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PREFACE 

 

Despite the remarkable progress made in the fields of biology, chemistry and pharmacology 

during the past years, there is still a lasting need to develop effective therapeutics for the 

treatment of several diseases such as cancer, cardiovascular or metabolic disorders. 

Collaborative, multidisciplinary research has led to new concepts to design newer 

pharmaceutical agents with high potency, hight light-stability and few side effects. The 

discovery of a new drug is thus a consequence of the combination of several convergent 

approaches such as SAR studies, development of synthetic and biological procedures, and 

also serendipitous factors. In addition, computational techniques are nowdays of great help 

in the discovery process of new clinical drug candidates. It is therefore possible, for example, 

to in silico establish the modalities of interaction, in terms of affinity, for a small molecule 

to bind to a macromolecule. 

The overall goals of part of the herein reported research work have been the design and 

synthesis of small molecules and the identification of compounds of either natural or 

synthetic origin endowed with pharmacologic activity, with the help of computational 

studies. Photodegradation studies aimed to the evaluation of drug stability under different 

conditions represent another topic herein developed. 

The project thus resulted in the synergy of medicinal and analytical chemistry techniques. In 

particular, during the first year of the doctorate course, advanced computational techniques 

have been applied toward the identification of novel antiviral compounds. Part of these 

studies have been carried out at the molecular modeling laboratory of the School of 

Pharmacy and Pharmaceutical Sciences at Cardiff University, UK. The second and third year 

were focused on the development of simple and innovative methods for the synthesis of 

novel compounds endowed with anti-inflammatory activity, useful for topical application 

after their inclusion into specific photoprotective delivery systems. The capability of small 

molecules of natural origin to interact with selected targets implicated in different 

pathologies were also evaluated through molecular docking studies. 

Accordingly, this thesis includes three main chapters:  

 

 Application of advanced computational techniques toward the identification of 

natural and synthetic compounds and investigation of their mechanism of action. This 

topic resulted in five papers published on peer-reviewed journals and further 

computational experiments will be reported in a paper under preparation. 

 

 Photodegradation studies of newly synthesized compounds and known 

photosensitive drugs and application of supramolecular system for their 

photoprotection. This chapter includes three papers published on peer-reviewed 

journals. 

 

 Study of small molecules endowed with biological properties. In this chapter are 

reported five papers published on peer-reviewed journals. 
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1. Introduction 
 

The search to find a pharmacological remedy usually consists in developing a way to 

regulate the function of a molecular target whose activity is altered, restoring in this way the 

physiological conditions [1–3]. 

The molecular targets of drugs are essentially represented by nucleic acids and proteins. The 

latters, however, are the most common ones due to their catalytic properties able to properly 

regulate most functions of the body [4–7].Once a relation between an altered molecule 

function and a disease has been established, the next step of the drug discovery process 

consists in the search for a compound capable of binding the target and modifying its activity 

without significantly altering any other cellular property [8]. This compound is called “hit”, 

and its identification usually requires the screening of a huge number of compounds (high-

throughput assays) from either natural and synthetic products or virtual databases. The 

identified “hit” thus become “lead compound” that is in turn chemically modified to improve 

pharmacokinetics and pharmacodynamic properties. At this point, the compound is 

subjected to various phases of preclinical and clinical experimentation in order to hopefully 

become a drug. 

Unfortunately, the discovery of a drug is far from being a simple process and the whole path 

presents many pitfalls. In fact, the development of a new drug, starting from target 

identification till the approval for marketing, is a high-risk, cost and time demanding 

enterprise (more than 95% of the developed substances fail to reach the market as a new 

medicine). The entire process, which involves a variety of scientific disciplines, including 

biology, chemistry and pharmacology, usually takes over 12 years or longer, and the cost 

has been estimated to be around 2.6 billion of dollars [9,10]. One of the major hurdles in a 

drug discovery program remains the identification of a drug candidate able to selectively 

interact with a specific molecular target to achieve the desired therapeutic action, while 

minimizing potential side effects. 

The considerable advances made in recent years by genomics and proteomics have allowed 

the discovery and characterization of many biological macromolecules involved in the 

emergence and progression of diseases and have provided bases for a rational approach to 

drug development. One of the most interesting aspects of modern research is the attempt to 

effectively integrate conventional approaches with new computational methodologies in 

order to make the drug discovery process more efficient in terms of cost and time. 

The improvement in technologies related to crystallography, combinatorial chemistry, and 

high-performance screening procedures, has made possible to get an ever-increasing number 

of three-dimensional structures of molecular targets as well as many libraries of chemical 

compounds. Furthermore, through computational studies, it is possible to virtually anticipate 

the three-dimensional structure of an intermolecular complex between a potential drug and 

its therapeutic target, also defining which of the possible conformations is the most effective. 

This helps to establish whether a therapeutic action is plausible, as the drug-target interaction 

is necessary for the physiological response.  

The technologies currently available provide reliable theoretical calculations to estimate the 

binding affinity of a ligand within a target biomacromolecule. However, although the affinity 

of a compound for a target molecule is a prerequisite of an effective interaction, it is not a 

condition sufficient to guarantee a therapeutic effect. 

Therefore, theoretical predictions always need to be proved by biological experiments to 

confirm the action and the mechanism for an active compound. 
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2. Methods 
 

2.1. Molecular Docking  
During the first phase of a drug discovery project, virtual screening is a valid, alternative or 

complementary approach to high-throughput screening, to rapidly analyze many (even 

millions) compounds. It is particularly useful for the identification of molecules able to 

interact with new targets for which no leads are yet available [11]. On the other hand, 

molecular docking is a computational procedure that became more and more useful over 

time due to the availability of an increasing number and an improved resolution of 3D X-ray 

and NMR structures of molecular targets, now reported in the Protein Data Bank (PDB) [12]. 

These techniques in combination aim to predict the behaviour of small molecules in the 

binding pockets of target proteins, determining the most favorable orientation of the ligand 

toward the macromolecular target in together form a stable complex, and also predicting the 

binding affinity. The determination of the correct conformation of a small molecule ligand 

interacting with a target macromolecule is the first step of the drug design process and the 

study of the mechanism of action for a drug candidate. 

Docking methods fit a ligand into a binding site by combining and optimizing variables like 

steric, hydrophobic and electrostatic complementarity, and also estimating the energy of 

binding (scoring). Based on the types of molecules involved, docking can be classified as 

protein–small molecule, protein–nucleic acid or protein–protein docking.  

Protein–small molecule docking represents the simplest approach and there are many 

available and efficient computational programs that are useful to predict whether a 

compound is able to bind a macromolecule or not. The theoretical assumption is that the 

recognition of a ligand by a receptor relies on their spatial shape matching and a favourable 

binding energy [13].   

The first step consists of the X-ray structure selection of the target from the PDB, where the 

protein is usually co-crystallized with a known ligand, or alternatively it can be obtained 

from molecular dynamics simulations or through the use of specific modelling software. The 

successive step is to determine the set of all possible conformations and orientations of the 

ligand in the complex, and calculate the interactions by a scoring function [14]. The accuracy 

of the prediction of the interaction mode between a ligand and the target molecule is crucial 

for the quality and the relevance of data that will be obtained. 

One of the main goals of molecular docking is the identification of the most energetically 

favourable conformation of a ligand in the binding site of the target molecule. The stability 

of a complex depends on the number and type of interactions that occur between a ligand 

and its target. Furthermore, the more negative the binding energy, the better is the ligand 

interaction. 

However, it must be considered that the target macromolecule in molecular docking is 

implicitly considered as a rigid model, and this generally represents one of the main 

limitations of the currently available computational techniques. In fact, proteins are not static 

models, but they possess their own non-random internal dynamics. As a consequence, the 

presence and the interaction with a ligand can induce conformational modifications of the 

macromolecule to better accommodate the ligand itself. However, for practical purposes, it 

is assumed that the protein has a rigid structure, while changes in the degrees of freedom are 

taken into account for the ligand, resulting in variations of dihedral angles around the 

different chemical bonds that allow rotation. All the conformations obtained for the ligand 

anchored to the receptor are called "poses".  

Therefore, to guarantee a computational efficiency, while the structure of the small molecule 

ligand can freely change conformation, the target macromolecules is maintained rigid (or at 

least only a few of its rotatable amino acid residues are considered) [15].  
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The intermolecular interactions accounted as significant in the evaluation of the affinity 

between a ligand and its target are of different types and include: 

 

 hydrogen bonds; 

 ion and dipole interactions; 

 van der Waals forces; 

 hydrophobic interactions. 

 

The basic principle of molecular docking methods thus consists in placing a ligand into a 

binding site of a target macromolecule by combining and optimizing several variables such 

as steric, hydrophobic and electrostatic complementarity, and  giving an approximate 

estimation of the binding free energy [16]. Accordingly, a docking program is based on two 

main components: i) the sampling algorithm, to generate the highest number of 

conformations of the ligand compatible with the receptor structure, ii) the scoring function, 

to evaluate in terms of binding energy all the ligand-target virtual conformations. The latter 

helps to identify the better conformation able to fit into the receptor structure and to evaluate 

the affinity between the target and the ligand. Over the past years, several sampling 

algorithms have been developed. The main difference among them consists of the number 

of degrees of freedom ignored and the time required to identify a conformation that best 

matches in the receptor structure of millions of compounds in a given computational time. 

These algorithms are supplemented by scoring functions that estimate the binding energy in 

the formation of the complex by means of different assumptions and simplifications. This 

aim to get a value very close to the real binding energy in a time as short as possible. The 

most common scoring functions are based on an adequate balance between accurate 

estimation of binding energy and computational cost in terms of time [17]. From the analysis 

of the simulation data, it is possible to predict the docked orientation which most accurately 

represents the “true” structure of the intermolecular complex and thus which is the most 

plausible mode of interaction between a ligand and a target macromolecule. 

From this consideration, it becomes possible to hypothesize a biological activity of the 

ligand: if a compound is able to bind the active site or an allosteric site of a molecule involved 

in a specific disorder, this capability could suggest its potential as a drug candidate [18].  

 

2.2. Virtual screening 

Virtual screening (VS) is a set of computational methods referring to protein based in silico 

screening procedures widely used toward the rationalization of the drug discovery process. 

The main goal of VS consists in the reduction of the huge quantity of small molecules to be 

synthesized or screened from large libraries of chemical structures, that are most likely to 

bind to a specific target protein, leading to a limited number of leads with a high chance to 

become drug candidates. 

VS is based on a multistep screening computational approach to filter compound libraries 

according to several parameters including structural features, drug likeness, pharmacokinetic 

profile, availability of pharmacophore models and capability of compounds to bind a target 

protein calculated by automated docking procedures [19].  

There are two main approaches of VS: ligand-based virtual screening (LBVS) and structure-

based virtual screening (SBVS). 

LBVS relies on the statement that molecules sharing a similar chemical skeleton, may have 

a comparable biological activity on the same target [20]. The molecule can be considered 

within its 2D or 3D structure. Thus, the technique based on the QSAR (quantitative structure 

activity relationship) considers 2D similarity between a significant set of ligands with known 

activity, that is compared with a statistical model to predict the activity of new compounds. 
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Another technique is the generation of a 3D pharmacophore model, which is built by 

exploring the minimum necessary structural features that a potential analog must possess to 

bind the biological target. The pharmacophore model concerns the position of important 

functional groups in the space, as well as the interatomic distances between these functional 

groups and the type of non-covalent interactions. It can be built by an approach based on the 

chemical structure of the ligand or by mapping the active site of a co-crystallised protein, 

after evaluating the interactions between the ligand and the protein. The latter method is 

generally preferred to perform the shape-based virtual screening. 

SBVS relies on the knowledge of the crystal structure of the biological target. The 

identification of the protein binding siteis the first step of SBVS. The binding site can be 

more easily identified when a ligand has already been co-crystallised with the protein. After 

the identification of the active site, a library of compounds is docked into it. Along with the 

prediction of the binding mode, SBVS provides a ranking of dockable molecules. Since 

several structures of a target macromolecule can be available, the selection of the most 

suitable one is mostly based on the conformational changes that may occur when a ligand is 

co-crystallised with the protein, comparing this structure with the one of the wild-type 

protein. Then, the selected structure undergoes several procedures to properly be considered 

for the molecular docking studies. Afterwards, the database compounds are docked into the 

protein binding site and screened according to software algorithms based on energetic 

parameters. Compounds with a high scoreare then selected as potential ligands.  

Finally, throught the visual inspection of the docking results, starting from hundreds or 

thousands of small molecules it is possible to select a final limited number of possible hit-

like compounds to be screened in in vitro tests. However, this last step, crucial to rationalize 

the analysis and the screening of hit compounds, mostly depend on chemical intuition, 

knowledge and experience of the operator.  

 

In conclusion, although as already mentioned the activity of a compound against off-target 

proteins predicted in in silico screens needs to be confirmed by biological trials, the 

numerous advantages of computational techniques in the drug discovery process cannot be 

neglected playing a pivotal role in rationalizing the route towards drug design and 

development [21]. 

 

3. Results Summary  
 

This first part of the thesis describes the results obtained through molecular docking studies. 

Selected compounds of natural or synthetic origin have been investigated, in order to 

establish their capability to interact with specific biological targets, involved in different 

pathologies.  

In particular, in the first paper, two structurally related homoisoflavones isolated from 

Leopoldia comosa (L.) Parl. (L. comosa), a perennial bulbous plant similar to a small wild 

onion, have been studied as potential hormonal substitutes or complements for cancer 

treatment. Together with a preliminary assessment of the biological properties of the selected 

compounds, their capability to interact with the active site of estrogen receptors has been 

investigated through molecular docking studies. The results provide evidence of the potential 

of these compounds to bind both the two different estrogen receptor (ER) subtypes mainly 

expressed in mammals, ERα and ERβ, by forming significant interactions with key residues 

of the protein active sites. 



7 
 

These evidences suggest that these compounds represent suitable leads for the development 

of novel probes to be used in studies aimed at dissecting ERs signalling toward the 

development of new pharmacological tools useful in hormone-sensitive cancers treatment. 

In a second work, the antioxidant potential of the extract of Tacle®, a hybrid citrus species, 

has been investigated. This fruit, obtained from the crossbreeding of Clementine and 

Tarocco tetraploids, recently gained an increasing interest due to its commercial value and 

nutraceutical properties. In fact, the high content in polyphenols confers to its extracts a 

protective activity against oxidative agents involved in several degenerative disorders. The 

extracts are in fact rich in naringin and hesperidin, whose antioxidant, lipid lowering and 

hypoglycemic activities are well known. In the study, the properties of Tacle pulp, peels and 

leaves extracts were tested in order to evaluate not only the nutraceutical potential of the 

edible fraction of the fruits, but also the petential utility of the waste left after agro-food 

procedures. 

The antioxidant activity of Tacle extracts, as well as the inhibitory activity against human 

amilase and lipase enzymes involved in the metabolism of carbohydrates and lipids, 

respectively, have been proved in specific in vitro assay. These particular features could be 

ascribed to the relevant content in naringin and hesperidin glycosides. The corresponding 

aglycones, naringenin and hesperetin, have been investigated for the determination of their 

binding mode within the pancreatic amilase and pancreatic enzymes active site by molecular 

docking, on the basis of some available crystallographic enzyme structures.  

The overall results showed a peculiar nutraceutical profile of Tacle, suggesting that a dietary 

enrichment with its extracts could be useful in the complementary treatment of metabolic 

disorders such as obesity and diabetes, as assessed by in vivo experiments on rats, after an 

accurate standardization in their polyphenol content. Furthermore, assays performed on 

leaves and peel of the fruit proved that active phytochemicals, to be included into 

nutraceutical formulations, could be recovered with a high yield, after simple extraction 

procedures from agro-food processes waste. 

In a third paper, describing a part of research focused on the identification of natural 

compounds as drug leads, the capability of cryptotanshinone and tanshinone IIA, two 

compounds isolated from Salvia miltiorrhiza Bunge, has been investigated by in vitro 

biological assay as inhibitors of pancreatic lipase enzyme. This property has been confirmed 

by in silico studies. Docking experiments, carried out on the crystallographic structure of the 

enzyme, demonstrated that both compounds were able to interact with the key residues of 

the protein active site, therefore they should be able to prevent the access of the natural ligand 

to the catalytic site. 

All these findings provided new insights into the understanding of the interactions between 

natural constituents of S. miltiorrhiza extract and pancreatic lipase. The studied compounds 

could then represent suitable leads for the development of new effective inhibitors useful for 

the management of obesity and related disorders. 

Other studies have been carried out on compounds of synthetic origin as potential ligands 

and modulators of proteins involved in human disorders.  

Accordingly, in a fourth paper, the anticancer potential of a new class of 

benzothienoquinazolinone compounds using Ellipticine as a lead was investigated. The 

carbazole moiety and the pyridine ring present in the reference compound have been 

replaced by a dibenzothiophene and a pyrimidine, respectively, leading to the new series of 

benzothienoquinazolinones. The synthesized compounds were investigated for their 

anticancer activity against two breast cancer cell lines. Two of the new compounds exerted 

an interesting antitumor profile against MDA-MB-231 cancer cells, without any cytotoxic 

effect on healthy cells, and have been selected for further investigation. These compounds 
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were proved to act as dual inhibitors of tubulin and human topoisomerase enzyme, as 

predicted by in silico studies.  

A fifth paper included in this section describes the physiological and biochemical properties 

of Cateslytin (Ctl), an endogenous antimicrobial peptide, on H9c2 cardiomyocytes exposed 

to lipopolysaccharide infection. Both enantiomers of Cateslytin significantly increased 

cardiomyocytes viability following infection, the L isomer being more effective than the D 

one. Molecular analyses indicated that L-Ctl enantiomer directly binds the partner protein 

MD-2L-Ctl, modulating TLR4 activity. Overall, the results obtained suggest that Ctl could 

be considered as a plausible candidate for the development of new antimicrobials strategies 

in the treatment of myocarditis. 

Finally, in the last paragraph, the results of computational experiments focusing on the 

identification, throughout VS approach, of compounds able to bind the NS5 polymerase 

protein of Tick-borne Encephalitis Virus (TBE) are described. In this study, through the 

application of advanced computational techniques, the polymerase protein model has been 

developed through the application of advanced computational tecniques. High-throughput 

virtual screening (HTVS) docking procedures were then applied to screen several compound 

libraries (90 milions compounds), leading to 17 thousand compounds. Successively, visual 

inspection allows the selection of 25 compounds as potential anti-TBEV agents. Biological 

in vitro studies are undergoing to assess the biological properties of the selected molecules.  
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Abstract:  
The physiological responses to estrogen hormones are mediated within specific tissues by at 

least two distinct receptors, ER and ER. Several natural and synthetic molecules show 

activity by interacting with these proteins. In particular, a number of vegetal compounds 

known as phytoestrogens shows estrogenic or anti-estrogenic activity. The majority of these 

compounds belongs to the isoflavones family and the most representative one, genistein, 

shows antiproliferative effects on various hormone-sensitive cancer cells, including breast, 

ovarian and prostate cancer. In this work we describe the identification of structurally related 

homoisoflavones isolated from Leopoldia comosa (L.) Parl. (L. comosa), a perennial bulbous 

plant, potentially useful as hormonal substitutes or complements in cancer treatments. Two 

of these compounds have been selected as potential ligands of estrogen receptors (ERs) and 

the interaction with both isoforms of estrogen receptors have been investigated through 

molecular docking on their crystallographic structures. The results provide evidence of the 

binding of these compounds to the target receptors and their interactions with key residues 

of the active sites of the two proteins, and thus they could represent suitable leads for the 

development of novel tools for the dissection of ER signaling and the development of new 

pharmacological treatments in hormone-sensitive cancers. 

 

Keywords: natural compounds; molecular docking; estrogen receptors; ligand interactions. 

 

1. Introduction 
 

The estrogen receptors (ERs), members of the nuclear receptor family, are ligand-inducible 

intracellular transcription factors and are involved in the regulation of several physiological 

processes, including cell growth, survival and differentiation [1-3].  

In mammals, cellular responses to estrogens are mainly mediated by two different estrogen 

receptor subtypes, ERα and ERβ, which exhibit variable expression and distribution levels, 

as well as distinct signaling responses. ERα is predominantly expressed in female 

reproductive organs, breast, kidney, bone, white adipose tissue and liver, whereas ERβ has 
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been found in several tissues of both male and female bodies including the central nervous 

system, colon, lung, kidney, male reproductive organs, and cardiovascular and immune 

systems. As members of the nuclear receptor protein family, ERs are located in the nucleus, 

even if they are also present in the cytoplasm and mitochondria [4]. 

The activities of ERs are modulated by a variety of natural and synthetic ligands. The 

activated ligand-ER homodimer complex binds to specific DNA sequences EREs (estrogen-

response elements) and regulates transcription activity throughout interactions with specific 

transcription modulators. In some cases, ERα and ERβ could form heterodimers, and 

experimental evidence suggests that in this form they can induce activation of target genes 

that are different from those induced by homodimers [5-8]. 

Extensive data [9–13] have been recently published on the ER structures, their intra- and 

intermolecular interactions, and related post-translational modifications. These proteins are 

the natural target of estrogens, such as 17-estradiol (E) (Figure 1), which are steroid 

hormones biosynthesized initially from cholesterol. ER is expressed only in a low fraction 

of cells in healthy breast epithelium, whereas its expression significantly increases (up to 

80% of cells) in breast cancer. On the other hand, more than 80% of normal breast epithelial 

cells express ERwhereas its presence is reduced or completely suppressed during breast 

cancer emergence and progression. Accordingly, antihormonal therapy is commonly 

adopted for the treatment of breast cancer in patients that show an over-expression of such a 

receptor. 

A number of chemical compounds derived from plants, known as phytoestrogens, 

demonstrates the ability to bind to the estrogen receptors, producing estrogenic or anti-

estrogenic activity. Their potential anti-proliferative effects could be useful for the 

formulation of nutraceuticals or pharmaceutics. Tamoxifen (TX), a selective estrogen-

receptor modulator (SERM), is nowadays the most effective and widely used anti-estrogen 

drug used for this purpose. However, several patients treated with TX develop a rapid onset 

of resistance [4]. Thus, the identification of novel anti-estrogen compounds able to overcome 

resistance onset is still demanding. 

Several natural compounds have shown interesting estrogenic activity, the majority of them 

belonging to the isoflavones family. The most representative one, genistein (G) (Figure 4), 

has shown anti-proliferative effects on various hormone-sensitive cancer cells including 

breast, ovarian and prostate cells [16-18]. The structure of G has many points of similarity 

to E, and this could explain its capability in binding the estrogen receptors within the same 

active site.  

 

 

 
Figure 1. Structures of 17β-estradiol (E) and genistein (G). 

 

The increasing interest of the scientific community in the health benefits of the 

Mediterranean diet led us to investigate the estrogenic activity of homoisoflavones 

structurally related to G and isolated from Leopoldia comosa (L.) Parl., (ex Muscari), a 

perennial bulbous plant that is endemic in southern Italy. A number of ethnobotanical 
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investigations demonstrated a wide use of L. comosa bulbs in traditional cooking recipes and 

in the formulation of remedies useful for the treatment of toothache and skin spots [19–21]. 

Earlier studies demonstrated the anti-oxidant, anti-inflammatory, diuretic, and anti-obesity 

properties of L. comosa extracts mainly due to the considerable presence of homoisoflavones 

[22–25]. These natural anti-oxidants were also found endowed with cytotoxic properties in 

a panel of in vitro human cancer models at low micromolar-range concentrations [22,26]. 

This study describes the identification of two homoisoflavones isolated from L. comosa as 

ER ligands, thus useful as hormonal substitutes or complements in breast cancer treatments. 

Molecular docking studies on the crystallographic structures of ERs have been carried out 

to investigate the binding mode of these homoisoflavones on both receptors. The results 

indicate that the two novel molecules can effectively bind ERs in the same binding site of 

both E and G. Furthermore, they show a greater conformational adaptability in their binding 

geometry compared to G, within both ERα and ERβ, thus proving that they could be of 

interest for the development of selective agents useful in the treatment of hormone-sensitive 

cancers. 

 

2. Results and discussion 

 

2.1. Homoisoflavones from Leopoldia Comosa 

Several phenolic compounds based on a 3-benzylchroman-4-one skeleton and termed 

homoisoflavones have been isolated from various genres of the Hyacinthaceae plants family 

[27]. These compounds are generally classified in three small groups: 3-benzyl-4-

cromanones, 3- benzylidene-4-cromanones and scillascylinoid homoisoflavones [28,29]. 

Although these compounds are considered as a sub-class of the extensively studied 

flavonoids, some steps in their biosynthetic pathways still need to be elucidated and, 

therefore, further studies are necessary to fully establish their chemical origin and biological 

properties [30]. Homoisoflavonoids are biosynthesized from cinnamic acid derivatives along 

with malonyl‐CoA sub-units through the shikimato route by following the polyketide 

pathway. In a following step, phenylalanine is formed from prephenate and leads to a C-4, 

C-3, C-9 backbone, to which another ring is added from the acetate/mevalonate pathway 

[31]. Geopedological aspects and agronomic techniques have a significant influence on the 

polyphenol content and related biological activity of the plant extracts [32]. In the genus L., 

two different classes of homoisoflavonoids have been identified: 3-benzylchroman-4-one 

containing compounds and scillascillin derivatives (Figure 2).  
 

 
 

Figure 2. Structures of 3-benzylchroman-4-one (A) and scillascillin (B). 

In this study, bulbs of L. comosa were collected in the fields of the Sila Massif, Calabria, 

southern Italy. The bulbs were opportunely stored in a cool and dry environment and 

successively separated from roots and soil residues. The bulbs were then subjected to 

extraction with a water/ethanol mixture. The total phenol and the total flavonoid content of 

the whole extract was determined using the Folin–Ciocalteu reagent and chlorogenic acid as 



13 
 

standard [33], and with the AlCl3 colorimetric method [34], respectively, following known 

procedures [23]. The phytochemical identification of homoisoflavones present in the total 

extract of the bulbs was conducted through semi-preparative high-performance liquid 

chromatography (HPLC) and gas chromatography–mass spectrometry (GC–MS) (Figure 3), 

after functionalization of the whole extract. Comparison of the results obtained with the two 

applied techniques allowed the recognition of two compounds, N1 (5,7-dihydroxy-3-(4- 

hydroxy-3-methoxybenzyl) chroman-4-one) and N2 (5,7-dihydroxy-3-(4-hydroxybenzyl)-

8- methoxychroman-4-one), belonging to the 3-benzylchroman-4-one class (Figure 4). 

 

 
 

Figure 3. Gas chromatography–mass spectrometry (GC–MS) analysis of the hydroalcoholic 

extract of L. comosa bulbs: (A) chromatographic profile (total ion current, TIC); (B) detail of the 

chromatogram including indication of the peaks of the two silyl-functionalized homoisoflavones N1 

and N2. 

 

 
 

Figure 4. Structures of the identified homoisoflavones N1 and N2. 

 

2.2. Binding to Estrogen Receptor (ER) Proteins 

Molecular docking is a useful technique to investigate the association of ligands to a target 

protein, and it has already been applied to elucidate details of the binding properties of ERs 
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[35–38]. Accordingly, after identification of the two naturally occurring homoisoflavones 

N1 and N2, molecular docking studies were performed to investigate their binding to the 

active site of both ERs. To this aim, the binding modes and affinities of these two compounds 

were compared to those obtained for known ligands of ERs, E and G. In particular, we 

investigated whether the replacement of the appended substituted phenyl ring of G with a 

substituted benzyl of N1 and N2 was consistent with a retained affinity within the active site 

of the receptors. Such an alteration confers a higher degree of flexibility to the whole 

molecular asset and, on the other hand, keeps aromatic moieties slightly farther from each 

other with respect to their position in G. As a result, the calculated distance between 3- and 

17-OH of E and the corresponding groups in G (7- and phenolic-OH) remains almost 

unchanged between 7-OH and phenolic-OH in N1 and N2. Furthermore, the presence of a 

stereocenter in both compounds (Figure 4) led to enantiomers, which could differently 

accommodate into the receptor’s active site. In order to evaluate the influence of chirality to 

the interaction with the key residues of the active site of ERs, molecular docking studies 

were performed on both enantiomers of each compound. The availability of several ER 

models allowed us to pursue a structure-based approach to characterize the interaction of 

isolated homoisoflavones within the ligand-binding pocket of the receptors. The ligands 

were docked into the crystallographic structures of both ERα and ERβ, obtained from the 

Protein Data Bank (PDB) [39]. The crystallographic structures selected for this study include 

three ER-Eand two ER-G complexes, as well as one ERβ-E and two ERβ-G complexes. 

In some of these complexes the receptor is represented as a monomer (1X7R [40] and 2OCF 

[41] for ER, and 1QKM [42] for ERβ) and in other as homodimer (2QA8 [43], 1A52 [44] 

and 1GWR [45] for ER and 1X7J [40] and 5TOA [46] for ER). 

In a first step, the crystallographic structures of both ERs in complex with E and G were 

considered, and their shape complementarity, hydrogen-bonding network, and van der 

Waals clashes with the ligands were thoroughly analyzed. The crystal structures of the 

receptors showed the presence of a compact ellipsoid cavity, where ligands are surrounded 

by a hydrophobic environment. Within this pocket, OH groups of E at positions 3 and 17, as 

well as the hydroxyl groups of G at position 7 and phenolic-OH and a further OH group at 

position 5, play an important role in orienting the ligand within the active site. For evaluating 

the binding affinity of the ligands in their anchoring location, the scoring function of 

AutoDock Vina [47] was used with a re-docking of the crystallographic binding poses in 

their exact crystallographic position, without performing any search within the protein 

volume. The resulting binding energies, reported in Table 1, ranged from −9.4 to −10.0 

kcal/mol for E (−9.7 kcal/mol on average), and from −7.8 to −9.6 kcal/mol for G (−8.9 

kcal/mol on average). These findings point to a preference in the binding of E compared to 

G, although the variability obtained in the binding values of the latter is higher (standard 

deviations were 0.2 and 0.7 kcal/mol for E and G, respectively). In contrast, no significant 

differences were found between ERand ER in the binding values for these two ligands. 

We also tested the ability of the docking engine to identify the ligand-binding site in a blind 

search performed on the protein volume. To this end, docking simulations were carried out 

with the unliganded receptors (i.e., the protein structures with the ligand taken away), 

considering again the binding of the two crystallographic ligands. As shown in Figures 5 and 

6, both E and G were found to bind within the ER site in the same position determined in 

crystallography, with a root mean square displacement ≤1 Å. The complexes obtained were 

further refined in an energy minimization procedure by using a molecular mechanics 

protocol [48] to mimic the refinement process commonly adopted in crystallography [49,50] 



15 
 

and for a more direct comparison with the protocol that we later used for testing the binding 

of our compounds (see below). 

The affinities obtained for E and G (see Table 1) were on average −9.8 and −8.8 kcal/mol, 

respectively, confirming a preference in the binding of the former ligand by 1 kcal/mol. The 

deviation in the variability of the binding energies were 0.3 kcal/mol for both ligands, 

proving that the energetic preference in the binding of E is significant. As in the case of the 

re-docking of the crystallographic ligands without performing any search, differences 

between ER and ER in the binding of these ligands were found to be negligible. We also 

noted that, although the binding energies found with the two procedures (i.e., either re-

docking the binding modes in their exact crystallographic position or performing a blind 

search followed by an energy minimization) were not identical in general, their average 

value and dispersion were the same. Thus, the values obtained for E and G, reported above, 

can be considered as references to compare the binding affinity of other compounds to the 

same receptors. 
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Figure 5. Ligand-binding pocket of the active site of ERα; ribbons representing protein 

structural elements are also shown. (A) Superimposed binding modes of all the four 

ligands: E (yellow), G (magenta), (R)-N1 (green), and (R)-N2 (cyan); the key residues are 

also indicated in the specific binding mode of (B) E; (C) G; (D) (R)-N1; and (E) (R)-N2. 
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Figure 6. Ligand-binding pocket of the active site of ERβ; ribbons representing protein 

structural elements are also shown. (A) Superimposed binding modes of all the four 

ligands: E (yellow), G (magenta), (R)-N1 (green), and (R)-N2 (cyan); the key residues are 

also indicated in the specific binding mode of (B) E; (C) G; (D) (R)-N1; and (E) (R)-N2. 
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Table 1. Binding energies for E and G complexed with ERα and ERβ.  Energetic evaluation 

isperformed by using the scoring function of AutoDock Vina, either without any search (score-only 

assessment for the crystallographic poses of the ligands) or exploring the whole receptor 

(volumesearch on the protein structure) followed by a minimization refinement for the complex 

obtained. Results for receptors in dimeric form are reported with two values corresponding to chain 

A and B, respectively. 

 
 
After assessing the binding of known ligands to the receptors, we proceeded in the estimate 

of the binding properties of our new compounds. The results of molecular docking 

performed using the crystallographic structures of the ER and ER showed in all cases 

association of the compounds within the same binding sites as E and G. These binding 

modes were obtained for the ligand docked to rigid receptors, and did not include any re-

accommodation of the protein structure. Thus, the complexes obtained were further refined 

with the same energy-minimization process previously used in the case of the blind docking 

of the crystallographic ligands. The binding scores found at the end of the refinement 

procedure are reported in Table 2. The binding energy values were −8.8 ± 0.3, −8.6 ± 0.4, 

−8.6 ± 0.4 and −8.7 ± 0.6 kcal/mol for (R)-N1, (S)-N1, (R)-N2 and (S)-N2, respectively. 

These values are similar to those obtained in the binding of the crystallographic ligand G, 

i.e., −8.9 ± 0.7 and −8.8 ± 0.3 kcal/mol in both cases previously discussed (i.e., without or 

with blind search, respectively). 

These results strongly suggest that our compounds are able to accommodate in both 

enantiomeric forms into the active site of ERs with the same affinity of G, and with only a 

slightly lower affinity compared to E. 

 
Table 2. Binding energies for N1 and N2 in both enantiomeric forms complexed with ERα and ERβ. 

Docking performed by using AutoDock Vina [31], followed by a minimization refinement for the 

complex obtained. Results for receptors in dimeric form are reported with two values corresponding 

to chain A and B, respectively.  
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We completed our analysis by investigating the protein residues involved in the ligand-

receptor binding within the active site of the two types of receptors in the case of 

homoisoflavones N1 and N2. Resulting interactions are reported (Table 3) for both the (R) 

and (S) enantiomers, and are compared with those established by ligands E and G in the 

binding sites of the crystallographic structures. It can be clearly seen that not only the binding 

energies are similar for the two enantiomers of both N1 and N2 (see Table 2), but also the 

interacting protein residues are the same with only a few exceptions (indicated with the labels 

′(R)′ and ′(S)′ in Table 3). This observation confirms that our ligands are able to bind both 

ERs with a larger variety of conformational possibilities compared to E and G. 

 
Table 3. Key protein residues of estrogen receptors (ERs) interacting with the ligands. Interactions 

identified with protein–ligand interaction profiler (PLIP) [51]: HI = hydrophobic interaction; HB 

= hydrogen bond; π-st. = π-stacking. Interactions with residues in Italics are unique to only one out 

of the four ligands. (R) or (S) indicate that the interaction in solely formed by either of the two 

enantiomers of N1/N2. 

 
 
Notes: (*1) corresponds to Leu476 in ERβ that forms HI with G; (*2) corresponds to Leu349 in ERα that forms 

HI with all the ligands; (*3) corresponds to Leu391 in ERα that forms HI with E, G and N2; (*4) forms HI solely 

with N1, but forms HB with all the ligands; (*5) corresponds to Leu387 in ERα that forms HI with E and G; (*6) 

forms HI solely with N2, but forms HB with all the ligands. 

 

Visual inspection provided further details on the binding modes of N1 and N2 within the 

ERs; due to the similarities of the binding energies and anchoring residues discussed above 

for their two enantiomers, in the following we will show models representing only the (R) 

form, although the discussion will regard both forms. In the binding pocket of ERα (Figure 

5, Panels A–E), both 17-OH of E and 7-OH of G interact with His524 through formation of 

a hydrogen bond. An equivalent interaction is formed by the phenolic-OH group of N1 and 

N2. Moreover, 7-OH of N1 and N2 is involved in further hydrogen bonds with Arg394 and 

Leu387, similarly to the 3-OH of E and the phenolic-OH of G. Additional stabilization of 

the complex results from a π-stacking interaction between Phe404 and the aromatic ring of 

E or the appended phenyl of G. The same interaction could be established between the 

aromatic amino acid and the benzo-fused ring of N1 and N2. The ligand receptor complex 
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is further stabilized for N1 and N2 by hydrophobic interactions with Ala350, Ile424, and a 

number of Leu residues. In ER (Figure 6), all ligands are involved in a hydrogen bond with 

His475 and a π-stacking interaction with Phe356. In particular, an interaction with Hys475 

is established by 17-OH of E, 7-OH of G and the phenolic-OH of N1 and N2. A π-stacking 

interaction with Phe356 involves the aromatic ring of E or the appended phenyl of G. 

Similarly, to ERα, this interaction is established by the benzofused moiety of N1 and N2. 

For this receptor, a hydrogen bond formation was observed between Arg346 and the 3-OH 

of E, the phenolic-OH of G, and the 7-OH of N1 and N2. The ligand-receptor complex is 

further stabilized in the presence of N1 and N2 by hydrophobic interactions with Leu301 

and Leu339, along with some other interactions specific for each ligand. The presence of the 

extra carbon atom between the two cyclic portions of the molecule in N1 and N2 is 

compatible with their accommodation into the active site of both receptors, although the two 

fused ring systems of N1 and N2 are in a reversed orientation with respect to G. 

In summary, our data suggest that the described compounds are sterically compatible and 

form binding interactions with the key residues of the active site of both ERα and ERβ. It is 

interesting to note that, besides the conformations of N1 and N2 described above, which 

closely resemble those of the crystallographic ligand E and G, we also observed some 

alternative orientations of our ligands with slightly lower or even comparable energies. This 

observation is perhaps not surprising, since N1 and N2 possess a larger conformational 

freedom compared to the structure of both E and G.  Although this possibility does not affect 

our docking results in terms of binding energy, it could be exploited in the use of these 

homoisoflavones as leading compounds for further optimization, with the aim of designing 

ligands with enhanced affinity toward ERs. 

 

3. Materials and Methods 

 

3.1. Plant Material and Phytochemical Profile 

Bulbs of L. comosa were collected in the fields of the Sila Massif (39°40′27.34′′ N, 

16°46′79.24′′ E– 39°40′9.20′′ N, 16°46′84.91′′ E), Calabria, southern Italy. The bulbs were 

stored in a cool and dry environment and subsequently separated from roots and cleaned of 

soil residues. The bulbs (580 g) were used for an extraction with a water/ethanol mixture 

(1:1 v/v) using a Naviglio® extractor (Atlas Filtri S.r.L., Limena, PD, Italy) according to 

previously reported procedures [23]. The total phenol content of the whole extracts was 

determined using Folin–Ciocalteu reagent and chlorogenic acid as a standard [33]. The total 

flavonoid content of the crude extract was determined by the AlCl3 colorimetric method on 

the same extracts used for total phenol determination [34]. The phytochemical composition 

of the hydroalcoholic extract was investigated by high-performance liquid chromatography 

coupled to ultraviolet diode array detection (HPLC–UVDAD) and by gas chromatography 

coupled with mass spectrometric detection (GC–MS) after derivatization (silanization) of 

the sample as previously described [23]. 

 

3.2. Molecular Docking 
Eight crystallographic structures of ERs [40–46] including five in dimeric form, were 

obtained from the PDB, and consisted of the protein in complex with either E or G. The 

structures of both E and G were extracted from the crystallographic complexes, while the 

structures of N1 and N2, considered in either (R) or (S) structural conformations, were built 

by using the modeling software Avogadro [52]. Molecular docking was performed by using 

AutoDock Vina 1.1.2 (the Scripps Research Institute, La Jolla, CA, USA) [47]. A 

preliminary conversion of the structures from the PDB format was performed by using the 

graphical interface AutoDock Tools 1.5.6 (the Scripps Research Institute, La Jolla, CA, 
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USA) [53]. During the conversion, polar hydrogens were added for the crystallographic 

ligands, and apolar hydrogens of N1 and N2 were merged to the carbon atom they are 

attached to. To account for the binding in any possible internal pocket of ERs, a search 

volume including the whole protein was considered, with a grid space of 1 Å. Full flexibility 

was guaranteed to all the ligands, resulting in two active torsions for E (the two hydroxyls) 

and four for G (three hydroxyls, plus the bond connecting the phenol group to the rest of the 

molecule). Six rotations around dihedral angles were allowed for both N1 and N2 molecules. 

A single run was carried out at very high exhaustiveness (16 times larger than the default 

value) in each case. Re-docking experiments were also performed as score-only assessment 

without any search. Refinement of the complex structures was performed by energy 

minimization using the web server AMMOS2 [48], which employs the universal force field 

(UFF) potential set [54] and AMBER partial charges [55] with a conjugate gradient 

optimization. Intermolecular interactions were evaluated by using the automated protein–

ligand interaction profiler (PLIP) [51]. 

 

4. Conclusions 

 

In this work we have investigated the capability of newly identified homoisoflavones to form 

complexes with ER proteins. Our results confirm that these compounds are sterically 

compatible to accommodation within the active site occupied by previously known ligands, 

E and G, and interact with the same key protein residues of both the isoforms of ERs. 

Because of the known anti-tumor effect of the parent compound, i.e. the isoflavone G, and 

due to the possibility of using other natural homoisoflavones or employing these compounds 

as lead drugs for optimization through a rational design, this study could be considered the 

starting point for the identification of novel tools in the treatment of estrogen-sensitive 

breast-cancer. Further studies will be performed successively in order to assess the agonistic 

or antagonistic activity for these homoisoflavone compounds. 
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Abstract:  
Tacle® is a citrus variety obtained from the crossbreeding of Clementine and Tarocco 

tetraploids. This new fruit recently gained an increasing interest due to its commercial value 

and nutraceutical properties. A high content in polyphenols confers to its extracts a 

protective activity against oxidative agents involved in several degenerative disorders. In 

this study, we investigated the antioxidant potential of Tacle and its inhibitory activity 

against human amilase and lipase in vitro. These particular features could be ascribed to the 

relevant content in naringin and hesperidin glycosides and the corresponding aglycones have 

been in silico demonstrated able to bind the active site of both enzymes. The overall results 

showed an enhanced nutraceutical profile of Tacle with respect to citrus parents, suggesting 

that a dietary enrichment with its extracts could be useful in the complementary treatment of 

metabolic disorders such as obesity and diabetes, as assessed by in vivo experiments on rats. 

 

Keywords: Glycosides, Human pancreatic amylase, Human pancreatic lipase, 

Anthropometric parameters, Molecular docking. 

 

1. Introduction 
 

Obesity and its associated disorders, including insulin resistance and type 2 diabetes as well 

as cardiovascular diseases and cancer, represent major risk factors for human health and are 

a leading cause of death in Western countries (Fan, Song, Chen, Hui, & Zhang, 2013). 

Obesity is mainly due to a long term energy imbalance between energy intake and calories 

expense, thus a therapeutic strategy for its treatment could reside in the reduction of 

carbohydrate and lipid absorption in the gastrointestinal tract (Maida, Se Balaji, Divakar, & 

Geetha, 2017). Flavon derivatives strongly inhibit (Xiao, Capanoglu, Jassbi, & Miron, 2016) 

the absorption of sugars within the duodenal tract, the enteric portion mainly involved in this 

process. Flavones and other structurally related molecules are abundant in Citrus, a genus of 

plants widely distributed in sub-tropical areas. This genus belongs to the rue family, 

Rutaceae and it is placed in the order Sapindales. It is of great economic value in warm 

temperate climates due to its numerous edible fruits, including tangerine (Citrus reticulate 

Blanco), sweet orange (Citrus sinensis L. Osbeck), grapefruit (Citrus paradisi Macf.), lemon 

(Citrus limon L. Burm.), lime (Citrus aurantifolia Christm. Swingle) and several hybrid 
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varieties (Tacle® (TC), Mandalate®, Clara®) (Rapisarda, Bellomo, Fabroni, & Russo, 2008). 

Citrus fruits could be eaten as such, drunk in the form of juice, or employed for the 

preparation of several manufactured foods. They are considered as a major source of vitamin 

C (Magiorkinis, Beloukas, & Diamantis, 2011), folic acid, potassium, pectins and 

flavonoids. The latter include various derivatives endowed with remarkable antioxidant 

properties and are involved in a number of physiological and pathological processes 

(Anagnostopoulou, Kefalas, Papageorgiou, Assimopoulou, & Boskou, 2006; Gorinstein et 

al., 2004; Khettal et al., 2017; Proteggente, Saija, De Pasquale, & Rice-Evans, 2003). In 

recent years, several studies focused on the antioxidant activity of Citrus fruits and their role 

in the prevention and treatment of various chronic and degenerative human diseases (Zou, 

Xi, Hu, Nie, & Zhou, 2016). In particular, a number of studies demonstrated the beneficial 

effects of supplements based on Citrus leaf, peel and pulp extracts on the control of body 

weight and anthropometric parameters (Hossain et al., 2016; Khettal et al., 2017; Muthiah, 

Umamaheswari, & Asokkumar, 2012; Rampersaud & Valim, 2017). Several evidences 

demonstrated that the administration of different Citrus extracts could lead to lipid-lowering 

and hypoglycemic effects, reaching a similar effectiveness of wellknown drugs, such as 

atorvastatin and metformin. 

While the hypoglycemic activity seems due to the inhibition of human pancreatic amylase 

(HPA), an endoglycosidase responsible for food starches digestion (Parmar & Kar, 2008; 

Shen, Xu, & Lu, 2012), the lipid-lowering action appears to be mainly related to an inhibitory 

activity on the human pancreatic lipase (HPL), involved in the lipid absorption (Cho, Kim, 

Andrade, Burgess, & Kim, 2011; Ding et al., 2012; Fukuchi et al., 2008; Kang et al., 2012; 

Kim et al., 2016; Mallick & Khan, 2016; Pu et al., 2012). HPL modulates lipids absorption 

by catalysing their hydrolysis to glycerol and fatty acids within the intestine. Thus, 

pancreatic lipase inhibitors could reduce fat absorption and related metabolic disorders. 

Orlistat (tetrahydrolipostatin), an analog of the known HPL inhibitor lipostatin, is the only 

remedy acting peripherally approved by the Food and Drug Administration (FDA) for 

longterm management of obesity. Despite its considerable lipid lowering properties, orlistat 

shows unwanted side effects, such as steatorrhea, fecal incontinence and abdominal colic. 

This observation has encouraged the identification of alternative agents able to inhibit HPL, 

but with a lower occurrence of side effects. 

Hesperedin and naringin represent the most abundant flavonoid component isolated from 

various parts of plants belonging to Citrus genus and seem to be responsible for a potent 

antioxidant and anti-inflammatory property in vitro and in vivo. Hesperidin is constituted by 

the aglycone hesperetin and the disaccharide rutinose, whereas naringin is a flavanone-7-O-

glycoside that derives from the combination of the flavanone naringenin and the disaccharide 

neohesperidose (Figure 1) (Mishra, Kumar, & Pandey, 2013). 

Citrus extracts, being rich in naringin and hesperidin, are useful dietary supplements that 

may relieve several cardiovascular disorders, in particular during the treatment of 

hypertension (Agrawal et al., 2014; Alam, Kauter, & Brown, 2013; Ikemura, Sasaki, 

Giddings, & Yamamoto, 2012; Reshef et al., 2005; Yamamoto, Jokura, Suzuki, Hase, 

& Shimotoyodome, 2013). Further studies on rats demonstrated how naringenin is able to 

affect adipocyte differentiation (Cho et al., 2011) and to reduce LDL, HDL and the plasmatic 

concentration of triglycerides (Pu et al., 2012). This compound was shown to act by limiting 

the absorption of fatty acids, preventing their accumulation in the body (Birari & Bhutani, 

2007). Dietary hesperidin supplementation in induced-diabetes rats causes the normalization 

of plasma-levels of lipids and adiponectin, a hormone that promotes the fatty acid catabolism 

and reduces the glucose release from liver (Akiyama et al., 2010). Further studies on the 

glycemic modulation by naringin and naringenin demonstrated that such flavanones possess 

an inhibitory activity against α-glycosidase and α-amilase, causing a lowering of the glucose 
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plasma levels and a remarkable increase of insulin and glycogen (Choi, Yokozawa, & Oura, 

1991; Mulvihill et al., 2009; Priscilla, Roy, Suresh, Kumar, & Thirumurugan, 2014; 

Revathy, Srinivasan, Abdullah, &Udaiyar, 2018). Some pharmacological interactions have 

also been observed during the simultaneous administration of naringenin and pioglitazone, 

a full agonist of peroxisome proliferator-activated receptor gamma (PPARγ) that represents 

an alternative agent for the treatment of type-2 diabetes (Yoshida et al., 2017). In this study, 

we have investigated the antioxidant, lipid-lowering and hypoglycemic activities of the 

extracts from three Citrus plants, namely Tarocco (TR), Clementina (CL), and their 

crossbred Tacle (TC), largely farmed in the Sibari plane, southern Italy. In particular, TC is 

a Tangerine-like citrus endowed with some peculiar characters such as the absence of seeds, 

easy peeling, and medium-early maturing (December-January). When mature, it develops a 

noticeable anthocyanin content and acquires a particularly pleasant taste due to a balanced 

sugar-acid ratio. The biological profiles of the extracts of pulp, peels and leaves of the three 

above-mentioned cultivars have been assessed by in vitro and in vivo assays. This choice 

was made in order to evaluate not only the nutraceutical potential of the edible fraction of 

the fruits (pulp), but also the residual utility of the waste left after agrofood procedures 

(peels, leaves). Particular attention was paid to the new specie TC in order to verify whether 

this hybrid, beside an improved nutritional profile, was also endowed with an increased 

biological potential when compared to parent cultivars. The antioxidant activity was 

assessed by a free radical scavenging assay and a β-carotene bleaching (BCB) test, whereas 

HPA and HPL inhibition was measured by specific antienzymatic assays. The biological 

properties of the extracts are attributable mainly to the flavone components of the glycosides 

hesperidin and naringin. The corresponding aglycones, hesperetin and naringenin, have been 

investigated for determining their binding mode within the HPA and HPL active site by 

molecular docking, on the basis of some available crystallographic enzyme structures. 

Finally, after obtaining encouraging in vitro and in silico results, studies were undertaken in 

vivo in order to determine the influence of TC extracts on a rat obesity model by evaluating 

specific anthropometric values and blood parameters of glucose and lipid metabolism. 

 

 

Figure 1. Chemical structure of hesperidin (A), naringin (B), hesperetin (C), naringenin (D). 
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2. Materials and methods 

 

2.1. Samples 

Citrus spp. All the samples were collected during the 2015–2016 winter in the regional 

company for the development of agriculture, ARSAC, located in Mirto-Crosia (geographical 

coordinates: 39.606803;16.763717), Calabria. All the plants had a similar irrigation 

treatment and were exposed to the same climate, grown in a ground with a pH ranging in 

between 7.9 and 8.2. The three varieties studied were CL (Citrus clementina Hort. ex. 

Tanaka), TR (Citrus sinensis L. Osbeck) and TC. The latter is a triploid hybrid obtained by 

the crossbreed of Monreal CL and TR. TC was also subjected to long-term phytochemical 

content evaluation (0, 6, 8 weeks at 1 °C and 90–95% relative humidity). Leaves were 

cleaned of soil residues and stored in a dry and cool place and kept at constant weight. Fruits 

were cut longitudinally and deprived of the two covers. Peels (flavedo) and pulp were 

separated from residues of the white portion (albedo). The pulp was deprived of the segment 

membrane and weighed. Samples were extracted by a Naviglio® apparatus (Atlas Filtri SRL, 

Limena, Italy), using a water-ethanol (1/1, v/v) solution (Toma, Casacchia, Don, D'Ippolito, 

& Statti, 2017). 

 

2.2. Total polyphenol content determination 

The total phenol content of the total extracts was determined using Folin–Ciocalteu reagent 

and chlorogenic acid as a standard, modified as previously reported (Casacchia et al., 2017). 

The total flavonoid content of the crude extract was determined by the AlCl3 colorimetric 

method on the same extracts used for total phenol determination (Marrelli, Cristaldi, 

Menichini, & Conforti, 2015). Briefly, 20 mg of extract were dissolved in 10 μ of a mixture 

of ethanol/HCl (95:5), kept at 60 °C for 1 h and successively cooled to room temperature 

and homogenized. An amount of 200 μL (three replicates) was introduced into test tubes, 

followed by addition of 1.0 mL of Folin–Ciocalteu reagent and, after 3 min, 1.0 mL of 

Na2CO3 (7.5%, v/v). The tubes were vortexed and heated at 40 °C (water bath) for 30 min. 

The calibration curve was determined by using seven standards with concentrations ranging 

from 50 to 1200 μg/mL. The absorption at 726 nm was measured (Perkin-Elmer Lambda 40 

UV/VIS spectrophotometer) and the total phenol content expressed as mg of chlorogenic 

acid equivalents (CAE) per g of fresh weight (FW) material. Chlorogenic acid (10–1000 

μg/mL) was used as a standard to obtain the calibration curve (y=0.0015x+0.3701, r2=0,996). 

 

2.3. Total flavonoid content determination 

The total flavonoid content was determined using a colorimetric assay based on the 

formation of a flavonoid-aluminum complex, showing a λmax absorption at 430 nm (Quettier-

Deleu et al., 2000). Briefly, 2 mg of each TC extract were mixed with 1 mL of ethanol. After 

5 min incubation, a 2% aqueous solution of AlCl3 was added and the whole sample was left 

for 15 min in the dark. The calibration curve was determined by seven standard 

concentrations (25–900 μg/mL) of chlorogenic acid. The total flavonoid content was 

expressed as mg of quercetin equivalent (QE) per g of FW. The equation for the calibration 

curve was y=0.0018x+0.2974, with r2=0.996. 

 

2.4. Phytochemical profile determination by HPLC-DAD 

The phytochemical composition of the Citrus hydroalcoholic extract was investigated by 

high-performance liquid chromatography coupled to ultraviolet detection (HPLC–UV–

DAD) by using a DGU-14A Shimadzu (Kyoto, Japan) equipped with a pump (LC-10AT-

VP model). The Shimadzu software was used to calculate the area of the surfaces under the 
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peaks. The compounds were separated on a Spherisorb ODS1 column (Waters Instruments, 

MA, USA). Solvent system: (A) 2%. aqueous acetic acid, (B) acetonitrile. Gradient program: 

0–15 min, A=100%; 15–45 min, B=0–30%; 45–60 min, B=30–100%. Flow was 1 mL/min 

(XRs column), and volume of injection was 20 μL of extract solution. The detection 

wavelength was fixed at 285 nm. The retention times (RT) of naringin (32.5 min) and 

hesperidin (33.5 min) were similar to those already reported in other studies (Gorinstein et 

al., 2006). Standards of naringin, naringenin and hesperedin were measured under the same 

conditions. 

 

2.5. Vitamin C determination 

The vitamin C content was determined by the method of Nzewe and coworkers (Nweze, 

Abdulganiyu, & Erhabor, 2015). Titrations were performed in triplicate. The concentration 

of vitamin C for each 100 mL sample was calculated as % vitamin C concentration (mg/ 

100 mL) = [standard concentration (mg/mL)/sample weight (g)]×1000.  

 

2.6. Antioxidant activity: DPPH method 

The 1,1-diphenyl-2-picryl-hydrazyl radical (DPPH) assay was adapted as previously 

described (Marrelli et al., 2014). Citrus extracts at different concentrations were added to an 

ethanol solution of DPPH radical (final concentration: 1.0×10−4 mol/L). The absorbance of 

the resulting solutions was measured at 517 nm. The DPPH solution without the sample 

solution was used as control. Trolox (Sigma-Aldrich St. Louis, USA) was used as the 

positive control. Decreasing absorbance values of the DPPH solutions indicated an increase 

of DPPH radical scavenging activity. Such activity was calculated as: % DPPH radical 

scavenging = (absorbance control−absorbance sample)/absorbance control×100. 

 

2.7. Antilipoperoxidation activity 

The antilipoperoxidation activity was measured using the BCB test (Marrelli et al., 2014). 

The solutions were obtained by adding 0.04 mL of linoleic acid, 0.4 mL of Tween 20 and 

1.5 mL of a β-carotene solution in chloroform (0.5 mg/mL). The solvent was then evaporated 

under reduced pressure at 40 °C for 10 min through a rotary evaporator and the dry residue 

was immediately diluted with 150 mL of distilled water. Water was slowly added to the 

mixture and vigorously stirred to form an emulsion. Then, 0.2 mL of sample solutions at 

different concentrations (120, 60, 30, 15, 8, 4, 2, 0.5 mg/mL) were added to 5 mL of the 

emulsion.  

Trolox was used as positive control after water solubilization at the same sample 

concentration. The absorbance was detected at λ=470 nm at both t0 (the starting incubation 

time) and t=30 min. The antioxidant activity (AA) was calculated as: AA=[1−(A0−At)/ 

(A0°−At°)]×100, where A0 and A0° are the absorbance values measured at t=0 min for sample 

standard and control, respectively, and At and At° are the absorbance values measured in the 

sample standard and control at t=30 min, respectively (Kumazawa et al., 2002).  

 

2.8. Pancreatic lipase inhibition assay 

The porcine pancreatic lipase activity was assayed using p-nitrophenyl-octanoate (NPO) as 

substrate and spectrophotometrically recorded at λ=412 nm. A water solution (3 mg/mL) 

was prepared from type II crude porcine pancreatic cells (Conforti et al., 

2012). Then, a 7.5 mmol/L solution of NPO in DMSO was prepared. The composition of 

the reaction mixture was the following: 100 μL of 7.5 mmol/L NPO, 4 mL of Tris–HCl 

buffer (pH=8.5), 100 μL of extract (concentration 400, 250, 100, 55, 30, 15, 5, 2, 0.8, 0.20, 

0.05 mg/mL) and 100 μL of enzyme solution. The mixture was incubated at 37 °C. In the 

control, the extract was replaced with the same volume of DMSO. A blank sample without 
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the enzyme was prepared for each extract. Orlistat was used as positive control. The 

pancreatic inhibitory activity I was calculated as: I (%) = [1−(Ac−As)/A0]×100, where Ac is 

the absorbance of the substrate of the porcine enzyme in the presence of the sample, As the 

absorbance of the porcine enzyme with the sample without substrate, and A0 the absorbance 

at 100% enzyme activity on the substrate (without sample). 

 

2.9. α-Amylase inhibition assay 

Inhibition of the α-amylase enzyme was evaluated using a modified version of the method 

suggested by Kwon et al. (Kwon, Apostolidis, Kim, & Shetty, 2007). Sample solutions of 

100 μL (with concentration 400, 250, 100, 55, 30, 15, 5, 2, 0.8, 0.20, 0.05 mg/mL) were 

added to 500 μL of a 0.5 mg/mL enzyme solution in cold distilled water and to 500 μL of a 

1% (v/v) starch solution in 0.01 mol/L phosphate buffer at pH 7.0. The reaction mixture was 

incubated at 37 °C for 5 min; the reaction was stopped after the addition of 1 mL of the 

reagent dye DNS (3,5-dinitrosalicylic acid and 1% potassium sodium tartrate in 2% NaOH 

0.4 mol/L). The reaction mixture was incubated at 100 °C for 5 min and the absorbance 

measured at 540 nm. The α-amylase inhibitory activity was calculated as: 

I(%)=[(A1−A0)/A1]×100, where A0 is defined as the absorbance at 100% enzyme activity 

(without sample) and A1 as the absorbance of a test sample (with enzyme). The concentration 

of acarbose and of plant extracts that are required to inhibit 50% of α-amylase activity under 

these conditions was defined as the IC50 value. The α-amylase inhibitory activity of the plant 

extracts and of acarbose was calculated, and IC50 values were determined (Casacchia, 

Scavello, Rocca, Granieri, Beretta, Amelio, et al., 2018). 

 

2.10. Molecular Docking 

Molecular docking was performed on the crystallographic structures of HPA and HPL, 

corresponding to the entries 4GQR (Williams, Li, Withers, & Brayer, 2012) and 1LPB 

(Egloff et al., 1995) in the Protein Data Bank (PDB), respectively. Molecular structures of 

naringenin and hesperetin, both in the naturally occurring S enantiomeric form, were built 

by using the modeling software Avogadro (Hanwell et al., 2012). Docking calculations were 

performed by using AutoDock Vina 1.1.2 (Trott & Olson, 2010). Preliminary conversion of 

the structures from the PDB format was performed by using the graphical interface 

AutoDock Tools 1.5.6 (Morris et al., 1998). During the conversion, polar hydrogens were 

added for the crystallographic enzymes, and apolar hydrogens of naringenin and hesperetin 

were merged to the carbon atom they are attached to. Full flexibility was guaranteed for the 

ligands, resulting in four active torsions for naringenin (three hydroxyls, plus the bond 

connecting the phenol group to the rest of the molecule) and five for hesperetin (three 

hydroxyls, plus the two bonds connecting the phenol and methoxy group). A single 

simulation run was carried out in each case at very high exhaustiveness, 16 times larger than 

the default value. 

 

2.11. In vivo study design 

The in vitro anti-enzymatic activity of our extract, expressed as IC50, was very close to that 

of Orlistat, used as positive control. Since Ferraz et al. determined that the effective dose of 

Orlistat to be administered to obtain significant pancreatic lipase inhibition in mice was 20 

mg/day, we used an equivalent amount of extract in our in vivo assay. (Ferraz, Tiselius, & 

Heilberg, 2004). The study was conducted on Wistar rats (Envigo-Udine, Italy), which were 

individually housed in cages under controlled light (12 h light/dark cycle) and temperature 

(23–25 °C; 50–55% humidity) conditions with free access to food and water. Experiments 

were performed in accordance with the Declaration of Helsinki, the Italian law (D.L. 

26/2014), the Guide for the Care and Use of Laboratory Animals published by the US 
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National Institutes of Health (2011) and the Directive 2010/63/EU of the European 

Parliament on the protection of animals used for science. The project was approved by the 

Italian Ministry of Health, Rome, and by the ethics review board. Diets used for the present 

study were provided by Envigo (Udine, Italy). Normolipidic (Diet 2018, used as standard 

diet, and indicated as SD; 6.2% kcal fat, 18.6% kcal protein, and 44.2% kcal carbohydrate) 

and hypercaloric (Teklad Diet TD 06414, used as high fat diet, and indicated as HFD; 60% 

kcal fat, 18.3%, kcal protein and 21.7% kcal carbohydrate) diets were administered as 

previously described (Casacchia et al., 2018). Rats were randomly assigned to three different 

experimental groups: (1) Group SD (fed with SD); (2) Group HFD (fed with HFD); (3) 

Group HFD+TC (fed with HFD plus 20 mg of extracts from edible part of TC, orally 

administered every day throughout the entire course of the treatment). The extracts were 

orally administered to each rat by using a syringe containing the daily dose, by holding the 

rat and letting the animal swallow the extract suspension (Kuster et al., 2012). During the 

procedure, complete ingestion was ensured, eliminating risks of variability in the intake 

among individual animals. In control rats, the same volume of filtered water has been 

administered. The experimental groups were subjected to the specific diet for 12 weeks. 

 

2.12. “Anthropometric” variables determination and blood biochemical measurements 

At the end of treatments, rats were anesthetized with ethyl carbamate (2 g/kg body weight, 

i.p.) and sacrificed. Subsequently, plasma was obtained by blood centrifugation at 4 °C for 

15 min at 4000 g within 30 min from its collection. Immediately after sacrifice, hearts, livers 

and abdominal fats were collected and weighed. All “anthropometric” parameters (body 

weight, m waist circumference, body mass index, BMI and cardiac somatic index (CSI), the 

latter defined as the ratio between the heart weight and the animal weight multiplied by 100) 

and plasma analyses for biochemical determination indicated in the present work were 

performed as previously described (Casacchia et al., 2018). In particular, glycaemia was 

determined using a glucometer (ACCUCHEK, Roche Diagnostics, Germany); total 

cholesterol, HDL cholesterol, LDL cholesterol and triglycerides were determined using 

specific kits from PKL® POKLER ITALY; oxidized LDL cholesterol (LDL cholesterol-Ox) 

and insulin were evaluated by using enzymelinked immunosorbent assay kits (Elabscience 

Biotechnology, WuHan, China for LDL cholesterol-Ox and Millipore, St. Charles, MO, 

USA for insulin). 

 

2.13. Liver triglycerides determination 

The triglycerides quantitative determination in liver samples was performed by using a 

colorimetric assay kit from PKL® POKLER ITALY as follows: the liver of each 

experimental group was homogenized with an Ultra-Turrax® in phosphate buffered saline, 

PBS (137mM NaCl, 2.7mM KCl, 10mM Na2HPO4, 1.8mM KH2PO4; pH 7.4) plus a mixture 

of protease inhibitors (1 mmol/L aprotinin, 20 mmol/L phenylmethylsulfonyl fluoride, and 

200 mmol/L sodium orthovanadate) and centrifuged at 15000 g for 20 min (4 °C). The 

supernatants were then assayed with the kit. The assay started with the enzymatic hydrolysis 

of the triglycerides by lipoprotein lipase to produce glycerol and free fatty acids. The 

glycerol released was then measured by a coupled enzymatic reaction system with a 

colorimetric readout at 540 nm. Results were expressed as mg triglycerides per g of liver 

tissue. 

 

2.14. HOMA-IR (Homeostatic Model Assessment-estimated Insulin Resistance) index 

HOMA index was calculated according to Matthews et al. (1985) and Cacho, Sevillano, de 

Castro, Herrera, and Ramos (2008).  
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2.15. Statistical analysis 

Statistical analysis for in vivo study was performed by using the GraphPad Prism Software® 

(version 5.0; GraphPad Software, San Diego, CA, USA). Data were expressed as the mean 

± SEM. Oneway ANOVA (analysis of variance) Newman-Keuls multiple comparison test 

was used. Statistically significant differences: *p≤0.05, **p≤0.01, ***p≤0.001. 

 

3. Results and discussion 

 

3.1. Antioxidant activity evaluation 

The antioxidant activity of Citrus extracts is in a direct relationship with the content of 

polyphenols and their chemical properties. The activity strongly depends on the capability 

of polyphenols to act as reducing agents or hydrogen atom donors (Rodrigues et al., 2013). 

On the other hand, the antioxidant activity is hard to be unambiguously defined, since the 

polyphenol content depends on several factors such as variability in the extract composition, 

environmental conditions during the plant growth, origin of the starting materials, as well as 

the different techniques adopted for the polyphenol determination (Floegel, Kim, Chung, 

Koo, & Chun, 2011). Three different Citrus cultivars TR, CL and TC were considered in 

this study, especially focusing on the latter because, being a hybrid of the two former 

cultivars, could represent an improvement in terms of nutritional potential and possible 

source of active molecules. Moreover, the research was conducted not only on the edible 

part of the fruits, but also on leaves and peels, which represent a waste material left out after 

specific agro-food manufacturing, but still rich in antioxidant agents. 

The first step of the research process consisted in the hydro-alcoholic digestion of natural 

solid materials by using the method already described (Toma et al., 2017), in order to 

optimize the polyphenol fraction extraction avoiding any stress to thermo-sensitive 

components. The successive step was the determination of the total polyphenol content of 

the extracts and the subsequent measurement of the amount of flavonoids. Both 

determination, as well as that of the antioxidant activity of the extracts, were performed on 

fresh TC and on the parent cultivar extracts. The former was further assayed after 6- and 8-

week storage periods (Table 1). The polyphenol and flavonoid content was higher for the 

pulp of TR (207 mgCAE/gFW and 85 mgQE/gFW, respectively) compared to CL and TC, 

whereas radical scavenging activity was higher for the pulp of CL (IC50=100.5 mg/mL). On 

the other hand, the leaf and peel extracts showed an overall higher value for TC compared 

to the other two cultivars. Due to the high commercial and nutritional interest of TC, the 

amount of antioxidants was also monitored for this cultivar after a 6- and 8-week storage 

period on both pulp and leaves. Quite surprisingly, a slight increase was detected for the 

overall content of polyphenols and flavonoids, besides a negligible variation of the 

antioxidant activity after the storage lapse. The antioxidant properties for the pulp extract 

were unchanged and seem to be related to both the vitamin C content, which was almost 

constant after storage (40.23 ± 0.02, 40.03 ± 0.05 and 40.01 ± 0.01 mg/100 mL for the fresh 

extract and after 6- and 8- week storage, respectively), and the polyphenol fraction, which 

slightly increased with time. Taking into consideration the overall results obtained, it can be 

deduced that the antioxidant activity of TC leaf extract (IC50=67.2 μg/ mL) was higher than 

that observed for the remaining parts of the fruit. At the same time, activity of peel extract 

(IC50=55.7 μg/mL) was comparable to that of pulp (IC50=57.5 μg/mL). These results proved 

that peels and leaves, both considered as waste during the manufacturing processes, could 

be further exploited as starting material for the preparation of dietetic supplements or 

cosmetic preparations. 
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3.2. HPLC determination of naringin, naringenin and hesperidin 

Based on the above results, further investigation was planned in order to assess the variability 

of flavonoids content of peel and pulp TC extracts. The amount of hesperidin, naringin and 

naringenin after 8- week storage (1 °C e 90–95% RH) significantly increased in both 

extracts, as determined by HPLC technique. As a result, a significant increase for all the 

three flavonoids was detected. In particular, an almost four-fold increase in peel and a three-

fold increase in pulp extracts were recorded (Table 2). These results are in accordance with 

other studies performed on non-climateric Citrus fruits subjected to storage and refrigeration 

(Amarowicz et al., 2009; Crifo, Petrone, Lo Cicero, & Lo Piero, 2012; Crifo, Puglisi, 

Petrone, Recupero, & Lo Piero, 2011).  

 

3.3. Enzymatic assays: Inhibition of HPA and HPL 

HPA is a key enzyme in the starch digestion process and it is responsible for the 

transformation of starch to malto-oligosaccharides, and then to glucose. On the other hand, 

HLP is of great importance for the digestion and absorption of lipids, since it is able to 

hydrolyze fats to glycerol and fatty acids. Therefore, both enzymes represent attractive 

therapeutic targets for the treatment of metabolic disorders such as diabetes and obesity. The 

antienzymatic activity of different Citrus variety had been assessed in previous studies and 

it was shown to be related to specific parts of the plant (Shen et al., 2012; Uddin et al., 2014). 

In this study, the inhibitory activity of selected Citrus cultivars was accordingly evaluated 

on both enzymes. The antienzymatic tests have been carried out on pulp, peel and leaf 

extracts, which represent the final product and waste after agro-food manufacturing. In 

particular, samples of CL, TR and TC have been investigated in order to compare the 

inhibitory activity of the hybrid TC with its parent cultivars. The activity exerted on HPA 

was higher for the pulp extract of TC (IC50=44.28 ± 0.65 μg/mL). This extract showed the 

best result also in the HLA inhibition test (IC50=67.20 ± 0.30 μg/mL). A similar outcome 

was obtained for the HPA inhibition with TC peel extract (IC50=41.23 ± 0.25 μg/mL), which 

was equipotent to CL, but still more potent than TR. Again, the highest activity for leaf 

extracts on HPA and HPL was exerted by TC (IC50=54.27 ± 0.28 and 63.30 ± 0.09 μg/mL, 

respectively). In conclusion, it can be deduced that the performance of the hybrid was more 

favorable with respect to its parents in almost all the assays attempted, thus confirming that 

TC is worthy of further investigations to be used as a supplement in the treatment of 

metabolic disorders (Table 3). After these preliminary results, we also investigated TC 

activity after 6- and 8-week storage under controlled ambient conditions (1 °C and 90–95% 

RH). Accordingly, referring to peel extract, both HPA and HPL inhibitory activities were 

monitored and, despite the increase in the flavonoid content, the best result was achieved 

after a 6-week lapse, whereas a decrement was observed for the longer storage time. 

Conflicting results were obtained from assays on pulp extract. It was noticed that the HPA 

inhibitory activity decreases with time, whereas the HPL inhibitory activity remains almost 

unchanged after storage. From the results above reported, it can be hypothesized that the 

increased HPA and HPL inhibition after fruit storage could be due to the induction of genes 

expression promoted by stressing conditions, which could influence the plant defense 

pathways with an increase in the amount of biologically active secondary metabolites. 
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Table 1: Total polyphenol content, total flavonoid content and antioxidant activity (DPPH test) in 

pulp, peels and leaves of CL, TR and TC. Values are expressed as means ± standard deviations on 

three measurements. CAE and QE indicate chlorogenic acid and quercetin equivalents, respectively. 

Results were reported as mean ± SD. Different letters (a, b, c) in the same column indicate significant 

differences among extracts (P < 0,05) according to Student’s t-test. Statistically significant 

differences among pulp, peel and leaves of each Citrus specie are indicated by §*,^. Trolox was used 

as positive control in the DPPH test. 

 

 
 

 

Table 2: Hesperedin, naringenin and naringin content in TC peel and pulp extracts after storage (1 

°C, 90–95% RH). Values are expressed as means ± standard deviations on three measurements. 

Results were reported as mean ± SD. Different letters (a, b, c) in the same column indicate significant 

differences among extracts (P < 0,05) according to Student’s t-test. Statistically significant 

differences among pulp, peel and leaves of each Citrus specie are indicated by §,*,^. 

 

 
 

 

Table 3: Antienzymatic activity of Citrus extracts. IC50 is the in vitro concentration required to 

decrease to 50% the reactivity of the studied reactive species (mean ± standard error of the mean; 

three measurements). Different letters (a, b, c) in the same column indicate significant differences 

among extracts (P < 0,05) according to Student’s t-test. *Acarbose was used as a positive control 

(IC50=36.50 ± 0.32 μg/mL). **Orlistat was used as a positive control (IC50=57.20 ± 0.19 μg/mL). 

Statistically significant differences among pulp, peel and leaves of each Citrus specie are indicated 

by §,#,^. 

 
 

3.4. Molecular docking 

In order to verify whether the inhibitory activity could be attributed to the direct interaction 

of naringenin and hesperetin with HPA and HPL, molecular docking was performed by using 

the crystallographic enzyme structures withdrawn from the PDB. Only aglycones naringenin 

and hesperetin were tested, and not the corresponding native glycosides naringin and 

hesperidin, because it has long been suggested that sugar molecules of a glycoside can only 

influence pharmacokinetics into the body, whereas the receptor activity is confined to the 
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aglyconic portion. Moreover, the majority of flavonoid glycosides are hydrolyzed at an 

intestinal or hepatic level by the action of a lactase phloridzin hydrolase or a β-glucosidase, 

so that only the free aglycones are able to reach the systemic bloodstream (Day et al., 1998, 

2000; Ioku et al., 1998). The mode of interactions of each compound with the active site of 

both enzymes was predicted by a protein-based docking approach, using a protocol already 

adopted for the study of other polyphenol (Grande et al., 2018). Although both naringenin 

and hesperetin could each exist in two enantiomeric configurations, only the S isomer has 

been taken into consideration for the computational studies, because such form is the only 

one present in nature (Dewick, 2009). Since 67 different HPA and 7 different HPL 

crystallographic structures have been deposited to the PDB, a selection of suitable models 

was carried out for both proteins. The 4GQR entry (Williams et al., 2012) was chosen for 

HPA because in this structure the protein is complexed with the flavonol myricetin, an 

analogue of our compounds. Furthermore, the most recent 1LPB entry (Egloff et al., 1995) 

was adopted for HPL. Three distinct domains can be recognized in the crystallographic 

structure of HPA. The active site is located to one end of a triosephosphate isomerase barrel 

and three carboxylic acid residues (i.e., Asp197, Glu233 and Asp300) have been shown to 

be essential for catalysis. As shown in Figure 2A and B, in our docking experiments the two 

flavonoids adopt an orientation similar to that observed in the binding of myricetin (Williams 

et al., 2012). Furthermore, both naringenin and hesperetin interact with the three catalytic 

residues in the enzyme active site. In particular, Asp197 is the key residue for the 

nucleophilic hydrolytic catalysis of HPA on starch polymers (Rydberg et al., 2002; Zhang 

et al., 2009). The interaction with Glu233 precludes its catalytic function as acid-base 

promoter of hydrolysis, while the binding with Asp300 prevents the correct orientation of 

starch molecule into the active site. The binding energies calculated for naringenin and 

hesperetin were −8.1 and −7.7 kcal/mol, respectively, indicating a good affinity for the 

protein. These values are comparable to the one obtained after the re-docking of myricetin 

in the crystallographic position, −7.8 kcal/mol, further suggesting that all these molecules 

can bind to HPA. The crystallographic structure of HPL includes three structural domains: 

a N-terminal domain containing the active site, a non-catalytic C-terminus encompassing a 

colipase binding site, and a lid loop that regulates the ligand entry into the active site. A 

catalytic triad (Ser152, Asp176 and Hys263) actively participates to lipid hydrolysis in the 

active site. As shown in Figure 2C and D, both naringenin and hesperetin were found to 

interact with all these residues, therefore preventing the substrate access. The two molecules 

accommodate with the same orientation into the protein active site, showing in both cases a 

binding affinity of −9.6 kcal/mol, strongly supporting the anchoring to HPL.  
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Figure 2. Docking poses of the ligands within the protein active sites: (A) naringenin (yellow) and 

B) hesperetin (blue) bound to the catalytic pocket of HPA, and the same two compounds (C and D, 

respectively) anchored within the binding site of HPL. 

 

3.5. In vivo studies 

 

3.5.1. “Anthropometric” and metabolic parameters 

Firstly, no significant differences were observed for the anthropometric and metabolic 

parameters in the SD+TC pulp (20 mg of extracts) group (data not shown), suggesting that 

this extract does not exert effects in normolipidic condition. After 12 weeks of treatment, the 

mean body weight of rats fed with HFD was higher than those fed with SD (Figure 3A); in 

the HFD+TC group, the mean body weight significantly decreased with respect to the group 

fed with HFD. A similar trend was observed in the measurements of BMI and waist 

circumference (Figures 3B and C). As showed in Figure 3D, the abdominal fat deposition 

was significantly higher in HFD rats with respect to the SD control counterpart and to the 

HFD+TC group. Several studies indicate that the value of BMI and fat mass deposition 

represent important indicators of adiposity, and the latter also seems to be a critical factor in 

A B 

C D 
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the development of insulin resistance (Virtue & Vidal-Puig, 2010). Both these factors are 

widely used, together with a metabolic health assessment, as a useful population-level 

measure of overweight and obesity (Goossens, 2017) which represent important risk factors 

for the development of pathological conditions (Kopelman, 2000). Our results indicate that 

the addition of TC moderately opposes the increase of the considered parameters, 

Interestingly, the experimental groups showed differences in the food intake, daily recorded 

during treatments. In particular, the HFD group showed a significantly higher daily caloric 

intake compared to SD group (58 ± 2 kcal/day for the SD vs 117 ± 3 kcal/day for the HFD). 

In contrast, TC extracts affected the caloric intake since it significantly decreased with 

respect to the HFD counterpart (117 ± 3 kcal/day for the HFD vs 107 ± 1 kcal/day for 

HFD+TC). Furthermore, the weight reduction, observed in HFD fed rats treated with TC 

extracts, may be also due to ability to influence the food intake control. In fact, several 

observations regarding the effects of specific polymethoxylated flavones on appetite 

suppression and regulation are reported (Kim & Park, 2011). Particularly, some Citrus 

flavonoids (including naringenin and hesperetin) act as appetite suppressants by targeting 

specific signaling hormones that control caloric intake and by activating selective receptors 

and proteins involved in the increase of energy expenditure in heat-producing, brown 

adipose tissue (Kim & Park, 2011). It has been observed that obesity is associated with 

hemodynamic alterations of the cardiovascular function and thus with cardiac structural 

changes in terms of left ventricular hypertrophy (Kopelman, 2000; Lauer, Anderson, Kannel, 

& Levy, 1991). Accordingly, in the present study, the heart weight (Figure 3E) and the 

cardiac somatic index (CSI) (Figure 3F), an index of cardiac hypertrophy (Flanagan et al., 

2008), were found to be higher in HFD fed animals with respect to the SD group; in contrast, 

the administration of TC in HFD rats significantly inverted these alterations (Figure 3E and 

F), providing indications on the role of these extracts in the abnormal heart growth induced 

by obesity. In fact, in the HFD-treated rats the heart weight was greater either in absolute 

and in the heart/body weight ratio values. Since obesity presents an augmented risk in the 

development of nonalcoholic fatty liver disease (NAFLD), associated with several 

alterations in glucose, fatty acid and lipoprotein metabolism (Fabbrini, Sullivan, & Klein, 

2010), we investigated the TC extract effects on the hepatic function. A significant reduction 

of the liver weight (Fig. 3G) and hepatic levels of triglycerides (Figure 3H) was recorded for 

obese rats orally supplemented with Citrus solution with respect to the HFD group (Figure 

3H and G). This prompts to hypothesize that the extract is able to counteract the hepatic 

alteration related to the increased liver weight and to the intrahepatic triglycerides 

accumulation induced by obesity. The plasma determination of specific analytes showed a 

significant increase of total cholesterol (Figure 4A), LDL cholesterol (Figure 4B), oxidized 

LDL cholesterol (Figure 4C) and triglycerides (Figure 4D) levels after HFD diet, whereas in 

the HFD+TC group they were significantly reduced (Figure 4A–D). An opposite trend was 

observed for HDL cholesterol plasma levels (Figure 4E). Accordingly, these measurements 

indicate that Citrus might globally reduce the cardiovascular risk dependent from the 

alteration of the plasma lipid profile associated with obesity (Klop, Elte, & Cabezas, 2013). 

Interestingly, TC also decreased the circulating oxidized LDL, a marker of oxidative stress, 

strongly associated in adults with obesity, insulin resistance, metabolic syndrome and 

cardiovascular disease (Reilly & Kelly, 2011). Finally, the metabolic analysis regarding the 

insulin sensitivity assessment indicated a significant increase of insulin (Figure 4F), basal 

glucose plasma levels (Figure 4G) and, consequently, of the HOMA index (Figure 4H) in 

the HFD group with respect to SD group. HOMA index is widely used to easily estimate the 

whole body insulin sensitivity. This index has a variability and discriminant power 

comparable to those of other more complex and invasive methods, and it can be applied also 

in animal models, providing a useful tool for assessing the metabolic state related to the 
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glucose homeostasis and insulin efficiency (Cacho et al., 2008; Matthews et al., 1985). 

Compared to HFD fed animals, the treatment with Citrus was able to significantly reduce 

these parameters. The beneficial effects mediated by the extract on these factors, which 

represent important predictors of insulin resistance in the early stage of diabetes (Cacho et 

al., 2008; Matthews et al., 1985), indicate that TC might improve the insulin sensitivity and 

glucose tolerance, thus being potentially useful in the control of altered metabolic above 

condition. 

 
 

Figure 3. Body weight (A), BMI (B), waist circumference (C), abdominal fat (D), heart weight (E), 

cardiac somatic index (CSI) (F), liver weight (G) and hepatic triglycerides (expressed as mg/g 

tissue) of rats fed with SD, HFD, or HFD+TC (20 mg of extract), recorded at the end of the 

treatment (5 rats for each group); significance of difference: oneway ANOVA, non-parametric 

Newman-Keuls multiple comparison test (for post-ANOVA comparisons). *P < 0.05, **P < 0.01, 

***P < 0.001. 
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Figure 4. Plasma levels of total cholesterol (A), LDL cholesterol (B), oxidized-LDL cholesterol 

(C), triglycerides (D), HDL cholesterol (E), insulin (F), glucose (G) and HOMA index (H) on rats 

fed with SD, HDF or HDF+TC (20 mg of extract), recorded at the end of the treatment. (5 rats for 

each group); significance of difference: oneway ANOVA, non-parametric Newman-Keuls multiple 

comparison test (for post-ANOVA comparisons). *P < 0.05, **P < 0.01, ***P < 0.001. 
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4. Conclusions 

 

The Citrus hybrid TC has been selected for the determination of its nutraceutical potential 

with respect to its parent cultivars, TR and CL. Besides a profitable economic interest, this 

Citrus variety seems endowed with interesting biological features due to the remarkable 

polyphenol content. In particular, the extracts were rich in naringin and hesperidin, the 

antioxidant, lipid lowering and hypoglycemic activities of which are well known. A 

significant antioxidant and HPA/HPL inhibitory activity has been demonstrated by specific 

in vitro assays on different TC extracts. Moreover, favorable interactions with protein key 

residues were found for the two corresponding aglycones, naringenin and hesperetin, that 

have been docked into active site of the two enzymes. The influence of TC extracts dietary 

administration on anthropometric values, lipid and glucose metabolism on a rat model of 

obesity and metabolic syndrome was measured by in vivo studies. All the collected results 

indicate that, after an accurate standardization in their polyphenol content, the TC extracts 

could be included in dietary supplements for the management of metabolic disorders. 
Furthermore, assays performed on Citrus leaves and peel proved that active phytochemicals, 

to be included into nutraceutical formulations, could be recovered with a high yield, after 

simple extraction procedures on agrofood processes waste. 
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III. CRYPTOTANSHINONE AND TANSHINONE IIA FROM SALVIA 

MILTHORRHIZA BUNGE (DANSHEN) AS A NEW CLASS OF 

POTENTIAL PANCREATIC LIPASE INHIBITORS 

 

Natural Product Research, 2019, 1-4 
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Abstract:  
Salvia miltiorrhiza Bunge extract was investigated for the first time for its inhibitory activity 

against pancreatic lipase (PL), an important enzyme involved in the digestion of dietary fats. 

It showed a concentration-dependent activity with an IC50 value of 3.54 ± 0.22 mg/mL. Two 

compounds, cryptotanshinone and tanshinone IIA (the major lipophilic constituents of S. 

miltiorrhiza), have been selected as potential ligands of PL. Cryptotanshinone showed a 

higher lipase inhibitory activity (IC50 = 6.86 ± 0.43 mM) compared to the parent tanshinone 

IIA (Figure 1). Molecular docking studies were undertaken to establish whether a direct 

interaction of the principal constituents of the S. miltiorrhiza extract with the human 

pancreatic lipase could be evoked. All these findings provided new insights into the 

understanding of the interactions between natural constituents of S. miltiorrhiza extract and 

PL, also suggesting that cryptotanshinone could be used as lead compound for the 

development of efficacious PL inhibitors. 

 

Keywords: Salvia miltiorrhiza Bunge, Lamiaceae, pancreatic Lipase inhibitors, 

tanshinones, molecular docking. 

 

1. Introduction 
 

Obesity is characterized by an exceeding adipose biomass and adipose tissue expansion, so 

reducing the absorption of carbohydrates and lipids in the digestive system using anti-obesity 

drugs, has been considered as an effective therapeutic approach (Apovian 2016). An 

important enzyme involved in the digestion of dietary fats is pancreatic lipase (PL), a 

triacylglycerol acyl hydrolase, that is responsible for the hydrolysis of almost 60% 

triacylglycerides in the gastrointestinal tract (Wang et al. 2013). Natural products have been 

considered a source of safe and promising anti-obesity drugs (Marrelli et al. 2016). Salvia 

miltiorrhiza Bunge (Danshen) belongs to the Lamiaceae family. It has been widely used in 

Asian countries for treating different diseases and early pharmacological studies 

demonstrated its multiple bioactivities: cardiovascular and cerebrovascular effects as well as 

antioxidant, anti-inflammatory and anti-tumor properties (Jianping et al. 2018). These 

activities are due to the presence of lipophilic tanshinones (Li et al. 2018). In the present 

study S. miltiorrhiza extract and the major lipophilic compounds, cryptotanshinone and 

tanshinone IIA, were investigated for the first time as lipase inhibitors. Molecular docking 

studies on the crystallographic structures of pancreatic lipase have been carried out to 

investigate the binding mode of the compounds with the enzyme binding site. 



49 
 

2. Results and discussion 

 

The lyophilized extract of S. miltiorrhiza (E.S. 1% tanshinones) showed a lipase inhibitory 

activity with an IC50 value of 3.54 ± 0.22 mg/ml (Figure S1, Table S1).  

 

 
Figure S1. Pancreatic lipase inhibition activity of S. miltiorrhiza extract. Data were expressed as 

means ± S. E. (n = 3). Mean values of samples showing significant difference from the control was 

denoted with * p < 0.05, ** p < 0.01, *** p < 0.001 in one-way ANOVA followed by Dunnett's test. 

 

Table S1. Inhibition of pancreatic lipase induced by tanshinones from S. miltiorrhiza. 

 
Data are expressed as mean ± S.E.M. (n=3). Rutin was chosen as natural reference compound. Orlistat was 

used as positive control. The statistical difference between cryptotanshinone and both rutin and orlistat was 

determined by t-test (***P < 0.001). 

 

The potential contribution of tanshinone IIA (1) and cryptotanshinone (2) (Figure S2) was 

evaluated. 

 
Figure S2. Chemical structures of Tanshinone IIA (1), Cryptotanshinone (2) and rutin (3). 
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Pancreatic lipase activity was significantly affected by 1 at the three highest concentration 

tested p<0.001, Dunnett’s multiple comparison test) (Figure 1). Compound 2 

effectively inhibited pancreatic lipase activity at all the concentrations tested, with an IC50 

value of 6.86 ± 0.43M (Table S1). Even if there was a significant difference between the 

biological activity of this compound and the positive control orlistat (IC50 value = 0.036 ± 

0.002 M, *** P<0.001, t-test), the biological activity of cryptotanshinone was significantly 

higher than those of rutin, chosen as natural reference compound (IC50 value = 163.00 ± 7.24 

M, *** P<0.001, t-test). 

 
 

 
Figure 1. Pancreatic lipase inhibition induced by cryptotanshinone and tanshinone IIA. Data were 

expressed as means ± S. E. (n=3). Mean values of samples showing significant difference from the 

control was denoted with *P<0.05, ** P<0.01, *** P<0.001 in one-way ANOVA followed by 

Dunnett’s test. 

 

Various pharmacological properties have been ascribed to cryptotanshinone in particular it 

is able to inhibit in a concentration dependent manner the rat platelet aggregation (Maione 

et al. 2015). Our data are in accordance with previous studies that showed that 

cryptotanshinone is able to reduce the concentration of body fat, serum cholesterol and 

triglyceride levels in mice (Kim et al. 2007). Subsequent studies also showed that 

cryptotanshinone can effectively inhibit adipogenesis (Rahman et al. 2016). 

In order to verify whether the inhibitory activity of S. miltiorrhiza extract could be attributed 

to the direct interaction of 1 and 2 with the enzyme, molecular docking was performed by 

using a pancreatic lipase structure withdrawn from the Protein Data Bank (PDB). Different 

pancreatic lipase crystallographic structures have been deposited to the PDB, the most recent 

1LPB entry was adopted. In this structure pancreatic lipase is complexed with two molecules 

of a C11 alkyl phosphonate inhibitor MUP. The crystallographic structure of pancreatic 

lipase includes three structural domains: a N-terminal domain containing the active site 

characterized by a Ser152-Asp176-Hys263 catalytic triad, a non-catalytic C-terminus 

surrounding a colipase binding site, and a lid-loop modulating the ligand entry into the active 

site. During docking experiments, the agliconic portion of Rutin (3) (Figure S2) was used as 

an anti-pancreatic lipase reference compound. Docking experiments showed that compounds 

1–3 were able to interact with the enzyme accommodating in the same binding site of the 

crystallographic ligand, therefore they should be able to prevent the access of the natural 

ligand to the catalytic site. All the three molecules were find able to bind the protein active 

domain with comparable affinities ranging from -9.9 to 11.1 kcal/mol (Table S2).  
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Table S2. Binding energies for 1, 2, 3 complexed with HPL. Energetic evaluation is performed by 

using the scoring function of AutoDock Vina [Trott and Oll, 2010] exploring the whole receptor 

volume-search on the protein structure). 

 
Furthermore, as easily hypothesized, compounds 1 and 2 interact with the catalytic core in a 

very similar way (Figure 2) since the structural differences present on the furan moiety do 

not significantly influence the overall interaction of ligands with the enzyme. In particular, 

the interaction with PL of both compounds 1 and 2 is made favorable by two H-bonds: O 

atoms at position 10 and 11, acting as H-acceptors, interact with the side chain of His263 

and Ser152, respectively. 

 

 
Figure 2. Ligand-binding pocket of the active site of HPL; protein structural elements are 

represented as ribbons. (a) Superimposed binding modes of the agliconic portion of Rutin, 3 

(yellow); Tanshinone IIA, 1 (cyan); Cryptotanshinone, 2 (magenta). The key residues are also 

indicated in the specific binding mode of (b) 1 and (c) 2. 

 

Moreover, several hydrophobic interactions contribute to the complex stability. Here, for the 

first time, we have investigated the inhibitory effects of S. miltiorrhiza extract and its 

reference compounds, tanshinone IIA and cryptotanshinone, on pancreatic lipase. The results 

showed that the extract possesses moderate inhibitory effects on pancreatic lipase. 

Molecular docking simulations demonstrated that selected compounds were able to interact 

with the catalytic site of pancreatic lipase and can act as valuable enzyme ligands. All these 

findings provided new insights into the deep understanding of the interactions between 

natural constituents in S. miltiorrhiza extract and pancreatic lipase also suggesting that 

cryptotanshinone (2) could represent a suitable lead compound for the development of new 

pancreatic lipase inhibitors useful for the management of obesity and related disorders. 
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Abstract:  
3-(Alkyl(dialkyl)amino)benzothieno[2,3-f]quinazolin-1(2H)-ones (4-9) have been designed 

using Ellipticine structure as a model, replacing the carbazole core and the pyridine ring with 

a dibenzothiophene and a pyrimidine moiety, respectively. New benzothienoquinazolinones 

(4-9) have been synthesized by a simple one-pot reaction employing 3-

aminodibenzothiophene as starting material. The benzothienoquinazolinones obtained (4-9), 

were evaluated for their anticancer activity against two breast cancer cell lines, MDA-MB-

231 and MCF-7. The results revealed that compounds 4 and 7 presented a good antitumor 

activity toward the triple negative MDA-MB-231, without cytotoxicity against non-tumoral 

cells. Furthermore, the compounds 4 and 7 can be considered important molecular multi-

target tools for their dual inhibition of different cellular proteins, i.e. Tubulin and human 

Topoisomerase I, involved in relevant cellular processes, as predicted by in silico studies 

and demonstrated by in vitro assays (for compound 4). 

 

Keywords: Tubulin, Cytoskeleton, Breast cancer, Docking study, 

Benzothienoquinazolinones. 

 

1. Introduction 

 

Ellipticine (Figure 1) is a naturally occurring alkaloid, which belongs to the 6H-

pyridocarbazole family. This compound and its derivatives are endowed with antitumor 

activities due to their DNA intercalating capacity and their high DNA binding affinity, 

responsible in part for these pharmacological properties [1-4]. This compound may be 

qualified as a pro-drug and its ability, resulting from cytochrome P450 (CYP)- and/or 

peroxidase metabolism, to form adducts binding DNA plays a fundamental role for its 

pharmacological activity and/or side effects [5]. Additionally, Ellipticine has been shown to 

interfere with biotransformation or metabolism of different enzymes. Treatment of human 

breast cancer cells MCF-7 and MDA-MB-231, leukemia HL-60 and CCRFCEM 
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neuroblastoma IMR-32, UKF-NB-3 and UKF-NB-4, glioblastoma U87MG, and other 

various cells with Ellipticine resulted in inhibition of their growth and proliferation [6-9]. 

These effects were associated with the formation of two covalent Ellipticinederived DNA 

adducts, identical to those formed by 13-hydroxyand 12-hydroxyellipticine. Therefore, DNA 

adducts formation in the most of the aforementioned cancer cell lines tested might be one of 

the causes of their sensitivity to Ellipticine treatment [10]. Furthermore, Ellipticine is 

considered a multi-target compound, interacting with different proteins involved in DNA 

replication and cellular proliferation such as Telomerases, Topoisomerases I and II, Tubulin, 

Kinases, and possibly others [11-14]. 

However, because of the onset of several side effects the therapeutic applications of this 

compound and its derivatives still remain limited [15]. In order to overcome these 

limitations, the search for new Ellipticine derivatives and analogs having a potent antitumor 

activity and less side effects is always demanded. To this aim, several libraries of carbazole 

derivatives and isosteres (such as pyrimidocarbazoles, pyrrolopyrazinocarbazoles, 

benzofuropyrroloquinoxalines, pyridazinocarbazoles, benzofurophtalazines, 

benzothienoquinolines, benzofuroquinolines, benzothieno-, benzofuropyrrolopyrazines-, 

pyrido[3,2-b]carbazoles, and many others) have been reported [16-20]. 

 

 
Figure1. Ellipticine structure. 

 

More recently, a large number of Ellipticine derivatives have been synthesized and tested 

for their antitumor activity in preclinical models [21-25]. Considering that benzofuran was 

a promising scaffold for the synthesis of anticancer agents [26], in our previous paper [27], 

we have described an efficient and simple synthesis of a series of 3- 

(alkyl(dialkyl)amino)benzofuro[2,3-f]quinazolin-1(2H)-ones, and evaluated their biological 

activities on two models of breast cancer. The encouraging results obtained, together with 

other data previously reported [28,29], prompted us to extend the synthetic methodology to 

the synthesis of their thiophenic isosteres (Figure 2).  

 

 
Figure 2. Structure of benzofuroquinazolinone (a) and benzothienoquinazolinone (b) derivatives 

 

 

Herein, we reported the synthesis of a series of planar fused tetracyclic heterocyclic 

compounds, as new Ellipticine analogues and structurally correlated to 3-

(alkyl(dialkyl)amino)benzofuro [2,3-f]quinazolin-1(2H)-ones [27], namely 3-

(alkyl(dialkyl)amino) benzothieno[2,3-f]quinazolin-1(2H)-ones 4e9 (Table 1). 
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Table 1. 3-(Alkyl(dialkyl)amino)benzothieno[2,3-f]quinazolin-1(2H)-ones 4e9. 

 

 
 

The series has been evaluated for its antitumor activity toward two human breast cancer cell 

lines: ERa-positive MCF-7 and triple negative MDA-MB-231 [30]. Compounds 4 and 7 

exhibited a good antitumor activity, mostly against aggressive and highly metastatic MDA-

MB-231 cells (IC50 = 3.88 M and 4.69 M, respectively), without affecting non-tumoral 

MCF-10A cells growth. With the aim of investigating the molecular mechanism of action of 

synthetized compounds, we performed in silico studies on all of them as new human 

Topoisomerases I and II and Tubulin inhibitors. These simulations revealed that the most 

active compounds, 4 and 7, obtained the higher scores as possible inhibitors of both enzymes, 

with a good bond affinity. These data have been confirmed by enzymatic assays performed 

on the aforementioned proteins and shed light on the versatility of this new class of 

molecules. 

Indeed, the use of molecular multi-targeted therapies represents an advantage in terms of 

efficacy and toxicity, arising from the need to have the highest activity and to overcome the 

onset of undesired side effects or drug-resistance. For this reason, the new benzothieno[2,3-

f]quinazolin-1(2H)-ones 4-9 can be considered promising candidates for next studies aiming 

at the development of new agents useful to limit aggressive pathologies, such as breast 

cancer, the commonest malignancy in women with 1 million new cases in the world each 

year [31,32]. 

 

2. Results and Discussion 

 

2.1. Chemistry 

3-Aminodibenzothiophene 1 was used as starting material in the synthesis of a series of new 

3-(alkyl(dialkyl)amino)benzothieno [2,3-f]quinazolin-1(2H)-ones 4-9 by a one-pot three-

component reaction (Scheme 1, Table 1) [16,19,22,27,33]. Compound 1 was prepared 

following a previously described synthetic route [34].  

The amino derivative 1 was reacted with ethoxycarbonylisothiocyanate to give the thiourea 

intermediate 2, which was in turn converted into the ethoxycarbonylguanidine intermediates 

3 after the reaction with a proper alkyl- or dialkylamine in presence of HgCl2. Derivatives 3 

were cyclized at 160° C in the same reaction medium and 3- 
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(alkyl(dialkyl)amino)benzothieno[2,3-f]quinazolin-1(2H)-ones 4-9 were recovered after 

filtration of the by-product HgS. This sequential one-pot three-component synthesis proved 

to be rapid, simple and efficient representing a suitable synthetic methodology in order to 

obtain a pyrimidinone moiety from an aromatic ring carrying an amino group. It is important 

to underline that the mercury was totally removed as black precipitate of HgS, as confirmed 

by mass spectrometry. 

 

 
Scheme 1. Reagents: (i) EtOCONCS (1 eq.), DMF, 4 h, rt; (ii) alkylamines or dialkylamines (3 

eq.), HgCl2 (1 eq.), 10 min, 0 °C, then 18 h, rt; (iii) 2 h, 160 °C. 

 

2.2. Antitumor activity 

The ability of all synthetized compounds to inhibit the cells growth was evaluated toward 

two breast cancer cell lines, the ER-positive MCF-7 and triple negative MDA-MB-231 

cells. This evaluation was conducted using 3-(4,5-dimethylthiazol-2-y1)-2,5-

diphenyltetrazolium (MTT) assay [35] and Ellipticine as reference drug. As reported in 

Table 2, the most active compounds resulted 4 and 7, particularly against the highly 

aggressive MDA-MB-231 cell line (IC50 =3.88 ± 0.81 M and 4.69 ± 1.00 M, respectively). 

Compounds 4 and 7 are decorated with one or two propylic groups at the nitrogen in C-3, 

respectively. On the contrary, the elongation of the alkylic chain, as for compounds 5 and 8, 

led to a drastic decrease of their activity (IC50 = 38.90 ± 1.22 M and 42.35 ± 1.63 M, 

respectively). Replacement of linear amines with a cyclic amine (cyclopentyl amine) was 

well tolerated; in fact, compound 6 exhibited a good antitumor activity toward MDA-MB-

231 with an IC50 value of 5.59 ± 0.90 M. Finally, when a morfolinic group was present at 

C-3 (compound 9), the activity was slightly decreased (IC50 = 9.43 ± 1.44 M). MCF-7 cell 

line was less sensitive to all the tested derivatives. Moreover, all compounds were also tested 

on non-tumoral human mammary epithelial MCF-10A cells and no cytotoxic effects were 

noticed, at least at the concentrations used in these assays. The reference molecule, 

Ellipticine, even if demonstrated a better activity than compounds 4-9 (IC50 values for MDA 

MB-231 and MCF-7 cells equal to 1.85 ± 0.28 M and 1.25 ± 0.35 M, respectively), 

exhibited also a strong cytotoxicity against non-tumoral MCF-10A cells (IC50 =1.20 ± 0.26 

M). We also evaluated the Vinblastine effects on the viability of the cell lines used in the 

previous experiments, noticing a scarce selectivity between the tumoral and non-tumoral 

cells. 
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Table 2. IC50 values of benzothienoquinazolinones (4-9) and Ellipticine, expressed in M. The means 

± standard deviations are shown. 

 

 
 

2.3. Molecular docking 

In order to predict the molecular mechanism that could be responsible for the antitumor 

activity, molecular docking of compounds 4 and 7 was performed on the crystallographic 

structures of Tubulin, Topoisomerase I and Topoisomerase II, obtained from the Protein 

Data Bank (PDB). The 1SA0 entry [36] was chosen for Tubulin because in this structure the 

protein is complexed with Colchicine, a known powerful inhibitor [37]. Similarly, the entry 

1K4T [38] was selected for Topoisomerase I because in this case the protein is bound with 

the antitumor drug Topotecan. Finally, in the entry 5GWI [39], Topoisomerase II is 

complexed with the inhibitor Etoplatin N2. 

Within the structure of Tubulin, Colchicine is bound inside the stathmin-like domain, in a 

region essential for catalysis that is located in the b subunit and surrounded by residues 

Ala180, Cys241, Leu248, Ala250, Met259 and Ala316. Ligands able to bind to this region 

induce a structural modification that prevents an interaction between subunits  and , 

inhibiting the enzyme. As shown in Figure 3, in our docking experiments, the two 

benzothienoquinazolinone derivatives may adopt two different orientations, but in both 

cases they shared the same position occupied by Colchicine in the crystallographic complex. 

Furthermore, both 4 and 7 interacted with the catalytic residue in the enzyme active site. In 

particular, 7 binds with its pentacyclic moiety to the sidechain of the protein residue Leu248 

through a -hydrogen interaction with a typical distance of 3.9 Å, whereas 4 forms a 

hydrogen bond having the N atoms of the appended aliphatic chain as a donor and the 

backbone O of Asn349 as acceptor, with a bond distance of 2.94 Å and interaction energy -

2.7 kcal/mol. Overall, the binding energies estimated for 4 and 7 to Tubulin were -8.1 and -

7.3 kcal/mol, respectively, indicating a good affinity for the protein. These values are 

comparable to the one obtained after the re-docking of Colchicine in the crystallographic 

position, -7.9 kcal/mol, further confirming that these molecules can bind Tubulin with a very 

good affinity. 
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Figure 3. Ligand-binding pocket of the active site of Tubulin. Protein backbone is represented in 

background as ribbons, and key protein residues are in blue. (A) Superimposed binding modes of 

the Colchicine (red), 4 (cyan) and 7 (magenta). The ligands are also shown separately: (B) 

Colchicine, (C) compound 4, and (D) compound 7. (For interpretation of the references to colour 

in this figure legend, the reader is referred to the Web version of this article.) 

 

 

In the ternary Topoisomerase I-DNA-Topotecan complex, the drug intercalates at the site of 

DNA cleavage and is stabilized by base-stacking interactions with both the +1 (upstream) 

and +1 (downstream) base pairs [38]. In addition to interaction with the DNA bases, 

Topotecan binds to residues Asp533, Arg364 and Asn722 of the protein. We used the 

Topotecan binding site as a reference for docking of the benzothienoquinazolinones and, as 

show in Figure 4, both 4 and 7 attached to the same binding site of the crystallographic 

ligand. 
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Figure 4. Ligand-binding pocket of the active site of Topoisomerase I-DNA complex. Protein 

backbone is represented in background as ribbons, and key protein residues are in blue. (A) 

Superimposed binding modes of the Topotecan (green),  (cyan) and 7 (magenta). The ligands are 

also shown separately: (B) Topotecan, (C) compound 4, and (D) compound 7. (For interpretation 

of the references to colour in this figure legend, the reader is referred to the Web version of this 

article.) 

 

Also in this case, as for Tubulin, the binding energies of the two ligands are highly 

favourable: -10.3 kcal/mol for 4 and -10.2 kcal/mol for 7. These values are only slightly less 

favourable with respect to the one obtained after the re-docking of Topotecan in the 

crystallographic position, -11.5 kcal/mol. A large number of specific interactions with the 

enzyme-bound DNA contribute to such very favourable binding affinity, as reported in Table 

3.  

 

 

 



60 
 

Table 3. DNA bases involved in aromatic ) interactions for Topoisomerase I complexed with 4 

or 7. Nucleobases follow the numbering in the crystallographic structures [38], and rings of 4 or 7 

are labelled (either A, B, C or D) as shown in Figure 2. 

 
In particular, both 4 and 7 form several aromatic  interactions with two bases (G11 and 

A113, according to the base numbering in the crystallographic structure) [38]. A relatively 

weak hydrogen bond (energy -2.2 kcal/mol) is also formed with the protein, with one of the 

terminal N atoms in the side chain of Arg364 acting as donor, and the N at position 4 of the 

quinazolinone moiety of the ligands as acceptor. 

Human type II Topoisomerase isoforms, hTop2 and hTop2, are targeted by some of the 

most successful anticancer drugs. The binding domain in hTop2is located among residues 

Met782, Gln778 and Tyr821, and the ligand forms steric contacts also with two bases (A12 

and G13, following the base numbering of the x-ray structure) of the bound DNA [40]. As 

shown in Figure 5, in our docking experiments both benzothienoquinazolinone derivatives 

bind in the enzyme active site. 

 
Figure 5. Ligand-binding pocket of the active site of Topoisomerase II-DNA complex. Protein 

backbone is represented in background as ribbons, and key protein residues are in blue. (A) 

Superimposed binding modes of Etoplatin N2 (yellow), 4 (cyan) and 7 (magenta). The ligands are 

also shown separately: (B) Etoplatin N2 (yellow), (C) compound 4, and (D) compound 7. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the Web 

version of this article.) 
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Again in this case, as it happened for Topoisomerase I, several aromatic  interactions are 

formed with the DNA (Table 4). In addition, both benzothienoquinazolinones form a 

hydrogen-p interaction between the S atom of pentacyclic moiety of the ligand and the 5- 

embered ring of an adenine base (A12). The binding energy obtained for 4 and 7 are, 

respectively, -7.9 and -7.3 kcal/mol, and can be compared to the value obtained in the re-

docking of the crystallographic ligand (Etoplatin), -8.7 kcal/mol. This result indicates that 

Topoisomerase II is likely, although it is possibly less favourable compared to the binding 

of other known drugs. 

 

Table 4. DNA bases involved in aromatic () interactions for Topoisomerase II complexed with 4 

or 7. Nucleobases follow the numbering in the crystallographic structures [39], and rings of 4 or 7 

are labelled (either A, B, C or D) as shown in Figure 2. (*) Hydrogen-interaction with the atom 

10 of both ligands. 

 

2.4. Compounds 4 and 7 are tubulin polymerization inhibitors 

Literature studies classified Ellipticine and derivatives with a carbazolic moiety as hopeful 

tools for the fight against cancer. The anti-proliferative activity of these molecules is mostly 

associated with their capacity to interfere with different proteins involved in DNA 

replication and cellular growth such as Telomerases, Topoisomerases I and II, Tubulin, 

Kinases, and so on [12,14]. 

Considering the therapeutic interest played by Taxanes and Vinca Alkaloids, well known for 

they ability to interact with microtubules dynamics, research efforts are concentrated on 

developing new cytoskeleton-targeted compounds [41,42]. 

Cytoskeleton is an important structure of eukaryotic cells formed by three main molecules: 

microtubules, intermediate filaments and microfilaments. In particular, microtubules, 

biopolymers composed of - and -tubulin heterodimers, play a key role in the main cell 

functions, such as mitosis, maintaining of cell shape, cell division, intracellular transport and 

chromosome segregation [43-45]. The impairment of this normal cellular balance can cause 

an abnormal cell behaviour, including uncontrolled proliferation and migration and can be 

considered one of the principal factors for cancer development. Moreover, the relevance of 

microtubules in apoptosis induction and in mitosis makes them an important target for 

anticancer drug design [46]. 

Microtubule-targeting agents can be classified into two different families: microtubule-

stabilizing agents that bind to the tubulin polymer and stabilize microtubules (like Paclitaxel) 

and microtubule-destabilizing agents that bind to the tubulin dimers and destabilize 

microtubules (like Vinca Alkaloid) [47,48]. 

With the aim to establish whether the most active compounds 4 and 7 could be inhibitors of 

the tubulin polymerization, we carried out an in vitro tubulin-polymerization inhibition 

assay, a well-established test that allow to evaluate tubulin polymerization through the 

measuring of turbidity variation at 350 nm. To perform the test, we used a vehicle (DMSO) 

control, compounds 4 and 7 and two well-known microtubules targeting agents, Paclitaxel 

and Vinblastine, as reference molecules, at the 10 M concentration. 
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As it can be seen in Figure 6, in the control reaction (vehicle, DMSO) tubulin heterodimers 

self-assemble, as indicated by the turbidity increase in a time-dependent manner, reaching 

the steady state after about 15 min and with a final optical density value at 350nm (OD350) 

of about 0.47. As expected, the microtubule-stabilizing agent Paclitaxel caused a similar 

behaviour but with a higher rate and amount of tubulin heterodimers assembly (OD350 of 

about 0.52), reaching the plateau after about 10 min. On the contrary, Vinblastine was able 

to block strongly the tubulin polymerization, as indicated by the reaching of the steady state 

only after about 40 min and by the lower final turbidity value, less than the half of the control 

reaction (OD350 of about 0.2). The exposure of tubulin to compounds 4 and 7 influences the 

tubulin polymerization reaction as well, even if in a lesser extent compared to Vinblastine. 

Particularly, compounds 4 and 7 presented the same behaviour of Vinblastine in the first 7 

min after the reaction start, and then the curves reached the steady state at 15 and 30 min, 

respectively. Even though Vinblastine is a faster inhibitor with respect to compounds 4 and 

7, it should be noticed that the final OD350 values for compounds 4 and 7 (OD350 of about 

0.24 and 0.26, respectively) are similar to that of Vinblastine. Thus, our outcomes 

demonstrate that compounds 4 and 7 are valid tubulin polymerization inhibitors, a bit less 

powerful than Vinblastine but with the very important advantage of lack of cytotoxic effects 

on non-tumoral cell lines (Table 2, comparing IC50 values of compounds 4, 7 and Vinblastine 

for MCF-10A cells). 

 

 
Figure 6. Tubulin polymerization assay. Tubulin heterodimers polymerization into microtubules 

was determined by measuring the turbidity at 350nm for 3600 s at 37°C. The effect of compounds 4 

and 7 (10 M) on tubulin polymerization in vitro was examined. DMSO was used as a negative 

control. Tubulin-targeting agent Paclitaxel (10 M) and Vinblastine (10 M) were used as tubulin-

stabilizing and tubulin-destabilizing reference agents, respectively. 

 

2.5. Compounds 4 and 7 are selective human Topoisomerase I inhibitors 

DNA Topoisomerases are one of the major topic on the road towards combating cancer. 

Among the main functions of Topoisomerases there is the capability to prevent the excessive 

DNA's supercoiling. DNA supercoiled affects some important cellular events such as DNA 

transcription and replication, chromosome segregation, chromatin assembly and maintaining 

of genomic stability. However, Topoisomerases are often over-expressed in cancer cells, 

allowing an uncontrolled proliferation. As consequence, many researchers have focused on 

the study of new Topoisomerases targeting drugs in order to inhibit the tumour growth. 

Considering these relevant observations, we evaluated whether our most active compounds 

4 and 7 could be able to inhibit the human topoisomerases I (hTopo I) and II (hTopo II) in a 

cell free system, as predicted by previous in silico studies. 
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For hTopo I inhibition assay, we incubated the enzyme with Ellipticine, compounds 4 and 7 

at 50 M final concentration for 1h at 37 °C and processed the samples, as detailed in the 

Experimental section. The obtained data, reported in Figure 7, highlighted that compound 4 

was able to inhibit hTopo I; indeed a single band at the bottom of the gel (lane 4) represents 

the uncleaved plasmid pHOT1. On the contrary, compound 7 did not exhibit any inhibitory 

activity, at least under the conditions and at the concentration used in this assay. In fact, 

multiple bands due to plasmidic DNA cleavage are visible (lane 5), as in the control (lane 

2), where enzyme was exposed only to vehicle (DMSO). Ellipticine, used as reference 

molecules, exhibits the already known effect, being able to inhibit hTopo I enzyme and 

capable to shift the super coiled plasmid DNA electrophoretic migration [5,27] (Figure 7, 

lane 3). 

 
Figure 7. hTopoI assay. Supercoiled DNA was incubated without or with human topo I in the 

absence or presence of the test compounds at 50 M: lane 1, super coiled DNA, lane 2, vehicle 

(DMSO), lane 3, Ellipticine, lane 4, compound 4, lane 5, compound 7. 

 

Next, we evaluated the inhibitory activity of 4 and 7 toward human Topoisomerase II (hTopo 

II), exposing it to our compoundsat a concentration equal to 50 M for 1 h at 37 °C (for 

more details see Experimental section). In this case, both the compounds 4 and 7 were not 

able to inhibit hTopo II activity, even raising the concentration up to 100 M (data not 

shown). Summing up, the two most active compounds, 4 and 7, displayed a different 

behavior regarding their biological effects. The most active one (4) exerted its antitumor 

properties targeting two different cellular proteins, i.e. tubulin and hTopoI, whereas 

compound 7 seems to inhibit only tubulin polymerization. These data set the compounds 4 

as a good lead for the development of drugs targeting different cellular proteins/enzymes. 

 

3. Conclusions 

 

In the past decade, numerous drugs have been designed, synthesized and successful studied 

for their biological activities. Most of these new molecules have been screened for a single 

cellular target, showing high selectivity and less side effects. This effort provided several 

potential therapeutic approaches for many diseases, but the bottleneck lies in the area of the 

treatment of complex or multifactorial diseases, such cardiovascular or neurological ones 
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and, most importantly, for cancer treatment. Additionally, clinical experiences reinforce the 

idea that a single-target drug could not always produce the desired effect, first because of 

the ability of the organism to activate compensatory ways. Thus, very recently the multi-

target drug design concept represents the current trend for future drug research and 

development. With this in mind, we designed and synthesized new carbazole-related 

compounds, i.e. thiophenic isosteres, which have been studied in two models of breast cancer 

cell lines, in order to individuate the potential biological targets. The preliminary evaluation 

of their antitumor properties served us to select the most active compounds, which have 

undergone to in silico studies, aimed at individuating some important targets for the cancer 

treatment, particularly tubulin and human topoisomerases. Our simulation results showed 

that the two ligands investigated (compounds 4 and 7) are both predicted to bind the enzymes 

with a relatively high affinity, at least in the low micromolar range. The affinity is even more 

favourable in the case of the binding with the Topoisomerase I-DNA complex, where it is 

predicted to be in the nanomolar range. 

Besides a high probability in the binding indicated by the docking scores obtained in the in 

silico experiments, in one case (4 bound to Tubulin) the predicted energy was more 

favourable than the one obtained in the re-docking of the crystallographic ligand (i.e., 

Colchicine) in the known binding position. These results allowus to conclude that the two 

benzothienoquinazolinone derivatives (4 and 7) are able to interact with the complexes, and 

can be reasonably expected to inhibit (or at last interfere with) their function. Next, we 

performed ad hoc studies with the aim to confirm the potential biological activity towards 

tubulin polymerization and human Topoisomerases. Our outcomes undoubtedly show that 

the most active one (compound 4) is able to target at least two not strictly related cellular 

targets, namely tubulin and hTopoI, a feature that is very important for a potential success 

in cancer treatment because of the complexity and heterogeneity of mechanisms involved in 

tumor onset and development. We believe that compound 4 may represent a good lead for 

the development of new multi-target drugs and, as well, for next studies aimed at the 

individuation of new cellular targets. 
 

4. Experimental section 

 

4.1. Synthesis and characterization 

General chemical information is reported in a previous work [27], and 3-

Aminodibenzothiophene (1) was prepared as already described [34]. 

 

4.1.1. General procedure for the preparation of 3-(alkyl(dialkyl) amino)benzothieno[2,3-

f]quinazolin-1(2H)-ones (4-9) 

3-Aminodibenzothiophene (1) (1.56 mmol) in DMF (40 mL) was mixed with a solution of 

ethoxycarbonylisothiocyanate (1.56 mmol) and the obtained mixture was stirred at room 

temperature (rt) for 4 h and then cooled down to 0 °C. Then, alkyl(- dialkyl)amine (4.70 

mmol) and HgCl2 (1.56 mmol) were added and the resulting mixturewas stirred at rt for 18 

h. Then itwas heated at 160 °C for 2 h, cooled, filtered through a celite pad and concentrated 

in vacuum. The crude solidwas crystallized from acetonitrile to give pure 

benzothienoquinazolinones (4-9). 

 

4.1.1.1. 3-(Propylamino)benzothieno[2,3-f]quinazolin-1(2H)-one (4) 

Brown powder (41% yield). Mp > 260 °C. IR (KBr) (cm-1): 3264 (NH), 2957 ( CH arom.), 

871 ( CH aliph.), 1715 (C=O), 1636 (C=N), 1520 (C=C), 1458 ( C=C), 1300, 1186, 

829, 753. 1H NMR (400 MHz, DMSO‑d6):  0.87-0.98 (t, 3H, CH3), 1.58-1.68 (m, 2H, 
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CH2CH2CH3), 3.40-3.60 (m, 2H, CH2CH2CH3), 6.50 (br, 1H, NH), 7.44-7.55 (m, 3H, Ar), 

7.99 (, 1H, J = 8.0 Hz, Ar), 8.30 (, 1H, J = 8.8 Hz, Ar), 9.80 (, 1H, J ¼=8.3 Hz, Ar), 11.10 

(br, 1H, NH). 13C NMR (100 MHz, DMSO‑d6): 160.23, 153.41, 143.67, 140.59, 136.61, 

134.48, 133.25, 128.83, 124.55, 124.17, 123.82, 123.37, 120.64, 118.41, 41.58, 24.61, 12.32. 

MS (EI) m/z (%): 309 (M+., 100), 267 (99) (M+. -CH2CH2CH3). Anal. Calcd for C17H15N3OS: 

C, 66.00; H, 4.89; N, 13.58. Found: C, 65.98; H, 4.91; N, 13.60. 

 

4.1.1.2. 3-(Butylamino)benzothieno[2,3-f]quinazolin-1(2H)-one (5) 

Brown powder (35% yield). Mp > 260 °C. IR (KBr) (cm-1): 3261 (NH), 3044 ( CH arom.), 

2954 ( CH aliph.), 2868 ( CH aliph.), 1706 ( C=O), 1636 ( C=N), 1457 ( C=C), 1300, 

1029, 757. 1H NMR (400 MHz, DMSO‑d6):  0.65-0.75 (t, 3H, CH3), 1.11-1.27 (m, 2H, 

CH2CH3), 1.28-1.40 (m, 2H, CH2CH2CH2CH3), 3.18-3.30 (m, 2H, NCH2(CH2)2CH3), 7.00 

(br, 1H, NH), 7.20-7.48 (m, 3H, Ar), 7.85 (d, 1H, J = 7.8 Hz, Ar), 8.10 (d, 1H, J =8.4 Hz, 

Ar), 9.58 (d, 1H, J =8.1 Hz, Ar),11.30 (br,1H, NH). 13C NMR (100 MHz, DMSO‑d6): 

160.51,153.78, 143.24, 140.12, 136.37, 134.29, 133.17, 128.34, 124.72, 124.46, 123.54, 

123.19, 120.28, 119.16, 42.68, 33.47, 20.61, 14.51. MS (EI) m/z (%): 323 (M+., 100), 267 

(90) (M+. e CH2CH2CH2CH3). Anal. Calcd for C18H17N3OS: C, 66.85; H, 5.30; N, 12.99. 

Found: C, 66.87; H, 5.33; N, 13.02. 

 

4.1.1.3. 3-(Cyclopenthylamino)benzothieno[2,3-f]quinazolin-1(2H)- one (6) 

Ligth brown powder (40% yield). Mp > 260 °C. IR (KBr) (cm-1): 3419 ( NH), 3078 ( CH 

arom.), 2954 (n CH aliph.), 1705 (C=O), 1628 ( C=N), 1460 (n C=C), 1301, 824, 758. 

1H NMR (400 MHz, DMSO‑d6):  1.50-2.10 (m, 8H, CH2), 4.30-4.40 (m, 1H, CH), 6.00 

(br, 1H, NH), 7.42-7.66 (m, 3H, Ar), 8.00 (, 1H, J = 7.8 Hz, Ar), 8.30 (d, 1H, J = 8.8 Hz, 

Ar), 9.70 (d, 1H, J = 8.3 Hz, Ar), 11.10 (br, 1H, NH). 13C NMR (100 MHz, DMSO‑d6): 

161.09, 153.59, 142.04, 140.54, 136.31, 133.73, 133.26, 128.57, 124.51, 124.15, 123.62, 

123.09, 119.89,117.91, 54.38, 33.24, 24.15.MS (EI) m/z (%): 335 (M+., 53), 267 (100) (M+.- 

cyclopentyl). Anal. Calcd for C19H17N3OS: C, 68.03; H, 5.11; N, 12.53. Found: C, 68.05; 

H, 5.09; N, 12.51. 

 

4.1.1.4. 3-(Dipropylamino)benzothieno[2,3-f]quinazolin-1(2H)-one (7) 

Green powder (40% yield). Mp =234 °C. IR (KBr) (cm-1): 3435 (n NH), 3166 (CH arom.), 

2962 ( CH aliph.), 1637 ( C=O), 1581 (C=C), 1455 (C=C), 1302, 785, 503. 1H NMR 

(400 MHz, DMSO‑d6):  0.83-0.93 (t, 6H, CH3), 1.53-1.66 (m, 4H, CH2CH3), 3.46-3.56 (m, 

4H, NCH2CH2CH3), 7.40-7.52 (m, 3H, Ar), 7.98 (d, 1H, J =7.8 Hz, Ar), 8.15 (d, 1H, J = 8.8 

Hz, Ar), 9.80 (d, 1H, J = 7.8 Hz, Ar), 11.20 (br, 1H, NH). 13C NMR (100 MHz, DMSO‑d6): 

160.51, 153.68, 143.61, 140.29, 136.73, 134.61, 133.43, 128.91, 124.68, 124.54, 123.62, 

123.21, 120.79, 118.54, 41.72, 24.75, 13.18. MS (EI) m/z (%): 351 (M+., 93), 267 (100). 

Anal. Calcd for C20H21N3OS: C, 68.35; H, 6.02; N, 11.96. Found: C, 68.37; H, 6.01; N, 

11.94. 

 

4.1.1.5. 3-(Dipentylamino)benzothieno[2,3-f]quinazolin-1(2H)-one (8) 

Yellow powder (44% yield). Mp > 200 °C. IR (KBr) (cm-1): 3435 ( NH), 3043 (CH arom.), 

2954 (CH aliph.), 2927 (CH aliph.), 1635 (C=O), 1600 (n C=C), 1456 ( C=C), 1307, 

1132, 827, 729, 624. 1H NMR (400 MHz, DMSO‑d6): d 0.82e0.97 (t, 6H, (CH2)4CH3), 1.20-

1.38 (m, 8H, (CH2)2CH2 CH2CH3), 1.50-1.58 (m, 4H, CH2CH2(CH2)2CH3), 3.46-3.56 (m, 

4H, NCH2(CH2)3CH3), 7.40-7.50 (m, 3H, Ar), 8.00 (d, 1H, J = 7.8 Hz, Ar), 8.15 (d, 1H, J 
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=8.8 Hz, Ar), 9.80 (d, 1H, J =7.5 Hz, Ar), 11.20 (br, 1H, NH). 13C NMR (100 MHz, 

DMSO‑d6): 160.72, 153.37 143.51, 140.41, 136.82, 134.67, 133.58, 129.07, 124.82, 124.61, 

123.74, 123.53, 121.12, 118.67, 49.85, 30.61, 23.42, 21.19, 14.48. MS (ESI+): 408 (M+ +1). 

Anal. Calcd for C24H29N3OS: C, 70.73; H, 7.17; N, 10.31. Found: C, 70.71; H, 7.20; N, 

10.33. 

  

4.1.1.6. 3-(Morpholin-1-yl)benzothieno[2,3-f]quinazolin-1(2H)-one (9) 

Green powder (50% yield). Mp > 260 °C. IR (KBr) (cm-1): 3649 (NH), 3056 (CH arom.), 

2960 ( CH aliph.), 1647 ( C=O), 1581 (C=C), 1456 ( C=C), 1115, 1065, 884, 775. 1H 

NMR (400 MHz, DMSO‑d6): 3.50-3.62 (m, 8H, CH2 morpholine), 7.30-7.42 (m, 3H, Ar), 

7.92 (d, 1H, J ¼ 7.8 Hz, Ar), 8.11 (d, 1H, J ¼ 8.7 Hz, Ar), 9.68 (d, 1H, J = 9.0 Hz, Ar), 11.35 

(br, 1H, NH). 13C NMR (100 MHz, DMSO‑d6): 161.25, 153.87 143.83, 140.75, 137.11, 

135.21, 133.81, 129.15, 125.06, 124.96, 123.89, 123.78, 121.57, 118.07, 67.29, 50.64. MS 

(EI) m/z (%): 337 (M+., 100). Anal. Calcd for C18H15N3O2S: C, 64.08; H, 4.48; N, 12.45. 

Found: C, 64.06; H, 4.50; N, 12.47. 

 

4.2. Molecular Docking 

Molecular docking of 4 and 7 was carried out on the crystallographic structures of Tubulin, 

Topoisomerase I and Topoisomerase II, corresponding to entries 1SA0 [36], 1K4T [38] and 

5GWI [40] of the PDB, respectively. Molecular structures of the ligands were built by using 

the modeling software Avogadro [49]. Preliminary conversion of the structures from the 

PDB format was carried out by using the graphical interface AutoDock Tools 1.5.6 [50]. 

During the conversion, polar hydrogens were added for the crystallographic enzymes 

(including DNA, when present), and apolar hydrogens of 4 and 7 were merged to the carbon 

atom they were attached to. 

Docking calculations were performed by using AutoDock Vina 1.1.2 [51], either exploring 

the search volume that included each protein structure or, alternatively, by performing a 

score-only assessment without any search in the case of re-docking of the crystallographic 

ligands in their known binding pose. In the former case a very high exhaustiveness of search 

was used, 8 times larger than the default value [52], facilitated by the relatively small number 

of active torsions around bond dihedral angles necessary to give full flexibility to the two 

ligands (three degrees of freedom for 4, and five for 7). The binding modes of the ligands 

were analysed through visual inspection, and interactions energies and distances were 

quantified by using Molecular Operating Environment (MOE) 2018.01 [53]. The Molecular 

Graphics System PyMOL has been used to visualize protein structure and ligand binding 

[54]. 

 

4.3. Biological methods 

 

4.3.1. Cell cultures and viability 

The three cell lines used for this work were purchased from American Type Culture   

Collection (ATCC, Manassas, VA, USA). Human estrogen receptor (ER)-positive MCF-7, 

triple negative MDAMB-231 were cultured in DMEM-F12 medium containing 2 mmol/mL 

L-glutamine, 1 mg/mL penicillin-streptomycin and 5% Newborn Calf Serum (NCS) or 5% 

Fetal Bovine Serum (FBS), respectively. MCF-10A human mammary epithelial cells were 

cultured in DMEM/F12 medium, supplemented with 5% horse serum,100 mg/mL 

penicillinstreptomycin, 0.5 mg/mL hydrocortisone, 20 ng/mL hEGF,10 mg/mL insulin and 

0.1 mg/mL cholera enterotoxin. Cells were maintained at 37 °C in a humidified atmosphere 

of 95% air and 5% CO2 [12,55]. 
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To assess the cells viability, all cell lines were seeded in 48 well plates and cultured for 24 

h in full medium. Next, cells were serumstarved for 24 h and the effect of the different 

concentrations of each compound was measured using 3-(4,5-dimethylthiazol-2-yl)- 2,5-

diphenyl tetrazolium bromide (MTT) assay, as previously described [30]. Each experiment 

was performed in triplicate, using six molecules concentrations (0.1, 1, 10, 20, 40 and 100 

mM) and the absorbance was measured at 570 nm using a microplate reader (Micro-plate 

reader, Synergy, BioTek). Results are represented as percent (%) of basal and the IC50 values 

were calculated using GraphPad Prism 6 (GraphPad Software, La Jolla, CA, USA). 

 

4.3.2. In vitro tubulin polymerization assay 

Tubulin polymerization inhibition was measured using in vitro Tubulin Polymerization 

Assay Kit purchased from EMD Millipore Corporation using the manufacturer's 

instructions. Polymerization reaction occurs in 70 mL final volume, with 60 mM tubulin in 

1x PBGTP and each compound at a concentration of 10 mM. Both Paclitaxel and Vinblastine 

(used as control) were dissolved in DMSO and used at final concentration of 10 mM. The 

mixturewere combined in a 96-well plate and readings were performed using a Tecan 

microplate reader (37 °C, 10 s shaking before each reading) and the turbidity variation was 

measured every 30 s at 350nm for 90 min. 

 

4.3.3. Human topoisomerase I relaxation assay 

hTopo I relaxation assays have been performed in a final volume of 20 L, as reported by 

Iacopetta et al. [12,56], incubating 0.25 g of supercoiled pHOT1 in TE buffer (TopoGEN, 

Port Orange, FL, USA) with tested compounds and recombinant hTopo I (2 units) (Topo- 

GEN, Port Orange, FL, USA) for 1h at 37 °C. The final solution has been loaded onto a 1% 

agarose gel containing 1x TAE buffer without ethidium bromide (EB). At the end, 1x TAE 

buffer containing EB (0.5 g/mL) has been used to stain agarose gel for 30 min and after 

wash with distilled water for 15 min it has been visualized by using a UV transilluminator. 

The experiment was repeated three times. 

 

4.3.4. Human topoisomerase II decatenation assay 

hTopo II decatenation assays were performed in a final volume of 20 mL, as reported by 

Iacopetta et al. [12,56], using 0.2 mg of kinetoplast DNA (kDNA) (topoGEN, Port Orange, 

FL, USA), tested compounds and 3 units of hTopo II (topoGEN, Port Orange, FL, USA). 

Reaction products were analyzed by agarose gel electrophoresis with ethidium bromide 

(EB). At the end the gel was washed with distilled water and observed using a UV 

transilluminator. The experiment was repeated three times. 
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Abstract: 
Global public health is threatened by new pathogens, antimicrobial resistant microorganisms 

and a rapid decline of conventional antimicrobials efficacy. Thus, numerous medical 

procedures become life-threating. Sepsis can lead to tissue damage such as myocardium 

inflammation, associated with reduction of contractility and diastolic dysfunction, which 

may cause death. In this perspective, growing interest and attention are paid on host defence 

peptides considered as new potential antimicrobials. In the present study, we investigated 

the physiological and biochemical properties of Cateslytin (Ctl), an endogenous 

antimicrobial chromogranin A42 derived peptide, in H9c2 cardiomyocytes exposed to 

lipopolysaccharide (LPS) infection. We showed that both Ctl (L and D) enantiomers, but not 

their scrambled counterparts, significantly increased cardiomyocytes viability following 

LPS, even if L-Ctl was effective at lower concentration (1 nM) compared to D-Ctl (10 nM). 

L-Ctl mitigated LPS-induced LDH release and oxidative stress, as visible by a reduction of 

MDA and protein carbonyl groups content, and by an increase of SOD activity. Molecular 

docking simulations strongly suggested that L-Ctl modulates TLR4 through a direct binding 

to the partner protein MD-2. Molecular analyses indicated that the protection mediated by 

L-Ctl against LPS-evoked sepsis targeted the TLR4/ERK/JNK/p38-MAPK pathway, 

regulating NFkB p65, NFkB p52 and COX2 expression and repressing the mRNA 

expression levels of the LPS-induced proinflammatory factors IL‐ 1β, IL‐ 6, TNF‐ α and 

iNOS. These findings indicate that Ctl could be considered as a possible candidate for the 
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development of new antimicrobials strategies in the treatment of myocarditis. Interestingly, 

L-enantiomeric Ctl showed remarkable properties in strengthening the anti-inflammatory 

and anti-oxidant effects on cardiomyocytes. 

 

Keywords: Cardiomyocytes, Cateslytin, Antimicrobial Peptides, Inflammation, Oxidative 

Stress, Toll-like receptor 4. 

 

1. Introduction  
 

Evidences from epidemiological studies conducted on post-mortem individuals identified 

myocarditis as a 68 significant cause of unexpected death, representing a major reason of 

cardiovascular events. Myocarditis is potentially life-threatening disease and mostly occurs 

in young and adult people [1]. Accordingly, biopsy proven myocarditis was reported in 9–

16% of adult patients and a prevalence of myocarditis of 2-42% of cases in young people 

was registered [1 and references therein]. Several viral and bacterial infections represent 

etiological agents of myocarditis. Among them, the severe acute respiratory syndrome 

coronavirus 2 (SARS CoV-2) can cause myocarditis as evinced by numerous recent 

investigations reporting cases of acute myocarditis or myocardial inflammation in 

coronavirus disease 2019 (COVID-19) [2,3 and references therein]. Also, direct infection of 

the heart muscle by bacteria and bacteria-produced toxins can be responsible of myocarditis 

and severe myocardial damage. Bacterial myocarditis is usually observed in the context of a 

severe sepsis, such as an infection induced by Gram-negative bacteria, that can lead to multi-

organ failure, including heart dysfunction and arrhythmias that can occur in around 60% of 

septic patients [4]. Clinical and experimental studies have extensively reported how 

decreased contractility and impaired myocardial compliance constitute major factors causing 

myocardial dysfunction in sepsis [5]. Lipopolysaccharide (LPS) represents the major 

component of the outer membrane of Gram-negative bacteria that belongs to the pathogen-

associated molecular patterns (PAMPs). During myocardial inflammation, LPS interacts 

with the key member of pattern-recognition receptors (TLRs), the toll-like receptor 4 

(TLR4), expressed on the surface of host cardiomyocyte, stimulating the innate immune 

system and inducing the inflammatory response [6]. TLR4 activation by LPS induces the 

myeloid differentiation factor 88 (Myd88)- dependent pathway, converging on nuclear 

transcription factors activation, such as nuclear factor-kB (NFkB). This, in turn, induces the 

production of pro-inflammatory cytokines leading to inflammatory cascades that are 
associated with several cardiovascular diseases, including myocarditis and heart failure [7 

and references therein]. The identification of new classes of drugs to include in the 

therapeutic options for inflammatory dilated cardiomyopathy and myocarditis, for which the 

availability of specific treatment remains limited, is of crucial clinical interest. This is 

particularly important also given the global increasing impact of antibiotic-resistant 

infections on health and economic outcomes [8]. In this context, antimicrobial peptides 

(AMPs) are antimicrobial agents active against infections that do not show the typical 

disadvantages of more conventional antibiotics related to possible gastrointestinal or allergic 

reactions, and associated to antibiotic-resistant bacteria [9]. 

Chromogranin A (CgA), a member of the chromogranin/secretogranin family, is a pro-

hormone localized in the secretory vesicles of neurons, neuroendocrine cells, granulocytes, 

immune cells and cardiomyocytes [10-12]The intravesicular proteolytic processing of CgA 

under physiological or stress conditions generates several protein fragments with different 

biological activities [12], ranging from the regulation of innate immunity, antimicrobial 

activities and inflammation to neuroprotection and cardiovascular protection [13,14,15]. 

One of the CgA cleavage products, the bioactive peptide Catestatin (Cst, human 
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CgA352−372) was initially described as a potent inhibitor of catecholamines release via the 

nicotinic receptor [16]. Experimental evidences report that Cst may affect the heart function 

and the blood pressure both directly and indirectly, playing a crucial regulatory role in 

cardiovascular system under physiological and pathological conditions [13,17]. 

Accordingly, Cst is able to counteract the cardiac effects following adrenergic stimulation, 

and to protect the heart against ischemia/reperfusion injury, acting as a post-conditioning 

protective agent [13]. It is also known that Cst contributes to the immune system regulation 

and can mitigate severe inflammatory response, thus preserving tissues function [17]. 

In addition to several other AMPs resulting from the natural processing of CgA, such as 

vasostatin-1, the core sequence of Cst, Cateslytin (Ctl; bovine CgA344–358, with sequence 

RSMRLSFRARGYGFR), can also act as host defense peptides (HDPs), due to its 

antimicrobial activities against a wide number of pathogens [18]. In addition, compared to 

other CgA fragments with antimicrobial properties, Ctl is able to resist to the degradation 
when treated with bacterial supernatants [19] and it is unable to induce resistance for the 

host [20]. 

Based on these knowledges, the present work was undertaken to explore: i) the ability of the 

two enantiomers of the Ctl (L or D amino acids) to mitigate the cardiomyocyte injury evoked 

by LPS infection; ii) the potential ability of L-Ctl to affect TLR4 through interaction with 

the partner protein MD-2; iii) the molecular mechanism of action underlying the effect of L-

Ctl in the presence of LPS in H9c2 cardiomyocytes. 

 

2.Material & methods 
 

2.1. Peptides and chemicals 

L-Ctl (CgA344–358, RSMRLSFRARGYGFR) and its derivate D-Ctl were synthesized by 

roteogenix SAS (Schiltigheim, France) according to the Merrifield Technique, a stepwise 

solid-phase peptide synthesis approach with FMOC chemistry, and purified to >95% by 

using reverse phase high-performance liquid chromatography (RP-HPLC) and controlled by 

MALDI-TOF mass spectrometry. As negative controls, the scrambled LCtl and D-Ctl 

(FMRLRYRSSAFGGRR, in L-and D-aminoacid forms, respectively) have been used. Both 

L-Ctl and D-Ctl were dissolved in sterile water before use (UltraPure RNase/DNase-free 

distilled water, Invitrogen, California, USA). Lipopolysaccharides (LPS) from Escherichia 

coli O55:B5, sodium pyruvate and β-nicotinamideadenine dinucleotide disodium salt, 2,4 

dinitrophenylhydrazine (DNPH), 2-thiobarbituric acid (TBA), bovine serum albumin 

(BSA), butanol-1, butylated hydroxyanisole, diethyl ether, ethylenediaminetetraacetic acid 

(disodium salt), streptomycin sulfate, tween-20 and urea were obtained from Sigma Aldrich 

(St. Louis, MO, USA). Dimethyl sulfoxide (DMSO) was purchased from PanReac 

AppliChem (Glenview, Illinois, USA). Absolute ethanol, ethyl acetate, hydrochloric acid, 

methanol and trichloroacetic acid were purchased from Carlo Erba Reagents (Cornaredo, 

MI, Italy). 

 

2.2. Cell culture 

H9c2 cells (rat embryonic cardiomyocytes) were obtained from American Type Culture 

Collection (ATCC, Manassas, VA, USA) (Cat# CRL-1446_H9c2, RRID: CVCL_0286) and 

maintained in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12, 

Gibco, Thermo Fisher Scientific, Waltham, MA, USA) containing 10% fetal bovine serum 

(FBS, Gibco), supplemented with 1% penicillin/streptomycin (Thermo Fisher Scientific), 

and incubated at 37 ◦C in humidified atmosphere with 5% CO2 [21]. When the cells reached 

a density of 80% in 100-mm dishes, they were digested using 0.25% Trypsin-EDTA (1X) 
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(Gibco) according to a 1:2 ratio following manufacturer’s instructions (ATCC). For each 

experiment, cells were seeded and incubated for 48 h at 37 °C, 95% O2 and 5% CO2. 

 

2.2.1. Cell viability assay 

H9c2 cell viability was evaluated by 3-(4,5-dimethylthiazol-)2,5- diphenyl tetrazonium 

bromide (MTT) assay, as previously described [21]. Cells were seeded at a density of 5 × 

103 cells/well in 96-well plate and exposed to the following treatments: Control (vehicle), 

L-Ctl (from 1 to 100 nM), D-Ctl (from 1 to 100 nM), LPS (10 μg/mL) alone, LPS + L-Ctl 

(from 1 to 100 nM), LPS + D-Ctl (from 1 to 100 nM), LPS+ scrambled LCtl (from 1 to 100 

nM) and scrambled L-Ctl (from 1 to 100 nM) for 6 h [22]. The control was treated with the 

vehicle (UltraPure RNase/DNasefree distilled water). At the end of the treatments, the cell 

culture medium was replaced with 100 μl of 2 mg/ml MTT solution (Sigma Aldrich) and 

cells were incubated for 4 h at 37 ◦C, 5% CO2. After incubation, the solution was removed 

and the formazan crystals were solubilized by adding 100 μl of DMSO for 30 min. The 

absorbance was measured using a Multiskan EX Microplate Reader Lab (Thermo Fisher 

Scientific) at 570 nm. The means of absorbance values of six wells in each experimental 

group were expressed as the percentage of cell viability. The experiment was repeated three 

independent times. Cell viability was reported as percentage of cells survival relative to 

control cells. 

 

2.2.2. Biochemical analyses of H9c2 cells 

 

2.2.2.1. Lactate dehydrogenase (LDH) activity determination.  

The structural integrity of cultured H9c2 cardiomyocytes was evaluated by determining the 

level of LDH released in the culture supernatant. To this aim, cells were seeded in a 24-well 

plate at a density of 1 × 105 cell/ml and treated with vehicle (control), LPS (10 μg/mL), LPS 

+ L-Ctl (1 nM) and L-Ctl (1 nM) alone for 24 h. 100 μl of the culture supernatant per well 

was used for LDH activity determination. The enzyme activity was evaluated 

spectrophotometrically (GENESYS 20 spectrophotometer, Thermo Fisher Scientific), 

following the method of McQueen (1972) [23]. After incubation of reagents, absorbance at 

340 nm was recorded every min until steady-state was reached. The reaction velocity was 

determined by a decrease in absorbance at 340 nm, resulting from the oxidation of NADH 

indicative of LDH activity, that was expressed in IU/ L [24]. 

 

2.2.2.2. Evaluation of malondialdehyde (MDA) concentration.  

The concentration of MDA (as an indicator of lipid peroxidation following ROS generation) 

in H9c2 cell lysates was determined by thiobarbituric acid reactive substances (TBARS) 

assay, as previously described [25–27]. Cells were seeded in a 24-well plate at a density of 

1 × 105 cell/ml and treated as described above for 6 h. Subsequently, cells were washed with 

cold phosphate buffered saline (PBS), centrifuged at 300g for 10 min and the supernatant 

was removed. The precipitate obtained was resuspended in 1 mL of a cold sodium phosphate 

buffer 10 mM (containing 1 mM ethylenediaminetetraacetic acid and 1 mM butylated 

hydroxyanisole in 0.15% ethanol), pH = 7.2 and crushed by ultrasonic wave. MDA 

concentration was estimated spectrophotometrically (GENESYS 20 spectrophotometer, 

Thermo Fisher Scientific). The absorbance differences A (535–600 nm) was converted to 

MDA equivalents using the extinction coefficient for MDA 1.55 × 105 M-1 cm1. Lipid 

peroxidation was expressed in mM MDA. 
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2.2.2.3. Estimation of protein carbonyl content.  

The assessment of the protein carbonyl content (as an indicator of protein damage following 

oxidative stress) was evaluated in H9c2 cells by 2,4 dinitrophenylhydrazine (DNPH) assay, 

following the method of Reznick and Packer (1994) [28] and as previously described 

[26,27]. Cells were seeded in a 24-well plate at a density of 1 × 105 cell/ml and treated as 

described above for 6 h. Subsequently, they were washed with cold PBS, centrifuged at 300g 

for 10 min and the supernatant was removed. The precipitate obtained was resuspended in 1 

mL of a cold phosphate buffer 50 mM, pH 6.7, containing 1 mM ethylenediaminetetraacetic 

acid and crushed by ultrasonic wave. The protein carbonyl content (expressed in μM) was 

evaluated spectrophotometrically (GENESYS 20 spectrophotometer, Thermo Fisher 

Scientific) by absorbance detected at 375 nm, using the extinction coefficient for DNPH (22 

mM-1 cm-1). 

 

2.2.2.4. Superoxide dismutase (SOD) enzyme activity assay.  

SOD activity was determined by measuring the inhibition of pyrogallol autoxidation 

following the method of Marklund S. and Marklund G. (1974) [29] and as previously 

described [30]. Cells were seeded in a 24-well plate at a density of 1 × 105 cell/ml and treated 

as described above for 6 h. Subsequently, the cells were washed with cold PBS, centrifuged 

at 300 × g for 10 min and the supernatant was removed. The precipitate obtained was 

resuspended in Tris buffer 50 mM, pH 8.2, containing 100 mM ethylenediaminetetraacetic 

acid and the reaction was initiated by adding 8 mM pyrogallol (prepared in 1 mM HCl). The 

SOD activity in the cell extract was measured by monitoring the autoxidation of pyrogallol 

for 5 min at room temperature using a GENESYS 20 spectrophotometer (Thermo Fisher 

Scientific) at 420 nm. SOD activity was assessed as the degree of inhibition of the pyrogallol 

autoxidation rate. 

 

2.2.3. Western blot 

At the end of treatments with vehicle (control), LPS (10 μg/mL), LPS + L-Ctl (1 nM) and 

L-Ctl (1 nM) alone, H9c2 cardiomyocytes were washed with DPBS (Gibco) and the proteins 

were extracted using RIPA lysis buffer (Sigma Aldrich) suitably supplemented with a 

mixture of protease inhibitors [(aprotinin 20 μg/mL, phenylmethylsulfonyl fluoride 1%, 

sodium orthovanadate 2 μM (Sigma-Aldrich)]. Cells were scraped and transferred in 

microcentrifuge tubes, incubated on ice for 30 min with intermittent mixing, and then 

centrifugated at 12,000g for 15 min at 4 ◦C. The supernatant was collected for protein 

concentration determination by Bradford reagent using bovine serum albumin (BSA) as a 

standard. Equal amounts of protein (30 μg) were loaded on 10% SDS-PAGE gel [for toll 

like receptor 4 (TLR4), phospho-extracellularsignal- regulated kinase 1/2 (p-ERK1/2), 

ERK1/2, phospho-c-Jun Nterminal kinase 1/2 (p-JNK1/2), JNK1/2, p-p38 mitogen-activated 

protein kinase (p-p38 MAPK), nuclear factor kappa-light-chainenhancer of activated B cells 

(NFkB) p52, p-NFkB p65, NFkB p65 and cyclooxygenase-2 (COX2)], exposed to 

electrophoresis, and transferred to polyvinyl difluoride membranes (GE Healthcare, 

Chicago, USA). Membranes were blocked in 5% non-fat dried milk at room temperature for 

1 h, and then incubated overnight at 4 ◦C with primary antibodies specific for the above 

antigens diluted 1:1000 (for TLR4, p-ERK1/2 and ERK1/2) or 1:500 (for p-JNK1/2, JNK1/2, 

p-NFkB p65, NFkB p65, NFkB p52 and COX2) in tris-buffered saline containing 0.2% 

Tween 20 (TBST) and 5% BSA. 
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Antibodies against β-actin, ERK1/2, JNK1/2, p38-MAPK and NFkB p65 were used as 

internal controls. Following incubation with primary antibodies, all membranes were washed 

three times with TBST for 5 min and then incubated with secondary antibodies at room 

temperature for 2 h (anti-mouse and anti-rabbit peroxidase-linked, Santa Cruz 

Biotechnology, California, USA), diluted 1:2000 in TBST containing 5% non-fat dried milk. 

Immunodetection was carried out using the enhance chemiluminescence kit (GE 

Healthcare). Membranes were exposed to Xray films (Hyperfilm ECL, Amersham), the 

densitometric analyses of the bands areas and the pixel intensity were performed and the 

background was subtracted. The analyses were carried out using ImageJ 1.6 (National 

Institutes of Health, Bethesda, Maryland) as previously described [31,32]. 

 

2.2.4. Molecular docking 

The molecular docking engine Autodock Vina [33] was used to simulate the binding of L-

Ctl to the myeloid differentiation protein 2 (MD-2), the partner protein of TLR4. The 

structure of MD-2 was extracted from the entry 4G8A of the Protein Data Bank [34], which 

reports the crystallographic conformation of the complex with human TLR4 (polymorphic 

variant D299G and T399I) and with several ligand species in the binding site. All these 

molecules, including crystallographic waters, were not considered in the docking. Human 

Ctl (sequence SSMRLSFRARGYGFR, L-enantiomeric form) was built in extended 

conformation by using UCSF Chimera [35]. 

Since the conformational space of Ctl is too large to be explored in a single simulation run, 

the search was performed in a simplified way, in analogy with a protocol already described 

for simulating the docking of peptides [36,37]. Full flexibility was guaranteed to seven 

consecutive residues [38], and the internal degrees of freedom of the other eight were 

inhibited. The flexible region was then systematically varied along the peptide sequence, 

from the N to the C terminus (SSMRLSF, SMRLSFR, …, ARGYGFR), for a total of nine 

distinct simulations. The search was performed in a volume (40 Å × 40 Å × 40 Å) larger 

than the binding site of MD-2, and with exhaustiveness much greater (8–32 times larger) 

than the default value [39,40]. 

 

2.2.5. Quantitative Reverse-Transcription Real-Time PCR (qRT-PCR) 

H9c2 cells were grown in 6-well plate to 70–80% confluence and then treated with vehicle 

(control), LPS (10 μg/mL), LPS + L-Ctl (1 nM) and L-Ctl (1 nM) alone. Total RNA from 

cells was isolated using TRIzol reagent (Invitrogen, Life Technologies, Carlsbad, CA, USA) 

according to the manufacturer’s protocol. The purity and integrity of RNA were confirmed 

by spectrophotometric analysis. 

1 μg of total RNA was reverse transcribed to provide complementary DNA (cDNA) using 

High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems™, Thermo Fisher 

Scientific). The cDNA was amplified by qRT-PCR using SYBR™ Select Master Mix 

(Thermo Fisher Scientific) according to the manufacturer’s instructions on Applied 

Biosystems™ QuantStudio™ 5 Real-Time PCR System apparatus (Thermo Fisher 

Scientific). Samples were analyzed in triplicate (n = 3 independent experiments) and the 

relative mRNA expression levels of the different genes were normalized to rRNA18S and 

calculated on the basis of the 2- ΔΔ Ct method [41,42]. 

Primers used for the amplification were: forward 5′-CCCAGGACATGCTAGGGAGCC- 

3′ and reverse 5′-AGGCAGGGAGGGAAACACACG-3′ (IL-1β); forward 5′- 

GGAGTTCCGTTTCTACCTGG-3′ and reverse 5′ - GGTCCTTAGCCACTCCTTCTGT-3′ 

(IL-6); forward 5′-CACCACGCTCTTCTGTCTACTG-3′ and reverse 5′-
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GCTACGGGCTTGTCACTCG-3′ (TNF-α); forward 5′-AGCCCTCACCTACTTCCTGG-

3′ and reverse 5′-CTCTGCCTGTGCGTCTCTTC-3′ (NOS2); forward 5′-

GCAATTATTCCCCATGAACG-3′ and reverse 5′-GGCCTCACTAAACCATCCAA-3′ 

(18S). 

 

2.2.6. Statistical analysis 

Data, expressed as mean ± SEM, were analysed by one-way ANOVA and the non-

parametric Newman-Keuls Multiple Comparison Test (for post-ANOVA comparisons) and 

one-way ANOVA followed by Dunnett’s Multiple Comparison Test when appropriate. 

Values of *p =<0.05, **p=<0.01, ***p =<0.001 were considered statistically significant. 

The statistical analysis was carried out using Graphpad Prism 5 (GraphPad Software, La 

Jolla, California, USA). 

 

3. Results 
 

3.1. Effect of L-Ctl and D-Ctl on cell proliferation in H9c2 cardiomyocytes 

In order to evaluate the effects of catestatin-derived peptides, L-Ctl and D-Ctl, on cell 

viability, H9c2 cells were exposed to increasing concentrations of either peptides and MTT 

was performed. As shown in (Figure 1A), L-Ctl induced a significant increase in cell 

proliferation at each concentration tested (1–100 nM), while D-Ctl produced a significant 

increase in cardiac cell viability only at 5 nM, 10 nM and 100 nM (Figure 1B). 

 

 

Figure 1. Effects of L-cateslytin (L-Ctl) and D-cateslytin (D-Ctl) on cell viability in H9c2 

cardiomyocytes. H9c2 cardiomyocytes were treated with vehicle (Control) or increasing 

concentration of A) L-Ctl (1–100 nM) or B) D-Ctl (1–100 nM) for 6 h. Cell viability was 

determined using MTT assay and was expressed as the percentage of control cells only exposed to 

vehicle (indicated as Control). Results are represented as mean ± SEM (n = 6 per group). 

Significant differences were detected by one-way ANOVA followed by Dunnett’s test, p < 0.05 (*); 

p < 0.01 (**) and p < 0.001 (***) vs Control group. 
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3.2. Action of L-Ctl and D-Ctl on LPS-induced damage in H9c2 cells 

The action of L-Ctl or D-Ctl on LPS-induced injury in H9c2 cardiac cells was then 

investigated. To this aim, cells were treated with LPS alone or in combination with 

increasing concentrations of L-Ctl or D-Ctl, and cell viability was evaluated (Figure 2). MTT 

revealed that the treatment with LPS was able to significantly reduce cardiomyocytes 

viability; however, the cytotoxic effect exerted by LPS was reversed by both L-Ctl (Figure 

2A) and D-Ctl (Figure 2B). In particular, L-Ctl induced beneficial effects on LPS-dependent 

cytotoxicity starting from 1 nM, and its effect was significant at each concentration tested 

(up to 100 nM) (Figure 2A). In contrast, D-Ctl reduced H9c2 mortality when co-

administered with LPS, only at the concentration range 10–100 nM (Figure 2B). Scrambled 

L-Ctl and D-Ctl were used as negative controls. Figure 3 indicates that scrambled L-Ctl was 

inactive, since no significant effects have been observed on viability of H9c2 cells at the 

concentrations range of 1–100 nM, in the absence (Figure 3A) or in the presence of LPS 

(Figure 3B). Comparable data were obtained with the scrambled D-Ctl (data not shown). 

 

 

 

Figure 2. Effects of L-Ctl and D-Ctl in the presence of lipopolysaccharide (LPS) on H9c2 

cardiomyocytes viability. H9c2 cardiomyocytes were treated with vehicle (Control) or LPS (10 

μg/mL) alone and in co-treatment with increasing concentration of A) L-Ctl (1–100 nM) or B) D-

Ctl (1–100 nM) for 6 h. Cell viability was determined using MTT assay and was expressed as the 

percentage of control cells only exposed to vehicle (indicated as Control). Results are represented 

as mean ± SEM (n = 6 per group). Significant differences were detected by one-way ANOVA and 

Newman-Keuls multiple comparison test. P < 0.001 (***) vs Control group; p < 0.001 (###) vs 

LPS group. 
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Figure 3. Effect of scrambled L-Ctl in the absence or in the presence of LPS on H9c2 

cardiomyocytes viability. H9c2 cardiomyocytes were treated with vehicle (Control) or 

increasing concentration of scrambled L-Ctl (1–100 nM) for 6 h A) Cell viability was 

determined using MTT assay and was expressed as the percentage of control cells only 

exposed to vehicle (indicated as Control). Results are represented as mean ± SEM (n = 6 

per group). Statistical analysis was carried out by one-way ANOVA followed by Dunnett’s 

test. H9c2 cardiomyocytes were treated with vehicle (Control) or LPS (10 μg/mL) alone 

and in co-treatment with increasing concentration of scrambled L-Ctl (1–100 nM) for 6 h 

B) Significant differences were detected by one-way ANOVA and Newman-Keuls multiple 

comparison test. p < 0.001 (***) vs Control group; p < 0.01 (##) vs LPS group. 

 

3.3. Influence of L-Ctl on TLR4 expression in LPS-stimulated H9c2 

Among the two Ctl enantiomers, L-Ctl resulted to be more active (1 nM, that is referred to 

the first effective concentration) compared to DCtl (10 nM, that is referred to the first 

effective concentration) in the presence of LPS. Therefore, the cardiac molecular mechanism 

of L-Ctl was investigated. Western blot and densitometric analyses of cell extracts showed 

that TLR4 expression was significantly increased in LPStreated cells with respect to the 

control group, whereas in the LPS + L-Ctl group the protein expression was reduced (Figure 

4). 
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Figure 4. Influence of L-Ctl on toll like receptor 4 (TLR4) expression in H9c2 cardiomyocytes 

stimulated with LPS. Western blot analysis of TLR4 in H9c2 cardiomyocytes exposed to vehicle 

(indicated as Control), LPS (10 μg/mL), LPS + L-Ctl (1 nM) (n = 3 independent experiments) 

[mouse monoclonal antibody against TLR4 (Cat# sc-293072, RRID: AB_10611320) and β-actin 

(Cat# sc- 69879, RRID: AB_1119529) Santa Cruz Biotechnology (Dallas, Texas, USA)]. 

Histograms represent the ratio of densitometric analysis of protein: loading control. Significant 

differences were detected by one-way ANOVA and Newman-Keuls multiple comparison test. p < 

0.05 (*). 

 

3.4. Molecular docking 

Molecular docking was used to investigate whether the presence of LCtl can affect TLR4. 

Bacterial lipopolysaccharide and its precursor lipid A, as well as peptidomimetics with no 

structural similarity to the physiological ligands of TLR4, do not bind this protein directly 

but anchor in the relatively large binding site of its co-receptor MD-2 [34,43]. The 

conformation of MD-2 is similar in all these complex, and they only differ by the molecular 

contacts formed with the various ligands. Thus, we performed the molecular docking of L-

Ctl to a monomer of MD-2 extracted from a complex with human TLR4 [34], and isolated 

from any other molecular species. 

Ctl possesses 15 amino acid residues and 64 rotatable dihedral angles, which is a number far 

too large to be exhaustively explored in a single molecular docking run. Therefore, the 

conformational space of the peptide was explored in a simplified way, by allowing rotations 

in the main and side chains of seven consecutive residues while the other eight residues were 

considered rigid, and systematically varying such flexible region along the whole peptide 

sequence. 

The results indicated that the central region of L-Ctl (sequence fragment LSFRARG) has the 

most favorable affinity for MD-2, with a predicted binding energy of -10 kcal/mol. In 

contrast, the two peptide endings showed a comparatively lower binding score, with -8 

kcal/mol for the N-terminal region and - 8.5 kcal/mol for the C-terminal one. Due to the fact 

that the rigid portion of peptide structure was not optimized in the simulations, these values 

should be considered as an upper limit for the (negative) binding energy, and may reflect an 
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even more favorable binding. The overall findings suggest a high affinity of L-Ctl for MD-

2, with a binding equilibrium constant in the nanomolar range. Figure 5 shows the structure 

or the most favorable docking pose of L-Ctl to MD-2 obtained in the simulations. The 

peptide is deeply inserted in the core of the protein binding site, and its position mostly 

overlaps with the location of the physiological ligands [34] in the original crystallographic 

complex. 

 

 
 

Figure 5. Binding of Ctl to myeloid differentiation factor 2 (MD-2). Most favorable structure of Ctl 

(stick representation, with colored atoms) bound in the binding site of MD-2 (yellow cartoon 

representation), superimposed to the volume occupied in the same pocket by physiological ligands 

(cyan spheres) in the crystallographic structure of the protein [34]. Image created with PyMol 

[69]. 

 

3.5. Involvement of inflammatory pathways in L-Ctl mechanism of action 

Western blot and densitometric analyses were carried out to determine the expression levels 

of p-ERK1/2 (Figure 6A), p-JNK1/2 (Figure 6B), pp38 MAPK (Figure 6C), NFkB p65 

(Figure 6D), NFkB p52 (Figure 6E) and COX2 (Figure 6F) in H9c2 cells treated with LPS 

in the presence or absence of LCtl. The expression of all the above proteins significantly 

increased following LPS treatment and significantly decreased in the cells treated with LPS 

+ L-Ctl (Figure 6). 
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Figure 6. Molecular mechanism activated by L-Ctl in H9c2 cardiomyocytes. Western blot analysis 

of A) phospho- extracellular-signal-regulated kinase 1/2 (p-ERK1/2), B) phospho-c-JunN-terminal 

kinase 1/2 (p-JNK1/2), C) phospho-p38 mitogen-activated protein kinase (p38 MAPK), D) nuclear 

factor kappa-lightchain- enhancer of activated B cells (NFkB) p65 (p-NFkB p65), E) NFkB p52 

and F) cyclooxygenase-2 (COX2) in H9c2 cardiomyocytes exposed to vehicle (indicated as 

Control), LPS (10 μg/mL), LPS + L-Ctl (1 nM) and L-Ctl (1 nM) (n = 3 independent experiments) 

for 6 h [mouse monoclonal antibodies against p-ERK1/ 2 (Cat# sc-7383), ERK1/2 (Cat# sc-

514302), NFkB p65 (Cat# sc-8008), NFkB p52 (Cat# sc-7386, RRID: AB_2267131) Santa Cruz 

Biotechnology (Dallas, Texas, USA), p-NFkB p65 (#13346), Cell Signaling Technology, Inc, 

(Danvers, Massachusetts, USA), or rabbit polyclonal antibodies against p-SAPK/JNK (#9251), 

SAPK/JNK (#9252), p-p38 MAPK (#9211) or p38 MAPK (#9218), Cell Signaling Technology, or 

COX2 (Cat# TA313292), OriGene Technologies (Rockville, Maryland, USA)]. Histograms 

represent the ratio of densitometric analysis of protein: loading control. Significant differences 

were detected by one-way ANOVA and Newman-Keuls multiple comparison test. p < 0.05 (*); p < 

0.01 (**); p < 0.001 (***). 
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3.6. Effect of L-Ctl on mRNA expression levels of inflammatory mediators 

L-Ctl molecular effect on the LPS-injured H9c2 cells was further investigated by assessing 

the mRNA expression levels of selective inflammatory mediators. qRT-PCR analysis of cell 

extracts revealed that the proinflammatory factors IL-1β (Fig. 7A), IL-6 (Figure 7B), TNF-

α (Figure 7C) and NOS2 (Figure 7D) were significantly upregulated in LPSstimulated H9c2 

cells compared to the control group. On the contrary, the mRNA expression levels of the 

above markers were significantly reduced in LPS + L-Ctl experimental group (See Figure 

7). 

 

 
 

Figure 7. Effects of L-Ctl on the LPS-induced mRNA expression of inflammatory mediators in 

H9c2 cells. Evaluation of mRNA expression levels of A) interleukin (IL)-1β, B) IL-6, C) tumor 

necrosis factor (TNF)-α, and D) nitric oxide synthase (NOS) 2 (inducible) by quantitative reverse-

transcription real-time PCR (qRT-PCR) in H9c2 cardiomyocytes exposed to vehicle (indicated as 

Control), LPS (10 μg/mL), LPS + L-Ctl (1 nM) and L-Ctl (1 nM) for 6 h. Samples were analyzed in 

triplicate, the relative mRNA expression levels of the different genes were normalized to rRNA18S 

and calculated on the basis of the 2-ΔΔCt method. Data are expressed as the mean ± SEM of 3 

separate experiments. Significant differences were detected by one-way ANOVA and Newman-

Keuls multiple comparison test. p < 0.05 (*); p < 0.01 (**); p < 0.001 (***). 
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3.7. Effect of L-Ctl on oxidative stress-related markers, SOD activity and LDH release in 

H9c2 exposed to LPS 

To determine whether L-Ctl could affect the cellular oxidative balance under LPS treatment, 

oxidative stress-related markers and the activity of the antioxidant enzyme SOD were 

measured. The MDA production and the content of protein carbonyl groups, used as lipid 

peroxidation and protein damage markers, respectively, were assayed in H9c2 cell lysates. 

Figure 8 shows that protein carbonyl groups content (Figure 8A) and MDA concentration 

(Figure 8B) were significantly increased in LPS group compared to the control, while they 

were significantly decreased in the LPS + L-Ctl co-treatment. On the contrary, the percentage 

of pyrogallol autoxidation (i.e. index of SOD activity) was significantly decreased in LPS-

exposed H9c2, and significantly increased in the LPS + L-Ctl group (Figure 8C). L-Ctl alone 

did not exert significant effects on the above parameters compared to the vehicle exposed 

cells (Figure 8A-C). As depicted in Figure 8D, LPS treatment also significantly increased 

LDH, whose release in the H9c2 culture medium is considered an indicator for cell 

membrane damage, whereas the co-treatment with L-Ctl reversed, to a significant extent, the 

enzyme concentration released in response to LPS. L-Ctl treatment alone did not induce 

significant effect in the LDH release compared to the control group (Figure. 8D). 

 

 
 

Figure 8. Effect of L-Ctl on malondialdehyde (MDA) levels, protein carbonyl groups content, 

superoxide dismutase (SOD) activity and lactate dehydrogenase (LDH) release in LPS-treated 
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H9c2 cells. MDA concentration A), protein carbonyl groups content B) and SOD activity C) in 

lysates of H9c2 cardiomyocytes treated with vehicle (Control), LPS (10 μg/mL), LPS + L-Ctl (1 

nM) and L-Ctl (1 nM) for 6 h. MDA concentration was expressed as mmol/L, protein carbonyl 

groups content was expressed as μmol/L and SOD activity was expressed as percentage of 

inhibition of the pyrogallol autoxidation rate. Data are expressed as the mean ± SEM of six 

separate experiments. Significant differences were detected by one-way ANOVA and Newman-

Keuls multiple comparison test. p < 0.05 (*); p < 0.01 (**); p < 0.001 (***). LDH release in the 

supernatant of H9c2 cardiomyocytes treated with vehicle (Control), LPS (10 μg/mL), LPS + L-Ctl 

(1 nM) and L-Ctl (1 nM) for 24 h D). The result of LDH activity was expressed as IU/L. Data are 

expressed as the mean ± SEM of six separate experiments. Significant differences were detected by 

one-way ANOVA and Newman-Keuls multiple comparison test. p < 0.001 (***). 

 

4. Discussion 

 

The present study aimed to investigate the protective effects of Ctl in LPS-stimulated H9c2 

cardiomyocytes. For the first time, we demonstrated that both L-Ctl and D-Ctl significantly 

increase cell viability under LPS stimulation. Since the L-enantiomeric form of the peptide 

resulted more effective, it was used for the subsequent analyses of the underlying mechanism 

of action. Our simulation results suggested that Ctl may influence the biological activity of 

TLR4 through a direct binding to the partner protein MD-2. In addition, molecular analyses 

showed that L-Ctl mitigates the LPS-dependent oxidative stress, the reduction of SOD 

activity and the release of LDH in the cell medium. The peptide was also able to decrease 

the expression of inflammatory signaling molecules (IL-1β, IL-6, TNF-α, NOS2) and the 

activation of important inflammatory mediators (p-ERK 1/2, p-JNK, p-p38 MAPK, p- NFkB 

p65, p-NFkB p52, COX2). These data are of interest in the context of myocarditis and in the 

field of antimicrobial peptides (AMPs) in regard to their capability to counteract antibiotic 

resistance. 

Antibiotic resistance, primarily due to the overuse of these drugs, has emerged as a severe 

worldwide health problem, as every year millions of people are affected by multi-drug 

resistant bacteria resulting in a high case-fatality ratio. For this reason, growing energies and 

efforts are invested in this field trying to reduce antibiotic prescription and to identify or 

design alternative drugs able to overcome resistance. Among the molecules currently 

considered as novel anti-infective agents [44], a prominent position is occupied by AMPs, 

major players in the innate defense, since they have a relatively low chance to establish 

resistance [45]. AMPs exist across all major lineages, they represent highly conserved forms 

of innate immunity and are active against numerous pathogens [46]. Their short amphipathic 

-cationic conformation seems to be a key component of their antimicrobial activity, since it 

promotes the disruption of microbial membranes [47]. In particular, mammalian AMPs are 

able to directly kill the microbe and activate rapidly the immune response [48]. 

Ctl, the shorter and active arginine rich N-terminus fragment of CgAderived Cst peptide, can 

be fully included among AMPs, being effective against many microbial strains [18–20]. In 

the present study we tested on an in vitro model of myocarditis, i.e. LPS-stimulated H9c2 

cells [49], both the naturally occurring enantiomeric species L-Ctl and its derived epipeptide 

D-Ctl, where all L-amino acids have been replaced by D-amino acids. In this regard, it is 

known that LPS, expressed on the external membrane of Gram-negative bacteria, represents 

a powerful inducer of immunity responses through the modulation of toll-like receptors 4 

(TLR4) [7]; for this reason, it is widely used to reproduce inflammatory diseases, such as 

myocarditis [50]. Myocarditis, or inflammatory cardiomyopathy, is an inflammatory 

condition of the myocardium that, if prolonged, leads to cardiac injury, cardiac dysfunction, 

cardiomyocytes death [49] and resistance of the infectious agents to therapies [51]. 
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In our experimental model, both L-Ctl and D-Ctl were able to improve cell viability, alone 

or when administered together with LPS, while their scrambled L-Ctl and D-Ctl counterparts 

were unable to significantly affect cell viability. Indeed, according to previous data [52], 

LPS alone reduces cell viability and induces a significant release of LDH (an indicator of 

cytotoxicity) in the culture medium, indicating that the model of myocarditis has been 

successfully established. Of note, L-Ctl showed greater effectiveness with respect to the D-

enantiomeric form in increasing cell viability and in relieving LPS effects at all the tested 

concentrations. D-Ctl was produced, starting from its natural peptide, to promote the stability 

of the peptide against bacterial proteases and, at variance with our results, it was much more 

effective against microbial strains and more resistant to proteolytic degradation than L-Ctl 

[18,20]. 

Nevertheless, our study did not include a microbiology approach but aimed to analyze an in 

vitro model of myocarditis and this may account for the different potency observed for D-

Ctl and L-Ctl in these diverse experimental sets. Moreover, it is conceivable that, from a 

physiological point of view, H9c2 cells establish a more favorable interaction with the 

natural occurring L-Ctl, since molecular chirality is a key feature in molecular host–guest 

recognition [53]. Results have been further corroborated by the use of a scrambled peptide. 

Thus, we focused on the anti-bacterial/anti-inflammatory role of LCtl possibly mediated via 

the TLR4 pathway. It is well established that LPS activates TLR4 and its downstream 

cascade by the interaction with its essential accessory protein, namely MD-2 [54]. LPS binds 

the hydrophobic pocket of MD-2 through 5 of its acyl chains, allowing the engagement and 

the dimerization of TLR4 and the generation of the activated LPS-MD2-TLR4 complex [54]. 

The crucial role of MD-2 in TLR4 inflammatory responses has been supported by studies 

performed on MD-2 knockout mice, that showed hypo-responsiveness to LPS and higher 

rate of survival to endotoxic shock [55]. Confirming previous experimental evidences, in our 

model LPS induces an increase in TLR4 protein expression, generally regulated by 

transcriptional and posttranscriptional mechanisms [56]. This supports the important 

contribution of TLR4 to the relationship existing between inflammation and cardiovascular 

disorders. Since L-Ctl was able to mitigate the LPSdependent upregulation of TLR4, it is 

conceivable that a regulation of its expression at the MD-2 level may exist. Accordingly, the 

molecular docking analysis clearly supported the interaction between the peptide and MD-

2, the TLR4 partner protein. Indeed, the results of our computational studies suggest a high 

affinity of L-Ctl for MD-2, with a predicted binding energy of at least -10 kcal/mol. The 

peptide deeply plunged into the protein binding site with residues Phe7, Arg8 and Arg10. It 

is likely that the energetic penalty due to the desolvation of the arginine side chains buried 

into the protein pocket was adequately compensated by electrostatic and entropic effects at 

the peptide termini, which are exposed and relatively free to fluctuate in the solvent, although 

such effects cannot be directly assessed by using molecular docking. A number of 

interactions stabilized the anchoring of the peptide into MD-2, including electrostatic 

attraction with the charged residue Glu92 of the protein, and hydrophobic interactions with 

several phenylalanine isoleucine residues. Thus, our simulation results strongly suggest the 

possibility that Ctl may influence the biological activity of TLR4 through a direct binding to 

the partner protein MD-2. Both the interaction energy and the predicted location of binding 

of Ctl are fully consistent with an anchoring in the protein pocket, similar to the one observed 

in the experiment for physiological ligands bound to MD-2. The interaction between Ctl and 

MD-2 could thus represent the mechanism used by the peptide to suppress LPS 

inflammation, since a competitive antagonism on this site can be postulated. 

It is widely accepted that the activation of TLR4, such as under LPS stimulation, induces the 

downstream MAPKs cascade converging on NFkB, lastly able to promote the expression of 

pro-inflammatory actors, including IL-1β, IL-6, TNF-α, NOS2 [57,58]. Of note, Ctl 
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downregulates the expression of these proteins corroborating its supposed anti-inflammatory 

action via TLR4 inhibition. 

Moreover, it is known that NFkB importantly participates in immune responses [59] and its 

overactivation contributes to the long-term inflammation responsible for acute myocardial 

lesions [60]. Indeed, NFkB is a well established downstream player of LPS/TLR4, MAPKs 

and JNK activation [56,61,62], and a positive regulator of COX2 expression, a key enzyme 

of inflammatory pathways [63]. Accordingly, our results showed an increase of p-ERK 1/2, 

p-JNK, p-NFkB p65, p-NFkB p52, and inducible COX under LPS stimulation, reversed by 

the addition of L-Ctl to the medium. Therefore, it is plausible that L-Ctl, by reducing the 

LPS-induced NFkB expression, may also prevent the production and the release of 

proinflammatory cytokines in cardiac myocytes [64], as showed in our experimental set. 

This finding can be further supported by evidence indicating the ability of another CgA-

derived peptide (chromofungin, CgA 47–66) to exert antiinflammatory effects by inhibiting 

the NFkB-mediated transcription [65]. Interestingly, in our LPS-stimulated model p38 

MAPK is more phosphorylated, according to the increased expression of NFkB, conversely 

to what happens under Ctl treatment. Being NFkB a crucial target for MAP-kinases, such as 

p38 MAPK that is strongly involved in cardiac pathologies [66] and references therein], this 

result may be useful in the view of future frontiers in therapeutics. 

Another important aspect regards the well established ROS production, and its resulting 

oxidative stress, detectable in septic myocardial inflammation [67,68]. According to these 

data, in our model LPS is a strong stimulus for oxidative stress as visible by the increase of 

MDA and of protein carbonylation (used as markers of lipid peroxidation and protein 

damage secondary to oxidative stress, respectively) and by the reduction of SOD activity. 

The amelioration of oxidative balance following L-Ctl treatment, further describes the 

peptide as a novel candidate in the treatment of septic cardiomyopathy. Moreover, in line 

with our results, LPS-induced oxidative stress may additionally contribute to the activation 

of NFkB that, in turn, may further impact the cardiomyocytes inflammation that is finally 

mitigated/abolished by Ctl. 

 

5. Conclusions 
 

Taken together our results describe Ctl as a potential anti-inflammatory/anti-microbial 

therapeutic agent, and its inhibition of TLR4 by targeting MD-2 could represent an effective 

tool to counteract sepsis and septic shock induced by Gram negative bacteria in addition to 

its interesting and protective antioxidant properties. These data are of interest considering 

that Ctl efficacy and resistance have been extensively demonstrated in several microbial 

strains. Moreover, being a short and linear peptide, stable in a wide range of pH and 

temperature, Ctl would be easily synthesized at a minimal cost making it an excellent 

candidate for future drug development. 
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VI. VIRTUAL SCREENING APPLICATION TOWARD THE 

IDENTIFICATION OF TBEV INHIBITION 

 

1. Introduction 
 

The screening of large and chemically diverse compound libraries is one of the most 

widespread strategies in drug discovery to identify novel lead compounds targeting 

biologically active macromolecules [1]. By docking a large library of compounds into one 

or more structures of the target receptor, a few compounds can be selected and evaluated for 

their effective interaction. The factors that influence the execution and the results of the 

virtual screening (VS) are various: the availability of structural data of the biological target, 

the existence of at least one molecule that can interact unequivocally with the target, the 

number and type of compounds to be screened and the software used. VS strategies fall into 

two main types: ligand-based approach and structure-based approach. Generally, the choice 

of the method depends on whether the ligands or the structure of the target are known. When 

possible, virtual screening studies can combine the two methods for more reliable results [2].  

These experimental procedures have been applied in ordert to identify compouds able to 

inhibit crucial proteins involved in the replication cycle of tick-borne encephalitis virus 

(TBEV). The latter is a single-stranded RNA flavivirus within the family Flaviviridae and 

belongs to arthropod-borne viruses, known as arboviruses. TBEV is widespread across large 

parts of Europe and Asia and constitutes the etiological agent of tick-borne encephalitis, a 

human viral infectious disease involving the central nervous system, leading to permanent 

neurological complications or death. 

Since TBEV infection is constantly rising, the identification of compounds able to inhibit its 

replication is demanding. 

Accordingly, this study has been carried out in order to identify: 

 potential targets necessary to TBEV replication; 

 potential structural homologies with other flaviviruses (DENV, WNV, 

ZIKV etc.);  

 non-nucleoside potential inhibitors. 

 

2. Methods  
 

The crystallographic structure of RNA dependent RNA polymerase domain of west nile 

virus (PDB code 2HCN_A) [3] was used as a template to create the protein model of TBEV 

polymerase. The model was built using MOE program. High-throughput virtual screening 

(HTVS) docking was performed through Maestro Schrödinger software on three different 

libraries (Specs, ChemDiv and Life Chemical) for a total of 90.000.000 compounds. The 

10% of the best poses obtained was selected to perform the docking using Glide Standard 

precision (SP) function. All the resulting poses were subsequently rescored using other three 

different docking programs: XP (extra precision), FlexX and Plants. Applying an internal 

consensus score procedure, the values of the three different scoring functions for each 

docking pose were analysed. Then, a database containing all the results of rescoring was 

created. The resulted set of compouds has been refined according to the following 

parameters: 

• sum >3 (sum of function sign)   

• structural cluster 

• logP>1  

https://www.schrodinger.com/products/maestro
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• logP<6  

The selected compounds were further subjected to a final screeening through visual 

inspection using MOE program and according to the following criteria: 

• ability of a compound to overall occupy the binding site; 

• number of interactions formed between the compound and the target protein (H-

bonds, - interactions, etc.). 

 

3. Results and discussion 
 

The TBEV genome consist of approximately 11 kb positive-sense single-stranded RNA, 

which encodes one single open reading frame (ORF) of about 3400 amino acids, flanked by 

5′ and 3′ non-coding regions (NCRs), three structural proteins; envelope (E), precursor 

membrane (PrM) and capsid (C), and seven non-structural proteins (NS1, NS2A, NS2B, 

NS3, NS4A-2K-4B complex and NS5) [4] (Figure1). 

 

 

Figure 1. Representation of the viral RNA of TBEV 

 

NS5 are polymerase proteins that play a crucial role in TBEV replication, thus have been 

selected as targets for the development of novel drugs to prevent or slow the viral infection. 

 

 

The catalytic domain Rdrp (RNA dependent RNA polymerase), consisting in a fragment of 

150 RNA replicase protein residues, is available on the UniProt website. A possible sequence 

homology was searched using the UniProt BLAST function by choosing the PDB database 

and 61% homology was obtained with the PDB code 2HCN _A (chain A crystal structure of 

the West Nile Virus RdRp domain [3].  This crystallographic structure was then used as a 

template to create a protein model using the appropriate function of the MOE program 

(Figure 2). 
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Figure 2. Protein model obtained using West Nile virus NS5 polymerase as template. 

 

Successively, in order to identify a possible binding pocket, alignments and overlaps were 

made between the model created and the polymerases of different Flaviviruses in a complex 

with at least one inhibitor. 

After identifying a potential binding pocket, a High-throughput Virtual Screening (HTVS) 

was performed using various libraries (Specs, ChemDiv, Enamine and Life Chemical) 

containing approximately 90.000.000 compounds. 

 

 

Figure 3. Representative phases of virtual screening 

 

The last phase of the virtual screening was the selection of the compounds that were more 

favorable, by means of visual inspection. About 17.220 compounds were visualized, and 
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following the previously described procedure (Figure 3), 25 were selected as potential anti- 

TBEV agents (Table 1). 

 
Table 1. Chemical strusctures of selected compounds as potential anti-TBEV agents 

 

CPD CODE CHEMICAL STRUCTURE N.I. H-I HY-I I-I 

     - -H H-  

1 Z26576487 

 

5 

Ala 409 

Ser 406 

Ala 409 
Val 404 

Trp 479    

2 Z28636182 

 

5 

Lys 403 

Ser 406 

Ala 409 
Ala 409 

 Ala 409   

3 F704-0088 

 

5 

Val 606 

Val 607 

Gnl 600 

Trp 479 Arg 483   

4 Z27057384 

 

4 

Lys403 

Ser 406 
Ala 409 

Ala 409 

    

5 Z28889153 

 

4 

Lys 403 

Ser 406 
Ala 409 

Ala 409 

    

6 Z112629622 

 

4 

Ala 409 

Val 607 

Gly 411 

 Val 606   

7 Z413812828 

 

4 

Arg 483 

Val 606 
Gly 411 

 Arg 483   
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8 Y041-4631 

 

4 
Val 606 
Leu 410 

Gly 411 

 Arg 483   

9 Z319332718 

 

 
 

4 

Ser 406 

Leu 410 

Gly 411 

 Val 404   

10 Z33397508 

 

 
 

4 
Ala 409 

Ala 409 
 

Arg 483 

Arg 483 
  

11 Y040-8576 

 

4 
Arg 793 
Leu 410 

   

 

 
 

 

Arg 793 
 

Arg 793 

12 Z32439691 

 

4 
Leu 410 

Gly 411 
 

Gly 411 

Arg 483 
  

13 Z15836284 

 

3 

Ala 409 

Leu 410 
Gly 411 

    

14 Z298299390 

 

3 

Leu 410 

Gly 411 

Ala 409 

    

15 D058-0083 

 

3 

Ala 409 

Ala 409 

Gly 411 

    

16 S720-2191 

 

3 

Val 404 

Ser 406 
Ala 409 
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17 Z297824504 

 

3 
Gln 605 
Leu 410 

Arg 793 

    

18 K788-9530 

 

3 
Ala 409 
Ala 409 

  Trp 479  

19 Z225652666 

 

3 
Ala 409 
Val 606 

 Arg 483   

20 F019-1745 

 

3 
Ala 409 
Gly 411 

  TRP 479  

21 F470-0703 

 

3 
Val 406 

Gly 411 
 Val 404   

22 K784-1583 

 

3 
Ala 409 
Ala 409 

  Trp 479  

23 8019-7948 

 

3 
ALA 409 

ALA 409 
  Trp 479  

24 Z51854797  4 

Lys 403 
Ser 406 

Ala 409 

Ala 409 
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25 V004-5552 

 

4 
Gln 600 
Gln 600 

 
Trp 479 
Val 606 

  

 

Notes: NI: Number of Interaction; H-I: Hydrogen Interaction; Hy-I: Hydrophobic Interaction; I-I; 

Ionic Interaction 

4. Conclusions 

 

TBE is an important tick-borne central nervous system infection in Europe and Asia. It is a 

spherical lipid-enveloped RNA virus, a member of genus Flavivirus within the Flaviviridae 

family. In this study, focused the attenction as NS5 polymerase protein involved in the viral 

replication. In particular, through application of advanced computational techniques, has 

been identified the polymerase protein model. Successively was carried out HTVS docking 

using all the libraries available (Specs, ChemDiv and Life Chemical). According to the 

certain parameters of refine, was obtained 17220 compounds. The last phase of virtual 

screening made it possible to select 25 compounds as potential anti- TBEV agents. 

Biological in vitro studies are undergoing to assess the biological properties of the selected 

molecules. Preliminary results seem to confirm the capability of some of them as potent NS5 

inhibitors. 

Regarding this point, the results need to be still organized and will be published afterwards. 
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CHAPTER 2 

 

PHOTODEGRADATION AND 

PHOTOSTABILIZATION STUDIES OF NEWLY 

SYNTHESIZED COMPOUNDS AND KNOWN 

PHOTOSENSITIVE DRUGS 
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1. Introduction  

 
A further goal of the overall project has been the design of light-stable formulations of newly 

synthesized derivatives active as anti-inflammatory agents or T-type calcium channel 

blockers. 

Chemical structural alterations to known compounds were performed in order to maintain 

the structural features associated with the biological activity but removing the functional 

groups possibly responsible for photosensitivity and side effects. Nowadays, light has been 

recognized as one of the most significant external factors affecting drug stability, thus, the 

study of photosensitivity of a drug is essential for design proper formulation and packaging. 

Drug degradation not only can lead to the reduction of biological activity, but in several 

cases the formation of toxic byproducts can even occur. A basic protocol for testing the 

photostability of new drugs is described in the ICH (International Conference on 

Harmonization) guidelines, as a part of the full rational program containing rules for the drug 

stability control [1]. The intrinsic photostability characteristics of new drugs should be 

evaluated to demonstrate that, as appropriate, light exposure does not result in unacceptable 

changes. The impurities from synthesis and degradation need to be identified and quantified 

and their limits must be established. During production, packaging and consumer handling, 

pharmaceutical products can be exposed to light coming by different sources, ranging from 

natural sunlight to a variety of artificial light conditions.   

The majority of drug formulations result in solid phase or solution pharmaceutical forms. 

Literature data indicate that liquid preparations are usually less stable under light radiation 

than solids. Generally, photodegradation rate decreases when the drug concentration in a 

specific formulation increase.  

Several approaches can be adopted to prevent drug photodegradation. A drug can be 

protected from light by simply selecting an appropriate opaque container or maintaining an 

inert atmosphere to minimize the absorbance of specific wavelengths and limiting oxygen 

catalysed reactions. 

The formulation in presence of different and appropriate excipients able to increase the drug 

photochemical stability is widely adopted to stabilize pharmaceutical preparations. The 

design of photoprotective pharmaceutical systems presents the twofold advantage to keep 

unaltered the drug concentration, in order to guarantee the therapeutic effect, and to avoid 

the formation of photo-byproducts.  

Anyway, the incorporation of photosensitive compounds into supramolecular systems 

represents one of the most effective approach to overcomes several drawbacks related to 

drug instability and unfavourable pharmacokinetics. 
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2. Methods 
 

2.1. Chemistry 

The new compounds were prepared by modification of previously described synthetic 

routes. 

In particular, regarding NSAIDs derivatives, a Nabumetone derivative has been prepared in 

good yield and high purity by polyphosphoric acid catalysed Friedel-Crafts intramolecular 

cyclization of 3-(6-methoxynaphthalen-2-yl)propanoic acid [2] in order to replace the 

butanone chain of the reference compound with a condensed cyclic ketone moiety. 

1,4-Dihydropyridine (DHP) derivatives were instead prepared in good yield following a 

modified Hantzsch reaction procedure in collaboration with the Department of 

Pharmaceutical Chemistry, Faculty of Pharmacy, Hacettepe University, Ankara, Turkey 

[3,4].   

 

2.2 Photostability studies 

Photodegradation experiments were performed in accordance with the ICH 

recommendations for the drug stability tests. These tests were performed by using the light 

cabinet Suntest CPS+ (Figure 1), that provides information about the long-term response of 

the product exposed to light, particularly solar radiation. Photostability test can be performed 

by using two different sources light:  

Option 1: the samples have to be irradiated under a light source producing an output similar 

to the D65/ID65 emission standard.  An artificial daylight fluorescent lamp combining 

visible and ultraviolet (UV) outputs, xenon, or metal halide lamp are suitable for this test. 

D65 is the internationally recognized standard for outdoor daylight as defined in ISO 10977 

(1993). ID65 is the equivalent indoor indirect daylight standard. If necessary, appropriate 

filters must provide to eliminate the radiations below 320 nm. 

Option 2: a cool white fluorescent and a near ultraviolet lamp are both required. The first 

must produce an output similar to that specified in ISO 10977 (1993); the second lamp must 

furnish a spectral distribution from 320 nm to 400 nm with a maximum energy emission 

between 350 nm and 370 nm. 

This accurate definition of the light sources has been helpful to avoid different procedures 

in the photostability tests. Whatever the option is chosen, the operator should mind 

maintaining an appropriate control of the temperature to minimize the effect of localized 

temperature changes caused by the light sources.  

The device is equipped with an electronic system (CPS, Controlled Power System) that 

offers constant control over irradiation, allowing a good reliability in providing a 

reproducible test.  
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Figure 1.  Suntest CPS+ 

 

During a photodegradation experiments, the compounds formulated in solutions or in gels 

were exposed to light and drug content was measured at several exposure times by 

spectrophotometry. 

Spectral data were elaborated by Multivariate Curve Resolution (MCR) technique, able to 

estimate spectra and concentration profiles of the components involved in the studied 

system. This chemometric procedure decomposes the spectral data into the contributions due 

to the pure components of the system following a bilinear model derived from the 

generalized Lambert-Beer's absorption law. 

 

D(r x c) = C(r x n) ST
(n x c) + E(r x c)  Equation 1 

where C is the concentration matrix of n components and ST is the matrix of their spectra. 

E represents the unexplained variance in the data set. In MCR methods, the first step is the 

estimation of the number of involved components (n) in the kinetic system, which is initially 

obtained by application of singular value decomposition (SVD). Moreover, iterative MCR 

methods, like MCR-ALS (Alternative Least Squares), need a preliminary estimation of ST 

or C, calculated either by evolving factor analysis (EFA), by selection of the pure variables, 

or by any previously estimation of them. These initial estimates are used to start the ALS 

constrained optimization through an iterative process. At each cycle, a new estimation of ST 

and C is calculated by solving alternatively the two following least-squares matrix equations, 

according to the scheme: 

 

        ST = (C)+D              Equation 2 

                                                    C = D(ST)+             Equation 3 

 

where (ST)+ and (C)+ are the pseudoinverses of the ST and C matrices, respectively [5-7].  

At every iteration, constraints like non-negativity, unimodality and concentration closure are 

applied to drive the optimization process towards a final solution with chemical meaning 

fulfilling the applied constraints . This iteration procedure is stopped when convergence is 

achieved, by fixing a preselected number of cycles or when the value of lack of fit (% LOF) 

does not change significantly between consecutive iterations: 
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where dij and d*
ij were respectively the experimental and calculated (by MCR-ALS) 

absorbance values. A different parameter used to indicate the quality of MCR-ALS 

modelling results is the percentage of explained variance (r2): 
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                Equation 5 

 

Another important feature of the MCR-ALS method is its possibility to perform the 

simultaneous analysis of multiple data sets coming from more than one experiment, using 

different experimental conditions and/or conducted by different analytical techniques. The 

whole set of photodegradation experiments performed at different NFZ initial concentrations 

exposed under different illuminance power conditions were arranged in a column-wise 

augmented data matrix and analyzed using MCR-ALS according to the extended bilinear 

model equation 

 

DAug. = CAug.ST + EAug. = [D1; D2 ;…; DN] = [C1; C2;…; CN] ST + [E1;E2;…;EN] Equation 6 

 

In this matrix equation, column wise matrix augmentation is indicated using MATLAB 

notation ‘;’, which indicates that every individual data block obtained in a single kinetic 

experiment is set on top of the other, with the same number of columns (wavelengths) in 

common, and consequently increasing the number of rows of the corresponding augmented 

matrix. As indicated in this equation, the same spectral matrix ST is resolved for all Di, 

i=1,..,N matrices, i.e. the same pure spectra are resolved for the common species in the 

different experiments. On the contrary, the concentration profiles of the different resolved 

components in Ci matrices are allowed to be different for the different kinetic experiments. 

This is in agreement with the possibility of having degradation (concentration) profiles with 

different shapes in the different experimental data matrices obtained at different initial NFZ 

concentration and power irradiances. These degradation profiles will follow different 

patterns which cannot be described by the same set of concentration profiles. In contrast, 

however, the same chemical species will have the same characteristic UV spectrum in the 

different kinetic experiments. In conclusion, the model proposed in Equation 6 will fit well 

with the expected behaviour of the measured system if the generalized bilinear Beer’s 

Lambert law of UV absorption holds for the system under investigation.  

 

3. Results Summary 
 

Non-steroidal anti-inflammatory drugs (NSAIDs) have been marketed in topical 

preparations for about 40 years with the aim to avoid part of the side effects developed after 

systemic administration. In addition, the absence of a first pass metabolism could contribute 

to better control the plasmatic concentration of the drug. Unfortunately, most of the NSAIDs 

are not easily absorbed after transdermal application, this drawback being exacerbate by the 

hydrophilic nature of many dermal preparations. Despite their wide use, another important 

limit of several NSAIDs is their easy chemical degradation under several physical or 

chemical conditions leading to the appearence of various impurities.  

Accordingly, the first work of this section describes, photostability studies applied on 

aqueous solutions of Nabumetone (NA), a non-acidic anti-inflammatory prodrug, confirmed 
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a marked light sensitivity for this compound. Accordingly, the stability of NA-cyclodextrin 

(CD) complexes was investigated in gels potentially suitable as sustained-release 

formulations, under various experimental conditions.  

In a second work, in view of the metabolic transformation and photostability profile of NA, 

a new tricyclic analog was synthesized by including part of the too light-sensitive side chain 

in an additional fused ring. This alteration was performed to enhance light stability, while 

maintaining the capability to undergo a metabolic activation similar to that of NA. 

Photoprotection methodologies have been applied on both NA and the new derivative in 

order to design topical light-stable formulations, including entrapment of the compounds 

into microemulsions. Very satisfactory results in term of degradation time and 

photoprotection were achieved for both compounds when formulated in microemulsion 

included in gel.  

Another project focused on the stabilization of newly synthesized DHP derivatives, an 

important class of L- and T-type calcium channel blockers widely used in clinic. Several 

chemical modifications on the DHP scaffold led to new derivatives active on T-type calcium 

channels and others, which have recently attracted interest due to their role in chronic pain 

onset. The study focused on the development of light-stable liquid and gel formulations for 

the incorpotation of newly synthesized active compounds. Photodegradation studies were 

performed in different experimental conditions.  
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Abstract:  
Photostability studies applied on aqueous solutions of Nabumetone, an anti-inflammatory 

drug used in the treatment of osteoarthritis and rheumatoid arthritis, have confirmed the 

sensitivity to light of this compound, revealing the 6-methoxy-naphthalenealdehyde as the 

main photoproduct. In this work, the stability of NA-cyclodextrin (CD) complexes was 

investigated in gel formulation potentially suitable as sustained-release systems. The 

photodegradation experiments were realized under stressed conditions according to the ICH 

rules and monitored by spectrophotometry. The spectral data were processed by Multivariate 

Curve Resolution (MCR), able to estimate spectra and concentration profiles of the 

components involved in the kinetic process. NA entrapped in cyclodextrin and formulated 

in solution and gel preparations were exposed to an irradiance power of 350 W/m2.  

Encapsulation percentage of the drug in several cyclodextrins was measured, recording an 

increase of the water solubility in the order hpCD>mCD>CD. No significant 

photoprotection of NA was measured in aqueous solution. On the contrary, the gel 

containing the hpCD-complex showed relevant stability. The photoprotective ability of this 

formulation was further increased by adding ascorbic acid 2%, still detecting 90% of the 

starting concentration after 90 min of light exposure. 

 

1. Introduction 
 

The safety of the drugs, during production, storage, distribution and use by patients, is 

affected by exposure to several causes of degradation, including temperature and light [1]. 

In particular, the exposure to light could affect the physicochemical properties of either a 

pure compound or a pharmaceutical formulation. A great amount of liquid or in topical gel 

preparations, liquid or in gel, are classified as sensitive to light in the U.S. and European 

Pharmacopeia [2], consequently, the development of advanced photoprotective systems is 

still demanding. Furthermore, the use of appropriate protective containers or packaging may 

also be involved in the photostabilization strategies of the drugs [3]. When the 

pharmacokinetic behavior of a drug is not favorable and the absorption through the skin take 

too long, an active compound should be also protected after application, allowing a 

prolonged exposure to sunlight. In these cases, several approaches of encapsulation into 

supramolecular systems have been proposed, very often supported by the addition of 

antioxidants and solar filters [4-7]. In the pharmaceutical field, cyclodextrin (CD) complexes 

represent the most used encapsulation matrices to realize photoprotective carriers [8]. These 

cyclic oligosaccharides can incorporate lipophilic drugs into the hydrophobic cavities by 

non-covalent complexation [9]. Moreover, the variety of available CDs, both natives and 

modified, allows the incorporation of drugs with different size. 
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In this work, the light stability of Nabumetone (4-(6-methoxy-2-naphthyl)butan-2-one) (NA) 

was investigated in solution and gel formulations. Photoprotection of NA was performed 

after entrapping the drug into CD matrices. According to the ICH rules, the photodegradation 

tests were made in an appropriate standard irradiation chamber on drug solutions and CD 

complexes in solution and gel formulations. 

The photodegradation profiles were monitored by spectrophotometry and the spectral data 

were processed by Multivariate Curve Resolution (MCR). This chemometric procedure was 

chosen because particularly suitable for following transformation kinetic processes as it is 

able to estimate spectra and concentration profiles of the components involved [10-13]. 

 

2. Materials and methods 
 

2.1. Chemicals, Instruments and Software 

NA, ascorbic acid (AA), propylene glycol, microcrystalline cellulose, CD, mCD, and 

hpCD were purchased from Sigma-Aldrich (Milan, Italy). Ethanol and methanol were from 

J.T. Baker (Holland). 

UV spectra were recorded by using a Perkin-Elmer Lambda 40P Spectrophotometer by 

setting the following instrumental conditions:  range 200–450 nm, scan rate 1 nm/s; time 

response 1 s; spectral band 1 nm. Spectral acquisition and elaboration were made by using 

the dedicate software UV WinLab® (Perkin-Elmer, Waltham, MA). 

A light cabinet Suntest CPS+ (Heraeus, Milan, Italy) equipped with a Xenon lamp was used 

to perform the photodegradation experiments. The ID65 standard filter was set to simulate 

sunlight in a spectral range between 300 and 800 nm. 

Multivariate analysis was performed by the software Matlab® computer environment 

(Mathwork Inc., version 7). 

 

2.2. Sample Preparation 

NA standard solutions were prepared in ethanol at the concentration of 5.0 g/ml in 

consideration of the low solubility of the drug in water. CD-complexes were prepared by 

dissolving an excess of NA (25 mg) in 10 ml of cyclodextrin solution (10mM) and 10.0 ml 

of Britton-Robinson buffer pH 6.57 (0.04 M phosphoric acid; 0.04 M acetic acid; 0.04 M 

boric acid; 0.2 M NaOH) under stirring for 20 h at 37° C. Four series of samples (4 x 5) were 

prepared by using CD, mCD, and hpCD. All the samples were stored for 4 days at 4° C 

and then filtered through a 0.45 m membrane. Spectrophotometric measurements were 

performed after dilution 1:10 of the samples in ethanol. For the solubility tests, the drug 

content was added to each cyclodextrin solution with concentrations of 1, 5, 7.5 and 10 M 

in 10 ml buffer. 

Gel formulation (20 g) was prepared according to the European Pharmacopoeia [14]. NA 

0.20 g (1% w/w) was emulsified in propylene glycol 2 g under continuous stirring for 15 

minutes. 0.60 g of microcrystalline cellulose (gelling agent) and 17.2 g of water were then 

added and the final emulsion was stirred for 50 min getting a homogeneous white gel. 

The gel formulation containing the complex CD-drug was prepared by adding 17.2 g of the 

CD complex solution to propylene glycol and microcrystalline cellulose. 

A last sample was prepared by adding AA to the CD-drug complex before the preparation 

of the gel, in such a way to obtain a percentage concentration of 2%. 

 

2.3. Photodegradation test 

The photodegradation tests were made on all the prepared liquid and gel formulations under 

the following conditions: irradiation power 450 W/m2, corresponding to 27 kJ/m2 min, 
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temperature 25 °C. The samples were analysed just after preparation (t= 0 min) and at the 

several exposure times (10-30-50-70-100-130-150-210-270-300 min) by UV 

spectrophotometry. All laboratory experiments were carried out in a dark room to minimize 

drug photodegradation. The drug content in gel along the photodegradation experiments was 

measured by MCR applied to the UV data of the methanol extracts. At this aim, gel 0.5 g 

was uniformly stratified on a glass plate to form a layer thickness of 0.25 mm and then 

exposed to forced irradiation. After each irradiation dose, the glass plate was sonicated in 

acetonitrile 25 mL for 10 min at room temperature. 10 ml of the obtained suspension were 

centrifuged at 5000 rpm for 10 min and the supernatant was analysed after 1:10 dilution with 

methanol. 

 

3. Results and discussion 
 

3.1. Photodegradation of NA solutions 

An ethanol solution of NA 5.0 g/ml was subdued to forced photodegradation, under the 

standard conditions above reported. The spectra, depicted in Figure 1, were recorded just 

after the preparation and at several exposure times up to five hours. 

 

 

Figure 1. Absorbance spectra recorded for the ethanol solution of NA at several exposure times. 

 

The spectral data, as an average of five experiments collected during the photodegradation 

tests, were used to construct the data matrix to be analysed by MCR-ALS. The results 

reported in Figure 2 showed the photodegradation profiles of NA and its photoproducts (A) 

and the respective absorbance spectra (B). 
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Figure 2. Photodegradation profiles of NA and its photoproducts (A) and their absorbance spectra (B). 

 

In accordance with the results reported in the literature, data elaboration confirmed the 

formation of one major photoproduct (NA-P1) and traces of another by-product (NA-P2). 
[15] reported the photooxidation of the side chain to 6-methoxy-2-naphthaldehyde, as a 

major product, in butanol solution and the formation of the (4-(6-methoxy-2-naphthyl)-3-

buten-2-one) (Figure 3). 
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Figure 3. Chemical Structures of NA and its photoproducts NA-P1 and NA-P2. 

This photodegradation process followed the first-order kinetics. In the used solvent, the 

process seemed to be more efficient than in water [16]. In our experiment, the full 

degradation of the drug was observed after about 30 min. The degradation process proceeded 

via first-order kinetics, described by the equation: 

 

ln [%NA] = − k · t + 4.6 

 

where %NA was the percentage of residual drug, k the photodegradation rate constant, t the 

time (min), and 4.6 the logarithm of the starting concentration (100%). 

The parameter t0.1 (time to cause 10% degradation) was chosen as a criterion to compare the 

degradation behaviour of the tested samples. This parameter is conventionally adopted 

because a drug could no longer be used when its purity falls below 90%. The value of k was 

0.0482 and t0.1 resulted in being 2.08 min, as reported in Table 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



115 
 

Table 1. Degradation kinetic parameters calculated for NA in different solutions 

 

Samples Entrapment 

efficiency 

(%) 

K x 10-

3 

t0.1 

(min) 

R2 

NA-free - 48.2 2.08 0.999 

NA-βCD 14 23.9 4.18 0.965 

NA-mβCD 15 20.6 4.85 0.970 

NA-hpβCD 88 4.20 23.8 0.987 

NA-gel - 23.4 4.27 0.977 

NA- hpβCD gel - 1.99 50.25 0.999 

NA- hpβCD AA 

gel 

- 1.11 90.09 0.922 

 

In order to minimize light degradation, the stability of NA was investigated by entrapping 

the drug in cyclodextrin matrices. The CD systems can also enhance the solubility of the 

drugs in water. In fact, the influence of several cyclodextrins on the solubility of NA has 

been tested, as described by [17]. 

A set of NA aqueous solutions was prepared as above described by using CD, mCD, and 

hpCD, respectively. The most effective cyclodextrin in increasing the solubility of NA 

resulted in being hpCD. The incorporation percentage was measured by spectrophotometry 

as 88, 15 and 14% for hpCD, mCD and CD, respectively. The best performance of 

hpCD can be explained by a better fitting of the drug molecule in the cavity of this CD. All 

the prepared complexes were exposed to light. Figure 4 shows the photodegradation profiles 

of NA in the different CDs and Table 1 lists the kinetics parameters calculated by MCR. 

All the used CDs increased the stability to light of the NA. In particular, the hpCD-complex 

showed a t0.1 value of 23.9 min, better than that for the simple solution but still unsatisfactory 

for the goals we had set. 
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Figure 4. Photodegradation profiles of NA in the different CDs compared with the ethanol 

solution. 

3.2. Photodegradation of NA in gel 

Photodegradation tests were then applied to the above-described formulations prepared in 

gel. Firstly, gel formulation was made with 1% of the pure drug and exposed to light. The 

data obtained from the photodegradation experiments were processed by MCR method and 

the kinetics parameters are listed in Table 1. Also, in this formulation, the drug resulted very 

sensitive to light showing a t0.1 value of 4.27 min. 

A promising result was obtained when the complex hpCD-NA was emulsified in gel. In 

this case, a clear decrease in NA degradation was measured, with a very successful t0.1 value 

of 50.25 min. The good performance of this formulation in terms of photostabilization could 

be attributed to a dualaction of the CD complex: real physical protection of the entrapped 

drug by means of a molecular shield aided by the increase of the drug solubility in this 

matrix. 

The light-stable formulation was optimized by adding the antioxidant ascorbic acid (2%) to 

the complex hpCD-NA in gel, showing a very high increase of the stability with a t0.1 value 

of 90.09 min. The photodegradation profile of this formulation hpCD-NA-AA followed the 

first-order kinetics and was compared in Figure 5 to that of NA 1%, as gel control, and 

hpCD-NA gel. Table 1 summarizes the degradation rate constants and the values of t0.1 for 

all the studied matrices. 

 
Figure 5. Photodegradation profiles of NA, hpCD-NA complex 

and hpCD-NA-AA formulated in gel. 

 

4. Conclusions 
 

In this work, the anti-inflammatory drug Nabumetone, either in solution or in gel 

formulations, was demonstrated to undergo photodegradation. The study was performed by 

adopting photostability tests defined by international rules. In particular, under an irradiance 

power of 350 W m-2, corresponding to 21 kJ m-2 min and at a constant temperature of 25° C, 

the drug resulted degraded of 10% in only 2.08 and 4.27 min, in ethanol and gel, respectively. 

The design of photoprotective pharmaceutical matrices for topical application is particularly 

important due to the greater probability of light exposure that can cause a lower 

bioavailability of the drug and, at the same time, an increase of the risk of formation of toxic 
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photoproducts. The entrapping of the drug into cyclodextrins and the addition of an 

antioxidant agent was the adopted approach to reduce drug photodegradation. The addition 

of ascorbic acid to the hpCD-NA gel complex gave good results with a considerable 

increase of the drug photostability, reaching a very satisfactory value of 90.09 min for t0.1. 

The proposed system which has been shown to be particularly effective in reducing the 

photodegradation of the drug could be considered a valuable starting point for the 

development of innovative pharmaceutical formulations for topical use of Nabumetone. 
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Abstract:  

Photostability studies were performed on topical formulations containing the anti-

inflammatory drug Nabumetone and an analog newly synthesized in order to achieve better 

photostability and pharmacokinetic profile. Stability tests, according to the International 

Conference on Harmonization rules, were applied on ethanol solutions and topical gel 

formulations of both compounds. The photodegradation profiles were monitored by 

Multivariate curve resolution applied to the UV spectral data. The inclusion of the 

compounds in microemulsion was investigated to improve light stability and, at the same 

time, to ensure a sustained release system for skin delivery. All the formulations in solution, 

gel, microemulsion, and microemulsion-in-gel were exposed to a forced irradiation of 350 

W/m2, corresponding to a 21 kJ/m2 min, for up to 300 min. 

Photostability increased significantly for both drugs in the liquid microemulsion and 

microemulsion-in-gel, compared to the ethanol solution and plain gel, reaching a residual 

drug of 97% and 98% for Nabumetone and analog in microemulsion-in-gel, respectively. 

Permeation experiments on the microemulsion-in-gel showed a better performance of the 

analog formulated at 0.2%, compared to the same formulation of Nabumetone at 0.7%. 

These results highlight the potential of the designed matrices as delayed drug delivery 

systems along with the use of lower drug doses leading to reduced side effects. 

 

Keywords: anti-inflammatory drugs; nabumetone; photostability; microemulsion-in-gel; 

multivariate curve resolution. 

 

1. Introduction 

 

Nabumetone (4-(6-methoxy-2-naphthyl)butan-2-one) (NA), based on a 2,6-disubstituted 

naphthyl-alkanone structure, is a non-acidic nonsteroidal anti-inflammatory drug (NSAID) 

which is rapidly metabolized in the liver to the major active metabolite 6-methoxy-2-

naphthyl acetic acid (6- MNA) [1]. The side effects of this drug are well known [2,3] as well 

as its sensitivity to light [4]. 

Actually, the photo-oxidation of the side chain to 6-methoxy-2-naphthaldehyde, as a major 

product, and the formation of the (4-(6-methoxy-2-naphthyl)-3-buten-2-one) have been 

already reported [4,5]. 

Photosensitivity represents an important limit throughout the various stages of production, 

storage and distribution as well as during clinical application, particularly in local skin 

formulations [6]. It seems necessary to develop new strategies aimed at preventing or 
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minimizing photodegradation of NA, also considering that the use of protective containers 

or packaging has proved to be insufficient to guarantee light stability [7–9]. 

For this aim, structural modifications on NA were attempted to improve drug stability and 

pharmacokinetics and reduce side effects. Accordingly, a new derivative A was designed in 

which the butanone chain was replaced by a condensed cyclic ketone moiety (Figure 1). This 

analog was designed considering the characteristics of the receptor binding-site, with the aid 

of computerassisted approaches, thanks to the availability of several data on the crystal 

structure of the cyclooxygenase-2 protein [10]. Furthermore, a calculated log P of 2.4 for 

compound A reflects a hydrophobicity adequate to allow good absorption and permeation 

after local administration [11]. 

 

 
 

Figure 1. Chemical structures of Nabumetone (4-(6-methoxy-2-naphthyl)butan-2-one) (NA) and its 

analog A. 

 

Furthermore, when the pharmacokinetics of a drug is not favorable and at the same time the 

absorption through the skin is slow, a system to protect the drugs from prolonged sun 

exposure after application should be designed. Some examples are proposed in the studies 

of incorporation into supramolecular systems, such as cyclodextrins, liposomes, and 

niosomes, often supported by the addition of antioxidants and solar filters [12–17]. Recent 

investigations suggest the use of microemulsions (ME) as dispersion systems to realize 

photoprotective carriers for drugs [18–20]. 

These systems are solutions optically isotropic and thermodynamically stable with droplet 

size in the submicron range. Usually, they consist of oil phase and aqueous phase with the 

addition of surfactants and cosurfactants. Some advantages offered by ME include high drug 

solubilisation capacity, enhancement of skin permeation for both hydrophobic and 

hydrophilic drugs, easy manufacturing, and a prolonged shelf life [21,22]. In 2018, the 

entrapping of NA in ME has been proposed by Jagdale et al. [23] to optimize transdermal 

micro-emulgel delivery of the drug for the treatment of arthritis. 

In this work, the light stability of NA and its analog A were investigated in solution and gel 

formulations, according to the international International Conference on Harmonization 

(ICH) rules [24]. Photoprotection studies were performed by entrapping the compounds into 

liquid ME, solution and gel formulation (MEG). The photodegradation profiles of the 

species in the photodegradation experiments were monitored by UV spectrophotometry and 
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the spectral data were processed by Multivariate Curve Resolution (MCR). This 

chemometric procedure was chosen because particularly suitable to follow the kinetic 

processes of a chemical transformation, allowing to estimate spectra and concentration 

profiles of the components involved [25–30]. The delivering behavior of the novel gel 

formulations was investigated by ex-vivo permeation studies using rabbit ear skin and 

vertical Franz diffusion cells. The transdermal administration represents an attractive and 

accessible route for testing drug absorption overcoming problems associated with oral or 

parenteral administration, such as a low bioavailability due to first-pass metabolism. 

Topical NSAIDs represent the main clinical device to treat the inflammatory status and are 

often used in the therapy of rheumatic and non-rheumatic diseases of the muscle-skeletal 

system, such as accidents during sport activities. The most important advantage of topical 

NSAIDs is the lack of serious adverse effects associated with systemic NSAIDs, particularly 

in elderly patients. Oral treatment with NSAIDs has been in fact associated with increased 

gastrointestinal (GI), renal, and cardiovascular toxicity [31]. Evidence indicates that topical 

formulations can achieve therapeutic drug concentrations in localized tissues by keeping 

serum drug levels low and potentially avoiding systemic toxicity [32]. In this context, the 

development of photostable formulations for topical use of newly synthesized NSAIDs could 

lead to the availability of drugs with effective biological activity, high stability, and reduced 

side effects. 

 

2. Materials and methods 

 

2.1. Chemicals, Instruments and Software 

NA, propylene glycol, microcrystalline cellulose, Brij® 97, and isopropyl myristate were 

purchased from Sigma-Aldrich (Milan, Italy). Ethanol and methanol were from J.T. Baker 

(Deventer, Holland). 

UV spectra were recorded by using a Perkin-Elmer Lambda 40P Spectrophotometer by 

setting the following instrumental conditions: λ range 200–450 nm, scan rate 1 nm/s; time 

response 1 s; spectral band 1 nm. Spectral acquisition and elaboration were made by using 

the dedicate software UV WinLab® (Perkin-Elmer, Waltham, MA, USA). A light cabinet 

Suntest CPS+ (Heraeus, Milan, Italy) equipped with a Xenon lamp was used to perform the 

photodegradation experiments. The ID65 standard filter was set to simulate sunlight in a 

spectral range between 300 and 800 nm. Multivariate analysis was performed by the 

software Matlab® computer environment (Mathwork Inc., version 7, Torino, Italy). 

 

2.2. Chemistry 

Compound A was prepared in good yield and high purity by polyphosphoric acid catalysed 

Friedel-Crafts intramolecular cyclization of 3-(6-methoxynaphthalen-2-yl)propanoic acid 

[33]. 

In detail, a mixture of 3-(6-methoxynaphthalen-2-yl)propanoic acid (100 mg, 0.43 mmol) 

and polyphosphoric acid (1 g) was heated to 110 °C for 1 h. After cooling, the mixture was 

poured into cold water and stirred for an additional 30 min before extraction with ethyl 

acetate. The organic layer was successively washed with NaHCO3 saturated solution, water 

and brine then dried over magnesium sulfate. The evaporation of the solvent left a residue 

which was purified by column hromatography on silica gel (n-hexane/ethyl acetate 6:1, as 

eluent) to give 73 mg (79% yield) of pure compound A. 
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2.3. Sample Preparation 

A calibration set, including ten standard one-component solutions of NA and A in ethanol 

in a concentration range of 0.5–10.0 g/mL, was prepared and used to establish the 

mathematical relationships between concentration and respective analytical signals. Thus, 

different MCR procedures were applied to the spectrophotometric data of these solutions. A 

set of five ethanol solutions (prediction set) containing NA or A in the same concentration 

range used for the calibration set, was prepared in order to apply the analytical methods 

defined and used to calculate statistical effectiveness of the methods in terms of accuracy 

and precision. A last set of diluted solutions was prepared to measure the Limit of Detection 

(LOD) and the Limit of Quantitation (LOQ) of the chemometric procedures in calculating 

the concentration of NA and A in all the samples. 

Photodegradation test was performed on standard solutions of NA and A, prepared in ethanol 

at the concentration of 5.0 g/mL, in consideration of the low solubility of the compounds 

in water. 

According to the European Pharmacopoeia procedures [34], gel formulation (20 g) of both 

compounds were prepared by emulsifying the drug 0.20 g (1% w/w) in propylene glycol 2 g 

under continuous stirring for 15 min. 0.60 g of microcrystalline cellulose (gelling agent) and 

17.2 g of water were then added, and the final emulsion was stirred for 50 min getting a 

homogeneous white gel. 

ME composition was established by considering the ternary diagram phase Brij 97—

isopropyl myristate-H2O, in absence of a cosurfactant, as reported by Wang et al. [35]. In 

this diagram, five single-phase regions are identified, in which two regions correspond to 

sotropic solution phases, one is an anisotropic lamellar liquid crystalline phase, one is an 

anisotropic hexagonal liquid crystalline phase and one is an isotropic micellar cubic liquid 

crystalline phase. In consideration of the used water content, between 65.5 and 90.5 wt. %, 

the prepared ME is an isotropic solution phase, i.e., an O/W microemulsion [36,37]. In the 

first step, the oil phase (isopropyl myristate, 0.25 g) and the Brij 97 surfactant (0.95 g) were 

mixed and heated at 70 °C for 3 min. The drug was solubilized in this mixture and then added 

to water (3.80 g) dropwise. Finally, the samples were subjected to several centrifugation 

cycles at 3500 rpm for 10 min, followed by 4 min of vortex mixing at 2200 rpm. The 

formation of ME was confirmed by the appearance of a clear and transparent isotropic 

solution. The final drug concentration in ME formulation was 0.7 wt. %. 

In order to make ME suitable for topical application, it was incorporated into a gel matrix 

(MEG). 

The formulation was prepared by the following procedure: 4.46 g of drug-ME were added 

to 0.65 g of propylene glycol and 0.15 g of cellulose and stirred magnetically up to 15 min 

to get an opalescent homogenous gel. 

 

2.4. Size and Distribution Analysis 

The mean diameter of the micro-emulsion oil droplets was measured by dynamic light 

scattering (DLS) using a 90 Plus Particle Size Analyzer (Brookhaven Instruments 

Corporation, New York, NY, USA) at 25.0 ± 0.1 °C. Before measurement, micro-emulsions 

were appropriately diluted in distilled water and the results were directly obtained from 

instrument data fitting through the inverse “Laplace transformation” and the Contin methods 

[38]. The polydispersity index (PDI) was used as a measure of the width of size distribution. 

The PDI values lower than 0.3 indicated a homogenous population for colloidal systems. All 

the measures were done in triplicate and expressed as mean ± standard deviation. 
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2.5. Photodegradation Test 

The photodegradation tests were made on all the prepared liquid and gel formulations under 

the following conditions: irradiation power 350 W/m2, corresponding to 21 kJ/m2 min, 

temperature 25 °C. The samples were analyzed just after preparation (t = 0 min) and at 

several exposure times (10, 30, 50, 70, 100, 130, 150, 210, 270, 300 min) by UV 

spectrophotometry. All laboratory experiments were carried out in a dark room to minimize 

additive light interferences. 

Drug content in liquid samples was calculated by MCR applied on the UV spectral data 

recorded along the photodegradation experiments. MCR methods were previously 

elaborated on the NA and A ethanol solutions (calibration sets) prepared as above described. 

The robustness of the chemometric methods was determined by predicting the concentration 

of other five samples prepared in the same concentration range (prediction set). The 

parameter lack of fit (% lof), used to indicate the fit quality of the MCR results, was below 

5% in all the experiments. LOD was calculated to be 0.0081 and 0.0093 g/mL for NA and 

A, respectively. LOQ was in the range 0.078–14.3 g/mL for NA and 0.089–13.5 g/mL for 

A. 

ME formulations were previously diluted with ethanol to obtain a drug concentration of 5 

g/mL at zero time. Gel formulations (0.5 g) were uniformly stratified on a glass plate to 

form a layer thickness of 0.25 mm and then exposed to forced irradiation. After each 

irradiation dose, the glass plate was sonicated in acetonitrile 25 mL for 10 min at room 

temperature. Then, 10 mL of the obtained suspension was centrifuged at 5000 rpm for 10 

min and the supernatant was analyzed after 1:10 dilution with methanol. 

 

2.6. Ex-Vivo Permeation Studies 

Ex-vivo permeation studies were carried out using rabbit ear skin obtained from local 

slaughterhouse and vertical diffusion Franz cells for 7 h at 37 °C. This temperature value 

was selected according to the results reported in literature [39,40]. The receptor solutions 

were maintained at 37 °C in order to assure a temperature of skin surface loaded in diffusion 

cell in the range 32–35 °C. 

The skin, previously frozen at −18 °C, was pre-equilibrated in physiological solution at room 

temperature for 2 h before the experiments. A circular piece of skin was placed between the 

receptor and donor compartment with the dermal side in contact with the receiver medium 

and the epidermis side in contact with the donor chamber (contact area = 0.416 cm2). The 

donor compartment was charged with an appropriate volume of sample to keep constant the 

drug molar concentration in particular, the amount of drug loaded in the donor compartment 

was 1.00 × 10−6 moles for the samples containing 0.2% of drug and 2.98 × 10−6 moles for 

the ones at 0.7%. The receptor compartment was filled with 5.5 mL of fresh hydroalcoholic 

solution (water:ethanol 1:1), maintained at 37 ± 0.5 °C and stirred by a magnetic bar. At 

regular time points up to 7 h, the receptor solution was removed for analysis and replaced 

with an equal volume of a pre-thermostated (37 ± 0.5 °C) fresh one. 

The drug content in the samples was calculated by spectrophotometry. Each experiment was 

carried out in triplicate and the results agreed within ± standard deviation. 

 

3. Results 
 

3.1. Micro-emulsion characterization 

Incorporation of the drugs into ME was set at 0.2% due to the limited solubility of A. 

However, a further formulation with 0.7% NA concentration was needed to reach a 

comparable permeation rate through the skin. 
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ME loaded with NA or A appeared as an isotropic and translucent solution. According with 

the results provided by Ingvar Danielsson and Bjorn Lindman in 1981, the prepared ME is 

a mixture of water, oil and surfactant resulting in an liquid isotropic system, fluid, transparent 

and thermodynamically stable [41]. Actually, the samples were very stable, similar size and 

PDI and no sedimentation, creaming or flocculation were observed for 6 months. The 

average oil droplet size, diameter in the range 13–23 nm, and the polydispersity index of 

micro-emulsions are reported in Table 1, after 1 day and six months from preparation. The 

loading of the drug 0.2% resulted in a decrease of mean oil droplet size, whereas the same 

trend was not observed in the 0.7% formulation. 

This behavior was probably due to the drug which at low concentrations acts as an 

emulsifying agent capable of reducing the oil droplet size, as described in a previous work 

[42]. The polydispersity index of the samples was in the range between 0.153 and 0.214, 

indicating a narrow oil droplet size distribution and, consequently, that the formulations had 

relatively homogenous dimensions. 

 

Table 1. Oil droplet size and polydispersity index (PDI) of NA and A in a microemulsions (ME) at 

different drug concentrations, after 1 day and 6 months after preparation, at 25 °C. Values are 

expressed as mean ± S.D. (n = 3). 

 

 

 

3.2. Photodegradation of Liquid Formulations 

The ethanol solutions of the compounds at a concentration of 5.0 mg/mL were subjected to 

forced photodegradation, under the conditions above reported. The spectra, shown in Figure 

2, were recorded just after the preparation and at several exposure times up to 300 min. 

 



125 
 

 
Figure 2. Absorbance spectra recorded on the ethanol solution of NA and A at the following 

exposure times: 0, 10, 30, 50, 70, 100, 130, 150, 210, 270, 300 min. 

 

 

The spectral data, as averages collected during five photodegradation experiments, were 

used to build the data matrix to be analyzed by MCR. All the measured relative standard 

deviation values fell within the range: 1.36%–4.79%. Figure 3 showed the photodegradation 

profiles of NA and A and the predicted absorbance spectra of their photoproducts. 
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Figure 3. Photodegradation of NA and A: kinetic profiles and absorbance spectra of the pure 

compounds and respective photodegradation products. 

 

The degradation process proceeded via a first-order kinetics described by the Equation: 

 

                                                  ln[%DRUG]=−kt + 4.6                  (1)                       

 

where % DRUG was the percentage of residual drug, k the photodegradation rate constant, 

t the time (min), and 4.6 the logarithm of the starting concentration (100%). The parameters 

t0.1 (time to cause 10% degradation) and t0.5 (time to cause 50% degradation) were used to 

compare the degradation behavior of the tested formulations. 

ME formulations of each drug were prepared as above described and subdued to 

photodegradation test. The kinetic profiles were calculated also in these experiments. Table 

2 lists the kinetics parameters calculated for both compounds in solution and ME liquid 

formulations.     

 

Table 2. Degradation kinetic parameters calculated for NA and A in different samples. 
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3.3. Photodegradation of Gel Formulations    

Photodegradation tests were applied on the gel formulations prepared as above described. 

Gel formulations were made with 0.2 and 0.7% of pure NA and 0.2% of pure A. All the 

prepared systems were exposed to light. 

The stability of the compounds was also investigated by preparing the ME-drug in gel with 

0.2% of the drug. The data obtained from the photodegradation experiments were processed 

by MCR and the kinetics parameters were calculated. The photodegradation profiles of these 

formulations followed a first-order kinetics. Table 2 summarizes the degradation rate 

constants and the values of t0.1 and t0.5 for the tested matrices. In Figure 4, the 

photodegradation profile of all the ME and MEG formulations were compared with the 

ethanol solutions and plain gels for NA and A, respectively.      

 

 
Figure 4. Photodegradation profiles of NA and A in all the tested formulations. 
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3.4. Ex-Vivo Permeation Studies 

In order to evaluate the influence of the different formulations on the drug skin permeation, 

ex-vivo percutaneous experiments were carried out using a Franz cell diffusion system. The 

cumulative amounts of NA and its analog A permeated across rabbit ear skin were plotted 

as a function of time and reported in Figure 5a,b, respectively. Both drugs were able to 

permeate rabbit ear skin in vitro and the cumulative amount of permeated drug increased 

with the time for all the samples. 

 

 
Figure 5. Cumulative amount of NA (a) and A (b) permeated from different samples through rabbit 

ear skin at 37 °C: ME (■), MEG (●), plain gel (▲) (mean ± SD; n = 3). 

 

The skin delivery performance of the different samples was also compared and the results 

are summarized in Figure 6. 

 

 

 
Figure 6. Amount of drug permeated across rabbit ear skin from different samples after 7 h at 37 

°C. Values represent means ± S.D. (n = 3). 
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The calculated percentages for the applied dose after 7 h were 30.11%, 21.3%, and 15.16% 

for AME 0.2%, A-MEG 0.2%, and A gel 0.2%, respectively and 8.35%, 12.30%, and 17.33 

% for NA-MEG 0.7%, NA-MEG 0.7%, and NA gel 0.7%. 

 

4. Discussion 
 

In this work, photostability of NA was investigated in liquid and gel formulations. In 

accordance with the results reported in literature [4,5], the obtained data confirmed the 

formation of 6-methoxy-2-naphthaldehyde as the major photoproduct and traces of a second 

by-product, as depicted in Figure 3. When the liquid formulation of NA was exposed in a 

light cabinet to an irradiance power of 350 W/m2, a full degradation of the drug was observed 

after about 30 min. The value of k was 0.0482 and t0.1 resulted to be 2.08 min, as reported in 

Table 2. The gel formulation of the drug containing 0.2% and 0.7% of pure NA also resulted 

very sensitive to light in both concentrations, showing a rapid degradation of the drug with 

t0.1 values of 4.27 and 4.37 min, respectively. Even in these cases, the formation of the same 

photoproducts was verified by MCR elaboration.  

The photoprotection of the drug was achieved by adopting two different strategies. Firstly, 

a new analog (A) of NA was designed and synthesized to improve both drug stability and 

pharmacokinetic profile. NA is a prodrug, which is gradually metabolized to the active 

metabolite 6-MNA, a quite selective cyclo-oxygenase-2 inhibitor. This drug, as other 

NSAIDs, exerts analgesic, anti-inflammatory, anti-platelet aggregation and antipyretic 

activity. Due to its prolonged half-life (up to 74 h), that allows a once-daily administration, 

NA is one of the most used remedies to reduce pain and inflammation in patients affected 

by rheumatoid arthritis or osteoarthritis. After the metabolic transformation of NA, 6-MNA 

does not enter enterohepatic circulation. On the other hand, still active glucuronide-

conjugated metabolites are excreted in urine and are present in remarkable amounts in the 

synovial fluid, which represents the site of action of agents used in the treatment of chronic 

inflammatory rheumatic diseases [43]. 

In view of the NA metabolic transformation and photostability profile, showing the 

formation of active 6-MNA and 6-methoxy-2-naphthaldehyde, respectively, the new analog 

A was synthesized by including part of the too light-sensitive linear side chain in an 

additional fused ring. This alteration should enhance light stability, while maintaining the 

capability to undergo metabolic activation. 

Accordingly, a putative mechanism for the Cytochrome P450-catalyzed activation of A is 

proposed in Figure 7. Similarly to what reported for NA [44,45], compound A would be 

subjected to oxidative transformation giving rise to the active metabolite 2-(6-

methoxynaphthalen-2-yl) acetic acid after a successive double cleavage carbon-carbon 

bonds, by the release of carbon dioxide [46]. 
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Figure 7. Hypothetic mechanism for the Cytochrome P450-catalyzed metabolism of A. 

 

As expected, the liquid and gel formulation (0.2%) of A showed a far greater light stability 

than NA, with t0.1 values of 14.49 and 38.46 min (2.08 and 4.27 for NA). MCR elaboration 

(Figure 3), applied on the ethanol solution of A, showed the formation of one photoproduct 

and a degradation of 50% after about 100 min of light exposure. This photodegradation 

profile was confirmed also for the gel formulation with a t0.5 value of 265.4 min. 

After these experiments, which accounted for an overall higher light stability of A, a second 

strategy to further stabilize the two drug molecules was designed. Accordingly, NA and A 

were included into suitable protective incorporation systems. The interest of pharmaceutical 

industry in the design of novel dosage formulations for photosensitive drugs has clearly 

increased over the last years. The drug incorporation in ME or MEG represents a good 

approach to increase drug stability and, at once, ensure optimal permeation across the skin. 

These systems have shown interesting and attractive advantages like high thermodynamic 

stability, ability to deliver both hydrophilic and lipophilic drug, increase of drug solubility 

and, not least, a photoprotective capability. 

The tested compounds showed a clear decrease of degradation, with a very successful t0.1 

value of about 500 min in both ME formulations. In addition, when these light-stable 

formulations were incorporated in gel, complete photoprotection of the drugs was observed, 

as depicted in Figure 4.  

The percutaneous permeation profiles of the photo-stable formulations were thus 

investigated using Franz diffusion cells systems. As expected, skin permeation of both NA 

and A by MEG appeared delayed when compared to that obtained by liquid ME. Indeed, the 

high viscosity of the polymeric network commonly slows the drug diffusion but makes ME 

suitable for topical use. Different trends related to permeation through the skin were 

observed for NA and A. In the case of NA, skin permeation through ME systems was lower 

than the plain gel, which was used as control. It can be assumed that NA located in the inner 

phase of ME must firstly be partitioned between the oil droplets and the continuous aqueous 

phase and then on the skin. This led to a delayed drug permeation and higher drug retention 

capacity compared to plain gel, where the NA is only embedded into polymeric network and 

so more available. This confirmed the previous results reported in the literature: ME may 

control and prolong the NA release and create drug reservoir into the skin from which the 
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drug is released slowly for a long time [42]. Such a behavior suggests that the designed 

formulations could be used as long-lasting delivery systems of drugs. The creation of a drug 

reservoir into the skin can reduce the frequency of applications, thus improving patient 

compliance. 

Concerning A, the permeation by ME and MEG was always higher than that obtained with 

plain gel. Therefore, ME would act as a percutaneous permeation enhancer. This effect could 

be explained by the different affinity of the drug with the internal phase of ME [47]. 

As previously mentioned, the chemical modification reduced the hydrophobicity of A and 

limited its concentration in the ME formulation to a maximum 0.2%. So, the lower 

hydrophobicity of A influenced its solubility in the external phase and consequently the 

thermodynamic activity [48], which is the strength of a drug to move from formulation to 

skin [22]. The compound A probably diffuses more quickly from internal phase to outer 

phase and, consequently, shows a better partitioning inside the stratum corneum. On the 

other hand, NA reached a comparable permeation rate at a concentration of 0.7%, so 

demonstrating that the designed chemical alteration resulted favorable. 

As shown in Figure 6, the permeation of A both from ME and MEG 0.2% was found, 

respectively, 1.94 and 2.64 higher than that obtained for NA. Moreover, a permeation rate 

of A 0.2% in MEG after 7 h (94.46 μg/cm2) was comparable with that recorded for NA 0.7% 

in the same system (93.87 μg/cm2), confirming a better performance of the new compound. 

This makes possible the use of lower drug doses avoiding more toxic effects. 

 

5. Conclusions 
 

The anti-inflammatory drug Nabumetone, through tests defined by international rules, has 

been confirmed to undergo extensive photodegradation in both solution and gel formulation. 

When subjected to an irradiation power of 350 W/m2, corresponding to 21 kJ/m2 min, and 

at a constant temperature of 25 °C, the drug resulted in degradation of 10% in only 2.08 and 

4.27 min, in ethanol and gel, respectively. The properties of a new analog A, potentially 

endowed with higher lightstability and a more favorable pharmacokinetic profile, have been 

also investigated. Photoprotection approaches have been studied to realize topical light-

stable formulations for both compounds, including entrapment into microemulsions. A very 

satisfactory time of 500 min to detect 10% degradation and an almost complete 

photoprotection was achieved for both compounds when their microemulsion was included 

in gel. The obtained results clearly suggest that the proposed microemulsions and 

microemulsion-in-gel as topical dosage form of Nabumetone may be potentially useful as a 

long-lasting drug delivery system and could be extended to the analog A for a potential 

transdermal use of this molecule. The overall data demonstrated that the developed 

formulations are effective for a controlled topical delivery of the tested compounds and that 

this approach could be extended for the preparation of innovative local or systemic 

pharmaceutical formulations. 
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Abstract: 
1,4-Dihydropyridines (DHPs) are the most important class of L-type calcium channel 

blockers that are employed for the treatment of cardiovascular diseases, particularly 

hypertension. 

Various modifications on this scaffold lead to the discovery of new DHPs blocking different 

types of calcium channels. Among them, the T-type calcium channel has recently attracted 

great interest due to its role in chronic pain conditions. In this study, we selected three newly 

synthesized DHPs (HM8, HM10 and MD20) with different selectivity profiles to the T-type 

calcium channel and formulated them in micellar solutions and micellar-in-gel matrices to 

be tested for potential topical use in the treatment of neuropathic pain. To prevent the well-

known sensitivity to light of the DHPs, the studied compounds were entrapped in colloidal 

aggregates obtained by using edible Pluronic® surfactants and adding  

-tocopherol as an antioxidant. All the prepared formulations were exposed to stressing 

light, according to international rules. Along with the degradation experiments, the 

concentrations of the parent compounds and by-products were calculated by multivariate 

curve resolution-alternating least squares (MCR-ALS) applied to the spectral data. The 

defined formulations proved suitable as light-stable matrices for the DHP compounds, 

showing an increase in stability for HM8 and MD20 and an almost complete photoprotection 

for HM10, compared to ethanol solutions and standard gel formulations. 

 

Keywords: T-type calcium channel blockers; multivariate curve resolution; drug 

photostability; Pluronic® surfactants; -tocopherol. 

 

1. Introduction 
 

Voltage-gated calcium channels mediate calcium influx into the excitable cells of the 

brain, heart and smooth and skeletal muscle. They regulate a vast variety of physiological 

functions, including hormone/neurotransmitter release, gene transcription and muscle 

contraction in the whole body. Through their abilities to control calcium-dependent 

processes, calcium channels are regarded as druggable targets for the treatment of 

cardiovascular and neurological disorders [1]. L-type calcium channel (Cav1.2) is the 

primary target of 1,4-Dihydropyridines (DHPs), such as nifedipine, amlodipine and 

isradipine, which are commonly prescribed for controlling hypertension. Subsequently, T-
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type calcium channels (Cav3) were found to control neuronal excitability and are targeted 

for the therapeutic intervention into neurophysiologic conditions, principally epilepsy and 

pain. Among the different T-type calcium channel subtypes, the Cav3.2 isoform regulates 

pain signals, and thus attracts great interest to bring chronic pain states under control [2]. 

Within the scope of defining new T-type calcium channel blockers, many compounds of 

different chemical classes were developed and shown to mediate analgesia [3]. Furthermore, 

in our previous studies, we synthesized new compounds by introducing a DHP ring into a 

condensed ring system (hexahydroquinoline) and modifying the alkyl group of the ester side 

chain, which led to the discovery of novel DHP-based T-type calcium channel blockers with 

different selectivity profiles over the L-type calcium channel. These derivatives were also 

demonstrated to be effective at reducing pain signals derived from peripheral inflammation 

and nerve injury [4,5]. The obtained data suggested that condensed DHPs as T-type calcium 

channel blockers are novel and promising scaffolds for chronic pain relief. 

In this study, we selected three new DHPs (HM8, HM10 and MD20) with different 

selectivity profiles against the T-type over L-type calcium channels, utilizing the whole-cell 

patch-clamp technique. Their chemical structures are provided in Figure 1. Among them, 

HM8 and MD20 were selective blockers of the T-type calcium channel (Cav3.2), with a 

~60% inhibition over the L-type calcium channel (Cav1.2) with no significant block [6,7]. 

Besides them, HM10, carrying the Michael acceptor group in the ester side chain, produced 

almost complete inhibition (>95%) on Cav3.2, exhibiting low selectivity as it caused 

moderate inhibition (~50%) on Cav1.2 as well [7]. 

 

 
Figure 1. Chemical structures of HM8, HM10, HM20. 

 

The use of DHPs in therapy has always been difficult due to their known sensitivity to light, 

which leads to the formation of the pyridine by-product as the major photoproduct. DHP 

drugs are currently formulated mainly in tablets, due to the high light stability in solid form. 

Several studies have been carried out for defining liquid formulations, providing a valid 

photoprotection for these drugs [8,9]. The adoption of dark glass containers is the most used 

method to protect the few available liquid formulations of DHPs today. Alternatively, 

matrices based on cyclodextrins, liposomes, niosomes or non-ionic surfactants have been 

studied as photostabilization systems [10,11,12]. Over the past decade, many efforts have 

been devoted to the development of drug delivery systems based on the use of nanoscale 

materials, including polymer micelles and polymer–drug conjugates, in which the drugs can 

simply be entrapped or covalently bound [13,14,15,16,17]. Most of the polymeric micelles, 

known as Pluronics, consist of triblock PEO–PPO–PEO copolymers: two hydrophilic end-

blocks of poly(ethylene oxide) (PEO) and a central hydrophobic block of poly(propylene 

oxide) (PPO). These copolymers are commercially available in a range of PPO/PEO 

composition ratios and molecular weights. A relevant number of papers report the 

application of the Pluronic® surfactants in the preparation of drug delivery systems 

[18,19,20]. Pluronic smart hydrogel formulations have also been studied for the controlled 

transport of injectable drugs [13] while other studies have focused on the development of 

new thermal-sensitive hydrogels for the administration of intranasal vaccines [14]. No paper 

has reported on their use in protecting drugs from light. 
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In this work, the use of edible polymer matrices with the addition of antioxidants was 

investigated as novel photoprotective systems for the preparation of liquid or gel 

formulations containing the synthesized DHPs. The selected surfactants were Pluronic F-

127, which forms micelles consisting of 65 hydrophobic PPO blocks and a corona formed 

by 200 hydrated PEO blocks, and Pluronic F-108, comprising 50 PPO units and 265 PEO 

units [15,21]. If the concentration of Pluronics in the aqueous solution exceeds the CMC 

value, micelles having spherical, cylindrical, lamellar or vesicular morphologies are formed 

[15]. 

The study aims to obtain a topical formulation endowed with favorable pharmacokinetic 

properties to use in the treatment of neuropathic pain that affects a considerable amount of 

the world population. All the prepared formulations were subjected to photodegradation 

tests, according to the International Conference on Harmonization (ICH) rules [22]. The 

photodegradation tests were monitored by spectrophotometry and the kinetic degradation 

parameters were calculated for all compounds by multivariate curve resolution—alternating 

least squares (MCR-ALS) [23-27]. 

 

2. Material and methods 
 

2.1. Chemicals 

HM8 (benzyl 4-(2-hydroxy-3,5-dinitrophenyl)-2,6,6-trimethyl-5-oxo-1,4,5,6,7,8-

hexahydroquinoline-3-carboxylate), HM10 (2-(methacryloyloxy)ethyl 4-(3,5-dichloro-2-

hydroxyphenyl)-2,6,6-trimethyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate) and 

MD20 (isobutyl 2,6,6-trimethyl-4-(2-hydroxy-3,5-dinitrophenyl)-5-oxo-1,4,5,6,7,8-

hexahydroquinoline-3-carboxylate) were synthesized according to modified Hantzsch 

reactions at the Department of Pharmaceutical Chemistry, Faculty of Pharmacy, Hacettepe 

University, Ankara, Turkey. Equimolar amounts of 4,4-dimethyl-1,3-cyclohexanedione, 2-

hydroxy-3,5-dinitrobenzaldehyde, benzyl (HM8)/isobutyl (MD20) acetoacetate and excess 

ammonium acetate were dissolved in absolute ethanol and subjected to microwave 

irradiation (100 W power, constant) for 10 min [6,7]. Upon cooling, the precipitate, obtained 

by pouring the reaction mixture into ice-water, was filtered and recrystallized from ethanol-

water. HM10 was obtained according to the same procedure differently using 3,5-

chlorosalicylaldehyde and 2-(methacryloyloxy) ethyl acetoacetate as the aromatic aldehyde 

and appropriate acetoacetate, respectively [7]. 

Pluronic® F-127 (MW 12600), F-108 (MW 14600), α-tocopherol and microcrystalline 

carboxymethylcellulose were purchased from Sigma-Aldrich (Darmstadt, Germany); and 

ethanol and acetonitrile from J.T. Baker (Deventer, Holland). All chemicals were used 

without further purification. 

 

2.2. Sample preparation 

Due to the almost insolubility of the compounds in water, ten calibration solutions in ethanol 

were prepared for each compound in concentrations ranging from 5.0 to 30.0 μg mL−1. 

These solutions were used to establish through MCR the mathematical relationships between 

the concentration of the compounds and their respective spectrophotometric signals. 

Likewise, three sets (prediction samples) of five one-component solutions were prepared, 

containing the compounds in the same concentration range used for the calibration sets. 

These solutions were used to validate the analytical methods defined and to calculate their 

statistical effectiveness in terms of accuracy and precision. The micellar solutions were 

prepared by diluting one compound at a time with Pluronic® surfactant in 10 mL of water. 

Two of the surfactants tested, namely F-108 and F-127, showed self-aggregation in aqueous 

solution, forming spherical micelles above a critical micellar concentration (CMC) [15,21]. 



139 
 

Therefore, the amount of each surfactant was calculated as an excess of its CMC, measured 

as 2.30 and 0.43 mol L−1 × 10−3, respectively, for F-108 and F-127 [21]. The micellar-in-gel 

formulation of each compound was prepared by adding carboxymethylcellulose 0.36 g 

(gelling agent) to the micellar aqueous solution 10.0 mL, prepared as above described 

[28,29]. The emulsion was stirred at 200 rpm for 50 min at room temperature to obtain a 

homogeneous transparent gel. The photodegradation profiles of these formulations were 

compared with the standard gel formulations (5 g) containing the free drugs, in absence of 

the micelles, but in the same drug concentration measured in the micellar formulation. These 

gels were prepared by emulsifying about 5.0 mg of each compound with 0.36 g 

carboxymethylcellulose (gelling agent) and 10.0 mL water [28,29]. 

 

2.3. Photodegradation Study 

The photodegradation tests were performed by means of a Suntest CPS+ (Heraeus, Milan, 

Italy), which uses a Xenon lamp as a light source, providing wavelengths in the range 300–

800 nm, according to the ID65 standard source of the ICH rules [22]. The irradiation power 

was set at 350 W m−2, corresponding to 21 kJ m−2·min−1, at a constant temperature of 25 

°C. The experiments were carried out in a dark room to avoid any light interference. The UV 

spectra of the ethanol solutions and micellar matrices were recorded in the λ range 200–450 

nm by a Perkin-Elmer Lambda 40P Spectrophotometer (Artisan Technology Group, 

Mercury Drive Champaign, IL, USA) and acquired by UV WinLab® (Perkin-Elmer, Boston, 

MA, USA). The analyses were done in triplicate at time 0 and at the sequential time points: 

1, 3, 5, 10, 15, 20, 30, 40, 50, 60, 80, 100, 120, 150, 180, 240 and 300 min. The micellar 

systems were diluted with ethanol, 0.5 to 5 mL. Gel formulations were irradiated at the 

following exposure times: 0, 5, 15, 20, 40, 60 and 120 min. The photodegradation tests were 

performed by uniformly layering 0.5 g of the gel on each of seven glass plates with a layer 

thickness of 0.25 mm. The gel layering was carried out by placing two 0.25-mm-thick 

aluminum sheets on the glass at a distance of 2 cm and then layering the gel on the aluminum 

sheets using a steel spatula. The prepared plates were then exposed to forced irradiation. At 

various irradiation intervals, each glass plate was sonicated in 25 mL acetonitrile for 10 min 

at room temperature. Then, 10 mL of the suspension obtained were centrifuged at 5000 rpm 

for 10 min and the supernatant was analyzed after a 1:10 dilution with ethanol. 

 

2.4. MCR Procedure 

The MCR algorithm was applied to the spectral data to calculate the drug concentration in 

the samples using the MATLAB® computer environment software (Mathwork Inc., version 

7, Natick, MA, USA). Application of this technique allowed to estimate the number of 

components, their spectra, the concentration profiles, and the rate constants (k) of the kinetic 

processes. The MCR methods were elaborated on the standard drug solutions (calibration 

sets), prepared as above described and validated on external samples with the same 

concentration range (prediction sets). For each compound, the Limit of Detection (LOD) and 

Limit of Quantitation (LOQ) were measured. 

 

3. Results 
 

3.1. DLS Analysis 

DLS analysis was performed to determine the mean diameter of the micellar systems. The 

characteristics of the obtained micelles are reported in Table 1. 
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Table 1. Characteristics of the Pluronic micellar solutions. 

 

 
 

The micelle size ranged from 22.61 to 54.41 nm and the coexistence of small micelles and 

large aggregates was also observed (Figure 2). This trend was widely reported in the 

literature for Pluronic micelles loaded with a hydrophobic drug: an increased hydrophobicity 

of the micellar core is associated with a higher presence of colloidal aggregates [19,20]. The 

use of lipophilic substances influences the evolution of the aggregation characteristics of 

these systems. This effect is attributed to the increased hydrophobicity of the surfactant 

molecules by reducing the availability of water around them, thus resulting in a rich set of 

structural transitions in the surfactant aggregates. In fact, hydrophobic drugs are located in 

the inner core and corona of the micelles, establishing strong interactions with the polymer 

chains that lead to a decrease in the intermicellar interaction distance and promote the 

aggregation process. This effect was predominant when HM10 and MD20 were loaded in 

the F108 and F127 micelles, respectively, for which only large aggregates were recorded. 
 

 

 
Figure 2. Size distribution of HM10 loaded in F127 micelles, in triplicate. 

 

The absence of a chemical interaction between the drugs, the Pluronic surfactant and the 

carboxymethylcellulose was also demonstrated by FTIR. The typical peaks for each 

compound were detected in their mixture spectrum, confirming the absence of interactions. 

A physical-chemical characterization was also performed on the micellar formulations to 

which 5% α-tocopherol were added, and the obtained data are reported in Table 2. 
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Table 2. Characteristics of the Pluronic micellar solutions loaded with 5% α-tocopherol. 

 
3.2. MCR Processing 

Absorbance spectra of the ethanol calibration samples were recorded over the wavelength 

range 200–450 nm. A first selection of the most useful wavelengths was performed, 

discarding the wavelengths below 210 nm, which are usually affected by high variability or 

instrumental noise that can make the model unstable, as well as the wavelengths over 390 

nm, due to the absence of signals. Therefore, the MCR elaboration was applied on the 

spectral data between 210 and 390 nm. 

The values of the lack of fit (%LOF), which is an index of the fit quality of the MCR results, 

was less than 4.5% in all experiments. LOD values calculated were 1.2, 0.99 and 1.1 μg/mL 

for HM8, HM10 and MD20, respectively. LOQ was in the range 2.4–45.1 μg/mL for HM8, 

2.1–46.5 μg/mL for HM10 and 2.5–44.5 μg/mL for MD20. 

 

3.3. Photodegradation of the Ethanol Solutions 

Photostability of the DHP compounds was tested by exposing to light the ethanol one-

component solutions at a concentration of 20.0 μg mL−1. These solutions were placed in 

quartz cuvettes and subjected to a photodegradation test as above described. Figure 3 shows 

the sequences of the absorbance spectra in the range 200–450 nm recorded along the 

photodegradation tests of HM8, HM10 and MD20 at zero time and at several intervals up to 

5 h. 

 

 
Figure 3. UV spectra recorded along the photodegradation test on the ethanol solutions of HM8, 

HM10 and MD20. 

 

These data were processed by MCR to estimate the number of photoproducts, as well as their 

spectra and concentration profiles. The photodegradation rate constant (k) was calculated for 

these experiments, showing in all cases first-order kinetics. The following equation describe 

the degradation process: 

ln[% DHP] = −k × t + 4.67 

where % DHP is the percentage concentration of the residual drug; t is the time, expressed 

in minutes; and 4.67 is the natural logarithm of the starting concentration percentage (100%). 

Considering that a pharmaceutical formulation whose quantity of active ingredient falls 

below 90% of the initial value can no longer be used, the parameter t0.1 (time to obtain a 10% 



142 
 

degradation) was selected to compare the behavior of the prepared formulations when 

exposed to light. In addition, the shelf-life of the formulations was also compared by using 

the parameter t0.5 (time to obtain a 50% degradation). The calculated kinetic parameters 

collected in all the photodegradation experiments are listed in Table 3. The data were the 

average of three experiments with the values of the relative standard deviation (RSD) for all 

parameters within the range 1.66–5.04%. 

The graphs elaborated from the MCR analysis are shown in Figure 4. For each compound, 

the absorbance spectra and the concentration profiles of the drugs and relative photoproducts 

are shown. As reported in our previous works, the oxidation of the dihydropyridine ring to 

the pyridine-based photoproduct was confirmed for all the tested compounds. Furthermore, 

the formation of secondary photoproducts for HM8 and MD20 was detected, based on the 

presence of nitro-groups on the phenyl ring, which accelerates the oxidation process due to 

the delocalization of the negative charge [30,31]. 

 
Table 3. Degradation kinetic parameters calculated for the HM8, HM10 and MD20 formulations. 

 
 

 
Figure 4. Spectra (A) and concentration profiles (B) for HM8, HM10 and MD20, and their 

photoproducts. 
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3.4. Photodegradation of Micellar Solutions 

Preparation of the micellar solutions containing the studied compounds was optimized by 

performing various experiments to define the drug: surfactant ratio and the amount of the 

antioxidant. In this way, an increase in the solubility for the compounds in the micellar 

solution was obtained. 

For each compound, the micellar solutions showing an entrapping percentage higher than 

20% (Table 1) were selected to be subjected to the photodegradation test. To these 

formulations were added 5% α-tocopherol just before the photodegradation test. Figure 5 

shows the photodegradation profiles of HM8, HM10 and MD20 in the micellar solutions, 

compared with those carried out from the ethanol solutions. The kinetic parameters, listed in 

Table 3, were calculated by applying MCR analysis to the spectral data. These formulations 

also followed first-order kinetics for the degradation process. 

 

 
Figure 5. Photodegradation of HM8, HM10 and MD20 in ethanol, surfactant solutions and gel 

formulations. ES, ethanol solution; T, α-tocopherol.  

 

3.5. Photodegradation of the Gel Formulations 

The stability of the micellar solutions was also tested in the gel formulation. The micellar 

systems of the three compounds that showed the best performance, in terms of entrapping 

percentage and photostability, were formulated in gel, as above described. The 

photodegradation profiles of these formulations were compared with those of a standard gel 

prepared in the same conditions and containing the free drugs. Figure 6 compares the 

photodegradation rates on these samples. 

 

Figure 6. Comparison of the photodegradation profiles of HM8, HM10 and MD20 in ethanol and 

gel formulations. 
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The kinetic parameters calculated by MCR are listed in Table 3. Figure 5 shows the 

photodegradation profiles of HM8, HM10 and MD20 in a micellar-gel formulation 

compared with those of the free compounds in the gel. First-order degradation kinetics were 

confirmed also for these formulations. 

 

4. Discussion 
 

This paper presents the photodegradation study of newly synthesized DHP-based 

hexahydroquinolines (HM8, HM10 and MD20) with T-type calcium channel blocking 

activity (Cav3.2), which is considered a new approach to develop novel analgesics, 

particularly against neuropathic pain. We formulated them in liquid and gel preparations 

with the aim of minimizing their sensitivity to light. Photostability of the compounds was 

first tested in ethanol and gel under standard conditions. The %LOF values, resulting below 

4.5% in all the experiments, confirmed the quality and robustness of the MCR data 

processing from the photodegradation tests. 

The sequence of the spectra collected during the photodegradation experiments on the 

ethanol solutions (Figure 3) showed a decrease of the peak in the 350–390 nm zone for all 

the compounds, typical of the dihydropyridine structure, and the simultaneous increase of a 

new peak in the 260–310 nm region. According to our previous studies [30,31], the different 

chemical groups on the phenyl and dihydropyridine rings lead to different kinetic 

photodegradation profiles. The presence of chlorine atoms on the phenyl ring of HM10 

confers greater stability than the nitro groups in HM8 and MD20. MCR elaboration of the 

spectral data confirmed this trend, assuming the formation of only the pyridine derivative 

for HM10 (Figure 4A). Two photoproducts were instead detected during degradation of both 

HM8 and MD20, corresponding to the pyridine derivatives and to the subsequent reduction 

of the nitro groups in Positions 3 and 5 on the phenyl ring to nitroso groups. Traces of a third 

by-product were observed after prolonged exposure to light, but devoid of any characterizing 

signal. This photodegradation profile was carried out also when the drugs were formulated 

in gel. As compared in Figure 6, HM8 showed a very fast degradation process in both 

matrices, with an almost complete disappearance after 10 min of light exposure. In contrast, 

HM10 and MD20 showed greater stability, with a t0.1 value of 10.54 and 9.16 min in ethanol 

and 12.11 and 9.87 min in gel, respectively. 

Due to the marked photosensitivity of the studied molecules, the increase in their 

photostability was investigated by incorporating the compounds into polymeric micelles. 

At first, the use of the Pluronic F-68 surfactant, comprising 29 PPO units and 153 PEO units 

[15], was tested. Unfortunately, the use of F-68 did not produce satisfactory results, because 

the entrapping percentage was below 10% in all the experiments, despite several 

modifications of the experimental conditions. Indeed, difficulties in using Pluronic F-68 in 

drug formulation have been reported, due to its high CMC, resulting in a low drug load and 

poor dilution stability [32]. For these reasons, the micellar solutions prepared with this 

surfactant were eliminated from the subsequent study. The aim of the work was achieved 

when the compounds were entrapped in micelles formed by using Pluronics F-108 and F-

127, showing entrapping percentages above 20% in all formulations. The best results, with 

values in the range 59–69%, were obtained for HM8 and MD20 entrapped in Pluronic F-127 

micelles, whose dimensions were much larger than those formed using Pluronic F-108. 

HM10, which has a higher molecular weight, formed larger micelles when entrapped in 

Pluronic F-108. The incorporation percentage of the DHP compounds into the two selected 

Pluronic surfactants was carried out by spectrophotometry and the values are listed in Table 

1. The micellar solutions prepared with F-108 and F-127 were subjected to photodegradation 

and the spectra recorded along these experiments were processed by MCR. A marked 
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increase in the light stability was observed for HM10 in both the micelle matrices, showing 

t0.1 values of 29.27 and 16.97 min when using F-108 and F-127, respectively. The formation 

of the pyridine by-product alone was detected. An almost complete photostability was 

observed for this compound when 5% α-tocopherol was added to the micellar solutions. As 

reported in Table 2, α-tocopherol loaded in the micellar systems led to a significant increase 

in the micelle size. The percentage entrapment of the drugs was slightly decreased and the 

antioxidant was entrapped at an average of 36%. This behavior did not affect the Z-potential 

values. 

This result demonstrated the importance of the presence of an antioxidant in opposing the 

photodegradation process of DHP compounds, which mainly involves the oxidation process 

of the dihydropyridine ring. A clear decrease in the photodegradation rate was shown also 

for MD20, confirming the validity of the inclusion process in the polymeric micelles. The 

best results were obtained when this compound was entrapped in the F-127 micelles, 

showing a t0.1 value of 20.18 min. This formulation was analogously added with α-

tocopherol, providing a further increasing of light stability, with a t0.1 value of 38.17 min. 

In contrast, the results from the tests on HM8 were not satisfactory, despite the micellar 

formulations showing a significant increase in light stability, showing a t0.1 value of 1.97 

when entrapped in the F-127 micelles and t0.1 value of 2.37 min when α-tocopherol was 

added. The overall t0.1 values are summarized in Table 3. 

The most stable micellar sample for each product was finally formulated in a gel matrix and 

subjected to photodegradation. The experimental procedure, applied in the preparation of the 

gels, involved the use of plate glasses to be exposed in the irradiation chamber. The use of 

only seven plates was due to the size of this chamber. Considering that the t0.1 value for most 

of the prepared formulations were less than 45 min, we used shorter irradiation times for the 

gels than in the experiments performed on the drugs in solution. As shown in Figure 5, the 

HM8 compound in the micelle-in-gel showed a ten-fold increase in the t0.1 value (2.69 min) 

compared to the standard gel but the photodegradation profile of the micelles-in-gel 

formulation was like that of the micellar solution. This result was not considered satisfactory 

for making a light-stable topical formulation. For this compound, the advantage in using the 

micellar system was limited to improve the water solubility. 

Satisfactory results were obtained for MD20, which showed a remarkable increase in light 

stability, with a t0.1 value of 43.90 min. In addition, the light stability was constant for long 

exposure times, recording a residual concentration of 50% after 288 min. The best result was 

achieved for the HM10 compound in micelles-in-gel, which maintained a drug concentration 

of 90% for more than 8 h under stressing light. For these two compounds, UV light likely 

induced modifications on the polymers and therefore the light exposure of the incorporated 

drugs was limited. The polymer envelopes were able to isolate the drugs from the 

surrounding environment and, thus, the UV irradiation did not penetrate below the first 

molecular layers. 

The proposed micelle-in-gel matrices were demonstrated to be able to both entrap water-

insoluble drugs and assure high photostability. Furthermore, the polymeric micelles have a 

high drug-loading capacity and good dispersion characteristics in the body. Based on these 

results, the study presents some limitations. The proposed formulations for HM8, despite the 

improved stability compared to the ethanolic solution, showed complete degradation after a 

short exposure time to light. In addition, our topical gel formulations need to be examined 

for their analgesic effects to be potential candidates in the treatment of neuropathic pain 

through blocking T-type calcium channels. 
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5. Conclusions  
 

A novel approach is proposed for the development of light-stable liquid formulations 

containing newly synthesized Dihydropyridines with T-type calcium channel blocking 

activity. Satisfactory results were achieved when two of these compounds were incorporated 

into micelles formed with Pluronics F-127 and F-108 as surfactants and α-tocopherol as 

antioxidant. The compounds HM10 and MD20 in micelles-in-gel showed a drug 

concentration of 90% after 8 and 1 h of light exposure. Furthermore, the use of surfactants 

greatly favored the solubility in water of all the tested DHP molecules. The proposed 

matrices demonstrated a remarkable ability in protecting the studied DHPs from light to 

develop topical formulations. As T-type calcium blockers hold therapeutic value for pain 

intervention, these formulations can be potential candidates in pain therapy after their 

analgesic effects are further investigated. 
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CHAPTER 3 

 

STUDY OF SMALL MOLECULES ENDOWED WITH 
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1. Introduction 

 

Part of this research work focused on the study of small molecules reported in literature as 

suitable agents targeting macromolecules involved in cellular pathways altered in different 

diseases. 

This approach would provide the basis to discover novel drug targets, identify and optimize 

lead compounds, to afterward direct toward successive steps of preclinical studies, and better 

understand the specific responses of molecular targets and pathways to drug exposure.  

 

2. Summary 
 

A first investigated target was represented by the CXCR4 receptor. 

CXCR4 (C-X-C Chemokine Receptor type 4) and its natural ligand SDF-1 (Stromal-

Derived-Factor-1) are involved in a number of physiological and pathological processes 

including cancer spread and progression. Over the past few years, numerous CXCR4 

antagonists have been identified and currently are in different development stages as 

potential agents for the treatment of several diseases involving the CXCR4/SDF-1 axis. 

Different classes of CXCR4 inhibitors were analysed: cyclopentapeptides, 

tripeptidomimetics, indoles, p-xylylenediammine, trisubstituted amines and 

oxazadiazolepyrimidine derivatives. Among them, cyclopentapeptides and bicyclams 

appeared as the most promising classes to be investigated in order to select potent candidates 

for clinical application. 

Moreover, CXCR4 act as a co-receptor together with CCR5 (CC-chemokine receptor 5) 

during HIV entry in the host cell, thus the study of compound able to antagonize the 

interaction of viral proteins with the host cell membrane receptor CD4 and co-receptors 

CCR5 and CXCR4 has been carried out. Former selective co-receptor antagonists, were 

demonstrated able to prevent the viral spread toward AIDS, acting at early stages of 

infection. Due to the capability of HIV to develop resistance by switching from CCR5 to 

CXCR4, dual co-receptor antagonists could represent the next generation of AIDS 

prophylaxis drugs. The identification of selective co-receptor antagonists could be 

particularly effective in preventing viral infection.  

Beside agents able to prevent the viral entry, promising targets of conventional antiviral 

drugs include specific viral enzymes involved in different phases of HIV replication cycle 

such as protease (PR), reverse transcriptase (RT) and integrase (IN). Nowadays, HAART 

(highly active antiretroviral therapy) that includes one or more nucleoside and non-

nucleoside reverse transcriptase inhibitors (NRTI and NNRTI, respectively) represents the 

most useful therapeutic treatment. Despite a high antiviral efficacy, this approach 

unavoidably shows important clinical drawbacks, such as lifetime administration with a 

consequent reduced patients’ compliance, severe side effects, and quick viral outbreak after 

drug resistance emergence. This therapeutic strategy is not even capable of stimulating a 

lasting immune response of memory cells necessary to antagonize the infective agent. 

Innovative therapeutic approaches based on both the identification of alternative drugs and 

innovative pharmaceutic formulations still have demanding requirements. Nanotechnologies 

could help to reach this latter crucial point in order to increase cellular uptake, enhance drug 

distribution, prolong half-life and reduce side effects depending on the lower drug dosage 

when included into nanosystems. In particular, application of nanoformulations consisting 

of a given drug and a supramolecular matrix such as niosomes, liposomes and solid lipid 

nanoparticles (SLN), already led to some improvements of pharmacokinetics and 

pharmacodynamic parameters. Very interesting results have been recorded in the anti-cancer 
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research field where an altered microenvironment of cancer cells facilitates a selective drug 

delivery. A similar approach could be adopted in the case of cells infected by HIV. 

Another target, whose potential ligand have been investigated is represented by the GPER 

(G protein-coupled estrogen receptor 1 receptor). Different studies have shown that GPER, 

previously known as GPR30, mediates the multifaceted effects of estrogens in numerous 

pathophysiological events, including neurodegenerative, immune, metabolic, and 

cardiovascular disorders and the progression of different types of cancer. In particular, 

GPER is implicated in hormone-sensitive tumors, albeit diverse issues remain to be more 

deeply investigated. As such, this receptor may represent an appealing target for therapeutics 

in different diseases. The yet unavailable complete GPER crystallographic structure and its 

relatively low sequence similarity with the other members of the G protein-coupled receptor 

(GPCR) family hamper the possibility to discover compounds able to modulate GPER 

activity. Consequently, a reliable molecular model of this receptor is required for the design 

of suitable ligands. To date, convergent approaches involving structure-based drug design 

and virtual ligand screening have led to the identification of several GPER selective ligands, 

thus providing important information regarding its mode of action and function.  

The last study included in this section focused on polycondensed heterocycles belonging to 

benzopyrroloxazine class described in papers or patents published during the last decades. 

The survey has been limited to substances characterized by the presence of a bridgehead N 

atom, namely a N atom belonging shared by different rings within the same molecule. 

Taking into consideration the collected data on all the derivatives examined, it could be 

deducted that an in-depth investigation of selected classes as well as an optimization of 

known agents could be desirable in order to identified drug candidates to be developed for 

clinical application. 
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Abstract:  
CXCR4 (C-X-C Chemokine Receptor type 4) and its natural ligand SDF-1a (Stromal-

Derived-Factor-1) are involved in a number of physiological and pathological processes 

including cancer spread and progression. Over the past few years, numerous CXCR4 

antagonists have been identified and currently are in different development stages as 

potential agents for the treatment of several diseases involving the CXCR4/SDF-1 axis. 

Herein, we focus on small molecules reported in literature between 2013 and 2017, claimed 

as CXCR4 antagonists and potentially useful in the treatment of cancer and other diseases 

where this receptor is involved. Most of the compounds resulted from a chemical 

optimization of previously identified molecules and some of them could represent suitable 

candidates for the development of advanced anticancer agents. 

 

Keywords: CXCR4, Small molecules, Antagonists, Cancer. 

 

1. Introduction 
 

CXCR4 (C-X-C chemokine receptor type 4), also known as cluster of differentiation 184 

(CD184) or fusin, belongs to the rhodopsinlike G-protein-coupled receptor family [1,2]. Its 

structure consists of 352 amino acid residues including a C-terminal domain, seven trans-

membrane domains, three extra-cellular and three intracellular loops and a N-terminal 

domain [3]. The response of CXCR4 to the specific interaction with its natural ligand SDF-

1a (Stromal-Derived-Factor-1, also known as CXCL12), regulates a number of 

physiological processes. During normal embryogenesis, cells mobility results under the 

control of several chemokinemediated signaling pathways, of which a pivotal role is played 

by the SDF-1/CXCR4 axis. Such a type of control is still operating in adult pluripotent 

stem cells. Cancer cells invasiveness seems to be modulated by the same migratory pathway.  

At first CXCR4 was identified as one of the two co-receptors required for Human 

Immunodeficiency Virus (HIV) cell entry as its involvement is necessary for the fusion 

between the HIV envelope and the host cell membrane [4-9]. 

Recent studies confirmed a wide expression of CXCR4 in the hematopoietic and immune 

systems with a consequent implication of this receptor in a panel of pathological processes 

such as WHIM (Warts, Hypogammaglobulinemia, Infections, and Myelokathexis) 

syndrome, SLE (Systemic Lupus Erythematosus), rheumatoid arthritis, pulmonary fibrosis 

and cancer emergence and progression (Figure 1) [10-22]. 
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The important roles recognized for the SDF-1/CXCR4 axis in numerous pathogenic 

pathways make the receptor an attractive target for the development of small-molecule 

ligands as effective therapeutic agents. 

 

 

 
 

Figure 1. Diseases connected with SDF-1/CXCR4 axis. 

 

It has been ascertained that certain HIV inhibitors acting on the CXCR4 were also effective 

on chemokine-mediated processes involved in cancer progression. Thus, several known 

antagonists have been assayed on both HIV and cancer models, giving rise to converging 

results [23]. 

Taking into consideration the key role of SDF-1/CXCR4 axis in mediating breast and 

ovarian cancer cell invasion and metastasis, the development of small molecules endowed 

with antagonistic activity towards the receptor, could lead to effective tools able to inhibit 

tumor progression, particularly during spreading of aggressive forms of this type of cancer. 

Targeted therapies based on small molecules antagonists have produced significant progress 

in experimental models [24]. 

A potential role of CXCR4 inhibitors was also assessed by a recent study on the PPAR 

(Peroxisome Proliferator Activated Receptor , a member of the nuclear receptor 

superfamily) downregulation during breast cancer spread and progression [16]. 

A further possible application for CXCR4 antagonists was also proposed for the treatment 

of pancreatic cancer, in which the importance of the SDF-1/CXCR4 axis was also 

demonstrated using a gemcitabine-resistant tumor model. Matrigel invasion assays and 

animal studies proved such agents as useful tools for a second-line chemotherapy in 

pancreatic tumors [25]. 

Small cell lung carcinoma is known as one of the most aggressive type of cancer with low 

prognosis success due to rapid metastatic spread and quick emergence of resistance to 

chemo-agents. 

The management of such a disease was achieved by the use of AMD3100 (Plerixafor, Figure 

2), a widely studied CXCR4 antagonist, demonstrating a relevant inhibitory activity in an 

orthotopic mouse model [26]. 

In a recent study, this compound and TN14003 (Figure 2) [27], another known CXCR4 

inhibitor, were tested against Herceptinsensitive and Herceptin-resistant HER2 breast 

cancers, proving a certain differentiated activity in the two cancerous forms. In the case of 



154 
 

the Herceptin-resistant triple negative cancer, the CXCR4 inhibition did not cause reduction 

of tumor growth besides an unexpected increase in metastatic spread, so limiting benefits of 

such a therapeutic approach to Herceptin-sensitive form [28]. 

 

 

 

 
Figure 2. Chemical structures of known antagonists of CXCR4. 

 

In the last few years, the X-ray structure of CXCR4 cocrystallized with various peptide and 

non-peptide ligands was assessed and used for the development of pharmacophoric models. 

In particular, the most used ligand for this purpose was IT1t, an orally active isothiourea 

based compound (Figures. 2 and 3) [29].  

Several libraries of compounds were accordingly screened and a number of structural 

requirements have been deducted and taken into consideration for the design of new effective 

ligands [30-35]. 
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Figure 3. Co-crystallized structure of CXCR4 with the known ligand IT1t. 

 

 

2. CXCR4 antagonists 
 

The earlier identified CXCR4 antagonists were positively charged peptides that have been 

gradually replaced by more manageable downsized derivatives such as cyclic pentapeptides 

or peptidomimetics. Among the non-peptide ligands, a useful lead namely AMD3100, the 

first CXCR4 antagonist approved by the FDA, was selected within the class of bicyclams 

(cyclam = 1,4,8,11- tetraazacyclotetradecane), where the two macrocyclic parts are tethered 

by a p-xylylene fragment. The clinical applicability of this compound is however limited by 

an inadequate bioavailability [36-40]. To reduce the cationic nature as well as the large 

overall size, one or both cyclam rings have been in turn replaced by smaller moieties leading 

to still active compounds. 

Successively, a tetrahydroquinoline derivative, AMD070 (Figure 2), was identified as an 

oral active CXCR4 antagonist with remarkable activity, although its clinical investigation as 

anti-HIV agent has been now discontinued [6,41,42]. 

Many others antagonists belonging to more than twenty chemical classes have been so far 

discovered, even though only a few of them demonstrated features compatible with a 

possible clinical application. 

Until 2012, in addition to the aforementioned bicyclams, the most intriguing active 

compounds were cyclopentapeptide, indole, tetrahydroquinoline, para-xylylenediamine and 

guanidine based compounds [15]. 

All the classes of recently identified antagonists are herein reviewed. However, the 

antagonists' classification based on a specific chemical feature could result ambiguous, due 

to the presence of common fragments in the structure of members assigned to distinct 

classes. 

 

2.1. Cyclopentapeptides 

Previous studies led to the discovery of a potent antagonist, FC131 (cyclo(-Arg1-Arg2-2-

Nal3-Gly4-D-Tyr5-), 2-Nal = 3-(2-naphthyl)alanine) (Figure 4), the structure of which was 

deducted from extensive SAR studies based on a pharmacophore model containing the Arg2-
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Nal3-D-Tyr5-Arg14 sequence. More recently, FC131 has been adopted as a suitable lead 

for the design of novel CXCR4 antagonists, in which various modifications of both the Nal 

and Tyr residues were attempted. Moreover, the replacement of Arg1 with the N-methyl-D-

arginine led to the most potent derivative FC122 [43]. 

A small library of pentapeptide derivatives was accordingly prepared and tested in a 

functional competitive assay that measured inhibition of SDF-1-induced activation of 

human CXCR4. The chemical structures of the most active compounds are reported in 

Figure 4 (compounds 1-7). Further development of SAR studies suggested that simpler 

peptidomimetics CXCR4 antagonists could be designed starting from the Arg2-2-Nal3 

fragment [44]. 

 

 

 

 
 

Figure 4. Structures of FC131 and most active cyclopentapeptide analogues with relative EC50 

calculated by a functional competitive assay against COS-7 cells. 

 

2.2. Tripeptidomimetics 

Successively, in-depth SAR studies on cyclopentapeptide CXCR4 antagonists proved that 

the tripeptide motif L-/D-Arg1-Arg2-2- Nal3 represents the minimal peptide sequence for 

the antagonistic activity. Thus, a systematic synthetic elaboration of the sequence led to the 

identification of a series of constrained tripeptidomimetics, still endowed with CXCR4 

antagonist activity. 

These compounds were characterized by a dioxohexahydropyrazinothiazine bicyclic central 

core, bringing two tails ending with a guanidine residue and a third tail containing a naphthyl 

system (Figure 5, compounds 8 and 9). Although the potency of such new derivatives 

resulted lower than the cyclopeptides, as determined by a functional assay, they could 
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represent suitable starting points for the development of specific and less bulky CXCR4 

ligands [45].  

A further development of this study focused on the length of the three side chains of these 

compounds. Itwas demonstrated that the optimal spacer between the central core and both 

the guanidine moieties consists of a three-carbon atoms chain. On the other hand, the 

distance between the naphthyl group and the bicyclic core must kept in a two-carbon spacer, 

whereas a one-carbon spacer is tolerated when a bromine atom was present on the aromatic 

system, as calculated by functional antagonistic assay on a diastereoisomeric mixture of 

bromine derivative 10 (Figure 5) [46]. 

 

 
Figure 5. Representative structures of tripeptidomimetics with relative EC50 calculated by a 

functional competitive assay against COS-7 cells. 

 

In a recent study, the binding of a previously described tripeptidomimetic antagonist 

KRH1636 to CXCR4 was assessed by the combination of SAR, receptor mapping, and 

molecular docking studies (Figure 6). Accordingly, a small series of tripeptide analogues has 

been synthesized and their antagonistic potency was calculated in a functional inhibition 

assay measuring the SDF-1a mediated activation of CXCR4. As a result, the identification 

of a binding model resulted from the inspection of interactions with the receptor providing 

new insight for structure-based design of novel small-molecule CXCR4 antagonists [34]. 

The chemical structures of the most promising derivatives are depicted in Figure 6 

(compounds 11-15). 
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Figure 6. Chemical structures of selected KRH1636 tripeptidomimetic analogues with relative 

EC50 calculated by a functional competitive assay against COS-7 cells. 

 

2.2. Indoles 

A recent approach to identify CXCR4 antagonists was developed using a minimal hybrid 

ligand/receptor-based pharmacophore model. Such simple approach has been applied to 

screen a small library of marine natural products. The search led to the identification of 

Phidianidine A (PHIA, 16), an indole alkaloid isolated from a mollusc, featuring at the same 

time a guanidine and an indole as the molecules ends and an oxadiazole moiety as the core, 

resulting in a very flexible structure (Figure 7). It was demonstrated that this compound 

selectively inhibits SDF-1a/CXCR4 mediated DNA synthesis, cell migration, and ERK1/2 

activation, using the CXCR4-expressing/CXCR7-negative GH4C1 cell line. PHIA 

represents then a new lead for the development of CXCR4 modulators [47]. 
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Figure 7. Structure of phidianidine (PHIA). 

 

A novel series of indole derivatives was designed by in silico analysis of IT1t/CXCR4 

complex. A few 2-(1H-indol-1-yl)benzohydrazide derivatives were synthesized and the 

biological testing revealed their capability to block SDF-1a induced cancer cell motility, 

proliferation and downstream signaling activation in different experimental models, using 

MDA-MB-231 and MCF-7 breast cancer cells. A whole cell-based [125I]-SDF-1a ligand 

binding competition assay confirmed that the mode of action of these compounds consists 

in a direct interaction with the active site of the receptor. The most active derivative was 

showed to be compound 17 (Figure 8), with an IC50 of 11 nM in the binding assay, while the 

cell migration inhibition was reached at a concentration lower than 10 nM [48]. 

 

 
Figure 8. Structure of the most active indolbenzohydrazide derivative. 

 

2.4. Tetrahydroquinolines 

Among the previous classes of CXCR4 antagonists, a preeminent position was occupied by 

derivatives based on a 1,2,3,4- tetrahydroquinoline moiety. Recently, a new group of active 

analogues containing also an additional isoquinoline nucleus was described. These 

compounds were found to effectively inhibit the receptor function either during CXCR4 

mediated HIV attachment (IC50 = 5-40 nM, MAGI-HIV1 test) and calcium release (IC50 =1-

570 nM). The chemical structures of the most active compounds are reported in Figure 9 

(compounds 18-26). Furthermore, the most promising compound (18) showed favourable 

pharmacokinetics, oral bioavailability and the capability of mobilizing white blood cells in 

a dose-dependent manner [49]. 
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Figure 9. Structure of the most active tetrahydroquinoline based compounds with relative IC50  

alculated by a calcium flux/release assay in Chem-1 cells. 

 

A second series of 1,2,3,4-tetrahydroquinolines, this time combined with a piperazine 

nucleus, was designed and proved to be active in the same tests above mentioned. One of 

the new derivatives, compound 27 (Figure 10), beside a pharmacokinetics and an inhibitory 

potency comparable to the previous isoquinolinecontaining lead (IC50 = 20 nM, MAGI-

HIV1 test; IC50 = 6 nM, calcium release), showed an improved behaviour toward CYP450 

and hERG [50]. 

 
Figure 10. Structure of tetrahydroquinoline 27. 

 



161 
 

2.5. p-Xylylenediamine based derivatives 

As already mentioned, to improve the pharmacokinetic profile of AMD3100, characterized 

by a p-xylylenediamine tether between two cyclams, intensive studies have been carried out 

in the search of related simplified active structures. Accordingly, compounds containing a 

single cyclam connected by a p-xylylenediamine linker to an aromatic or heteroaromatic 

moiety have been developed and exhibited high antagonistic activity due to their capability 

to interact similarly to AMD3100 into the CXCR4 active site [15]. 

More recently, two monocyclams have been synthesized (Figure 11, compounds 28 and 29) 

and in turn linked through the primary amino group to a long linear chain obtained by 

polymerization of bis-acrilamide. A geometrically defined polymeric structure, necessary 

for optimal receptor interaction, was obtained by intercalating the cyclams by 

pharmacologically inert butanol units along the linear chain. Using a receptor redistribution 

assay based on human osteosarcoma cell line U2OS, widely adopted for screening CXCR4 

ligands, it has been demonstrated that the antagonistic activity was considerably improved 

turning from monomeric structures to polymer. Such macromolecules also showed a 

remarkable capability to inhibit cancer cells migration and invasiveness at similar 

concentration of the reference compound AMD3100. 

 

 

 
Figure 11. Monocyclam structures included into polymeric system 

 

 

Furthermore, due to their overall positive charge, such polymers resulted able to interact 

with DNA mediating transfection. The possibility to antagonize CXCR4 function and, at the 

same time, to deliver nucleic acid makes these systems promising dual-function polymeric 

drugs for an advanced approach to cancer treatment [51]. 

More flexible and less bulky structures, with respect to previous described bicyclams or 

cyclams, have been also taken into consideration. Two series of compounds based on a p-

xylylen central core, but bearing different cyclic amines at various distances from the phenyl 

ring on both sides of the molecule, have been prepared and tested in anti-HIV and cytotoxic 

assays. The series were prepared using a same amine at the same distance from the molecule 

core or even different amines at variable distances, giving rise to unsymmetrical derivatives. 

The compounds were tested in an antagonistic assay against MT-4 cells The most active 

compounds were found to belong to the symmetrical series and bear pyrrolidine, piperidine 

or 2-methylpiperidine as an amine to both ends of the molecule (Figure 12, compounds 30-

38). The results obtained were confirmed by molecular docking studies [52]. 

 

 

 

 



162 
 

 
 

Figure12. Structures of representative examples of symmetrical and unsymmetrical p- 

xylylenediamine based CXCR4 antagonists with relative EC50 calculated by a MTT assay against 

MT-4 cells 

 

Starting from compound WZ811, a dipyridine derivative, which showed an intriguing 

biological profile (Figure 13) [53], a new class of benzenesulfonamide analogues, retaining 

the central phenyl ring was prepared and tested as CXCR4 antagonists. Some of these 

derivatives were symmetrical compounds with respect to aromatic central core, whilst some 

others were unsymmetrically substituted. 

Chemical structure of all derivatives comprises a sulphonamide moiety on one or both sides 

of the molecule. Two out of all synthesized compounds, 39 and 40 (Figure 13) resulted 

particularly active exhibiting IC50 values lower than 10 nM in the binding affinity assay and 

inhibition of invasion higher than 90% in the Matrigel assay. 
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Figure 13. Structures of WZ811 and sulfonamide analogues with relative IC50 calculated by a 

seven- point assay against MDA-MB-231 cells. 

 

However, authors hypothesized for these two molecules, lacking the whole p-xylylene core, 

a different interaction mode with CXCR4, with respect to the reference compound, as 

demonstrated by molecular docking studies [54]. 

In a separate study, structurally related p-xylylene derivatives, still containing a sulfonamide 

moiety, were identified using a computer-aided drug design screening, by a high throughput 

program named FRESH workflow. From the first 30 prioritized structures, twelve 

compounds were selected and most of them showed an excellent binding affinity to CXCR4. 

The amide-sulfamide pharmacophore was confirmed to be a promising scaffold for the 

development of CXCR4 antagonists. 

The chemical structures of the most promising derivatives are depicted in Figure 14 

(compounds 41-45) [55]. 

 
Figure 14. Structures of selected p-xylylene based CXCR4 antagonists with relative EC calculated 

by a rhodamine binding assay against MDA-MB-231 breast cancer cells. 
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The same research group, very recently, published a study in which a new series of p-

xylylene active unsymmetrical derivatives were obtained. As the sulfonamide group was 

found to be necessary for activity, in this new series a bioisostere amide group replaced 

previous imine moiety on the second branch of the molecules, generating the novel amide-

sulfamide series of compounds. 

This new group of derivatives retains a potent CXCR4 antagonistic activity. A number of 

selected derivatives showed noteworthy activity in the Matrigel assay preventing invasion 

for more than 90% cells (Figure 15, compounds 46-49) [56]. 

 

 

 

 
Figure 15. Structures of the most active sulfonamide derivatives with relative EC calculated by a 

rhodamine binding assay against MDA-MB-231 breast cancer cells. 

 

A further modification of previously reported p-xylylenediamine derivatives was achieved 

by replacing the central 1,4- disubstituted phenyl ring with a 2,6-disubstituted pyridine. The 

resulting compounds were tested using an affinity binding test and the Matrigel invasion 

assay. Most of the synthesized compounds showed promising results in the binding affinity 

assay. In particular, the derivative bearing a 3-fluorophenyl fragment on both sides of the 

molecule and the 4-ethylphenyl analogue resulted as the most interesting derivatives, with 

an EC value of 10 and 1 nM in the binding affinity assay and 50% and 64% inhibition of 

invasion, respectively using MDA-MB-231 breast cancer cells (Figure 16, compounds 50 

and 51) [57]. 

 
 

Figure 16. Selected active pyridine derivatives. 
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In a successive study, several new derivatives substituted at positions 2 and 6 or 2 and 5 of 

the pyridine central ring have been synthesized and tested in a similar CXCR4 binding assay 

as well as in an invasion inhibition test. Only two compounds, both belonging to the 2,6-

substituted series, showed interesting antagonisti properties: the already known derivative 

51 and a second one in which the two substituents were replaced by a morpholine (Figure 

16, compound 52). This compound showed an EC value of 10 nM in the binding affinity and 

63% inhibition of invasion [58]. 

Two new series of p-xylylenediamine derivatives were described recently. A first series 

presents a variously substituted quinazoline system as one side chain, while in the second 

series the quinazoline was replaced by a substituted purine. The other side of the molecule 

contains a cyclohexylamine propyl fragment in all the derivatives (Figure 17, compounds 

53-58). 

 
Figure 17. Quinazoline or purine containing p-xylylene derivatives with relative IC50 calculated by 

a cytotoxic assay against CEM cells 

 

The most active analogue 58, belonging to the purine series, showed a remarkable CXCR4 

binding affinity with an IC50 value of 4.2 nM, thus representing a promising starting point 

for the development of potent CXCR4 antagonists [59]. 

The same research group designed and synthesized a series of novel symmetrical compounds 

characterized by a p-xylylene or a 2,6-pyridil central core bearing, as a structural novelty, a 

tertiary amine on both sides of the molecule. The significant CXCR4 antagonistic effect was 
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successfully retained, since ten derivatives showed potent binding affinity with EC50 values 

from 1 to 100 nM. 

Some of the synthesized compounds were also found to be able to significantly limit tumor 

cell invasion, with inhibitory rates ranging from 65% to 100%. These results clearly showed 

that tertiary amines linked to the central core play a crucial role for the interaction with the 

receptor and thus leading to an improved antagonistic activity. 

The chemical structures of the most promising derivatives are depicted in Figure 18 

(compounds 59-64) [60]. 

 

 
Figure 18. Representative examples of active symmetrical CXCR4 antagonists with relative EC 

calculated by a rhodamine binding assay in MDA-MB-231 breast cancer cells 

 

 

2.6. Trisubstituted amines 

Some trisubstituted amine derivatives were known to be capable of inhibiting the SDF-

1/CXCR4 axis provoking different effects on haematopoiesis, stem cells mobilization and 

cancer. The potent previously mentioned tetrahydroquinoline derivative AMD070 (Figure 

2) is also referable to this class of compounds. 

Recently, tris-[2-(dimethylamino)ethyl] amine (Me6TREN, Figure 19), a commercially 

available compound, has been proved as an effective agent able to mobilize hematopoietic 

stem/progenitor cells by a mechanism involving the inhibition of the SDF-1/CXCR4 axis. 

Me6TREN promoted a significant inhibition of SDF-1-einduced chemotaxis in cells based 

assay (Figure 19) [61]. 

 

 
Figure 19. Structure of Me6TREN. 
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A trisubstituted amine derivative, 3-((((1-cyclopentylpiperidin- 3-yl)methyl)(2-(piperidin-1-

yl)ethyl)amino)methyl)phenol (CX6), was selected after a computational search throughout 

a library as an ideal small molecule CXCR4 antagonist (Figure 20). The search was 

conducted on the base of the shape of the known IT1t CXCR4 inhibitor (Figure 2) as a 

reference and employing various algorithms against the IT1t/CXCR4 complex crystal 

structure. A number of molecules has been accordingly synthesized and tested against U373-

MAGI cells leading to compound CX6 as the most promising candidate. In fact, CX6 

showed to be able to inhibit Ca2+ flux elicited 

by SDF-1a with an IC50 value of 92 nM [62]. 

 
Figure 20. Structure of CX6. 

 

2.7. Oxadiazolepyrimidine 

A new class of small molecule CXCR4 antagonists based on the use of computational 

modelling studies combined with in vitro evaluation of SDF-1 -induced intracellular 

calcium mobilization, proliferation and chemotaxis was discovered. The lead compound, 

ICT5040, a 2-(pyridin-3-yl)-1,3,4-oxadiazole derivative, was shown to inhibit SDF-

1induced intracellular calcium mobilization, with an IC value of 3.8 mM, and was 

opportunely used for chemical optimization. A series of analogues with improved anti-

migratory potency was then obtained and the most representative derivative was identified 

as the soluble analogue 65, which resulted very potent in inhibiting SDF-1 induced 

intracellular calcium mobilization, as well as cell proliferation and migration. The chemical 

structures of the most promising derivatives are depicted in Figure 21 (compounds 65-68) 

[63]. 

 
 

Figure 21. Representative examples of oxadiazolepyrimidine CXCR4 antagonists with relative IC50 

calculated by MTT assay against U87-MG cells. 
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3. Conclusion 
 

The role of the SDF-1/CXCR4 axis has been definitively clarifie as crucial during several 

physio-pathological events, including spread and mobility of different types of cancer. In 

particular, hormones sensitive breast and ovarian cancer morbidity seems strictly related to 

the effects springing from the interaction of SDF- 1 with its receptor. Moreover, reduced 

survival in breast and ovarian cancer patients was shown to be dependent to an altered SDF-

1 expression. Thus, agents able to impair the SDF-1/CXCR4 axis could represent 

valuable tools for alternative anti-neoplastic therapies. To date only one CXCR4 antagonist 

has reached the advanced phases of the clinical trials. As several compounds belonging to 

distinct chemical classes have been identified as promising antagonists for this process, it 

seems likely that new small molecules could be shortly developed as therapeutic agents. 

Amongst the described compounds, cyclopentapeptides and bicyclams seem the most 

promising classes to be investigated in order to select potent candidates for clinical 

application. Both classes of compounds, considered small molecules, show unfavourable 

pharmacokinetic profiles, which greatly limit a possible use in therapy. p-Xylylenediamine 

and tetrahydroquinoline derivatives are presently widely investigated, even though none of 

the other described chemical classes has been so far completely abandoned. Herein, the most 

recent findings in this field have been reviewed. Although most of the active compounds 

have been at first recognized as feasible anti-HIV agents, all identified antagonists could 

even act as effective anticancer agents. However, all the examined classes are worth to be in 

depth investigated in order to generate candidates for a clinical development. In fact, a major 

goal for medicinal chemists could reside in the identification of orally active and safe 

CXCR4 antagonists after a comprehensive characterization of long-term toxicity and off-

target effects of the most promising candidates. Finally, the possibility to obtain 

radiolabelled derivatives as potential biomarkers in cancer diagnosis, prevention and drug 

response, may represent a further applicative development of CXCR4 antagonists. 
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Abstract:  
HIV entry in the host cell requires the interaction with the CD4 membrane receptor, and 

depends on the activation of one or both co-receptors CCR5 and CXCR4. Former selective 

co-receptor antagonists, acting at early stages of infection, are able to impair the receptor 

functions, preventing the viral spread toward AIDS. Due to the capability of HIV to develop 

resistance by switching from CCR5 to CXCR4, dual co-receptor antagonists could represent 

the next generation of AIDS prophylaxis drugs. We herein present a survey on relevant 

results published in the last few years on compounds acting simultaneously on both co-

receptors, potentially useful as preventing agents or in combination with classical anti-

retroviral drugs based therapy. 

 

Keywords: chemokine receptors; dual drugs; HIV entry; AIDS. 

 

1. Introduction 
 

The most successful treatment of patients infected with HIV-1 (human immunodeficiency 

virus 1) resides so far in the administration of a combination of antiretroviral agents targeting 

specific proteins necessary to the viral replication. Such a therapeutic strategy, known as 

highly active antiretroviral therapy (HAART) [1,2], has shown to be particularly effective 

during the progression of the full-blown viral infection, whereas the same approach was less 

applicable in the early stages of the infection when infected people are not warned by specific 

symptoms. The most common agents included in HAART are inhibitors of viral entry and 

fusion, or drugs targeting reverse transcriptase, integrase, and protease enzymes. An 

alternative strategic approach focuses on a multi-target inhibition of the viral entry, before a 

full spreading of the virus into host cells. The viral entry consists of a complex sequence of 

events mediated by several viral/cellular membrane proteins, with the interaction between 

the viral glycoprotein gp120 and CD4 cellular receptor constituting an essential initial step. 

A further interaction of such glycoprotein with any of the two co-receptors CC-chemokine 

receptor 5 (CCR5) and CXC-chemokine receptor 4 (CXCR4) is also needed to promote 

appropriate conformational modifications during such an early stage of the viral cycle [3]. 

Both CCR5 and CXCR4 are G-protein coupled chemokine receptors determining HIV-1 

cellular tropism. In particular, viruses preferentially utilizing CCR5 (R5 strains) are 

responsible for the primary cell infection, being this co-receptor mainly expressed on 
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macrophages. On the other hand, the viral replication capacity is attributed to viruses 

preferentially interacting with CXCR4 (X4 strains), being this second co-receptor mainly 

expressed on T-lymphocytes. Finally, dual-tropic viruses are defined as those using both co-

receptors (Figure 1) [4,5]. 

 

 

 

 
Figure 1. Schematic representation of chemokine receptors mediating HIV cells entry. 

 

Whereas a large number of agents acting selectively on either CCR5 or CXCR4 have been 

described in the literature [6,7], only a few dual antagonists have been so far identified, 

suggesting that it is possible to simultaneously target the two proteins due to their similarities 

in the overall structures and in the binding site shapes. In fact, chemokine receptors have a 

common molecular architecture, which is conserved within the family of G protein-coupled 

receptors (GPCRs). As members of this unique family, CCR5 and CXCR4 share a structure 

similarity (Figure 2, top), such as the presence of seven transmembrane domains. Both 

receptors consist of 352 amino acids with a high number of proline residues, a C-terminal 

threonine and serine-rich cytoplasmic region, four extracellular loops rich in cysteines and 

an N-terminal extracellular domain [6,8]. In particular, overlapping regions of the binding 

pockets of CCR5 and CXCR4 (Figure 2, bottom) may contribute to allow these two proteins 

to host the same ligand, although not necessarily in the same binding mode and with an 

identical affinity. 
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Figure 2. Similarities in the overall structures and binding pockets of CCR5 and CXCR4. 

Structures of complexes are taken from the Protein Data Bank entry 6AKX (magenta) [9] and 

3ODU (cyan) [10] for CCR5 and CXCR4, respectively, and superimposed by least squares fit on 

protein C atoms. (Top) Overall structure of (A) CCR5, (B) both receptors, and (C) CXCR4; 

(bottom) detail of the binding site of (D) CCR5, (E) both receptors, and F) CXCR4. The ligands 

bound to CCR5 and CXCR4 (the 1-heteroaryl-1,3- ropanediamine derivative A4R and the 

antagonist IT1t, respectively) are shown with atoms in standard colours (C, grey; N, blue; O, red; 

S, yellow) in panels A, C, D and F, and with atoms in the same colour as their receptor (magenta 

for A4R, and cyan for IT1t) in panels B and E. 

 

 

Due to the marked similarities between the active sites of CCR5 and CXCR4, many ligands 

could be recognized by both receptors. However, RANTES, also known as chemokine ligand 

5 (CCL5), was proven to be the natural ligand selective for CCR5 [11], whereas stromal cell 

derived factor 1 (SDF1) is the natural ligand of CXCR4 [12]. It is well known that the multi-

step HIV entry process is not only mediated by the interaction between the viral gp120 with 

the cellular receptor CD4, but it also requires the activation of one or two chemokine co-

receptors. Among these, CCR5 and CXCR4 exhibit this crucial role. The capability of HIV 

to use either CCR5 or CXCR4, or both at the same time, determines the viral tropism, since, 

as already stated. In particular, virus strains utilizing CXCR4 or both co-receptors are 

associated with a higher incidence of AIDS development [13]. 

From all these considerations, the challenge to discover new CCR5 and CXCR4 antagonists 

is of paramount importance to improve the therapeutic armamentarium against HIV 

infection, and the possibility to develop dual co-receptor antagonists appears particularly 

appealing. 
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2. CCR5 and CXCR4 Antagonists 
 

2.1. Earlier Co-Receptor Antagonists 

Nowadays, the choice for the clinical use of a CCR5 or CXCR4 antagonists is suggested by 

the identification of viral strain tropism in patients. A rapid resistance onset represents 

however a limit, since the inhibition of a single co-receptor drives the virus to shift to the 

more virulent dual tropic strain [14,15]. Among selective and efficacious CCR5 antagonists, 

Maraviroc (Figure 3, compound 1) appeared as the most intriguing compound, being the 

only one already approved by the Food and Drug Administration (FDA), endowed with a 

favorable resistance profile. On the other hand, Plerixafor (or AMD-3100) (Figure 3, 

compound 2) appeared as the most useful CXCR4 antagonist identified during a research 

program on anti-HIV agents. Although this compound is clinically used for the mobilization 

of hematopoietic stem cells in cancer patients, it is not yet approved in the treatment of 

HIV infection due to its severe side effects [16,17]. 

In particular, AMD3100 was shown to inhibit HIV-1 entry into the target cell by specifically 

binding to CXCR4 (and not to any other receptor of either CXC- or CC-chemokines). 

Previous studies had demonstrated that AMD3100 was very active against a broad range of 

T-tropic HIV-1 and HIV-2 strains at a low nanomolar concentrations [18], and poorly active 

against M-tropic strains [19]. Furthermore, AMD3100 was shown to inhibit binding of the 

CXC-chemokine (SDF-1alpha) to CXCR4 and subsequent signal transduction, thus 

preventing also the functioning of CXCR4 as CXC-chemokine receptor [20]. 

 

 

 
Figure 3. Chemical structures of Maraviroc (1), Plerixafor (2), and AMD3451 (3). 

 

In 2004, AMD3451 (Figure 3, compound 3) was reported as the first dual antagonist of 

CCR5 and CXCR4 [21]. Although its chemical structure resembles the one of the CXCR4 

selective inhibitor AMD3100, it was found to be active also against the CCR5 co-receptor. 

Its moderate potency did not allow to carry on a proper clinical investigation, but its 

identification spurred researchers toward the development of more effective dual-tropic 

CCR5/CXCR4 antagonists [22]. 

About ten years later it was proven that Maraviroc, initially identified as a selective CCR5 

inhibitor, was also an effective therapeutic alternative against dual mixed tropic HIV strains 

[23]. Antiviral effects of Maraviroc were investigated on U87.CD4 cells expressing wild 

type or chimeric CCR5 and CXCR4. Furthermore, a direct influence of the drug was 

observed on the onset of resistance in infected patients [24]. Phase II clinical studies 

confirmed the susceptibility to Maraviroc of dual mixed tropic viruses, with an activity even 

higher than that recorded towards pure R5 strains [25]. 
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Nevertheless, Maraviroc is indicated in combination with other antiretroviral agents for the 

treatment of only CCR5-tropic HIV-1 infection, but not used for dual mixed viruses in the 

clinic [26]. 

Around the same time, Hubin and coworkers hypothesized that the simultaneous inhibition 

of CCR5 and CXCR4 by transition metal complexes based on a tetraazamacrocycle could 

be particularly effective for the treatment of HIV infection (Figure 4) [27,28]. 

Thermodynamic properties of bridged and unbridged metal complexants were also 

compared [29]. In a successive report, the same authors developed alternative synthetic 

routes to include dichloropyridine moieties into the scaffold of these complexants [28]. 

 

 
Figure 4. Example of unbridged (4) and cross-bridged (5) tetraazamacrocycles. 

 

2.2. Peptide-Based Antagonists 

In a study focusing on the identification of HIV entry inhibitors, peptide triazoles acting as 

dual antagonists targeting the interaction of gp120 with CD4 and co-receptors CCR5 and 

CXCR4 were identified. Eleven out of nineteen gp120 alanine mutants were screened by 

enzyme-linked immunosorbent assay (ELISA), leading to compound KR21 as the most 

active agent in direct binding and competition experiments (Figure 5, compound 6). This 

peptide corresponds to a conserved region of gp120 overlapping with the CD4 binding site. 

Amino-acid mutation brought to this compound led to a reduction or even complete loss of 

inhibitory activity. The overall results of this study suggest that KR21 could represent the 

starting point for the rationale design of smaller dual antagonists [30]. 

 

 

 
Figure 5. Chemical structure of KR21 (6). 
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2.3. Diterpene Derivatives 

A new approach to the identification of dual inhibitors was proposed by Gama and 

coworkers, who described a natural occurring ingenol derivative, a diterpene isolated from 

the tropical shrub Euphorbia tirucalli (Figure 6, compound 7) [31]. This compound was 

further chemically manipulated to give active cynnamic, caproic, and lauric esters (Figure 6, 

compounds 8–10), which showed promising antiviral activity, likely due to the 

downregulation of membrane receptors CD4, CCR5, and CXCR4. The compounds were 

tested against dual tropic HIV-1 strains and the EC50 values were found to be comparable to 

those of commonly used antiretroviral drugs. Moreover, these new derivatives, in particular 

compound 9, proved to be less toxic than previously discovered ingenol analogs, acting by 

the modulation of specific protein kinase C isoforms involved in the membrane receptor 

down-regulation [32]. 

 

 

 
Figure 6. Structure of ingenol 7 and its ester derivatives 8–10. 

 

 

 

2.4. Pyrazole-Based Antagonists 

A composite computational study, based on both virtual screening and statistical approach, 

led to a series of polyheterocyclic derivatives active on both CCR5 and CXCR4. The core 

structure was represented by a pyrazolo-piperidine nucleus. The most active derivative 

(Figure 7, compound 11), bearing a benzyl group appended to the pyrazole and a 4-

pyridinemethyl linked to the piperidine, showed an IC50 value of 3.8 M against a CCR5-

utilizing HIV-1 strain and an IC50 value of 0.8 M against a CXCR4-utilizing HIV-1 strain, 

in MAGI assay. This last consists of a high sensitive competitive in vitro HIV replication 

method for quantifying viral infectivity. Whereas the benzyl substituent seems necessary for 

retaining activity, different bonding mode were tolerated for the pyridine ring (Figure 7, 

compounds 12 and 13). These compounds showed an IC50 value of 17 and 25 M in the case 

of the 3-pyridinemethyl derivative and 16 and 5.8 M in the case of the 2-pyridinemethyl 

analog againstn a CCR5- and CXCR4-utilizing HIV-1 strain, respectively. Compound 11 

showed also to be active in an assay on Ca2+ flux GPCR signaling, therefore allosterically 
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modulating CXCR4. Furthermore, compound 11 showed to be active against HIV-1 reverse-

transcriptase enzyme with an IC50 value of  9.0 M. Moreover, this compound did not result 

toxic in the same MAGI assay, at a concentration as high as 300 M. All these data suggest 

that this lead compound is warranted for further development for the identification of more 

active dual chemokine receptor inhibitors [33]. 

 

 
Figure 7. Chemical structure of pyrazolo-piperidine derivatives 11–13. 

 

In a successive computational study, the dynamics of the binding between 11 and both CCR5 

and CXCR4 were in depth investigated [34]. The three aromatic rings involved in -stacking 

and a positively charged hydrogen bond donor of a piperidine ring were demonstrated to be 

the main responsible features for the interaction. The replacement of the piperidine ring with 

a piperazine, leading to a double protonated species interacting with the negatively charged 

glutamates and aspartates within the active site, was planned in order to strengthen the 

protein-ligand interaction. Accordingly, compound 14 (Figure 8) was synthesized and 

demonstrated to have a more favorable interaction compared to 11, after being docked into 

the active site of both co-receptors [34]. These results suggested that further insights into the 

molecular dynamics of such compounds and CCR5/CXCR4 could lead to the identification 

of more effective dual antagonists. 

 

 
Figure 8. Chemical structure of piperidine derivative 14. 

 

2.5. The Suramin Analog NF279 

Inhibition by selective antagonists of P2X1R, a receptor involved in the HIV-1 fusion and 

replication, could represent an alternative strategy to contrast the viral infection. Compound 

15, also known as NF279 (Figure 9), an analog of the anti-parasite drug suramin, was initially 

found to be as a selective P2X1 receptor antagonist, and showed a noteworthy antiviral 

activity [35]. Further studies proved that HIV-1 entry nhibitory of compound 15 was not 

related to a direct interaction with P2X1R, but rather to the capability of this compound to 

act ass dual CCR5/CXCR4 co-receptor antagonist. This feature was assessed by the 
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suppression of cellular calcium responses CCR5/CXCR4 mediated. Thus, NF279 could 

represent the lead of a new class of dual-coreceptor inhibitors [36]. 

 

 

 
Figure 9. Chemical structure of compound 15. 

 

2.6. The Cumarin-Based Ligand GUT-70 

It is known that several derivatives of the natural product coumarin are endowed with several 

pharmacological properties, including anti-viral activity [37]. Compound 16, a tricyclic 

coumarin also known as GUT-70 (Figure 10), was demonstrated to be able to reduce cell 

membrane fluidity by a fluorescent depolarization study conducted onMOLT-4 and PM1-

CCR5 T cell lines. This propertywould suggest its potential use against the HIV-1 entry. 

Furthermore, GUT-70 is capable of down-regulating the expression of CD4, CCR5, and 

CXCR4 receptors on the cell surface in a dose-dependent manner, therefore representing a 

starting point for the development of novel tools against HIV-1 infection [38]. 

However, this compound showed an unfavorable toxicity profile, due to a noteworthy 

cytotoxicity [39]. 

 

 
Figure 10. Chemical structure of compound 16. 

 

2.7. Penicillixanthone A 

It is well known that HIV fusion can be humped by a peptide portion of gp41 (HR2 domain). 

An antiviral effect has been demonstrated when this peptide portion was conjugated to cell 

membrane proteins. In particular, a 34 amino acid peptide from HR2 (C34, corresponding 

to amino acids 628– 661 in HxB2) [40,41] conjugated to the amino termini of CCR5 or 

CXCR4 exhibited potent and broad inhibition against several HIV-1 strains [42]. Potent anti-

HIV-1 activity was showed by penicillixanthone A (PXA, Figure 11, compound 17), a 

natural xanthone dimer isolated from the fungus Aspergillus fumigatus. The actual 

mechanism of action of PXA was inferred by molecular modeling studies, which suggested 

a putative interaction binding mode with both CCR5 and CXCR4 receptors. The IC50 values 
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calculated by in vitro studies were 0.36 and 0.26 μM against CCR5- and CXCR4-tropic HIV-

1 strains, respectively.  

PXA showed only a moderate cytotoxicity evaluated by a colorimetric XTT assay against 

TZM-bl cells, with an IC50 of 20.6 M. This compound could then represent a lead for the 

development of HIV-1 dual co-receptor antagonists [43]. 

 

 

 
Figure 11. Chemical structure of compound 17. 

 

Considering all the above remarks, the identification of dual CCR5/CXCR4 co-receptor 

antagonists is still an attractive field of anti-HIV research. In fact, the progression of HIV 

infection is associated with the skill of the virus to switch from one co-receptor to another. 

Although our understanding of the viral resistance mechanism is not yet complete, the 

alternative therapeutic option based on the inhibition of membrane co-receptors sounds still 

appealing. Such an approach could gain particular importance in the case of anti-HIV 

treatment failure with classic HAART therapy. After the identification of effective 

antagonists, the next step could reside in the choice of a specific therapy based on the use of 

selective or dual agents, or even a combination of both types. 

 

3. Conclusions 
 

Successful applications of ligand-based models and recent insights on the mechanism of HIV 

replication prompted the research of a new strategy aimed at preventing viral adhesion and 

spread. A promising approach is based on the employment of agents able to antagonize the 

interaction of viral proteins with the host cell membrane receptor CD4 and co-receptors 

CCR5 and CXCR4. The viral tropism is in fact thoroughly influenced by the expression of 

one or both co-receptors. The identification of selective co-receptor antagonists could be 

particularly effective in preventing viral infection. However, the capability of the virus to 

switch tropism could reduce drug effectiveness. In this context, the discovery of dual CCR5 

and CXCR4 could lead to even more appealing anti-viral agents, able to prevent the 

replication of the more virulent dual-tropic HIV strains. The studies so far conducted for the 

identification of dual inhibitors have led to interesting candidates to be further developed, 

even if several of the identified compounds suffer from an inadequate safety and 

pharmacokinetics profile. 

Most of the analyzed papers deal with in vitro and in silico evaluations, which often do not 

reflect therapeutic potentials for a suitable clinical application. Rationale multidisciplinary 

efforts combining computational and biological techniques are then required for the design 

of leads to be developed toward clinically useful potent antiviral agents. 
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Abstract:  

An in-depth analysis of nanotechnology applications for the improvement of solubility, 

distribution, bioavailability and stability of reverse transcriptase inhibitors is reported. 

Current clinically used nucleoside and non-nucleoside agents, included in combination 

therapies, were examined in the present survey, as drugs belonging to these classes are the 

major component of highly active antiretroviral treatments. The inclusion of such agents into 

supramolecular vesicular systems, such as liposomes, niosomes and lipid solid NPs, 

overcomes several drawbacks related to the action of these drugs, including drug instability 

and unfavorable pharmacokinetics. Overall results reported in the literature show that the 

performances of these drugs could be significantly improved by inclusion into nanosystems. 

 

Keywords: HIV; antiretrovirals; nanoformulations; drug degradation; drug protection. 

 

1. Introduction 
 

The human immunodeficiency virus (HIV), belonging to the lentivirus genus of the large 

family of retroviridae, is the etiological agent of AIDS. The infection causes severe 

consequences to the immune system including a loss of CD4+T lymphocytes that leads to 

an increased susceptibility to even fatal opportunistic infections. The identification of 

various antiretroviral drugs allowed defining e cacious therapeutic regimens for the 

prevention and treatment of the disease by the combined administration of two, three or more 

different drugs acting on crucial steps of viral replication. In particular, the targets of 

conventional drugs are proteins involved in the viral entry or specific enzymes necessary for 

the virus replication such as protease (PR), reverse transcriptase (RT) and integrase (IN). 

This approach known as HAART (highly active antiretroviral therapy) nowadays represents 

the most useful therapeutic treatment, even though it is effected by many drawbacks such as 

lifetime administration with a consequent reduced patients’ compliance, severe side e ects, 

and quick viral outbreak afterdrug resistance emergence. HAART was demonstrated to be 

particularly effective in cutting down the overall number of viral particles, but is unable to 

completely eradicate infection in sanctuary sites, such as the brain, liver and lymphatic 

system [1–5]. Moreover, HAART always includes one or more nucleoside and non-

nucleoside reverse transcriptase inhibitors (NRTI and NNRTI, respectively), which, despite 

a high antiviral e efficacy, unavoidably show important clinical drawbacks. Relevant 

information on common RTI is summarized in Table 1 [6,7]. 
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Table 1. Relevant information of currently used RTI. *Year of FDA approval; LS = Lipid Solubility; 

OB= Oral Bioavailability; t/2 = Plasma Half-life. 

 

 
 

The above therapeutic strategy is not even capable of stimulating a lasting immune response 

of memory cells necessary to antagonize the infective agent [8]. Even after taking into 

account all these considerations, innovative therapeutic approaches based on both the 

identification of alternative drugs and innovative pharmaceutic formulations still have 

demanding requirements [9–11]. Nanotechnologies could help to reach this latter crucial 

point in order to increase cellular uptake, enhance drug distribution, prolong half-life and 

reduce side e_ects depending on the lower drug dosage in the nanosystem. In particular, 

application of nanoformulations consisting of a given drug and a supramolecular matrix such 

as niosomes, liposomes and solid lipid nanoparticles (SLN), already led to some 

improvements of pharmacokinetic and pharmacodynamic parameters. Very interesting 

results have been recorded in the anti-cancer research field where an altered 

microenvironment of cancer cells facilitates a selective drug delivery [12]. A similar 

approach could be adopted in the case of cells infected by HIV [13]. 

In the light of these findings, the incorporation of new or customary anti-HIV drugs 

intosupramolecular carriers could be particularly e ective in suppressing viral replication. 
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This strategy is corroborated by the possibility of encapsulating drugs or genes to not only 

be delivered next to the infected cells but also to target reservoir tissues to eradicate latent 

HIV [14]. This innovative strategy is suitable for improving the distribution of both 

hydrophilic and hydrophobic small molecules, as well as macromolecular drugs, which can 

be driven toward specific tissues thanks to the reduced size of the nanoscale delivery 

systems. Antiretroviral drugs can be carried as nanoparticles for their potential to better reach 

macrophages, CD4+T cells and latent reservoirs organs, such as brain and lymph nodes, that 

are particularly responsible of viral survival. [15–19]. Drug delivery systems (DDS) for RTI, 

developed in the last few years, are described in this survey and depicted in Figure 1, while 

their main properties are summarized in Table 2. 

 

 

 
Figure 1. Drug delivery systems for RTI nanoformulations. 

 
Table 2. Targets of DDS designed for anti-HIV therapy. 

 

 
 

 

Furthermore, some nanomaterials possess themselves favorable biological effects. The 

nanotechnology approach has been advanced for many aspects dealing with HIV infection, 

namely theranostic, vaccine prophylaxis and gene therapy. This survey however focuses on 

studies describing NRTI and NNRTI based nanoformulations for prevention or treatment of 
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HIV infection. Although these systems allow a remarkable improvement of the 

pharmacokinetics and pharmacodynamics of RTI, several drawbacks still need to be 

overcame. The major advantages and limitations of known nanosystems are listed in Table 

3. 

 
Table 3. Advantages and limitations of anti-HIV DDS. 

 
 

 

Several of these clinically used drugs show an undesirable stability profile when exposed to 

stressing conditions either in solution or in solid form [20,21]. Similarly, stress tests have 

been performed on supramolecular systems in order to confirm any improved stability, under 

different conditions [22]. In particular, studies published in the last few years on the RT 

inhibitors included in combined therapy have been taken into consideration [15,16,23]. 
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Figure 2. Representative delivery modalities for NRTI/NNRTI nanosystem to HIV reservoirs. 

 

2. Drug Protection Nanosystems 
 

Most of the protocols adopted for studying the drug stability are suggested by the ICH 

(International Conference on Harmonization) guidelines [24]. According to such rules, 

clearly defined drug storage conditions are required to prevent the degradation e 

ects related to pH, temperature, light, air and humidity for either solution/suspension or 

commercial formulations/packaging [25]. The protection of sensitive drugs could often be 

assured by shielding with an adequate packaging [26]. When this simple precaution showed 

not to be suffcient, the stability of the drug, exposed to diffrent environmental conditions, 

could be improved by suitable delivery devices, such as vesicular matrices (i.e., liposomes 

and niosomes), nanoparticles (NPs), and solid lipid nanoparticles (SLN). 

Niosomal and liposomal vesicles consist of amphiphilic molecules and an aqueous 

compartment and di er for their structural chemical units. Both systems are very versatile. 

The hydrophilic drugs can be entrapped in their aqueous core while the lipophilic drugs can 

be partitioned into the bilayer domains. Liposomes are made of natural phospholipids, 

resulting in a greater stability, a low production cost and reduced toxicity [27–32], while 

niosomes are prepared by means of synthetic, non-ionic surfactants, as alkyl ethers, alkyl 

esters and pluronics copolymers, or fatty acid and amino acid compounds [31–33]. The 

preparation of these vesicles requires a simple procedure based on a gentle agitation or 

sonication of an aqueous solution of phospholipid/surfactant and drug mixtures taken from 

an ultracentrifugation or low-pressure gel filtration chromatography to purify the formed 

systems [34]. 

More recent SLN have been proposed as alternative formulations for both hydrophilic and 

hydrophobic drugs. These systems are colloidal carriers based on a solid phase lipid and a 

surfactant and are characterized by a spherical shape in which the lipid portion is always 

solid and the surfactant acts as a stabilizing factor [22,35–40]. Fatty acids, monoglycerides, 

diglycerides, triglycerides, waxes and steroids can be applied in the preparation of SLN in 

the absence of organic solvent [35]. Low cost, good physical stability, large scale production, 

no toxicity and high biodegradability represent the greatest advantages in the use of these 

formulations with respect to the liposomes matrices [41]. 
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Nanoparticles systems are known promising carriers for the improvement of solubility and 

pharmacokinetics of drugs as well as vaccines, nucleic acids and therapeutic proteins. These 

delivery devices can influence therapeutic e efficiency of a drug, enhance its protection from 

degradation and reduce dose-limiting side effects. A variety of hydrophobic or hydrophilic 

active molecules can be dissolved, encapsulated, absorbed or conjugated to polymeric 

nanoparticles following different techniques [42]. Several natural and biodegradable 

materials like chitosan have been proposed for the realization of anti-HIV drug nanosystems. 

An alternative approach, based on the formation of crystalline complex with a fixed range 

size, was attempted by inclusion of the pure drug into a hydrophobic synthetic polymer [43]. 

Polymeric nanoparticles based on poly (lactic acid) (PLA) or poly(lactide-co-glycolide) 

(PLGA) are reported as ideal delivery systems, showing an improved therapeutic efficacy 

with lower incidence of side effects [42,44–49]. 

A higher local concentration of active molecules is often reached by integration of classic 

antiretroviral drugs in different NPs of metals [50]. According to a relative inertness and low 

toxicity, silver or gold NPs have been explored in biomedicine as multifunctional scaffold. 

In particular, the application of gold NPs has been employed to conjugate biomolecules on 

the outer surface. Alternative inorganic multifunctional materials, such as silver NPs coated 

with poly(vinyl)pyrrolidone, have also been exploited as drug carriers. [51]. 

Synthetic well-defined nanopolymers with a three-dimensional architecture, known as 

dendrimers, have been proposed for the vehiculation of several drugs. Generally, a 

dendrimer is a symmetric and hyper-branched macromolecule characterized by the presence 

of reactive groups in the central core, repeated branching units in the interior layers of the 

core and functional groups spanning from the outer surface. The drug molecule can be either 

entrapped inside the structure or linked to the external functional groups. This approach was 

proposed for the carrying of several anti HIV agents [52–55]. 

Some of these matrices are also able to improve the stability of drugs. Several studies 

described the use of niosomes, metal based and polymeric NPs to prevent the degradation 

effects caused by stressing conditions [33,50,56]. 

 

3. Nucleoside Reverse Transcriptase Inhibitors Nanosystems 
 

The therapy based on the administration of nucleoside antiviral derivatives such as 

stavudine, zidovudine, lamivudine and emtricitabine represented a first and e ective 

approach adopted for the management of HIV infection (Figure 3). 
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Figure 3. Chemical structures of NRTIs. 

 

Due to the structural similarity to purine or pyrimidine nucleosides, the mode of action of 

these drugs consists of the competition for the incorporation into viral DNA, catalyzed by 

RT, so causing chain termination (Figure 4, panel b). Nowadays the most common 

nucleoside derivatives used in therapy are lamivudine, abacavir, emtricitabine, tenofovir and 

tenofovir alafenamide [57]. Stavudine and zidovudine, not yet recommended in first-line 

therapy, were early examples of NRTIs included in nanoformulations designed for limiting 

their severe side effects and improving pharmacokinetics. 

 
Figure 4. (a) RT catalyzes the conversion of viral RNA into pro-viral DNA before its incorporation 

into the target cell genome; (b) NRTIs are incorporated into the DNA causing chain termination; 

(c) NNRTIs bind the enzyme inhibiting its function. 
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3.1. Stavudine 

Stavudine(1-((2R,5S)-5-(hydroxymethyl)-2,5-dihydrofuran-2-yl)-5-methylpyrimidine-2,4 

(1H,3H)-dione, STV) is one of the most commonly used forms of NRT approved by FDA 

in 1996 and its use was recommended in association with other antiretroviral agents. The 

drug showed major side effects, such as high blood lactate, pancreatitis and hepatomegaly. 

STV was characterized by a serum half-life of 1h only, while that of its phosphorylated 

active metabolite was calculated as being 3.5 h [27]. Thus, STV loaded formulations able to 

concomitantly increase cellular uptake and sustain release should reduce unwanted effects. 

Accordingly, galactosyl or mannosyl coated liposomes loaded with STV were described. 

These formulations reached the desired results showing an increased in vitro anti-HIV 

activity together with a remarkable decrease of side effects. The efficacy was tested in a 

mononuclear phagocyte system, a major reservoir of HIV, proving advantages in terms of 

bio-stability, site-specific and ligand-mediated delivery, compared to free drug and uncoated 

liposomes [27,28]. More recently, STV-containing nanoformulations were proposed for the 

dual utilization to control the residual viremia as well as to target the reservoir sites. To 

achieve this aim, gelatin nanoformulations containing very low dosage of the drug were 

prepared through a simple desolvation process and loaded into soya lecithin based liposomes 

[29]. A study on STV degradation under different stress conditions (hydrolysis, oxidation, 

photolysis and thermal stress) was initially reported. A stability-indicating reversed-phase 

HPLC assay method showed the hydrolysis of the drug to thymine in acidic, neutral, alkaline 

and under oxidative stress conditions [20]. In order to improve the stability of this drug, 

STV-loaded SLN for intravenous injection were produced by high-pressure homogenization 

of drug lipid melt dispersed in hot surfactant solution [22]. This SLN formulation was also 

studied for its active delivery to lymphatic tissues by ex vivo cellular uptake evaluation in 

macrophages. Reported experiments confirmed an improved cellular uptake together with a 

prolonged activity next to the delivery site of the formulation compared to the simple drug 

solution. This could account for an effient and safe therapeutic profile of the drug-carrier 

system [58]. 

 

3.2. Zidovudine 

Zidovudine, also known as azidothymidine (1-((2R,4S,5S)-4-azido-5-(hydroxymethyl) tetra 

hydrofuran-2-yl)-5-methylpyrimidine-2,4(1H,3H)-dione, AZT), the first antiretroviral 

medication proposed to prevent and treat HIV/AIDS, has been approved in 1986. An 

extensive first pass metabolism often requires an in vein administration. This feature and a 

long list of severe side effects limit the use of this drug, which is however still present in 

many therapeutic anti-HIV regimens. Its incorporation into supramolecular matrices was 

extensively exploited in order to increase bioavailability and to reduce dose-dependent 

unwanted effects. 

Positively and negatively charged liposomes based on stearylamine and diacetyl phosphate 

were used as AZT carriers. In order to enhance localization to lynph nodes and spleen, these 

systems were even coated with a site-specific mannose-terminated stearylamine ligand. 

Fluorescent microcopy images showed an enhanced uptake and localization localization of 

these liposomes in the target tissues [59]. In an early paper, a dispersed system comprising 

polyoxypropylene, polyoxyethylene, oleic acid, water and cetyl alcohol as surfactant, was 

described as a potential DDS. The release profile experimental analysis showed that the 

delivery of AZT could be controlled this way, in accordance with a mathematical theoretical 

approach [60]. This system has been proposed as a carrier, which potentially could overcome 

the main drawbacks of conventional pharmaceutical formulations [61]. 
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AZT loaded in polymeric NPs based on PLA and poly(L-lactide)poly(ethyleneglycol) 

(PLA/PEG) were prepared by double emulsion solvent evaporation and thoroughly 

investigated in vitro for uptake into polymorphonuclear leucocytes of rat peritoneal exudate. 

The cells activation by NPs was assessed by a chemiluminescence assay suggesting a more 

favorable behavior of PLA vs. PLA/PEG complexes [62]. On the other hand, the drug release 

increased proportionally to the PEG amount in the blend [63]. AZT was encapsulated in 

alginate-glutamic acid amide based NPs obtained by an emulsion solvent evaporation 

method. The polymeric NPs were coated with pluronic F-68 to favour cellular internalization 

through the endocytosis mechanism. As a result, the antiviral drug loaded in these 

nanosystems was released in a prolonged manner. Intracellular uptake and cell viability 

assays also confirmed an effcient uptake of AZT in glioma cell lines [64]. Solid lipid NPs 

based on modified stearic acid and Aloe vera extract were described as an alternative drug 

delivery carrier for controlled release and targeting of AZT. The plant extract was used 

because of its high content of polysaccharides that showed synergistic antiretroviral activity 

with AZT. The described nanocarriers did not interact with plasma proteins and showed high 

drug loading and entrapment efficiency. Moreover, fluorescent microscopy images 

suggested that the natural gel facilitated the cellular uptake of AZT in brain cells [36]. The 

drug proved to decompose when exposed to light or under hydrolytic conditions, while it 

was more stable toward oxidation agents and thermal stress [65]. In particular, the acid 

degradation induced the formation of a pyrimidine derivative endowed with higher toxicity 

when compared to AZT, as demonstrated by a mutagenicity and an aerobic biodegradability 

assay [21]. Recently, three novel prodrugs of AZT, obtained by functionalization with 

dicarboxylic acids, were designed in order to enhance pharmacokinetics, chemical stability 

and affinity for human serum albumin [66]. 

 

3.3. Lamivudine 

The oral agent lamivudine, (4-amino-1-((2S,5R)-2-(hydroxymethyl)-1,3-oxathiolan-5-

yl)pyrimidin-2(1H)-one, 3TC), an analog of nucleoside cytidine, was approved by FDA for 

the combined therapy with AZT in 1995 and for monotherapy in 2002. However, the 

emergence of drug resistance, associated to the gene mutation of RT, limited its clinical 

application [67,68]. Several nanocarriers were prepared by mixing biodegradable networks 

(i.e. PEG, pluronicpolyethyleneimmine (PEI), glycyrrhizin conjugated chitosan, 

mannosylated-PLGA) or dendritic networks (i.e. starPEG-PEI, 

poly(amidoamine)dendrimer-PEI-PEG) or nanogels with AZT or didanosine triphosphates 

under a freeze-drying method, to specifically deliver the antiviral agent next to macrophages 

in the CNS. All nano-NRTIs demonstrated high efficacy in inhibiting HIV at low M drug 

concentration. The major cause of NRTI neurotoxicity, consisting in the mitochondrial DNA 

depletion, was also reduced 3-fold compared to uncoated NRTIs [69]. Acid or alkaline 

conditions as well as an oxidative environment caused the degradation of the drug into five 

different products. On the other hand, light exposure or thermal stress did not a 

ect drug stability [70,71]. 

More recently, a mass spectrometry study evidenced the formation of an additional 

degradation product when the solid drug was exposed to oxidative conditions [72]. 3TC was 

incorporated into polymethacrylic acid NPs in different drug/polymer ratio by 

nanoprecipitation method in order to overcome some drug limitations, such as accumulation 

during multi dose therapy and poor patient compliance. These polymers offer several 

advantages, including high stability and simple preparation route compared to remaining 

colloidal carriers. Moreover, these nanocarriers were shown to increase drug bioavailability 

and optimize the release time to the target site without significant chemical interactions 

between the drug and matrix [73]. An alternative encapsulation for 3TC was exploited by 
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using PLGA NPs coated with bovine serum albumin through a double emulsion procedure. 

It was then demonstrated that PLGA NPs were rapidly internalized into the human liver cells 

after oral administration, at different drug concentrations, confirming their high potential as 

ideal 3TC delivery systems [74]. The PLGA/3TC system was also investigated for the 

formulation of a thermosensitive vaginal gel. The system was obtained in the form of NPs 

by the formation of an amide bond between the biodegradable polymer and the free amine 

group of the drug. An analogue formulation was prepared using emtricitabine as an 

alternative NRTI. The NPs were finally incorporated into a thermosensitive gel for vaginal 

administration. The nanoformulations showed to be non-toxic in HeLa cells assay up to a 

100 g/mL concentration. Similar preparations containing fluorescent NPs were found to be 

active for up to 5 days, suggesting a potential long-lasting application in therapy [75]. A 

similar approach was adopted for the achievement of transdermal formulation of PLGA/3TC 

complex. NPs obtained resulted in an ideal spherical shape and an external smooth shell. 

The high drug entrapment rate resulted in an improved physical stability of the drug together 

with an efficient delivery after skin permeation. 

This last property was enhanced after microneedles skin pre-treatment [76]. Mannosylated-

PLGA NPs were prepared to ensure an efficient delivery of 3TC into brain macrophages. 

The experimental data confirmed the increased drug release from nanocarriers and this effect 

may be due to the presence of sugar receptors on the luminal surface of blood-brain barrier 

(BBB) [77]. 3TC was also entrapped into PLA/chitosan (CS) NPs by an emulsion technique. 

The drug was efficaciously entrapped and protected at low values of pH, while it was rapidly 

released at higher pH values, thus allowing the drug to be selectively absorbed in the 

intestinal tract. These NPs were also proven to be non-toxic in a mouse fibroblasts model. 

Efficient biomedical applications could be accordingly envisaged for such an inclusion 

system [78]. 

Similar results were obtained for 3TC-CS NPs prepared by ionic gelation of CS with 

tripolyphosphate anions. These formulations offer several advantages with respect to 

conventional dosage forms of the drug, particularly in terms of bioavailability [79]. The CS 

functionalization with glycyrrhizin was realized for a liver targeting and a 3TC controlled 

release. In fact, the results of this research confirmed a lower drug release and an augmented 

level of 3TC in hepatocyte tissues, if compared with CS NPs or the free-drug solution [80]. 

Successively, 3TC was loaded into poly( -caprolactone) through a double emulsion spray-

drying method giving rise to NPs with spherical morphology. This system also proved to be 

effective in improving drug bioavailability and reducing side effects [81]. Multiple drugs 

combined in a single nanosystem showed significant advantages over therapy based on a 

single drug. Accordingly, an example of polymeric NPs based on methyl methacrylate or -

caprolactone was designed for the release of four different anti HIV drugs, AZT, 3TC, 

nevirapine and the IN inhibitor raltegravir [82]. In a recent paper, the incorporation of 3TC 

into CS with sodium alginate/calcium chloride by the above gelation method, in di 

erent experimental conditions, was described and showed an impressive drug release rate 

lasting up to 24 h. The method proved to furnish highly homogenous particles capable of 

improve bioavailability together with a constant drug release, following a first order 

mechanism, with diffusion of the drug after swelling of the polymer [83]. 

Protein-based NPs were prepared using lactoferrin for the controlled release of 3TC 

combined with AZT and EFV, after its application for a single DDS. The lactoferrin 

possesses itself antiviral activity and therefore acts synergistically with the entrapped drugs. 

The assessment of pharmacokinetic profile for each entrapped drug and in vitro data 

suggested that these NPs are able to release drugs intracellularly in a controlled and sustained 

manner [84,85]. 
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Alternative nanotechnologies used for anti-HIV drugs release included the use of inorganic 

components such as iron or silica. Preliminary results suggested a potential application for 

these new formulations. In particular, chemical-physical characterization of SiO2 NPs coated 

with magnetic Fe2O3 loaded with 3TC were investigated for their pharmacokinetic and 

cytotoxic profiles showing more favorable features compared to the free drug [86]. 

A similar preparation was attempted for 3TC and zalcitabine both in form of 

triphosphosphates. 

Preliminary results showed that these nanosystems of dideoxynucleoside triphosphates/SiO2 

NPs were useful transport systems for delivering these drugs to target cells with increased 

antiviral efficiency [87]. 

Moreover, the co-encapsulation of 3TC and AZT, both in form of triphosphates, into iron 

carboxylate mesoporous NPs gave biocompatible systems endowed with peculiar delivery 

properties. 

In particular, the drugs were released with di erent kinetics: 3TC showed accelerated release, 

while AZT was released more slowly. This vector protected drug from degradation, 

conferring at the same time improved in vitro anti-HIV activity. In fact, these formulations 

contribute to stabilizing the drugs since no alterations were detected after two-month storage 

and freeze-drying reconstitution [50]. High drug bioavailability and patient compliance were 

recorded after the administration of the of 3TC encapsulated into a new gum odina based 

biopolymer obtained by a multiple water-in-oil-in-water emulsion approach. The long-term 

stability study showed the improvement of the stability of the emulsions after a 90-day 

storage compared to a similar emulsion comprising Tween 80 as a stabilizer [88]. 3TC was 

also loaded in nanovesicles based on phospholipids or non-ionic surfactants (niosomes and 

liposomes). The best components and reparation methods able to produce formulations with 

suitable size, improved drug encapsulation efficiency and release profile were formulated 

for these systems [89,90]. 

 
3.4. Abacavir 

Abacavir ((1S,4R)-4-(2-amino-6-(cyclopropylamino)-9H-purin-9-yl)cyclopent-2-en-1-

yl)methanol, ABV) introduced in 1998, represented an alternative nucleoside derivative 

administered orally in solid or solution form for the prevention and treatment of HIV 

infection. Similarly, to other nucleoside analogs, its use is recommended in combination 

therapy because of its severe side effects like hypersensitivity, liver damage and lactic 

acidosis, which all preclude monotherapy. ABV and its congener 3TC, after transformation 

into the corresponding thiol ending ester derivatives, were conjugated to glucose-coated gold 

NPs, which were investigated for their pH dependent drug release performances. This drug-

delivery system was in turn studied for new multifunctional devices since such gold NPs, 

themselves endowed with microbicide properties, proved useful for the loading of more than 

one active agent di_erently targeting the viral replication cycle, and therefore representing a 

multivalent therapeutic approach [51]. Albumin NPs loaded with ABV sulfate were prepared 

by solvation method and studied for their mechanism of drug release. Results obtained 

revealed a remarkable drug loading capacity together with a sustained and controlled release 

within 24 h in HIV reservoir organs [91]. A myristoylated ABV prodrug entrapped into 

poloxamers was evaluated for the pharmacokinetic properties after injection in mice. 

Comparison of such nanoformulation with the free drug was performed on human monocyte-

derived macrophages by proton nuclear magnetic resonance studies in terms of anti-HIV 

activity. As a result, an efficacy comparable to that of the native drug was detected for the 

encased polymer, which showed a two-week lasting release [92]. A detailed study described 

the formation of innovative nanocarriers named ProTide (PROdrug and nucleoTIDE) 

obtained by the loading of L-alanine and L-phenylalanine ester phosphoramidates of ABV 
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into PLGA and poloxamer NPs. Such formulations showed sustained retention and 

antiretroviral activities for up to one month [93]. 

 

3.5. Emtricitabine 

Emtricitabine(4-amino-5-fluoro-1-((2S,5R)-2-(hydroxymethyl)-1,3-oxathiolan-5 

l)pyrimidin- 2(1H)-one, FTC), is a deoxycytidine nucleoside analog approved in 2006 for 

anti-HIV therapy. Even if it showed reduced side e ects when compared to other NRTIs, 

FTC is largely used in triple or quadruple drug combinations. 

A customary PLGA nanoformulation of this water soluble drug was achieved through the 

water-in-oil-in-water emulsion method and showed a sustained release profile in rats, with 

adequate drug concentration up to two weeks [94,95]. The large volume distribution, beside 

a short plasma half-life, suggests the use of FTC in alternative formulations, such as PLGA 

NPs. This particular administration form proved to be able in enhancing drug stability and 

intracellular retention time, as demonstrated by an ex vivo endosomal assay. A once-

biweekly dosing for HIV infection prevention or treatment was accordingly hypothesized 

[96]. In addition, eight degradation products were separated and characterized by LC–

MS/MS from ABV sulfate when subjected to forced degradation under hydrolysis, 

oxidation, photolysis and thermal stressing conditions [97]. More recently, a solution state 

study showed the formation of eleven degradation products [98]. 

The thermal decomposition of FTC was well investigated by applying di 

erent methods. FTC largely decomposed to small molecules and insoluble substances. A 

small amount decomposed to 5-fluorocytosine due to an oxidation reaction [99]. When the 

drug was exposed to the action of acids or bases as well as oxidative stress conditions, an 

additional degradation product was detected [100]. 

 

3.6. Tenofovir 

Tenofovir disoproxil fumarate ((R)-(((((1-(6-amino-9H-purin-9-yl)propan-2-yl)oxy)methyl) 

phosphoryl)bis(oxy))bis(methylene) diisopropyl dicarbonate, TDF) is a more recently 

approved NRTI (2001) used in the treatment of chronic hepatitis B and in the prevention and 

treatment of HIV infection. Successively its prodrug tenofovir alafenamide fumarate 

((isopropyl2-((((((R)-1-(6-amino-9H-purin-9-yl) propan-2-yl) oxy) methyl)(phenoxy) 

phosphoryl) amino)propanoate, TAF) was laun-ched in the market due to its more favorable 

properties after oral administration. TAF has greater antiviral activity and better distribution 

into lymphoid tissues than TDF. Both drugs are recommended in combination therapy along 

with other antiretroviral agents. 

 

3.6.1 Tenofovir SLN 

Lipid NPs loaded with NRTI and NNRTI agents including TDF or TAF were extensively 

studied for the improvement of bioavailability and long lasting drug release. Several lipid 

matrices were designed and showed a very promising behavior under different experimental 

conditions [37,101,102]. Toxic effects of TDF loaded in nanoemulsions on liver and kidney 

were assessed using an animal model. Although any behavioral toxicity and mortality were 

not detected, moderate alterations were however observed on both organs [103]. Extensive 

chemical-physical studies were performed on hybrid inclusion complexes obtained by 

encasement of TDF into lipid and polymer matrices by engineered melt emulsification-probe 

sonication technique. The carrier obtained by combining TDF, lauric acid and pemulen 

polymer was shown to promote a noteworthy increase of TDF trans-nasal flux, so potentially 

useful for nasal administration [104]. Nanocarriers based on a hydrogel-core and a lipid-

shell were designed for the controlled loading and topical vaginal release of TDF and 

maraviroc, a virus entry inhibitor. These nanolipogels proved to be efficient systems and 
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robust carriers for the encapsulation and the prolonged in vivo release of antiretroviral drugs, 

showing solubility concerns that are useful during the prevention and treatment of HIV 

infection [105]. 

 

3.6.2. Tenofovir/Dendrimers Complexes 

A drug combination including TDF into dendrimers was designed for the evaluation in an in 

vitro model of semen-enhanced viral infection. The results obtained suggested that this 

therapeutic strategy could bypass the detrimental e ects of amyloid fibrils, present in semen, 

which seem responsible of the failure of topical vaginal gels action [54]. An approach to the 

treatment of neuro-AIDS was based on the use of co-encapsulated drugs into ultra-small iron 

oxide NPs with the addition of dextran sulfate. The inclusion complex of TDF and 

vorinostat, a latency-breaking agent, was assembled by magnetically guided layer-by-layer 

method and a noteworthy blood–brain barrier transmigration of drugs was then observed. 

This strategy, aimed to the activation of latent virus and its simultaneous killing, would result 

in a high efficacy to eradicate completely the infection from the CNS [106]. Nanosystems 

such as carbosilane dendrimers seem themselves able to inhibit HIV replication with a 

potential as local antiviral agents. Nevertheless, the concomitant administration of specific 

antiretroviral agents led to a potent synergistic activity. TDF, along with AZT and EFV or 

with maraviroc was encapsulated into anionic carbosilane dendrimers, bringing sulfated and 

naphthyl sulfonated groups to generate potential microbicides to prevent the sexual 

transmission of HIV [55,107–110]. An innovative therapeutic strategy could be based on the 

TDF prolonged release from NPs obtained by hyaluronic acid (HA) cross-linked with adipic 

acid dihydrazide. This nanosystem did not show detectable toxicity under the control of 

hyaluronidase enzyme. Comparative experiments with a simple TDF/HA gel suggested an 

essential role of the enzyme during the HA degradation and TDF release. The potential of 

these formulations for topical delivery of antiviral agents for the prevention of sexually 

transmitted diseases was accordingly hypothesized [111]. 

 

3.6.3. Chitosan based TDF Nanoparticles 

TDF was also used as a model drug in a CS based nanopreparation coated with sodium 

acetate, an aggregation-preventing agent, realized by the freeze-drying method. The NPs 

cytotoxic profile on macrophages was assessed by neutral red, resazurin, nitrite oxide and 

cytokines assays. Satisfactory encapsulation rate together with a good stability of the 

colloidal dispersions was observed for the formulation. Moreover, a sustained drug release 

beside a lack of cytotoxicity and a pro-inflammatory e ect was recorded [112]. Further 

improvements in terms of mucoadhesive performance were obtained by a formulation based 

on TDF-loaded CS NPs dispersed in vaginal thermogels [113]. 

CS based oral NPs loaded with TDF were prepared by the ionic gelation technique and 

studied for their potential in preventing esterase metabolism and facilitate active transport 

uptake. Both processes were a effected as confirmed by in vitro experiments. Moreover, data 

obtained suggested that a clathrin-mediated mechanism is involved in the enhancement of 

drug oral absorption [114]. 

A triple combination of TDF, FTC and bictegravir, an integrase inhibitor, was loaded into 

trimethyl CS to generate a nanoconjugate with improved cellular uptake. The efficiency of 

the nanocarrier was determined by spectrophotometry while XTT and ELISA tests were used 

to determine cytotoxicity and anti-retroviral efficiency, respectively. As a result, this 

formulation proved to inhibit viral replication at lower concentrations than the free drugs 

combination, without a significant cytotoxicity, therefore resulting in a lower drug resistance 

[115]. Colloids based on polyelectrolyte complexes of CS and chondroitin sulfate were 

loaded with TDF and examined for the stability at physiological conditions. 
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This property was assured by the use of Zn(II) throughout the formulation procedure. In vitro 

studies did not reveal toxicity of such NPs on human peripheral blood mononuclear cells, 

while a remarkable dose-dependent antiretroviral activity was detected [116]. TDF was 

loaded into thiolated CS core/shell nanofibers in order to investigate the rate of drug loading, 

mucoadhesion properties and in vivo safety. 

The formulation was fabricated by assembling poly(ethylene oxide) with the CS component 

and PLA by a coaxial electrospinning technique. An enhanced drug loading together with a 

prolonged drug release and an increased mucoadhesion were assessed by in vitro studies, 

whereas a significant toxicity was not detected in neither in vitro nor in vivo experimental 

models. These new formulations could be therefore considered promising tools for the local 

delivery of microbicide agents [117]. 

 

3.6.4. Alternative Polymeric TDF NPs 

An original formulation to be used for vaginal administration was fabricated by oil-in-water 

emulsification of the inclusion product of TFV into PLGA and sodium deoxycholate as an 

ion-pairing agent and a thermosensitive gel. Sustained release properties in humanized BLT 

mice were shown for these nanoformulations when instilled locally [118]. Similar results 

were obtained by loading TFV into PLGA/stearylamine and incorporating such NPs into a 

hydroxypropyl methylcellulose/PVA-based film [119,120]. TAF and FTC entrapped NPs 

were prepared for subcutaneous administration during pre-exposure prophylaxis. Drugs 

were included into the PLGA/PVA system and investigated for their long-acting potency 

detectable even after 14 days by a humanized mice model [121,122]. A similar approach 

was exploited for the incorporation of TAF and elvitegravir, an integrase inhibitor, during 

the fabrication of devices to be used during vaginal prevention [123,124]. The drug 

absorption following oral administration were also positively effected by the use of 

TAF/PGLA loaded NPs, as highlighted by a statistical model study [125]. Formulations 

containing mono- or by-layered films of PVA and pectin were coupled with Eudragit NPs 

loaded with TDF/FTC, by nano spray-drying technique. These systems were designed for 

vaginal use with a better patient compliance. The time of disintegration and drug release was 

evaluated in a simulated vaginal fluid, showing favorable results. 

The by-layered films equipped with NPs loaded with drugs showed the best performances 

in terms of drug release delay. Moreover, this topic formulation was shown particularly safe 

by MTT and lactate dehydrogenase assays using different cervical cell lines [126]. 

Multifunctional magneto-plasmonic liposomes charged with TDF were obtained with the 

aim to study guided systems for enhancing efficiency of antiviral treatment. The distribution 

of such a hybrid system can be monitored by image technique and activated magnetically 

into the brain. The gold shell of such nanocomplexes can be followed by computed 

tomography. This way, these particular systems proved to be efficient against HIV in 

infected microglia cells after adequately crossing the BBB [127]. A nanosuspension of drug 

combination particles consisting of TDF, ritonavir and lopinavir, two protease inhibitors, 

and lipids were prepared for the development of innovative topical formulations. This system 

was highly efficient in targeting lymphocytes during anti-HIV therapy with a long-lasting 

action after a single subcutaneous administration [128]. Similar results were described after 

the addition of 3TC to the previously combination to give a four-drug components 

nanosuspension [129]. Similar results were obtained for alternative combinations of TDF 

and other RTI. In all cases, a persistent drug concentration was detected after single 

subcutaneous injection in di erent HIV reservoir cells [130,131]. 

A stability study was performed on TAF and compared with the stress degradation behavior 

of TDF. Gastrointestinal stability studies were conducted on both drugs, showing the 
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formation of six degradation products. These studies revealed a higher stability of TAF, 

except for with the acid condition, where the drug was extensively degraded [132]. 

 

4. Non-Nucleoside Reverse Transcriptase Inhibitors Nanosystems 
 

An alternative approach to anti-HIV treatment with RTIs is represented by the combined 

therapy using both NRTIs and NNRTIs, exploiting the synergism of the two distinct classes 

of drugs. Accordingly, the multi-therapy is nowadays the most widely adopted strategy for 

the treatment of HIV infection in the clinic. NNRTI act directly by binding the enzyme, so 

preventing its DNA polymerase function. In fact, their heterogeneous structures do not 

resemble those of nucleobases, the natural substrate of RT (Figure 4, panel c).  

After a first generation NNRTI drugs introduced in the 90s (i.e. nevirapine, delavirdine, 

efavirenz) approved for anti-HIV therapy, recently some new and e 

ective compounds entered the market (i.e. etravirine, rilpivirine). Some more interesting 

compounds are currently under clinical investigation. The structures of representative 

NNTRI are reported in Figure 5. 

 

4.1. Nevirapine 

Nevirapine(11-cyclopropyl-4-methyl-5H-dipyrido[3,2-b:20,30-e][1,4]diazepin-6(11H)-

one, NVR)was the first NNRTI approved by FDA in 1996 for the treatment of HIV infection. 

In order to improve the pharmacokinetics of this hydrophobic drug, NVR was loaded into 

liposomes prepared by thin film hydration and extrusion method to give uniform spherical 

vesicles. The matrix, obtained from egg phospholipid and cholesterol, proved to release the 

drug during 22 h at physiological pH values. 

The presence of proteins into the medium or the exposition of the system to ultrasounds 

greatly impair the delivery mode of the drug. However, this encapsulation method could 

optimize the efficacy of NVR in terms of drug stability and controlled release to the target 

tissues [30]. Transferrin grafted PLGA NPs have been designed in order to facilitate NVR 

in crossing vascular endothelial cells of the human brain.  

This particular nanosystem allowed a favourable drug loading with a desired controlled 

release, so proving to act as an efficient carrier to promote vascular diffusion of the 

compound [133]. Nanoparticles of PLA/PEG, the surface of which was modified with serum 

albumin, were prepared to improve release of the drug to the target tissues. This favorable 

feature was measured after i.v. injection in rats, showing an improved bioavailability, 

cellular uptake and drug accumulation in the brain, liver and spleen, compared to pure drug 

solution or uncoated nanoformulations. Moreover, no additional cytotoxicity was recorded. 

The capability to cross the BBB makes these formulations potentially useful for the treatment 

of AIDS related dementia [134,135]. The stability of NVP was well investigated by a 

stability-indicating ultra-high performance liquid chromatography (UHPLC) method. Drug 

product efficacy, safety and quality were verified in different degradation conditions by 

using acids, bases, water, metal ions, heat, light and oxidation agents. The tests were applied 

on the pure compound and on its tablet formulation leading to the formation of five 

degradation products [136]. A physically stable formulation of NVP was prepared by 

forming a crystalline inclusion complex with biodegradable and hydrophobic poly(ε-

caprolactone). Compared to pure NVP crystals, the formulation assured a sustained drug 

release at physiological conditions in PBS solution up to 6 weeks, due to the reduction of 

drug solubility [43]. 
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Figure 5. Chemiical structures of NNRII 

 

4.2. Efavirenz 

Efavirenz, ((S)-6-chloro-4-(cyclopropylethynyl)-4-(trifluoromethyl)-1-H benzo[d] [1,3] 

oxazin- 2(4H)-one, EFV) was approved in 1998 and is largely utilized with other drugs for 

anti-HIV association therapies. However, its potential was limited by a low bioavailability 

due to its high lipophilicity and other drawbacks related to irritant effects on mucosae 

[137,138]. A strategy devoted to the improvement of EFV pharmacokinetics resides in its 

incorporation into SLN, which should drive the delivery of the drug next to the lymphoid 

system and brain [38]. Phenylalanine anchored SLN (PA-SLN) were used to encapsulate 

EFV and the resulting nanocomplex was tested for its potential to cross BBB. Phenylalanine 

was chosen in order to exploit the aromatic amino acid transporter active within the barrier. 

The nanocomplex showed good entrapment e ciency and a favorable drug release, with a 

remarkable accumulation in brain assuring a long-lasting therapeutic effect [139]. 

 

4.2.1. Efavirenz SLN 

SLN of selected lipids as matrix medium and EFV were prepared with the addition of a 

surfactant by high-pressure homogenization technique and evaluated in vivo for their 

enhanced bioavailability and brain targeting. In particular, such properties were assessed 

after an intranasal administration route, which could be useful for therapy devoted to the 

complete eradication of HIV [39]. As an example, EFV was loaded into SLN assembled 

with the use of mono- and tri-glycerides with the aid of a surfactant. This particular 

formulation allowed the drug to partly by-pass liver metabolism after oral administration 

and in doing so increasing bioavailability and accumulation into spleen [140]. A prolonged 

drug release together with a lower incidence of side effects, consequent to a reduced drug 

dosage, was achieved after EFV incorporation into SLN. 

 

4.4.2. Polymeric EFV NPs 

Efavirenz was loaded into NPs based on methacrylate polymers, which conferred an 

increased drug uptake in monocytes and macrophages [141,142]. Emulsion or 

nanoprecipitation methods allowed loading EFV into biodegradable PLGA NPs. The effects 

of the resulting formulations administered in combination with other free or encapsulated 
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anti-HIV drugs were investigated. As a result, the new formulations proved more efficient 

compared to the free drugs and also a noteworthy synergistic effect was recorded for 

encapsulated EFV combined with TDF, a second NRTI [143]. EFV was dispersed with - 

tocopherol polyethylene glycol succinate and PVA by an emulsion-templated freeze-drying 

technique to realize solid inclusion NPs. Dry monoliths charged with these NPs proved to 

be stable for several months. Their reconstitution in water furnished nanodispersions, which 

showed reduced cytotoxicity together with an improved bioavailability and 

pharmacokinetics [49]. A nanoformulation was obtained by combining EFV with cellulose 

acetate phthalate, acting as an HIV entry inhibitor, by the nanoprecipitation method. The 

resulting NPs were formulated into a thermosensitive gel, which resulted in an efficient 

nanomicrobicide for long-term HIV prophylaxis [144]. Polymeric micelles based on 

pluronic F127 loaded with EFV and bio-conjugated with anti-M-cell-specific antibodies 

were prepared in order to evaluate their preferential target delivery to gut micro fold cells of 

lymphoid tissue, one of the major HIV reservoirs in the body. The efficiency of such 

nanosystem was showed to be higher than the free drug and a possible oral application by 

enteric-coated capsule was accordingly hypothesized [145]. EFV was loaded into eudragit, 

pluronic and alginate sodium polymeric based NPs by solvent evaporation method. 

Cytotoxicity and antiviral characterization was investigated by syncytium inhibition assay. 

The polymeric nanocarrier was proven to be more effective than the pure free drug by an 

enhanced drug dissolution and bio-distribution, especially after BBB crossing. A reduced 

toxicity was also detected [146,147]. NPs to be used during intranasal administration were 

prepared by the encasement of EFV into CS grafted hydroxypropyl beta cyclodextrin 

matrices. The results obtained confirmed a better CNS access due to an improved cellular 

permeation consequent to both a higher drug solubility and a concomitant beneficial action 

of CS on cell membrane [148]. 

Rectal polymeric formulations were prepared by incorporation of EFV into PLGA NPs 

coated with PEG. This particular form assured a prolonged drug residence in the lower colon 

with a long lasting prophylactic action against HIV transmission [149]. A better BBB 

crossing together with a reduction of side effects incidence was attempted by the preparation 

of transferrin functionalized PLGA NPs loaded with EFV. Although a higher deposition rate 

of the drug to the targeted site was recorded, the formulation did not improve drug membrane 

permeation [150]. Lactoferrin NPs were fabricated for oral or vaginal administration giving 

raise to significant results in terms of drug release and bioavailability. A combination of EFV 

and curcumin was also attempted in order to reach synergism for the two-microbicide agents. 

The results obtained confirmed an improved pharmacokinetic profile for the drug 

combination nanoformulation with respect to free drugs [151,152]. 

 

4.3.3. Efavirenz/Dendrimer Complexes 

EFV was incorporated into t-Boc–glycine and mannose conjugated dendrimer-based 

poly(propyleneimine) (PPI). These branched three-dimensional polymers were shown to be 

less toxic than free PPI and could allow the drug to reach monocytes and macrophages, both 

reservoirs of HIV in the body. In fact, it is known that inhibitors targeting only lymphocytes 

are ineffective in completely eradicating the infection. These formulations demonstrated tob 

e particularly effective since they are able to promote a significant increase of EFV cellular 

uptake [153]. The same authors loaded EFV into dendrimer-based PPI complexed with 

tuftsin (Tu). This latter is a tetrapeptide coming from the cleavage of immunoglobulin G and 

showed to be capable of selectively target and activate macrophages, monocytes and 

polymorph nuclear leukocytes. This strategy would help EFV in avoiding unwanted e 

ects acting in a synergistic fashion with the peptide. Such an option was suggested by the 
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fact that the TuPPI complex showed no toxicity and prolonged EFV cellular uptake in HIV 

infected macrophages with respect to uninfected cells [154]. 

 

4.2.4. Alternative Supramolecular EFV NPs 

Vesicular systems consisting of gold NPs entrapped inside the aqueous core were loaded 

with EFV in the bilayer membrane. The niosomes so formed were dispersed in 

carrageenan/hyaluronic acid/poloxamer based thermogel after coating with an opportunely 

functionalized mannose, in order to combine the action of the protein and the sugar for an 

effective prophylactic vaginal application.  

A remarkable inhibition of viral transmission as well as a drastic reduction of side e 

ects was recorded [31]. A soya lecithin/cholesterol and PEG liposomal DDS was designed 

in order to overcome the limited solubility, dissolution rate and bioavailability of EFV [32]. 

Similar results were achieved by the entrapment of EFV into boron nitride and carbon 

nanotubes as delivery vehicles. Both the systems showed a favorable behavior. Between the 

two distinct formulations, carbon nanotubes assured a higher drug adsorption [155]. 

Enhanced solubility and dissolution of the drug were also obtained by inclusion complex 

with hydroxypropyl--cyclodextrin. The solubility of the complex was further increased by 

the addition of l-Arginine [156]. Degradation behavior of the drug in water solution was 

assessed by HPLC analyses, detecting a total twelve degradation products under acidic 

conditions. 

Alkaline stress resulted in the formation of only two degradation products, whereas oxidative 

and photolytic conditions did not promote any degradation of the drug. All the degradation 

derivatives showed remarkable toxicity, including carcinogenicity, mutagenicity and skin 

irritation, as confirmed by in silico experiments [72]. The thermal behavior of glass EFV 

was evaluated in different experimental conditions, showing a good stability only at room 

temperature [157]. 

 

4.3. Dapivirine 

Dapivirine (4-((4-(mesitylamino)pyrimidin-2-yl)amino)benzonitrile, DPV) is a new, 

sparingly soluble NNRTI, under investigation for vaginal application during the prevention 

of HIV sexual transmission. This compound was shown to be a noncompetitive inhibitor of 

RT that is particularly useful for topic treatments. In order to improve efficacy, a microbicide 

film for vaginal delivery was formulated by loading DPV into PLGA NPs and the 

nanosystems were in turn coupled to a PVA in a cellulose based platform film using solvent 

casting technique. TDF was also added to the formulation to achieve a synergist antiviral 

effects. A rapid release of active principles was accordingly recorded suggesting an ideal 

behavior of such a formulation as prophylactic microbicide [158,159]. Some advantages 

were also obtained by alternative formulations of this drug. In particular, surface-engineered 

poly("-caprolactone) NPs were manufactured and evaluated in pig vaginal and rectal 

mucosa, resulting in favorable drug release properties [160]. Physical–chemical properties 

of these nanocarriers were evaluated upon one-year storage to a variable temperature range. 

Colloidal instability affected the in vitro drug release of the NPs, although no detectable 

degradation was observed for the entrapped drug [56]. 

 

4.4. Etravirine 

Etravirine (4-((6-amino-5-bromo-2-((4-cyanophenyl)amino)pyrimidin-4-yl)oxy)-3,5- 

dimethylbenzonitrile, ETV) is a NNRTI approved in 2008 for monotherapy against HIV, 

also clinically used in combination with other antiviral agents in antiretroviral treatment-

experienced adult patients with onset of resistance. A combination of ETV, maraviroc and 

raltegravir was loaded into PLGA by emulsion-solvent evaporation technique. The antiviral 



205 
 

potency of the resulting NPs was compared to the free triple drug combination in an in vitro 

cells assay and on a macaque cervicovaginal explant model in vivo. The nanoformulation 

provided a prolonged release by extension of the half-life of drugs, leading to an enhanced 

synergistic antiviral action [161]. An innovative approach for the design of NPs overcoming 

the drawback, consisting in low drug retention and massive leakage, was undertaken by the 

preparation of NP-releasing nanofiber vaginal devices. Mucoadhesive PVA fibers coupled 

to PEGylated NPs should ensure an adequate retention together with a rapid mucus di 

usion. These composite nanoformulations proved to assure a sustained ETV release for up 

to seven days [162]. 

 

4.5. Rilpivirine 

Rilpivirine((E)-4-((4-((4-(2-cyanovinyl)-2,6-dimethylphenyl)amino)pyrimidin-2-yl)amino) 

benzonitrile, RPV) is a second-generation NNRTI, approved in 2011, possessing increased 

potency, longer half-life and lesser side-effects with respect to former non-nucleoside agents, 

today mainly used in combination with other anti-HIV drugs [163]. RPV met therapeutic 

success either in combination with other anti-HIV agents or in long-acting injectable 

nanoformulations during maintenance therapy. Its use could also be advantageous for the 

prophylactic treatment of high-risk uninfected individuals [164,165]. In two separate papers, 

the potential use of long acting RPV NPs associated with cabotegravir, an HIV integrase 

inhibitor, was described and an innovative monthly dosing therapeutic regimen was 

accordingly proposed. Recently, the result of a phase IIb study was reported on the 

effectiveness of this combination nanoformulation in maintaining adequate drug 

concentration in plasma or vaginal mucus for up to one month [166–168]. RPV-loaded 

PLGA NPs were fabricated by emulsion-solvent evaporation method. A sustained release in 

plasma as well as faster clearance were observed in animal models, suggesting a prophylactic 

use after the preparation of thermosensitive gels as well as long acting injectable 

nanosuspensions [169]. 

Biodistribution of tri-modal theranostic NPs was studied by single-photon emission 

computed tomography, magnetic resonance imaging and fluorescence techniques. These 

devices were prepared by the incorporation of Indium radiolabeled, europium doped cobalt-

ferrite particles and RPV loaded into a poly("-caprolactone) matrix included into a lipid 

shell. A sustained drug release and antiretroviral activity were observed in HIV infected 

macrophages. These multi-functional NPs represent a platform for the monitoring and 

optimization of the antiretroviral drug pharmacokinetic profile [170]. 

 

5. Conclusions 
 

There is a high level of interest in nanotechnologies for their relevant roles in the design and 

development of innovative anti-HIV formulations either for oral or topical administration. 

In the first case, a more specific targeted delivery together with a sustained release represents 

the major goal in the field. Mucoadhesive performance, prolonged retention time and 

improved patients’ compliance were desired for vaginal or rectal application of microbicide 

nanoformulated antiretroviral agents. A large number of diversely assembled nanocarriers 

loaded with different classes of antiviral drugs were then developed and deeply investigated 

to improve both pharmacokinetic characteristics and stability behavior. Overall results 

demonstrated a potential success of such an approach for monotherapy, even though more 

profitable applications were recorded for the combination therapy, the most diffused method 

nowadays. In fact, anti-HIV therapeutic regimens today comprise multiple daily doses of 

more drugs acting at di erent stages of viral replication, which lead to poor patient 

compliance. Although the use of protease, integrase and viral entry inhibitors has become 
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customary, NRTIs and NNRTIs remain pivotal tools during the infection management. In 

the light of these findings, this overview focuses mainly on the application of 

nanotechnology applied to RTI as vehicles for challenging virus eradication from depot 

organs and/or as a platform for the design of modern prophylactic devices for stable or 

stressing conditions. 
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Estrogens exert a panel of biological activities mainly through the estrogen receptors α and 

β, which belong to the nuclear receptor superfamily. Diverse studies have shown that the G 

protein-coupled estrogen receptor 1 (GPER, previously known as GPR30) also mediates the 

multifaceted effects of estrogens in numerous pathophysiological events, including 

neurodegenerative, immune, metabolic, and cardiovascular disorders and the progression of 

different types of cancer. In particular, GPER is implicated in hormone-sensitive tumors, 

albeit diverse issues remain to be deeply investigated. As such, this receptor may represent 

an appealing target for therapeutics in different diseases. The yet unavailable complete 

GPER crystallographic structure, and its relatively low sequence similarity with the other 

members of the G protein-coupled receptor (GPCR) family, hamper the possibility to 

discover compounds able to modulate GPER activity. Consequently, a reliable molecular 

model of this receptor is required for the design of suitable ligands. To date, convergent 

approaches involving structure-based drug design and virtual ligand screening have led to 

the identification of several GPER selective ligands, thus providing important information 

regarding its mode of action and function. In this survey, we summarize results obtained 

through computer-aided techniques devoted to the assessment of GPER ligands toward their 

usefulness in innovative treatments of different diseases. 

 

1. Introduction 
 

The multifaceted responses to estrogens are principally mediated by the estrogen receptors 

(ERs) α and β, which act as transcription factors by binding to estrogen response elements 

(EREs) located in the promoter regions of target genes [1]. Recently, a seven-transmembrane 

G protein-coupled receptor, known as G protein estrogen receptor (GPER), has attracted the 

attention of several researcher groups working on the identification of the intricate estrogen 

routes in different biological systems. A panel of experiences has highlighted the 

involvement of GPER in various pathophysiological processes. For instance, its role in 

hormone-dependent cancers has been addressed in several studies, providing a better 

understanding of the related gene landscape and transduction pathways. In particular, GPER 

modulates signaling processes leading to the transcription of genes promoting tumor growth 

in vitro and in vivo, such as calcium mobilization, cAMP synthesis, the cleavage of matrix 

metalloproteinases, the transactivation of epidermal growth factor receptor (EGFR) and the 

activation of PI3K and MAPK transduction pathways [2–11]. To date, GPER expression has 

been correlated with negative cancer features including increased tumor size, distant 
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metastasis and tumor recurrence [12–14]. In addition, a bioinformatic analysis of large 

cohorts of patients has recently demonstrated that GPER expression is correlated with the 

expression of pro-metastatic genes in ER-negative breast tumors [15]. On the basis of the 

aforementioned findings, this receptor might be considered as a promising therapeutic target 

for the treatment of diverse types of tumors, including breast cancer. Nevertheless, other 

studies reached different conclusions [16], therefore indicating that further investigations are 

required to better appreciate the role exerted by GPER in cancer. 

Most estrogens and anti-estrogens are able to bind to GPER and ERs, albeit with a different 

affinity and even with an opposite action (i.e., agonism vs. antagonism) [10, 17, 18]. 

Considering the interest to identify specific GPER ligands to decipher its unique potential, 

several successful efforts have been made during the last few years [19–25]. In this context, 

it should be mentioned the intriguing discovery of the indole derivative MIBE, which has 

the property of binding to and antagonizing the effects of both GPER and ER, thus 

representing a useful tool toward more comprehensive approaches in estrogen-dependent 

tumors [22]. 

The overall structural heterogeneity among agents targeting these receptors constitutes an 

obstacle to identify agonists or antagonists and to predict their effects. Thus, the design of 

potent selective GPER ligands and dual ER/GPER inhibitors is still challenging. While the 

crystallographic structure of the ER ligand-binding domain is available, the detailed 

structure of GPER remains yet unsolved due to the well-known difficulties in fully 

characterizing membrane proteins. Nevertheless, a homology model of GPER can be 

obtained with the help of computational techniques (Figure 1), allowing access to relevant 

structural information. More importantly, virtual ligand screening approaches and structure-

based drug design methods can support experiments aiming to identify new GPER ligands. 

The results obtained by application of computational techniques are herein summarized 

toward their adoption as starting point for the design and development of novel active agents. 
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Figure 1. Structure of GPER obtained through homology modeling by using the web server GPCR-

I-TASSER [26]. The extracellular N-terminal region (residues 1–50) is omitted, and access to the 

binding site for the ligands is indicated. 

 
 

2. The early age of ligand-based design for targeting GPER 
 

With respect to the computational design of GPER ligands, one of the earliest achievements 

is indisputably the synthesis of the quinoline G-1 [19]. To this aim, a library of 10,000 

candidate molecules has been analyzed by combining their structural features in common 

with the archetypal ligand 17β-estradiol (E2). Three distinct categories of criteria were 

defined: (i) 2D structural patterns, including both symmetric and asymmetric features, (ii) 

3D shape analogies and metrics and (iii) pharmacophore-based motifs, including hydrogen-

bond donors/acceptors and the possibility of forming hydrophobic interactions. The resulting 

computational analysis was completed with an in vitro biomolecular screening to validate 

the occurrence of a competitive ligand binding. The molecule G-1 (for the chemical structure 

of this compound and all the other mentioned throughout the text, see Figure 2) has emerged 

from this screening funnel as the first GPER-specific agonist able to activate the receptor in 

cells expressing both GPER and ERs. A similar virtual screening methodology, applied on 

a larger library with more than 140,000 compounds, led successively to the identification of 

a high-affinity GPER ligand named G-15, a G-1 analog acting as a selective antagonist [20]. 

The success of these original ligand-based virtual screenings was facilitated by the limited 

number of internal degrees of freedom of the studied compounds. These observations 

referred also to the conformational space of the ligand-binding pocket of the different steroid 

hormone receptors [27]. In the absence of a model for the GPER tertiary structure, the 

previous works were, therefore, expanded to an “indirect” structure-based approach 

consisting in the analysis into deeper details of the ERα and ERβ binding sites. In fact, the 

main concern was to focus on the acetyl moiety of the ER agonist G-1, which is lacking in 
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the antagonist G-15 [21]. Molecular docking was then performed to explore the possibility 

to increase steric clashes within the binding pocket of the ERs through an isopropyl moiety 

instead of the acetyl group. The resulting compound, named G-36, showed an enhanced 

selectivity with an antagonist effect toward GPER, and a low-affinity cross-reactivity toward 

ERα. 
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Figure 2. GPER ligands investigated by computational methods. Typical ligands (represented in 

red), including E2, fulvestrant, and tamoxifen, have been extensively tested in simulation as 
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reference GPER binders. All the other ligands (in black) were discovered or characterized through 

virtual screening techniques. 

 

3. Homology modeling for predicting the structure of GPER 
 

The possibility of investigating in simple and accurate ways the binding location and the 

affinity of molecules to GPER is intimately linked with the availability of a correct molecular 

description of the protein structure. The first crude GPER model was built to predict ligand 

binding, through computational approaches [28]. A more accurate structure of GPER was 

later used as a support to elucidate a number of “wet-lab” experiments [18, 22, 29]. In all 

cases, a special emphasis was put on providing details about the topology of the putative 

binding-site of the protein, rather than the whole protein tertiary structure. The 3D structure 

of GPER was constructed through homology modeling [30, 31], by using the crystal 

structure of bovine rhodopsin [32] as a template. 

Subsequent efforts were devoted on the improvement of the molecular description of the 

protein structure, with a broader emphasis on the description of the overall protein 

architecture. Consistent results were achieved by using as a template the X-ray structure of 

the β2-adrenergic receptor, which was found to possess a higher degree of homology with 

GPER, when compared to bovine rhodopsin. The crystal structures of both the active and 

inactive states of the β2-adrenergic receptor were available [33, 34], allowing to model 

different conformations of GPER in complex with agonists or antagonists [35]. 

Alternatively, GPER has been modeled [36] by using as a template the crystallographic 

structure of the chemokine receptor CXCR4 [37]. It was also possible to identify some 

structural differences between agonists and antagonists, depending on their ability to form 

hydrogen bonds with key residues located in specific transmembrane helices. The quality 

level of this new GPER model was further improved through molecular dynamics (MD) 

simulations [36, 38, 39], which were helpful to take into account the internal dynamics of 

the protein, concomitantly to the contribution of the surrounding lipid matrix. 

A more comprehensive view of the 3D structure of GPER has been recently obtained by 

using the web server GPCR-I-TASSER [26, 40], which is a computational suite derived from 

the parent I-TASSER package [41], one of the most popular on-line resources for protein 

structure prediction and refinement. A major strength of the algorithm used in GPCR-I-

TASSER is that it was specifically devised for the prediction of GPCRs and, as such, it 

works with a dedicated knowledge-based force field as a guide for an accurate assembly of 

the receptor structure. A number of works [25, 38, 42, 43] have adopted this computational 

tool to design high-quality GPER models (see again Figure 1). High-quality and tailored 

software, together with the growing number of experimentally-determined GPCR structures 

that can be used as GPER templates, are contributing to make homology modeling 

algorithms more accurate in predicting the receptor structure. 

 

4. The beginning of structure-based design of ligands for GPER 
 

In the last decade, one of the major aims of our research group has been the identification of 

novel GPER ligands supported by computational drug discovery approaches. A first result 

(18) was the identification of 16α,17β-estriol (E3) as a GPER antagonist (see Figure 2). This 

compound, which corresponds to a final metabolite of E2 [44], is one of the three natural 

estrogens produced by the human body (i.e., estradiol, estrone, and estriol). It is of note that 

E3 can also be biosynthesized from estrone sulfate as well as from testosterone and 

androstenedione [44]. 
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A computational analysis also allowed the discovery of two new molecules [22], named 

GPER-L1 and GPER-L2, both acting on GPER as selective agonists but unable to bind and 

activate ERs. These two ligands were selected through a typical process of virtual screening 

starting from a chemical library including more than 300 molecules. Despite strong 

differences in their chemical structure, they share some crucial features such as the ability 

of exposing a phenyl ring into a hydrophobic protein pocket and, thereby, of forming 

stabilizing π-π stacking interactions. Due to their selectivity, these molecules contribute to 

increase our understanding of the function of various cancer phenotypes, through different 

estrogen-targeted receptors. 

In sharp contrast, MIBE was identified as a unique case of dual antagonist for both GPER 

and ERα [29], by using molecular docking. The possibility of targeting simultaneously 

GPER and ERα is particularly interesting from a pharmacological point of view, because 

active compounds antagonizing both proteins could be useful in tackling breast carcinomas 

at the initial stage or during their progression. In a subsequent work [45], it was demonstrated 

that oleuropein and hydroxytyrosol, two natural phenols, were able to bind GPER. Flexible 

molecular docking calculations were performed with these two molecules, considering free 

rotation of seven bulky side chains in the binding site of the receptor, which was especially 

required to accommodate the relatively large molecular structure of oleuropein. The 

following experiments demonstrated that both ligands act as GPER inverse agonists in ER-

negative and GPER-positive SkBr3 breast cancer cells, as recently found with the peptide 

ERα17p [25]. 

A virtual screening campaign on a library of chemical fragments demonstrated the binding 

of niacin (also known as nicotinic acid, vitamin B3, or vitamin PP) and of its amide form 

niacinamide (or nicotinamide) to GPER and niacin receptor GPR109A/HCA2 [46]. The 

latter is a subtype of the receptor GPR109 that mainly, although not exclusively, mediates 

the action of niacin (but not of niacinamide). Sequence alignment revealed a lack of 

homology between GPER and GPR109A, at least in their ligand-binding sites, thus the 

anchoring of these two molecules to both GPER and GPR109A was not obvious. 

Nevertheless, molecular docking suggested some similarities in the binding mode of the 

pyridine ring of both compounds. The presence of two important arginine residues able to 

form hydrogen bonds with the carboxylic acid moiety of niacin, allowing GPR109A 

specificity, were also highlighted. Both niacin and niacinamide were demonstrated to exert 

an agonist activity toward GPER in the successive experiments. 

Computational techniques further helped to design two novel benzopyrroloxazines [24] 

acting as selective GPER antagonists. The starting point was the virtual screening of a 

compound library and the identification of a rigid molecular structure closely resembling the 

chemical skeleton of other known GPER ligands. This structure was used as a template and 

two derivatives, named PBX1 and PBX2, were demonstrated to bind to GPER. To this aim, 

flexible molecular docking was performed by allowing the rotation of the dihedral angles in 

the side chain of eight residues within the protein-binding site. 

In a separate study [23], two novel carbazole derivatives were synthesized. While both of 

them did not activate the classical ERα, one of them, abbreviated as carbhydraz 2a, showed 

a favorable affinity for GPER, as shown by docking assays with seven flexible residues. This 

compound was then shown to display an agonistic response on GPER. 

As a final example, a rational design has been completed with the first GPER selective 

fluorescent organoboron probe [47], which consists in a boron-dipyrromethene difluoride 

derivative. In this case, the starting molecular template was a bromobenzodioxolyl 

substituent, which is also present in the structure of G-1 and constitutes a key motif for GPER 

binding. Using molecular docking, the obtained compound, named Bodipy 1, was predicted 

to share a binding mode similar to G-1, by interacting with the key protein residue Phe-208 
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and by forming π-π stacking with its bromobenzodioxole moiety. Bodipy 1 was later 

demonstrated to compete with niacin in ER-negative and GPER-positive SkBr3 breast 

cancer cells. 

 

5. The current area of computational methods for studying GPER 
 

The study of GPER through theoretical modeling approaches has lately benefited from a 

number of improvements, including the use of targeted simulations to capture important 

aspects of the protein dynamics. Molecular docking on GPER structures extracted from all-

atom MD has demonstrated [48] that the natural polyphenol (–)-epicatechin (see Figure 2) 

has the ability to anchor to this receptor with a binding mode similar to the agonist G-1. It is 

interesting to note that flavonoids sharing structural similarities to estrogens, such as 

genistein and other phytoestrogens [49–51], not only bind but also activate the classical 

receptors ERα and ERβ. In contrast, and in spite of its evident structural analogies to these 

phytochemicals, (–)-epicatechin fails to bind ERα and ERβ. Since (–)-epicatechin can 

associate within the GPER binding pocket, an important role of this receptor on 

cardiovascular system protection seems likely. In a subsequent study [52], (–)-epicatechin 

derivatives were obtained where the phenol and alcohol groups are functionalized with a 

propargyl or a mesyl group. The resulting compounds, i.e., Epi-4-prop, Epi-5-prop, Epi-prop 

and Epi-Ms, were investigated by docking methods on the GPER structures obtained through 

MD. Strikingly, it was observed that the alkyne function of the propargyl was prone to 

generate additional interactions in the receptor-binding site and to enhance the GPER 

agonistic activity, when compared to the parent compound. Later, MD simulations showed 

that Epi-4-prop and Epi-5-prop share with (–)-epicatechin similar interactions at the GPER 

binding site [53]. 

A number of additional GPER binders have also been identified using theoretical modeling 

calculations. It is the case of G1-PABA [54], a compound part of a small series of G1 

analogs, in which the acetyl moiety is replaced with a carboxyl group. The same 

pharmacophore core was further used to obtain a G1-PABA methylester and L-proline 

derivative, with similar structural and energetic binding properties [55]. All these newly 

synthesized compounds were validated in vitro in experimental assays using breast cancer 

cell lines. Another example is secoisolariciresinol diglucoside, a phytoestrogen extracted 

from flaxseed and able to suppress benign prostatic hyperplasia [56], which was indirectly 

investigated through molecular docking of its mammalian metabolite enterolactone [57]. 

Similarly, the binding mode to both GPER and ERα of baicalein, a flavonoid derived from 

the roots of a medicinal herb, has been extensively studied [58]. Molecular docking analysis 

was especially focused on the hydrogen-bond network favoring the ligand binding. The 

observation that GPER appeared to mediate the estrogenic effects of some bisphenol A 

analogs was the starting point of another computational study [59], which predicted a 

favorable binding of bisphenol AF and bisphenol B. Experimental assays have confirmed 

the agonistic activity of these compounds, supporting the hypothesis of their disrupting 

action on the GPER-mediated pathway. These observations clearly highlight the lack of 

selectivity of phytoestrogens [60]. 

Similarly, to G-15, theoretical methods have also been used to identify new compounds [61] 

with a selective anti-proliferative activity against GPER-expressing breast cancer cells. A 

virtual screening campaign was carried out on a chemical library of about 1,000 compounds, 

in search of molecules showing a binding mode close to G-15 and G-36. They were selected 

on the basis of their binding score and by visual inspection, as well as their ability to form 

polar contacts with previously identified GPER residues. Four different chemical scaffolds 
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were found. A particularly promising compound, named 14c and based on one of these 

scaffolds, has been proposed as a starting point for a future hit-to-lead optimization process. 

By using combined docking and MD simulations approach, the association of the chemical 

carcinogen 3-methylcholanthrene with GPER has been recently studied [43]. This 

environmental pollutant, which is generated by incomplete combustion processes including 

cigarette smoke, was known to bind to both ERα and the aryl hydrocarbon receptor (AhR), 

stimulating thereby a functional interaction between these two receptors. The results pointed 

out to a functional crosstalk and a cross-stimulation between GPER and AhR. Computational 

methods have also been used to investigate the binding to GPER of the peptide ERα17p, 

which encompasses a part of the hinge region/AF2 domain of the human ERα [25, 62]. This 

peptide acts as a GPER inverse agonist and shows anti-proliferative effects in breast cancer 

cells and a decrease in the volume of breast tumors in xenografted mice [63]. The N-terminal 

PLMI motif of this peptide presents some chemical analogies with the GPER antagonist 

PBX1 and exerts the same anti-proliferative potency as the whole length peptide [25, 62], 

suggesting strongly that this region corresponds to the active motif. Due to the large number 

of rotatable bonds in ERα17p, MD simulations were necessary to map the conformational 

landscape of the receptor-peptide molecular system. The fact that a specific amino acid 

drives the anchoring of ERα17p opens the way to the possibility of modulating GPER by 

using peptide-based compounds. It is particularly notable that ERα17p is, to the best of our 

knowledge, the first peptidic GPER modulator. 

 

6. Conclusions 
 

GPER is increasingly recognized as a mediator of different estrogen-dependent 

pathophysiological responses, such as those that characterize cancer progression. The 

persistent difficulty in obtaining an experimental structure of the native structure of this 

membrane receptor, let alone in complex with any endogenous or exogenous ligands, has 

prompted an abundance of theoretical studies to clarify its conformation and binding 

properties. In this context, molecular modeling of GPER ligands has demonstrated that 

targeting this receptor with computational methods is feasible. Accordingly, a number of 

compounds has been defined toward the development of innovative molecular modulators 

of GPER action in different biological systems. In particular, the first identified GPER 

agonist, G-1, is currently undergoing phase 1 clinical trials for its immunomodulatory and 

antineoplastic properties. In this respect, the findings recapitulated and discussed herein 

could be useful in order to clarify the potential role of GPER in cancer and other diseases, 

and the advantages of computational approaches to drive drug discovery for this target. 
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Abstract: 
The present review lists the papers and patents dealing with the class of polycondensed 

heterocycles called benzopyrroloxazines published in the last decades. The survey is limited 

to substances characterized by the presence of a bridgehead N atom, which means that the 

present N atom serves to connect different rings within the same molecule. In the case of 

benzopyrroloxazines, the bridgehead N atom belongs at the same time to the pyrrole and 

oxazine rings. All other compounds not possessing this feature were kept out accordingly. 

Relevant synthetic methods to such compounds have been outlined. Many different 

biological properties have been attributed to several functionalized derivatives of these 

heterocycles and cited within the review. 

 

Keywords: Polycondensed heterocycles; Oxazinoindoles; Biological activity; Synthetic 

methods. 

 

1. Introduction 
 

Benzopyrroloxazines are tricyclic systems deriving from the fusion of a two-ring (bicyclic) 

benzoxazine moiety with a pyrrole ring and represent interesting scaffolds for the pursuit of 

new biologically active compounds. Several combinations for the condensation of the three 

rings are possible thus generating a number of isomers. We herein report on 

benzopyrroloxazines characterized by the presence of a bridgehead N atom into the structure. 

This way, six different isomeric basic structures can be drawn all showing the empirical 

formula C11H9NO. In particular, two linear (A,B) and four angular (C-F) annelations are 

feasible. Three more structures (G-I) deriving from the peri-fusion of pyrrole with the benzo 

and the oxazine rings could be considered as members of this same chemical family and 

therefore herein included, although they are commonly known as oxazinoindoles (Figure 1). 

Three out of the nine mentioned structures (B, F, I) have not been described yet, while the 

six known structures are compiled herein. However, the annelation of additional rings to the 

basic tricyclic systems generates compounds, which could be included in more than one 

group. 

The majority of the papers so far appeared in the literature dealing with these subjects refers 

on a benzopyrroloxazine system embedded in larger fused structures with the pyrrole ring 

often lacking aromaticity or condensed with an extra benzo-fused ring participating in this 

case to the formation of an indole nucleus. Derivatives of these heterocyclic systems have 

been isolated either from natural sources, although in a few cases, or after synthetic 

investigations and their biological activities, when present, are mentioned in this survey. 
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Figure 1. Benzopyrroloxazines with a bridgehead N atom. 

 

2. 9H-Benzo[e]pyrrolo[2,1-b][1,3]oxazine A 
 

The unique linear benzopyrroloxazine known in the literature is 9H-benzo[e]pyrrolo[2,1-

b][1,3]oxazine A. The first paper reporting the formation of 5a,10-dihydro-5a-methyl-12H-

isoindolo[1,2-b][1,3]benzoxazine-10,12-dione (1) (Figure 2), a derivative of the title system, 

is dated 1971 [1]. This compound was prepared by the reaction of methyl or ethyl o-

acetylbenzoate and salicylamide. 
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Figure 2. Structure of compound 1. 

 

A patent application reported a number of derivatives of the title system that were 

demonstrated to possess antibacterial and antifungal properties. Such compounds were 

isolated from cultures of Streptomices and chemically modified. The most promising 

example, 2-chloro-6,8-dihydroxy-7-propyl-9H-benzo [e]pyrrolo[2,1-b][1,3]oxazin-9-one 

(2a) (Figure 3, A), proved to possess activity against a panel of microorganisms at 

0.1 mg/mL concentration [2]. Subsequently, the structure of this compound, named 

Streptopyrrole, was fully elucidated by extensive NMR experiments [3]. 

In a second patent application, the same compound showed a minimal inhibitory 

concentration (MIC) of 0.20–0.78 μg/mL against different strains of Staphylococcus [4]. 

American researchers reported in a patent application and in a subsequent paper the 

corresponding dechlorinated derivative 2b. This latter was obtained either by catalytic 

hydrogenation of compound 2a or by total synthesis, as outlined in Figure 3, B. Fully 

methoxymethyl-protected benzene-1,3,5-triol (3) was acylated with 1H-pyrrole-1-

carboxylic anhydride to give compound 4. After deprotection of 4, an oxidative cyclization 

to the 2-position of the pyrrole using Pd(OAc)2 gave 6,8-dihydroxy-9H-benzo 

[e]pyrrolo[2,1-b][1,3]oxazin-9-one (5). This reaction represents the key step of the entire 

synthetic pathway. Subsequent reaction with allyl bromide followed by ZnCl2-promoted 

allyl group migration, gave compound 6, which was subjected to O-dealkylation to 7-allyl-

6,8-dihydroxy-9H-benzo [e]pyrrolo[2,1-b][1,3]oxazin-9-one (7). Final hydrogenation led to 

compound 2b, which showed antibacterial activity with a MIC of 2.0 μg/mL against S. 

aureus and E. coli [5,6]. 
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Figure 3. A) Chemical structures of Streptopyrrole 2a and its dechlorinated analog 2b; B) Total 

synthesis of compound 2b. Reagents and conditions: (a) n-BuLi, THF, −78 °C, then N,N′-

carbonyldiimidazole; (b) HCl, MeOH, then Pd(OAc)2, LiCl, THF, 125 °C, sealed tube, 14h; (c) allyl 

bromide, Cs2CO3, MeCN; (d) ZnCl2, toluene, 100 °C; (e) Pd(Ph3P)4, Bu3SnH, DCM, then H2, Pd(C), 

EtOAc. 

 

Compound 2a along with a series of halogenated analogues 8–15, (Figure 4) have been 

isolated from S. rimosus cultures, after introduction of saline additives into the culture media, 

and fully characterized by spectroscopic methods. The most promising derivative remained 

compound 2a, which exhibited activity in a panel of antimicrobic and antifungal tests. The 

efficacy of this compound seemed attributable to its ability in inhibiting the nitrogen 

regulator II (NRII) histidine kinase, a member of a large family of proteins that are part of 

the signal transduction systems with an IC50 of 20 μM. NRII is a homodimeric signal-

transducing protein responsible for the transcriptional function in E. coli. Moreover, the 

same compound showed activity against selected human cancer cell lines [7]. 

 

 
Figure 4. Chemical structures of compounds 8–15. 

 

Four polycyclic compounds based on a 9H-benzo[e]pyrrolo[2,1-b][1,3]oxazine moiety have 

been obtained by reaction between the Betti base or equivalents (i.e. 1-

(aminomethyl)naphthalen-2-ol, 16) with 2-formylbenzoic acid 17 or levulinic acid. 

Compounds 18–21 were obtained following the route below described representatively for 

compound 18 (Figure 5) [8]. 

 

 
 
Figure 5. Synthesis of compound 18 and structure of analogs 19–21. Reagents and conditions: (a) 

toluene, rt. 

 

Derivatives of the previously unknown indolo[2,1-b][1,3]benzoxazine system were obtained 

by condensation of iodomethilates of 2-[(dimethylamino)methylphenols] and 2-
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bromomelatonin, in boiling DMF in the presence of K2CO3. As a representative example the 

reaction of 1-(2-hydroxy-5-methoxyphenyl)-N,N,N-trimethylmethanaminium iodide (22) 

with N-(2-(2-bromo-5-methoxy-1H-indol-3-yl)ethyl)acetamide (23) to give N-(2-(2,8-

dimethoxy-12H-benzo[5,6][1,3]oxazino[3,2-a]indol-6-yl)ethyl)acetamide (24) is outlined in 

Figure  6 [9]. 

 

 
 

Figure 6. Synthesis of compound 24. Reagents and conditions: (a) DMF, K2CO3, reflux. 

 

Substituted isomeric 4bH-benzo[5,6][1,3]oxazino[2,3-a]isoindol-12(10H)-one and 5H-

benzo[4,5][1,3]oxazino[2,3-a]isoindol-11 (6aH)-one were obtained by a 

tandem heterocyclization of 2-formylbenzoic acid 17 with 2-(1-aminoalkyl)phenols or 2-

aminophenilcarbinols. The basic skeletons 25 and 26 of such tetracyclic compounds are 

reported in Figure 7 [10]. 

 
 

Figure 7. Structure of compound 25 and 26. 

 

Cu2O-catalyzed intramolecular domino bond formation on an easily available gem-

dibromovinylic precursor 27 gave rise to 12H-benzo[5,6][1,3]oxazino[3,2-a]indol-12-one 

(28) (Figure 8) [11]. 

 

 
 

Figure 8. Synthesis of compound 28. Reagents and conditions: (a) Cu2O, DMEDA, K2CO3, toluene, 

100 °C. 

 

Further derivatives of this same heterocyclic system were achieved accidentally after an 

intramolecular dehydrohalide coupling on a 1-(2-bromobenzyl)indolin-2-one (29a,b) 

promoted by t-BuOK, in an unusual O-arylation fashion, to give 

compounds 30a,b (Figure 9) [12,13]. 

 

https://www.sciencedirect.com/topics/chemistry/heterocyclization
https://www.sciencedirect.com/science/article/pii/S0223523418303040#bib11
https://www.sciencedirect.com/topics/chemistry/heterocyclic-compound
https://www.sciencedirect.com/science/article/pii/S0223523418303040#bib13
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Figure 9. Intramolecular cyclization to 30a,b. Reagents and conditions: (a) t-BuOK, sealed tube, 

100 °C. 

 

Recently, the one-step reaction between salicylaldheydes (31a,b) and L-4-hydroxyproline 

(32) via iodine-mediated electrophilic cyclization catalyzed by 1-butyl-3-

methylimidazolium bromide, under MW irradiation, gave substituted derivatives of the basic 

tricylic system 33a,b (Figure 10) [14]. 

 

 
Figure 10. Synthesis of 9H-benzo [e]pyrrolo[2,1-b][1,3]oxazines 33a,b. Reagents and conditions: 

(a) 1-butyl-3-methylimidazolium bromide, MW. 

 

3. 4H-Benzo[b]pyrrolo[1,2-d][1,4]oxazine C 
 

A first report on the synthesis of derivatives of his heterocyclic system appeared in 1961 by 

a Japanese author. The described compounds were obtained starting from o-aminophenol 

(34) and diethyl-α-oxoglutarate (35) to give a benzoxazine intermediate 36, which was in 

turn converted into 1-ethoxy-4-oxo-3a,4-dihydro-3H-benzo [b]pyrrolo[1,2-d][1,4]oxazine-

2,3-dicarbaldehyde (37) by reaction with POCl3/DMF (Figure 11). Then, reactive groups on 

the pyrrole ring of this latter compound were further elaborated [15]. 

 

 
 

Figure 11. Synthesis of the benzopyrroloxazine 37. Reagents and conditions: (a) EtOH, reflux, 4h; 

(b) POCl3, DMF, reflux, 4h. 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cyclization
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/electrophilicity
https://www.sciencedirect.com/topics/chemistry/1-butyl-3-methylimidazolium
https://www.sciencedirect.com/topics/chemistry/1-butyl-3-methylimidazolium
https://www.sciencedirect.com/topics/chemistry/1-butyl-3-methylimidazolium
https://www.sciencedirect.com/topics/chemistry/heterocyclic-compound
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/benzoxazine-derivative
https://www.sciencedirect.com/topics/chemistry/pyrrole
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The basic tricylic system C was obtained by treating 2-(1H-pyrrol-1-yl)phenol (38) 

with formaldehyde and dimethylamine to give 2-(2-((dimethylamino)methyl)-1H-pyrrol-1-

yl)phenol (39), which, after transformation into the methiodide salt, was subjected 

to cyclization to 4H-benzo[b]pyrrolo[1,2-d][1,4]oxazine C, by the action of sodium 

ethoxide (Fig. 12). In the same report, it was described that the starting material 38 was first 

transformed into the corresponding ethyl carbonate 40 and this latter was subjected to 

intramolecular cyclization with zinc chloride to give the 4-oxo analog 41 (Figure 12) [16]. 

The same synthetic approach was also adopted by another research group for the preparation 

of halogen-substituted analogs of 41 [17]. Compound 38 was also used for the preparation 

of a series of 4-substituted derivatives of basic system C by acid 

catalyzed condensation with carbonyl components. As an example, compound 38 was 

condensed with acetone to give 4,4-dimethyl-4H-benzo [b]pyrrolo[1,2-d][1,4]oxazine (42) 

(Figure 12) [18]. The application of this synthetic pathway led to a number of 4,4-

disubstituted derivatives patented as antihypertensive and SNC active agents [19]. 

 

 
 

Figure 12. Synthesis of 4H-benzo [b]pyrrolo[1,2-d][1,4]oxazine C and its 

analogs 41 and 42, starting from 2-(1H-pyrrol-1-yl)phenol 38. Reagents and conditions: (a) CH2O, 

NHMe2, AcOH, rt, 40h; (b) CH3I, THF, rt, 3h, then EtONa, EtOH, reflux, 16h; (c) EtONa, 

ClCOOEt, THF, rt, 2h; (d) ZnCl2, o-dichlorobenzene, reflux, 1h; (e) acetone, PTSA, reflux, 15h. 

 

In a paper appeared in 1972, was reported the synthesis of 1,2,3,3a-tetrahydro-4H-

pyrrolo[2,1-c][1,4]benzoxazine (43) starting from a preformed benzoxazine, in a multi-step 

fashion (Figure 13) [20]. 

 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/formaldehyde
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/dimethylamine
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/methyl-iodide
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Figure 13. Chemical structure of compound 43. 

 

During the search for anticancer substances related to Mitomycin C, 1-(2,5-

dimethoxyphenyl)-1H-pyrrole-2-carbonyl chloride (44) was converted into tricyclic 

derivative 45 under Friedel-Crafts conditions in the absence of oxygen (Figure 14). 5-

Substituted derivatives of compound 45 inhibited bladder cancer cell growth in the low 

micromolar range [21]. 

 
 

Figure 14. Synthesis of 8-methoxy-4H-benzo [b]pyrrolo[1,2-d][1,4]oxazin-4-one 45. Reagents and 

conditions: (a) Friedel-Crafts cyclization, N2. 

 

In a study aimed at transforming derivatives of the 4H-benzo[b]pyrrolo[1,2-d][1,4]oxazin-

4-one nucleus into fluorazone derivatives, sequential nitration/reduction of 7-methoxy-6-

methyl-4H-benzo [b]pyrrolo[1,2-d][1,4]oxazin-4-one (46) furnished the corresponding 

amino derivative 47, which was subjected to photo-irradiation with the achievement of the 

expected results (Figure 15) [22]. The application of this synthetic strategy is potentially 

useful in the Mitomycin synthesis [23]. 

 

 
 

Figure 15. Synthesis of 8-amino-7-methoxy-6-methyl-4H-benzo [b]pyrrolo[1,2-

d][1,4]oxazin-4-one 47. Reagents and conditions: (a) HNO3, H2SO4, then H2, Pd(C). 

 

Starting from (un)substituted o-aminophenols, several benzo [b]pyrrolo[1,2-d][1,4]oxazines 

were obtained in refluxing dioxane by action of methyl acetylenedicarboxylate [24]. 

Successively, this method was applied for a three-component one-pot reaction adding 

nitrostyrene to the two above starting reagents to give substituted 2-aryl derivatives. The 

structures of the prototype products 48 and 49, respectively, are depicted in Figure 16 [25]. 
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Figure 16. Chemical structure of trimethyl 4-oxo-2,4-dihydro-1H-benzo [b]pyrrolo[1,2-

d][1,4]oxazine-1,2,3-tricarboxylate 48 and dimethyl 4-oxo-2-phenyl-4H-benzo [b]pyrrolo[1,2-

d][1,4]oxazine-1,3-dicarboxylate 49. 

 

Starting from 10H-phenoxazine (50), pyrrolo [3,2,1-kl]phenoxazin-1(2H)-one (51) was 

obtained by action of 2-chloroacetyl chloride and AlCl3. This latter compound was used as 

starting point for the preparation of several potent dual inhibitors of cyclooxygenase and 5-

lipoxygenase in the arachidonic acid metabolism pathway with in vivo anti-inflammatory 

activity. In particular compound 52 (Figure 17) showed IC50 value of 0.02 and 1.5 μM 

against rat cyclooxygenase and 5-lipooxigenase, respectively [26,27]. 

 

 
 

Figure 17. Schematic synthetic pathway to 1-oxo-N-(thiazol-2-yl)-1,2-dihydropyrrolo [3,2,1-

kl]phenoxazine-2-carboxamide 52. Reagents and conditions: (a) ClCH2COCl, then AlCl3, benzene; 

(b) EtONa, EtOH, (MeO)2CO, reflux, 3h, then 2-aminothiazole, toluene, reflux. 

 

A patent by Japanese authors described a series of pyrrolobenzoxazines showing activity 

on 5-HT receptors. Their preparation was achieved by reaction of ethyl 3-hydroxy-2-(1H-

pyrrol-1-yl)benzoate or its 5-chloro derivative 53 with acetone and p-toluensulfonic acid to 

give substituted pyrrolobenzoxazines. These latter were then saponified and amidated to give 

a number of amide derivatives. As an example, the reaction of 53 with acetone give rise to 

ester 54, which was transformed into 7-chloro-4,4-dimethyl-N-(quinuclidin-3-yl)-4H-

benzo[b]pyrrolo[1,2-d][1,4]oxazine-9-carboxamide (55) after hydrolysis (Figure 18). This 

last compound showed 68% inhibition at 3.2 μg/kg in the Benzold-Jarisch reflex test [28]. 

The same authors reported in a separate paper the structure-activity relationships (SAR) of 

such derivatives tested against the 5-HT3 receptor and found that the previously reported 

amide 55 was 40-fold more potent than ondansetron, a well known antiemetic agent [29]. 
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Figure 18. Schematic synthetic pathway to compound 55. Reagents and conditions: (a) acetone, 

PTSA, benzene; NaOH, H2O, EtOH; (b) DCC, HOBT, quinuclidin-3-amine, DMF. 

 

A patent dealing with the discovery of inhibitors of sodium/hydrogen cellular exchange 

reported a significant activity for a series of polysubstituted 4H-benzo [b]pyrrolo[1,2-

d][1,4]oxazine bearing a guanidine residue and for several other guanidine derivatives. The 

compounds were proposed as useful tools for the treatment of cardiovascular diseases. The 

structure of the lead derivative 56 is reported in Figure 19 [30]. 

 

 
 

Figure 19. Chemical structure of N-carbamimidoyl-4H-benzo [b]pyrrolo[1,2-d][1,4]oxazine-6-

carboxamide 56. 

 

Benzopyrroloxazine and benzopyrrolothiazine derivatives were also described for their use 

as potential calcium channel blockers related to Diltiazem, a well known antihypertensive 

agent. The preparation route started from (1-(2-fluorophenyl)-1H-pyrrol-2-yl) (4-

methoxyphenyl)methanol (57a) which was subjected to 

intramolecular nucleophilic displacement by action of a strong base to give the tricyclic 

derivative 58 further functionalized to 1-(4-(4-methoxyphenyl)-4H-benzo[b]pyrrolo[1,2-

d][1,4]oxazin-1-yl)-N,N-dimethylmethanamine (59) with formaldehyde/dimethyl amine 

(Figure 20). This compound resulted however 15-fold less active than the corresponding 

benzopyrrolothiazine analogue in a guinea pig aorta strip binding affinity assay [31]. A 

similar synthetic approach, starting from 2-fluoroaniline and 2,5-dimethoxytetrahydrofuran 

and a final Mannich pyrrole aminoalkylation, led to several 4H-benzo [b]pyrrolo[1,2-

d][1,4]oxazine analogs of compound 59 [32]. The same authors reported in a successive 

paper the oxidation of the sulfide 60, obtained after the same synthetic pathway from 

compound 57b, to give the sulfone 61 (Figure 20). This compound showed a moderate 

COX-1 and COX-2 inhibitory activity as well as an antiproliferative effect on a panel of 

human cancer cell lines [33]. 
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Figure 20. Schematic synthetic pathway to compound 59 and 61. Reagents and conditions: (a) 

NaH, benzene, DMF, 80 °C, 6h; (b) CH2O, NH(CH3)2, AcOH, rt, 3h; (c) m-CPBA, DCM, 0 °C, 4h. 

 

More recently the first pyrrolation step on aniline derivatives has been more conveniently 

carried out in aqueous media in the presence of mesoporous hydrogen sulfated MCM-41 

(MCM-41-SO3H) [34]. 

In a patent dealing with the identification of antimicrobial agents, starting from 2-(2-

hydroxymethyl-pyrrol-1-yl)-5-nitrophenol (62), 7-nitro-4H-benzo[b]pyrrolo[1,2-

d][1,4]oxazine (63) was obtained under Mitsunobu conditions. This latter compound was 

subjected to nitro group reduction and the corresponding amino derivative 64 was in turn 

converted into the oxazolidinone derivative 65 in two steps (Figure 21) [35]. 

 

 
 
Figure 21. Synthesis of N-((3-(4H-benzo [b]pyrrolo [1,2-d] [1,4]oxazin-7-yl)-2-oxooxazolidin-5-

yl)methyl)acetamide 65. Reagents and conditions: (a) DEAD, Ph3P, THF, rt, 14h; (b) H2, Pd(C), 

3h; (c) acetyl-aminomethyl-oxirane, CHCl3, silica gel, DCM, then CDI, 1,4-dioxane, reflux, 12h. 

 

 

Russian authors described a convenient preparation of benzoyl-, furoyl- and thienoyl-

benzopyrroloxazinetriones by the reaction of 2,4-dioxo-4-phenylbutanoic acid (66a) or 4-

(furan-2-yl)-2,4-dioxobutanoic acid (66b) or 2,4-dioxo-4-(thiophen-2-yl)butanoic acid (66c) 

and 2-aminophenol (34). The resulting benzoxazine derivatives 67a-c were treated 

with oxalyl chloride to give the benzopyrroloxazines. 68a-c, which were used as 

intermediates for the preparation of various poly-heterocyclic derivatives [36,37]. This 

convenient synthetic approach to pyrrolobenzoxazinetriones was exploited by a second 

Russian research group. In this case, the above reaction with oxalyl chloride gave rise to 

trione derivatives along with small amount of by-products of formula 69a-c deriving from 

the addition of a molecule of water [38]. The same authors reported the reaction of previously 

obtained 3-benzoyl-1H-benzo [b]pyrrolo[1,2-d][1,4]oxazine-1,2,4-trione (68a) with 2-
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hydrazinylbenzoic acid that led to (Z)-2-(2-(3-benzoyl-1,4-dioxo-1H-benzo [b]pyrrolo[1,2-

d][1,4]oxazin-2(4H)-ylidene)hydrazinyl)benzoic acid (70) in 47% yield (Figure 22) [39]. 

 

 
 

Figure 22. Synthesis of 3-benzoyl-, 3-(furan-2-carbonyl)- and 3-(thiophene-2-carbonyl)-1H-benzo 

[b]pyrrolo[1,2-d][1,4]oxazine-1,2,4-trione 68a-c, the by-products 69a-c and the derivative 70. 

Results and conditions: (a) 1,4-dioxane, reflux; (b) (COCl)2, DCM, reflux; (c) phenylhydrazine, 

MeCN, reflux. 

 

 

Flash vacuum pyrolysis of methyl 3-(1-(2-(benzyloxy)phenyl)-1H-pyrrol-2-yl)acrylate (71) 

was reported to give a mixture of methyl 4H-benzo [b]pyrrolo[1,2-d][1,4]oxazine-4-

carboxylate (72) and methyl 3-(1-(2-hydroxyphenyl)-1H-pyrrol-2-yl)acrylate (73), in 34 and 

27% yield respectively (Figure 23). The result of this reaction was confirmed by an 

independent synthetic strategy [40]. 

 

 
Figure 23. Pyrolysis of compound 71. 

 

In a patent dealing with the identification of protein kinase C (PKC) inhibitors, potentially 

useful as anticancer agents, variously substituted active derivatives were obtained by 

coupling 4H-benzo [b]pyrrolo[1,2-d][1,4]oxazin-8-amine (74) with appropriately 

substituted 2-chloro-5-fluoropyrimidines 75a,b. Compounds 76a,b (Figure 24) were so 

obtained and showed remarkable activity with IC50 ranging from 0.25 to 5 μM in 

an in vitro inhibitory assay [41]. 
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Figure 24. Synthesis of compounds 76a,b. Reagents and conditions: (a) TFA, 2-propanol, 100 °C. 

 

The 4H-benzo[b]pyrrolo[1,2-d][1,4]oxazine moiety embedded into a tetracyclic 

azaindolo[2,1-c][1,4]benzoxazine system was also obtained by reaction of di-lithiated 2-

butoxycarbonylamino-3-methylpyridine (77) and Weinreb amide of 2-(2,4-

difluorophenoxy)-2,2-dimethylacetic acid (78) followed by TFA treatment to give 

compound 79 [42]. Successively, the same research group published an in depth study on 

this reaction by which they obtained several compounds likely through an unusual N→C 

[1,4] Boc migration. In this way a series of carboxyl functionalized 7-azaindolo[2,1-

c][1,4]benzoxazines were obtained. Two examples of this type of compounds are reported 

in Figure 25 (compound 80 and 81) [43]. 

 

 
 

Figure 25. Synthesis of 3-fluoro-6,6-dimethyl-6H-benzo [b]pyrido [3′,2’:4,5]pyrrolo[1,2-

d][1,4]oxazine 79 and structure of compounds 80 and 81. Reagents and conditions: (a) 

THF, −15 °C to rt, 1.5h, then TFA, DCM, 0 °C to rt, 0.5h. 

 

The 4H-benzo [b]pyrrolo[1,2-d][1,4]oxazine and the corresponding indole analog were 

obtained from pyrrole or indole carboxylate, respectively, linked to a pendant haloarene, by 

an intramolecular copper-catalyzed arylation promoted by MW irradiation. As an example, 

cyclization of 2-iodophenyl 1H-pyrrole-1-carboxylate (82) in the presence of CuI, L-proline 

and NaH gave compound 41. Similarly, the reaction of indole analog 83 gave 6H-

benzo[5,6][1,4]oxazino [4,3-a]indol-6-one (84) (Figure 26) [44]. 
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Figure 26. Synthesis of compounds 41 and 84. Reagents and conditions: (a) CuI, L-proline, NaH, 

DMF. 

 

The tricyclic moiety of 4H-benzo [b]pyrrolo[1,2-d][1,4]oxazine could be also single out in 

a series of potent and metabolically stable benzopyrimido-pyrrolo-oxazinediones active 

as cystic fibrosis transmembrane conductance regulator (CFTR) inhibitors. These 

compounds were synthesized starting from a substituted 2-(1H-pyrrol-1-yl)phenol by a TFA 

catalyzed reaction with a furfural derivative. The most active compound was prepared 

starting from ethyl 3-(1,3-dimethyl-2,4-dioxo-5-phenyl-3,4-dihydro-1H-pyrrolo[3,4-

d]pyrimidin-6(2H)-yl)-4-hydroxybenzoate (85) to give the cyclized product 86, in a two-

step procedure (Figure 27). This compound completely inhibited CFTR with an IC50 value 

of 8 nM and prevented cyst growth with IC50 of 100 nM in an embryonic kidney 

culture model [45,46]. 

 

 
Figure 27. Synthesis of 6-(5-bromofuran-2-yl)-7,9-dimethyl-8,10-dioxo-11-phenyl-7,8,9,10-

tetrahydro-6H-benzo [b]pyrimido [4′,5’:3,4]pyrrolo[1,2-d][1,4]oxazine-2-carboxylic acid 86. 

Reagents and conditions: (a) 5-bromofurfural, TFA, CHCl3, 150 °C, then KOH, THF/H2O, then 

HCl workup. 

 

A large series of spiro [chromene-piperidine] derivatives including the tricyclic basic system 

and their channel modulatory activity measurements has been reported in a patent. A 

noteworthy activity towards Nav1.7 ion channel cell line was found for 1’-(3-hydroxy-2-

methoxybenzoyl)spiro[benzo[b]pyrrolo[1,2-d][1,4]oxazine-4,4′-piperidine]-1-carbonitrile 

(87) (IC50 < 2 μM) [47,48]. Nav1.7 ion channel have been shown to be involved in pain 

transmission. In a recent patent dealing with tricyclic sulfonamide derivatives claimed 

as methionyl aminopeptidase 2 modulators, thus potentially useful in cancer and rheumatoid 
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arthritis treatment, several 4H-benzo[b]pyrrolo[1,2-d][1,4]oxazines were prepared. The 

most interesting compound (Z)-7-(2-(3-(diethylamino)prop-1-en-1-yl)-4-

fluorophenylsulfonamido)-4H-benzo[b]pyrrolo[1,2-d][1,4]oxazine-6-carboxylic acid (88) 

was tested in a recombinant human assay showing IC50 value < 0.05 μM [49]. A derivative 

of the title tricyclic system, namely 1-amino-2-(1H-benzo[d]rimethyl-2-yl)-8-methyl-3a,4-

dihydro-3H-benzo[b]pyrrolo[1,2-d][1,4]oxazin-3-one (89) was reported in a patent dealing 

with the identification of opioid receptors modulators [50]. The reaction of above mentioned 

amine derivative 64 with 2-chloroquinoxaline or 3,4,5-trimethoxybenzoyl chloride gave 

compounds 90 and 91, respectively. Both compounds were demonstrated active as 

selective G-protein coupled estrogen receptor antagonists and thus useful as potential agents 

for breast cancer treatment. The structures of this series of compounds are reported 

in Figure 28 [51]. 

 
 

Figure 28. Structure of compounds 87–91. 

 

4. 5H-Benzo[e]pyrrolo[1,2-c][1,3]oxazine D 
 

A first paper dealing with the synthesis of nitrogen heterocyclic analogs 

of cannabinoids (CB) reported the cyclization of 2-(1H-indol-2-yl)phenol (92) 

with acetone in the presence of p-toluensulphonyl chloride to give the title heterocyclic 

skeleton, although comprised in the tetracylic system of compound 93 (Figure 29). Several 

substituted analogs described in successive papers were obtained following the same 

procedure [52-54]. Such derivatives could result useful for the treatment of several auto-

immune pathologies as well as chronic pain and cancer. 
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Figure 29. Synthesis of 6,6-dimethyl-6H-benzo[5,6][1,3]oxazino [3,4-a]indole 93. Reagents and 

conditions: (a) acetone, tosyl chloride, reflux, 50h. 

 

Thermal rearrangement of ethyl 1a,1b,6b,6c-tetrahydro-1H-benzofuro [2′,3’:3,4] cyclobuta 

[1,2-b]azirine-1-carboxylates 94a-c gave the corresponding 4-oxo derivatives of the title 

tricyclic system 95a-c (Fig. 30) together with some related derivatives [55]. 

 

 
 

Figure 30. Thermal rearrangement to 4H-benzo[b]pyrrolo[1,2-d][1,4]oxazin-4-ones 95a-c. 

 

The D tricyclic skeleton embedded in a tetracyclic system was obtained by a synthetic 

strategy involving a trifluoroacetic acid catalyzed cyclization of an opportunely N-

substituted 3-hydroxyisoindolin-1-one as a key step. Representatively, reaction of N-

(chloromethyl)phthalimide (96) with phenol gave 2-(phenoxymethyl)isoindoline-1,3-dione 

(97) which was subjected to reduction to give carbinol 98 in turn cyclized to 

compound 99 (Figure 31). Several substituted derivatives were then obtained by use of 

variously substituted phenols [56]. Another research group achieved a similar cyclization 

acting on the acetyl ester of 98 by the action of Bi(OTf)3 as the catalyst [57]. 

 

 
 
Figure 31. Synthesis of 6H-benzo[5,6][1,3]oxazino [4,3-a]isoindol-8 (12bH)-one 99. Reagents and 

conditions: (a) phenol, MeONa, DMF, rt, 12h; (b) NaBH4, MeOH, 0–5 °C, 1h; (c) TFA, rt, 12h. 

 

The cyclization of an indole precursor 100 led to the tetracyclic derivative 101, containing 

the title system. Compound 101 showed a moderate activity as hepatitis C 

virus (HCV) NS5B RNA polymerase inhibitor (IC50 = 0.14 μM) [58]. A similar activity was 

detected for a series of thienopyrrole derivatives structurally related to previously cited 

tetracyclic indoles. During this search, 11-cyclohexyl-8-methyl-6H-benzo [e]thieno 

[2′,3’:4,5]pyrrolo[1,2-c][1,3]oxazine-9-carboxylic acid (102) was obtained as a by-product 

(Figure 32) [59]. 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/acetone
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https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/acetic-acid-derivative
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https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/indole-derivative
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Figure 32. Synthesis of 12-cyclohexyl-6H-benzo[5,6][1,3]oxazino [3,4-a]indole-9-carboxylic 

acid 101 and structure of analog 102. Reagents and conditions: (a) CH2Br2, K2CO3, acetone, then 

NaOH, THF/H2O. 

 

A number of indole derivatives, comprising the title tricyclic scaffold, in which a tetracyclic 

system acts as a tether linking two symmetric chains containing a valine residue in turn 

linked to an imidazole-pyrrolidine moiety was described in several patents and tested as 

HCV NS5B RNA polymerase inhibitors. Representatively, 5-bromo-2-(5-bromo-3-fluoro-

1H-indol-2-yl)phenol (103) was cyclized to give the tetracyclic derivative 104, in turn 

converted into the final compound 105, which showed an IC50 value of 0.001 nM [60-68]. 

In a successive paper, following a similar synthetic approach, compound MK-8742 

(Elbasvir) 106 was prepared and recognized as a direct-acting antiviral agent, able to prevent 

viral replication in several HCV genotypes [69-71]. Intensive SAR studies have been carried 

out in order to identify more potent analogs against resistant HCV variants [72-74]. In a 

number of papers produced by the same research group, several active derivatives with a 

similar structural architecture have been described and deeply investigated for their antiviral 

activity. A novel series of chromane containing NS5A inhibitors have been accordingly 

identified. The most active compounds 107 and 108 showed EC90 values ranging from 0.003 

to 0.5 nM [75]. The best result was finally reached with the identification of 2-

cyclopropylthiazole derivative 109 (Ruzasvir, MK-8408, EC90 from 0.003 to 0.067 nM) 

which is presently undergoing clinical trials (Figure 33) [76]. 
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Figure 33. Synthesis of dimethyl ((2,2’-(5,5’-(12-fluoro-6H-benzo[5,6][1,3]oxazino [3,4-a]indole-

3,10-diyl)bis (1H-imidazole-5,2-diyl))bis (pyrrolidine-2,1-diyl))bis(3-methyl-1-oxobutane-2,1-

diyl))dicarbamate 105 and structure of analogs 106–109. Reagents and conditions: (a) CH2Br2, 

K2CO3, DMF, 80 °C, 5h; (b) pinacol borate, Pd (dppf)Cl2, AcOK, 1,4-dioxane, 80 °C, 3h, then t-

butyl 2-(2-bromo-1H-imidazol-5-yl)pyrrolidin-1-carboxylate, Pd (dppf)Cl2, Na2CO3, THF/H2O, 

75 °C, 12h; then HCl, MeOH; then 2-(methoxycarbonylamino)-3-methylbutanoic acid, DIPEA, 

MeCN, BOP, rt. 

 

In a further series of patents the same tetracyclic system was appended to a variously 

substituted benzofuran to obtain a large number of antiviral agents acting on the same 

enzyme, although at higher concentrations than preceding derivatives. The structure of two 

representative analogs 110 and 111 are reported in Figure 34 [77-79]. 

 

 

 
 

Figure 34. Structure of derivatives 110 and 111. 

 

 

 

 

 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/boric-acid
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Cyclization of N-benzyloxymethylindolylmaleimide (112), bearing a fully protected 

glucosyl moiety attached to the indole nitrogen, with p-benzoquinone gave the spiro 

intermediate 113 referable to a 5H-benzo [e]pyrrolo[1,2-c][1,3]oxazine skeleton. This latter 

was deprotected to give compound 114, which showed a checkpoint kinase 1 inhibitory 

property with an IC50 value of 1.92 μM, together with a moderate in vitro antiproliferative 

activity (Figure 35) [80]. 

 

 
 

Figure 35. Synthesis of (2′R,3′S,4′R,5′R, 6′S)-3′,4,4′,5′-tetrahydroxy-6'-(hydroxymethyl)-

3′,4′,5′,6′-tetrahydro-1H-spiro[7-oxa-2,8a-diazabenzo[cd]cyclopenta [a]fluoranthene-8,2′-pyran]-

1,3(2H)-dione 114. Reagents and conditions: (a) p-benzoquinone, toluene; (b) H2, Pd(OH)2, then 

NH4OH, THF/MeOH, rt, 12h. 

 

5. 5H-Benzo[d]pyrrolo[2,1-b][1,3]oxazine E 
 

A first publication reporting a lactone derived from the title system appeared in 1933. 

Prolonged heating of 2-(2-carboxyphenyl)-1-hydroxy-3-oxoisoindoline-1-carboxylic acid 

(115) resulted in the cyclization to compound 116, the structure of which was elucidated by 

chemical proofs (Figure 36). This last compound was obtained in a separate study and its 

structure was accordingly confirmed [81,82]. More recently, the same lactone was 

successfully synthesized by condensation of 2-formylbenzoic acid (17) with 2-

aminobenzoic acid (117) [83]. 

 

 
 

Figure 36. Synthetic approaches to 5H-benzo[4,5][1,3]oxazino [2,3-a]isoindole-5,11 (6aH)-

dione 116. Reagents and conditions: (a) 170–190 °C; (b) EtOH, reflux. 

 

Starting from 2-(1H-pyrrol-1-yl)benzoic acid (118) the tricyclic lactone 1H-

benzo[d]pyrrolo[2,1-b][1,3]oxazine-1,5(3aH)-dione (119) was obtained by treatment 

with singlet oxygen, during studies aimed to the synthesis of 

antitumoral Mitomycin antibiotics. Successive hydrogenation gave rise to the saturated 

analog 120 [84]. Successively, the same research group attempted photooxydation of (3,5-

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/checkpoint-kinase-1
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dimethoxy-2-(1H-pyrrol-1-yl)phenyl)methanol (121) to obtain the corresponding tricyclic 

derivative 122 preserving the pyrrole aromaticity (Figure 37) [85]. 

 

 
 

Figure 37. Synthesis of 3,3a-dihydro-1H-benzo[d]pyrrolo[2,1-b][1,3]oxazine-1,5(2H)-

dione 120 and 7,9-dimethoxy-5H-benzo[d]pyrrolo[2,1-b][1,3]oxazine 122. Reagents and 

conditions: (a) irradiation, 1O2, DCM; (b) Pd(C), acetone, 20min; (c) irradiation, 1O2, MeOH. 

 

Chlorination of 2-(2-carboxybenzamido)benzoic acid (123) with SOCl2 followed by 

treatment with methanol gave the cyclization to 6a-methoxy-5H-

benzo[4,5][1,3]oxazino[2,3-a]isoindole-5,11(6aH)-dione (124), a tetracyclic derivative of 

the title system (Figure 38). Further elaboration of compound 123 gave the demethoxy 

analog 116 [86]. 

 

 
Figure 38. Synthesis of compound 124. Reagents and conditions: (a) SOCl2, then MeOH. 

 

In a representative synthetic pathway, double cyclization of 2-(N-

(carboxymethyl)acetamido)benzoic acid (125) with acetic anhydride led to tricyclic 

compound 126, which was subjected to selective hydrolysis with acetic acid to give 

compound 127 (Figure 39). These compounds were studied for both synthetic purposes 

and thermodynamic analysis applications [87-91]. 

 

 

https://www.sciencedirect.com/topics/chemistry/pyrrole
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Figure 39. Synthesis of 5-oxo-5H-benzo [d]pyrrolo[2,1-b][1,3]oxazin-2-yl acetate 126 and 1H-

benzo [d]pyrrolo [2,1-b] [1,3]oxazine-2,5-dione 127. Reagents and conditions: (a) Ac2O, reflux; 

(b) AcOH. 

 

In a study aimed to the preparation of sulfone-containing heterocycles, one-pot reaction of 

diethyl 2-(2-bromo-1-phenyl-2-(phenylsulfonyl)ethylidene)malonate (128a) and 

anthranilonitrile (129) in dioxane/triethylamine solution led to the corresponding tricyclic 

derivative 130a (Figure 40). The corresponding 2-(4-chlorophenyl) derivative 130b was 

obtained in the same way starting from chloro derivative 128b [92,93]. A similar approach 

was also described in separate studies [94-96]. 

 

 
 

Figure 40. Synthesis of ethyl 5-oxo-2-phenyl-1-(phenylsulfonyl)-5H-benzo[d]pyrrolo[2,1-

b][1,3]oxazine-3-carboxylate 130a and its chloro derivative 130b. Reagents and conditions: (a) 

Et3N, 1,4-dioxane, reflux, 3h, then dil. HCl. 

 

Acid catalyzed cyclization of 3-hydroxy-2-(2-(hydroxymethyl)phenyl)isoindolin-1-one 

(131) led to tetracyclic compound 132, containing the skeleton of the title system 

(Figure 41). The synthetic method was applied to the synthesis of some substituted 

diastereoisomeric derivatives [97]. 

 

 
Figure 41. Synthesis of 5H-benzo[4,5][1,3]oxazino [2,3-a]isoindol-11(6aH)-one 132. Reagents 

and conditions: (a) PTSA, DCM. 

 

Terresoxazine (133) (Figure 42), a compound with an E skeleton, was isolated from the 

plant Tribulus terrestris, used for a long time in the treatment of a number of diseases in 

Chinese folk medicine. Its structure was elucidated by crystallographic analysis [98,99]. 

 

https://www.sciencedirect.com/science/article/pii/S0223523418303040#bib98
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Figure 42. Structure of Terresoxazine, (S)-7-Hydroxy-2,3,3a,5-tetrahydro-1H-benzo 

[d]pyrrolo[2,1-b][1,3]oxazin-1-one 133. 

 

Reaction of 2-aminobenzoic acid (117) with maleic anhydride (134) gave 1,5-dioxo-3a,5-

dihydro-1H-benzo [d]pyrrolo[2,1-b][1,3]oxazin-3a-yl acetate (135) in a two-step fashion 

with very good yield (Figure 43). The tricyclic derivative showed activity 

as acetylcholinesterase inhibitor with a Ki value of 4.7 μM, with a therapeutic potential in 

the management of neuro-degenerative diseases [100]. 

 

 
 

Figure 43. Synthesis of compound 135. Reagents and conditions: (a) rt, 2h, then Ac2O, AcONa, 

60 °C, 3h. 

 

During a research project on the identification of DNA gyrase inhibitors with antibacterial 

properties, the reaction of salicylic aldehydes and a proper aniline derivative gave a small 

series of tetracyclic compounds based on the title system. The most active 

compound 136 showed a moderate activity in an in vitro E. coli DNA gyrase supercoiling 

assay with a maximal non-effective concentration value of 0.5 μg/mL and activity in a panel 

of bacterial assays with MIC ranging from 2 to 8 μg/mL [101]. Structurally similar 

isoindolobenzoxazinones were synthesized by reaction of substituted 2-formyl benzoic 

acids with 2-aminophenyl carbinol derivatives, as already mentioned. One of the compounds 

obtained 137 (Figure 44) showed protective properties against action of herbicides on plants 

[10,102]. 

 

 
Figure 44. Structure of 10-bromo-7-hydroxy-9-methoxy-5H-benzo[4,5][1,3]oxazino[2,3-

a]isoindol-11 (6aH)-one 136 and its structural analog 137. 

 

The acid 118 was subjected to direct cyclization by action of activated MnO2, to directly 

give lactone 138 in good yield. The same procedure was applied to several substituted 

derivatives, including acid 139, which gave indole analog 140 (Figure 45). Some 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/aniline-derivative
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derivatives of these systems have been successively tested for their anti-proliferative 

activity [103]. 

 

 
 

Figure 45. Synthesis of 5H-benzo [d]pyrrolo[2,1-b][1,3]oxazin-5-one 138 and 5H-

benzo[4,5][1,3]oxazino [3,2-a]indol-5-one 140. Reagents and conditions: (a) MnO2, toluene, 

reflux. 

 

6. [1,4]Oxazino[2,3,4-hi]indole G 

 

Derivatives of the title heterocyclic system, although comprised in a larger structure, were 

reported first in a patent of 1977 focusing on the discovery of sedative agents. 5-Methyl-

1,2,7,8,9,10-hexahydro-[1,4]oxazino[2,3,4-hi]pyrido[4,3-b]indole (141) (Fig. 46), a 

representative example of this series of compounds, showed a sedative in vivo effect with a 

minimal effective dose of 1 mg/kg in mice [104]. 

 

 
Figure 46. Structure of compound 141. 

 

A French patent appeared in 1986 reported the synthesis of derivatives of the title system 

endowed with antidepressant activity. As an example, the reaction of 4-amino-3,4-dihydro-

2H-1,4-benzoxazine (142) with ethyl 2-oxopropanoate (143) gave ethyl 2,3-dihydro-

[1,4]oxazino[2,3,4-hi]indole-5-carboxylate (144), which was in turn converted into the 

derivative 145 (Fig. 47) [105]. 
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Figure 47. Synthesis of 5-(1H-imidazol-2-yl)-2,3,5,6-tetrahydro-[1,4]oxazino[2,3,4-hi]indole 145. 

Reagents and conditions: (a) EtOH, reflux, then dry HCl; (b) H2, Sn, dry HCl, EtOH, −50 °C, then 

Me3Al, ethylenediamine, toluene, 5 min. 

 

The ester 144 was also utilized as intermediate for the preparation of several derivatives 

endowed with different pharmacological activities [106]. A series of potent CB1 

receptor agonists was obtained from a derivative of above ester bearing a cyclohexyl moiety 

at position 3 of the tricyclic system. Some compounds showed promising therapeutic 

potential for the treatment of neuropathic pain and autoimmune disorders. The most 

representative compound (R)-(3-cyclohexyl-2,3-dihydro-[1,4]oxazino[2,3,4-hi]indol-6-

yl)(4-ethylpiperazin-1-yl)methanone (146) and its analogs 147–149 resulted active with 

EC50 values ranging from 7.5 to 8.3 on a CB1 binding assay [107-109]. A similar synthetic 

approach was expanded to the synthesis of potent inhibitors of myeloid cell leukemia-1 

(Mcl-1), potentially useful anticancer agents. The most representative compound 9-chloro-

6-(3-(4-chloro-3,5-dimethylphenoxy)propyl)-2,3-dihydro[1,4]oxazino [2,3,4-hi]indole-5-

carboxylic acid (150) showed a Ki of 9 nM in a Mcl-1 binding assay [110]. A series of spiro 

derivatives with the tetracyclic skeleton 151, comprising the title system, were prepared and 

claimed as aldose reductase inhibitors, then useful for reduction and prevention of 

chronic diabetic complications (Figure 48) [111]. 

 

 
 

Figure 48. Structure of [1,4]oxazino[2,3,4-hi]indoles 146–151. 

 

 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/cannabinoid-1-receptor
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/cannabinoid-1-receptor
https://www.sciencedirect.com/science/article/pii/S0223523418303040#bib1
https://www.sciencedirect.com/science/article/pii/S0223523418303040#bib4


256 
 

A series of tetracyclic derivatives, comprising the title system, and bearing 

an imidazole side-chain were prepared and claimed as potent 5-HT3 receptor antagonists. 

The general structure 152 is reported in Figure 49 [112]. 

 

 
 

Figure 49. Scaffold of 5-HT3 receptor antagonists 152. 

 

An interesting anti-inflammatory compound 153 based on a [1,4]oxazino[2,3,4-hi]indole 

scaffold was obtained after a multistep synthetic strategy. This compound showed an ED50 of 

3.5 mg/kg in the acetic acid-induced writhing assay in rats [113]. In a search aimed to the 

identification of inhibitors of platelet activating-factor (PAF) induced aggregation, a number 

of α-(piperazinylalkyl)indoles was described in a German patent appeared in 1993 aimed to 

the discovery of anticoagulant agents. A significant example is represented by 5-methyl-6-

(2-(4-(4-methylpyridin-2-yl)piperazin-1-yl)ethyl)-2,3-dihydro[1,4]oxazino[2,3,4-hi]indole 

(154) reported in Fig. 50 [114]. The same authors described, in a separate patent and in a 

paper, several analogs bearing the piperazin-containing chain linked to a different position 

of the tricyclic system. These compounds were tested as PAF activity antagonists as well 

as leukotriene synthesis inhibitors in vitro and as antihistaminic agents in vivo. The 

structure of the most representative compounds 155–156 are depicted 

in Figure 50 [115,116]. 

 

 
Figure 50. Structure of compounds 153–156. 

 

Starting from 10H-phenoxazine (50), an intermediate pyrrolo[3,2,1-kl]phenoxazine-1,2-

dione (157), containing the [1,4]oxazino[2,3,4-hi]indole skeleton, was obtained by action 

of oxalyl chloride. This latter compound was converted into the basic tetracyclic 

system 158 via borane reduction [117]. The same intermediate 157 led to a number of 

derivatives included in a patent dealing with the identification of agents useful for the 

treatment of cognitive and neurological disorders. Representative examples of such 

compounds are reported below (Figure 51, compounds 159 and 160) [118]. 

https://www.sciencedirect.com/science/article/pii/S0223523418303040#bib1
https://www.sciencedirect.com/science/article/pii/S0223523418303040#bib4
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Figure 51. Synthesis of pyrrolo[3,2,1-kl]phenoxazines 158–160. Reagents and conditions: (a) 

(COCl)2, THF, then AlCl3, CS2; (b) BH3/THF, 0 °C, 24h; (c) 4-picoline, Ac2O, AcOH, 110 °C, 

45 min; (d) 5-bromovaleronitrile, NaH, THF, rt, 3 days. 

 

During the course of a research aimed to the identification of Na+/H+ exchange transport 

system inhibitors, compound 161 was described as an analog of 4H-pyrrolo[3,2,1-

ij]quinolin-6(5H)-one system 162 (Figure 52) and showed remarkable activity [119]. 

 

 
 

Figure 52. Structures of N-(diaminomethylene)-7-methyl-2,3-dihydro[1,4]oxazino[2,3,4-hi]indole-

5-carboxamide 161 and yrroloquinolinone 162. 

 

In a study focusing on cannabimimetic aminoalkylindole derivatives, (R)-(5-methyl-3-

(morpholinomethyl)-2,3-dihydro-[1,4]oxazino[2,3,4-hi]indol-6-yl) (naphthalen-1-yl) 

methanone (163), named (+)-WIN55212, previously described as a potent agonist for the 

CB1 receptor, was used as comparison for the test of structurally simpler indole derivatives 

[120-122]. Moreover, the 5,7-ditritiated derivative of 163 was designed as CB1 

receptor radioligand [123]. In the course of a separate research study on similarly active 

compounds, the diastereoisomers 164a and 164b were isolated and tested for their agonistic 

activity (Figure 53) [124]. 
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Figure 53. Structure of (+)-WIN55212 163 and derivatives 164a,b. 

 

In a French patent application, the 2,3-dihydropyrrolo[1,2,3-de]-1,4-benzoxazine-5,6-dione 

(165) (Figure 54) was used as starting reagent for the preparation of 1,4-benzoxazines 

derivatives claimed as 5HT4 receptor selective ligands [125]. Derivatives of the same 

starting material were used as intermediates for the synthesis of antibacterial agents related 

to ciprofloxacin [126]. 

 

 
Figure 54. Structure of compound 165. 

 

Reaction of indolin-7-ol (166) and ethyl 2,3-dibromopropanoate (167) gave ethyl 2,3,5,6-

tetrahydro-[1,4]oxazino[2,3,4-hi]indole-2-carboxylate (168), which was in turn converted 

into imidazoline derivative 169. Dehydrogenation of compound 168 gave the corresponding 

2,3-dihydro derivative 170, similarly transformed into the analog 171 (Figure 55). Final 

compounds showed α-adrenergic receptor antagonistic activity 

in in vitro and in vivo assays, thus potentially useful as antihypertensive agents [127-129]. 

 

 
Figure 55. Synthesis of α-adrenergic receptor antagonist 2-(4,5-dihydro-1H-imidazol-2-yl)-

2,3,5,6-tetrahydro-[1,4]oxazino[2,3,4-hi]indole 169 and the corresponding 2,3-dihydro 

analog 171. Reagents and conditions: (a) K2CO3, acetone; (b) Me3Al, ethylenediamine, toluene, 

reflux; (c) DDQ, toluene, 0 °C. 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/alpha-adrenergic-receptor
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A series of azepinoindoles based on the tetracyclic skeleton 2,7,8,9,10,11-hexahydro-1H-

azepino[4,5-b][1,4]oxazino[2,3,4-hi]indole (172), embedding the title tricyclic system, were 

described in two patents dealing with the identification of 5HT receptor ligands [130,131]. 

Similarly, a patent appeared in 2011 described the preparation and the activity on several 

SNC receptors of pyrido-indole tetracyclic analogs. Two examples 173 and 174 are reported 

below [132]. These compounds could result useful in the treatment of a variety of SNC 

disorders. Similar compounds bearing a substituted benzo fused ring instead of 

the azepine moiety were synthesized and tested as 5HT6 receptor modulators. Among these 

compounds, (R)-2-[(1-phenyl-1,2-dihydro-1,4-oxazino[2,3,4-jk]carbazol-7-yl)oxy] 

ethanamine (175) and (R)-2-((2-((1-phenyl-1,2-dihydro- [1,4]oxazino[2,3,4-jk]carbazol-7-

yl)oxy)ethyl)amino)ethanol (176) resulted as the most promising derivatives with a Ki of 1.8 

and 3.0 nM, respectively, in a binding assay. Some aminoalkoxyindoles were studied for a 

similar application [133-135]. The two enantiomers relative to formula 177 were described 

during a search for novel, potent and selective 5-HT2A/D2 receptors antagonists with a 

potential atypical antipsychotic application (Figure 56) [136]. 

 

 
 

Figure 56. Structure of azepine 172 and its SNC active analogs 173–177. 

 

DIBAL-H reduction of (R)-methyl 2-(1-methoxy-9H-carbazol-9-yl)-2-phenylacetate (178) 

followed by the alcohol mesylation and one-step thermal cyclization/dealkylation gave 

tetracyclic compound 179 (Figure 57), which represents the structural core of a series of 5-

HT6 receptor antagonists [137]. 

 

 
Figure 57. Synthesis of (R)-1-phenyl-1,2-dihydro-[1,4]oxazino[2,3,4-jk]carbazole 179. Reagents 

and conditions: (a) DIBAL-H, then MsCl, Et3N, then DMF, 155 °C. 

 

 

The pentacyclic compound 180 was isolated as the major product after an unwanted 

intramolecular cyclization reaction, during a search aimed to the discovery of anticancer 

agents related to Adriamycin [138]. A number of methanamine derivatives of the title 

tricyclic system was prepared and tested as 5HT receptors ligands potentially useful for the 

treatment of diseases in which such a receptor seems to be involved. The most representative 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/azepine-derivative
https://www.sciencedirect.com/topics/chemistry/receptor-modulator
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compound (8-(2,4-dichlorophenyl)-2,3,5,6-tetrahydro-[1,4]oxazino[2,3,4-hi]indol-6-yl) 

methanamine (181) is reported in Fig. 58 [139]. The installation of a proper side chain on 

the title tricyclic system and some of its analogs led to a class of potent and highly selective 

human β3-adrenergic receptor agonists, with high cell permeability. A representative 

derivative 182 showing an EC50 of 0.92 nM and a good selectivity on β3-receptor is reported 

below [140]. In two separate papers the synthesis of 1-oxo-1,2-dihydro-1,4-oxazino[2,3,4-

jk]carbazole-4-carbaldehyde (183), a tetracyclic derivative of the title system, was easily 

obtained from 1-hydroxy-carbazole-2-carbaldehyde. The compound was then subjected to 

extensive crystallographic studies [38,141]. A patent application appeared in 2008 reported 

the synthesis of several derivatives of the title system characterized by a 

substituted carboxamide side chain. These compounds showed activity as antiviral 

agents and the most promising analog, namely 6-cyclohexyl-N-(N,N-dimethylsulfamoyl)-5-

phenyl-2,3-dihydro-[1,4]oxazino[2,3,4-hi]indole-9-carboxamide (184) (Figure 58), 

presented an IC50 value lower than 10 μM in a HCV NS5B assay [142]. 

 

 
Figure 58. Structure of 7-hydroxy-2,3-dihydronaphtho[2,3-f][1,4]oxazino[2,3,4-hi]indole-8,13-

dione 180 and derivatives 181–184. 

 

A natural product of formula 185 (Fig. 59), a seco derivative of alkaloid Dichotine [143], 

based on the tricyclic title framework, was identified as a component of the crude extract 

of Acanthopanax senticosus studied for its anti-fatigue activity. The same compound was 

isolated successively from African breadfruit Treculia africana seed oil [144,145]. 

 

 
 

Figure 59. General structure 185. 

https://www.sciencedirect.com/science/article/pii/S0223523418303040#bib144
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Compounds assembled by linking two indolephenoxazine pentacyclic nuclei, containing the 

title system, by a simple bond or an aromatic tether were described as useful tools for 

electrochemical applications. The general basic formula 186 is reported below (Figure 60) 

[146]. 

 

 
 

Figure 60. General structure 186. 
 

The preparation of [1,4]oxazino[2,3,4-jk]carbazole-1,2-diones, the general formula 187 of 

which is reported below (Figure 61), starting from the corresponding 1-hydroxycarbazoles 

by action of oxalyl chloride was described in a paper dealing with the synthesis of substituted 

furo- and pyrano-carbazoles [147]. 

 

 
 

Figure 61. General structure 187. 

 

Compounds based on a [1,4]oxazino[2,3,4-hi]indole core embedded into a tetracyclic 

system, analogously to previously described tetracyclic derivatives 103, 106–109, were 

reported as promising antiviral agents in two patents. Noteworthy, the 

derivative 188 (Figure 62) showed an EC50 value of 0.01 in a HCV cell-based assay 

[148,149]. 

 

 
Figure 62. Structure of anti HCV agent 188. 

 

Multifunctionalized derivatives of the title system, showing the general 

formula 189 and 190 (Figure 63), were obtained by a synthetic domino approach using MW 

irradiation [141]. A series of tricyclic indole derivatives were prepared and tested for activity 

on cell surface lipase using cells expressing human endothelial lipase. 5-Phenethyl-6-

(trifluoromethyl)-2,3-dihydro-[1,4]oxazino[2,3,4-hi]indole (191), a derivative of the title 

system, showed IC50 values of 0.039 and 0.031 μM on human and mouse cells, respectively 

[150]. These compounds could result useful during the treatment of metabolic disorders. In 

a recent study, C3-fluorinated oxindoles were synthesized through a reagent-free cross-

dehydrogenative coupling. Among these compounds, methyl 6-fluoro-5-oxo-2,3,5,6-

tetrahydro[1,4]oxazino[2,3,4-hi]indole-6-carboxylate (192), based on the tricyclic title 

system, was obtained in 72% yield (Figure 63) [151]. 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/pancreatic-lipase
https://www.sciencedirect.com/science/article/pii/S0223523418303040#bib1
https://www.sciencedirect.com/science/article/pii/S0223523418303040#bib4
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Figure 63. General structures 189–192. 

 

Very recently several patents from Asian researchers reported a number of polycyclic 

derivatives of [1,4]oxazino[2,3,4-hi]indole useful during various electrochemical 

applications [152-154]. 

 

7. H-Benzo[d]pyrrolo[2,1-b][1,3]oxazine H 
 

The first example of a derivative of the tricyclic system, compound 193 (Figure 64), was 

described in a paper appeared in 1986. This compound was synthesized from N-

acetylindoline in a multistep procedure [155]. 

 

 
 

Figure 64. Structure of 5,6-dihydro[1,3]oxazino[5,4,3-hi]indole-1,3-dione 193. 

 

The cyclization of 11H-benzo[a]carbazole-1,4-diol (194) with acetone was described to 

give rise to 5,5-dimethyl-5H-4-oxa-5a-azabenzo[cd]fluoranthen-1-ol (195), a pentacyclic 

derivative of the title system [156]. In a study focusing on cytotoxic compounds active in 

human lung cancer, treatment of carbinol 196 with methyl isocyanate gave the pentacyclic 

7-methoxy-9-methyl-3-(methylamino)-1,3-dihydro-[1,3]oxazino [3,4,5-lm]pyrido [4,3-

b]carbazol-3-ol (197), embedding the title tricyclic system (Figure 65) [157]. 
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Figure 65. Synthesis of compound 195 and 197. Reagents and conditions: 

(a) acetone, tosyl chloride; (b) MeNCO. 

 

Lithiation of N-Boc indoline (198) followed by reaction with a proper electrophile gave 1-

ethyl-5,6-dihydro[1,3]oxazino[5,4,3-hi]indol-3(1H)-one (199a) or its p-methoxyphenyl 

analog 199b [158]. In a paper dealing with the catalyst-free synthesis of 2-halo-3-

carboxyidoles, 7-(2,2-dibromovinyl)indoline (200) gave the tricyclic (Z)-1-

(bromomethylene)-5,6-dihydro-[1,3]oxazino[5,4,3-hi]indol-3(1H)-one (201), by action 

of cesium carbonate (Figure 66) [159]. 

 

 
 

Figure 66. Synthesis of compounds 199a,b and 201. Reagents and conditions: (a) s-BuLi-TMEDA, 

THF, −78 °C, then electrophile; (b) Cs2CO3, DMSO, sealed tube, 120 °C, then HCl workup. 

 

In a patent application, 6-(2-(phenylamino)ethyl)-[1,3]oxazino[5,4,3-hi]indol-3(1H)-one 

(202) (Fig. 67), and some of its substituted derivatives, were hydrolyzed to 

generate indole based compounds endowed with anticancer activity [160]. 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/cesium
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Figure 67. Structure of compound 202. 

 

8. Conclusion 
 

Compounds deriving from all possible annulation of pyrrole to 

various benzoxazine systems, but keeping the bridgehead N atom, have been reviewed 

herein. Three out of the nine possible combinations are not yet been described in the 

literature. Among the six known classes, only two examples of naturally occurring 

derivatives have been so far reported: a dichotine derivative with anti-fatigue properties and 

a component of fruit used in formulation of traditional eastern medicinal remedies. On the 

other hand, several approaches have been carried out to the preparation of a large number of 

synthetic analogs. The majority of the synthetic work done have dealt with derivatives of 

system C and G, both derived from the 4H-benzo[b][1,4]oxazine bicyclic moiety, while 

only few reports focused on derivatives of system H. However, many suitable synthetic 

approaches initially conceived have been improved over the years. The interest of all these 

classes of compounds resides in their possible application in many research fields such 

as photochemistry, thermodynamics and drug discovery. Regarding this last point, pursued 

by the identification of biologically active derivatives, a wide range of properties were 

accordingly found, the most intriguing of which occur in the field of SNC, antiviral and 

anticancer agents. Effective SNC agents belong to all the six family described. In particular, 

serotonin receptors modulators, meriting further in-depth investigation towards the 

discovery of therapeutic useful agents, have been identified. Another class of active 

compounds derivaed from systems D and G showed a peculiar profile as CB receptors 

agonists, after the identification of (+)-WIN55212, 163, a “G” derivative used as a reference 

for the evaluation of their activity. An almost homogeneous class of interesting derivatives 

of same systems D and G, showed a remarkable activity as HCV NS5B RNA 

polymerase inhibitors. For the majority of them, however, the polycyclic scaffolds seem to 

confer only a correct geometry for such molecules to approach the target, while the effective 

interactions should be due to the two highly functionalized symmetric side chains. 

The anticancer activity of several derivatives was attributable to specific interference with 

targets involved in cancer emergence and progression. In particular, remarkable activity was 

found for a number of compounds belonging to all above series with, however, distinct 

molecular targets. Compounds active with different mode of action have been identified and 

the most promising agents were shown to be active as kinases inhibitors with anti-

proliferative effects. 

Regarding antibacterial activity found for some benzopyrroloxazines, it should be noted that 

only early reports have dealt with these topics, and, in general, this research field was soon 

abandoned probably due to the impossibility of developing more powerful derivatives not 

susceptible to resistance onset. Finally, a research field initially showing a promising 

potential was the inhibition of enzymes such 

as cyclooxygenase, lipoxygenase and PAF involved in inflammatory pathologies. 

Despite the initial promising results, researches in this field did not produce results worthy 

of further investigation. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/ns5b
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Taking into consideration the collected data on all these derivatives, it could be deducted 

that an in-depth investigation of selected classes as well as an optimization of known agents 

could be desirable in order to identified drug candidates to be developed for clinical 

application. 
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CONCLUSIONS 
 

Although remarkable progress has been made during the past decade in almost all the areas 

concerning drug design and discovery, there is still a clear need to develop new effective 

drugs for the treatment of several diseases. In this contest, the doctoral course in 

“Translational Medicine” characterized by a multidisciplinary approach aims to the design 

of novel drugs or innovative therapeutic approaches useful for diagnostic and clinical 

applications. 

During the three years PhD course, the main topics of my research work have been: 

 

 application of advanced computational techniques toward the identification of new 

drugs; 

 study of compounds both of natural or synthetic origin as drug candidates; 

 design and synthesis of NSAIDs analogs and dihydropiridines derivatives; 

 photodegradation studies and development of innovative photoprotective delivery 

systems for topical use of drugs. 

 

Computational studies focused on the capability of different series of compounds of natural 

origin such as homoisoflavones, flavones and tanshinones derivatives to bind the active site 

of macromolecules involved in different diseases including cancer and metabolic disorders. 

The interactions mode of newly synthesized compounds with the active site of enzymes 

involved in cancer emergence and development or cardiovascular pathologies were 

investigated as well.  

The availability of crystallographic structures of different target proteins involved in various 

diseases as well as the results of previously published papers spurred the design and the 

synthesis of several compounds as potential ligands. 

Some of the synthesized compounds showed sensitivity to light, thus, their photodegradation 

profile was investigated under different conditions, according to the international rules. 

In particular, the attention was focused on both newly synthesized compounds and known 

drugs endowed with anti-inflammatory activity or potentially usable in neuropathic pain, 

formulated in solution or in gel and included into supramolecular systems such as 

cyclodextrin matrices or pluronic surfactants.  

Furthermore, in order to discover novel lead compounds and better understand the 

mechanism of action of new drugs or the responses of macromolecule targets to ligand 

interactions, different series of compounds reported in literature have been explored.  
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