissue. One of the conditions
for carrying out PDT is the presence of a photosensitizer (PS) that elicits the cytotoxic
photodynamic effect upon light absorption. Several photosensitizers have been approved
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for clinical PDT and photodynamic diagnosis (PDD), and they are often porphyrin or
chlorin derivatives. Tissue-based photosensitizers (PS) concentrate in cancer tissue, and
local exposure to a PS-infused region causes the production of reactive oxygen species
(ROS), which destroys cells via apoptotic, paraptotic, or necrotic mechanisms (Figure 1).
Singlet oxygen (1O2), generated by a Type II energy transfer from the excited triplet PS
to ground-state oxygen, is believed to be the most important ROS in tissue-based PDT
and vascular PS, such as the Tookad® reactions via Type I processes, to generate hydroxyl
radicals that damage tumor vasculature. Photodynamic therapy, used in prostate cancer,
involves intravenous tissue or vascular PS injection, followed by a precise delivery of
low-power laser light by optical fibers embedded in transparent plastic needles [22–24].
Due to the growing need to improve the diagnostic and therapeutic methods for prostate
cancer (including PDT), in vitro experiments are useful. Currently, the development of PDT
includes the synthesis of third-generation PSs that generate ROS as a result of near-infrared
light absorption, lanthanide-doped upconversion nanoparticles that absorb infrared and
emit visible light for deep tissue PDT, and the development of cell membrane-directed
PS [25]. The in vitro results show that photosensitizers consistently and effectively reduce
the viability of neoplastic cells [26,27].

Figure 1. Type I and Type II pathways that elicit photodynamic action. The Jabłoński diagram
above is a simplified graphical representation of Type I and Type II pathways that occur when a PS
absorbs visible light. Singlet states are represented by S, and triplet states by T. The wavy arrows
indicate internal conversion and intersystem crossing. Straight arrows illustrate transitions in which
radiation is emitted or absorbed. S0—singlet ground state, S1—first singlet excited state, S2—second
singlet excited state, PS—ground-state photosensitizer, *PS1—singlet excited-state photosensitizer,
*PS3—triplet excited-state photosensitizer, 1∆g—singlet oxygen (excited state), 1∑g—upper state
excited, 3∑g—triplet oxygen (ground state).

Magnetic resonance imaging (MRI) can be used to detect the differences between
healthy and diseased tissue, track the progression or disappearance of disease, monitor a
course of treatment at the tissue level, locate neoplastic lesions, measure their distribution
and size, and indicate surgical sites [28,29]. Magnetic resonance imaging (MRI) is com-
monly used to detect and characterize prostate cancer before and after PDT. It is challenging
to test tissue samples ex vivo when only using standard coils with large surfaces and vol-
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umes. However, obtaining the relaxation times from individual measurements is extremely
important and valuable in the context of comparing prostate cancer tissue samples before
and after PDT [30,31]. The advantage of MRI is its excellent soft tissue contrast, which
provides a powerful tool for delineating the prostate and prostate cancer. Furthermore, the
1.5-Tesla MRI has a high sensitivity for the detection of clinically significant prostate cancer
and is routinely used in diagnostics [32,33]. In this study, we measured the spin–lattice
(T1) and spin–spin (T2) relaxation times of prostate tissue samples prior to and post PDT.
Spin–lattice mapping is a technique used to calculate the T1 time of a local region of tissue
and display them as a parametric map. The spin–lattice relaxation time reflects the changes
in intracellular and extracellular compartments and is affected by collagen, protein, water
(edema), lipids and iron content [34]. The spin–spin relaxation time, also referred to as
transverse relaxation, is a time constant for the decay of transverse magnetization and is
tissue specific regarding its ability to differentiate healthy from diseased tissue [35]. This
study attempted to evaluate the effect of photodynamic therapy on prostate cancer tissue
ex vivo by combining the clinical MRI measurements of T1, T2, and by histopathological
analyses before and after PDT.

2. Results
2.1. Relaxation Time Measurements

The bar graph in Figure 2 shows the mean T1 and T2 values measured for healthy
tissue and neoplastic tissue prior to the PDT procedure described in Section 4.3.

Table 1. Concentrations of photosensitizers used for PDT experiments, number of samples, and
irradiation wavelength.

Prostate Tissue Sample Photosensitizer Concentrations

Photosensitizer Concentration [mM] Wavelength of Light [nm] Number of Samples

0.1 control, no light exposure 5

Rose Bengal (RB)

control, 0 mM RB 532 5
0.1 532 6
0.2 532 6
0.3 532 6
0.4 532 6
0.5 532 6

3 control, no light exposure 5
Protoporphyrin IX disodium

salt (PpIX)
control, 0 mM PpIX 410 5

3 410 15

The difference in the means for the T1 and T2 relaxation times between healthy
and neoplastic prostate tissue prior to the PDT procedure were both statistically signif-
icant (p < 0.03). For healthy tissue, the mean value for T1 was 1914.10 ± 52.43 ms, and
1506.48 ± 40.07 for the pre-PDT neoplastic tissue. For healthy tissue, the mean value for T2
was 139.37 ± 15.07 ms, and 110.77 ± 16.84 ms for the neoplastic pre-PDT tissue.

Figure 3 presents the compiled mean values of the T1 and T2 relaxation times after the
PDT procedure on the neoplastic prostate tissue samples as a function of RB concentration
and for 3 mM PpIX. We found that the differences in the T1 and T2 relaxation times of
neoplastic tissue prior to and after the PDT procedure with RB were statistically signifi-
cant (p < 0.03). Additionally, differences in the T1 and T2 relaxation times of neoplastic
tissue prior to and after the PDT procedure with 3 mM PpIX were statistically significant
(p < 0.03).
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Figure 2. T1 and T2 relaxation times of healthy and neoplastic tissues (prior to the PDT procedure
and control samples). Average T1 and T2 relaxation times between healthy (number of samples—65)
and neoplastic prostate tissue (number of samples 65) were both statistically significant (p < 0.03).
The number of samples in Figure 2 corresponds to the number of trials listed in Table 1.

Figure 3. Mean values of T1 and T2 relaxation times for tissue treated with RB and PpIX. The difference
in mean T1 and T2 relaxation times prior to and post PDT is statistically significant (p < 0.03). For
comparison, the relaxation times measured for deionized water were T1 = 3245.45 ± 23 ms and
T2 = 134.23 ± 11 ms. For 0.5 mM Rose Bengal, T1 = 2994.68 ± 10 ms and T2 = 129.32 ± 9 ms.
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With an increase in the concentration of RB, the values of both relaxation times de-
creased. The measurement of relaxation times by clinical magnetic resonance imaging is a
sufficient diagnostic tool for distinguishing neoplastic tissues before and after PDT.

2.2. Histopathological Analysis

Figure 4 shows the microscopic images at magnifications of 63× and 100× for prostate
cancer tissue after being subjected to the PDT procedure with RB and PpIX. As a result
of exposure of the tissues to oxygenated photosensitizer solution and light, we detected
an architectural deformation of the nucleoli and chromatin, along with edema and the
appearance of protein fragments. The data indicate that RB and PpIX inhibit the viability of
prostate cancer cells. The histopathology images of neoplastic tissue show a distinct tumor
structure with visible nucleoli and chromatin. Tissue after the PDT procedure with 0.1 mM
and 0.2 mM RB shows discrete chromatin condensation and moderate stroma edema.
Tissue after PDT with 0.3 mM RB shows moderate to relatively massive and enhanced
chromatin condensation with architectural disturbances of the nucleoli. Tissue after PDT
with 0.4 mM RB shows small pycnotic nuclei along with severe architectural damage to the
membrane. Moderate chromatin condensation is visible with well-marked stroma edema.
It was nearly impossible to identify the phase of prostate cancer after PDT with 0.5 mM RB
due to severe architectural disturbances. Massive chromatin condensation, pyknotic nuclei,
and significant architectural disturbances were visible. Tissue after PDT with 3 mM PpIX
revealed cell damage and necrosis features that are easily identified and enhanced. The
number of cancer cells was reduced, and there was swelling (arrows in Figure 4D–I) in the
stroma and a significant amount of protein fragments.

Figure 4. Prostate cancer tissue prior to (pictures A–C) and after the PDT procedure with (D) 0.2 mM
RB, (E) 0.3 mM RB, (F) 0.4 mM RB, (G) 0.5 mM RB, (H,I) and 3 mM PpIX.

Figure 5 shows images from the histological analysis and T1 and T2 maps for the
neoplastic tissue subjected to the PDT procedure using 0.4 mM.
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Figure 5. (a) Distribution of longitudinal relaxation time T1 values in the prostate tissue section
after PDT with 0.4 mM RB; (b) fit factor R2 distribution; (c) a histogram of the values of T1 times
determined from the image (a); (d) distribution of T2 transverse relaxation time values in the prostate
cancer tissue section after PDT with 0.4 mM RB; (e) the distribution of the alignment factor, R2; (f) a
histogram of the T2 time values determined from the image (d).

3. Discussion

By analyzing the effects of the PDT procedure on prostate cancer tissue samples
in vitro, we have determined that RB and PpIX have different effects on the tissue structure.
The effectiveness of PDT in cancer tissue is believed to be associated with the aggregation
of PS in cells. However, the uptake of PpIX and RB in the cellular environment is still
poorly understood. This can be explained by the lack of an analytical method that allows
for precise dosimetry of PpIX and RB in tissue. Here, we demonstrate that the combination
of PDT, histology, and the relaxation time measurement is very robust for monitoring the
photodynamic action in prostate tissue.

PDT is under investigation for a variety of applications in oncology. PDT for prostate
cancer may have a role as an adjuvant local modality, especially in locations where the risk
of failure is high. Additionally, PDT can be delivered at the time of surgical resection. The
use of MRI for monitoring PDT treatment can be transferred to the clinic. According to the
literature, PDT destroys the tumor by three mechanisms. The first mechanism is that ROS
can kill cancer cells directly. The second mechanism is targeting the tumor vasculature,
which obstructs the supply of oxygen and essential nutrients. A third mechanism occurs
when the immune system is activated by PDT, triggering an inflammatory and immune
response against cancer cells [36].

Cancer cells grow rapidly in an uncontrolled manner and have abnormal, disorganized
vascularization with a defective inner lining. As a consequence, the tumor endothelium is
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leaky, and macromolecules may penetrate the extravascular space and be retained longer,
compared to healthy tissues, due to impaired lymphatic drainage in the tumor tissue. This
phenomenon is called the enhanced permeability and retention (EPR) effect and is often
exploited for the treatment of cancer [37].

Additionally, the increased expression of some receptors on cancer cells helps to
lower the pH inside the tumor and the number of macrophages that phagocytose the PS
molecules [38]. Photodynamic therapy is a treatment that employs exogenously produced
ROS to kill cancer cells generated from PS by light activation. Thus, the ROS generated by
the PS is the key mechanism by which PDT elicits cell death and tissue destruction. The
medical application of RB, a photosensitizer with high ROS generation capability, is limited
due to its intrinsic toxicity and insufficient lipophilicity [39]. Protoporphyrin IX, induced by
5-ALA, promotes the generation of ROS and the induction of apoptosis via the activation
of p53 and caspases in normal gastric cells but increases viability in gastric cancer cells.
The molecular pathways involved in PpIX-induced cytotoxicity are not well-defined [40].
RB is reported to cause subcellular damage to the mitochondria, endoplasmic reticulum
(ER), lysosomes, and the Golgi complex. Rose Bengal exerts long-term phototoxicity by
activating both caspase-independent and dependent apoptotic pathways and autophagic
cell death [41].

PpIX, a heme precursor, binds to the mitochondrial translocator protein and is trans-
ported to mitochondria to participate in heme metabolism. The application of porphyrin
derivatives causes massive porphyrin accumulation in cancer cells [42–44]. In order to
assess the effectiveness of PDT therapy in prostate cancer tissue in vitro, magnetic reso-
nance imaging and microscopic examination of the histopathological specimens were used.
Magnetic resonance imaging is able to distinguish the differences between tissue under-
going PDT therapy and healthy tissue. Submission of prostate cancer tissue to the PDT
procedure generates a number of changes in the cellular and structural background due to
the fact that the applied photosensitizer, through the accumulation in cells and exposure
to laser light in the presence of oxygen, generates ROS, which directly or indirectly leads
to cell apoptosis [45,46]. Photosensitizers are taken up by both healthy and diseased cells.
In general, normal tissues are capable of eliminating or clearing a PS over time, while
tumor tissues cannot do this due to non-existent lymphatics. This leads to some retention
of PS in tumor tissue, which, when combined with localized activation light, gives PDT
some additional selectivity. RB was shown to be toxic to cancer cells and to enter cancer
preferentially, but not normal cells [47,48].

Prostate tissue, after extraction and freezing, does not change the morphology of cells.
Many examinations, including those of the prostate, are performed intraoperatively and
after the tumor is frozen. The histopathological examinations before and after freezing did
not show any changes caused by freezing.

MRI can assist in the estimation of tumor volume. While MRI augments standard
clinical and pathologic parameters in predicting advanced disease features and tumor
volume, it is unable to reliably visualize small and well-differentiated cancers that may be
prime candidates for either active surveillance or focal therapy. When it occasionally does
highlight the area of a small, unifocal tumor, image-guided focal ablation may confidently
target that region [49]. In 1980, the first endoscopic PDT procedure was performed for
human lung cancer in a patient with poor cardiopulmonary function in whom surgery
was not possible. This was an advanced squamous cell carcinoma obstructing the right
main bronchus; PDT resulted in the opening of the bronchus. The second case was an
early-stage squamous cell carcinoma of the right upper bronchus in March 1980 [50,51].
The variation in the initial tumor volumes (12–55 mm3) between different tumors within
the same treatment condition could introduce variations in local tumor control [52]. Chang
et al. discussed tumor size-dependent treatment with the use of ethyl pyropheophorbide a
(MPPa) and N-methoxyl purpurinimide (NMPi) in an animal model, where high anticancer
efficacy against small-size tumors was observed, indicating that early treatment with PDT
is effective [53]. Small tumors (5–35 mm3) were found to respond well to a single round of
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PDT, while large tumors (35–65 mm3) showed no response to the same treatment [54]. PDT
with 5-ALA was performed on 14 patients with histologically proven prostate cancer. The
concentration of 5-ALA was 20 mg/kg body weight taken orally. A significant reduction in
the PSA levels was observed 6 weeks after interstitial PDT [55].

As a result of the PDT procedure on prostate cancer tissues, there was chromatin
condensation, stromal edema, nucleolus architectonic disorders, presence of trace protein,
and necrotic cell damage. In a study by Wang et al., in histopathological preparations
of prostate cancer in mice, it was observed that the nuclei of cancer cells treated with
PSMA-1-PDT conjugates were significantly smaller compared to the untreated tumors. This
directly indicated damage to the neoplastic cells with PDT [56]. In an in vivo study in a
mouse model of prostate cancer, the tumor size was reduced due to PDT. Degeneration,
an increased number of apoptotic cells and partial necrosis were observed. By histological
analysis, Liu et al. showed necrosis of prostate cancer cells after PDT treatment with
Nano-gel-Ce6-SAHA. Inflammation of the inflammatory cells in the area of necrosis was
also observed [57]. Zaak et al. observed necrosis, a reduced number of live cancer cells
and an area of apoptosis and necrosis with apoptotic cells in the central part [58]. All
published studies confirmed the efficacy of PDT by analyzing histological slides. Assessing
PDT by MRI is an innovative way to analyze the effectiveness of PDT. In this experiment,
the tissues treated with PDT had lower T1 and T2 values compared to tissues before the
PDT treatment. The mean value for T1 for the pre-PDT tissue was 1506.48 ± 40.07 ms
and 629.31 ± 16.13 ms for the post-PDT tissue. The mean value of T2 for the pre-PDT
tissue was 110.77 ± 16.84 ms and 93.23 ± 16.87 ms for the post-PDT tissue. In research
conducted by Wang et al., preparations after PDT had different T1 and T2 values compared
to the preparations which were tested before PDT [56]. Similar results were obtained by
Fei et al. [30]. Both T1 and T2 relaxation times decreased following PDT of prostate tissue
in vitro. This may be due to the loss of water from tissue, and this effect increased as the
mass of the sample size decreased. This decrease in T1 and T2 is not expected to occur
under in vivo conditions, where processes such as edema and increased hypoxia tend to
increase T1 and T2. In a recent study, the T2 relaxation time measured following PDT of
the brain in vivo [59] increased with a slight increase in T1, which was attributed to tissue
edema and swelling. In these experiments, loss of water from tissue was responsible for the
decreases in T1 and T2., In agreement with this work, the literature shows that the changes
in the T1 and T2 values before and after PDT therapy are significant, which makes MRI a
non-invasive imaging method for monitoring PDT-induced changes.

4. Materials and Methods
4.1. Prostate Tissue Samples

The prostate tissue samples were taken during prostatectomy at Clinical Hospital
No. 1, Rzeszów, Poland. Immediately after removal, the prostate gland was evaluated in the
Department of Pathomorphology, Clinical Hospital No. 1, Rzeszów, Poland. Tissues were
collected from 30 patients diagnosed with advanced prostate cancer (well-differentiated
prostate adenocarcinoma). As a result of the surgery, neoplastic tissue was removed along
with a margin of healthy tissue. The healthy tissue margins that were collected served as
controls in the experiments [60]. Controlled incisions were made, and a tissue fragment
with hyperplasia features (healthy) and 2 or more tissue fragments suspected of a neo-
plastic lesion (diseased) were secured. Fragments with an average size of 8 × 4 × 4 mm3

were collected from the peripheral part of the organ (due to a much higher incidence of
tumors in this area), and the second fragment was collected from the peripheral part of
the organ with a high probability of benign nodular hypertrophy, with average dimen-
sions of 5 × 3 × 2 mm3. The total samples collected from the 30 patients were 65 healthy
and 65 neoplastic. Additionally, the healthy tissues were used as control samples. The
remaining part of the prostate gland was fixed in formalin and subjected to standard
histopathological evaluation. At the moment of acquiring the adenocarcinoma sample, the
grade was not known but was determined later by a microscopic examination using the
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Gleason score. In this way, some samples were later identified as well-differentiated and
some as poorly differentiated. For the PDT experiments, we chose samples with a Gleason
score of 3 + 3 (grade 1) and 3 + 4 (grade 2) [61]. The secured tissue fragments intended for
clinical trial were frozen in a cryostat at temperatures below −17 ◦C and then transported
within 10 min to the tissue bank of the University of Rzeszów for storage at −72 ◦C. On the
day of the experiment, the tissues were thawed to room temperature [62,63]. In all cases, we
did not find extended extracellular spaces or shrunken cells resulting from the freeze–thaw
cycle. These features are more pronounced in tissues stored for longer durations. The study
was conducted in accordance with the Helsinki Declaration and approved by the Ethics
Committee of the University of Rzeszów (protocol code 9/11/2018 and date of approval:
8 November 2018).

4.2. Photosensitizers

In this experiment, the following photosensitizers were used: Rose Bengal (RB) dis-
odium salt (95%) (Sigma Aldrich, St. Louis, MO, USA) at a concentration of 0.1 mM
(5 samples were charged with 0.1 mM RB without illumination, 6 samples of 0.1 mM
RB with illumination), 0 mM (5 samples, illuminated), 0.2 mM (6 samples, illuminated),
0.3 mM (6 samples, illuminated), 0.4 mM (6 samples, illuminated), and 0.5 mM (6 samples,
illuminated); Protoporphyrin IX disodium salt (PpIX) (Sigma Aldrich, St. Louis, MO, USA)
was used for 15 samples at a concentration of 3.0 mM PpIX with illumination, 5 samples
with 3.0 mM PpIX without illumination, and 5 samples with 0 mM PpIX with illumination.
The structures of RB and PpIX are depicted in Figure 6. Water for the preparation of the
photosensitizer stock solutions was purified with a reverse osmosis water treatment system
(AquaB Duo, Fresenius Medical Care, Singapore). The stock solutions of RB and PpIX
were purged with oxygen (99%, STP & DIN Chemicals, Bielsko-Biała, Poland) for 10 min
prior to their addition to the prostate tissue samples. The number of samples and the
concentrations of photosensitizers used in addition to the prostate tissue samples that were
either irradiated or kept in the dark are presented in Table 1.

Figure 6. Structural formulas of photosensitizers (Rose Bengal Sodium Salt and Protoporohyrin IX
Disodium Salt).

4.3. The PDT Procedure

The prostate tissue samples were individually warmed to room temperature and
placed in the center of a plastic Petri dish for the addition of oxygenated photosensitizer
stock solution. The stock solutions of RB (0.1 mM–0.5 mM) or PpIX (3 mM) were purged
with oxygen for 10 min. Immediately after oxygenation, a volume of 0.1 mL of a given stock
solution was topically spread on the tissue dropwise, allowing the solution to cover the
entire surface of the prostate tissue sample. The photosensitizer-coated tissues were then
covered and kept in the dark for 1 h prior to irradiation to allow the PS to penetrate into
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the tissue [64,65]. After 1 h in the dark, the Petri dish containing the coated tissue samples
was placed on a ring stand under a fiber optic cable that was connected to a solid-state
laser via an SMA adapter and illuminated for 15 min. This distance of the light source
from the tissue surface was selected to give an illumination area of 2.5 × 2.5 cm2, and
the illumination of the samples did not cause the tissue to heat above 30 ◦C, as measured
with a CPR-411 temperature probe (Elmetron, Zabrze, Poland). The apparatus for tissue
illumination is depicted in Figure 7. For the illumination of the RB-treated samples, a
solid-state laser (LD Pumped All-Solid-State Green Laser, MGL-III-532 nm/300 mW, Cni
Laser, Changchun, China) provided 532 nm light, and the PpIX treated samples were
illuminated at 410 nm (LD Pumped All-Solid-State Green Laser, MGL-III-410 nm/300 mW,
Cni Laser, Changchun, China).

Figure 7. Experimental setup for illumination of RB-coated prostate tissue samples with an MGL-III
532 nm laser and Fiber Optic Bundle.

Immediately after 15 min of illumination, the tissue samples were cut in half, and one
piece was sealed in an air-tight plastic tube for analysis by MRI, and the other was placed
in a glass vial containing 10% buffered formalin solution (4% formaldehyde solution) for an
eventual histopathological evaluation by microscopy. The control samples that were either
treated with photosensitizer stock solution and not exposed to light or were exposed to light
without photosensitizer were also divided into two pieces and stored in the same fashion.

Laser fluence was calculated using the formulas: energy [J] = power [W] × time [s],
and fluence = energy [J]/area [cm2]. For example, 15 min (900 s) of irradiation on an area
of 6.25 cm2 with a 300 mW laser gives a fluence of 43.25 J/cm2.

4.4. Analysis of Prostate Tissue Samples by MRI

The spin–lattice and spin–spin relaxation times of the prostate tissue samples that were
sealed in an air-tight plastic tube from the PDT procedure were measured with a 1.5 Tesla
Magnetic Resonance 360 spectrometer with a dedicated transmit–receive coil (General
Electric Healthcare, Milwaukee, WI, USA). For the measurements of T1, the repetition
time-TR was tested in the range of 50–15,000 ms by gradually increasing the time. There
were 12 total trials. The value of the TR time was successively selected from the range of
values: 50, 100, 200, 300, 500, 1000, 1500, 2000, 3000, 5000, 10,000 and 15,000 (all measured in
a time unit equal to a millisecond. The technical parameters used in the MRI examinations
were the same for all stages of the examination. The scan matrix was 256 × 256, and
the field of view (FOV) was 6 cm × 6 cm with a section thickness of 1 mm, spacing of
0.5 mm and NEX = 2. The echo-TE time was constant and equal to 3 ms. Maneuvering the
TR-time values made it possible to obtain the fast spin-echo (FSE) sequence, on the basis
of which the MR images of the tested samples and their parameters were obtained. Fast
spin-echo (FSE) imaging reduces the examination time and improves SNR. The test protocol
for determining the T1 relaxation time consisted of the following steps: calibration of the
system; recognition sequence—that is, locating an object in three planes (frontal, sagittal,
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transverse, 3-plane); coronal sequence (T1) of the fast spin-echo—FSE (with different values
of the repetition time-TR).

For measuring the relaxation time T2, different spin-echo (TE) times were used. Differ-
ent TE times (ranging from 1 ms to 250 ms) were used in 12 steps with the same scanning
parameters, except for the repetition time, which was constant and amounted to 10,000 ms,
and the echo time was in the range of 11.8–300 ms (11.8, 20, 42, 68, 85, 102, 130, 160, 200,
230, 250 ms). In this configuration, the repetition time was unchanged and amounted to
15 × 103 ms. The next steps of the measurement were the same as for the T1 relaxation
time (system calibration and recognition sequence), while step 3 was the T2 FSE frontal
sequence, not the T1 FSE. MR scans were performed on pre-PDT and post-PDT tissues. The
T1 values could then be computed pixel-wise from a signal intensity versus a time curve
fitting model. The T2 values could then be computed pixel-wise from a signal intensity
versus echo time curve fitting mode.

A region of interest (ROI) was selected in the imaged tissues to calculate the T1 and
T2 values. The region of interest measurements were selected very close to the tissues
(Figure 8).

Figure 8. Selection of the area of interest for the measured samples: (a) distribution of the longitudinal
relaxation time T1 in the prostate tissue section before PDT; (b) distribution of the R2 fit factor; (c) a
histogram of the values of T1 times determined from image (a); (d) distribution of transverse relaxation
time T2 values in a segment of the diseased tissue before PDT; (e) distribution of the R2 fit factor; (f) a
histogram of the values of T2 times determined from the image (d).
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Postprocessing was performed using a GE workstation (AW_4. 6, General Electric
Healthcare, Milwaukee, WI, USA). When measuring all samples, the ROI was drawn by
hand. The histograms were obtained from the marked ROI areas. On the abscissa of
these graphs, the values of the longitudinal and transverse relaxation time, respectively,
were recorded, while the percentage value of the signal was recorded on the ordinate
axis. General Electric software AV4.6 was implemented to perform a statistical analysis
of T1 (at different TR values) and T2 (at different TE values); the average values of the
T1 and transverse T2 magnetization relaxation times were obtained. The signal intensity
measurements were performed in the default GE software. The measuring of the intensity
of the measurement was used to determine the relaxation times. The measured signal
intensity (SI) for each tissue (normal, pre-PDT, and post-PDT) within the region of interest
(ROI) range was used to calculate the relaxation times, T1 and T2. These values were
calculated in the software on the basis of the increase in the intensity of the magnetic
resonance signal for T1 relaxation and the decay of the signal for T2 relaxation.

4.5. Statistical Significance

The data were analyzed using the Statistica 13.1 software (StatSoft Polska Sp.z o.o.,
Krakow, Poland). In order to compare the relaxation times, a student’s t-test for dependent
samples was used to calculate the p-value parameter. Values were considered significantly
significant when the p-values were ≤ 0.05.

4.6. Histopathological Preparations

Histological slides of the prostate tissue samples were prepared in the Clinical De-
partment of Pathomorphology, Clinical Hospital No. 1. A tissue processor (Leica TP1020,
Leica Biosystems, Deer Park, IL, USA), paraffin tissue embedder (Leica EG1150H, Leica
Biosystems, Deer Park, IL, USA) and coverslipper (Leica CV5030, Leica Biosystems, Deer
Park, IL, USA) were used.

The surgical material for the histopathological examinations was fixed for 24 h in a
10% buffered formalin solution (4% formaldehyde solution). After fixation of the prostate
fragments, tissue sections were collected into cassettes. The tissue material from the
cassettes was rinsed, dehydrated, passed through intermediate fluids and embedded in
paraffin to obtain blocks. The sections were stained with hematoxylin and eosin. For this
purpose, a universal device for staining the histopathological slides was used (Multistainer
LEICA ST 5020, Leica Biosystems, Deer Park, IL, USA). The final step was to cover the
sections with a coverslip; the space between the cover glass and the coverslip was filled
with histofluid.

4.7. Microscopic Analysis

Histological image analysis was performed using a Leica DM1000 LED microscope
(Leica DM1000 LED microscope, Leica Biosystems, Deer Park, IL, USA). The microscopic
image unit was 100 µm. Microscopic images were obtained at magnifications of 40×
and 100×.

5. Conclusions

The histopathological images of neoplastic prostate tissue samples subjected to the PDT
procedure showed chromatin condensation, stromal edema and, in some cases, thrombotic
necrosis accompanied by pyknotic nuclei occurred. Magnetic resonance imaging of prostate
cancer tissue samples has been shown to be a helpful diagnostic tool in distinguishing
pre- and post-PDT neoplastic tissue. Due to the fact that MRI provides information on
the values of water relaxation times and their differences in healthy and neoplastic tissue,
it is possible to assess the physico-chemical differences in tissues. The results of these
experiments indicate the invaluable role of the usefulness of MRI relaxation times in tissue
differentiation. The in vitro PDT therapy, using MRIs and histopathological analyses,
enabled us to monitor the changes in neoplastic cells. It seems that the experiment may lead
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to further exploration of the in vitro and in vivo monitoring of PDT by MRI. Preclinical and
clinical applications of PDT have shown promising results in prostate cancer. Photodynamic
approaches used in prostate cancer treatment can have severe side effects, and it is necessary
to improve the treatment by developing new PSs and dosimetric analyses.
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Abstract: MAFB is a basic leucine zipper (bZIP) transcription factor specifically expressed in
macrophages. We have previously identified MAFB as a candidate marker for tumor-associated
macrophages (TAMs) in human and mouse models. Here, we analyzed single-cell sequencing data
of patients with lung adenocarcinoma obtained from the GEO database (GSE131907). Analyzed
data showed that general macrophage marker CD68 and macrophage scavenger receptor 1 (CD204)
were expressed in TAM and lung tissue macrophage clusters, while transcription factor MAFB was
expressed specifically in TAM clusters. Clinical records of 120 patients with lung adenocarcinoma
stage I (n = 57), II (n = 21), and III (n = 42) were retrieved from Tsukuba Human Tissue Biobank Center
(THB) in the University of Tsukuba Hospital, Japan. Tumor tissues from these patients were extracted
and stained with anti-human MAFB antibody, and then MAFB-positive cells relative to the tissue
area (MAFB+ cells/tissue area) were morphometrically quantified. Our results indicated that higher
numbers of MAFB+ cells significantly correlated to increased local lymph node metastasis (nodal
involvement), high recurrence rate, poor pathological stage, increased lymphatic permeation, higher
vascular invasion, and pleural infiltration. Moreover, increased amounts of MAFB+ cells were related
to poor overall survival and disease-free survival, especially in smokers. These data indicate that
MAFB may be a suitable prognostic biomarker for smoker lung cancer patients.

Keywords: biomarker; cancer severity; cancer prognosis; MAFB; tumor-associated macrophages

1. Introduction

V-maf musculoaponeurotic fibrosarcoma oncogene homolog B (MAFB) belongs to
the large Maf transcription factor family and is a bzip transcription factor that regulates
target gene expression [1]. Mafb is expressed in several tissues and is associated with the
differentiation of various cell types, such as kidney podocytes [2], keratinocytes [3], and
pancreatic α-cells and β-cells [3,4].
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In the hematopoietic cell lineage, a transcriptome analysis using multi-dendritic cell
(DC) and macrophage subsets showed that the expression of Mafb is associated specifically
with monocyte-macrophage lineage and not DC lineage [5]. An increase in Mafb expression
was observed in anti-inflammatory M2-type macrophages in vitro [6]. Moreover, MAFB in
macrophages plays an essential role in resolving inflammation in ischemic conditions, effe-
rocytosis preventing autoimmunity, and inhibiting macrophage apoptosis in atherogenic
conditions [7–9], indicating that MAFB regulates the homeostatic function of macrophages.
Lung alveolar macrophages (AM) express a low level of MAFB [5]; however, exposure to
cigarette smoke progressively increased the expression of Mafb in a mouse model [10]. Even
though patients with chronic obstructive pulmonary disease also exhibit increased Mafb
expression [11], the relationship between exposure to cigarette smoke, Mafb expression,
and lung cancer remains largely unidentified.

Tumor-associated macrophages (TAM) are the major cell populations of the tumor
microenvironment (TME) and promote tumor progression, metastasis, angiogenesis, and
resistance to therapy [12]. A higher infiltration of TAMs is often associated with a high
mortality rate in various cancers [13]. M2 macrophage markers such as CD163, CD68,
CD206, and CD204 are TAM markers that are widely used to assess cancer progression [14].
However, distinguishing M1 and M2 macrophages within the TAM in vivo remains chal-
lenging [15]. Consistent with this, CD163 and CD206 are reported to be expressed on
M1-like TAMs or DCs that stimulate T cell activity in gastrointestinal tumors and ovar-
ian ascites [16,17]. CD204 is also expressed in dendritic cells [18] in angioblastic T cell
lymphoma (AITL); however, CD204 was not expressed in TAM [19]. Even though CD68,
CD163, and CD204 have been widely used to assess the severity and outcome of human
cancers [14,20], opinion on what constitutes the definitive TAM marker remains controversial.

We have previously reported Mafb expression in M2-type TAMs in a mouse tumor
model of Lewis lung carcinoma. Furthermore, we have shown a significant upregulation of
MAFB in human lung carcinomas (stage I and stage III) [21]. However, the lack of expres-
sion of Mafb in AM, along with its cigarette smoke-induced increase in expression [5,10],
led us to hypothesize that MAFB could be a potential TAM marker for lung cancer. Here,
we analyzed the single-cell RNA sequence (scRNA-seq) data of human lung cancer pre-
viously reported to exhibit a lack of MAFB expression in AM but expressed specifically
in another macrophage lineage. Further, the lung tissue of 120 patients with lung cancer
was immunostained using an anti-MAFB antibody, and the association between MAFB and
cancer-related parameters was analyzed. Our results indicated that Mafb is highly specific
for TAM and is a potential prognostic marker. Moreover, MAFB was also identified as a
prognostic marker that can predict the risk of mortality among smoker patients.

2. Results
2.1. MAFB Is Specifically Expressed in Monocytes/Macrophages but Not Alveolar Macrophages in
Both Normal and Cancerous Tissue

It has been shown that in a mouse model, Mafb is not expressed in AM [5]. Expecting
the same for humans, MAFB may be a more specific TAM marker in lung cancer than
other M2 macrophage markers. Therefore, we compared the distribution of MAFB and
other macrophage markers, CD68 and CD204, using scRNA sequencing data of lung cancer
patients, including normal lung, tumor tissue (stage I and III, n = 7), and advanced tumor
tissue (stage IV, n = 4), as reported by Kim et al. (GSE131907) [22]. There were 34 clusters in
all samples (Figure S2A). The myeloid series was extracted and analyzed using myeloid
markers, LYZ, MARCO, CD68, and FCGR3A (Figure S2B). The extracted myeloid population
had 18 (labeled 0–17) clusters, which were classified according to the expression of marker
genes into AM, (cluster 0, 4, 10, 15), ML (cluster 2, 3, 5, 6, 9, 11, 13, 16), Mo (cluster 1, 8), and
DC (cluster 7, 12, 14, 17) (Figures 1A and S3A). Interestingly, all macrophage populations
were identified in normal lung, tumor, and advanced tumor samples. AM was found in
cancer tissue; however, the number of AM decreased with advancement in cancer stage
(Figure 1B).
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Figure 1. Single-cell RNA sequencing (scRNA-seq) analysis obtained from 44 patients with treatment-
naive lung adenocarcinoma. Single-cell RNA raw data included normal lung tissue (n = 11), tumor
tissue (stage I and III, n = 7), and advanced tumor tissue (stage IV, n = 4). Raw data were downloaded
and processed using sctransform function in Seurat (v3). (A) Identified 17 clusters of the myeloid
population. (B) monocytes (Mo), alveolar macrophages (AM), macrophages lineage (ML), and
dendritic cells (DC) cluster distribution in normal lung tissues, tumors, and advanced tumors.
(C,D) CD68 expression pattern in normal lung tissues, tumor, and advanced tumor. (E,F) CD204
expression pattern in normal lung tissues, tumor, and advanced tumor. (G,H) MAFB expression
pattern in normal lung tissues, tumor, and advanced tumor. (I) Heatmap analysis of the expression
of MAFB, CD68, and CD204 in AM. (J) Heatmap analysis of the expression of MAFB, CD68, and
CD204 in monocytes. (K) Heatmap analysis of the expression of MAFB, CD68, and CD204 in
macrophage lineage.
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We further analyzed the expression patterns of CD68 and CD204 in normal lung
and cancer tissues. Our results showed that CD68 was expressed in ML and Mo clus-
ters in normal lung and cancer tissues; however, strongly expressed in AM clusters
(Figure 1C,D). CD204 was also expressed in the ML clusters in tumor tissues and the
AM clusters (Figure 1E,F). Compared to CD68 and CD204, MAFB was markedly less ex-
pressed in AM and specifically expressed in ML and Mo in all data from normal lung and
cancer tissues (Figure 1G,H). A heatmap analysis confirmed MAFB expression in myeloid
clusters, and the results showed lower MAFB expression in all the AM clusters (0, 4, 10, 15)
compared with expression levels of CD68 and CD204 (Figure 1I). A higher level of MAFB
expression was observed in the Mo cluster, than CD68 and CD204, suggesting that MAFB
is expressed in infiltrating monocytes (Figure 1J). Consistently, the expression pattern of
CCR2, a chemokine receptor for monocytes, was similar to that of MAFB in the monocyte
clusters (Figure S3B). In the ML, MAFB, CD68, and CD204 were all expressed in clusters
2, 5, and 6 of the stage I samples, while cluster 9 showed strong expression of MAFB. As
for cluster 13, CD68 was strongly expressed in stage I and CD204 in the advanced tumor,
but MAFB was not expressed (Figure 1K). These results indicate that MAFB, CD68, and
CD204 could be identified as markers of TAM but have different expression patterns among
subsets of human macrophages.

2.2. Higher MAFB+ Cell Density May Be Associated with Poor Clinical Prognosis among Lung
Cancer Patients

Cancer diagnostic TAM markers, CD68, CD204, CD206, and CD163, are expressed
on lung tissue AM (Figures 1 and S3C); however, the poor MAFB expression on AM
might significantly impact the assessment of cancer progression using TAM as an indicator.
Therefore, to investigate whether the density of MAFB-positive cells is related to the clinical
features of the tumor, we collected and analyzed cancer tissues from 120 patients with lung
adenocarcinoma with or without nodal involvement (stage I, II, and III) admitted to the
Tsukuba University Hospital between 2010 and 2019 (Table S1). The cancer tissues were
immunostained using an anti-MAFB antibody, and the number of MAFB-positive cells
relative to the tissue area was counted. The patients were ranked according to the MAFB+

cell density into low (25%) (low-MAFB+ group; n = 30, MAFB+ density ≤ 0.005), mid (49%)
(mid MAFB+ group; n = 59, MAFB+ density = 0.006–0.016), and the higher (26%) (high-
MAFB+ group; n = 31, MAFB+ density ≥ 0.017). The signals of MAFB staining differed
significantly in each group (Figure 2A,B). Moreover, the high-MAFB+ group presented
with significantly large tumors (Figure 2C). The correlation between the three groups, low-,
mid-, and high- MAFB+ cell density with the recorded clinical features of the patients was
analyzed using Fisher’s exact test (Table 1).

The patients did not differ significantly in age < 70 years versus ≥ 70 years (p = 0.22),
or smoking status (p-value = 0.30). The female-to-male ratios were significantly different
in the mid-MAFB+ group (male: female, 21:38) and the high-MAFB+ group (male:female,
20:11, p < 0.03). No significant association between smoking habits and the MAFB cell
population was identified; however, patients with smoking habits tended to cluster more
in the high-MAFB+ group (never: former/current, 8:23). Most of the patients with stage
I adenocarcinoma were grouped into the low-MAFB+ (stage I: stage III, 24:6), while a
significant number of patients with stage III adenocarcinoma were grouped into the high-
MAFB+ group (stage I:stage III, 3:28, p < 0.01). Similarly, clinical characteristics related
to cancer recurrence, including nodal involvement, lymphatic permeation, and vessel
invasion, were lower in tissues with low-MAFB+, while the high-MAFB+ group showed a
significant correlation. Most of the tissues with low-MAFB+ showed no pleural infiltration.
These findings suggest that higher MAFB+ cell density may be associated with poor clinical
prognosis among patients with stages I, II, and III lung adenocarcinoma.
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Figure 2. Grouping non-metastatic lung adenocarcinoma tissue according to MAFB+ cells density.
(A) Representative data of immunohistochemical analysis of human lung adenocarcinomas with
anti-human MAFB. Arrows point out the MAFB-positive cells. (B) MAFB-positive area relative to
tissue area (MAFB/tissue area) was morphometrically quantified. Tissue samples were grouped
into top 25% (high-MAFB+ group, MAFB expression area/tissue area = 0–0.005 (n = 30)), 25–50%
(mid-MAFB+ group, MAFB expression area/tissue area = 0.006–0.016 (n = 59)), and bottom 25%
(low-MAFB+ group, MAFB expression area/tissue area = 0.017–0.121 (n = 31)). (C) MAFB expression
in three groups was tested for correlation to tumor sizes. Data are presented as means ± SEM; data is
considered significant at * p < 0.05, ** p< 0.01.

Table 1. Correlation between MAFB+ cell density and the clinicopathological factors in non-metastatic
lung adenocarcinoma.

Low-MAFB+ (≤0.005) Mid-MAFB+ (0.006–0.016) High-MAFB+ (≥0.017) p-Value of
Fisher’s Exact TestVariables No of Case n = 30 (25%) No of Case n = 59 (49%) No of Case n = 31 (26%)

Age (y)

<70 20 (67%) 39 (66%) 15 (48%)

0.2249≥70 10 (33%) 20 (34%) 16 (52%)

Gender

Male 15 (50%) 21 (36%) * 20 (65%) *

0.0302Female 15 (50%) 38 (64%) * 11 (35%) *

Smoking history

Never 12 (40%) 25 (42%) 8 (26%)

0.3046Former or current 18 (60%) 34 (58%) 23 (74%)

Clinical Stage

I (n = 57) 24 (42%) *** 30 (53%) 3 (5%) ***
<0.001

II + III (n = 63) 6 (10%) *** 29 (46%) 28 (44%) ***
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Table 1. Cont.

Low-MAFB+ (≤0.005) Mid-MAFB+ (0.006–0.016) High-MAFB+ (≥0.017) p-Value of
Fisher’s Exact TestVariables No of Case n = 30 (25%) No of Case n = 59 (49%) No of Case n = 31 (26%)

Cancer Recurrence

Negative 22 (73%) * 33 (56%) 10 (32%) *

0.006Positive 8 (27%) * 26 (44%) 21 (68%) *

Nodal involvement

Negative (N−) 24 (80%) *** 32 (54%) 4 (13%) ***

<0.0001Positive (N+) 6 (20%) *** 27 (46%) 27 (87%) ***

Lymphatic permeation

Ly(–) 26 (87%) *** 34 (58%) 12 (39%) **

<0.001Ly(+) 4 (13%) *** 25 (42%) 19 (61%) **

Vessel invasion

V(–) 23 (77%) *** 26 (44%) 5 (16%) ***

<0.0001V(+) 7 (23%) *** 33 (56%) 26 (84%) ***

Pleural infiltration

PL(–) 23 (77%) * 31 (53%) 13 (42%)
0.019

PL(+) 7 (23%) * 28 (47%) 18 (58%)

According to density of cells expressing MAFB, 120 lung adenocarcinoma patients with stages I, II, and III were
grouped into low-MAFB+, mid-MAFB+, and high-MAFB+ cell density groups. Correlation between MAFB
expression and clinical factors among groups was recorded and statistically analyzed using Fisher’s exact test,
* p < 0.05, ** p < 0.001, *** p < 0.0001.

2.3. High-MAFB+ Cell Density Indicated a Higher Mortality Risk

Many studies have shown that TAM markers are associated with survival in lung
cancer patients [13]. Therefore, we analyzed whether the MAFB+ cell density was associated
with survival rates of the patients with non-metastatic (Stage I to III) lung adenocarcinoma.
Figure 3A,B show the OS and DFS of low- (black line), mid- (green line), and high- (red line)
MAFB+ cell density groups. The curves indicate that high-MAFB+ cell density indicated
a higher mortality risk as the mean survival time (MST) for the low-, mid-, and high-
MAFB+ groups were 114.7 months, 104.4 months, and 75.5 months (p < 0.001, log-rank test),
respectively (Figure 3A).

In terms of DFS, the MST in the low-, mid-, and high-MAFB+ group was 96.4 months,
78.6 months, and 39.9 months (p < 0.001, log-rank test), respectively (Figure 3B). Compared
with the MST of nodal involvement; negative (−) with an OS of 109.0 months and positive
(+) with an OS of 92.4 months; the low-MAFB+ patients showed longer OS than patients
with (−) nodal involvement and high-MAFB+ patients showed a 17 month shorter OS than
patients with nodal involvement (Figures S4 and 3A,B).

Furthermore, Pearson correlation analysis showed that MAFB+ cell density was nega-
tively correlated with OS or DFS (Figure 3C, R score: −0.37, p < 0.001, D, R score: −0.38,
p < 0.001). Consistently, the univariate analysis using the Cox hazard test disclosed that the
OS (low vs. Mid, p = 0.0791, low vs. high, p = 0.0011) and DFS (low vs. mid, p = 0.0828,
low vs. high, p = 0.0018) was associated with MAFB expression and other factors except
for sex and age (Table 2).

On the other hand, multivariate analysis suggested that MAFB expression was less
influential than smoking history and nodal involvement. (Table 2).

These results suggest that grouping by the degree of MAFB expression allows a more
detailed examination of hazard and mortality risk in patients with stage I to stage III lung
adenocarcinoma. Thus, MAFB+ cell density may be an ideal predictor of the hazard ratio
and DFS in these patients after surgery.
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Figure 3. OS and DFS of low-, mid-, and high- in MAFB+ cells Kaplan–Meier analysis of (A) overall
survival and (B) disease-free survival of the three groups: low-MAFB+, mid-MAFB+, and high-
MAFB+. Difference in survival was compared using log-rank test. Pearson correlation analysis was
performed between MAFB expression and (C) survival time (R score: −0.366, p = 0.000043) and
(D) disease-free survival (R score: −0.378, p = 0.000023). Data are presented as means ± SEM; data is
considered significant at * p < 0.05; ** p < 0.01.

2.4. MAFB Could Be a Prognostic TAM Marker for Patients with Smoking Habits with Lung
Adenocarcinoma

Univariate and multivariate analyses have revealed that smoking history and MAFB
expression affect survival (Table 2). A previous study showed that cigarette smoke induces
MAFB expression in lung macrophages in a mouse model [10]. Therefore, we decided to
analyze whether there is any relationship between smoking and MAFB expression. We
first checked the correlation between MAFB expression level and smoking index, but no
association was observed (Figure S5). Next, we decided to ascertain whether the intensity
of MAFB expression is related to survival in smokers and non-smokers. Our results showed
that the OS rates of smokers (n = 75) were significantly lower compared to non-smokers
(n = 45) (Figure S6A). Furthermore, we examined OS and DFS of low, mid, and high-MAFB+

in both smoking and non-smoking patients and found that the survival was significantly
lower in the high-MAFB+ group only in smokers (Figure 4A).

The effects of cigarette smoking on men and women have long been a subject of
controversy [19]. The samples included female smoker n = 24, female non-smoker n = 40,
male smoker n = 51, and male non-smoker n = 5. Our results showed that female smokers
had significantly lower OS rates (Figure S5B). In men, an accurate comparative analysis
could not be performed as the number of non-smokers was only about 10% of smokers
(Figure S6C). For women, we separately compared the survival curves for MAFB expression
intensity for non-smokers and smokers. The results showed no significant difference in
survival by MAFB expression intensity in the non-smoker group, but a dramatic difference
in OS and DFS was observed in the smoker group. Since most of the men were smokers,
we could not obtain data on survival curves for non-smokers; however, smokers showed a
significant difference in DFS according to the intensity of MAFB (Figure 4C). These data
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indicate that MAFB could be a prognostic TAM marker for patients with smoking habits
with lung adenocarcinoma.

Figure 4. OS and DFS analysis in smokers and non-smoker patients. Kaplan–Meier analysis of (A) the
overall survival and disease-free survival of the low-MAFB+, mid-MAFB+, and high-MAFB+ in the
total smoking and non-smoking patients; (B) the overall survival and disease-free survival of the
low-MAFB+, mid-MAFB+, and high-MAFB+ in female smoker and non-smoker groups; and (C) the
overall survival and disease-free survival of the low-MAFB+, mid-MAFB+, and high-MAFB+ in male
smoker and non-smoker groups. Difference in survival was compared using log-rank test. *, p < 0.05;
**, p < 0.01.
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Table 2. Univariate analysis of disease-free survival and overall survival in non-metastatic lung
adenocarcinoma stages.

Univariate Analysis Multivariate Analysis

Disease-Free Survival Overall Survival Disease-Free Survival Overall Survival

Hr (95% Ci) p Value Hr (95% Ci) p Value Hr (95% Ci) p Value Hr (95% Ci) p Value

MAFB
(low versus mid)

2.998
(0.9882–12.95) 0.0828 3.039

(1.001–13.13) 0.079 1.665
(0.5008–7.565) 0.4468 1.966

(0.5985–8.859) 0.3086
MAFB

(low versus high)
7.423

(2.393–32.44) 0.0018 8.105
(2.620–35.36) 0.0011 1.773

(0.4873–8.669) 0.4230 2.001
(0.5587–9.646) 0.3263

Gender
(male versus female)

1.856
(0.9236–3.847) 0.0861 1.826

(0.9081–3.790) 0.095

Smoking
(Yes versus No)

3.115
(1.369–8.376) 0.0122 0.3208 3.117

(1.368–8.390) 0.0123 3.106
(1290–8.724) 0.0182 2.989

(1.231–8.437) 0.0235

Age (<70 versus ≥70) 1.010
(0.9697–1.058) 0.6397 1.013

(0.9715–1.062) 0.5578

Pstage (I versus II + III) 7.500
(3.194–20.72) <0.0001 8.464

(3.614–23.24) <0.0001
Nodal involvement

(Yes versus No)
6.497

(2.880–16.71) <0.0001 7.723
(3.411–19.85) <0.0001 4.382

(1.555–13.88) 0.0078 5.304
(1.845–17.12) 0.0032

Lymphatic invasion
(Yes versus No)

3.072
(1.522–6.398) 0.002 3.294

(1.626–6.887) 0.0011 1.049
(0.4812–2.384) 0.9064 1.094

(0.4918–2.522) 0.8285

Vessel invasion
(Yes versus No)

5.444
(2.377–14.71) 0.0002 4.875

(2.136–13.14) 0.0005 1.843
(0.6468–5.939) 0.2753 1.370

(0.4730–4.458) 0.5786

Pleural infiltration
(Yes versus No)

2.740
(1.350–5.803) 0.0062 2.644

(1.306–5.585) 0.008 1.228
(0.5665–2.793) 0.6108 1.216

(0.5498–2.805) 0.6363

Statistically significant differences between groups were determined using Cox proportional hazard model
(p < 0.05). HR, hazard ratio; CI, confidence interval.

3. Discussion

TAMs and AMs are thought to coexist in the lung tissues from the early stages of
cancer [22]. However, the cell-specific expression of MAFB remains largely unidentified.
In our previous report, tumor samples from patients with lung adenocarcinoma showed
MAFB expression in locations comparable to CD68- and CD204-positive TAMs and were
abundant in severe stages of cancer [21]. In this study, the scRNA-seq analysis of patients
with lung cancer showed MAFB expression in monocytes of tumor and advanced tumor
tissue, while no other markers (CD204, CD68, CD206) were expressed (Figure 1J). In
particular, in myeloid cluster 8, MAFB expression increased in tumors and advanced
tumors. Similar expression patterns for CCR2 were observed in Figure S3B. CCR2 is the
receptor for CCL2 which induces monocyte infiltration in tumors including lung cancer [23];
therefore, MAFB may be a potential indicator for monocyte infiltration. Although it is
difficult to measure the actual percentage of monocyte infiltration, the CCR2-expressing
cells in this analyzed data accounted for approximately 3% of the total cells in normal lung
tissue and increased to 6% or 11% in tumors or advanced tumors, respectively (Figure S3B).
This may indicate that TAM infiltration increases as the tumor stage advances, but it is
difficult to clearly measure the extent of TAM infiltration considering conditions such as
tumor removal site, sample preparation method, and individual differences. Further study
is required to analyze whether MAFB can be established as a marker of invasion.

Moreover, unlike other TAM markers, MAFB was not expressed in AM. Our re-
sults were consistent with previous reports stating that Mafb was highly expressed in
macrophage-colony stimulating factor (M-CSF)-derived macrophages but not expressed
in the alveolar granulocyte macrophage-colony stimulating factor (GM-CSF)-derived
macrophages. Since MAFB inhibits the self-renewal of macrophages, AMs have self-
renewal ability [24]. Hence, our study suggests that MAFB shows a higher specificity to
the macrophage/monocyte cell population than other cancer markers studied and could
be used to identify patients with early stages of lung adenocarcinoma.

Previous studies have identified CD204+ TAMs as prognostic markers in non-small
cell lung carcinoma (NSCLC), especially in lung adenocarcinoma [25], and the combined
use of CD47 and CD68 was reported to predict the survival of eastern-Asian patients with
NSCLC [26]. Further, CD68+CD163+ or CD68+CD206+ markers were used to identify M2-
polarized TAMs in lung adenocarcinoma. The levels of M2 macrophages (CD68+CD206+)
were positively associated with peritumoral lymphatic microvessel density, but nega-
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tively associated with the patient’s prognosis [27]. Moreover, the accumulation of CD163+

macrophages is closely correlated with a poor prognosis in lung cancer, and the increased
density of CD68+CD163+ macrophages in tumor nests and stroma was associated with
lymph node metastases [27]. However, no such association was observed with recurrence-
free survival, OS, and TNM stages [14,28]. Similarly, CD68+CD163+M2 were also correlated
with OS and DFS in NSCLC. A higher correlation was observed between increased in-
filtration of macrophages and clinical characteristics, including LUSC, EGFR status, and
smoking habits [29]. However, the use of MAFB as a predictive marker for the survival
of patients with non-metastatic lung adenocarcinoma remains unidentified. Our results
showed that MAFB+ cell density correlated with clinicopathological characteristics in pa-
tients with stage I, II, and III lung adenocarcinoma. A higher MAFB+ cell density correlated
with poor clinical outcomes, including poor pathologic stage, higher recurrence rate, nodal
involvement, lymphatic permeation, and vessel invasion. An association with high hazards
rate, poor OS, and DFS was also observed among these patients.

Smoking habits or sex differences did not show significant differences in their correla-
tion with the OS and DFS in MAFB+ cells. However, one of the limitations of our study
was the relatively small sample size of non-smoking males. Even though only Japanese
patients were included in this study, our results were consistent with previous reports
where the risk of lung cancer was comparable in both women and men exposed to tobacco
smoke in patients from Germany and Italy [30]. Compared to squamous cells or small
cell carcinomas, adenocarcinoma was reported to have a weak association with tobacco
smoking in women from France [19]. Interestingly, smoking was significantly correlated
with a higher density of CD68- and CD204-positive macrophages in tumor stroma [25,31].
It has also been reported that Mafb expression is upregulated in macrophages following
exposure to cigarette smoke in a mouse model [10]. However, whether the increase in
MAFB expression was observed in resident or infiltrating macrophages remained unclear.
Our results indicate that MAFB was expressed in the monocyte-derived macrophages,
but not tissue-resident macrophages, suggesting higher specificity of MAFB expression in
TAMs than other markers, CD68 and CD204. Moreover, all patients with smoking habits
showed higher MAFB+ cell density and were at risk of poor OS and DFS, suggesting that
MAFB could be a prognostic TAM marker in smoking patients with early-stage lung ade-
nocarcinomas. We suggest that the correlation between MAFB+ cells density with OS and
DFS in smokers and/or non-smokers patients did not seem to be a sex-related relationship.

Our results suggest that MAFB+ cells could be a suitable predictor for severity and
a prognostic marker for hazard rate, OS, and DFS in patients with non-metastatic lung
adenocarcinoma. Moreover, we suggest that a higher MAFB+ cell density in patients
with smoking habits could also be associated with poor overall and disease-free survival;
however, this association is not sex-related.

4. Material and Methods
4.1. Single-Cell RNA Sequencing (scRNA-seq) Analysis

The single cell RNA-seq recently generated from 44 patients with treatment-naïve
lung adenocarcinoma were analyzed (GEO database accession GSE131907). Single-cell
RNA raw data included normal lung tissue (n = 11), tumor tissue (stage I and III, n = 7),
and advanced tumor tissue (stage IV, n = 4).

The raw data was downloaded, and we used Scanpy (v1.7.2) for the following analyses.
The initial cell number and gene number were 208,506 and 29,634, respectively. We extracted
highly variable genes using “scanpy.pp.highly_variable_genes” function, and 2243 genes
were extracted. We conducted dimension reduction with PCA using the “scanpy.tl.pca”
function and UMAP using the “scanpy.pp.neighbors” function and the “scanpy.tl.umap”
function. By clustering with the Leiden Method using the “sc.tl.leiden” function, cells
were divided into 34 clusters and six clusters which contained myeloid cells (41,726 cells)
were extracted. Dimension reduction and clustering were conducted on these extracted
cells using the same method for all cells. For information about the parameters for these
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analyses, please refer to our GitHub pages (https://github.com/Teppei-Nishino/TAM,
accessed on 30 August 2022)).

We clustered myeloid cell lineages, Alveolar Macrophages (AM), Dendritic cells (DC),
Macrophage Lineage (ML), and Monocytes (Mo), and the analysis was performed using
only these clusters. Statistical analysis and visualization were performed using functions
from Scanpy.

4.2. Immunostaining of Human Cancer Tissues

We analyzed the cancerous tissues of patients with lung adenocarcinoma (n = 120)
from the Tsukuba Human Tissue Biobank Center (THB) at the University of Tsukuba
Hospital. Frozen human lung tumor tissues were sectioned (5 µm), stained, and visualized,
as previously described [21], using 1:50 anti-MAFB (clone OTI2A6; Lifespans Biosciences,
Seattle, WA, USA). Means of three positively stained field areas relative to the tissue area
(MAFB+ cells/tissue area) were morphometrically quantified (Supplementary Figure S1)
using a BZ-X800 analyzer (Keyence, Itasca, IL, USA).

4.3. Evaluation of Clinicopathological Features

The clinical characteristics of patients with lung adenocarcinoma (n = 120) were
retrieved from the clinical records of the University of Tsukuba. The following clinicopatho-
logical factors were considered: age (<70 years versus ≥70 years), sex (female vs. male),
smoking history (non-smokers versus smokers), local metastasis to lymph nodes (nodal
involvement; N0 versus N1), recurrence (positive vs. negative), pathological stage (I, II,
and III), lymphatic permeation (present vs. absent), vascular invasion (present vs. absent),
and pleural infiltration (present vs. absent). The UICC TNM staging system (The Union for
International Cancer Control staging system for tumor size, lymphatic involvement, and
metastasis) was used to classify the severity and extent of the cancer stage.

4.4. Statistical Analysis

Data are expressed as the mean ± SEM and analyzed using Welch’s t-test. The
correlations between the grade of MAFB+ cells density and the clinicopathological factors
were evaluated through Fisher’s exact test. The Kaplan–Meier method was used to estimate
the overall survival time and the disease-free survival, while the difference in survival
was compared using the log-rank test, the two paired groups using the Wilcoxon test,
and the different survival distributions using the Tarone–Ware test. In survival analysis,
we used Dunn–Šidák correction to adjust the p-value, and the curve comparisons were
calculated using the Cox hazard test. The following variables were considered, MAFB+ cells
density, sex, age, smoking, cancer recurrence, tumor stage, nodal involvement, lymphatic
permeation, vessel invasion, and pleural infiltration. The correlation between MAFB+ cell
density and overall survival (OS) or disease-free survival (DFS) was evaluated using the
Pearson correlation test. Differences were considered statistically significant at p < 0.05.
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Abstract: Diffuse large B cell lymphoma (DLBCL) is an aggressive heterogeneous disease. The most
common subtypes of DLBCL include germinal center b-cell (GCB) type and activated b-cell (ABC)
type. To learn more about the pathogenesis of two DLBCL subtypes (i.e., DLBCL ABC and DLBCL
GCB), we firstly construct a candidate genome-wide genetic and epigenetic network (GWGEN) by big
database mining. With the help of two DLBCL subtypes’ genome-wide microarray data, we identify
their real GWGENs via system identification and model order selection approaches. Afterword, the
core GWGENs of two DLBCL subtypes could be extracted from real GWGENs by principal network
projection (PNP) method. By comparing core signaling pathways and investigating pathogenic
mechanisms, we are able to identify pathogenic biomarkers as drug targets for DLBCL ABC and
DLBCL GCD, respectively. Furthermore, we do drug discovery considering drug-target interaction
ability, drug regulation ability, and drug toxicity. Among them, a deep neural network (DNN)-based
drug-target interaction (DTI) model is trained in advance to predict potential drug candidates holding
higher probability to interact with identified biomarkers. Consequently, two drug combinations are
proposed to alleviate DLBCL ABC and DLBCL GCB, respectively.

Keywords: diffuse large B cell lymphoma (DLBCL); deep neural network; drug discovery; drug combination

1. Introduction

Non-Hodgkin lymphoma (NHL), a lymphoid tissue malignancy, is one of the most
prevalent cancers worldwide [1]. Diffuse large B-cell lymphoma (DLBCL) is the most com-
mon subtype of NHL in western countries [2]. Meanwhile, it is a biologically heterogeneous
and aggressive disease. The survival rate is usually less than one year for patients without
treatment. Along with the thriving of DNA array technology, gene expression profiling
studies have confirmed the existence of DLBCL subtypes involving in germinal center B
cells (GCB) DLBCL and activated B cells (ABC) DLBCL. It represents lymphomas caused
at different stages of lymphatic differentiation. Moreover, DLBCL GCB is a lymphocyte
from the germinal center, therefore, it expresses some genes often observed in germinal
center B cells including BCL6 and CD10 [3]. The main pathological feature of DLBCL ABC
is the NFκB signaling pathway resulting in significant impacts on the cell proliferation
and the regulation of apoptosis. It is noted that there is a large difference between DLBCL
GCB and DLBCL ABC in terms of the clinical survival rate. The five-year survival rate of
DLBCL GCB is about 60%, while the five-year survival rate of DLBCL ABC is about 35%.
The pathogenesis of DLBCL in two subtypes is currently unknown.

The current standard therapy for DLBCL is R-CHOP, including five drugs, rituximab,
cyclophosphamide, doxorubicin, vincristine, and prednisone. Among them, rituximab acts
with CD20 to drive caspase-independent cell apoptosis death [4]. However, rituximab-
induced hypogammaglobulinemia occurred [5]. For cyclophosphamide, it could target the
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gene CD95 and trigger activation-induced cell death after activation [6]. One study indicates
that patients treated with cyclophosphamide have a 4.5-fold increased risk of bladder
cancer [7]. Doxorubicin, an anthracycline drug, has been implicated in cardiotoxicity. Its
main mechanisms have something to do with DNA damage, membrane damage, oxidative
stress, and the apoptosis pathways [8]. Targeting the p53 gene to participate in cell cycle
arrest, DNA repair, or apoptosis [9], vincristine is widely used to treat malignant tumors;
however, vocal cord paralysis caused by neurotoxicity has been found [10]. Prednisone, a
glucocorticoid drug, inhibits NFκB and other inflammatory transcription factors, while the
long-term steroid therapy may induce osteoporosis and liver cancer [11,12]. Instead of using
rituximab, novel anti-CD20 agents (i.e., obinutuzumab and ofatumumab) were suggested
for B-chronic lymphocytic leukemia and follicular lymphoma as well [13]. In addition,
several innovative treatments for DLBCL have been approved by the U.S. Food and Drug
Administration (FDA) including the anti-CD79b antibody drug conjugate polatuzumab
vedotin (Pola) with bendamustine and rituximab (Pola-BR) [14]; the oral nuclear transport
(XPO1) inhibitor selinexor [15]; and the combination of the anti-CD19 monoclonal antibody
tafasitamab with the immunomodulatory agent lenalidomide [16,17]. Considering the
different side effects of current treatments, drug combinations with multi-targets therapies
toward DLBCL are worth studying.

It usually takes more than 12 years to develop a novel drug. The average cost of the
drug development is about USD 2.6 billion [18]. There are few drugs that start from actual
human testing that ever make it to marketing [19]. Due to huge demand for new anticancer
drugs and various combinations of cell-target based screenings [20], drug repositioning
based on computational methods has become popular in drug discovery. Drug-target
interaction (DTI) prediction facilitates the process of drug discovery. It is the exploration of
new drugs that interact with a particular target. The computational methods for DTI can be
broadly classified into ligand-based approaches, docking approaches, and chemogenomic
approaches [21]. The concept of ligand-based approaches is to predict the interactions
based on the similarities between the protein ligands. However, without using sequencing
information, it is hard to discover possible novel interactions due to the limitation of known
ligands and protein families [22]. Utilizing 3D structures of proteins as well as drugs, dock-
ing approaches are based on the simulations to predict DTI [23–25], while these tasks would
be challenged for certain membrane proteins, the 3D structures of which are unavailable.
For chemogenomic approaches, it combines the chemical space of drugs and the genomics
space of proteins into feature vectors to overcome the drawbacks of ligand-based and dock-
ing approaches. Chemogenomic approaches is suitable for machine learning (ML) methods
for prediction of DTI [26]. In ML methods, the knowledge about drugs and proteins are
represented by feature vectors that are used to train models for predicting the interactions
between new drugs and/or new targets [27]. Furthermore, different learning-based models
have been developed for DTI predictions, such as deep belief neural networks [28,29],
convolutional neural networks [30,31], multilayer perceptrons [32,33], and graph neural
network [34–36]. From the viewpoint of application, taking advantage of a chemogenomic
approach, we trained a deep neural network (DNN)-based DTI prediction framework in
advance for obtaining potential drug candidates toward the identified biomarkers.

In this study, we propose systems biology methods including systems modeling,
system identification, system order detection scheme, and a principal network projection
method to identify essential biomarkers as drug targets based on investigating pathogenic
molecular mechanisms. Afterward, for identified biomarkers, we follow system drug
design procedure taking drug design specifications into account, such as drug-target
interaction ability, drug regulation ability, and drug toxicity to suggest potential drug
combinations for DLBCL GCB and DLBCL ABC, respectively. The corresponding systems
drug discovery flowchart is shown in Figure 1. It is noted that we build a DNN-based DTI
model in advance for helping us obtain drug candidates, which have higher interaction
probability toward the identified biomarkers (drug targets). Consequently, both famoti-
dine and chlorzoxazone are regarded as common molecular drugs, which contribute to

168



Int. J. Mol. Sci. 2022, 23, 6732

inhibiting tumor metastasis, migration, and invasion for DLBCL ABC and DLBCL GCB.
Furthermore, etoposide is designed specifically for cancer cell DNA damage of DLBCL
ABC, and methotrexate is designed specifically for abnormal cell cycle of DLBCL GCB.

Figure 1. Flowchart of systems drug discovery based on systems biology approaches and drug design
specifications.
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2. Results
2.1. The Pathogenic Molecular Mechanisms in DLBCL ABC

From the core signaling pathways of DLBCL ABC in Figure 2, macrophage migration
inhibitory factor (MIF) is found to be an important regulator of the innate immune system.
MIF is classified as a pro-inflammatory cytokine [37]. MIF binds to CD74 on other immune
cells to trigger an acute immune response [38]. Receptor CD74 (HLA class II histocom-
patibility antigen γ-chain receptor) in DLBCL ABC receives microenvironment factor MIF
(macrophage migration inhibitory factor) to regulate TF STAT3 and MYC [39], respectively.
The signaling transduction protein SRC, which was affected by phosphorylation, could
transmit signals from CD74 to TF STAT3 in DLBCL ABC. Moreover, SRC was phosphory-
lated at the specific tyrosine residue by other tyrosine kinases, playing an important role in
regulating embryonic development and cell growth [40]. Another signaling transduction
protein, SORBS3, encodes a SH3 domain-containing adaptor protein. The presence of the
SH3 domain is responsible for making the protein bind other cytoplasmic molecules, which
are helpful for cytoskeletal organization, cell migration, gene expression and signaling.
The constitutive activation of STAT3 signal promotes the growth, survival, angiogenesis
and metastasis of tumor cells [41]; the overexpression of abnormally acetylated (activated)
TF STAT3 can upregulate its target gene HIF1A [42], thereby promoting cellular functions,
including cell proliferation as well as autophagy and inhibiting apoptosis [43]. At the same
time, TF STAT3 would upregulate the target gene ID2 [44] resulting in the promotion of
cell cycle and epithelial-mesenchymal transition (EMT). Besides, it would upregulate the
target gene BCL2, triggering the inhibition of autophagy and apoptosis. Upregulated by
the acetylated STAT3, TF JDP2 is related to the inhibition of cell differentiation, cell cycle,
and apoptosis. After being modified by the phosphorylation, the activated TF JDP2 would
upregulate the DNA-methylated target gene IL6, which leads to promoting cell apoptosis
and immune response against cancer [45].

Increased expression of SRC would trigger another core signaling pathway trans-
mitting signals to TF FOXL1 through signaling transduction protein HIST1H2BA. FOXL1
plays an important role in regulating the expression of genes involved in cell metabolism,
proliferation and differentiation. The overexpression of FOXL1 can upregulate miRNA
MIR15A. The overexpression of MIR15A awakened by the upstream signals would inhibit
the target genes CCND1 and ACTB to promote their respective cellular functions. However,
the total expression of CCND1, which is also activated by another TF NFκB1 and miRNA
MIR497, is upregulated. Moreover, the target gene CCND1 can promote the cell cycle
progression and the target gene ACTB can promote the cell apoptosis and metastasis.

In the next core signaling pathway, after the ligand MIF combining with the receptor
CD64, the signals are transmitted to TF MYC via the signaling transduction proteins
BIN2, ATL2, and AR in DLBCL ABC. It is known that BIN2 related pathways are immune
system [46]. Moreover, it can facilitate cell movement and migration through podosomes
that interact with cell membrane and mediate cytoskeleton. Among this core signaling
pathway, AR, an androgen receptor, is a DNA-binding transcription factor that regulates
gene expression of BCL2 [47]. It can regulate gene expression in eukaryotes and affect
cell proliferation and differentiation. MYC is a proto-oncogene, which plays an important
role in cell cycle progression, apoptosis and metastasis [48]. Overexpressed TF MYC will
promote the upregulation of the target gene BCL2, further inhibiting cell autophagy and
apoptosis, and promoting immune response.

170



Int. J. Mol. Sci. 2022, 23, 6732

Figure 2. The core signaling pathways of DLBCL ABC. The black dotted line indicates protein–protein
interactions in DLBCL ABC; the black arrow head of solid lines means activating cellular functions;
the black circle head of solid lines means inhibiting cellular functions; the up arrow on the target
gene indicates a high expression. The down arrow on the target gene indicates a low expression.

2.2. The Carcinogenic Molecular Mechanism in DLBCL GCB

The core signaling pathways of DLBCL GCB are shown in Figure 3. The microenviron-
ment factor is a hepatocyte growth factor (HGF). HGF is secreted by mesenchymal cells
and acts as a multifunctional cytokine on cells of primary epithelial origin [49]. Its ability
to stimulate mitosis, cell movement and cytoplasmic matrix invasion makes it angiogenic,
and plays a significant role in tumorigenesis and tissue regeneration [50]. The tyrosine
kinase receptor MET receives the microenvironment factor HGF to regulate TF NFκB1,
EZH2 and MYC, respectively. MET is an essential tyrosine kinase receptor for embryonic
development, organ growth and wound healing. Through the signaling transduction
proteins MAGEF1, IFT172 and GATA2, the mutated GATA2 protein will transmit the signal
from MET to TF NFκB1. Among them, MAGEF1 can promote the degradation of protea-
some and weaken the activity of some DNA repair and metabolic enzymes. In order to
form cilia, IFT is necessary for the movement of other signaling proteins in the cilia [51].
Therefore, IFT172 plays a role in many different signaling pathways. IFT is considered to be
a mediator of Hedgehog signaling and is one of the most important pathways in embryoge-
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nesis. Furthermore, GATA2 plays an important role in regulating the transcription of genes
related to the development and proliferation of hematopoietic and endocrine cells [52]. The
mutation of GATA2 is associated with a variety of genetic and immune diseases, including
myelodysplastic syndrome and acute myeloid leukemia [53]. The overexpressed NFκB1
can upregulate TF JUN. An improper activation of NFκB is related to many inflammatory
diseases, while continuing to inhibit NFκB can cause abnormal immune cell development
or delayed cell growth. This signal transduction event can lead to many biological processes
such as inflammation, immunity, differentiation, cell growth, triggering growth, tumorige-
nesis and apoptosis. TF JUN was found to play an important role in cell proliferation [53].
In DLBCL GCB, TF JUN will downregulate the target gene BCL6 and upregulate the target
gene FOXC1, thereby correspondingly resulting in cell proliferation, autophagy, cell cycle,
epithelial-mesenchymal transition (EMT) and cell metastasis.

Figure 3. The core signaling pathways of DLBCL GCB: The dotted black line indicates protein–protein
interactions of DLBCL GCB; the black arrow head of solid lines means activating cellular functions;
the black circle head of solid lines means inhibiting cellular functions; the up arrow on the target
gene indicates an up-regulation. The down arrow on the target gene indicates a down-regulation.

In addition, after receiving the signal from phosphorylated MET, the signaling transduc-
tion proteins GABARAPL1, CPEB4, and RFC5 transmit the signal to TF EZH2. GABARAPL1
is a protein related to autophagy [54]. CPEB4 is related to the cell cycle progression promot-
ing the growth and proliferation of tumors [55]. RFC5 is involved in DNA replication and
repair. TF EZH2 is responsible for healthy embryo development through the epigenetic
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maintenance of genes, which take charge of regulating development and differentiation [56].
The mutation or overexpression of EZH2 is associated with a variety of cancers [57]. Block-
ing the activity of EZH2 may slow down tumor growth. It is known that EZH2 has become
a target for inhibition as it was upregulated in a variety of cancers [58]. In Figure 2, the
abnormally activated TF EZH2 can upregulate target gene FOXC1, further promoting
cellular functions, including cell proliferation, cell cycle, epithelial-mesenchymal transition
(EMT) and metastasis [59]. In addition, EZH2 will also upregulate FOXD1, causing cell
proliferation, cell cycle and immune response.

In the next core signaling pathway, after HGF binding to MET, the signal will be
transmitted to TF MYC via the signaling transduction proteins ATAD3B, PRPF4, NDUFA7,
and EP300, where ATAD3B is a protein related to immunity, PRPF4 is involved in pre-
mrna splicing and modification [60], and NDUFA7-related pathways include respiration
electronic transportation [61]. The mutant protein EP300 affected by acetylation can pro-
mote the transmission of upstream signals to downstream regulators. EP300 plays an
important role in regulating cell growth and division, and promotes cell maturation and
differentiation. One study indicates that EP300 protein is crucial for normal development
of multicellular organisms before and after birth [62]. The expression of EP300 in DLBCL
is significantly reduced. The mutations in EP300 usually remove or inactivate the histone
acetyltransferase (HAT) coding domain of any gene [63]. In addition, study has pointed out
that TF MYC was usually expressed constitutively in cancer [64], which led to an increased
expression of many genes, some of which were involved in cell proliferation, in turn leading
to cancer formation. The abnormally activated TF MYC will silence miRNA MIR30A [65].
Moreover, the low expression of MIR30A can negatively regulate the target gene FOXD1,
thereby promoting cell proliferation, cell cycle and immune response.

Finally, from the results shown in Figures 1 and 2, although the cancer cells of DLBCL
GCB have a stronger proliferative ability than the cancer cells of DLBCL ABC, we find
that the ability of anti-apoptosis in DLBCL GCB is worse than DLBCL ABC. As a result,
the cancer cells of DLBCL GCB are not conducive to spreading to other cell tissues. In
other words, with stronger anti-apoptosis and anti-immune ability, DLBCL ABC will
possess excessive cancer cell proliferation, which enhance the effect of metastasis and EMT.
Therefore, DLBCL ABC has a higher mortality rate than GCB subtype.

2.3. The Common and Specific Carcinogenic Molecular Mechanism between DLBCL ABC and
DLBCL GCB

In Figure 4, we have investigated the common and specific core signaling pathways
between DLBCL ABC and DLBCL GCB. The microenvironment factor IL9 is a cell growth
factor that can stimulate cell proliferation and prevent apoptosis [66]. Interleukin 9 receptor
(IL9R) accepts IL9, a pleiotropic cytokine, belonging to the group of interleukins, through
the signaling transduction proteins HOOK2, FLII, E2F4 in DLBCL ABC and DLBCL GCB,
to upregulate TF FOXL1. In this core signaling pathway, the transduction signaling protein
FLII plays a role in regulating cytoskeletal rearrangement involved in cell division and cell
metastasis; E2F4 plays an important role in controlling the cell cycle and inhibiting tumor
proteins. TF FOXL1 would regulate the expression of genes involved in cell metabolism,
proliferation and differentiation [67].

The upregulated TF FOXL1 will overexpress MIR15A while MIR15A negatively regu-
lates target genes CCND1 and ACTB, respectively [68]. There have been studies showing
that ACTB will mutate in DLBCL [69]. As for CCND1, it will cause cell proliferation and cell
cycle progression [70]. After DNA replication, the replication chromosomes are separated
into two independent cells. Generally speaking, the cell cycle can be divided into interphase
(I) and mitosis (M). The stages of mitosis include prophase, prometaphase, metaphase,
anaphase and telophase. The interphase (phase I) can usually be divided into the early
stage of DNA synthesis (G1), the period of DNA synthesis (S) and the late stage of DNA
synthesis (G2) [71]. The entire cell cycle can be expressed as: G1 phase→ S phase→ G2
phase→M phase. In G1 phase, the G1 checkpoint mechanism will prepare to ensure DNA

173



Int. J. Mol. Sci. 2022, 23, 6732

synthesis. Once the cell cycle checkpoint (Start or Restriction Point) is passed, the cell
cycle is initiated and the process is irreversible, in which CCND1 is the most important
cell cycle checkpoint [72]. DNA replication occurs in the S phase. During G2, the cells will
prepare for mitosis, but in some cases the cells will jump out of the cell cycle and enter
the so-called G0 phase. In G0 phase, the cells will leave the cycle and stop dividing. In
fact, many cells in the human body are usually in the G0 phase, for example, nerve cells
will never divide. The downregulation of ACTB will inhibit cell apoptosis and promote
cell metastasis. Therefore, this core signaling pathway leads to the proliferation, the anti-
apoptosis and the promotion of metastasis to exacerbate cancer progression in DLBCL
patients. In addition, the receptor IL9R also transmits signals to TF ETS1 through signaling
transduction proteins HOOK2, FLII, CFTR, CASC1, AKT1, where CFTR (cystic fibrosis
transmembrane conductance regulator) is a membrane protein and chloride channel in
vertebrates, which transport negatively charged particles called chloride ions into or out of
the cell [73].

Figure 4. The common and specific core signaling pathways of DLBCL ABC and DLBCL GCB. This
figure summarizes the genetic and epigenetic pathogenic molecular mechanisms of DLBCL ABC and
DLBCL GCB. The core signaling pathways shown in the purple background are the common core
signaling pathways of DLBCL ABC and DLBCL GCB. The blue line indicates specific core signaling
pathways of DLBCL ABC; the red line indicates specific core signaling pathways of DLBCL GCB; the
black line indicates common core signaling pathways of DLBCL ABC and DLBCL GCB; the arrow
head of solid lines means activating cellular functions; the circle head of solid lines means inhibiting
cellular functions. The up arrow on the target gene indicates an up-regulation. The down arrow on
the target gene indicates a down-regulation.

For the next core signaling pathway in Figure 4, the epidermal growth factor receptor
(EGFR) receives the microenvironmental factor EGF, and then the signal is transmitted
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through the transduction proteins via the mutated PIK3CA, DFNA5, CDC37, and the
phosphorylated AKT1 to TF ETS1, in which AKT1 is related to apoptosis [74]. It is found
that AKT1 will phosphorylate AKT and inhibit apoptosis. ETS1 is a TF related to maintain-
ing the proliferation of DLBCL and regulating the differentiation of germinal centers [75].
The overexpression of ETS1 will cause proliferation, survival and differentiation of lym-
phoma cells [76]. Modified by phosphorylation, the TF ETS1 will promote the expression of
MIR15A and MIR497; meanwhile, ETS1 will upregulate the target gene FGF2. Furthermore,
MIR497 will inhibit CCND1 and WNT7A. It is known that WNT7A will promote cell pro-
liferation and metastasis [77]. MIR15A will inhibit CCND1 and ACTB. Although CCND1
is inhibited by MIR15A and MIR497, CCND1 is upregulated by another TF like NFκB1
as well. Hence, the total expression of CCND1 in DLBCL is still upregulated, leading to
subsequent cell proliferation and metastasis. In addition, FGF2 can cause the inhibition
of autophagy [78]. Autophagy is an orderly cell degradation and recycling process in all
eukaryotes. There are generally three different forms of autophagy, including microau-
tophagy, macroautophagy, and chaperone-mediated autophagy (CMA) [79]. One of their
functions is to transport the cargo to the lysosome for degradation and recycling. FGF2 will
also promote cell proliferation and epithelial-mesenchymal transition (EMT). Therefore,
this corresponding core signaling pathway will cause cell proliferation; simultaneously,
autophagy and apoptosis will be inhibited, which further promote cancer cell metastasis
and EMT in DLBCL. Moreover, the formation process of EMT will destroy the adhesion
between normal cells improving the ability of migration and invasion for the cancer cells.
It brings benefit to the cancer metastasis. This process not only accelerates the spread of
cancer cells but also makes cancer cells spread intensely [79].

The microenvironment factor EGF (epidermal growth factor) plays an important
role in regulating cell growth, proliferation and differentiation. After EGF binding to the
receptor EGFR on the cell surface, the signals would be transmitted to TF NFκB1 through
the signaling transduction proteins including the mutated PIK3CA, DFNA5, CDC37, and
the phosphorylated AKT1. The role of PIK3CA is to promote the catalytic reaction of
the message transmission [80]; and the mutation of PIK3CA will change the way of cells,
regulating physiological responses to cause the formation of cancer. DFNA5 also has
been found in other types of cancer such as stomach cancer, colorectal cancer, and breast
cancer. Its characteristic is to induce apoptosis. Among this pathway, CDC37, a molecular
chaperone protein, has a specific function in cell signaling transduction. It binds to a variety
of kinases and regulates cyclin. Moreover, the TF NFκB1 will promote the upregulation
of the target gene CCND1. Improper activation of NFκB is related to many inflammatory
diseases, and continuous inhibition of NFκB will lead to poor development of immune cells
or the delay of cell growth [81]. In summary, this signal transduction event is associated
with many biological processes, such as inflammation, immunity, differentiation, and
cell growth. It finally triggers cell growth, tumorigenesis and apoptosis. Besides, the
upregulated CCND1 further promotes cellular functions including cell proliferation and
cell cycle progression. TF NFκB1 also upregulates the expression of target gene CD274
(PD-L1), which in turn triggers cellular functions of EMT and immune responses [82].

2.4. Systems Drug Design Procedure Considering Drug-Target Interaction, Drug Regulation
Ability, and Drug Toxicity

After investigating pathogenic molecular mechanisms, we identified two pools of
essential biomarkers as drug targets for two subtypes of DLBCL shown in Table 1. The
systems drug design procedure is in Figure S5. Firstly, we consider the drug-target inter-
action ability toward the identified biomarkers in terms of the application of DNN-based
DTI model. Subsequently, filtered by drug regulation ability and drug toxicity, the number
of predicted drug candidates would be narrowed down. For training DNN-based DTI
model, there were 70% of the data as training set, including 10% of the data as validation
set. The remaining 30% of the data were used as the testing set. To the architecture of
DNN-based DTI model, it is a fully connected neural network consisting of one input
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layer, four hidden layers and one output layer, of which four hidden layers have 512, 256,
128, 64 neurons, respectively. The dropout was added in each hidden layer for reducing
overfitting. We used ReLU as the activation function for each hidden layer. In the output
layer, we chose sigmoid to be the activation function for limiting the output value between
zero and one. It is noted that the drugs with higher interaction probability (greater than
0.5) would be selected as drug candidates. Evaluating the robustness of hyperparameters
including the number of nodes, dropout, and learning rate, we performed 10-fold cross
validation. The corresponding 10-fold cross validation results could be found in Figure S6.
The average accuracy of testing is 98.698% (standard deviation: 0.0659). Furthermore, we
plot the receiver operating characteristic curve (ROC) in Figure S7. The area under ROC of
the DNN-based DTI model is 0.99. Here, except for drug-target interaction, we regard drug
regulation ability and drug toxicity as our drug design specifications as well. By referring
to the connectivity map (CMap) [83], we could find the gene signatures after treating with
more than 1300 compounds in numbers of cultivated cell lines. The goal here is to find the
drugs owning the ability to reverse the abnormal gene expression. Meanwhile, according
to the median lethal dose, which is looked up at DrugBank [84], we expect that the selected
candidate small molecules could have less toxicity (Table S4). Consequently, we suggested
famotidine, chlorzoxazone, and etoposide to be the potential multiple-molecule drug for
alleviating DLBCL ABC (Table 2); famotidine, chlorzoxazone, and methotrexate as potential
multiple-molecule drug for mitigating DLBCL GCB (Table 3).

Table 1. The biomarkers (drug targets) are identified for DLBCL ABC and DLBCL GCB.

Cancer Biomarkers (Drug Targets)

DLBCL ABC FOXL1 NFκB1 AKT1 MYC STAT3

DLBCL GCB FOXL1 NFκB1 AKT1 MYC EZH2

Table 2. The multiple-molecule drug and the corresponding target proteins for DLBCL ABC.

Drugs

Targets
FOXL1 NFκB1 AKT1 MYC STAT3

Famotidine O O O

Chlorzoxazone O O O

Etoposide O O O
O: The drug targets to its potential target proteins.

Table 3. The multiple-molecule drug and the corresponding target proteins for DLBCL GCB.

Drugs

Targets
FOXL1 NFκB1 AKT1 MYC EZH2

Famotidine O O O

Chlorzoxazone O O O

Methotrexate O O O
O: The drug targets to its potential target proteins.

3. Discussion

Based on the core signaling pathways, we investigated the downstream carcinogenic
pathogenesis and identified five significant biomarkers as drug targets for DLBCL ABC
and DLBCL GCB, respectively (Table 1). Among these biomarkers, STAT3 and MYC can
influence cancer cell survival and promote proliferation. The immune response of a human
can be inhibited by NFκB1. Both AKT1 and EZH2 are associated with cancer metastasis and
invasion, resulting in the deterioration of tumors. In contrast, FOXL1 can promote apoptosis
and inhibit cancer cell metastasis. In order to reduce the ability of inhibiting apoptosis and
promoting proliferation by HIF1A, to diminish the ability of promoting proliferation and
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cell cycle by ID2, to decrease the ability of reducing apoptosis, and to reduce the ability
of inhibiting autophagy and suppressing immunity by BCL2, STAT3 was selected as the
biomarker to be inhibited. For enhancing the ability of promoting apoptosis and inhibiting
metastasis caused by the target gene ACTB, FOXL1 was selected as a biomarker to be up-
regulated. Moreover, to reduce the ability of inhibiting autophagy, promoting proliferation
and EMT by FGF2, and to inhibit the ability of promoting cancer cell metastasis by WNT7A,
AKT1 was selected as a biomarker to be inhibited. In addition, considering the significant
impact of immune response on DLBCL ABC and GCB, NFκB1 was selected as the drug
target to be inhibited, thereby reducing the ability of both suppressing immune response by
CD274 and promoting cell cycle and proliferation by CCND1. For the purpose of reducing
the ability of promoting proliferation, metastasis, and EMT by FOXC1 and reducing the
proliferation caused by FOXD1, EZH2 was selected as a biomarker to be down-regulated.

Using immunotherapy against cancer gains a lot of attention in recent years. Here,
we selected NFκB1 as a drug target to indirectly inhibit PD-L1 and block the related
mechanisms having contribution to escape immunity. Among the proposed two multiple-
molecule drugs, chlorzoxazone is a drug for treating muscle spasms [85]. It acts on the
spinal cord by suppressing reflexes. One tumor related study has shown that it was used
with other drugs to inhibit tumor growth, including tumor metastasis, migration, and
invasion [86]. It is known that STAT3 and NFκB1 are significant activators of carcinogenic
signal transduction. Chlorzoxazone can effectively reduce the expression of STAT3, NFκB1,
and EZH2, and upregulate FOXL1, therefore, it might be an effective drug for DLBCL. In
addition, famotidine could decrease the production of stomach acid. Its pharmacologic
activity is used in the treatment of acid-related gastrointestinal conditions, including duode-
nal ulcer, esophageal adenocarcinoma and chronic gastroesophageal reflux disease in adults
and children. Meanwhile, famotidine can inhibit the occurrence of cancer by inhibiting
STAT3. Its drug targets include NFκB1, AKT1, and EZH2 as well. Moreover, etoposide has
been studied to replace the DLBCL current standard treatment with R-CHOP, including
rituximab, cyclophosphamide, doxorubicin, vincristine and prednisone, among them, the
disadvantage of doxorubicin is its cardiotoxicity [87]. Another study also mentioned that
etoposide substituted could treat most of DLBCL patients who cannot receive anthracycline
treatment [88]. Methotrexate, a chemotherapeutic drug and immunosuppressive agent, has
been commonly applied in combination with other drugs for the treatment of breast cancer,
leukemia, lung cancer, lymphoma, autoimmune disease, and ectopic pregnancy [89]. By
down-regulating its target protein EZH2, methotrexate can treat cancers [89]. Note that
dysregulation of EZH2 is closely related to oncogenesis of various tissue types. More and
more evidences show that targeting EZH2 has great therapeutic potential in cancers [90].
Methotrexate can not only downregulate the expression of EZH2, but also interact with
AKT1 and MYC. Hence, we suggest it as one of the small molecule drugs in our proposed
drug combination.

Given the substantial costs and long development timeline of new drug discovery,
the repurposing of old drugs to treat common and rare disease becomes an attractive
proposition. In other words, drug repurposing is a strategy for identifying new uses for
approved drugs that are outside the scope of known medical indication. In this study, by
the proposed systems biology approaches and drug design specifications, we suggested
multiple-molecule drugs (drug combinations) for DLBCL ABC and GCB, respectively.
Those suggested small molecules are FDA approved. Although some studies have shown
that etoposide and methotrexate were used in DLBCL, their combinations with famotidine
and chlorzoxazone are still worth studying in the future in terms of synergistic and an-
tagonistic effects. Leveraging computational biology methods, this study might provide
new perspectives of understanding the pathogenic molecular mechanisms of DLBCL ABC
and DLBCL GCB at a system level and give an alternative way to accelerate systems drug
discovery for new therapeutics.
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4. Materials and Methods
4.1. Overview of Systems Drug Discovery for DLBCL ABC and DLBCL GCB

The DLBCL microarray data is from the National Center for Biotechnology Information
(NCBI) with accession number GSE117556. The corresponding platform is GPL14951. The
dataset samples were divided into two subtypes, DLBCL ABC and DLBCL GCB, in which
the ABC subtype has worse prognosis. There are 468 samples and 249 samples for DLBCL
GCB and DLBCL ABC, respectively. The flowchart of systems drug discovery is in Figure 1.
For identifying essential biomarkers as drug targets to alleviate DLBCL ABC and DLBCL
GCB, we investigated the pathogenic molecular mechanisms based on the systems biology
methods: (1) big database mining; (2) system modeling; (3) system identification and
system order detection scheme; (4) principal network projection method.

Firstly, by big database mining, we constructed a candidate genome-wide genetic and
epigenetic network (GWGEN), which is represented by a Boolean matrix (i.e., 0 or 1 if
interaction is nonexistent or existent between two nodes). It is noted that both DLBCL ABC
and DLBCL GCB shared the same candidate GWGEN. The candidate GWGEN consists of
the candidate protein–protein interaction network (PPIN) and candidate gene regulatory
network (GRN). For the candidate PPIN, we refer to the following database: DIP [91],
IntAct [92], BioGRID [93], BIND [94], and MINT [95]. To the candidate GRN, we collect the
pairs of transcription factors and target genes from ITFP [96] and HTRIdb [97]. Moreover,
we look up databases including TargetScan [98], CircuitsDB [99], and StarBase2.0 [100]
for the post-transcriptional regulations between miRNA, lncRNA and their target genes.
After conducting system modeling for proteins, genes, miRNAs, and lncRNAs, we could
evaluate system models’ parameters by the system identification method with the help of
microarray dataset in two subtypes of DLBCL. There might be false-positive interactions
in the candidate GWGEN caused by various experimental conditions. Therefore, we
performed a system order detection approach to prune these false-positive interactions for
obtaining real GWGENs for DLBCL ABC and DLBCL GCB, respectively (Figures S1 and S2).
The total number of nodes (i.e., transcription factors, receptors, proteins, miRNAs, lncRNAs)
and their corresponding edges in the candidate GWGEN, real GWGEN of DLBCL ABC,
and real GWGEN of DLBCL GCB are shown in Table S1. However, the real GWGENs were
still too complicated to analyze. Applying principal network projection (PNP) method,
from the real GWGENs, we could extract core GWGENs (Figures S3 and S4), which is
comprised of the top 3000 nodes based on the descending order of projection value. The
higher the projection value is, the more contribution provided by the node in the real
GWGEN. Additionally, we did gene enrichment analyses by the Database for Annotation,
Visualization and Integrated Discovery (DAVID) Bioinformatics Resources version 6.8
based on the genes in core GWGENs (Tables S2 and S3). Projecting the corresponding core
GWGENs in the annotation of Kyoto Encyclopedia of Genes and Genomes (KEGG), we
could further investigate the common and specific pathogenic molecular mechanisms and
identify essential biomarkers as drug targets.

For suggesting potential drug candidates toward these identified drug targets, we
followed systems drug design procedure shown in Figure S5. The drug design specifications
include drug-target interaction probability, drug regulation ability, and drug toxicity. To
estimate drug-target interaction probability, we trained a DNN-based DTI model in advance.
We regard the drugs having higher predicted probability as drug candidates. Subsequently,
the number of those predicted drug candidates would be narrowed down by considering
drug regulation ability and toxicity. Here, we aim to find drugs having the ability to
reverse abnormal gene expression with low toxicity. More details will be discussed in the
following sections.

4.2. Constructing the System Models in the GWGEN to Identify Real GWGEN of DLBCL GCB
and DLBCL ABC

To investigate the molecular mechanisms of DLBCL GCB and DLBCL ABC, we con-
structed the interactive and regulatory models in the candidate GWGEN, including protein–
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protein interactions, transcriptional regulations, miRNA regulations, and lncRNA regula-
tions. For the candidate PPIN (PPIN), the i-th protein is described in the following equation:

pi[n] =
Yi

∑
k=1
k 6=i

αik pi[n]pk[n] + φi,PPIN + ηi,PPIN [n]for i = 1, . . . , I, and n = 1, . . . N. (1)

where αik is the interaction ability between the i-th protein and the k-th interactive protein;
pi[n] denotes the expression level of the i-th protein for the sample n; pk[n] represents the
expression level of the k-th protein for the n data sample; Yi indicates the total number
of proteins interacting with the i-th protein and I denotes the total number of proteins
in the candidate PPIN; N is the total number of data samples; φi,PPIN is the basal level
of the i-th protein caused by some unknown interactions including phosphorylation and
acetylation; ηi,PPIN [n] represents the stochastic noise as a result of the modeling residue
and measurement noise for the n data sample.

For the candidate gene regulatory network (GRN) in the candidate GWGEN, the
systematic gene regulation model for the q-th gene of DLBCL cells to sample n can be
governed by the following form:

gq[n] =
Jq

∑
j=1
j 6=q

Aqjzj[n] +
Wq

∑
w=1

Bqwxw[n]−
Hq

∑
h=1

Cqhdh[n]gq[n] + φq + ηq[n]

for q = 1, . . . , Q and n = 1, . . . N.

(2)

where gq[n] represents the expression level of the q-th gene; Jq indicates the total number of
TFs binding to the q-th gene; Wq represents the total number of lncRNAs binding to the
q-th gene; Hq denotes the total number of miRNAs inhibiting the q-th gene; Aqj denotes
the transcription regulatory ability from the j-th TF to the q-th gene; Bqw is the regulation
ability from the w-th lncRNA to the q-th gene; Cqh ≥ 0 represents the post-transcription
regulatory ability, with which the h-th miRNA inhibits the q-th gene; zj[n], xw[n], and dh[n]
indicate the expression of the j-th TF, the w-th lncRNA, and the h-th miRNA, respectively. Q
is the total number of genes and N denotes the total number of data samples; φq represents
the basal level of the q-th gene expression due to unknown regulations containing post-
transcriptional modifications; ηq[n] is the stochastic noise of the q-th gene for the data
sample n caused by the model uncertainty and data noise. Furthermore, in the same way,
the systematic models of the candidate lncRNA regulation network and the candidate
miRNA regulation network can be referred to in the Supplementary Materials.

4.3. Using the System Identification Method and System Order Detection Approach to Build Real
GWGENs of DLBCL GCB and DLBCL ABC

To estimate the unknown parameters for the PPI model in the candidate PPIN, we
utilize a system identification method and system order detection approach on our system-
atic models with the help of genome-wide microarray data of patient samples. The PPI
equation in Equation (1) could be rewritten as below:

pi[n] =
[
pi[n]p1[n] · · · pi[n]pYi [n] 1

]
×




αi1
...

αiYi
φi


+ ηi[n]

= ξi[n] · ϕi,P + τi[n], for i = 1, . . . , I and n = 1, . . . , N.

(3)
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where ξi[n] determines the regression vector, which could be computed by the microar- ray
data; ϕi,P indicates the unknown parameter vector for the i-th protein. The Equation (3) of
the i-th protein could be augmented for N samples as below:




pi[1]
pi[2]

...
pi[N]


 =




ξi,P[1]
ξi,P[2]

...
ξi,P[N]


 · ϕi,P +




τi[1]
τi[2]

...
τi[N]


 (4)

Furthermore, the Equation (4) could be simplified represented as:

Pi = Ξi,P · ϕi,P + Ti (5)

Therefore, the unknown parameters in the vector ϕi,P could be estimated by solving
the least square estimation problem:

ϕ̂i,P = min
ϕi,P

1
2
‖Ξi,P · ϕi,P − Pi‖2

2 (6)

where ϕ̂q,G is the estimated vector including the estimated interaction parameters for the
i-th protein.

In the same way, the gene regulation model in Equation (2) could be rewritten
as below:

gq[n] =
[
z1[n] · · · zJq [n] x1[n] · · · xWq [n] gq[n]d1[n] · · · gq[n]dHq [n] 1

]
×




Aq1
...

AqJq

Bq1
...

BqWq

−Cq1
...

−CqHq

φq




+ ηq[n]

= ξq[n] · ϕq,G + τq[n], for q = 1, . . . , Q and n = 1, . . . , N.

(7)

where ξq[n] indicates the regression vector, which could be obtained from the microarray
data and ϕq,G denotes the unknown parameters vector for the q-th gene. We could expand
the Equation (7) for N samples as shown below:




gq[1]
gq[2]

...
gq[N]


 =




ξq,G[1]
ξq,G[2]

...
ξq,G[N]


 · ϕq,G +




τq[1]
τq[2]

...
τq[N]


 (8)

Moreover, the Equation (8) could be simplified in the following form:

Gq = Ξq,G · ϕq,G + Tq (9)

Hence, by solving the following constrained linear least square estimation problem,
we could have the estimated regulatory parameters in the vector ϕq,G.
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ϕ̂q,G = min
ϕq,G

1
2

∥∥Ξq,G · ϕq,G − Gq
∥∥2

2

subject to




0 · · · · · · 0 0
...

. . .
...

...
...

. . .
...

...
0 · · · · · · 0 0

Jq

· · · · · · 0 1
. . .

... 0
. . .

...
...

· · · · · · 0 0
Wq

0 · · · 0 0
. . . . . .

...
...

. . . . . . 0
...

· · · 0 1 0




Hq

ϕq,G ≤




0
...
...
0




(10)

where ϕ̂q,G is the estimated vector including estimated regulatory parameters in the
Equation (2). Meanwhile, the miRNA repression parameters Cqh are guaranteed to be
positive (i.e., Cqh ≥ 0) for h = 1, . . . , Hq.

It is noted that there are many false-positive interactions in the candidate GWGEN as a
result of various experimental conditions in different databases. Here, we applied a system
order detection approach in Equations (5) and (9) to prune the false-positive interactions.
According to the Akaike information criterion (AIC) theory [101], the smallest AIC value
would lead to the most accurate model. In other words, the smaller the AIC value we get,
the closer we detect to the real system order. The formulas of AIC for determining the
system order of interactions among the i-th protein and the q-th gene are given as below:

AIC(Yi) = log(ρ̂2
i,P) +

2(Yi+1)
N

where ρ̂i,P =

√
(Pi−(Ξi,P ·ϕ̂i,P))

T(Pi−(Ξi,P ·ϕ̂i,P))
N

(11)

ρ̂i,P and Yi denote the estimated residual error and the number (system order) of PPIs
with the i-th protein, respectively; ϕ̂i,P denotes the estimated interaction parameters of the
i-th protein by solving (6). Based on the AIC theory, the real system order Yi

∗ resulting in
the smallest AIC(Yi

∗).

AIC(Jq, Wq, Hq) = log(ρ̂2
q,G) +

2(θq,G+1)
N

where ρ̂q,G =

√
(Gq−(Ξq,G ·ϕ̂q,G))

T(Gq−(Ξq,G ·ϕ̂q,G))
N and θq,G = Jq + Wq + Hq

(12)

ρ̂i,P and θq,G represent the estimated residual error and the number of regulations on
the q-th gene, respectively; ϕ̂q,G is the estimated parameter vector of the q-th gene obtained
by solving (9). It is noted that the real system order Jq

∗ + Wq
∗ + Hq

∗ lead to the smallest
AIC(Jq

∗ + Wq
∗ + Hq

∗). For each protein, gene, miRNA, and lncRNA, we used forward
and backward search to find the real system order by AIC. The unimportant interactions
among the candidate GWGEN, which are out of the system order, would be removed via
the system order detection approach. By doing so, we could find the real GWGENs of
DLBCL GCB and DLBCL ABC, respectively. The system identification method and system
order detection approach could be applied to the lncRNA and miRNA system models as
well (Supplementary Materials).

4.4. Extracting the Core GWGENs from the Real GWGENs by Principal Network Projection
(PNP) Method

Although we have pruned the false-positive interactions from the candidate GW-
GEN by the system identification method and system order detection approach, the real
GWGENs of DLBCL GCB and DLBCL ABC in Figures S1 and S2 are still too complex to
investigate the common and specific pathogenic molecular mechanisms between DLBCL
GCB and DLBCL ABC. Therefore, we utilize the PNP method to extract the core GWGENs
from the real GWGENs of DLBCL GCB and DLBCL ABC. Before using the PNP method,
we have to build a combined network matrix Z as follows:
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(13)

where the estimated parameters in (13) are obtained by solving the constrained linear least
square estimation problem and conducting a system order detection approach based on
AIC. The entry, which is pruned by AIC, would be padded with zero. The i-th row of Z
denotes the interaction and regulation parameters of the i-th node in the real GWGEN. The
PNP method is based on the singular value decomposition of Z shown as below:

Z = UKGT (14)

where U ∈ <(I∗+Q∗+V∗+M∗)×(I∗+Q∗+V∗+M∗), G ∈ <(J∗+W∗+H∗)×(J∗+W∗+H∗)
,

K = diag(k1, · · · , kr, · · · , k J∗+W∗+H∗) ∈ <(I∗+Q∗+V∗+M∗)×(J∗+W∗+H∗) and K denotes the
diagonal matrix which consists of J ∗+W ∗+H∗ singular values of Z in descending order
(i.e., k1 ≥ · · · ≥ kr ≥ · · · ≥ k J∗+W∗+H∗ ≥ 0). The normalization of singular values is
defined as below:

Er =
k2

r
J∗+W∗+H∗

∑
r=1

k2
r

,
J∗+W∗+H∗

∑
i=1

Er = 1 (15)

Here, we choose the top R normalized singular values of combined network matrix Z

with the minimum R to satisfy
R
∑

r=1
Er ≥ 0.85. It shows that we could use the top R singular

vectors to construct 85% network structure as principal network structure. Afterwards, we
project each node in the real GWGEN (i.e., each row in Z) to the top R singular vectors in
GT as below:

F(t, a) = dt,: · rT
a,:, for t = 1, . . . I∗ + Q∗ + V∗ + M∗, a = 1, . . . R. (16)

where dt,: denotes the t-th row vector of Z; rT
a,: is the a-th singular vector of GT . Subsequently,

we compute the 2-norm projection value for each node in the following:

P(t) =

√√√√ R

∑
a=1

F2(t, a), for t = 1, . . . I∗ + Q∗ + V∗ + M∗, a = 1, . . . R. (17)
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where P(t) denotes the 2-norm projection value of each t-th node in the real GWGEN on the
top R singular vectors. The greater a projection value is, the more significant the t-th node in
the principal structure of the real GWGEN. If the projection value approaches zero, it means
that the related t-th node is almost independent to the principal network structure. In other
words, the greater the projection value of a node in real GWGEN is, the higher probability is
that a node will be an important component in the principal network structure. Lastly, the
core GWGENs of DLBCL ABC and DLBCL GCB could be extracted from the real GWGENs
based on the top-rank 3000 projection values of the nodes. Moreover, the core GWGENs of
DLBCL ABC and DLBCL GCB are shown in Figures S3 and S4.

4.5. Deep Neural Netwok (DNN)-Based Drug-Target Interaction (DTI) Model for
Multiple-Molecule Drug Design

To train a DNN-based DTI model, the drug-target interaction dataset came from
BindingDB [102]. We picked drugs that at least had four interactions. Hence, in the
selected dataset, there are 80,291 known drug-target interactions between 38,015 drugs
and 7292 proteins. In order to simply avoid a class imbalance issue, which would degrade
the training performance or make the learning progress biased toward the majority class,
we randomly chose the negative instance (unknown drug-target pair) in the same size as
positive instance (known drug-target pair). We trained the model using 70% of the data
containing 10% of the data as validation set. The remaining 30% of data were used as
testing set. Delineating the drug-target pair in a numerical vector, we transformed them
into a feature vector by PyBioMed Python package under python 2.7 environment [103].
The PyMolecule module in PyBioMed was responsible to transform the drug descriptors.
The drug features include commonly used structural and physicochemical information.
The PyProtein module in PyBioMed was applied to transform the target descriptors. The
target features were computed based on the structural and physicochemical properties of
proteins and peptide from amino acid sequence. The feature vector for each drug-target
pair can be represented in the following form:

wdrug−target = [D, T] = [d1, d2, · · · , dX , t1, t2, · · · , tY] (18)

where wdrug−target denotes a feature vector of drug-target pair, X and Y are the total number
of drug features and target features, which are 363 and 996, respectively; D and T indicates
the feature vector of the relevant drug-target pair; dX is the x-th drug feature and tY is the
y-th target feature. Since the drug and target features are measured in different scales, we
performed normalization before training. Then, we applied principal component analysis
(PCA) [104] to decrease the feature size from 1359 to 618. By doing so, we not only could
remove noisy feature but also reduce memory consumption.

For the architecture of the DNN-based DTI model, the input layer contains 618 neurons,
followed 512, 256, 128, and 64 neurons in the hidden layers, respectively. The output layer
is with one neuron. The optimal hyperparameters were found based on 10-fold cross
validation (Figure S6). Each layer of DNN-based DTI model could be simplified into a
function as follows:

hn = σ(wTxn + b) (19)

where xn denotes the input of the n-th drug-target feature vector, hn indicates the output
of each layer; w is the weighting matrix; b is the bias vector; σ is the activation function,
by which sigmoid activation function is used for the output layer and ReLU [105] is used
for the hidden layer. We added dropout on each hidden layer for reducing overfitting.
Meanwhile, the model training would be terminated once the model performance stopped
to improve on the validation set by early stopping function. Moreover, we chose the binary
cross-entropy to be the cost function:
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Cn(w, b) = − 1
N

N
∑

n=1
(pn log( p̂n) + (1− pn) log(1− p̂n))

L(w, b) = 1
N

N
∑

n=1
Cn(pn, p̂n)

(20)

where L(w, b) is the average of total loss; pn denotes the n-th true positive instance (1) or
true negative instance (0) of drug-target binding; p̂n denotes the n-th predicted probability
of positive instance (1) or predicted probability of negative instance (0) of drug-target
binding. For obtaining the optimal network parameter set φ∗, the cost function is in
the following:

φ∗ = arg min
φ

L(φ) (21)

The above equation could be achieved by the backpropagation algorithm [106]. The
updated weight and bias parameters for the j-th epoch is shown as below:

φj = φj−1 − η∇L(φj−1),

where ∇L(φj−1) =




∂L(φj−1)
∂w1

...
∂L(φj−1)

∂wh
∂L(φj−1)

∂b1
...

∂L(φj−1)
∂bh




.
(22)

where η is the learning rate, which is 0.001; ∇L(φj−1) denotes the gradient of L(φj−1).
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Abstract: Parkinson’s disease (PD) is a socially significant disease, during the development of
which oxidative stress and inflammation play a significant role. Here, we studied the neuropro-
tective effects of four Kunitz-type peptides from Heteractis crispa and Heteractis magnifica sea
anemones against PD inductors. The peptide HCIQ1c9, which was obtained for the first time,
inhibited trypsin less than other peptides due to unfavorable interactions of Arg17 with Lys43
in the enzyme. Its activity was reduced by up to 70% over the temperature range of 60–100 ◦C,
while HCIQ2c1, HCIQ4c7, and HMIQ3c1 retained their conformation and stayed active up to
90–100 ◦C. All studied peptides inhibited paraquat- and rotenone-induced intracellular ROS
formation, in particular NO, and scavenged free radicals outside the cells. The peptides did
not modulate the TRPV1 channels but they affected the P2X7R, both of which are considered
therapeutic targets in Parkinson’s disease. HMIQ3c1 and HCIQ4c7 almost completely inhib-
ited the ATP-induced uptake of YO-PRO-1 dye in Neuro-2a cells through P2X7 ion channels
and significantly reduced the stable calcium response in these cells. The complex formation
of the peptides with the P2X7R extracellular domain was determined via SPR analysis. Thus,
these peptides may be considered promising compounds to protect neuronal cells against PD
inductors, which act as ROS production inhibitors and partially act as ATP-induced P2X7R
activation inhibitors.

Keywords: Kunitz-type peptides; neuroprotective activity; sea anemones; TRPV1; P2X7R;
Parkinson’s disease (PD)

1. Introduction

Parkinson’s disease (PD) is a common neurodegenerative disorder associated
with dopaminergic neuron losses in the substantia nigra, resulting in such symptoms
as resting tremor, muscular rigidity, and hypokinesia [1,2]. Numerous studies have
shown that oxidative stress and neuroinflammation are key factors in the develop-
ment and maintenance of the progressive neurodegeneration process in this disease.
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The main characteristics of oxidative stress are increased levels of reactive oxygen
species (ROS) and a decrease in, or dysfunction of, the antioxidant systems to counter
free radicals [3–5]. The neurotoxins that produce irreversible PD-related effects via
oxidative stress induction include paraquat, rotenone, 6-hydroxydopamine (6-OHDA),
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), and its active metabolite methyl-
4-phenylpyridine (MPP+), which are the most widespread compounds [6]. All of these
compounds exhibit neurotoxic activity due to the ROS formation inside the cells, in-
cluding the inhibition of mitochondrial complex I, resulting in depletion of intracellular
adenosine-5’-triphosphate (ATP) and cell death [7–12]. An exceptional feature is char-
acterized for 6-OHDA, which is able to appear in catecholaminergic neurons and is
rapidly and nonenzymatically oxidized by molecular oxygen into hydrogen peroxide
and p-quinone [13].

Oxidative stress can modulate mechanisms involving activation of transient re-
ceptor potential (TRP) channels, in particular transient receptor potential vanilloid 1
(TRPV1) [14], and inflammatory response by the activation of signaling pathways,
which induce the secretion of a high level of proinflammatory mediators [15,16] and is
also accompanied by neuron damage [17]. Cell death tends to expand the consequences
of neuroinflammatory processes via the release of biomolecules, such as ATP, activat-
ing purinergic receptors, including P2X7 (P2X7R). P2X7R is widely expressed in the
regions of the central nervous system, such as the frontal cortex, hippocampus, amyg-
dala, and striatum, involved in neurodegenerative diseases [18]. This receptor and its
ligands play important roles in inflammation, tumorigenesis, development, and metas-
tasis [19,20]. The activation of P2X7R by high concentrations of extracellular ATP
results in the rapid influx of Na+ and Ca2+ and efflux of K+ [21]. Long-term activation
induces the formation of non-selective pores, allowing the influx of the organic ions
and fluorescent dyes up to 900 Da, which ultimately leads to cell death and the release
of new portions of ATP in the extracellular milieu [22,23]. Therefore, the application of
P2X7R antagonists will probably attenuate the processes of neuroinflammation and
neurodegeneration [24–26].

Understanding the cellular mechanisms the make neurons vulnerable is one of the
primary research directions [27]. At present, low-molecular antioxidants, dopamine
precursors, and dopamine agonists are widely used for PD symptom elimination rather
than delaying the degeneration of dopaminergic neuron [1]. Some peptides and pro-
teins have been shown to reduce the destruction of dopamine neurons induced by
oxidative stress [28–30]. In this context, peptides of the Kunitz/BPTI family are of
great research interest. This structural group of peptides known as protease inhibitors
is well-characterized and widespread among both venomous terrestrial and marine
animals [31]. In snakes, spiders, scorpions, frogs, cone snails, and sea anemones, Ku-
nitz peptides are encoded by multigene families and form a great diversity of peptide
isoforms in the venomous secretion [32–37]. The primary function of most known
Kunitz-type peptides is protease inhibition. Their structure is stabilized by three con-
served intradomain disulfide bonds (CysI–CysVI, CysII–CysIV, CysIII–CysV) accom-
panied by the formation of two loops responsible for protease inhibition. Amino acid
(a.a.) residues of the main protease-binding loop, in particular residues of reactive sites
(P1-P1’ positions), form the most contacts with the protease active site and contribute to
the association energy of the protein–enzyme complex [38]. The presence of mutations
in Kunitz-type peptides does not affect the spatial molecule structure but leads to the
appearance of diverse biological activities toward various targets [39–42]. Recently,
we demonstrated that Kunitz-type peptides of the sea anemone Heteractis crispa inhibit
neuroblastoma cell death induced by 6-OHDA via ROS production reductions or anti-
radical activity [43,44]. Furthermore, some of them demonstrated anti-inflammatory,
antihistamine, and analgesic activities [45–50], which might also facilitate decreases in
both inflammatory and oxidative stress processes inside neuronal cells.
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This work is devoted to the study of the ability of a new Kunitz-type peptide from
H. crispa as well as three known ones to protect neuronal cells from the actions of neurotox-
ins, which are the cause of PD, as well as to the search for possible mechanisms of their
protective action.

2. Results
2.1. Expression and Purification of the Peptides

To study the neuroprotective activity, four peptides differing from each other by the
presence of charged residues were chosen from combinatorial libraries of Kunitz-type
peptides of the sea anemones H. crispa (HCIQ2c1, HCIQ4c7, and HCIQ1c9) and H. magnifica
(HMIQ3c1) (Figure 1).
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Figure 1. The alignment of sequences of peptides: HCIQ2c1 (UniProtKB ID: A0A6B7FBD3), HCIQ1c9
(A0A6B7FEJ3), HCIQ4c7 (A0A6B7FA07), HCRG1 (C0HJU6), HCRG2 (C0HJU7), and HCRG21
(P0DL86) from H. crispa; HMIQ3c1 (A0A3G2FQK2) from H. magnifica; and SHPI-1 (P31713) from
Stichodactyla helianthus. P1-P1’—residues of the reactive sites of Kunitz-type peptides. The asterisks (*)
below the sequences indicate the contact sites with proteases. Neutral, positively charged, and neg-
atively charged residues are colored in green, blue, and red, respectively; non-similar residues are
shown on white background.

The peptides HCIQ2c1, HCIQ4c7, and HMIQ3c1 were obtained as a result of their
production in Escherichia coli, as previously described [43,51]. This technique was
successfully used to obtain HCIQ1c9. The fusion proteins expressed in E. coli and
purified by metal affinity chromatography had an expected molecular mass of about
23 kDa and were cleaved by CNBr. Targeted peptides were purified via RP-HPLC.
The retention time of HCIQ1c9 on a reverse-phase column was 35.5 min (Figure 2a),
which was close to the retention times of the previously obtained peptides [43,51].
The final yield of HCIQ1c9 was 9.02 mg/L of cell culture. The molecular masses of the
peptides corresponded to the expected ones, while the molecular mass of HCIQ1c9 was
6429 Da (Figure 2b). The N-terminal sequences (15 a.a.) determined by the automated
Edman degradation matched well with sequences deduced from cDNA.
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Figure 2. Isolation and molecular mass of HCIQ1c9: (a) HPLC elution profile of HCIQ1c9 on a
Jupiter C4 reverse-phase column (10 × 250 mm), using a linear gradient of acetonitrile concentrations
(0–70%) over 70 min with 0.1% TFA and a flow rate of 1.5 ml/min; (b) MALDI-TOF MS spectrum of
HCIQ1c9 after RP-HPLC.

To determine whether the obtained recombinant peptides had spatial structures,
1H NMR spectroscopy was used. According to the 1H NMR spectra, all peptides had
pronounced spatial structures, as evidenced by the wide chemical shift dispersion of
amide hydrogens to the field of 8–10 ppm and the presence of resonance signals below
0 ppm (Figure S1). Narrow signal lines may indicate that the peptide structures are stable,
while the equal line width shows their homogeneity.

2.2. Calculation of the Peptides’ Secondary Structures

To calculate secondary structural elements of peptides, circular dichroism (CD) spec-
troscopy was applied. CD spectroscopy is a fast, well-established, and widely used ana-
lytical technique to study secondary structures of proteins and their changes in different
environments [52]. According to Figure 3, all spectra in the far UV region (190–240 nm) have
similar profiles and are characterized by a positive maximum peak at 193 nm and negative
minimum peaks at 202 and 225 nm. The peaks at 193 and 225 nm indicate the presence of
α-helixes and β-strands, respectively, while the small magnitude of the 225 nm peak and
contribution of the signal at 215 nm suggest that the peptides are partially folded. Indeed,
analysis of the spectra using the Provencher–Glockner method revealed that all peptides
contain both α-helixes and β-strands and an unordered structure. The peptides have an
approximately equal content of secondary structural elements, while a slight increase in
α-helixes and decrease in β-structure were found in HCIQ1c9 (Table 1), which might be
reflected in the spatial structure and biological activity of the peptide. A comparison of
peptide structures with the Kunitz-type peptides InhVJ from H. crispa [44] and SHPI-1 from
S. helianthus [53], revealed similar values of secondary structural elements.
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Table 1. The peptide secondary structural elements.

Sample α-Helix β-Structure β-Turn Unordered
Structure

I II III I II III

HCIQ2c1 7.1 13.9 21.0 17.4 6.9 24.3 19.0 35.7
HCIQ4c7 7.1 13.9 21.0 17.5 6.9 24.4 18.9 35.7
HCIQ1c9 10.6 16.2 26.8 14.2 5.7 19.9 19.3 34.0
HMIQ3c1 7.1 13.9 21.0 17.5 7.0 24.5 19.0 35.5

InhVJ 12.4 8.7 21.1 18.0 6.5 24.5 10.1 44.3
SHPI-1 * 20.0 21.8 18.2 40.0

I—Regular structure; II—irregular structure; III—summary value; * the data calculated using the CDSSR
algorithm [54].

2.3. Trypsin-Inhibitory Constant Determination

As mentioned above, the main function of Kunitz-type peptides is the inhibition of
proteases, in particular trypsin. To confirm the bioactive conformation of HCIQ1c9, its abil-
ity to inhibit trypsin was determined. Like other Kunitz-type peptides in sea anemones,
HCIQ1c9 inhibited trypsin with an inhibitory constant (Ki) value 6.3 × 10−7 M. This is sim-
ilar to HCIQ4c7 (1.9 × 10−7 M) but one order higher than for HCIQ2c1 (5.2 × 10−8 M) [43]
and HMIQ3c1 (5.0 × 10−8 M) [51]. The decrease in trypsin-inhibitory activity of HCIQ1c9
and HCIQ4c7 in comparison with HCIQ2c1 is probably associated with the substitution
of Gly17 to Arg or Glu, respectively, at the P1’ position (Figure 1), which is an important
residue for serine protease inhibition [55].

2.4. Modeling of Peptide Complexes with Trypsin

To determine the residues that affect the nature of the interaction with trypsin, the 3D
models of peptides and their complexes with bovine trypsin were generated. A 1.71 Å
resolution X-ray structure of the bovine trypsin complex with SHPI-1 (PDB ID: 3M7Q [56])
was exploited as a template, since SHPI-1 is a close homolog of the peptides sharing
91 to 93% identity (Figure 1). The conformational analysis models revealed that 90–98%
of the residues occupy the most favored regions of the Ramachandran plot, with no steric
hindrance, reflecting sufficient model quality.

Despite point replacements between the peptides themselves and SHPI-1, the overall
structures and interfaces of all obtained complexes were almost identical to the prototypical
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trypsin complex with SHPI-1 (Figure 4a). The positively charged residue Lys13/Arg16
(SHPI-1/studied peptides) at position P1 makes salt bridges and H-bonds with the Asp171
at site 1 in trypsin, while Arg11/Arg14 at position P3 interacts with site 3 residues (Asn79,
Thr80, Gln155, Trp 193, and Gly194). The interaction with the catalytic pocket is a charac-
teristic if trypsin complexes with Kunitz-type inhibitors, whereby the complex stabilization
by the P3 residue is substantially enhanced for sea anemone peptides versus BPTI or
APPI because of Arg to Pro substitution [56]. The interfaces of HCIQ2c1 or HMIQ3c1 are
distinguished from SHPI-1 due to the presence of Ser18 instead of Tyr. According to the
obtained results, Tyr15 from both SHPI-1 and Ser18 in peptides could make contacts with
neighboring trypsin residues Tyr22, Phe24, and Tyr131, indicating their similar roles in
complex formation (Figure 4b,c). The peptides HCIQ1c9 and HCIQ4c7 have oppositely
charged residues Arg17 and Glu17 at position P1’, respectively. Both Arg17 in HCIQ1c9
and Glu17 in HCIQ4c7 form an H-bond network with trypsin, but Glu17 makes salt bridges
with Lys43, while the unfavorable closeness of Arg17 and Lys43 to each other lead to these
residues being pushed off (unfavorable interaction) (Figure 4d–f).
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194



Int. J. Mol. Sci. 2022, 23, 5115

2.5. Temperature Effects on the Secondary Structure and Biological Activity of Peptides

The temperature effects on the secondary structure and biological activity of peptides
were analyzed using both CD spectroscopy and a protease-inhibitory assay. The CD spectra
of HCIQ2c1 and HCIQ4c7 as well as of HMIQ3c1 and HCIQ1c9 solutions showed no signif-
icant changes after heating until 90 ◦C and 80 ◦C, respectively (Figure 5). Further heating
of the solutions to 100 ◦C resulted in decreased positive peaks at 193 nm in HCIQ2c1,
HCIQ4c7, and HMIQ3c1 spectra, as well as decreased spectral peaks at 202 and 225 nm in
the HCIQ1c9 spectrum, indicating a reduction in α-helixes in the former and the initiation
of protein unfolding in the latter. These data were confirmed by the trypsin-inhibitory
activity results (Figure 6). HCIQ2c1 and HMIQ3c1 were shown to inhibit trypsin com-
pletely at all temperature ranges, including at 100 ◦C, while HCIQ4c7 activity was weakly
decreased (by 7%) after heating to 100 ◦C. Regarding HCIQ1c9, the heating of the solution
in the range from 60 ◦C to 100 ◦C resulted in decreases in inhibitory activity of 30–70%.
Thus, the obtained results indicated that HCIQ2c1, HMIQ3c1, and HCIQ4c7 have high
thermostability, retaining their conformation on the secondary structural level and their
biological activity until 90–100 ◦C.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 7 of 23 
 

 

 
Figure 5. Evaluation of the thermal stability of peptides in deionized water via CD spectroscopy. 
Recordings of the CD spectra of HCIQ2c1 (a), HMIQ3c1 (b), HCIQ4c7 (c), and HCIQ1c9 (d) were 
conducted in the far UV region (190–240 nm) after the solutions were incubated over a temperature 
range from 25 °C to 100 °C for 20–25 min. 

 
Figure 6. The effects of temperature on the trypsin-inhibitory activity levels of peptides. Peptides 
were incubated at the temperatures for 30 min and their residual activities were measured. 
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Toxicity 

The peptides were tested for cell viability in in vitro 6-OHDA-, rotenone-, paraquat-
, and MPP+-induced Parkinson’s disease models. All peptides were non-toxic on Neuro-
2a cells at a concentrations up to 10 µM (Figure S2). The viability of neurotoxin-treated 
cells was about 65% versus control (Figure 7). The peptide HCIQ1c9 at concentrations 
from 0.1 to 10 µM did not influence the viability of 6-OHDA-treated cells in contrast to 
HCIQ4c7 and HCIQ2c1, increasing the cell viability in this model by 14% and 47%, re-
spectively [43]. The peptides HCIQ2c1 and HMIQ3c1 at concentrations up to 10 µM did 
not influence the viability of paraquat-treated cells, while HCIQ4c7 and HCIQ1c9 

Figure 5. Evaluation of the thermal stability of peptides in deionized water via CD spectroscopy.
Recordings of the CD spectra of HCIQ2c1 (a), HMIQ3c1 (b), HCIQ4c7 (c), and HCIQ1c9 (d) were
conducted in the far UV region (190–240 nm) after the solutions were incubated over a temperature
range from 25 ◦C to 100 ◦C for 20–25 min.
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Figure 6. The effects of temperature on the trypsin-inhibitory activity levels of peptides. Peptides
were incubated at the temperatures for 30 min and their residual activities were measured.

2.6. The Influence of the Peptides on 6-OHDA-, Paraquat-, Rotenone-, and MPP+-Induced Toxicity

The peptides were tested for cell viability in in vitro 6-OHDA-, rotenone-, paraquat-,
and MPP+-induced Parkinson’s disease models. All peptides were non-toxic on Neuro-2a
cells at a concentrations up to 10 µM (Figure S2). The viability of neurotoxin-treated cells
was about 65% versus control (Figure 7). The peptide HCIQ1c9 at concentrations from
0.1 to 10 µM did not influence the viability of 6-OHDA-treated cells in contrast to HCIQ4c7
and HCIQ2c1, increasing the cell viability in this model by 14% and 47%, respectively [43].
The peptides HCIQ2c1 and HMIQ3c1 at concentrations up to 10 µM did not influence the
viability of paraquat-treated cells, while HCIQ4c7 and HCIQ1c9 increased the cells viability
in a dose-dependent manner, with the maximum activity levels of up to 6.7 ± 1.7% and
14.8 ± 3.3% at concentration of 1 and 0.1 µM, respectively (Figure 7a). Moreover, HCIQ4c7
and HCIQ1c9 increased the viability of rotenone-treated cells in a statistically significant
manner (Figure 7b). The effect of HCIQ4c7 on the cell viability did not depend on its
concentration and reached 10.8± 1.4% at 0.1 µM, while HCIQ1c9 increased the cell viability
by up to 4.0 ± 0.6% at 1 µM. Regarding the MPP+-induced toxicity model, HCIQ1c9 only
revealed a cytoprotective effect; the peptide at a concentration of 10 µM increased the cell
viability by up to 9.97 ± 2.9%.
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of 1 µM, a statistically significant result (Figure 8a). In the presence of rotenone, statisti-
cally significant decreases in ROS levels were revealed for HCIQ2c1 and HCIQ1c9 (by 22.0 
± 7.3% and 22.0 ± 4.2%, respectively) at a concentration of 0.01 µM, HCIQ4c7 inhibited 
ROS by 17.3 ± 1.7% at a concentration of 1 µM (Figure 8b). In addition, all peptides de-
creased NO formation induced by paraquat in a statistically significant manner (Figure 
8c). HCIQ4c7 at a concentration of 0.01 µM showed a maximal effect, decreasing NO by 
22.3 ± 2.4%, which was less than the control level. In the rotenone-induced toxicity model, 
the peptides (except HCIQ2c1) significantly decreased NO, while HCIQ4c7 at a concen-
tration of 0.1 µM decreased NO to the control level (by 20.5 ± 0.1%), which was a statisti-
cally significant result (Figure 8d).  

Figure 7. Effects of the peptides on neuroblastoma cell viability in the presence of 600 µM paraquat (a)
and 10 µM rotenone (b). The data are shown as means ± SE; * —p < 0.05.
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2.7. Effect of Peptides on Paraquat- and Rotenone-Induced ROS Formation

The peptides inhibited both rotenone- and paraquat-induced ROS formation (Figure 8a,b).
The decrease in ROS levels caused by the peptides in the paraquat-induced cytotoxicity
model was stronger than in the presence of rotenone. A reliable dose-dependent effect in
the presence of paraquat was revealed for HMIQ3c1, with a maximum decrease in ROS
levels (less than control level) of 36.9 ± 7.9% at a concentration of 0.01 µM. HCIQ2c1 and
HCIQ4c7 at the same concentrations decreased ROS levels by 30.7 ± 1.8% and 24.6 ± 2.5%,
respectively, while HCIQ1c9 inhibited ROS levels by 29.3± 5.6% at a concentration of 1 µM,
a statistically significant result (Figure 8a). In the presence of rotenone, statistically signif-
icant decreases in ROS levels were revealed for HCIQ2c1 and HCIQ1c9 (by 22.0 ± 7.3%
and 22.0 ± 4.2%, respectively) at a concentration of 0.01 µM, HCIQ4c7 inhibited ROS by
17.3 ± 1.7% at a concentration of 1 µM (Figure 8b). In addition, all peptides decreased NO
formation induced by paraquat in a statistically significant manner (Figure 8c). HCIQ4c7
at a concentration of 0.01 µM showed a maximal effect, decreasing NO by 22.3 ± 2.4%,
which was less than the control level. In the rotenone-induced toxicity model, the peptides
(except HCIQ2c1) significantly decreased NO, while HCIQ4c7 at a concentration of 0.1 µM
decreased NO to the control level (by 20.5 ± 0.1%), which was a statistically significant
result (Figure 8d).
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2.8. Free Radical Scavenging of the Peptides

The studied peptides were tested for their ability to scavenge radicals using a DPPH
radical scavenging cell-free assay. The obtained results revealed that all peptides reduced
the DPPH radicals (Figure 9). The maximum antiradical effect was shown for HMIQ3c1,
which scavenged 22.9 ± 1.3% of DPPH radicals.
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2.9. Effects of the Peptides on TRPV1 Channels

The electrophysiological study of the peptides was carried out on TRPV1 channels ex-
pressed in Xenopus laevis oocytes. The activation of the TRPV1 channels was initiated via the
application of 2 µM capsaicin (CAP). The application of 10 µM capsazepine (CZP) resulted
in blocking of the channels. It was found that the peptides at a concentration of 10 µM did
not exert any effects on TRPV1 channels, either when the peptides were administered alone
(Figure 10a) or during co-application together with capsaicin (Figure 10b).
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Figure 10. Effect of HCIQ4c7 on TRPV1 channels expressed in X. laevis oocytes. Whole-cell current
traces of capsaicin (CAP = 2 µM) and capsazepine (CZP = 10 µM). Applications of HCIQ4c7 alone (a)
or in the presence of capsaicin (b) are shown. The image was taken using pClamp Clampfit 10.0
(Molecular Devices, Downingtown, PA, USA) and Origin 7.5 software (Originlab, Northampton,
MA, USA).

2.10. Effects of the Peptides on ATP-Induced Neuro-2a Cell Death

To establish whether 4 mM ATP leads to the death of Neuro-2a neuroblastoma cells,
the cells were incubated with or without ATP for 48 h, and the percentage of viable cells
was then determined via MTT assay. Incubation with 4 mM ATP led to a significantly
increased percentage of total dead cells (up to 30.15 ± 0.68%) compared with that in control
cells (Figure 11a). To determine whether ATP-induced Neuro-2a cell death is caused by
P2X7R activation, the cells were pre-incubated with or without 10 µM A438079, which is
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the inhibitor of P2X7R [57], and then were incubated in the absence or presence of 4 mM
ATP for 48 h. Pre-incubation of cells with 10 µM A438079 increased the cell viability by
21.3 ± 0.5% compared to the cells incubated with ATP alone, indicating that this process
is partially mediated by P2X7R activation. The peptides (except HCIQ2c1) had a slightly
protective effect on ATP-induced cells. Statistically significant increases in cell viability were
observed for HCIQ4c7 (0.1 µM), HCIQ1c9 (0.01 µM), and HMIQ3c1 (0.01 µM), amounting
to 4.7 ± 0.74%, 5.96 ± 0.72%, and 6.46 ± 0.65%, respectively, as compared to cells incubated
with ATP. Nevertheless, the dependence of the cytoprotective properties of peptides on the
studied concentrations is not clearly shown.
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Figure 11. The effects of the peptides on ATP-induced Neuro-2a cell viability and activation of P2X7R.
(a) Impact of the peptides on Neuro-2a cell viability in the presence of 4 mM ATP. The peptides
were tested at concentrations of 0.01, 0.1, and 1.0 µM. Cells were incubated with peptides for 1 h
at 37 ◦C, then for 48 h with ATP. (b) Effects of the peptides (0.01, 0.1, and 1.0 µM) on YO-PRO-1
uptake in Neuro-2a cells. ATP was used as a P2X7R agonist. A438079 (10 µM) was used as a standard
inhibitor of P2X7R. The peptide effects were evaluated against the effects of ATP. The data are shown
as means ± SE; *—p < 0.05 compared to the effect of ATP alone.

ATP (4 mM) increased the YO-PRO-1 dye penetration into Neuro-2a cells by 49.4 ± 5.9%
(Figure 11b). HMIQ3c1 and HCIQ4c7 at concentrations of 0.1 µM and 1 µM significantly
reduced ATP-induced dye uptake by 28.1 ± 7.5 and 28.5 ± 3.7%, respectively, showing
superior results to A438079 (18.5 ± 3.2%). HCIQ1c9 and HCIQ2c1 also inhibited ATP-
induced dye uptake, but their effects were not statistically significant. Therefore, HCIQ4c7
and HMIQ3c1 were selected for further study.

2.11. Effects of the Peptides on ATP-Induced Ca2+ Influx into Neuro-2a

To determine whether HCIQ4c7 and HMIQ3c1 inhibit the activation of P2X7R, the Ca2+

influx induced by channel gating (pore expansion) was measured. Neuro-2a cells were
loaded with the Ca2+-selective fluorescent probe Fluo-8, then cellular calcium responses
were recorded. A large sustained increase in [Ca2+]i was recorded after the addition of 1 mM
ATP, indicating that it was also mediated through the purinergic receptor. This increase
was significantly reduced in the presence of 10 µM A438079 (Figure 12a). The peptides
reduced the Ca2+ response at all tested concentrations (Figure 12b). A438079 decreased the
calcium response by 47.7 ± 4.4% relative to the control level, while HCIQ4c7 and HMIQ3c1
at a concentration of 10 µM decreased the stable calcium response by 59.1 ± 7.8% and
40.6 ± 2.6%, respectively. These data indicate that the peptides are capable of affecting the
P2X7R activation.
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Figure 12. Influence of HCIQ4c7 and HMIQ3c1 on ATP-induced calcium influx in Neuro-2a cells.
(a) Representative time course of [Ca2+]I increases induced by ATP (1 mM) alone or in the presence
of the peptides or the P2X7R blocker A438079 (10 µM) in Neuro-2a cells, as measured with Fluo-8.
(b) Effect of pre-incubation of Neuro-2a cells with the peptides (0.1, 1.0, and 10.0 µM) or A438079
(10 µM) on Ca2+ influx caused by ATP (1 mM). The data are shown as the means ± SE; **—p < 0.01,
and ***—p < 0.001 compared to the effect of ATP alone.

2.12. Interaction of the Peptides with P2X7R Subunit

To reveal that HCIQ4c7 and HMIQ3c1 influence P2X7R, their interactions with P2X7R
were estimated using the surface plasmon resonance (SPR) method. For this purpose,
12.3 ng/mm2 human recombinant P2X7R was immobilized on a Biacore 3000 optical
biosensor chip. The direct binding of the peptides with P2X7R was detected and Kd values
for the complexes of P2X7R with HCIQ4c7 and HMIQ3c1 were calculated as 45.5 and
43.3 µM, respectively. The dose–response curves from the SPR kinetic analysis are shown
in Figure 13.
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1 from S. helianthus indicated that the peptides have a spatial structure intrinsic of Kunitz 
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1 are almost identical to SHPI-1. According to CD spectra, all peptides contain both α-
helixes and β-strands comparable with SHPI-1.  

Figure 13. Binding sensorgrams of immobilized P2X7R with HCIQ4c7 (a) and HMIQ3c1 (b) at 25 ◦C.
Correspondence of line colors to the peptide concentrations is shown in frame. The injection times of
the peptides and HEPES-buffered saline (HBS-N) are shown by a black arrow.

3. Discussion

Neurodegenerative disorders are socially significant diseases; they are some of the most
common diseases globally among the elderly, and their frequency is steadily increasing.
To date, there is growing evidence that in the development of neurodegenerative diseases,
along with the degeneration of dopaminergic neurons (such as in PD), oxidative stress and
inflammation play a significant role [5]. The focus of research in studying the etiology of
these diseases is shifting to new targets, such as ion channels and enzymes. In this regard,
the creation of drugs based on natural compounds with anti-inflammatory or antioxidant
activity, specifically interacting with ion channels, enzymes, and other targets involved in
neurodegenerative disorders, is vital for developing strategies for their treatment.

The peptides HCIQ2c1and HCIQ4c7 from H. crispa and HMIQ3c1 from H. magnifica
interact with several serine proteinases, including inflammatory ones, and they were also
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described as the first Kunitz-type peptides with neuroprotective activity [43,51,58]. A new
peptide, HCIQ1c9, with Gly17Arg at position P1’ of the reactive site was also found in a
combinatorial library of H. crispa Kunitz-type peptides [43] and produced in E. coli. Thus,
in this work four isoforms of Kunitz-type peptides with point a.a. substitutions were
studied in various in vitro models.

Analysis of the superposition of 3D models of the peptides studied here and of SHPI-1
from S. helianthus indicated that the peptides have a spatial structure intrinsic of Kunitz
folding. Despite the single replacements, the interfaces of the studied peptides and SHPI-1
are almost identical to SHPI-1. According to CD spectra, all peptides contain both α-helixes
and β-strands comparable with SHPI-1.

The active spatial conformation of the peptides was also confirmed by the presence of
trypsin-inhibitory activity. As shown previously, HCIQ2c1 and HMIQ3c1 inhibited trypsin
at 10−8 M and HCIQ4c7 (Gly17Glu) at 10−7 M. The peptide HCIQ1c9 (Gly17Arg) also
inhibited trypsin, with a Ki value (6.3 × 10−7 M) close to HCIQ4c7. Thus, both negatively
and positively charged residues at position P1’ led to decreases in the trypsin-inhibitory
activity of the peptides, with HCIQ4c7 beings a stronger trypsin inhibitor than HCIQ1c9.
This was due to the residue Glu17, which can make additional contact with Lys43 in trypsin,
while Arg17 from HCIQ1c9 experiences an unfavorable interaction with the trypsin residue.

One of the important characteristics of Kunitz-peptides is the strong stability of the
domain structure thanks to the presence of three disulfide bonds. This feature allows
them to maintain their protease-inhibitory activity over a wide range of temperatures and
pH values. Indeed, the Kunitz peptide SdPI from the scorpion Lychas mucronatus [58] and
BmTI-A from tick Rhipicephalus microplus [59] were shown to be thermostable, while Bm-
SPI51 from the cocoon of the silkworm Bombyx mori is both heat- and pH-resistant [60].
Based on the CD spectra and residual trypsin activity levels, we revealed that HCIQ2c1,
HCIQ4c7, and HMIQ3c1 are thermostable peptides retaining the conformation of the active
molecules up to 90–100 ◦C, whereas the trypsin-inhibitory activity of HCIQ1c9 is reduced
by up to 70% in the temperature range of 60–100 ◦C, an observation that was confirmed by
the CD spectrum.

Through our study, we demonstrated that the substitution of the residues at position
P1’ of the peptides contributes to their biological activity. Earlier, we revealed that HCIQ2c1
has stronger neuroblastoma cell viability against 6-OHDA than HCIQ4c7 with Gly17Glu
substitution [43], while HMIQ3c1 with His50Arg and Ala51Arg substitutions did not affect
6-OHDA-induced cell toxicity [51]. Here, HCIQ1c9 showed a maximum protective effect
in the paraquat-induced cell death model, while HCIQ4c7 was the best in the rotenone-
induced cytotoxicity model. Furthermore, HCIQ1c9 exhibited protective effects on cells
in the presence of MPP+. Both rotenone and paraquat are known to induce oxidative
stress in neuronal cells. Rotenone promotes mitochondrial complex I inhibition, resulting
in an increase in ROS production, while paraquat induces redox cycling in the cytosol,
altering the mitochondrial function indirectly [12]. The peptides inhibited ROS formation
in the presence of both paraquat and rotenone. It was suggested that the inhibition of ROS
formation is associated with the antiradical activity of the peptides. Indeed, these peptides
interacted with free radicals, which may be one of the reasons for the reduced ROS levels.
On the other hand, it is known that ion channels such as Kv and TRP and cell receptors
such as P2X7 are actively involved in the regulation of neuronal processes, including
inflammation, and are considered potential therapeutic targets for PD [61–63]. Recently,
we showed that Kunitz-type peptides, namely HCRG1 and HCRG2, which are blockers
of Kv channels, maintained ROS production in 6-OHDA-treated cells at the reference
level [50]. Moreover, HCRG21, a blocker of TRPV1, showed significant neuroprotective
action, decreasing ROS production below the control (up to 87%) [44]. The studied peptides
were not active in either Kv [43] or TRPV1 channels, despite the high sequence homology
with HCRG1, HCRG2, and HCRG21.

Cell death induced by oxidative stress is accompanied by the release of ATP, which at
high concentrations activates P2X7R-associated channel opening, leading to osmotic swelling
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and ultimately to cell death [22,23]. Therefore, the application of a P2X7R inhibitor can
attenuate the progress of a neurodegenerative process. The studied peptides were found
to inhibit the uptake of YO-PRO-1 staining, which is able to penetrate through the ion
channels formed by P2X7R in Neuro-2a cells [22,64]. HMIQ3c1 and HCIQ4c7 demonstrated
the best effects, almost completely inhibiting the ATP-induced YO-PRO-1 uptake. It should
be noted, that both HMIQ3c1 and HCIQ4c7 at concentrations of 0.1 and 1 µM, respectively,
more effectively inhibited the dye penetration than 10 µM A438079, a selective inhibitor of
P2X7R. The peptide effect on P2X7R activation was confirmed by the results of Ca2+ influx
measurements and SPR. Upon binding to ATP, P2X7Rs act as nonselective cation channels,
resulting in a steady calcium influx response and increasing the intracellular concentration
of calcium ([Ca2+]i). The obtained results showed that both peptides reduced Ca2+ influx
and the Ca2+ response into Neuro-2a cells, with HCIQ4c7 more effectively decreasing the
calcium response than A438079. Moreover, HCIQ4c7 and HMIQ3c1 bound to the P2X7R
extracellular domain with similar Kd values, indicating the formation of stable complexes
and excluding non-specific binding. This is direct evidence of the ability of the peptides
to bind to the studied target, which may partially explain their neuroprotective activity in
PD models.

One of the important requirements for potential neuroprotective compounds is their
ability to pass through the blood–brain barrier (BBB), which restricts the entry of proteins
and undesirable substances to cerebral tissues. Because most drugs do not cross the BBB,
few treatments are available against neurodegenerative diseases, including PD.

It has been shown that the Kunitz domain in the β-amyloid precursor protein and
Kunitz-type peptide from the bovine pancreas, BPTI, effectively crosses the BBB via low-
density lipoprotein receptor-related protein (LRP) [65,66]. Moreover, short peptides create
the basis for the BPTI sequence, which has been demonstrated to effectively cross the
BBB [66]. The studied peptides have the same folds, including the pattern responsible for
penetration through the BBB.

On the other hand, the BBB is known to become more permeable during the inflamma-
tory process. As mentioned above, P2X7R is actively involved in the inflammatory process.
The receptor associated with pannexin-1 and the P2X4 receptor are able to stimulate the
ROS production induced by ATP, which leads to the activation of NLRP3 (NOD-, LRR-,
and pyrin domain-containing protein 3) inflammasome and further release of proinflam-
matory cytokines IL-1β and IL-18 [67]. The inflammation carried out by IL-1β is found
to promote the dysfunction and hyperpermeability of the BBB [68,69]. Taken together,
the data allow us to assume that the studied peptides might be able to pass through the
BBB, at least during inflammation.

Thus, the studied peptides are able to protect neuronal cells against PD inductors via
the inhibition of ROS formation and ATP-induced P2X7R activation. However, the molec-
ular mechanism of their interaction with P2X7R and passage through the BBB remains
uncertain and requires further detailed study.

4. Materials and Methods
4.1. Expression and Isolation of Kunitz-Type Peptides

The pET32b(+)/hciq1c9 construction was synthesized by JSC Eurogen (Russia). The
Kunitz-type peptides HCIQ2c1, HCIQ4c7, and HMIQ3c1, as well as a new peptide HCIQ1c9,
were obtained as described in [43,51]. The recombinant plasmids based on pET32b(+) and
carrying the genes of the target peptides fused with thioredoxin were transformed into
E. coli. The cells were cultured at 37 ◦C in Luria–Bertani medium containing 100 µg/mL
ampicillin until reaching the optical density (OD600) of ~0.5. After induction with IPTG
across a concentration range of 0.2–0.5 mM, the cells were incubated at 37 ◦C for 3 h.
The presence of recombinant peptides was determined in 12% polyacrylamide gel by
Laemmli’s SDS-PAGE method [70]. Cell precipitates were resuspended in the starting
buffer (400 mM NaCl, 20 mM Tris-HCl buffer, pH 8.0) and ultrasonicated on ice. Fu-
sion proteins were purified under native conditions on a Ni-NTA agarose (Qiagen, Venlo,
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The Netherlands) according to the manufacturer’s instructions and cleaved using CNBr
overnight at room temperature with a CNBr-to-protein molar ratio of 600:1 [71]. The re-
combinant peptides were purified from reaction mixture on a Jupiter C4 10 × 250 mm
reverse-phase column (Phenomenex, Torrance, CA, USA) using a linear gradient of acetoni-
trile (from 0% to 70%) with 0.1% trifluoroacetic acid (TFA) over 70 min with a constant flow
rate of 1.5 mL/min.

4.2. N-Terminal Amino Acid Sequence Analysis

HCIQ1c9 was treated using 6 M guanidine hydrochloride in 0.5 M Tris-HCI buffer,
pH 8.5, containing 2 mM EDTA. Then, dithiothreitol was added and the mixture was
incubated for 4 h at 40 ◦C. Thiol groups of cysteine residues were modified by 50%
4-vinylpyridine in isopropanol for 20 min at room temperature in the dark. The reac-
tion mixture was separated on a Nucleosil C18 4.6 × 250 mm reverse-phase column
(Phenomenex, Torrance, CA, USA) using a concentration gradient of acetonitrile (from 0%
to 70%) with 0.1% TFA in 160 min, with a constant flow rate of 0.5 mL/min [49]. The N-
terminal sequence of HCIQ1c9 (15 a.a.) was determined in duplicate via automatic Edman
degradation on a Procise 492c LC sequencer (Applied Biosystems, Bedford, MA, USA)
equipped with a Series 200 UV–Vis detector (Perkin Elmer, Waltham, MA, USA) for analysis
of phenylthiohydantoyl amino acid derivatives according to the supplier’s instructions.

4.3. MALDI-TOF MS Analysis

MALDI-TOF MS spectra of peptides were recorded using an Ultra Flex III MALDI-
TOF/TOF mass spectrometer (Bruker, Bremen, Germany) with a nitrogen laser SmartBeam
(355 nm), reflector, and potential LIFT tandem modes of operation. Sinapinic acid was used
as the matrix. External calibration was employed using a peptide InhVJ with m/z 6107 [72]
and its double-charged variant at m/z 3053.

4.4. One-Dimensional NMR Spectroscopy

The 1H NMR spectra of peptides were acquired at 30 ◦C on a Bruker Avance III
700 MHz spectrometer (Bruker Biospin, Billerica, MA, USA) equipped with a triple-
resonance z-gradient TXO probe. Peptides were dissolved in 90% H2O/10% D2O
(Deutero GmbH, Kastellaun, Germany) over a concentration range of 1.5–2 mg/mL. Ex-
citation sculpting with gradients [73] was applied to suppress strong solvent resonance,
while the chemical shift of their signals was arbitrarily chosen as 4.7 ppm. TopSpin 3.6
(Bruker Biospin, Billerica, MA, USA) was used for the acquisition and processing of
the spectra.

4.5. Circular Dichroism Spectroscopy

Circular dichroism (CD) spectra were recorded on a Chirascan-Plus CD spectropo-
larimeter (Applied Photophysics, Leatherhead, UK) in quartz cuvettes with an optical path
length of 0.1 cm for the peptide spectrum region. The peptides were dissolved in deion-
ized water (40 ng/mL) and incubated at temperatures ranging from 25 ◦C to 100 ◦C for
20–25 min before recording the CD spectra. The secondary structure elements were calcu-
lated using the Provencher–Glockner method [74] using advanced Provencher calculation
programs from the CDPro software package (Leatherhead, UK) [75].

4.6. Trypsin-Inhibitory Activity

The trypsin-inhibitory activity of HCIQ1c9 was estimated according to the stan-
dard procedure using N-α-benzoyl-D,L-arginine p-nitroanilide (BAPNA) (Sigma-Aldrich,
St. Louis, MO, USA) as a substrate. The trypsin inhibition constant was determined using
Dyxon’s method [76] using substrate concentrations of 0.6 and 1.2 mM. The trypsin concen-
tration was 208 nM. The range of peptide concentrations was 0–20 µM. The constant was
calculated based on the results of three parallel experiments. Computational error limits
were in the range of 0.1–0.3%.
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The temperature influence on the activity levels of peptides was assessed by measuring
their residual inhibitory activity levels. After preincubation at temperatures ranging from
25 to 100 ◦C for 25 min, the peptide solutions were added to trypsin solution and the
reaction mixtures were incubated for 10 min at 37 ◦C, then 1.2 mM BAPNA was added,
followed by incubation at 37 ◦C for 30 min. The final concentration of the peptides was
7 µM. Substrate hydrolysis was measured at 410 nm. The residual activity was calculated
based on the results of three parallel experiments according to the following equation [60]:

% = (1 − residual enzyme activity/enzyme activity without inhibitor) × 100

4.7. Modeling of Peptide–Trypsin Complexes

The comparative models of complex 3D structures were generated using the (PS)2

web server [77]. The peptide sequences HCIQ2c1 (UniProtKB ID: A0A6B7FBD3), HMIQ3c1
(A0A3G2FQK2), HCIQ1c9 (A0A6B7FEJ3), HCIQ4c7(A0A6B7FA07), and bovine cationic
trypsin (P00760) were used as input data and the spatial structure of homologous pep-
tide SHPI-1 in complex with trypsin (PDB ID: 3M7Q [56]) was chosen as the template.
The obtained models were further optimized using a fragment-guided molecular dynamics
(FG-MD) algorithm [78] or UCSF Chimera 1.11.2rc software [79] using the Amber ff99SB
protein force field and analyzed with the QMEAN server and other model quality assess-
ment tools available within the SWISS-MODEL workspace [80]. The residues contributing
to complex interfaces were identified using Discovery Studio 4.0 Visualizer (Accelrys Soft-
ware Inc., San Diego, USA), PDBePISA [81], and CONSRANK web tools [82]. Visualization
was performed using Discovery Studio 4.0 Visualizer software.

4.8. Cell Line and Culture Conditions

The murine neuroblastoma cell line Neuro-2a was purchased from ATCC (CCL-131,
American Type Culture Collection, Manassas, VA, USA). Cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Biolot, St. Petersburg, Russia) containing 10% fetal
bovine serum (Biolot, St. Petersburg, Russia) and 1% penicillin/streptomycin (Biolot,
St. Petersburg, Russia) according to ATCC’s instruction. Cells were incubated at 37 ◦C in a
humidified atmosphere containing 5% CO2 (v/v). Before the experiments, Neuro-2a cells
at a concentration of 1 × 104 cells/well were dispensed into 96-well plates and incubated
for 24 h in a humidified atmosphere containing 5% CO2 to allow cell attachment.

4.9. Cell Viability Assay (MTT Method)

Peptide stock solutions were prepared in deionized water at a concentration of 10 mM.
All tested compounds were added to the plate wells at a volume of 20 µL and diluted in
PBS to final concentrations of 0.01, 0.1, 1.0, and 10.0 µM.

Then, 20 µL of substance solution was loaded into the cells and incubated for 24 h
followed by replacement of the medium with tested substances and 100 µL of fresh
medium. Then, 10 µL of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bro-
mide) (Sigma-Aldrich, St. Louis, MO, USA) stock solution (5 mg/mL) was added to
each well and the microplate was incubated for 4 h. Next, 100 µL of SDS-HCl solution
(1 g SDS, 10 mL dH2O, 17 µL 6N HCl) was added to each well followed by incubation
for 4–18 h. The absorbance of the converted dye formazan was measured using a Multi-
skan FC microplate photometer (Thermo Scientific, Waltham, MA, USA) at a wavelength
of 570 nm [83,84]. All experiments were repeated in triplicate. Cytotoxic activity was
expressed as the percentage of cell viability.

4.10. In Vitro Paraquat-, Rotenone-, MPP+, 6-OHDA, and ATP-Induced Cytotoxicity Assays

At the end of the preincubation period, the cells were treated with peptides at concen-
trations of 0.01, 0.1, 1, and 10 µM for 1 h, after which 600 µM paraquat, 10 µM rotenone,
80 µM of 6-OHDA, 1 mM MPP+, or 4 mM ATP (Sigma-Aldrich, St. Louis, MO, USA) was
added. The cells incubated with or without inductors were used as positive and negative
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controls, correspondingly. Cell viability was measured after 24 h (with paraquat, rotenone
and 6-OHDA) or 48 h (with ATP and MPP+) using the MTT assay [85–87]. The results are
presented as a percentages, taking the cell viability when treated with the inductor as 100%.

4.11. ROS and NO Analyses in Paraquat- and Rotenone-Treated Cells

Neuro-2a cells were incubated with peptides at concentrations of 0.01, 0.1, and
1 µM for 1 h. Then, paraquat (600 µM) or rotenone (10 µM) was added to each well
and cells were incubated for 3 or 1 h, respectively. To study the ROS formation, the
2,7-dichlorodihydrofluorescein diacetate (H2DCF-DA) assay was performed according to
the manufacturer’s instructions (Molecular Probes, Eugene, OR, USA). H2DCF-DA solution
was added to each well, such that the final concentration was 10 µM, then the microplate
was incubated for an additional 30 min at 37 ◦C.

To determine the NO production, a 4-amino-5-methylamino-2′,7′-difluorofluorescein
diacetate (DAF-FM) assay was performed according to the manufacturer’s instructions
(Invitrogen, Carlsbad, CA, USA). DAF-FM fluorescent probe solution was added to each
well to a final concentration 5 µM, then the microplate was further incubated for 40 min at
37 ◦C. In both cases, the fluorescence intensity was measured using a PHERAstar FS high-
speed plate reader (BMG Labtech, Ortenberg, Germany) at λex = 485 nm and λem = 518 nm.
The data were processed using MARS Data Analysis v. 3.01R2 (BMG Labtech, Ortenberg,
Germany). The results are presented as percentages of control with inductor data.

4.12. DPPH Radical Scavenging Activity

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity of the peptides
was tested as described in [88]. The peptides dissolved in MeOH were dispensed at
a volume of 120 µL into the wells of a 96-well microplate. Then, 30 µL of the DPPH
(Sigma-Aldrich, Steinheim, Germany) solution in MeOH (3.75 mM) was added to each
well. The peptide concentration of the mixtures was 1 µM. The mixtures were shaken and
incubated at room temperature for 30 min, and the absorbance of the resulting solutions was
measured at 520 nm with a Multiscan FC microplate reader (Thermo Scientific, Waltham,
MA, USA). The results are presented as percentages of the negative control (MeOH) data.
Ascorbic acid at 10 µM was used as the positive control.

4.13. Expression of TRPV1 Channels in Xenopus Laevis Oocytes

To express TRPV1 in Xenopus laevis oocytes, the linearized plasmids were transcribed
using a T7 or SP6 mMESSAGE-mMACHINE transcription kit (Ambion, Austin, TX, USA).
The harvesting of stage V–VI oocytes from anaesthetized female X. laevis frogs was carried
out as previously described [89]. Oocytes were injected with 50 nL of cRNA at a con-
centration of 1 ng/nL using a micro-injector (Drummond Scientific, Broomall, PA, USA).
The oocytes were incubated in a solution containing 96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2,
2 mM MgCl2, and 5 mM HEPES pH 7.4, supplemented with 50 mg/L gentamicin sulfate.

4.14. Electrophysiological Assay

The physiological activity in oocytes heterologously expressing the TRPV1 chan-
nels was measured using the two-electrode voltage–clamp technique, using a Geneclamp
500 amplifier (Molecular Devices, Austin, TX, USA) controlled by the pClamp database
system (Axon Instruments, Union City, CA, USA). The measurements were performed
at room temperature (18–22 ◦C). Whole-cell currents were recorded 1–4 days after the
mRNA injection. The electrode resistance was 0.7–1.5 MΩ. The signal was amplified and
preliminarily filtered using an amplifier-embedded Bessel filter (cutoff frequency 500 Hz)
after digitization of the signal at 2000 Hz. Recordings obtained before the activation of the
examined currents were used to subtract the capacitive and leakage currents. The cells
were kept at a holding potential of −90 mV. TRPV1 currents were measured in ND96
solution using a protocol of −90 mV for 400 s. The recording chamber was perfused at a
rate of 2 mL/min with the ND96 solution. Capsaicin (2 µM) was used as an agonist and
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capsazepine (10 µM) was used as an antagonist of TRPV1. Capsaicin and capsazepine
were purchased from Sigma-Aldrich (St. Louis, MO, USA). The use of the X. laevis animals
was in accordance with the license number LA1210239 of the Laboratory of Toxicology
and Pharmacology, University of Leuven (Belgium). The use of X. laevis animals was
approved by the Ethical Committee for Animal Experiments of the University of Leuven
(P186/2019). All animal care and experimental procedures agreed with the guidelines of
the European Convention for the protection of vertebrate animals used for experimental
and other scientific purposes (Strasbourg, 18.III.1986).

4.15. YO-PRO-1 Uptake Measurements

For the uptake measurements of the large cationic dye YO-PRO-1, the peptides at final
concentrations of 0.01, 0.1, and 1.0 µM were added to the culture medium with Neuro-2a
cells and further incubated for 1 h at 37 ◦C with 5% CO2. Then, the cells were washed
once with Hanks’ balanced salt solution (HBSS) (140 mM NaCl, 5 mM KCl, 0.8 mM MgCl2,
2 mM CaCl2, 10 mM glucose, 10 mM HEPES, pH 7.4) and filled with 180 µL of the same
buffer. YO-PRO-1 (Sigma-Aldrich, St. Louis, MO, USA) was loaded into the wells to a final
concentration of 5 µM, the cells were incubated for 15 min at 37 ◦C, then ATP was added to
a final concentration of 4 mM and the plates were incubated for an additional 10 min. Then,
the cells were washed three times with the buffer solution and the fluorescence intensity
levels were measured with a PHERAstar FS plate reader (BMG, Germany) at λex = 480 nm
and λem = 520 nm. A438079 (10 µM), a standard inhibitor of P2X7R, was used as positive
control. The effectiveness of the peptides was evaluated relative to the control with ATP.

4.16. Ca2+ Influx Measurement

Neuro-2a cells were pre-incubated with studied peptides for 1 h at 37 ◦C with 5% CO2.
Then, cells were washed twice with culture medium and loaded with 5 µM Fluo-8 dye
(Sigma-Aldrich, St. Louis, MO, USA) and 1 µM Pluronic F-127 (Sigma-Aldrich, St. Louis,
MO, USA) and incubated for 40 min at room temperature in HBSS saline at pH 7.4. Then,
the cells were washed two times with the same solution but without the fluorescent dye and
were incubated for 20–30 min at room temperature in the dark. In some experiments, Ca2+-
free medium was used. Here, 140 mM NaCl, 5 mM KCl, 0.8 mM MgCl2, 10 mM glucose,
10 mM HEPES, 5 mM EGTA, pH 7.4. ATP (1 mM final concentration) were added using a
robotic microinjector (20 µL/well), then 10 s later the baseline recording and additional
readings were taken up to 50 s at 1 s intervals. The standard P2X7R inhibitor A438079
(Sigma-Aldrich, St. Louis, MO, USA) was used as the inhibitory control. Ionomycin (Sigma-
Aldrich, St. Louis, MO, USA) was used to generate a generic calcium signal in cells. Fluo-8
was excited at 488 nm, and the emission at 520 nm was measured with a PHERAstar plate
reader (BMG LABTECH, Ortenberg, Germany).

4.17. Surface Plasmon Resonance

SPR analyses were performed based on using a Biacore 3000 optical biosensor (GE
Healthcare, USA) running under the program “Biacore 3000 Control Software v.1.0”. Re-
combinant human P2X7R (sequence positions of 47–334 a.a.; complete extracellular domain,
36.8 kDa) (Abbexa LTD, Cambridge, UK) was covalently immobilized on the carboxymethy-
lated surface of the Biacore CM5 sensor chip (Cytiva, Chicago, IL, USA), then activated by
the 1:1 mixture of 0.2 M 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC) and 0.05 M N-hydroxysuccinimide (NHS) via the injection of receptor solution
(15 µg/mL) in 10 mM sodium acetate (pH 5.0) for 10 min at a flow rate of 5 µL/min.
The reference channel without immobilized P2X7R was used to correct the effects of the
non-specific binding of peptides to the chip surface. The quantity of the immobilized
hP2X7R equaled 12300 RU (resonance units, 1 RU corresponds to 1 pg receptor bound
per mm2 of chip surface). HBS-N (10 mM HEPES, 150 mM NaCl, pH 7.4) (Cytiva, USA)
was used as a running buffer for SPR assays. Peptide solutions in the HBS-N buffer over
a concentration range of 5–100 µM were passed through biosensor channels (working
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and reference) at a flow rate of 10 µL/min for 3 min at 25 ◦C. Dissociation of the formed
peptide–P2X7R complexes was registered at the same flow rate for no less than 6 min from
the moment of sample injection. After each biosensor cycle, analytes were removed with
two injections of regenerating solution (2 M NaCl, 1% CHAPS) at a flow rate of 30 µL/min
for 30 s.

SPR sensorgrams were processed in BIAevaluation Software v. 4.1.1 (GE Healthcare)
using “1:1 binding (Langmuir)” and “two-state (conformational change) binding” data
processing models.

The final kinetic parameters were obtained from the model of two-state (conforma-
tional change) binding. The equation describing the used model was as follows:

Kd = koff1/kon1 × (1 + kon2/koff2) − 1

where Kd is the equilibrium dissociation constant, koff1 is the dissociation rate constant,
kon1 is the association rate constant, kon2 is the forward rate constant for the CP↔ CP *
transition, koff2 is the backward rate constant for transition CP↔ CP *, C is the compound,
and P is the immobilized protein.

4.18. Statistics

All data were obtained from three independent replicates and calculated values
were expressed as means ± standard error of the mean (SEM). Student’s t-test was
performed using SigmaPlot 14.0 (Systat Software Inc., San Jose, CA, USA) to determine
statistical significance.
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Abstract: Streptococci are a family of bacterial species significantly affecting human health. In addition,
environmental Streptococci represent one of the major causes of diverse livestock diseases. Due to
antimicrobial resistance, there is an urgent need for novel antimicrobial agent discovery against
Streptococci. We discovered a class of benzoic acid derivatives named sigmacidins inhibiting the
bacterial RNA polymerase-σ factor interaction and demonstrating excellent antimicrobial activity
against Streptococci. In this work, a combinational computer approach was applied to gain insight into
the structural basis and mechanism of action of sigmacidins as antimicrobials against Streptococcus
pneumoniae. Both two- and three-dimensional quantitative structure-active relationships (2D and 3D
QSAR) of sigmacidins displayed good predictive ability. Moreover, molecular docking and molecular
dynamics simulation studies disclosed possible contacts between the inhibitors and the protein. The
results obtained in this study provided understanding and new directions to the further optimizations
of sigmacidins as novel antimicrobials.

Keywords: Streptococci; antimicrobials; QSAR; MD simulation

1. Introduction

Streptococci are a large family of Streptococcus species widely present in the environment
and as microbiota of mammals such as humans, wild animals and livestock. Streptococcus
pneumoniae, belonging to the alpha-hemolytic streptococcal species, is one of the most com-
mon human pathogens leading to a range of pneumococcal diseases, including otitis media,
sinusitis, pneumonia, septicemia, and meningitis [1]. The beta-hemolytic streptococcal
species such as Streptococcus pyogenes (Group A Streptococcus, GAS) and Streptococcus agalac-
tiae (Group B Streptococcus, GBS) represent the other two pathogens frequently triggering
human diseases such as streptococcal pharyngitis (strep throat), impetigo, pneumonia, and
meningitis [2,3]. In addition, more than one third of herd mastitis incidences are caused
by “Environmental Streptococci” [4,5]. This name was coined after Streptococci which leads
to animal diseases [6], such as Streptococcus dysgalactiae, Streptococcus uberis (Groups C
and G Streptococci, GCS and GGS), and Enterococcus spp., which used to be classed in the
genus Streptococcus (Group D Streptococcus) prior to 1984 [7]. The medical application to
treat streptococcal infections by antibiotics is sometimes ineffective due to antimicrobial
resistance [5,8]. As a result, S. pneumoniae has been listed in the World Health Organization
Global Priority Pathogens List for which new antibiotics are urgently needed [9].

The emergence of multidrug resistance to current antibiotics among pathogens high-
lights the importance of the discovery of novel antimicrobials with minimized antimicrobial
resistance. Protein-protein interactions (PPI) are appropriate targets for reducing antimicro-
bial resistance [10]. We focused on the specific and conserved bacterial PPIs for antimicro-
bial discovery [11]. Bacterial RNA polymerase (RNAP) comprises several subunits: 2α, β,
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β′,ω (Gram-positive bacteria include one more subunit ε) [12,13], and interacts with the
bacteria-specific transcription factor σ to form a holoenzyme to recognize DNA promoters
and initiate bacterial transcription. Therefore, this essential PPI represents an appropriate
target for antimicrobial agent discovery [14]. Biochemistry studies have shown that the
binding site between the region 2.2 of σ factor (σ2.2) and the clamp helix region of the RNAP
β′ subunit (β′CH) is the major binding site for this PPI [15]. Based on the structural biologi-
cal information [16,17] (Figure 1A), we designed a pharmacophore model and screened
out three hit compounds (C3, C4, and C5) showing the specific inhibitory activity [18]. The
optimization of compound 1 (C3) resulted in the discovery of a set of derivatives such as 3
(C3-005), 46 (ejmc 8e), and 40 (jmc Cpd. 54) with dramatically improved antibacterial activ-
ities, in particular against Streptococci including S. pneumoniae, S. pyogenes, S. agalactiae, and
Enterococcus faecalis with minimum inhibitory concentrations (MIC) lowered to 1 µg/mL,
comparable to current antibiotics in the market (Figure 1B) [19–21]. Considering the general
structure of benzoic acid in this class of compounds and the protein σ factor on which these
compounds mimic for binding, we named this class of antimicrobials as “sigmacidin”.
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In an attempt to reveal the relationships between the chemical structures and their 
activity against the representative S. pneumoniae, we took fiftysix molecules reported pre-
viously [20,21] to generate a set of quantitative rules and construct both 2D and 3D QSAR 

Figure 1. (A) Escherichia coli RNA polymerase holoenzyme (α2ββ
′ωσ) (PDB: 1IW7, [17]) and the de-

tailed interactions between β′CH and σ2.2, hydrogen bonds: green, hydrophobic: magenta; (B) Chemi-
cal structures of reported sigmacidins derivatives targeting the RNAP-σ interaction and their activities
against S. pneumoniae.

With a new class of antimicrobial agents in hand, we intend to make use of the
quantitative structure-activity relationship (QSAR) analysis to explore the relationship
between the observed antimicrobial activity and numerical descriptors in order to predict
the biological properties of perspective compounds and guide future syntheses [22]. The 2D
QSAR study considers physicochemical properties of signal atoms and functional groups
and their contribution to biological activity, while 3D QSAR could foresee the potential
three-dimensional structure of the ligand molecules [23]. In this study, statistical methods
including multiple linear regression (MLR) and partial least square analysis (PLS) were
applied to analyze the correlation between properties or descriptors of the molecules and
molecular properties [24].

In an attempt to reveal the relationships between the chemical structures and their
activity against the representative S. pneumoniae, we took fiftysix molecules reported previ-
ously [20,21] to generate a set of quantitative rules and construct both 2D and 3D QSAR
models for the design of novel derivatives. Their structures are given in the supporting
information (Table S1) and their activities against S. pneumoniae (MIC) are shown in Table 1.
Moreover, molecular docking and molecular dynamics (MD) simulations were performed
to gain insight into the structural basis and the inhibitory mechanism of the inhibitors.
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Table 1. Compounds selected for modeling and their observed and predicted activity against
S. pneumoniae.

Cpd. MIC
(µg/mL) MW MIC (M) pMIC

2D QSAR 3D QSAR

Predicted pMIC ∆ b Predicted pMIC ∆ b

1 a 256 394.40 6.49 × 10−4 3.188 3.503 −0.315 3.616 −0.428
2 a 128 409.41 3.13 × 10−4 3.505 3.579 −0.074 4.060 −0.555
3 8 448.28 1.78 × 10−5 4.748 4.406 0.342 4.552 0.196
4 256 362.34 7.07 × 10−4 3.151 3.295 −0.144 3.089 0.062
5 256 354.36 7.22 × 10−4 3.141 2.899 0.242 2.994 0.148
6 128 409.42 3.13 × 10−4 3.505 3.119 0.386 3.564 −0.059

7 a 64 395.43 1.62 × 10−4 3.791 3.529 0.262 3.674 0.117
8 64 394.40 1.62 × 10−4 3.790 3.508 0.282 3.642 0.148
9 128 394.40 3.25 × 10−4 3.489 3.516 −0.027 3.692 −0.203

10 256 523.52 4.89 × 10−4 3.311 3.942 −0.631 3.303 0.008
11 256 376.36 6.80 × 10−4 3.167 3.224 −0.057 3.140 0.027
12 256 394.35 6.49 × 10−4 3.188 3.328 −0.14 3.181 0.007
13 128 376.36 3.40 × 10−4 3.468 3.575 −0.107 3.261 0.207
14 8 449.31 1.78 × 10−5 4.749 4.541 0.208 4.437 0.313

15 a 256 463.29 5.53 × 10−4 3.258 3.996 −0.738 4.507 −1.249
16 256 418.44 6.12 × 10−4 3.213 4.095 −0.882 3.311 −0.098
17 128 397.38 3.22 × 10−4 3.492 3.802 −0.31 4.072 −0.580

18 a 32 436.48 7.33 × 10−5 4.135 4.154 −0.019 4.012 0.123
19 256 409.42 6.25 × 10−4 3.204 3.069 0.135 3.467 −0.263
20 64 409.42 1.56 × 10−4 3.806 3.229 0.577 3.827 −0.021
21 32 407.44 7.85 × 10−5 4.105 4.247 −0.142 4.181 −0.076

22 a 256 383.38 6.68 × 10−4 3.175 3.173 0.002 3.612 −0.437
23 32 448.28 7.14 × 10−5 4.146 4.418 −0.272 4.426 −0.280
24 32 498.51 6.42 × 10−5 4.193 4.182 0.011 3.936 0.256
25 64 428.85 1.49 × 10−4 3.826 3.860 −0.034 3.894 −0.068
26 64 431.23 1.48 × 10−4 3.829 4.013 −0.184 3.401 0.427
27 64 395.43 1.62 × 10−4 3.791 3.660 0.131 3.462 0.329
28 256 395.43 6.47 × 10−4 3.189 3.581 −0.392 3.366 −0.177
29 256 436.44 5.87 × 10−4 3.232 3.228 0.004 3.632 −0.400
30 4 483.75 8.27 × 10−6 5.083 4.915 0.168 4.469 0.614
31 16 479.33 3.34 × 10−5 4.477 4.297 0.180 5.112 −0.635
32 16 534.41 2.99 × 10−5 4.524 4.359 0.165 4.744 −0.221
33 64 484.38 1.32 × 10−4 3.879 4.246 −0.367 3.787 0.092
34 16 463.33 3.45 × 10−5 4.462 4.776 −0.314 4.466 −0.004
35 256 396.78 6.45 × 10−4 3.190 3.656 −0.466 3.353 −0.163
36 4 528.20 7.57 × 10−6 5.121 4.962 0.159 4.467 0.654
37 256 483.75 5.29 × 10−4 3.276 4.912 −1.636 4.470 −1.194

38 a 4 449.31 8.90 × 10−6 5.050 4.500 0.550 5.204 −0.154
39 16 403.28 3.97 × 10−5 4.401 4.082 0.319 4.561 −0.160
40 1 483.75 2.07 × 10−6 5.685 4.868 0.817 5.246 0.439

41 a 16 434.29 3.68 × 10−5 4.434 4.798 −0.364 5.189 −0.755
42 32 418.29 7.65 × 10−5 4.116 3.891 0.225 4.428 −0.311
43 32 446.35 7.17 × 10−5 4.145 4.213 −0.068 4.449 −0.304

44 a 8 482.72 1.66 × 10−5 4.781 4.773 0.008 4.648 0.133
45 8 482.72 1.66 × 10−5 4.781 4.766 0.015 4.653 0.128
46 2 516.27 3.87 × 10−6 5.412 4.925 0.487 4.725 0.687
47 4 468.74 8.53 × 10−6 5.069 5.159 −0.090 5.289 −0.221
48 4 448.32 8.92 × 10−6 5.050 5.073 −0.023 5.081 −0.031
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Table 1. Cont.

Cpd. MIC
(µg/mL) MW MIC (M) pMIC

2D QSAR 3D QSAR

Predicted pMIC ∆ b Predicted pMIC ∆ b

49 8 478.30 1.67 × 10−5 4.777 4.278 0.499 4.681 0.096
50 8 466.27 1.72 × 10−5 4.766 4.512 0.254 4.592 0.174
51 4 516.27 7.75 × 10−6 5.111 4.914 0.197 4.737 0.374

52 a 2 502.29 3.98 × 10−6 5.400 5.271 0.129 5.273 0.126
53 a 8 464.32 1.72 × 10−5 4.764 4.611 0.153 5.126 −0.362
54 2 468.74 4.27 × 10−6 5.370 5.169 0.201 5.271 0.099
55 4 452.28 8.84 × 10−6 5.053 4.908 0.145 5.218 −0.164
56 2 502.29 3.98 × 10−6 5.400 5.251 0.149 5.243 0.157

a Compounds taken for the test set; b ∆ = Experimental pMIC—Predicted pMIC.

2. Results and Discussion
2.1. Two-Dimensional QSAR
2.1.1. Two-Dimensional QSAR Study

A 2D QSAR study for compounds against S. pneumoniae was performed to determine
the factors/descriptors related to the antibacterial activities of compounds 1–56, and to
disclose the structural features contributing towards the bacterial inhibitory activities. In
this study, the molecular properties for the compounds in the training set were calculated
using the “Calculate Molecular Properties” protocol in Discovery Studio 2016 (DS 2016).

Descriptors used for the building of the model were selected based on the results of
the intercorrelation matrix between the calculated descriptors. In the present research,
the selected descriptors have intercorrelation values lower than 0.5 (Table 2) to avoid
model overfitting, and the result of the matrix analysis revealed the independence of
these descriptors.

Table 2. Intercorrelation data of descriptors used to develop 2D QSAR Model.

Property AlogP HBA Count LUMO Eigenvalue
VAMP

Molecular Polar
Surface Area

AlogP 1.000 −0.367 −0.264 −0.490
HBA Count 1.000 −0.114 0.405

LUMO Eigenvalue VAMP 1.000 −0.350
Molecular Polar Surface Area 1.000

A Multiple Linear Regression (MLR) analysis method was used to construct the model.
The statistical quality of the MLR model was judged by the calculation of the squared
correlation coefficient (r2) for internal validation and the predictive squared correlation
coefficient (r2

pred) for external validation [25]. Moreover, the predictive power of the QSAR
model was verified using LOO internal validation or cross validation (q2). Usually, a value
of q2 > 0.5 is considered acceptable [26]. In this model, the r2 was 0.732, r2

pred was 0.613,
and q2 equaled 0.562, which indicated the true predictive ability of the model (Table 3)

Table 3. Regression statistics table.

R r2 r2

(Adjusted)
r2

(Prediction)
RMS Residual

Error
q2

(Cross-Validation)
RMS Residual Error
(Cross-Validation)

0.856 0.732 0.705 0.613 0.399 0.562 0.526

2.1.2. Two-Dimensional QSAR Model Analysis

The predicted activities for the inhibitors versus their experimental activities and the
residues between them are listed in Table 1. The correlation between the predicted activities
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and the experimental activities are depicted in Figure 2. These results demonstrated that the
predicted activities by the constructed MLR model were in good agreement with the experi-
ment data, suggesting that the 2D QSAR model was reliable for structure-activity prediction.
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Equation (1) represents the MLR model obtained by DS 2016. According to Equation (1),
four descriptors, including (a) ALogP reflecting lipophilicity [27], (b) hydrogen bond ac-
ceptor (HBA) which is critical to potency, selectivity, permeability, and solubility [28],
(c) molecular polar surface area, a guideline towards the improvement of oral absorption
and permeability [29], and (d) LUMO eigenvalue that is related to electrostatic proper-
ties [30], were used to describe the relationship between chemical properties and the
antimicrobial activity. Compared with the molecular polar surface area, AlogP, HBA
count, and LUMO Eigenvalue showed higher correlations, and slight variations of these
descriptors significantly affected the activity.

Equation (1) representing the 2D QSAR model:

pMIC = 0.5647 + 0.5705(ALogP) − 0.2073(HBA Count) + 0.0090 (Molecular Polar Surface Area)

+ 0.2049(LUMO Eigenvalue VAMP)
(1)

To further improve the predictive ability of the above model, an outlier analysis was
conducted using the Find Outlier Molecules module of DS 2016 to identify the outliers
in the dataset, and the acceptable level was set to 95 (95% confidence interval). Results
showed that four compounds were returned as outliers, including compounds 10,for which
the Molecular PSA was too high, 33 for which the LUMO Eigenvalue VAMP was too low,
and 39 and 43, for which the Molecular PSA was too low. These four compounds were
removed and a new 2D QSAR model was constructed. In the revised model, r2 was 0.777,
r2

pred was 0.721, and q2 equaled to 0.690, which indicated the improved predictive ability
of the model (Table 4).

Table 4. Regression statistics table.

R r2 r2 (Adjusted) r2 (Prediction)
RMS Residual

Error
q2

(Cross-Validation)
RMS Residual Error
(Cross-Validation)

0.882 0.777 0.753 0.721 0.375 0.690 0.447

Equation (2) represents the revised MLR model. As shown in the equation, changes in
the ALogP and LUMO Eigenvalue VAMP may affect the antimicrobial active significantly
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as they have higher correlations in comparison with HBA count and molecular polar
surface area.

Equation (2) representing the upgraded 2D QSAR model:

pMIC = 0.6578 + 0.5757(ALogP) − 0.07427(HBA Count) + 0.01056 (Molecular Polar Surface Area) −
0.2082(LUMO Eigenvalue VAMP)

(2)

2.2. Three-Dimensional QSAR
2.2.1. Molecular Alignment

Structural alignment of the molecules is critical to both the predictive accuracy of a 3D
QSAR model and reliability of contour models. Therefore, we applied flexible alignment to
align all the molecules in this study. The most active compound, 40, was selected as the
alignment template and the rest of the compounds were aligned to it by using the common
substructure as displayed in Figure 3.
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common motif bolded); (B) alignment of molecules on compound 40.

2.2.2. Three-Dimensional QSAR Study

The 3D QSAR model in this study was built by the Field-Based model module in
Maestro 10.2. The statistical parameters are presented in Table 5. Here, r2 is the non-cross-
validated value for the regression, r2

CV is the LOO cross-validated correlation value, r2

scramble represents the average value of r2 from a series of models built using scrambled
activities, and “Stability” reflects the sensitivity of the model to omissions from the training
set. Q2 is directly analogous to r2, but is based on the test set predictions. When the r2 value
is larger than the stability value, this is an indication that the dataset is over-fit. As we set
PLS factor to six considering the statistical results, the three-factor model was selected with
r2 and r2

CV values of 0.805 and 0.568, respectively, and a stability value of 0.883 (Table 5).

Table 5. Statistical results of the 3D QSAR model.

SD r2 r2
CV

r2

Scramble
Stability F P RMSE Q2 Pearson-r

0.356 0.805 0.568 0.482 0.883 56.4 1.31×10−14 0.52 0.528 0.835

The model was built using four fields, including steric, electrostatic, hydrogen bond
(H-bond) donor, and H-bond acceptor. As shown in Table 6, the steric field and the
hydrophobic field contributed significantly to the antibacterial activity with percentages of
36.1% and 29.8%, respectively.
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Table 6. Field Distribution (%).

Steric Electrostatic Hydrophobic H-Bond Acceptor H-Bond Donor

36.1 9.4 29.8 9.8 14.9

The eleven compounds randomly selected by Maestro 10.2 were used as the test
set to validate the predictive ability of the 3D QSAR model. As a result, the predicted
pMIC values shown in Table 1 were in good alignment with the experimental data, with
a Pearson-r (the correlation between the predicted and observed activity for the test set)
value of 0.835 and a Q2 value of 0.528. The correlation plots between the experimental and
predicted pMIC values for both the training and test sets were shown in Figure 4. Though
some outliers may possibly be generated, the results demonstrated the potential of the 3D
QSAR model to be used for drug design with a good predictive power.
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2.2.3. Interpretation of the 3D QSAR Contour Maps

To visualize the structure-activity relationship of these inhibitors, the steric, electro-
static, hydrophobic, H-bond donor, and H-bond acceptor contour maps of the models are
displayed in Figure 5. The most active compound, 40, was used for further analysis.

In the steric contour (Figure 5A), the green regions represented that the introduction of
bulky substituents might increase activity, while steric hindrance should be avoided in the
yellow regions. As shown in Figure 5A, a relatively large green contour was found around
3,4-diCl groups of compound 40, indicating that bulky substituents might be preferred
in this region, while at 5- and 6-positions of the right benzene ring, steric hindrance
was unfavorable.

The electrostatic contour (Figure 5B) for compound 40 showed that a relatively large
blue contour was located around the para-position to the -COOH group, suggesting that
electron-deficient substituents may increase the activity. In addition, a small blue region
was found to surround the -NO2 group, this can explain why reduction or removal of -NO2
resulted in reduction of the antimicrobial activity. In contrast, the red contour was mainly
located around the linker, which meant electron-rich linkers may improve the activity.
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(blue) and electronegative (red); (C) hydrophobic field: favored (yellow) and disfavored (white);
(D) H-bond acceptor field: favored (Red) and disfavored (magenta); Hydrogen bond donor field:
favored (blackish green) and disfavored (pale green).

On the hydrophobic contour map (Figure 5C), the yellow regions indicated that the
hydrophobic groups were preferred, while the white regions favored hydrophilic groups. It
was shown that a relatively large blue region appeared around the 3,4-diCl groups; together
with the prediction of the steric contour, the models indicated that replacing the -Cl with
bulky and hydrophobic substituents might be beneficial to the antibacterial activity. In the
contrast, the white regions were adjacent to the molecule but did not wrap it up like the
yellow regions.

H-bond acceptor and donor contour maps are displayed in Figure 5D. H-bond accep-
tors were favored as red regions and unfavored in the magenta regions. Moreover, H-bond
donors were preferred as blackish green and pale green as the unfavorable regions. The
magenta and blackish green contours covered the middle benzene ring, while the red and
pale green regions encircled the -COOH group. Briefly, the H-bond acceptor and donor
groups contributed less to the activity compared to the steric and hydrophobic groups.

2.3. Docking and MD Simulations Studies of Compound 1 and 40
2.3.1. Docking Studies

To compare the differences between the most bioactive compound 40 and the hit
compound 1 in the binding processes, their potential binding modes and key interactions
were analyzed using the LibDock module of DS 2016. As shown in Figure 6A,B, the -NH2
and -NO2 groups of compound 1 formed hydrogen bonds with Asp542 (H···O 2.15 Å)
and Arg550 (O···H 1.85 Å) of β′CH region, respectively. Additionally, some weak π-cation
interactions existed between the aromatic ring of compound 1 and Arg553 and Arg546.
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Figure 6. Binding modes and details of interaction of compound 1 (yellow, (A,B)) and compound 40
(magenta, (C,D)) in complex with β′CH extracted from RNAP holoenzyme (PDB: 1IW7, [17]).

In Figure 6C,D, it is suggested that compound 40 formed three classical hydrogen
bonds with β′-CH region, including two H-bonds between the carboxylic group and Arg553
(O···H 2.68 Å) and Lys556 (O···H 2.32 Å), one H-bond between -NO2 and Arg550 (O···H
2.93 Å), while the S atom formed a nonclassical H-bond with Arg546 (S···H 2.48 Å).

The docking results indicated both compounds made extensive contacts with β′CH.
In comparison to the hit compound 1, compound 40 made more interactions with the
“hotspot” residues, including Arg546, Arg550, and Arg553 through hydrogen bonds.

2.3.2. MD Simulation Studies

To further understand the difference on the binding processes of hit compound 1 and
compound 40, 10 ns MD simulations based on the above-mentioned binding modes were
performed. To study the dynamic stability of both systems, root-mean-square deviations
(RMSD) from the starting structures were analyzed (Figure 7). The plots showed that
both the two systems reached equilibrium within 6 ns, and the proteins and ligands in
both systems were stable after equilibrium. Average RMSD values for the protein and
ligand in 1-β′CH bound system were 2.0 Å and 4.1 Å, respectively, while the corresponding
values for the 40-β′CH bound system were 2.3 Å and 4.0 Å, respectively. Moreover, it was
observed that compound 40 fluctuated more violently which might be due to the distances
of the connected bonds between 40 and β′CH in the docking model. They were slightly
longer than the distances between compound 1 and β′CH. In addition, the protein in the
40-β′CH system encountered more sizable rearrangement. This may be due to compound
40 having a more flexible structure. It could generate more conformations which require
the protein to make more changes to adapt.
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Figure 7. RMSD values of backbone atoms of the protein (A) and the heavy atoms in the ligands
(B) for the compounds 1- and 40-β′CH systems as a function of the simulation time.

The energy of both complexes through MD simulation is shown in Figure 8. During the
10 ns production run, due to the existence of counter ions, the potential energy will often not
decrease [31]. Results demonstrated that compound 40 in complex with the β′CH region
had a much lower total energy compared to that of hit compound 1 (Figure 8A), especially
the electrostatic energy (Figure 8B), while the van der Waals energies of the two systems
were similar (Figure 8C). These results indicated that more attention should be given on
the electrostatic energy when developing high-affinity inhibitors of the β′CH-σ interaction.
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compounds 1− and 40−β′ CH region in the 10 ns MD simulations.

The binding energy of both inhibitors with β′CH were calculated using the Calcu-
late Binding Energy module of DS 2016. For each system, binding energy calculation
was performed for snapshots extracted every 100 ps from the last 2 ns of the whole
10 ns MD trajectory. For each snapshot, the free energy was calculated for each molec-
ular species (complex, protein, and ligand), and the binding free energy was defined
as: ∆Ebinding = ∆EComplex − ∆EReceptor − ∆ELigand [32]. Results showed that the average
binding energy for compounds 1 and 40 were −12.1359 kcal/mol and -9.8806 kcal/mol,
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respectively. These results showed similar binding interactions of compounds, while
compound 40 is a more flexible molecule, which may lead to higher binding energy
as demonstrated.

To further understand the mechanic of action of the inhibitors, the final snapshots of
the 10 ns trajectory were used to analyze the interactions between β′CH and compound 40
and 1, respectively. For compound 1, in comparison with the starting conformation, the
most outstanding difference was that the benzoic acid moiety was turned over to form
two hydrogen bonds between the carboxylic group and Arg549 and Arg553 (Figure 9A,B).
Moreover, the nitro group not only retained the H-Bonding interaction with Arg550, but
also formed a new hydrogen bond with Arg546.
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Figure 9. (A) Snapshot at 10 ns showed the binding mode of compound 1 in complex with β′CH
region, and details of the interactions (B); (C) snapshot at 10 ns showed the binding mode of com-
pound 40 in complex with β′CH region, and details of interactions (D). Hydrogen bonds (green),
electrostatic interactions (yellow) and hydrophobic interactions (magenta).

For compound 40, the three benzene rings of compound 40 positioned much closer to
the surface of the helix. This led to the molecule that made more interactions with the key
residues of β′CH region (Figure 9C). As shown in Figure 9D, the carboxylic acid group of 40
formed a hydrogen bond and a salt-bridge with residues Arg553 and Lys556, respectively.
Moreover, the nitro group formed two hydrogen bonds with Arg546 and Arg550, while a
salt bridge was also formed between the nitro group and Arg550. In addition, the 3,4-diCl
group of the left benzene ring formed hydrophobic interactions with Arg545. Overall, these
interactions may play key roles for the bioactivity of compound 40.

3. Materials and Methods
3.1. Dataset

All small molecule RNAP-σ inhibitors and their antimicrobial activities (MIC, µg/mL)
were adopted from previous studies [20,21]. The MIC values in units of microgram per
milliliter (µg/mL) were transformed in molarity (M) and subsequently transformed to
pMIC (−logMIC). The dataset was divided into a training set for model generation and a
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test set (Table 1) for model validation, containing 45 and 11 compounds, respectively. The
test set was chosen randomly by Maestro 10.2.

3.2. Preparation of the Small Molecules

The 3D structures of compounds were generated using Maestro 10.2, geometrically
minimized with Macromodel (Maestro 10.2) based on the OPLS-2005 force field and all
other parameters were set to the default settings [33].

3.3. Two-Dimensional QSAR Model Construction

Two-dimensional molecular properties of the training set compounds were calculated
by module “Calculate Molecular Properties” in DS 2016. Two-dimensional descriptors
including PKa, AlogP, molecular weight, molecular property counts (Num_aromatic Rings,
Num_H_Acceptors, Num_H_Donors, Num_Rings, Num_RotatableBonds), Molecualr sur-
face Area, Molecular_Fractional Polar Surface Area, HOMO Eigenvalue VAMP, and LUMO
Eigenvalue VAMP were adopted. The model was validated using the test set correlation
and Leave-one-out (LOO) cross validation.

3.4. Three-Dimensional QSAR Model Construction

A 3D QSAR model was developed by Maestro 10.2. The alignment was achieved
by using the Flexible Ligand Alignment module. The 3D QSAR model was generated by
Field-based QSAR module with default parameters. The field style was set to Gaussian
field, including steric, electrostatic, hydrophobic, H-bond acceptor, and donor field. The
maximum PLS factor was set to six and in the PLS regression analysis, a leave-one-out
(LOO) cross validation was performed to find the optimal number of components. The
descriptors were generated in a 3D cubic lattice with grid spacing of 1 Å and extending to
3 Å units beyond the aligned molecules in all directions. In addition, the cutoff values for
truncating steric force and electrostatic force fields were both set to 30 kcal/mol.

3.5. Docking and Molecular Dynamic Simulations

The crystal structure of the β′CH region was extracted from the crystal structure
of bacterial RNAP (PDB: 1IW7, [17]) which was downloaded from Protein Data Bank.
Structures of the compounds and the protein for docking were imported to DS 2016 and the
conformations were generated with the protocol “Prepare Protein” and “Prepare Ligands”,
respectively. Molecular Docking was performed using the LibDock tool and the identified
critical residues for the σ2.2-β′CH region PPI (including Arg546, Arg550, Arg553, Leu566)
were defined as the binding sites. The docking process was conducted with the default
parameters unless otherwise mentioned. MD simulation was conducted in a similar manner
as described [34]. Binding free energy was calculated according to the literature [32].

4. Conclusions

Streptococci are an important bacterial family closely related to human wellbeing,
while environmental Streptococci significantly affect herd health. Antimicrobial resistance
to conventional antibiotics is emerging due to natural resistance mechanisms and antibiotic
misuse. Therefore, novel antimicrobial agents are urgently required. We focused on
bacterial transcription [35,36] and discovered a series of benzoic acid derivatives and
named them sigmacidins. They were capable of mimicking bacterial transcription factor
σ at the region 2.2 to disrupt its binding to RNAP and to exhibit excellent antimicrobial
activity against Streptococci including E. faecalis.

In this study, a combined computational approach was applied to investigate the
relationship of the structural basis and antimicrobial activities of sigmacidins. Both 2D and
3D QSAR models were constructed, and the binding poses of the inhibitors to the protein
were obtained.

The 2D QSAR model constructed revealed close structure-activity correlation and
contribution of various properties/descriptors in the activity. In the model identified
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in this study, ALogP, hydrogen bond acceptor (HBA), molecular polar surface area, and
LUMO eigenvalue were taken to describe the SAR. The 2D QSAR equation implied that
the activity of the compounds was related to and can be improved by increasing AlogP,
molecular polar surface area, and the LUMO eigenvalue. This equation will be useful to
estimate antimicrobial activity of newly designed compounds. Two-dimensional QSAR for
bioactivity prediction is simple and efficient; however, it was obtained based on limited
structures of substituents and may have accurate correlations to a relatively small range of
substitutions for further structural optimizations.

The 3D QSAR model gained further insight into the 3D structure information for
the understanding of the SAR of these antimicrobials. The importance of the steric and
hydrophobic properties of the 3,4-substitution of the left benzene ring was highlighted,
while the substituents at para-position of the -COOH group could be further explored for
novel derivative synthesis. Besides guiding the modifications of existing molecules, the
constructed model can also be used directly for virtual screening to identified novel hits.

Finally, molecular docking indicated possible binding poses of the inhibitors in com-
plex with β′CH and MD simulations used to rationalize the docked poses. In this study, the
docking model of the 40-β′CH system showed similar stability to 1-β′CH and the binding
free energy of 40-β′CH was slightly higher than that of 1-β′CH, probably due to its flexible
structure. Fortunately, the surface of the protein fragment is enriched in arginine which
is elastic and able to accommodate more conformational changes of compound 40. In
addition, compared to the starting docking models, after 10 ns simulation, both compounds
formed more H-bonding contacts with β′CH region, especially with “hotspot” residues,
including Arg546, Arg550, and Arg553. This indicated that the binding affinity might
be increased by enhancing acidity of the inhibitors. For example, the nitro group can be
replaced by acidic substituents. While compound 40 demonstrated significantly superior
antibacterial activity to compound 1, the possible reasons may include the greater bacterial
cell membrane permeability of compound 40 which was optimized from hit compound
1. Nevertheless, the docking and MD simulations showed some difference, probably due
to the challenging PPI target with a relatively flat binding site. Here, we need to combine
the two methods which put forward possible contacts between ligands and the β′CH
region. This combination is useful for future structure-based drug design. The newly
designed compounds that fulfill the requirement by these 3D features may be able to bind
to the same target protein and possess significant antimicrobial activity, which remain to be
experimentally evaluated.

Overall, the models established in this study provided useful indications for the design
of novel sigmacidins derivatives against pathogenic Streptococci. Note that sigmacidins also
demonstrated excellent antimicrobial activity against Staphylococci such as Staphylococcus
aureus, Staphylococcus epidermidis, and Staphylococcus Saprophyticus [20,21]. We believe that
the further development of sigmacidins via ligand-based and structure-based drug design
will contribute to novel antimicrobial agent discovery in the post-antibiotic era.
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