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Bis vincit qui se vincit in victoria 

“He conquers twice who conquers himself when he is victorious” 

 

Publilius Syrus, 1st century BC
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Abstract 

Multidrug resistance (MDR) in cancer is one of the major impairments in the success of 

chemotherapy. The main objective of this work was the identification and optimization of MDR 

reversers, derived from Euphorbia species, and to gain insights on the drug efflux mechanism 

by P-gp. 

 The phytochemical study of Euphorbia pedroi yielded four new diterpenes, two 

macrocyclic lathyranes (9, 12), one jatrophane (10) and an unprecedented rearranged tigliane 

(13). While 9 is characterized by a rare double α,β-unsaturated ketone system, 13 has a new 

skeleton that may result from a pinacol rearrangement as proposed in a possible biogenetic 

pathway. Furthermore, a new spiroterpenoid (6) was also isolated, together with several known 

terpenoids (1-5, 7, 8, 14-16) and flavonoids (17-18). 

 Molecular derivatization of compounds 15 and 17 yielded two set of new derivatives 

(19-24 and 25-71, respectively). In this way, reaction of 15 with hydroxylamine hydrochloride 

gave compound 19 that was further acylated with acyl anhydrides (20) and chlorides (21-24). 

Flavanone derivatives were obtained through three main approaches. Firstly, the methylation 

of naringenin (17) yielded compounds 46 and 47. Following, while hydrazones (25-28, 48-53) 

and carbohydrazides (37, 38, 40-42, 54-63) were obtained from compounds 17, 46 and 47, 

azines (29-36) were prepared by the reaction of 28 with aldehydes. A thiosemicarbazone 

derivative (39) was also prepared from 17. Other flavanone derivatives were additionally 

synthesized through a Mannich-type reaction (43-45) or by alkylation of compound 47 with 

epichlorohydrin (64, 65) followed by the reaction with amines, indole or thiophenol to yield 

66-71. The chemical structures of all compounds were deduced from physical and spectroscopic 

data (IR, MS, 1D- and 2D-NMR experiments). 

 The P-gp-mediated MDR reversal activity of compounds was evaluated by combining 

transport and chemosensitivity assays, in mouse lymphoma L5178Y-MDR (1-71) and Colo320 

(1-18) cell models. While 6 showed high modulation activity even at 0.2 μM, compound 9 

combined a good P-gp modulatory activity with a strong cytotoxic effect in both cell lines. 

When compared to the parent compound (15), the derivatives 20 and 22 and 23 were stronger 

efflux modulators towards the L5178Y-MDR cells. Most of the flavanone derivatives (25-71) 

were also more active than the parent compound (17) in L5178Y-MDR cells, being the most 

significant results observed for propanolamines 66-69, where compound 69 was found to be a 

strong P-gp modulator even at 2.0 μM.  

 When in combination with doxorubicin, the natural compounds 6, 9, 10, 12 and 13 

synergistically enhanced the cytotoxic effects of the drug. Strong synergistic effects were also 

observed for the derivatives 22 and 69. 

 The ability of compounds 25-45 to modulate drug efflux by MRP1 and BCRP was also 

assessed, using human MRP1- and BCRP-transfected cell models. For this set of compounds, 

a second P-gp-transfected cell model was used. Azines (29-36) displayed significant activity 

towards BCRP while hydrazides (38-42) showed a good selectivity profile for MRP1. 

Oppositely, derivatives 35 and 36 displayed a good activity profile in both efflux pumps, when 

tested at 20 µM. Based on these results, new structure-activity relationships (SAR) for the 
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selective BCRP and MRP1 inhibitors were obtained, unveiling which structural features could 

be directly correlated with the observed biological activity. 

 The efflux mechanism of P-gp was studied by means of molecular dynamics and 

docking studies. The ‘linker’ polypeptide sequence was found to be important to absorb 

stronger motions and acting as a ‘damper’ between both NBDs, stabilizing the cytosolic portion 

of the transporter. Following, based on a previously refined P-gp structure, three distinct drug-

binding sites could be identified and characterized, in a good agreement with published 

experimental data. Together with a new classification scheme, cross interactions between the 

substrate/modulator and each halve of P-gp were identified as an important mechanism in efflux 

modulation. Drug transit from bulk water into the DBP was also characterized as an overall 

free-energy downhill process, with no activation energy required for crossing the gate found 

between transmembrane helices 10 and 12. Furthermore, from the analysis on drug adsorption 

to the cytoplasmic domains in P-gp substrates and modulators were show to have different free 

energies of adsorption in both lipid/water and protein/ water interfaces and important 

differences in drug–protein interactions, protein dynamics and membrane biophysical 

characteristics were observed between non-substrates, substrates and modulators. 

 

Keywords: Euphorbiaceae; Euphorbia pedroi; terpenoids; macrocyclic diterpenes; MDR 

reversal; P-glycoprotein; ent-abietanes; flavanones; molecular dynamics; docking; drug-

binding sites; drug permeation; efflux mechanism. 
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Resumo 

A resistência a múltiplos fármacos (MDR) no cancro configura-se como um dos principais 

problemas que atualmente comprometem o sucesso dos regimes de quimioterapia. Dos 

mecanismos celulares envolvidos na MDR, um dos mais importantes consiste no aumento do 

efluxo de citotóxicos ou de sequestração intracelular devido à sobre-expressão de 

transportadores da família ABC, nomeadamente a glicoproteína-P (P-gp), a proteína associada 

à multirresistência 1 (MRP1) e a proteína de resistência do cancro da mama (BCRP). 

Envolvidas em fenómenos normais de destoxificação celular, estas bombas de efluxo 

encontram-se igualmente implicadas na redução da concentração intracelular de fármacos anti-

tumorais, transportando-os contra o seu gradiente de concentração, através da utilização da 

energia gerada pela ligação e hidrólise do ATP.  

 Apesar das três gerações de moduladores da P-gp já desenvolvidas, nenhum modulador 

foi clinicamente eficaz na reversão da MDR quando em coadministração com fármacos 

citotóxicos. No entanto, e uma vez que a procura de fármacos capazes de reverter a MDR 

continua a ser uma das abordagens mais promissoras, novas moléculas isoladas de fontes 

naturais são atualmente consideradas como uma possível quarta geração de moduladores de 

bombas de efluxo, atuando como reversores da MDR em células tumorais. Assim, um dos 

objetivos principais deste trabalho foi a identificação e otimização de novos reversores da 

MDR, isolados a partir da espécie Euphorbia pedroi ou obtidos através de derivatização 

química de compostos isolados em grandes quantidades. 

 O estudo fitoquímico da E. pedroi permitiu o isolamento de quatro novos diterpenos, 

dois latiranos (9, 12), um jatrofano (10) e um tigliano rearranjado com um esqueleto novo (13). 

Enquanto a pedrodiona A (9) é caracterizada pela presença de dois sistemas α,β-insaturados, o 

pedrolido (13) apresenta um rearranjo de pinacol em C-6/C-7 incomum. Foi também isolado 

um esteroide novo designado por spiropedroxodiol (6), contendo um esqueleto spiro raro, 

conjuntamente com vários terpenoides (1-5, 7, 8, 14-16) e flavonoides conhecidos (17-18).  

 Por forma a otimizar as propriedades moduladoras do helioscopinolido E (15) e da 

naringenina (17), foram preparados dois conjuntos de compostos com o núcleo do ent-abietano 

(19-24) e da flavanona (25-71) através da derivatição molecular de vários grupos funcionais. 

Enquanto que no primeiro caso a reação do composto 15 com hidroxilamina deu origem à 

oxima 19 (C=N-OH) e posteriormente aos compostos 20-24 por acilação com anidridos ou 

cloretos de ácido, os derivados do núcleo da flavanona foram obtidos através de três abordagens 

distintas. Inicialmente, a metilação dos hidroxilos da naringenina (17) nas posições C-7 e C-4’ 

originou a sakuranetina (47) e a 4’-metoxisakuranetina (48). Em seguida, enquanto que as 

hidrazonas 25-28, 48-53 (C=N-NH-R) e as carbohidrazidas 37, 38, 40-42, 54-63 (C=N-NH-

CO-R) foram preparadas a partir dos compostos 17, 46 e 47, as azinas 29-36 (C=N-N=CH-R) 

foram sintetizadas através da reação do composto 28 (C=N-NH2) com aldeídos. Foi também 

sintetizada uma tiosemicarbazona (39) através da reação da naringenina (17) com a N,N-

dimetiltio-semicarbazida. Foram ainda preparados outros derivados do núcleo da flavanona i) 

através de uma reação de Mannich nas posições C-6 e C-8 (43-45) e ii) através da alquilação 

do hidroxilo da posição C-4’ da sakuranetina (47) com epiclorohidrina (64, 65) seguida da 

reação com aminas, indole ou tiofenol para originar as correspondentes propanolaminas (66-
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69) e os compostos 70-71. As estruturas químicas dos compostos foram deduzidas a partir dos 

seus dados físicos e espectroscópicos (IR, MS, 1D e 2D-RMN). 

 A capacidade de reversão de MDR dos compostos foi avaliada através da combinação 

de ensaios funcionais com ensaios de quimiossensibilidade, utilizando como modelos as células 

de linfoma de rato L5178Y-MDR (1-71) e células Colo320 humanas (1-18). Enquanto que o 

spiropedroxodiol (6) demonstrou possuir uma elevada capacidade para modular o efluxo 

mesmo em concentrações submicromolares (0.2 μM), a atividade expressa pela pedrodiona A 

(8) combinou uma boa atividade na reversão de MDR com uma elevada citotoxicidade nas 

linhas celulares L5178Y-MDR (FAR 19.13, IC50 0.259 ± 1.05 μM) e Colo320 (FAR 1.52, IC50 

0.822 ± 1.05 μM).  

 Relativamente aos derivados obtidos a partir do composto 15, a acilação da oxima do 

heliscopinolido E (19) aumentou a capacidade moduladora do efluxo nas células de linfoma de 

rato na maioria dos compostos sintetizados. Nos derivados da naringenina (17), a metilação de 

hidroxilos fenólicos em conjunto com i) a substituição do grupo carbonilo na posição C-4 por 

hidrazonas (25-28, 48-53), azinas (29-36) ou carbohidrazidas (37-42, 54-63) aumentou a 

atividade de reversão de MDR dos compostos a 20 μM. Verificou-se também que a alquilação 

do hidroxilo na posição C-4’ para gerar as correspondentes propanolaminas (64-71) aumentou 

substancialmente as suas propriedades anti-MDR (66-69) a concentrações mais baixas (2.0 

μM). Adicionalmente, e quando testados em combinação com a doxorubicina, todos os 

compostos testados (6, 10, 12, 13, 22, 69) exceto o 9 (efeito aditivo) e o 60 (antagonismo) 

potenciaram a atividade citotóxica quando em co-administração com o fármaco antitumoral. 

 Os efeitos dos derivados 25-45 da flavanona (17) foram igualmente avaliados noutros 

transportadores ABC frequentemente sobre-expressos em células tumorais, como a proteína de 

resistência do cancro da mama (BCRP) e a proteína associada à multirresistência 1 (MRP1). 

Adicionalmente, estes compostos foram também testados numa linha celular alternativa, 

igualmente transfetada com o gene da P-gp (NIH/3T3). Assim, enquanto que as hidrazonas (25-

36) demonstraram uma maior seletividade para a BCRP, os derivados de hidrazidas (37, 38, 

40-42) foram seletivos para a MRP1. No entanto, importa referir que os compostos 35, 36 e 39 

(uma tiosemicarbazona) demonstraram possuir uma atividade apreciável como modulador de 

efluxo em ambas as bombas MRP1 e BCRP (a 20 µM). Finalmente, e tendo como base os 

resultados acima descritos, foram desenvolvidas novas relações estrutura-atividade (SAR) em 

que a posição espacial do substituinte foi identificada como um dos principais fatores para a 

atividade registada na MRP1 e BCRP. Por fim, este estudo providenciou pela primeira vez um 

racional para o desenvolvimento de novos moduladores para a P-gp, BCRP e MRP1 a partir do 

núcleo da flavanona. 

 A publicação da estrutura cristalográfica da P-gp murina, em 2009, colmatou uma 

importante falha no estudo das bombas de efluxo e permitiu um crescimento exponencial de 

estudos estruturais, visando um maior conhecimento sobre o mecanismo de efluxo pela P-gp. 

Desta forma, e para evitar os problemas subjacentes ao desenvolvimento das primeiras três 

gerações de moduladores da MDR em que a estrutura do transportador não era conhecida, 

importa saber os principais passos pelos quais ocorre o efluxo de substratos e alguns detalhes 

específicos adicionais acerca do mecanismo de efluxo da P-gp. 
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 Assim, foi estudado o mecanismo de efluxo pela P-gp através de dinâmica e docking 

molecular. A estrutura polipeptídica em falta (“linker”) foi determinada como essencial para a 

estabilização dos domínios citoplasmáticos da P-gp, atuando por forma a absorver fortes 

oscilações estruturais. Com base na estrutura previamente refinada da P-gp, foram identificados 

e caracterizados de acordo com dados experimentais publicados, três locais de ligação distintos, 

dois de ligação a substratos e um de ligação a moduladores. Através da publicação de um novo 

esquema de classificação, as interações cruzadas entre o modulador e cada domínio da P-gp (N- 

e C-terminais) foram identificadas como um mecanismo importante na modulação de efluxo. 

O processo biofísico pelo qual moléculas são capazes de permear a membrana a partir do 

citoplasma e a sua entrada na cavidade interna da P-gp foi também caracterizado como um 

processo energeticamente favorável, desprovido de barreiras energéticas, mesmo durante a 

passagem através das hélices transmembranares 10 e 12. Do mesmo modo, substratos e 

moduladores revelaram ter diferentes energias livres de adsorção em cada uma das interfaces 

(lípidos/água e proteína/água), tendo sido igualmente registadas diferenças importantes nas 

interações fármaco-proteína, nos processos dinâmicos do transportador e nas características 

biofísicas da membrana quando em contacto com não-substratos, substratos e moduladores. 

 

Palavras-chave: Euphorbiaceae; Euphorbia pedroi; diterpenos macrocíclicos; reversão da 

multirresistência; Glicoproteína-P; ent-abietano; flavanona; dinâmica molecular; docking; 

locais de ligação a substratos; permeação; mecanismo de efluxo. 
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1. Multidrug resistance in cancer 

Fighting cancer has become one of the most important tasks for the healthcare systems 

worldwide. However, and despite all efforts in early detection and treatment, cancer incidence 

is expected to increase 59% until 2030 (over 300.000 new cases each year), from which 66% 

are predicted to decease during the course of the disease (Ferlay et al., 2015). 

 Although the survival rate of cancer patients is mostly determined by the location and 

type of cancer, early detection along with current chemotherapeutic regimens provide an 

effective response in cancer treatment (Hiom, 2015). Nonetheless, from the several factors that 

can compromise the success of chemotherapy, resistance to anticancer drugs is becoming one 

of the most reported topics in chemotherapy failures. It is known that cancer cell resistance to 

cytotoxic drugs may be inherited, already existing prior to the treatment, or acquired through 

selective pressure over the tumor cells during the initial rounds of treatment, from which only 

resistant cells survive. However, other factors as pharmaceutical (poor absorption, rapid 

metabolism or increased excretion), host-related (changes in the host-tumor microenvironment) 

or tumor-related (absence of cell surface receptors and/or transporters, drug sequestration and 

alteration/mutation of specific targets) also contribute for the cellular resistance to the 

pharmacological action of anticancer drugs (Figure 1.1) (Baguley, 2010; Gillet and Gottesman, 

2010; Gottesman, 2002; Zahreddine and Borden, 2013). 

 

Figure 1.1. Schematic diagram of resistance to drugs (adapted from Gottesman, 2002).  

Frequently, such selective pressure also induces the tumor to express one or more 

resistance mechanisms that, when comprising functionally and/or structurally unrelated drugs, 
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defines the Multidrug Resistant (MDR) phenotype. As an attempt to explain how cancer cells 

can develop a MDR phenotype while normal cells do not, two of the currently undergoing 

theories are the cancer stem cell (CSC) and the environmental-mediated drug resistance 

(EMDR) models. While the first one claim that small populations of cells already possess 

tumor-initiating properties with distinct sensibilities to the available chemotherapeutic 

treatments (Greenow and Clarke, 2012; Nguyen et al., 2012; Zahreddine and Borden, 2013), in 

the second one, cancer cells are able to interact with the surrounding environment and enter 

into a quiescent or dormant state to avoid chemotherapy, until being able to acquire a more 

permanent phenotype (Figure 1.2) (Housman et al., 2014; Meads et al., 2009). 

 

Figure 1.2. Models currently accepted for MDR onset, the cancer stem cell (CSC) and environmental-

mediated drug resistance (EMDR) models (adapted from Zahreddine & Borden, 2013; Meads et al., 

2009; Greenow & Clarke, 2012). 

1.1. Resistance mechanisms 

In both CSC or EMDR models, the molecular mechanisms by which cancer cells become 

resistant to chemotherapy can be classified in ‘atypical’ (or non-classical) or ‘typical’ (classical) 

depending on the MDR phenotype. In ‘atypical’ MDR, cancer cells often display alterations in 

the drugs’ cellular targets or metabolic pathways. To that matter, increased resistance to 

apoptosis induction or in DNA repairing mechanisms, suppression or exacerbation of cellular 
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targets and drug inactivation can not only potentiate the survival of cancer cells but also induce 

changes in the microenvironment surrounding the tumor, leading to pH, oxygen or nutrient 

imbalances that compromise the effect of a given drug (Baguley, 2010; Callaghan et al., 2012; 

Gillet and Gottesman, 2010). Hence, while the lack of oxygen (hypoxia) in the cancer cells 

and/or surrounding tissues can compromise the cytotoxicity of drugs depending on the 

production of reactive oxygen species (as for anthracyclines), changes in the surrounding pH 

can also affect drug permeation of pH-sensitive drugs as vinca alkaloids (vinblastine and 

vincristine). 

Oppositely, ‘typical’ MDR occurs when tumor resistance to anticancer drugs is mainly 

mediated through the over-expression of surface efflux pumps, belonging to the ATP-binding 

cassette (ABC) transporters, able to decrease the cytoplasmic concentration of the drug through 

an ATP-dependent mechanism and against its concentration gradient either by pumping drugs 

out of the cell or by promoting drug sequestration inside intracellular lysosomes (Seebacher et 

al., 2016; Yamagishi et al., 2013). Moreover, other studies demonstrated that, associated with 

the over-expression of ABC transporters at the cell surface, cancer cells also express these 

transporters at the Golgi apparatus (Gong et al., 2003), mitochondria (Fantappiè et al., 2015) 

and perinuclear regions (Rajagopal, 2003) and thus also contributing for the global MDR 

phenotype.  

1.2. ABC transporters and multidrug resistance 

Although with limitations, the initial studies where P-glycoprotein (P-gp, ABCB1) was found 

as a contributor for MDR provided the first evidences that over-expression of efflux pumps is, 

in fact, one of the major contributors for drug resistance in all human cancers (Gottesman and 

Pastan, 2015). In fact, not only P-gp (Juliano and Ling, 1976) but also the Multidrug Resistance 

Protein 1 (MRP1, ABCC1) (Leier et al., 1994), Breast Cancer Resistance Protein (BCRP, 

ABCG2) (Allikmets et al., 1998; Doyle et al., 1998; Miyake et al., 1999) and, more recently, 

ABCB5 in malignant melanomas (Chartrain et al., 2012; Frank et al., 2005) were found to be 

determinant for tumor resistance to chemotherapeutic regimens. 

1.2.1. Insights on MDR-related ABC transporters 

ABC transporters are ubiquitary to all organisms and are characterized by the presence of at 

least one signature (LSGGQ) motif, highly conserved among species. In the human genome, 
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49 ABC members are known (although only 48 seem to be functional) and can be involved not 

only in MDR but also in cystic fibrosis (cystic fibrosis transmembrane conductance regulator, 

ABCC7), intra-hepatic cholestasis (ABCB4, ABCB11), Stargardt’s disease (ABCA4) and 

adrenoleukodystrophies (ABCD1), among others (Tarling et al., 2013). A functional transporter 

must comprise a minimum of two halves with two domains each: one embedded in the lipid 

bilayer and the other located at the cytoplasmic side of the membrane (Figures 1.3A and 1.3B). 

Moreover, while the substrate-binding site was found to be located at the transmembrane 

domains (TMDs), the nucleotide-binding domains (NBDs) provide the necessary energy for 

drug translocation by binding and hydrolyzing adenosine triphosphate (ATP) (Callaghan et al., 

2012; Dawson and Locher, 2006; Locher, 2009; Rosenberg et al., 2005). In mammals, ABC 

transporters exist as full- or half-transporters: whereas in full-transporters, as P-gp, both halves 

are linked together by a flexible polypeptide chain (‘linker’) that was proved to be essential for 

drug recognition and activity (Hrycyna et al., 1998; Sato et al., 2009), half-transporters must be 

assembled as hetero (ABCG5/ABCG8) (Graf et al., 2003) or homodimers (ABCG2) (Figure 

1.3A), although other higher forms of oligomerization cannot be excluded (Wong et al., 2016; 

Xu et al., 2004). 

While one of the most frequent TMD configuration comprises a 12-helix bundle in a     

2 x 6 arrangement that can increase up to 2 x 10 helices (as in BtuCD, the B12 vitamin uptake 

transporter), NBDs are organized in a head-to-tail manner that upon NBD dimerization form 

the ATP-binding cavity at the NBD-NBD interface. At this site, the conserved Walker A 

(GxxGxGKS/T, where x is any aminoacid) and Walker B (aaaaDE, where a is any hydrophobic 

residue) motifs in one NBD together with the signature of the opposing NBD are the main 

responsible for binding to ATP (Callaghan et al., 2012; Ford et al., 2009; Locher, 2009). Thus, 

substrate binding together with ATP hydrolysis are thought to trigger conformational changes 

by which efflux pumps actively transport substrates that concentrate inside the cell membrane 

back to the interstitial lumen, according to the hydrophobic ‘vacuum cleaner’ model (Ferreira 

et al., 2015a; Higgins and Gottesman, 1992; Raviv et al., 1990). 

One of the most studied ABC transporters in cancer is P-gp, an efflux pump able to 

transport numerous substrates as β-amyloid peptides (Kuhnke et al., 2007; Lam et al., 2001; 

van Assema et al., 2012), phospholipids (Eckford and Sharom, 2005; Higgins and Gottesman, 

1992; Orlowski et al., 2006), steroids (Clay et al., 2015; Garrigues et al., 2002) and hormones 

(Kwon et al., 1996; Shapiro et al., 2001) but also structurally unrelated compounds as anticancer 
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drugs. Physiologically, P-gp is found at the apical surface of kidney proximal tubule cells, 

canalicular membrane of hepatocytes, villous intestinal cells and blood-tissue barriers as the 

brain, placenta and testis, where it is thought to participate in cellular detoxification pathways 

(Borges-Walmsley et al., 2003; Sharom, 2011). Together with MRP1 and BCRP, P-gp is 

considered to have a central role in MDR. 

 

Figure 1.3. (A) Crystallographic structure of P-gp, (left), MRP1 (middle) and BCRP (right) ABC 

transporters, with the indication of hypothetical “entrance gates” (black arrow); (B), membrane topology 

models of P-gp, BCRP and MRP1 transporters, with indication of drug- and ATP-binding sites. Images 

were obtained from PDB ID: 4Q9H, 5UJ9 and 5NJ3, respectively, available in Protein Data Bank. 

Regarding the other transporters, MRP1 was initially identified in a H69AR cell line 

resistant to multiple cytotoxic compounds where no P-gp expression could be detected (Cole et 

al., 1992), but now its occurrence in hematological malignancies (acute myeloblastic and acute 

lymphoblastic leukemia), solid cancers (non-small cell lung, prostate and some breast cancers) 

and neuroblastomas identified MRP1 as a poor indicator for the therapeutic response and 



Introduction 

 

Reversing multidrug resistance (MDR) in cancer cells by targeting P-glycoprotein 8 

clinical outcome. This protein is localized in basolateral membranes of polarized cells and, 

although sharing some degree of substrate overlapping with P-gp, its endogenous substrates are 

known to be negatively charged molecules alone or conjugated with glutathione (GSH), 

glucuronide, or sulfate groups (Cole, 2014a, 2014b). BCRP, also known as mitoxantrone 

resistance protein (MXR) (Miyake et al., 1999) or ABCP transporter (Allikmets et al., 1998), 

is a half-transporter identified for the first time on a MCF-7/AdrVp breast cancer cell line 

showing 900-fold resistance to doxorubicin when compared with parental cells, while having 

normal glutathione levels and no P-gp expression (Doyle et al., 1998). It is a functionally 

obligated homodimer that is mainly expressed in the gastrointestinal tract, placenta, blood–

brain barrier and stem cells, acting as a first line of defense against toxicity (Mo and Zhang, 

2012). In cancer, is more often found in hematopoietic and solid tumors. More recently, another 

member of the ABCB family, ABCB5, was also found to be intimately related with increased 

resistance to anthracyclines and taxanes (Frank et al., 2005; Kawanobe et al., 2012; Keniya et 

al., 2014) not only in melanomas but also in malignant melanoma-initiating stem cells (Murphy 

et al., 2014). Therefore, impairing the activity of such transporters in cancer cells is considered 

to be an attractive strategy to increase the success rates of chemotherapeutical regimens. 

Accordingly, in 2012 the Food and Drug Administration published new industry guidelines in 

which “all investigational drugs should be evaluated in vitro to determine whether they are a 

potential substrate of P-gp or BCRP” and that “evaluation of investigational drugs as inhibitors 

for these transporters should be conducted” (FDA, 2012). 

1.2.2. MDR modulation by innovative strategies: past, present and beyond 

Since the discovery that non-cytotoxic verapamil concentrations were able to revert resistance 

to vincristine in P388 leukemia cells (Tsuruo et al., 1981) that targeting P-gp with small 

molecules has been seen as a promising approach for reversing MDR (Figure 1.4). Toward that 

end, three generations of MDR modulators were developed so far (Figure 1.5). The first 

generation included compounds with distinct pharmacological actions as calcium channel 

blockers (Tsuruo et al., 1981), immunomodulators (Twentyman et al., 1987) or antiarrhythmic 

drugs (Tsuruo et al., 1984). However, their low affinities towards P-gp and its toxicity due to 

the high concentrations needed in vivo led to the development of similar analogues without 

intrinsic activity.  
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Figure 1.4. Timeline for MDR modulation strategies. 

  Compounds as dexniguldipine (Reymann et al., 1993), dexverapamil (Höllt et al., 1992), 

valspodar (Twentyman and Bleehen, 1991) or biricodar (Peck et al., 2001) are included in the 

second generation of MDR modulators (Figure 1.5), and although more selective, no further 

studies were performed due to major toxic side effects and alterations in drugs pharmacokinetic 

profiles (Palmeira et al., 2012b). The third generation, however, relied on quantitative structure-

activity relationships (QSAR) and high throughput screening/combinatorial chemistry to 

increase the selectivity and potency of P-gp modulators up to the nanomolar range (Hyafil et 

al., 1993). Compounds as tariquidar (Martin et al., 1999), laniquidar (van Zuylen et al., 2000), 

zosuquidar (Dantzig et al., 1996) and elacridar (Hyafil et al., 1993) are within the most potent 

MDR modulators with no relevant toxicity towards cytochrome P450 enzymes, but also failed 

to provide good in vivo results when co-administered with cytotoxic drugs. Nowadays, the 

development of small molecules for MDR modulation is still undergoing, either by the 

development of new MDR modulators (Emmert et al., 2014; Gao et al., 2016; Krawczyk et al., 

2015; Li et al., 2015; Zhang et al., 2016), by specifically targeting the ATP-binding site (Brewer 

et al., 2014; Follit et al., 2015) or by targeting allosteric sites at the NBDs (Kim et al., 2010; 

Shahraki et al., 2017). 

  At present, some of the most recent approaches to circumvent MDR relies on 

nanotechnology and advanced drug delivery systems able to carry drugs, nucleic acids or drug-

conjugates directly into the cells without interference of efflux pumps. 
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Figure 1.5. Molecules from the three generations of P-gp inhibitors. 
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  Rhodamine-123 accumulation within MDR cells was greatly increased using 

poly(dichloro-phosphazene) as a drug carrier (Qiu et al., 2012) or by encapsulating them in 

sphingomyelin-rich liposomes (Zembruski et al., 2013), lipid-functionalized dextran-based 

nanosystems (Kobayashi et al., 2013), micellar systems with endolysosomal escape properties 

(Qiu et al., 2014) or multifunctional DNA nanoflowers (Mei et al., 2015). These systems can 

be used with the drug alone or, additionally, be used to deliver second and third generation 

modulators (Singh and Lamprecht, 2014) or siRNAs (Chen et al., 2014; Kobayashi et al., 2013) 

together with the cytotoxic drug to decrease the required dosages and overall toxicity. Quite 

interestingly, the usage of gold nanoparticles carrying SipA, a Salmonella enterica type III 

secretion effector, was also used to modulate MDR by decreasing P-gp expression, both in in 

vitro and in vivo experiments (Mercado-Lubo et al., 2016). 

 New technologies, however, are emerging as powerful techniques that can be used in a 

near future against efflux-related MDR cancers. The recent publication of another 

crystallographic structure unveiled the development of a new specific and highly potent P-gp 

modulator, aCAP, tailored as a cyclic peptide that clamped a eukaryotic P-gp homologue 

(CmABCB1) in its inward-facing state, as shown by the inhibition of both basal and rhodamine-

6G stimulated ATPase activity (Kodan et al., 2014). Interestingly, network analyses of gene 

expression data between chemotherapy responsive versus non-responsive tumors is also 

becoming a suitable technique to identify synergisms between drugs that can improve the 

effectiveness of chemotherapy, a method already proved valid for AB1-HA mesothelioma 

tumors expressing the CTLA4 cytotoxic T lymphocyte antigen (Lesterhuis et al., 2015). Other 

approaches may also include the production of reactive oxygen species by specialized 

photodynamic therapy (Cen et al., 2016; Yu et al., 2016), targeting specific immunoglobulins 

in order to reduce P-gp expression (Somno et al., 2016) or the utilization of advanced genomic 

editing techniques as CRISP-Cas9 to knockdown P-gp expression in highly resistant tumors 

(Simoff et al., 2016; Yang et al., 2016), in order to re-sensitize them to chemotherapy. 

1.3. Natural products as a new generation of MDR modulators 

In traditional medicine, plants and plant extracts are commonly used to treat all sorts of diseases, 

from the common cold up to warts, skin affections, infections or cancer (Wink, 2010). As such, 

many compounds were first isolated from natural sources and used to develop drugs that could 

be specifically used in some diseases, from which salicylic acid, morphine and quinine are 
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classical examples. For the treatment of cancer, hemi-synthetic derivatives etoposide and 

teniposide (podophyllotoxin, Podophyllum peltatum), paclitaxel (Taxus brevifolia) or 

vinblastine/vincristine (Catharanthus roseus) are some of the most important anticancer drugs 

currently in use (Wink, 2010). Similarly, plants are also important sources for the isolation of 

novel scaffolds for reversing MDR. Reserpine, an indole alkaloid, was one of the first naturally-

occurring compounds that was found to modulate MDR in human leukemic multidrug resistant 

(CEM/VLB100) cell, allowing for the first time the identification of structural features directly 

correlated with efflux modulation (Pearce et al., 1989; Zamora et al., 1988). Since reserpine, 

many other compounds as lignans, flavonoids, alkaloids and terpenoids were found to also 

modulate P-gp efflux (Beck et al., 1988; Conseil et al., 1998; Ferreira et al., 2014; Palmeira et 

al., 2012a; Zeino et al., 2015). The following sections will focus on terpenoids as MDR 

reversers. 

1.3.1. Diterpenes from Euphorbia species 

The Euphorbia genus (Euphorbiaceae) are characterized by not only by its worldwide 

distribution but also by its morphological variability. Subdivided in four major subgeneric 

groups through extensive phylogenetic studies, Euphorbia species are found as herbs, shrubs 

or cactus-like forms, in which a wide variety of secondary metabolites have been identified due 

to traditional usage of plant extracts as laxative, anticancer, antibacterial and antiviral activities 

(Ernst et al., 2015; King et al., 2014; Vasas and Hohmann, 2014). Herein, multidrug resistance 

reversal activities described for Euphorbia species are mostly due to the presence of diterpenes, 

a large family of compounds in which these species are particularly abundant. Until now, more 

than 650 diterpenes have been isolated form this genus and, quite interestingly, many of the 

identified scaffolds could only be found in this particular genus (Shi et al., 2008; Vasas and 

Hohmann, 2014). 

  The most common diterpenic scaffolds found in the Euphorbia genus are the casbane, 

daphnane, tigliane, ingenane, jatrophane, lathyrane, paraliane, pepluane, myrsinane, 

premyrsinane and cyclomyrsinane. Nonetheless, other scaffolds as rosane, ent-abietane, atisane 

and ent-kaurane have also been isolated from these plants (Shi et al., 2008; Vasas and Hohmann, 

2014) and it cannot be excluded that unknown scaffolds may still exist in unstudied species 

within this genus (Figure 1.6). 
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Figure 1.6. Diterpenic scaffolds isolated from Euphorbia species. 

  Diterpenes are a subset of a larger family, the terpenoids (also named isoprenoids), 

derived from C5 isoprenic units arranged in head-to-tail in order to create monoterpenes (C10), 

sesquiterpenes (C15), diterpenes (C20), sesterterpenes (C25), triterpenes (C30), sesquarterpenes 

(C35, still not found in the Euphorbia genus) (Sato, 2013) and tetraterpenes (C40). The basic 

isoprenoid units, dimethylallyl diphosphate (DMAPP) and isopentenyl diphosphate (IPP), are 

originated from two independent metabolic pathways: the mevalonic acid (MVA) and the 

methylerythritol phosphate (MEP) pathways, the latter also known as the 1-deoxy-D-xylulose 

5-phosphate (DXP) pathway (Figure 1.7). As MVA is more prevalent in the cytosol, 

sesquiterpenes and triterpenes are herein synthetized while the remaining ones are originated 

mainly in the plastids, where the MEP pathway is predominant (Figure 1.7A). Following, IPP 

isomerization by IPP isomerase yields DMAPP, a substrate used by prenyltransferases for chain 

elongation through a head-to-tail manner until the formation of geranylgeranyldiphosphate 

(C20, GGPP), the main precursors in diterpenoid metabolism. The final cyclization step is 

catalyzed by several enzymes as casbene, taxadiene, ent-copalyl diphosphate and abietane 

synthases identified so far (Figure 1.7B) (Barriault, 2016; Tholl, 2015). 
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Figure 1.7. (A) Enzymatic steps of the MVA and MEP pathways (green contour refers to plastids); (B) 

Biosynthetic pathway for several intermediates involved in the diterpenic scaffold synthesis, from IPP 

and DMAPP (adapted from Tholl, 2015; Zografos, 2016). 

 In all diterpenes derived from casbene (jatrophanes, lathyranes, tiglianes, daphnanes and 

ingenanes), the ionization of GGPP due to OPP loss is catalyzed by the casbene synthase, 

generating a 14-membered ring system that by a loss of a proton and subsequent formation of 

a cyclopropane ring yields 1S,3R-casbene. Recent studies identified that region specific 

oxidations on the casbene scaffold are indeed performed by two cytochrome P450 from the 

CYP71 clan (CYP71D445 and CYP7126A27 at positions 9 and 5, respectively) and that, 

together with an alcohol dehydrogenase (ADT1), a 6-hydroxy-5,9-diketocasbene could act as 
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an intermediate leading to the subsequent rearrangements and cyclization towards macrocyclic 

and polycyclic diterpenoids (Figure 1.8) (King et al., 2016; Luo et al., 2016). 

 

Figure 1.8. Biosynthesis of casbene, postulated biosynthesis of some complex members of deterpenoids 

and examples for the tigliane, ingenane and daphnane scaffolds (adapted from Zografos, 2016). 

 Similarly, it is also known that i) in the presence of abietadiene synthase, a proton-

triggered cyclization cascade yields the formation of a copalyl diphosphate intermediate, with 

the loss of OPP inducing a C13-C17 cyclization followed by a methyl shift between C13 and C14 

to render the abietane scaffold and ii) GGPP also undergoes a similar cyclization cascade 

followed by a C9-C15 σ bond formation, a C12-C14 methyl shift and by the loss of a proton to 

yield ent-kaur-16-ene as the final product, in this case catalyzed by ent-kaurene syntases A and 

B (Figure 1.9) (Zografos, 2016). At last, as many diterpenes are frequently isolated as 

polyesters, the BAHD acyltransferases superfamily are the enzymes thought to mediate the 

acylation process in the Euphorbia genus (BAHD is named according to the first letter of each 

of the first four characterized enzymes of this family: Benzylalcohol O-acetyltransferase, 

BEAT; O-hydroxycinnamoyltransferase, AHCT; N-hydroxycinnamoyl/benzoyltransferase, 

HCBT; and deacetylvindoline 4-O-acetyltransferase, DAT) (King et al., 2014). 
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Figure 1.9. Biosynthesis of abietanes, and ent‐kaurane diterpenes (adapted from Zografos, 2016). 

1.3.2. MDR reversal and cytotoxic activities of diterpenic scaffolds 

Concerning the identification of novel diterpenes from Euphorbia species, several 

comprehensive reviews were recently published (Ferreira et al., 2014; Vasas and Hohmann, 

2014). Thus, in the following section the most recently isolated structures of novel diterpenic 

compounds, together with their activities (2014-2017), are presented in additional detail. 

1.3.2.1. Jatrophanes 

Jatrophanes and lathyranes are two of the scaffolds more frequently isolated from Euphorbia 

that have shown significant potencies in reversing MDR due to P-gp overexpression. 

Jatrophanes are thought to be formed either from the cembrene cation or, alternatively, by ring 

opening from a casbene precursor (Evans and Taylor, 1983). They are characterized by a 5:12 

fused ring system and a variable oxidation pattern, in which the position of the double bonds 

and acylation pattern of oxygen functions renders them an unusual structural variability. In the 

following figures (1.10 and 1.11), examples of the most recently described jatrophane-type 

diterpenes from Euphorbia cissiparias, E. welwitschi and E. tithymaloides are presented, 

together with the reported activities as MDR reversal agents. 
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Figure 1.10. Diterpenes with a jatrophane scaffold. 
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Figure 1.11. Diterpenes with a jatrophane scaffold. 
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1.3.2.2. Lathyranes 

Lathyranes are similar to jatrophanes in their structural variability and oxidation pattern but, as 

the cyclopropane unit in casbene precursor is maintained, they are characterized by a tricyclic 

5:11:3 fused ring system in which positions 9 and 11 are usually non-oxidized. Lathyranes often 

display variable MDR reversal activities when compared with jatrophanes, which can be related 

to a less degree of structural flexibility due to the presence of the highly-constrained cyclo-

propane unit. Below (Figures 1.12 and 1.13) are examples of recently described lathyranes. 

 

Figure 1.12. Diterpenes with a lathyrane scaffold. 
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Figure 1.13. Diterpenes with a lathyrane scaffold. 

1.3.2.3. Premyrsinanes, myrsinanes and euphoractins 

The known three types of myrsinane diterpenoids (myrsinanes, premyrsinanes and 

cyclomyrsinanes), are derived from epoxylathyranes and are characterized by a 5/7/6 common 

scaffold (Figures 1.14, 1.15 and 1.16). While the opening the 5,6-epoxide moiety followed by 

the formation of a 6/12 carbon bridge originates the premyrsinane skeleton, the latter are 

synthetized through i) the protonation of an hydroxymethyl moiety, which leads to a 

dehydration step followed by the cyclopropane ring opening (myrsinanes) or ii) by a 
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nucleophilic attack of a water molecule followed by a C-C bond migration, to originate a 

cyclobutane ring (cyclomyrsinanes). Similarly, euphoractins are closely related with 

myrsinanes and also derive from epoxylathyranes, but in this case the 5/6/7/3 fused ring system 

results from epoxy opening, followed by a 6,13 carbon bridge together with an addition of 

oxygen in position 12 (Figure 1.14A) (Shi et al., 2008). Some examples of premyrsinanes and 

euphoractins isolated from Euphorbia macrorrhiza, E. prolifera and E. soongarica are depicted 

in Figure 1.15 and Figure 1.16. 

 

Figure 1.14. (A) Proposed biosynthesis of myrsinanes and euphoractins from epoxylathyranes (adapted 

from Shi et al., 2008).  

 

Figure 1.15. Diterpenes with premyrsinane and euphoractin scaffolds. 
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Figure 1.16. Examples of premyrsinanes and euphoractins. 

1.3.2.4. Other diterpenes 

Although the above scaffolds have proven to be the most active ones in P-gp efflux modulation, 

there are reports on the MDR reversal activity of diterpenes with different scaffolds. To that 

matter, cembrenes, kauranes or atisanes are the most commonly isolated, although other types 

as jatropholane-type diterpenes (Duarte and Ferreira, 2007; Gao and Aisa, 2017), rearranged 

jatrophanes (Madureira et al., 2006, 2004) or diterpenic lactones (Fei et al., 2016) were also 

identified. Some of the latest described diterpenes (2016-2017) from Euphorbia macrorhiza, E. 

fischeriana, E. stracheyi, E. soongarica and E. kansui are presented in Figure 1.17. 
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Figure 1.17. Examples of diterpenes with other reported scaffolds. 
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1.3.3. Triterpenes and flavonoids in multidrug resistance 

Other scaffolds were also identified as MDR reversal agents, with the large majority acting as 

P-gp efflux modulators. Triterpenes (Figure 1.18) are synthesized from isopentenyl 

pyrophosphate, with a 30-carbon squalene acting as intermediate in cyclization reactions by 

members of the oxidosqualene cyclase family (Yan et al., 2014). 

 

Figure 1.18. Chemical classifications and core structures of triterpenes (adapted from Yan et al., 2014). 

 As for to diterpenes, triterpenes are also considered as potential anticancer agents due 

to their chemopreventive and antigenotoxic effects. It has been reported that triterpenes possess, 
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besides their ability to inhibit efflux pumps, other effects as pro-apoptotic, anti-proliferative, 

anti-angiogenesis and gene expression modulation. As MDR reversers, while pentacyclic 

triterpenes demonstrated to be cytotoxic in leukemia cell lines with little or none P-gp 

modulation activity, cycloartanes and cucurbitanes (Figure 1.18) showed to be strong P-gp 

efflux modulators in MDR1-expressing cell lines (Ferreira et al., 2014; Yan et al., 2014). To 

that matter, some of the most recently described triterpenes (2016-2017) together with their 

reported activities as MDR reversal agents are presented in Figure 1.19. 

 

Figure 1.19. Triterpenes with a cucurbitane scaffold. 
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 Flavonoids are another class of secondary metabolites that have proven to possess a 

large number of biological effects, namely anti-oxidant, anti-inflammatory, antitumor and anti-

viral activities, among others (Nijveldt et al., 2001). They are biosynthesized through the 

phenylpropanoid pathway by converting phenylalanine into 4-coumaroyl-CoA that enters to 

the flavonoid biosynthesis pathway. Following, while chalcone synthase synthetizes the initial 

chalcone scaffold that precede flavonoids, the final steps of flavonoid synthesis involve a group 

of enzymes, (isomerases, reductases, hydroxylases and dioxygenases) that modify the basic 

flavonoid skeleton, thus originating the different flavonoid subclasses (Figure 1.20). This basic 

flavonoid skeleton can have numerous substituents, but the most common are hydroxyl groups 

at the 4’, 5, and 7 positions. Posterior modifications by specific tranferases can also modify the 

flavonoid backbone with sugars, methyl groups and/or acyl moieties that alter their solubility, 

reactivity and interaction with cellular targets (Falcone Ferreyra et al., 2012). 

 

Figure 1.20. Chemical classifications and core structures of flavonoids (adapted from Eid et al., 2015). 
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 Regarding its MDR reversal activities, while quercetin was one of the first flavonoids 

identified as a P-gp competitive modulator for Hoechst 33342 (H33342) efflux (Shapiro and 

Ling, 1997a), the interaction of flavonoids in a vicinal ATP- and steroid-binding region within 

the cytosolic domain of P-gp was additionally proposed as a different MDR reversal mechanism 

(Conseil et al., 1998). Flavonoids also presented promising results as MRP1 efflux inhibitors, 

with prenyl, geranyl or lavandulyl groups at C-8 (Bobrowska-Hägerstrand et al., 2003) or 

hydroxyl substitutions at C-3’/C-4’ (Yoshimura et al., 2009) being important for the observed 

inhibitory activity. In BCRP, flavonoids as genistein and naringenin showed to competitively 

inhibit BCRP-mediated efflux, without measurable effects on P-gp or MRP1 (Boumendjel et 

al., 2011; Imai et al., 2004; Pick et al., 2011). Furthermore, flavonoids and their phase II 

metabolites (e.g. sulfates or glucuronides) were also found to act as organic anion transporters 

(OATP) inhibitors (Miron et al., 2017). Thus, flavonoids can provide suitable building blocks 

for the development of novel MDR reversal agents, acting on the most important ABC 

transporters often overexpressed in cancer. 

1.4. Computational studies as useful tools for understanding ABC 

efflux transporters 

Computational techniques are becoming valuable tools to better understand not only the 

structure-activity relationships by which some molecules are able to modulate efflux by ABC 

transporters, but also to unveil which structural determinants in the efflux pumps architecture 

that are intimately related with the efflux process itself. Thus, studies on the molecular 

recognition of substrates by P-gp and how they are translocated from the cell is of the utmost 

importance in order to better design new selective and potent P-gp efflux modulators (Ferreira 

et al., 2015b). 

1.4.1. Ligand-based studies in P-glycoprotein substrates and modulators 

Ligand-based studies are performed to gain insights about which structural features on a given 

set of molecules are related with its biological activity in a given target. From these studies, 

initial structure-activity relationships (SAR) studies can be used to guide chemical 

derivatization studies towards more potent compounds or, alternatively, to understand which 

chemical features potentiates and which ones are deleterious for the required biological activity. 
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1.4.1.1. Structure-activity relationship (SAR) studies 

Regarding P-gp modulation, the first SAR studies not only pointed out lipid solubility at 

physiological pH, cationic charge and molar refractivity but also identified the spatial 

disposition of two aromatic planar rings and the presence of a basic nitrogen atom as the most 

important features for the biological activity of reserpine analogues (Figure 1.21) (Pearce et 

al., 1989; Zamora et al., 1988). 

 

Figure 1.21. Representation of the reserpine-derived pharmacophore (adapted from Pearce et al., 1989; 

Zamora et al., 1988). 

 More recently, studies identified new chemical moieties intimately related with P-gp 

modulation capability. For instance, while a pharmacophore comprising one hydrogen-bond 

acceptor (HBA) and two large hydrophobic regions (HYD) together with an optimal molecular 

shape was a key requisite in the identification of P-gp inhibitors (Broccatelli et al., 2011), 

aromatic groups and/or hydrophobic ring substructures were found to be more common in 

inhibitors than in substrates (Klepsch et al., 2014); tertiary aliphatic amines, alkylaryl ethers 

and aromatic amines were prevalent in inhibitors (Poongavanam et al., 2012); and large, 

branched structure with biphenyl, naphthalene or aromatic nitrogen-containing heterocycles 

were identified as key features in increasing the inhibitory activity towards P-gp 

(Prachayasittikul et al., 2017). However, as other structural features as hydrophobicity, 

presence of HBA and amino groups have been ambiguously attributed to both substrates and 

inhibitors, all of the above features must be included in a general drug recognition pattern by 

P-gp, with efflux and inhibition capability being determined by other factors as lipid bilayer 

partitioning and/or affinity towards the transporter (Ferreira et al., 2015b). In the following 
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section, ligand-based studies on diterpenic compounds will be presented as a way to uphold 

which chemical modifications are related with greater potency towards P-gp efflux modulation. 

1.4.1.2. SAR and QSAR studies on diterpenic compounds 

One of the first studies to describe structure-activity relationships in diterpenes was the 

development of a 4-point pharmacophore from macrocyclic diterpenes isolated from several 

Euphorbia species. This pharmacophore not only was able to detect all molecules in-house 

(macrocyclic and polycyclic diterpenes, triterpene-type cucurbitacins) but also about 84% of 

all P-gp modulators published in scientific literature (Figure 1.22). Moreover, the importance 

of hydrophobic, aromatic and hydrogen-bond acceptor moieties were found to be correlated 

with the biological activities of diterpenes (Ferreira et al., 2011). Furthermore, another study 

by the same authors allowed the identification of a fifth pharmacophoric point (aromatic) that, 

when added to the previously developed pharmacophore, corroborated the supporting current 

knowledge on the importance of aromatic rings for P-gp modulation activity (Reis et al., 2012). 

 

Figure 1.22. (A) Proposed 4-point pharmacophore (distances, angles, and dihedrals are represented); 

(B) Lowest RMSD conformations and alignment diagram for verapamil (yellow), tariquidar (purple), 

vinblastine (green) and latilagascene E (blue), in agreement with the developed pharmacophore (adapted 

from Ferreira et al., 2011). 

 From a similar subset of compounds, Sousa et al. also developed a quantitative SAR 

(QSAR) model towards the identification of the most relevant features in macrocyclic 

diterpenes that were related with their biological activity. Thus, from the obtained QSAR 

equation the increase of lipophilicity and number of atoms with positive charges together with 
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the decrease of conjugated systems would be important modifications to increase the activity 

of such compounds (Sousa et al., 2013). 

 Deriving structure-activity relationships from synthetized libraries of compounds is 

another approach to better understand which chemical modifications are important for 

improving biological activity. Toward that end and by grouping all compounds through k-

means clustering and performing a linear regression analysis, the activity of a small library of 

Jolkinol D derivatives was found to be intimately related with its octanol/water partition 

coefficient (logP), solvent accessible area (SAS), the size of the ester side chain and with the 

presence of aromatic moieties at position C-3. Oppositely, long hydrophobic acyl side chains 

were found to decrease the compounds activity (Reis et al., 2013). Jiao and co-workers also 

developed a new library comprising 37 new acylated and epoxide derivatives from Euphorbia 

factor L3, from which an identification of the key characteristics for MDR reversal activity was 

performed. Again, a strong correlation with logP and molecular weight (MW) was observed. 

Interestingly, while a bulky aromatic group at position C-3 seemed to enhance activity, the 

presence of two aromatic groups simultaneously at positions C-3 and C-5 impairs its activity 

against P-gp, thus suggesting a relationship between aromatic substituents and 

steric/electrostatic effects (Jiao et al., 2015).  

 A diterpenic library was also studied by Zhu and co-workers comprising not only 

isolated jatrophanes from Euphorbia tithymaloides but also analogues designed by 

esterification, hydrolysis, hydrogenation and epoxidation. Quite interestingly, all derivatives 

containing a double bond at positions Δ2 or Δ3, hydroxylation at the positions C-5, C-7 and C-

9 and epoxidation at Δ12 showed a significant decrease in its P-gp reversal activity. Oppositely, 

benzyl groups at position C-3, acyl groups at position C-12 and a rare C-5/C-13 oxygen linkage 

strongly favored the activity of the compounds (Figure 1.23A) (Zhu et al., 2016). Recently, in 

silico approaches were also used to assess which structural features could be correlated with 

the biological activity displayed by a small library of epoxiboetirane A derivatives. In both 

L5178Y and Colo320 cell lines a significant correlation was found between activity and 

molecular descriptors containing information about the overall conformation and charge 

distribution within the diterpene scaffold. Moreover, a new pharmacophoric model derived 

from molecular interaction fields revealed, in agreement with previous studies, that ortho- or 

meta-substituted benzyl rings at position 3 are favorable for the activity. Interestingly, 

sterically-hindered structures as p-phenylbenzyl moieties, amantadine or activated 5-membered 
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heterocyclic rings as furan or thiophene were detrimental for the activity, most particularly 

when located at C-3 (Figure 1.23B) (Baptista et al., 2016). 

 Thus, and taken all into account, the activity of macrocyclic diterpenes can be enhanced 

by several mechanisms, but notwithstanding the presence of a benzyl moiety at C-3, branched 

or not, and an optimal logP to facilitate membrane partition seemed to be the key determinants 

for enhancing the affinity of such compounds towards P-gp. 

 

Figure 1.23. (A) Structure-activity relationship (SAR) of jatrophane diterpenes on P-gp inhibition; (B), 

Pharmacophoric hypothesis for epoxylathyrane derivatives. Green and yellow contours identify areas 

where steric bulk is positively or negatively correlated with biological activity. Red/blue contours 

identify areas where positively charged/hydrogen bond donor or negatively charged/hydrogen bond 

acceptor substituents are positively correlated with biological activity (adapted from Zhu et al., 2016; 

Baptista et al., 2016). 

1.4.2. Structure-based studies in ABC transporters: unveiling its efflux 

mechanism 

Until the publication of the first crystallographic murine P-gp structure in 2009 (Aller et al., 

2009), all structure-based studies on ABC efflux transporters used either the Staphylococcus 

aureus Sav1866 (Dawson and Locher, 2007, 2006) structure or human  P-gp homology models 

based on the Sav1866 (Becker et al., 2009; Globisch et al., 2008) or MalK (O’Mara and 

Tieleman, 2007) crystallographic data. Although with low homology with P-gp (15.8 % and 

12.9% for TMD1 and TMD2, respectively), it was considered a suitable template for 

comparative modeling due to the presence of many common inter-linking domains in both 

Sav1866 and P-gp (Dawson and Locher, 2006; Rosenberg et al., 2005). Such templates were 

further used to evaluate drug-protein interactions either by assessing modes of binding, specific 

location or molecule’s orientations within the drug-binding pocket (through molecular docking) 
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or by screening large databases of compounds in order to identify possible new scaffolds from 

which new potent and selective P-gp modulators could be derived (by virtual screening) 

(Anderson, 2003). At the same time, crystallographic structures also allowed studies on the 

dynamic behavior of the transporter itself. By means of molecular dynamics, insights on the 

ATP-driven mechanism by which P-gp operates, possible conformational pathways related with 

drug efflux, drug recognition and binding, translocation mechanism and structural relationships 

with the surrounding lipid bilayer (Ferreira et al., 2015b) were obtained. In the following 

sections, some of the most relevant studies concerning in silico approaches in the study of P-

glycoprotein will be addressed. 

1.4.2.1. Molecular Docking 

Some of the first attempts to map possible drug-binding sites within the transmembrane drug-

binding pocket were performed with homology models, using the prokaryotic crystallographic 

structures as template for modeling the human P-gp transporter. For instance, Globish and co-

workers aimed for the identification of drug-binding sites by using specific algorithms for 

pocket and site detection. Herein, three distinct drug-binding sites were identified in a large 

binding pocket, one located at the membrane-cytosol interface and other two at the 

transmembrane domains. Moreover, residues from transmembrane helices (TMH) 2/3, 

TMH4/5, TMH 8/9 and TMH 10/11 were also found to be involved in drug binding and 

recognition at the first binding site, some of which experimentally demonstrated by in situ 

labeling or cross-linking studies (Globisch et al., 2008). From four P-gp homology models 

obtained in two distinct catalytic states, Becker et al. performed molecular docking using known 

P-gp binders (verapamil, rhodamine B, colchicine and vinblastine) to assess if the central cavity 

was able to accommodate all ligands and to identify any drug-binding sites and the 

corresponding residues. Interestingly, and in agreement with the above study, all ligands 

interacted with residues that had been experimentally identified to that particular ligand. 

Furthermore, for colchicine and verapamil at least two locations were identified as being its 

most probable drug-binding sites (Becker et al., 2009). 

  Already with the murine crystallographic data published, Tarcsay et al. aimed for a more 

thorough identification of drug-binding sites within P-gp. The internal cavity was mapped, for 

the first time, as a mainly hydrophobic cavity in agreement with experimental evidences at date. 

Again, by using several known molecules that bind P-gp, several residues were identified from 

its induced-fit binding mode. Nonetheless, with this model no difference between active and 
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inactive molecules could be found in several virtual screening attempts (Tarcsay and Keserű, 

2011). Thus, while the polyspecificity of P-gp could be mostly explained by its large drug-

binding pocket being able to accommodate several structurally unrelated drugs (in all studies), 

a clear definition on the most relevant drug-binding sites and their relationship with the 

experimental evidences by Shapiro et al. on H33342, R123 and LDS-751 was still required to 

fully understand drug recognition and binding by P-gp. 

  Molecular docking studies were also used to predict either the binding sites or binding 

poses for several compounds isolated from natural sources, as an attempt to explain and 

rationalize the biological activities encountered. Reis et al. performed molecular docking 

studies in a series of jatrophane and lathyrane diterpenes to identify that these compounds bind 

P-gp at a similar location than verapamil, corresponding to the intersection between QZ59-SSS 

and QZ59-RRR binding sites (Figure 1.24A) (Reis et al., 2012). 

 

Figure 1.24. (A) Docking studies on several diterpenoids in murine P-gp model; (B) Binding mode of 

5-(1-naphthylacetyloxy)-lathyra-6(17),12-dien-3,15-diol-14-one in a human homology P-gp model;    

(C) binding pose of 9,15-fiacetoxy-3,7-dibenzoyloxy-1,13,14-trihydroxyjatropha-5E-ene within a 

human homology P-gp model (adapted from Reis et al., 2012; Jiao et al., 2015; Zhu et al., 2016). 

  Similarly, Jiao et al. performed docking studies on P-gp with lathyrol diterpenes 

derivatives to find that residues in TMH5-8 and TMH12 were involved in drug binding mainly 

through hydrophobic interactions (Figure 1.24B) (Jiao et al., 2015) and Zhou and co-workers 

docked miltirinone, an abietane-type diterpene, in both a murine and human P-gp models to 

identify Phe974 (Phe978 in human P-gp) as a key residue that interacts via π-π stacking with 

rings B and C in miltirinone. Finally, the most promising jatrophane-type diterpene identified 

by Zhu et al. from Euphorbia tithymaloides was found to dock next to several polar (Gln720, 

Gln985), hydrophobic (Ile335) and aromatic (Phe978, Tyr305, Phe331) residues in a murine  

P-gp model, in close agreement with the previous studies (Figure 1.24C) (Zhu et al., 2016). 
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1.4.2.2. Molecular Dynamics 

ABC transporters are characterized by the high structural flexibility (Ward et al., 2007, 2013; 

Wen et al., 2013; Wollmann et al., 2005) that allows these proteins to alternate between an 

inward- (high affinity) and outward-facing (low affinity) conformations during its efflux cycle. 

Unfortunately, crystallographic structures cannot encompass this functional dynamic, and 

although providing important information on its structural organization, they only sample a 

limited range of conformational snapshots that cannot be used directly to understand its whole 

dynamic behavior. Moreover, structural artifacts introduced by the crystallization process itself, 

as the removal of the protein from its natural lipid environment (Caffrey, 2003), along with 

their low crystallographic resolution (Biggin and Bond, 2008; Kleywegt, 2000) may impair the 

utilization of such templates in structure-based drug design studies. Therefore, in silico studies 

using molecular dynamics are a powerful tool that can be used to evaluate the structural stability 

of a given structure, to further refine the crystallographic data or to gain new insights on the 

dynamic behavior of a protein in its natural environment (Brunger and Adams, 2012; Burnley 

et al., 2012; Fan and Mark, 2003). 

  By using the available P-gp crystallographic structures so far, new insights on its 

dynamic behavior have provided new and valuable data that allowed current researchers to 

better understand the efflux cycle. One of the first MD studies using the murine crystallographic 

data was performed by Ferreira et al. in an attempt to evaluate the structural stability of the 

transporter. In this particular study, it was found that both the membrane and the ‘linker’ 

sections had a strong impact on the stability of the transporter: while a 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC) membrane stabilized the transmembrane section of the 

transporter by minimizing its hydrophobic mismatch, the addition of a modeled ‘linker’ section, 

absent in the murine crystallographic structure, was able to stabilize the insertion angle of the 

whole transporter even in a thinner dimiristoyl-sn-glycero-3-phosphocholine (DMPC) 

membrane (Ferreira et al., 2012). These results were also supported by a human homology P-

gp model that, although simulated without the linker, showed increased structural stability due 

to the presence of the lipid membrane and also cholate molecules between NBDs (O’Mara and 

Mark, 2012). In both studies, either the ‘linker’ or the cholate molecules seem to absorb stronger 

NBD motions that could disturb the structural architecture of the transporter, thus contributing 

for its increased stability (Ferreira et al., 2013a). Moreover, it was also found that the dynamic 

behavior of the transporter is altered in the presence of a substrate within the ‘entrance’ gate, 
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shifting its normal motion patterns into efflux-related motions (Figure 1.25) (Ferreira et al., 

2012).  

 

Figure 1.25. Normal motion patterns displayed by the ABC transporter P-glycoprotein (A) in the 

absence of substrates and (B) in the presence of a substrate at the TM helices 10-12 portal (adapted from 

Ferreira et al., 2012). 

  The conformational changes by which P-gp can shift from the inward- to the outward-

facing state were also explored by Wise, using targeted MD to drive P-gp (opened inwards) into 

a similar conformation that of Sav1866 (opened outwards). Herein, it was demonstrated that 

both NBDs engage a concerted rotation that increases the distance of the extracellular halves of 

the TMDs while decreasing the NBD distance until the canonical dimer is formed. Interestingly, 

as the contacts between the TMH’s intracellular coupling helices (ICH) and NBDs are 

maintained (especially with ICH2 and ICH4), these specific motifs were classified as having a 

determinant role in the TMH reorganization and, ultimately, allowing the extracellular widening 

of the drug-binding pocket (DBP) (Chang et al., 2013; Pajeva et al., 2013; Wise, 2012). In 

addition, studies concerning the role of ATP in the efflux process also clarified that while 

binding of the ATP is sufficient to drive the formation of the canonical dimer by inducing 

smaller NBD-NBD distances and promoting dimerization by shifting the equilibrium among all 

possible combinations rather than driving the whole process (Rosenberg et al., 2001; Wen et 

al., 2013), ATP hydrolysis is required to reset the transporter into its initial state (George and 

Jones, 2013; Oliveira et al., 2010). For P-gp, as both NBDs are catalytically active, an alternate 

model involving a ‘tightly bound’ (occluded) ATP and a ‘loose’ ATP molecule at the opposite 

NBD (Siarheyeva et al., 2010) is currently the most accepted model for the ATP-driven 
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mechanism (Figure 1.26). Remarkably, one of the latest crystallographic structures published 

(CFTR, ABCC7) displayed for the first time an asymmetric opening of the nucleotide-binding 

domains (Zhang and Chen, 2016), which seem to corroborate the Constant Contact model 

proposed by George and Jones (George and Jones, 2013, 2012) as the main mechanism by 

which the canonical dimer may be formed (although in P-gp this mechanism is expected to 

occur alternatively in both competent ATP-binding sites). 

 

Figure 1.26. Hypothetical model for the ATP catalytic cycle, according the Constant Contact model for 

both ATP-binding competent NBDs. The ATP-binding pocket is formed by Walker A motifs of NBD1 

(WA1) and NBD2 (WA2) with the signature motifs of the opposite NBD2 (S2) and NBD1 (S1). Pore 

opening/closing refers to the outward-facing structure, dashed lines refer to the known crystallographic 

structures (green, inward-facing; blue, outward-facing) (adapted from Ferreira et al., 2015). 

  Regarding substrate transport, the postulated “dual pseudosymmetrical solute 

translocation pathways” proposed by Parveen et al. (Parveen et al., 2011) regarding drug efflux 

was evaluated by McCormick and co-workers to find that both daunorubicin and verapamil, but 

not pyrophosphate methyl ester, showed a vectorial movement along the z axis (perpendicular 

to the membrane plane) from the inside (cytoplasmic) surface of the drug-binding pocket into 

the outside (extracellular), while P-gp was shifting from the inward- to the outward-facing state 

by targeted MD. Even if docked in non-optimal position within P-gp, both drugs could still be 

transported towards the extracellular space during the targeted MD simulated efflux cycles. 

Surprisingly, while for the high-affinity modulator tariquidar such motion was not observed for 
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a position outside the drug-binding pocket, when already inside the pocket at non-optimal 

docking positions it could be transported in a similar way as verapamil. Ultimately, as both 

drugs were shown to have distinct binding locations and residue contacts along the simulations, 

at least two distinct drug transport pathways could be inferred from which drugs are translocated 

during the efflux cycle (McCormick et al., 2015). 
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2. Objectives 

Drug resistance to the anticancer drugs currently in use threats to severely compromise the 

success of cancer chemotherapy. One of the most significant mechanism results from the over-

expression of efflux pumps that contributes to the decrease of the intracellular concentration of 

the drug by acting as extrusion pumps. Moreover, and despite the several theoretical and 

experimental studies performed in order to understand P-gp´s structure-function relationships, 

lack of substrate specificity and characteristics of the drug-binding sites, no efflux modulator 

become clinically available so far. 

 Euphorbia species have been used in traditional medicine to treat cancer, tumors and 

warts and are a valuable source for novel scaffolds due to the unusual diversity of chemical 

constituents, including a wide range of structurally unique macrocyclic diterpene polyesters 

that have revealed to be strong P-gp efflux inhibitors. Other secondary metabolites as 

triterpenes, sterols or flavonoids were also proved to possess variable MDR reversal properties. 

 Therefore, the main goals of this project are a) to obtain new MDR reversers in cancer 

cells by specifically targeting ABC transporters and b) to obtain new insights on the initial steps 

of the efflux mechanism by P-gp through new structure-based in silico studies. 

 

It was carried out through three main approaches:  

i) Phytochemical studies, through the isolation of macrocyclic diterpenes, diterpenic 

lactones, triterpenes and flavonoids compounds from Euphorbia pedroi;  

ii) Molecular derivatization of isolated compounds, when isolated in large amounts, 

in order to increase its selectivity and potency as P-gp modulators. The MDR 

reversal properties in other efflux pumps (MRP1, BCRP) will also be studied. 

Towards that end, from helioscopinolide E (15) and naringenin (17) two libraries of 

ent-abietane (20-24) and flavanone (25-71) derivatives were obtained by chemical 

derivatization and evaluated as MDR reversal agents; 

iii) Computational studies i) of the interaction profiles between molecules and Pgp in 

Pgp-lipid bilayer systems, by obtaining new quantitative structure-activity 

relationships (QSAR) and ii) novel insights on the initial steps of the efflux 

mechanism through molecular dynamics (MD) and molecular docking studies.
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3. Structure elucidation of isolated compounds 

Three new macrocyclic diterpenes of the lathyrane- (8, 11) and jatrophane-type (9) and a new 

polycyclic diterpene (13), together with a new steroid (6) were isolated from the methanol 

extract of Euphorbia pedroi. Other known macrocyclic and polycyclic diterpenes were also 

isolated: jolkinol D (7), piscatoriol A (10), 15β-acetoxy-3β-hydroxylathyra-5,6-epoxi-12E-en-

14-one (12), helioscopinolides B (14) and E (15) and ent-13R-hydroxy-3,14-dioxo-16-atisene 

(16). In addition, cycloart-25-ene-3β,24-diol (3), cycloart-23-ene-3β,25-diol (4), 7,11-dioxo-

obtusifoliol (5) and two flavonoids, naringenin (17) and quercetin (18) were additionally 

identified. Their structures were characterized by spectroscopic methods mainly 1D- (1H, 13C) 

and 2D-NMR (DEPT, COSY, HMBC, HMQC and NOESY) experiments and by comparison 

with literature data. 

 Furthermore, as reasonable amounts of helioscopinolide E (15) and naringenin (17) 

were isolated, a small library of ent-abietane derivatives (19-24) and a larger one containing 

flavanone derivatives (25-71) were obtained by the chemical modification of compounds 15 

and 17 to allow the identification of new structure-activity relationships able to identify which 

chemical features are intimately correlated with the experimentally determined MDR reversal 

activities (Chapter 4). 
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3.1. Lathyrane-type macrocyclic diterpenes 

3.1.1. Pedrodione A, 15β-acetoxy-3β-hydroxylathyra-6(17),12E-dien-5,14-

dione 

 

Compound 9, named pedrodione A, is a new compound obtained as an amorphous white 

powder with [𝛼]𝐷
20 + 189.0° (c 0.1, CHCl3). Its IR spectrum showed the presence of hydroxyl 

(3446 cm-1) and carbonyl groups (1737 and 1716 cm-1). The low resolution ESI-MS spectrum 

provided one molecular ion peak at m/z 398 [M + H + Na]+. Its molecular formula, C22H30O5, 

was deduced from its ESI-HRMS spectrum, which showed a sodium adduct ion peak at m/z 

397.1988 [M + Na]+ (calcd. for C22H30NaO5, 397.1985), corresponding to eight degrees of 

unsaturation. The 1H-NMR spectrum of 9 (Table 3.1) displayed signals for five methyl groups: 

two singlets corresponding to tertiary methyl groups (δH 0.99 and 1.15), a doublet from a 

secondary methyl at δH 1.11 (d, J = 6.7 Hz), one acetyl (δH 2.00) and one vinylic methyl group 

(δH 1.78). The 1H-NMR spectrum also displayed signals that could be assigned to three 

diastereotopic methylene groups [δH 3.47 (dd, J = 13.4, 7.5 Hz) and 1.72 (m); δH 3.02 (dd, J = 

13.1, 4.8 Hz) and 2.04 (m); δH 2.03 (m) and 1.54 (m)], two methines [δH 3.37 (d, J = 3.0 Hz); 

1.38 (dd, J = 11.1, 8.2 Hz)] and one oxymethine (δH 4.19, br t, J = 3.0 Hz). Furthermore, vinylic 

NMR signals from a trisubstituted double bond at δH 6.20 (d, J = 11.1) and a terminal double 

bond as two broad singlets (δH 5.84 and 5.64) were also observed. The 13C-NMR and DEPT 

(Table 3.1) spectra displayed twenty-two carbon signals, corresponding to five methyl groups, 

four methylenes (including one sp2 at δC 127.5), six methines (including an oxygenated one at 

δC 78.4 and one sp2 at 146.6) and seven quaternary carbons (three carbonyl groups at δC 201.6, 

195.1 and 169.7 and two olefinic carbons at δC 149.5 and 133.2).  
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 From the above data, a macrocyclic diterpene was assumed, with the presence of a 

quaternary carbon at δC 25.0 suggesting a lathyrane-type scaffold. When compared with similar 

compounds such as piscatoriol B, with a hydroxyl at C-5, the relative downfield signal found 

for H-4 (δH 3.37), that resonate at δH-4 ≈ 2.43 in piscatoriol B (Reis et al., 2014b), suggested the 

existence of an additional sp2 oxygenated group at C-5. Moreover, the H-3 signal resonance at 

lower fields (δH 4.19) also suggests the presence of an intramolecular hydrogen bond, possibly 

between the hydroxyl at C-3 and a carbonyl group at C-5. Further structural details obtained 

from 2D-NMR experiments (COSY, HMBC, HMQC and NOESY) allowed an unambiguous 

assignment of all carbon signals (Table 3.1, Figure 3.1). 

 

Figure 3.1. Key COSY, HMBC and NOESY correlations for pedrodione A (9). 1H spin systems (A-B) 

and respective connections by main heteronuclear 2JC-H and 3JC-H correlations. 

 The 1H-1H COSY experiment allowed the identification of two key fragments (A-B) 

that were further interconnected through heteronuclear 2JC-H and 3JC-H correlations retrieved 

from the HMBC spectrum. While the HMBC correlations between Me-20 (δH 1.78) and the 

carbon signal at δC 195.1 placed the corresponding carbonyl group at position C-14, the 2JC-H 

and 3JC-H correlations between the diastereotopic proton at δH 3.47 (H-1α) and the carbon 

signals at δC 92.3 (C-15) and δC 195.1 (C-14) corroborated these assignments. Furthermore, the 

HMBC correlations between the olefinic exocyclic protons H-17a (δH 5.64), H-17b (δH 5.84) 

and the methine signal at δH 3.37 (H-4) with the carbon signal at δC 201.6 located the second 

carbonyl function at C-5. This was further confirmed through the observation of HMBC 

correlations between H-3 (δH 4.19) and H-7α (δH 3.02) with C-5 (δC 201.6). Finally, 2JC-H and 

3JC-H correlations between the methyl groups Me-18 (δH 1.15) and Me-19 (δH 0.99), the 
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quaternary carbon signal at δC 25.0 (C-10) and the two methines at δH 1.08 (H-9) and δH 1.38 

(H-11) clearly identified the location of the geminal methyl groups at the cyclopropane ring, in 

agreement with the expected features of a lathyrane-type diterpene. 

Table 3.1. 1H, 13C-NMR and DEPT spectra [CDCl3, δ (ppm), (J, Hz)] of pedrodione A (9). 

Position 1H 13C DEPT  Position 1H 13C DEPT 

1α 3.47 dd (13.4, 7.5) 
45.1 CH2 

 11 1.38 dd (11.1, 8.2) 29.2 CH 

1β 1.72, m  12 6.20, d (11.1) 146.6 CH 

2 1.94, m 40.3 CH  13 -- 133.2 C 

3 4.19, br t (3.0) 78.4 CH  14 -- 195.1 C 

4 3.37, d (3.0) 53.3 CH  15 -- 92.3 C 

5 -- 201.6 C  16 1.11, d (6.7) 13.0 CH3 

6 -- 149.5 C  17a 5.64, br s 
127.5 CH2 

7α 2.04, ma 
32.6 CH2 

 17b 5.84, br s 

7β 3.02 dd (13.1, 4.8)  18 1.15, s 28.8 CH3 

8α 2.03, ma 
22.0 CH2 

 19 0.99, s 16.4 CH3 

8β 1.54, m  20 1.78, s 12.7 CH3 

9 1.08, ma 34.7 CH  1’ -- 169.7 C 

10 -- 25.0 C  2’ 2.00, s 21.6 CH3 

a signals partially overlapped. 

 The stereochemical orientation of the protons were further obtained from the NOESY 

spectrum. The α-orientation of H-4 was taken for biogenetic reasons. Herein, NOE correlations 

between H-1α/H-2/H-3/H-4 agreed with the α-orientation of these protons. Furthermore, NOE 

cross peaks between H-17a/H-4 and H-17b/H-7β suggested an orientation of the terminal 

double bond towards the α-plane of the molecule, further corroborated by the identification of 

NOE correlations between H-8β/H-12/H-19. It is also worth noticing that the above proposed 

orientation of the Δ6,17 double bond places the carbonyl group at C-5 in an optimal position for 

the formation of an intramolecular hydrogen-bond (HB) between the hydroxyl group at C-3, as 

previously suggested (Figure 3.2). 
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Figure 3.2. Energy minimized structure for pedrodione A (9). Intramolecular hydrogen-bonds are 

depicted in light blue. Minimization was made in MOE software using the AMBER10:ETH force field, 

according to the semi-empiric Hamiltonian PM3 (available in MOPAC). 

 From the above data, compound 9 was identified as a functional isomer of piscatoriol 

B, isolated from Euphorbia piscatoria (Reis et al., 2014), only differing in the oxidation status 

at C-5 by having a carbonyl instead of a hydroxyl group. It should be noticed that the existence 

of two α,β-unsaturated ketone systems is highly unusual, but nonetheless it could still be found 

in literature a similar diterpenic compound, isolated from Euphorbia kansuensis. This 

compound, ekanpenoid A, is a norditerpene that also has a carbonyl group at C-5, but in which 

the terminal double bond Δ6,17 is replaced by an endocyclic bond at C-6 while lacking the 

acetoxy moiety at C-15 (Zhang et al., 2013). 
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3.1.2. Pedrodiol, 15β-acetoxy-6(17),12E-dien-3β,5α-dihydroxylathyra-14-one 

 

Compound 12, named pedrodiol, is a new compound that was isolated as an amorphous white 

powder with [𝛼]𝐷
20 + 90.6° (c 0.1, CHCl3). From the IR spectrum, it could be identified the 

presence of hydroxyl (3481 cm-1) and carbonyl (1741 and 1649 cm-1) groups. While from the 

ESI-MS a molecular ion peak at m/z 377 [M + H]+ could be identified, from the ESI-HRMS 

spectrum a molecular formula of C22H32O5 could be determined from the protonated molecular 

ion at m/z 377.2324 [M + H]+ (calcd. for C22H33O5, 377.2323), corresponding to the presence 

of seven degrees of unsaturation. The 1H- and 13C-NMR spectra revealed signals similar to the 

ones reported for piscatoriol B (Reis et al., 2014b) (Table 3.2). Accordingly, four tertiary 

methyl groups (δH 1.07, 1.15, 1.70 and 2.06), one secondary methyl group [δH 1.08, d (J = 8.2 

Hz)], three diastereotopic methylene groups and four methine groups were identified from the 

1H-NMR experiment. The 1H-NMR spectrum also revealed the presence of vinylic protons in 

a trisubstituted double bond at δH 6.33 (d, J = 11.2 Hz) and in a terminal exocyclic double bond 

at δH 4.75 and 4.95 (both as broad singlets). In the 13C-NMR spectrum, five methyl groups, four 

methylenes (with one sp2 at δC 113.4), six methines (two oxygenated at δC 66.8 and 79.6 and 

one sp2 at 145.4) and seven quaternary carbons (including two carbonyls at δC 197.2 and 169.9 

and two olefinic carbons at δC 148.3 and 133.7) could also be identified. 

 From the above 1H- and 13C-NMR data, a macrocyclic lathyrane-type similar to 

piscatoriol B was assumed. However, important differences were found in the calculated optical 

rotation ([𝛼]𝐷
20 + 90.6° vs. [𝛼]𝐷

26 – 103.0° for piscatoriol B [c 0.1, CHCl3]) and in the 

spectroscopic data for the H-5 signal in the 1H-NMR spectrum. To that matter, the comparison 

of signal multiplicity and the corresponding J4-5 coupling constant values for pedrodiol (12, δH 

4.81, t, J = 8.0 Hz) vs. piscatoriol B (δH 4.81, bs) suggested an α-oriented hydroxyl group at 
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position C-5. Therefore, aiming for the unambiguous assignment of all chemical shifts, detailed 

structural details were obtained from two-dimensional NMR data (COSY, HMBC, HMQC and 

NOESY) (Figure 3.3). 

 Both 1H-1H COSY and HMBC experiments clearly assigned the position of the carbonyl 

at C-14, the oxymethine groups at C-3 and C-5 and the double bonds at Δ6,17 (exocyclic) and 

C-11 (endocyclic, conjugated), in agreement with the assignments reported for piscatoriol B 

(Reis et al., 2014b). By observing the NOESY spectrum, the absence of NOE cross peaks 

between H-4 and H-5 agrees with an α-orientation of the hydroxyl group at C-5. 

 

Figure 3.3. Key COSY, HMBC and NOESY correlations for pedrodiol (12). 1H spin systems (A-B) and 

respective connections by main heteronuclear 2JC-H and 3JC-H HMBC correlations. 

 Furthermore, the NOE correlations between H-1α/H-2/H-3/H-4, the observation of 

NOE cross peaks between H-12 and H-5/H-8β/H-19 and between H-4/H-20 corroborated the 

proposed stereochemistry. As in pedrodione A (9), the α-orientation of the hydroxyl group at 

C-5 enables the formation of intramolecular hydrogen-bonds with the hydroxyl group at C-3 

(Figure 3.4), observed as a broadening of the H-3 (double doublet) and H-5 (triplet) signals. 
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Table 3.2. 1H-, 13C- NMR and DEPT [CDCl3, δ (ppm) mult (J, Hz)] spectra of pedrodiol (12) 

and piscatoriol A (11). 

 pedrodiol (12)  piscatoriol A (11) 

Position 1H 13C DEPT  1H 13C DEPT 

1α 3.39 dd (13.7, 7.9) 
47.3 CH2 

 3.32, dd (13.5, 7.6) 
47.4 CH2 

1β 1.70, m  1.70, m 

2 2.09, m 37.8 CH  2.04, ma 37.8 CH 

3 4.34, dd (3.5, 3.1) 79.6 CH  4.34, t (3.1) 79.7 CH 

4 2.43, dd (8.0, 3.5) 54.2 CH  2.11, dd (6.2, 3.1)a 54.7 CH 

5 4.81, t (8.0) 66.8 CH  5.37, d (6.2) 65.8 CH 

6 -- 148.3 C  -- 135.6 C 

7α 2.14, m 
35.5 CH2 

 
5.25, dd (11.1, 6.2) 126.7 CH 

7β 2.72 dd (13.4, 5.4)  

8α 2.01, m 
22.1 CH2 

 2.35, ma 
23.9 CH2 

8β 1.58, m  2.39, ma 

9 1.09, ma 34.6 CH  1.25, ma 31.9 CH 

10 -- 24.8 C  -- 25.5 C 

11 1.37 dd (11.2, 8.2) 28.2 CH  1.42, dd (11.2, 8.8) 27.9 CH 

12 6.33, d (11.2) 145.4 CH  6.44, d (11.2) 142.6 CH 

13 -- 133.7 C  -- 133.6 C 

14 -- 197.2 C  -- 197.9 C 

15 -- 92.8 C  -- 92.7 C 

16 1.08, d (8.2) 13.5 CH3  1.07, d (6.8) 13.4 CH3 

17α 4.95, br s 113.4 

CH2 
 

1.65, s 17.8 CH3 

17β 4.75, br s   

18 1.15, s 29.1 CH3  1.23, s 28.8 CH3 

19 1.07, s 16.7 CH3  1.16, s 17.0 CH3 

20 1.70, s 12.6 CH3  1.75, s 12.2 CH3 

1’ -- 169.9 C  -- 170.1 C 

2’ 2.06, s 22.0 CH3  2.09, s 22.2 CH3 

a signals partially overlapped. 
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Figure 3.4. Energy minimized structure for pedrodiol (12). Intramolecular hydrogen-bonds are depicted 

in light blue. Minimization was made in MOE software using the AMBER10:ETH force field, according 

to the semi-empiric Hamiltonian PM3 (available in MOPAC). 

 Consequently, compound 12 was identified as an epimer of piscatoriol B (Reis et al., 

2014b), only differing in the α-orientation of the hydroxyl group at C-5, and as a functional 

isomer of pedrodione A in which the carbonyl group at C-5 is replaced by a hydroxyl group. 

3.1.3. Piscatoriol A, 15β-acetoxy-6Z,12E-dien-3β,5α-dihydroxylathyra-14-one 

 

Compound 11 was identified as piscatoriol A, based on the comparison of the spectroscopic 

data obtained for compound 11 with pedrodiol (12) and other data available in literature. 

Piscatoriol A was isolated as a white powder with [𝛼]𝐷
20 - 68.6° (c 0.1, CHCl3). From the IR 

spectrum the presence of a hydroxyl (3319 cm-1) and carbonyl groups (1747 cm-1) were 

suggested, and the and low-resolution ESI-MS mass spectrum allowed the identification of a 

protonated molecule peak at m/z 377 [M + H]+. 



Phytochemical research on Euphorbia pedroi: Results and Discussion 

 

Reversing multidrug resistance (MDR) in cancer cells by targeting P-glycoprotein 54 

 Following, by comparison of the 1H- and 13C-NMR data with those found for pedrodiol 

(12, Table 3.2), the main difference was the absence of signals for the Δ6,17 exocyclic double 

bond and the presence of an olefinic proton at δH 5.25 (dd, J = 11.1, 5.4 Hz) at C-7. Instead, an 

endocyclic double bond between C-6 and C-7 (δC 135.6 and 126.7, respectively) and a vinylic 

methyl group (Me-17, δH 1.65, δC 17.8) were found in that location. Furthermore, the 

deshielding of the oxymethine proton H-5 (δH 5.37; ΔδH = + 0.56 ppm) and of the diastereotopic 

protons H-8α (δH 2.35, m; ΔδH = + 0.35) and H-8β (δH 2.39, m; ΔδH = + 0.81), together with 

the shielding of C-6 (ΔδC = ‒ 23.3), corroborated the presence of the double bond at Δ6. 

Moreover, from the 13C-NMR and HMBC experiments a conjugated carbonyl (δC 197.9), a 

trisubstituted double bond (δC 142.6, 133.6) and two oxymethines (δC 79.7 and 65.8) were also 

assigned to C-14, C-12/C-13, C-3 and C-5, respectively and allowed the identification of 

compound 11 as piscatoriol A, a lathyrane-type diterpene previously isolated from the aerial 

parts of Euphorbia piscatoria (Reis et al., 2014b). 

3.1.4. Jolkinol D, 15β-acetoxy-3β-hydroxylathyra-5E,12E-dien-14-one 

 

Compound 7 was isolated as white crystals with [𝛼]𝐷
20 of + 42.6° (c 0.1, CHCl3). While the IR 

experiment suggested the presence of an hydroxyl (3475 cm-1), one ester (1745 cm-1) and a 

conjugated ketone (1645 cm-1), from the ESI-MS spectrum a protonated molecule peak at m/z 

361 [M + H]+ was recorded. From the 1H- and 13C-NMR spectra (Table 3.3), compound 7 was 

identified as jolkinol D due to the presence of two olefinic methyl groups (δH 1.45 and 1.83; δC 

21.0 and 12.4), two vinylic protons (δH 5.66 and 6.64; δC 119.5 and 146.6), two olefinic 

quaternary carbons (δC 143.1 and 132.2), one of which conjugated with a carbonyl (δC 195.3), 

and one oxymethine group (δH 3.90; δC 80.0). Furthermore, from the NMR experiments the 

presence of an acetoxy group (δH 2.01, s; δC 21.7 and 169.8) and a quaternary carbon at δC 24.5 
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corroborated the presence of a lathyrane-type macrocyclic diterpenic scaffold. At the end, from 

the 2D spectroscopic data (COSY, HMQC and HMBC) and by comparison with previously 

published literature, the identification of compound 7 as jolkinol D, isolated from Euphorbia 

jolkini Boiss (Reis et al., 2014b; Uemura et al., 1977), was confirmed. 

3.1.5. Jolkinol D epoxide, 15β-acetoxy-3β-hydroxylathyra-5,6-epoxi-12E-en-

14-one 

 

Compound 8, isolated as an amorphous white powder with [𝛼]𝐷
20 ‒ 10.0° (c 0.1, CHCl3), was 

identified as the epoxidated derivative of jolkinol D by comparing its spectroscopic data with 

those obtained for compound 7. Whereas the low-resolution mass ESI-MS spectrum revealed a 

protonated molecule peak at m/z 377 [M + H]+, the IR experiment suggested the existence of a 

hydroxyl (3365 cm-1) and carbonyl (1747 cm-1) groups. Although the 1H and 13C-NMR spectra 

were quite similar to the NMR data obtained for jolkinol D (7), a close inspection revealed that 

the main difference between compounds 7 and 8 was a replacement of the Δ5 double bond (δC 

119.5 and 143.1) by a oxymethine (δH 3.51; δC 58.1) and a quaternary carbon (63.8 ppm), 

suggesting an epoxidation of the double bond (Table 3.3). Furthermore, the presence of an 

oxygenated methine (δC 78.5; δH 4.08 ppm), and an α,β-unsaturated system (δC 195.5; δH 6.92, 

δC 143.8, 134.5) was also found. 

 Thus, by comparing the above results with the data published in literature, compound 8 

was identified as 15β-acetoxy-3β-hydroxylathyr-5,6-epoxi-12E-en-14-one, first isolated from 

the ethanolic extract of Euphorbia micractina roots (Tian et al., 2011). 
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Table 3.3. 1H and 13C NMR [CDCl3, δ (ppm), mult, J (Hz)] spectra of jolkinol D (7) and jolkinol 

D epoxide (8). 

 jolkinol D (7)  jolkinol D epoxide (8) 

Position 1H 13C  1H 13C 

1α 3.49, dd (14.0, 8.1) 
44.0 

 3.46, dd (13.5, 7.5) 
44.9 

1β 1.50, dd (14.0)  1.64, br t (13.5) 

2 2.02, m 39.2  1.94, m 38.3 

3 3.90, dd (8.0, 4.0) 80.0  4.08, dt (7.0, 3.5) 78.5 

4 2.38, dd (10.8, 4.0) 52.7  1.50, dd (9.5, 3.5) 51.9 

5 5.66, d (10.8) 119.5  3.51, d (9.5) 58.1 

6 -- 143.1  -- 63.8 

7α 2.57, d (13.3) 
36.8 

 2.03, m 
38.7 

7β 1.78, td (13.3, 2.0)  1.54, m 

8α 2.20, dd (14.4, 2.0) 
28.4 

 2.10, m 
23.2 

8β 1.56, m  1.51, ma 

9 1.06, m 34.2  1.13, dd (8.0, 3.2) 33.8 

10 -- 24.5  -- 26.1 

11 1.39, dd (11.2, 8.3) 29.7  1.51, dd (11.1, 8.0) 29.7 

12 6.64, d (11.2) 146.6  6.92, d (11.1) 143.8 

13 -- 132.2  -- 134.5 

14 -- 195.3  -- 195.5 

15 -- 95.3  -- 91.9 

16 1.07, d (6.7) 13.8  1.08, d (5.7) 13.2 

17 1.45, s 21.0  1.17, s 20.0 

18 1.17, s 29.3  1.20, s 28.9 

19 1.04, s 16.4  1.07, s 16.4 

20 1.83, s 12.4  1.86, br s 12.4 

1’ -- 169.8  -- 169.8 

2’ 2.01, s 21.7  2.07, s 21.3 
a signals partially overlapped. 
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3.2. Jatrophane-type macrocyclic diterpenes 

3.2.1. Pedrodione B, 3β,5α,15β-triacetoxyjatropha-6(17),11E-dien-9,14-

dione 

 

Compound 10 is a new compound that was named pedrodione B, and was isolated as a white 

powder with [𝛼]𝐷
20 + 95.6° (c 0.1, CHCl3). From the ESI-MS mass spectrum, a protonated 

molecule peak at m/z 477 [M + H]+ was identified. Furthermore, from the high resolution ESI-

HRMS a molecular formula of C26H36O8 was obtained from a sodium adduct ion peak at m/z 

499.2303 [M + Na]+ (calcd. for C26H36O8, 499.2302) and corresponding to nine degrees of 

unsaturation. The IR spectrum additionally suggested the presence of multiple carbonyl groups 

(υmax 1741 and 1705 cm-1). 

 The analysis of the 1H-RMN spectrum (Table 3.4) allowed the identification of seven 

methyl groups: three acetyl groups (δH 1.95, 2.05 and 2.16), two tertiary (δH 1.19, 1.21) and two 

doublets from secondary methyls at δH 1.00 (6.5 Hz) and δH 1.35 (6.6 Hz); and two oxymethines 

at δH 5.58 (t, J = 4.0 Hz) and δH 5.75 (d, J = 10.0 Hz). Furthermore, vinylic NMR signals from 

a disubstituted double bond [δH 5.59 (d, J = 10.5) and 5.72 (t, J = 10.5)] and two broad singlets 

from a terminal double bond (δH 4.87 and 5.18) were also observed. 

 The 13C-NMR and DEPT experiments (Table 3.4) identified the presence of twenty-six 

carbons corresponding to seven methyl groups (three of which in an acetoxy moiety: δC 20.7, 

20.9 and 21.3), four methylene groups (including one sp2 at δC 116.1), two oxymethines at δC 

72.3 and 76.7, two methines and seven quaternary carbons, from which two ketones (δC 203.7 
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and 212.4), three carbonyl esters (δC 169.2, 169.4 and 170.4) and one olefinic carbon (δC 141.4) 

could be identified. The absence of a characteristic C-10 signal usually resonating at ≈ 25.0 

ppm in lathyranes suggested the presence of a jatrophane-type skeleton. To further assign all 

carbon signals and to elucidate the most relevant structural details, 2D spectroscopic data from 

COSY, HMQC, HMBC and NOESY experiments were used (Table 3.3, Figure 3.5). 

 

Figure 3.5. Key COSY and HMBC for pedrodione B (10). 1H spin systems (A-B) and respective 

connections by main heteronuclear 2JC-H and 3JC-H HMBC correlations. 

 While from the 1H-1H COSY spectrum three spin systems could be identified (A-B-C), 

HMBC correlations between the olefinic protons H-17a and H-17b with C-5, C-6 and C-7 

located the exocyclic double bond at Δ6,17, preferentially in an endo-type conformation (as 

shown by the characteristic J4,5 = 10.0 Hz).  By the analysis of existent literature, the 

macrocyclic ring may adopt two main conformations: endo- and exo-type, which can be 

identified through the J4,5 value and some NOESY correlations (Appendino et al., 1998). 

Accordingly, in the endo-type conformation the exomethylene is perpendicular to the main 

plane of the molecule and H-4/H-5 have an antiperiplanar relationship, displayed as J4,5 = 9 – 

11 Hz. The observed nuclear Overhauser effects for this kind of conformation are H-5/H-17a 

and H-17b/H-7; oppositely, in the exo-type conformation, the exomethylene is in the plane of 

the molecule, which is further characterized by lower values (0 – 3 Hz) for the J4,5 coupling 

constant due to the almost orthogonal position of H-4 and H-5 (Appendino et al., 1998). 

 Following, HMBC correlations between the tertiary methyl groups at δH 1.19 and 1.12 

with the carbonyl at δC 203.7, the olefinic carbon at δC 132.3 and the quaternary carbon at δC 
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50.6 placed the second carbonyl at C-9 and the disubstituted double bond between C-11 and C-

12. Although the oxidation of C-9 is rare in lathyranes, in jatrophanes it is relatively common 

either as a free (Wan et al., 2016) or esterified hydroxyls (Reis et al., 2015) or as a carbonyl 

(Appendino et al., 1998; Wan et al., 2016). Further correlations between the Me-20/C-14 and 

H-1α/C-15/C-14 corroborated the location of the second carbonyl at C-14. Additionally, the 

presence of HMBC 3JC-H correlations between the oxymethine protons H-3 and H-5 with the 

ester moieties δC 169.2 and δC 169.4, respectively, and its absence for the third ester (δC 170.4), 

provided evidence for the location of the acetoxy groups at C-3, C-5 and C-15. 

Table 3.4. 1H-, 13C-NMR and DEPT [CDCl3, δ (ppm), J (Hz)] data for pedrodione B (10) 

Position 1H 13C DEPT  Position 1H 13C DEPT 

1α 2.83, dd (13.4, 7.5) 
44.8 CH2 

 13 3.31, dq (10.0, 6.6) 133.2 CH 

1β 2.11, m  14 -- 212.4 C 

2 2.30, m 38.7 CH  15 -- 90.7 C 

3 5.58, t (4.0) 76.7 CH  16 1.00, d (6.5) 13.8 CH3 

4 2.66, dd (10.0, 4.0) 49.4 CH  17a 5.18, br s 
116.1 CH2 

5 5.75, d (10.0) 72.3 CH  17b 4.87, br s 

6 -- 141.4 C  18 1.21, s 23.3a
 CH3 

7α 2.11, m 
25.1 CH2 

 19 1.19, s 23.3a CH3 

7β 1.77, dd (17.0, 11.0)  20 1.35, d (6.6) 20.1 CH3 

8α 2.59, td (11.0, 9.0) 
34.4 CH2 

 1’ -- 170.4 C 

8β 2.23, td (11.0, 9.0)  2’ 2.05, s 20.7 CH3 

9 -- 203.7 C  1” -- 169.2 C 

10 -- 50.6 C  2” 2.16, s 21.3 CH3 

11 5.59, d (10.5) 132.3 CH  1”’ -- 169.4 C 

12 5.72, d (11.1) 135.0 CH  2”’ 1.95, s 20.9 CH3 

 The stereochemistry of compound 10 was deduced from the NOESY experiment 

(Figure 3.6). The α-orientation of H-4 was considered based on biogenetic reasons (Appendino 

et al., 1998). Herein, strong NOE cross peaks between H-17a/H-5 and H-17b/H-7α/H-7β 

supported the β-orientation of H-5, thus being close to the exomethylene (as expected for an 

endo-type conformation of the exocyclic double bond) and antiperiplanar regarding H-4, in 

accordance with the large value observed for the J4,5 coupling constant (10.0 Hz). The α-
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orientation of H-13 was also confirmed through the observation of NOE correlations with H-

1α, H-3, H-4 and H-11. 

 

Figure 3.6. Key NOESY correlations for pedrodione B (10). The energy minimized structure was 

obtained in MOE software using the AMBER10:ETH force field, according to the semi-empiric 

Hamiltonian PM3 (available in MOPAC). 

 From the above data, compound 10 was identified as 3β,5α,15β-triacetoxyjatropha-

6(17),11E-dien-9,14-dione. The comparison of the above data with those  reported for 3,5,7,15-

tetracetoxy-9,14-dioxojatropha-6(17),11E-diene, firstly isolated from an acetone extract of 

Euphorbia peplus (Wan et al., 2016), allowed the identification of pedrodione B, in which the 

acetoxy moiety at C-7 is replaced by a methylene group. It is also worth noticing that 

jatrophane-type diterpenes lacking the oxymethine function at C-7 are unusual (Vasas and 

Hohmann, 2014) but other jatrophanes as guyonianins D-E (El-Bassuony, 2007; Hegazy et al., 

2010) or Esulatin J (Vasas et al., 2011) are reported in literature. 
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3.3. Diterpenes with a polycyclic scaffold 

3.3.1. Pedrolide 

 

Compound 13 is a new compound, isolated as a pale white powder with [𝛼]𝐷
20 of + 75.4° (c 0.1, 

CHCl3). While from the IR experiment two carbonyl groups were identified (1750, 1701 cm-1), 

the low molecular ESI-MS spectrum revealed the presence of a protonated molecule peak at 

m/z 537 [M + H]+. From the ESI-HRMS spectrum, the identification of a sodium adduct ion 

peak at m/z 559.2096 [M + Na]+ allowed us to infer a molecular formula of C31H36O8, along 

with a degree of unsaturation (DoU) of fourteen. 

 From the 1H-NMR spectrum (Table 3.5) were identified seven methyl groups: three 

tertiaries (δH 1.12, 1.25 and 1.45), four secondaries at δH 1.10 (7.0 Hz), 1.12 (7.0 Hz), 1.18 (6.7 

Hz) and 1.25 (6.7 Hz); and fifteen methines, five of which aromatic (δH 7.44, 7.55 and 8.02) 

and one oxymethine (δH 5.95). Furthermore, the relative downfield signal and the multiplicity 

of the methine at δH 2.54 (h, 7.0 Hz) also suggested the presence of an isobutyrate ester. The 

13C-NMR and DEPT experiments revealed the presence of thirty-one carbons: seven methyl 

groups, fifteen methines, five of which aromatic [δC 128.5 (2), 129.8 (2) and 132.8], an 

oxygenated one (δC 80.1) and two others slightly downfield (δC 55.6 and 63.1) suggesting the 

presence of an epoxide. Nine quaternary methyls were also identified, including one saturated 

ketone (δC 212.2), two esters (δC 166.3 and 177.3) and two oxygenated carbons (δC 88.5 and 
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66.4).  Therefore, 2D-NMR experiments (COSY, HMQC, HMBC and NOESY) were 

performed to further assign all carbon signals and to elucidate the relevant structural details 

(Figure 3.7). 

Table 3.5. 1H-, 13C-NMR and DEPT [CDCl3, δ (ppm), mult, J (Hz)] spectra of pedrolide (13) 

Position 1H 13C DEPT  Position 1H 13C DEPT 

1 2.61, bs a 63.1 CH  16 1.12, s 23.2 CH3 

2 2.39, dq (6.7, 4.7) 45.0 CH  17 1.45, s 18.0 CH3 

3 -- 212.2 C  18 1.18, d (7.0) 13.8 CH3 

4 3.03, dd (4.7, 2.4) 50.1 CH  19 1.25, d (6.7) a 12.4 CH3 

5 2.63, d (4.7) a 55.6 CH  20 1.25, s a 17.4 CH3 

6 -- 45.6 C  1’ -- 177.3 C 

7 -- 176.8 C  2’ 2.54, h (7.0) 33.8 CH 

8 1.75, d (5.5) 51.0 CH  3’ 1.10, d (7.0) 18.9 CH3 

9 -- 88.5 C  4’ 1.12, d (7.0) 19.1 CH3 

10 2.44, bs 46.7 CH  1” -- 166.3 C 

11 1.80, dq (8.2, 7.0) 43.4 CH  2” -- 130.9 C 

12 5.95, d (8.2) 80.1 CH  3” 8.02, dd (7.3, 1.4) 129.8 CH 

13 -- 66.4 C  4” 7.44, td (7.3, 1.4) 128.5 CH 

14 0.96, d (5.5) 28.2 CH  5” 7.55, td (7.3, 1.4) 132.8 CH 

15 -- 30.3 C      

a signals partially overlapped 

 From the 1H-1H COSY experiment, three spin-spin systems (A-C) were found. 

Following, HMBC cross peaks identified between H-8 and C-6/C-8/C-14 (2JC-H) or C-5/C-

10/C-11 (3JC-H) elucidated the position of the correspondent carbons and cross correlations 

between H-12/C-13, H-14/C-13/C15, Me-16/C-13/C-14/C-15 and Me-17/C-13/C-15 

acknowledged the position of a cyclopropane ring. The position of the benzoate ester at C-12 

was established by a 3JC-H cross correlation between H-12 (δH 5.95) and the benzoate carbonyl 

carbon (δC 166.3). The absence of any HMBC correlations of the carbonyl (δC 179.6) of the 

isobutyrate ester function indicated that was attached to a quaternary carbon (C-13). 

Furthermore, the location of the ether bridge was found to be located between C-1 (δC 63.1) 

and C-5 (δC 55.6) 
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 The correlations found between the methyl Me-19 and C-2/C-1/C-3 located the carbonyl 

group at C-3 and, together with the above data, allowed us to infer a tigliane-type scaffold. 

However, as no C-6/C-7 double bond was found in this molecule, a closer analysis of the 

HMBC correlations observed for H-5 and H-8 indicated the occurrence of a rearrangement 

involving C-6 and C-7. To that matter, the presence of an exocyclic ester function at C-7 could 

be explained by a Pinacol rearrangement, in which the epoxidation of the typical Δ6,7 led to the 

formation of a vicinal diol that, upon loss of a water molecule, rearranges in order to establish 

a C-6/C-8 bond, creating an aldehyde at C-7 that is further oxidized to a carboxylic acid (Figure 

3.8). Furthermore, the absence of an intense IR band for either a free carboxylic acid or 

hydroxyl groups also suggests the presence of a lactone, most likely with C-9. To our 

knowledge, this is the first time that such C-6/C-7/C-8 rearrangement is observed in tiglianes, 

but nonetheless is known that i) ingenanes can reorganize to tiglianes by a retro-pinacol 

rearrangement at C-10/C-11 (Appendino et al., 1999) and ii) phorbobutanone-20-monoacetate 

was synthesized from phorbol-20-monoacetate by a similar rearrangement in positions C-12 

and C-13 (Bartsch and Hecker, 1969).  

 

Figure 3.7. Key COSY, HMBC and NOESY for pedrolide (13). 1H spin systems (A-B-C) and respective 

connections by main heteronuclear 2JC-H and 3JC-H HMBC correlations. 

 The stereochemistry of pedrolide (13) was obtained through NOESY experiments. As 

all tiglianes isolated to date possess H-8β, OH-9α and H-10α, these orientations were assumed 

unless stated otherwise. Herein, the NOE cross peaks between H-8/H-17/H-20 corroborated its 

β-orientation and cross correlations between H-1/H-2, H-4/H-5, H-5/H-10 and H-1/Me-18 
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supported its α-orientation. Furthermore, from the observed NOE correlations between H-

12/Me-18 and Me-17/H-3”, an α-orientation for the methyl Me-18 and a β-orientation of the 

benzoate ester were inferred. 

 

Figure 3.8. Possible biogenetic pathway for 13 from the known compound euphodendriane A. 

 Thus, compound 13 was identified as a rearranged tigliane derivative from 

euphodendriane A (Figure 3.9), in which a pinacol rearrangement at C-6/C-7 induces the 

formation of an exocyclic carboxylic acid and followed by intramolecular cyclization to yield 

a lactone upon loss of a water molecule. Following, an intramolecular Michael-type addition of 

the hydroxyl at C-5 to the position C-1 yields the ether bridge. Further studies are currently 

undergoing, in an attempt to obtain a crystallographic structure to further support the observed 

structural features, but nonetheless another rearranged tigliane was recently reported as having 



Phytochemical research on Euphorbia pedroi: Results and Discussion 

 

Reversing multidrug resistance (MDR) in cancer cells by targeting P-glycoprotein 65 

a 5/5/6/3 fused ring system, hypothetically through an intramolecular Michael addition to a α,β-

unsaturated aldehyde intermediate (Wang et al., 2017). 

 

Figure 3.9. Energy minimized structure for pedrolide (13). Minimization was made in MOE software 

using the AMBER10:ETH force field, according to the semi-empiric Hamiltonian PM3 (available in 

MOPAC). 

3.3.2. ent-13R-hydroxy-3,14-dioxo-16-atisene 

 

Compound 16 was identified as ent-13R-hydroxy-3,14-dioxo-16-atisene (Lal et al., 1989) based 

on its physical and spectroscopic data. It was isolated as white needles with [𝛼]𝐷
20 + 47.6° (c 

0.1, CHCl3). The IR spectrum revealed the presence of a hydroxyl (3419 cm-1) and two carbonyl 

groups (1724, 1703 cm-1) and the low-resolution ESI-MS a protonated molecule peak at m/z 

317 [M + H]+, in  agreement with the molecular formula C20H28O3. From the 1H- and 13C-NMR 

spectra, twenty carbon signals were identified, including two carbonyls (δC 216.2, 218.2), one 

exocyclic double bond (δH 4.88, 5.02; δC 142.2, 111.2), one oxymethine (δH 3.88; δC 75.2) and 



Phytochemical research on Euphorbia pedroi: Results and Discussion 

 

Reversing multidrug resistance (MDR) in cancer cells by targeting P-glycoprotein 66 

three tertiary methyl groups (δH 0.84, 1.02 and 1.08). Furthermore, six methylenes, two 

methines and three quaternary carbons were also observed (Table 3.6). 

Table 3.6. 1H-, 13C-NMR and DEPT [CDCl3, δ (ppm), J (Hz)] spectra for compound 16. 

 ent-13R-hydroxy-3,14-dioxo-16-atisene (16) 

Position 1H 13C DEPT 

1α 1.86, ddd (13.5, 6.4, 3.2) 
36.8 CH2 

1β 1.38, td (13.4, 5.5) 

2α  2.54, ddd (15.9, 13.2, 6.4) 
34.2 CH2 

2β  2.35, dd (5.5, 3.2) 

3 -- 216.2 C 

4 -- 47.6 C 

5 1.30, dd (3.5, 2.0) 55.2 CH 

6α 1.53, dd (9.0, 3.5) 
20.1 CH2 

6β 1.49, ddd (9.0, 3.5, 2.0) 

7α 2.40, dt (9.0, 3.5) 
30.5 CH2 

7β 1.00, m 

8 -- 47.4 C 

9 1.65, dd (11.2, 4.8) 51.2 CH 

10 -- 37.7 C 

11α  2.01, ddd (14.5, 11.2, 2.8) 
25.4 CH2 

11β 1.75, ddd (14.5, 5.4, 2.8) 

12 2.81, dd (5.4, 2.8) 44.8 CH 

13 3.88, s 75.2 CH 

14 -- 218.2 C 

15 2.32, br s 43.8 CH2 

16 -- 142.4 C 

17α 5.02, s 
111.2 CH2 

17β 4.88, s 

18 1.08, s 26.3 CH3 

19 1.02, s 22.0 CH3 

20 0.84, s 13.9 CH3 

 However, the above 1H- and 13C-NMR data were consistent with two compounds 

already reported in literature, ent-13R-hydroxy-3,14-dioxo-16-atisene (Lal et al., 1989) and 
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antiquorin (Zhi-Da et al., 1989) that only differ  in  the configuration at C-5. Hence, from the 

NOESY experiment the observation of strong NOE cross peaks between H-5 and H-6β/H-

9/Me-18 clarified the β-orientation of H-5. Moreover, additional NOE correlations between H-

13/Me-20 located the hydroxyketone bridge in an α-position against the mean plane of the 

molecule. Therefore, from the spectroscopic data compound 16 could be identified as ent-13R-

hydroxy-3,14-dioxo-16-atisene, isolated from the heartwood of Euphorbia fidjiana Boiss (Lal 

et al., 1989). 

3.3.3. Helioscopinolide B 

 

Compound 14, identified as helioscopinolide B, was isolated as a colorless oil with [𝛼]𝐷
20             

+ 302.8° (c 0.1, CHCl3). While the IR spectrum suggested the presence of a double bonf (1666 

cm-1), a carbonyl (1732 cm-1) and a hydroxyl function (3479 cm-1), the ESI-MS low resolution 

mass spectrum revealed a protonated molecular ion peak at m/z 317 [M + H]+. From the 1H- 

and 13C-NMR experiments, one conjugated carbonyl (δC 175.5), two double bonds, a 

tetrasubstituted (δC 117.1 and 155.7) and a trisubstituted (δC 114.1 and 150.3) with one olefinic 

proton (δH 6.32, s), one vinylic methyl (δH 1.79; δC 28.8) and two oxymethines (δH 3.45, 4.85; 

δC 75.5, 76.1) were observed. Furthermore, three tertiary methyl groups, five diastereotopic 

methylenes, two methines and three quaternary carbons were further identified (Table 3.7). By 

comparing the above spectroscopic data with the one reported for ent-abietane lactones, 

compound 14 could be further identified as helioscopinolide B, isolated from Euphorbia 

helioscopica (Borghi et al., 1991; Crespi-Perellino et al., 1996). 
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Table 3.7. 1H and 13C-NMR [CDCl3, δ (ppm), J (Hz)] spectra for helioscopinolide B (14) and 

helioscopinolide E (15). 

 Helioscopinolide B (14)  Helioscopinolide E (15) 

Position 1H 13C  1H 13C 

1α 1.92, m 
32.2 

 2.17, ddd (10.4, 6.4, 3.5) 
37.5 

1β 1.66, ma  1.59, m 

2α  1.95, m 
25.8 

 2.63, ddd (15.7, 12.6, 6.0) 
34.5 

2β  1.64, m  2.45, ddd (15.7, 6.0, 3.5) 

3 3.45, br s 75.5  -- 215.7 

4 -- 37.8  -- 47.6 

5 1.62, ma 48.3  1.64, m 54.8 

6α 1.72, m 
23.4 

 1.80, m 
24.7 

6β 1.38, ddd (13.3, 12.3, 3.3)  1.53, m 

7α 2.48, br d (13.7) 
37.1 

 2.50, ma 
36.7 

7β 2.20, td (14.3, 13.7, 4.1)  2.22, ma 

8 -- 152.3  -- 150.3 

9 2.28, br d (8.4) 51.6  2.25, d (8.3) 50.7 

10 -- 41.1  -- 41.0 

11α  2.54, dd (13.5, 6.0) 
27.5 

 2.50, ma 
27.9 

11β 1.47, dd (13.3, 5.0)  1.53, m 

12 4.85, dd (13.0, 5.0) 76.1  4.87, dd (13.3, 5.8) 75.8 

13 -- 156.3  -- 155.7 

14 6.24, s 114.1  6.32, s 114.8 

15 -- 116.3  -- 117.1 

16 -- 175.5  -- 175.2 

17 1.79, s 28.8  1.11, s 26.2 

18 0.96, s 22.3  1.04, s 21.5 

19 0.84, s 16.8  1.17, s 16.0 

20 0.93, s 8.3  1.83, br s 8.1 
a signals partially overlapped. 
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3.3.4. Helioscopinolide E 

 

Compound 15 was identified as helioscopinolide E by comparison of the physical and 

spectroscopic data with the results obtained for the previously isolated helioscopinolide B (14). 

It was isolated as white needles with [𝛼]𝐷
20 + 353° (c 0.1, CHCl3), and while in the IR spectrum 

the hydroxyl absortion band was replaced by a carbonyl (1724 cm-1), in the ESI-MS experiment 

the identification of a protonated molecular ion peak at m/z 315 [M + H]+ again suggested that 

one of the oxymethine moieties in compound 14 was replaced by a carbonyl, in agreement with 

a molecular formula of C20H26O3. This structural feature was also observed in the 1H- and 13C-

NMR spectra, being identified a carbonyl group at C-3 (δC 215.7) instead of an oxygenated 

methine group (Table 3.7), which induced a paramagnetic effect at positions C-1 (ΔδC = + 5.3), 

C-2 (ΔδC = + 8.7) and C-4 (ΔδC = + 9.8). Therefore, compound 15 was acknowledged as 

helioscopinolide E. 

3.3.5. Preparation of helioscopinolide E oxime derivatives 

As helioscopinolide E (15) was obtained in a reasonable amount (239 mg), a small library of 

ent-abietane derivatives was built by chemical derivatization of the ketone (C=O) moiety. 

According to literature, the presence of nitrogen atoms and aromatic rings are characterized as 

key features for the P-gp efflux modulation (Suzuki et al., 1997; Zamora et al., 1988). Thus, the 

rationale for the chemical derivatization of compound 15 was the introduction of nitrogen-

containing and aromatic moieties able to potentiate the MDR reversal capabilities of the 

compounds. 
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 Reaction between 15 and hydroxylamine hydrochloride (Scheme 3.1, i) yielded the 

corresponding helioscopinolide oxime (C=N-OH, 19). The subsequent acylation of the oxime 

with acyl anhydrides or chlorides (Scheme 3.1, ii) yielded five new compounds (20-24). 

 The imine at C-3 in compound 19 was confirmed by the analysis of the 1H- and 13C-

NMR spectra, in which a strong diamagnetic effect on the C-3 (δC 215.7 → 166.3, ΔδC = ‒ 48.9) 

and smaller diamagnetic effects at C-2 (δC 34.5 → 17.7, ΔδC = ‒ 16.8) and C-4 (δC 47.6 → 41.4 

ppm, ΔδC = ‒ 6.2) corroborated the substitution of the carbonyl moiety by the corresponding 

imine. A diamagnetic effect on the protons H-2α (δH 3.26 → 2.63 ppm, ΔδH = ‒ 0.63) and           

H-2β (2.45 → 2.08 ppm, ΔδH = ‒ 0.37) was also observed. 

Scheme 3.1. Preparation of helioscopinolide E (15) derivatives (20−24).a 

 

a Reagents and conditions: (i) NH2OH.HCl (5 eq.) in pyridine, rt, overnight; (ii) 3.0 eq. anhydride and 

acyl chlorides, rt, 6-12 h. 

 Following, the reaction of helioscopinolide oxime (19) with acetic anhydride (20), 

butyryl chloride (21), benzoyl chloride (22), furan-2-carbonyl chloride (23) and tiofene-2-

carbonyl chloride (24) yielded five new compounds. In the 13C-NMR spectra, these reactions 

were verified to occur by observing the appearance of a new signal corresponding to the 

carbonyl of the ester linkage (ΔδC ≈ 171.0 – 175.0) along with small paramagnetic shifts (ΔδC 

= + 3.2 – 8.8) of the imine carbon at C-3 (Tables 3.8 and 3.9). 
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Table 3.8. 1H-NMR [CDCl3, δ (ppm), J (Hz)] spectra for ent-abietane derivatives 19-24. 

Position 19 20 21 22 23 24 

2α 3.26, ddd 3.13, dt 3.11, dt 3.27, dt 3.24, dt 3.23, dt 

2β 2.08, m 2.31, ddd 2.51, dd 2.47, ddd 2.43, ddd 2.45, ddd 

9 2.20, d 2.20, d 2.21, d 2.25, d 2.23, d 2.23, d 

12 4.88, dd 4.86, dd 4.86, dd 4.89, ddd 4.88, ddd 4.87, dd 

14 6.31, s 6.31, s 6.31, s 6.32, s 6.32, s 6.33, s 

17 1.83, d 1.83, d 1.83, d 1.86, d 1.84, d 1.83, s 

18 1.09, s 1.15, s 1.15, s 1.24, s 1.21, s 1.22, s 

19 1.20, s 1.29, s 1.30, s 1.41, s 1.37, s 1.37, s 

20 1.04, s 1.04, s 1.04, s 1.09, s 1.07, s 1.07, s 

2’ -- 2.18, s 2.41, t -- -- -- 

3’ -- -- 1.72, h 8.07, d 7.25, dd 7.60, dd 

4’ -- -- 0.99, t 7.49, t 6.54, dd 7.15, dd 

5’ -- -- -- 7.61, t 7.62, dd 7.88, dd 

Table 3.9. 13C-NMR [CDCl3, δ (ppm)] data for ent-abietane derivatives 19-24. 

Position 19 20 21 22 23 24 

2 17.7 20.0 20.4 20.5 20.4 20.4 

3 166.3 169.5 173.7 175.0 175.1 174.8 

4 41.4 41.6 41.8 41.9 41.9 41.8 

10 40.6 41.2 41.2 41.2 41.2 41.2 

18 24.2 20.1 23.4 23.5 23.5 23.5 

19 27.6 27.5 27.6 27.6 27.6 27.6 

1’ -- 171.7 171.7 164.3 166.7 160.1 

2’ -- 19.9 35.1 130.2 132.2 132.2 

3’ -- -- 18.5 129.5 132.8 132.7 

4’ -- -- 13.9 128.7 128.0 128.0 

5’ -- -- -- 133.3 134.0 133.9 
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3.4. Steroids 

3.4.1. Spiropedroxodiol, 3,7-dihydroxy-7(8→9)abeo-ergosta-24(28)-en-8-one 

 

Compound 6 is a new compound, which was isolated as a colorless oil with [𝛼]𝐷
20 + 12.0° (c 

0.1, CHCl3). From its IR spectrum, characteristic absorption bands corresponding to hydroxyl 

(3383 cm-1) and a carbonyl (1691 cm-1) were observed. From the low resolution ESI-MS 

spectrum a protonated molecular ion at m/z 459 [M + H]+ was identified. Furthermore, a sodium 

adduct ion peak at m/z 481.3655 [M + Na]+ (calcd. for C30H50NaO3, 481.3652) was observed 

in the ESI-HRMS spectrum, from which a molecular formula of C31H36O8 and a DoU of six 

were inferred. The 1H-NMR spectrum revealed the presence of seven methyl groups, three 

tertiary (δH 0.66, 1.20, 1.47); and four secondary at δH 0.94 (J = 5.6 Hz), 0.96 (J = 5.4 Hz), 1.01 

(J = 6.8 Hz) and 1.03 (J = 6.8 Hz). Furthermore, a terminal double bond (δH 4.65 and 4.72) and 

two oxymethines (δH 3.04, 4.34) were additionally found. From the 13C-NMR and DEPT 

experiments, thirty carbons could be found: seven methyl groups, ten methylene units 

(including one sp2 at δC 106.3), seven methine groups (including two oxygenated methines at 

δC 77.4 and 80.6) and six quaternary carbons, which included one carbonyl (δC 215.2) and one 

olefinic (δC 156.7). 

 Although pointing to a tetracyclic triterpene skeleton, the 13C-NMR spectrum suggested 

the presence of a spiro rearrangement by the presence of a quaternary carbon at δC 64.2, similar 

to the resonance value reported for C-9 of spiroterpenoids as spiroinonotsuoxodiol and 3,7-

dihydroxy-4,14-dimethyl-7(8→9)abeo-cholestan-8-one, isolated from Inonotis obliquos and 

Euphorbia officinalis, respectively (Daoubi et al., 2007; Handa et al., 2010). Further structural 

details were obtained from 2D-NMR experiments (COSY, HMBC, HMQC and NOESY) that 

allowed an unambiguous assignment of all carbon signals (Figure 3.10, Table 3.10). 
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Figure 3.10. Key COSY, HMBC and main NOESY correlations for spiropedroxodiol (6). 1H spin 

systems (A-B) and respective connections by main heteronuclear 2JC-H and 3JC-H HMBC correlations. 

 Herein, the 1H-1H COSY experiments identified four key fragments (A-D), which were 

additionally connected by 2JC-H and 3JC-H HMBC correlations. While in the 1H-1H COSY, H-7 

correlated with H-6α and H-6β, in the HMBC experiment the correlations between Me-19 and 

the carbon signals C-1/C-5/C-9 and between H-6α/H-6β and C-5/C-7/C-9 corroborated the 

presence of a quaternary carbon at C-9. Moreover, correlations of i) Me-18 with C-11/C-12/C-

13/C-14/C-17 and ii) Me-29 with the two quaternary carbons C-13/C-14, a ketone at C-8 and a 

methylene group at C-15 clarified the position of the ketone and further corroborated the 

existence of a spiro skeleton. The position of both hydroxyl groups at C-3 and C-7 was also 

found to agree with the data reported in literature for spiroinonotsuoxodiol (δC 79.7, C-3; δC 

80.6, C-7) and 3,7-dihydroxy-4,14-dimethyl-7(8→9)-abeo-cholestan-8-one (δC 77.2, C-3; δC 

80.4, C-7). Furthermore, while NOE cross peaks between Me-18/Me-19/H-1α suggested a β-

orientation of both methyls, nuclear Overhauser correlations between H-6α/H-7/Me-29/H-17 

and H-3/Me-30/H-5/H-6α corroborated the α-orientation of these protons and the β-orientation 

of the hydroxyl groups at C-3 and C-5. In this particular case, the spectroscopic data do not 

seem to support the existence of any intramolecular hydrogen-bond between the hydroxyl at C-

7 and the carbonyl at C-8, as it can be seen in Figure 3.11. 
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Table 3.10. 1H-, 13C-NMR and DEPT [CDCl3, δ (ppm), J (Hz)] data of spiropedroxodiol (6). 

Position 1H 13C DEPT  Position 1H 13C DEPT 

1α 2.00, ma 
30.3 CH2 

 16α 1.96, ma 
27.2 CH2 

1β 1.60, ma  16β 1.33, ma 

2α 1.98, ma 
28.8 CH2 

 17 1.67, ma 50.3 CH 

2β 1.41, ma  18 0.66, s 16.6 CH3 

3 3.04, ddd (12.0, 9.5, 5.3) 77.4 CH  19 1.47, s 18.6 CH3 

4 1.66, ma 38.3 CH  20 1.40, ma 35.8 CH 

5 1.22, ma 48.3 CH  21 0.94, d (5.5) 18.9 CH3 

6α 1.39, dt (13.3, 3.4) 
37.9 CH2 

 22α 1.58, m 
34.9 CH2 

6β 2.39, dt (13.3, 7.6)  22β 1.15, m 

7 4.34, dd (8.0, 3.4) 80.6 CH2  23α 2.13, t (4.0) 
31.4 CH2 

8 -- 215.2 C  23β 1.92, d (4.0) 

9 -- 65.2 C  24 -- 156.7 C 

10 -- 47.8 C  25 2.22, h (6.8) 33.9 CH 

11α 2.02, ma 
30.3 CH2 

 26 1.03, d (6.8) 22.1 CH3 

11β 1.60, ma  27 1.01, d (6.8) 22.0 CH3 

12α 2.07, m 
30.9 CH2 

 28a 4.72, s 
106.3 CH2 

12β 1.74, m  28b 4.65, s 

13 -- 48.3 C  29 1.20, s 19.7 CH3 

14 -- 61.1 C  30 0.96, d (5.5) 16.3 CH3 

15α 1.88, m 
29.7 CH2 

     

15β 1.25, ma      
a signals partially overlapped. 

 

Figure 3.11. Energy minimized structure for spiropedroxodiol (6), obtained in MOE software using the 

AMBER10:ETH force field, according to the semi-empiric Hamiltonian PM3 (available in MOPAC). 
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3.4.2. 7,11-dioxo-obtusifoliol, 3β-hydroxy-4α,14α-dimethyl-5α-ergosta-

8,24(28)-dien-7,11-dione 

 

Compound 5, [𝛼]𝐷
20 + 94.2° (c 0.1, CHCl3), was isolated as a yellowish powder and identified 

as 7,11-dioxo-obtusifoliol. From the IR spectrum, a conjugated carbonyl (1674 cm-1) and one 

hydroxyl (3367 cm-1) groups were identified. Additionally, the low-resolution ESI-MS 

experiment revealed a protonated molecular ion peak at m/z 455 [M + H]+, in agreement with 

the molecular formula C30H46O3. By comparing the 1H- and 13C-NMR spectra to those obtained 

for compound 6, a tetracyclic scaffold was inferred. The 13C-NMR spectrum provided evidence 

for the presence of a conjugated system, instead of the spiro scaffold of compound 6. In 

addition, the presence of two conjugated carbonyls (δC 201.8 and 202.8) and a tetrasubstituted 

double bond (δC 151.4 and 151.6) suggested the presence of a double conjugated enone system. 

Moreover, from the 1H- and 13C-NMR data, it was also identified one terminal double bond (δH 

4.66 and 4.72; δC 156.6 and 106.3) and three secondary methyl groups (Table 3.11), suggesting 

a similar side chain to that of compound 6. Thus, and by comparison with literature data, 

compound 5 was identified as 7,11-dioxo-obtusifoliol, previously isolated from the whole herb 

of Euphorbia chamaesyce (Tanaka et al., 1999). 
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Table 3.11. 1H-, 13C-NMR and DEPT [CDCl3, δ (ppm), J (Hz)] spectroscopic data of 7,11-

dioxo-obtusifoliol (5). 

Position 1H 13C DEPT  Position 1H 13C DEPT 

1α 2.84, dt (13.8, 3.9) 
33.4 CH2 

 16α 2.01, ma 
27.5 CH2 

1β 1.16, ma  16β 1.36, m 

2α 1.85, dd (9.4, 5.1) 
31.0 CH2 

 17 1.70, m 49.2 CH 

2β 1.59, ma  18 0.82, s 16.9 CH3 

3 3.13, ddd (11.1, 9.4, 5.1) 75.5 CH  19 1.30, s 16.6 CH3 

4 1.49, ma 38.3 CH  20 1.41, m 36.3 CH 

5 1.47, ma 47.3 CH  21 0.92, d (6.4) 18.7 CH3 

6α 2.51, dd (15.5, 2.8) 
38.4 CH2 

 22α 1.59, ma 

34.8 CH2 
6β 2.39, dt (16.3, 15.5)  22β 1.16, ma 

7 -- 201.8 C  23α 2.13, m 
31.3 CH2 

8 -- 151.4 C  23β 1.87, m 

9 -- 151.6 C  24 -- 156.6 C 

10 -- 38.8 C  25 2.24, h (6.8) 33.9 CH 

11 -- 202.8   26 1.02, d (6.8)a 22.0 CH3 

12α 2.77, d (16.0) 
51.8 CH2 

 27 1.02, d (6.8)a 22.1 CH3 

12β 2.63, d (16.0)  28a 4.72, s 
106.3 CH2 

13 -- 49.1   28b 4.66, s 

14 -- 47.6 C  29 1.20, s 26.1 CH3 

15α 2.10, ma 

32.2 C 
 30 1.01, d (6.1) 14.9 CH3 

15β 1.88, m      
a signals partially overlapped. 
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3.4.3. β-sitostenone, (24R)-stigmast-4-en-3-one 

 

Compound 1 was isolated as a white amorphous powder with [𝛼]𝐷
20 + 57.4° (c 0.1, CHCl3) and 

further identified as β-sitostenone (Gaspar and das Neves, 1993; Gopalakrishnan et al., 1990). 

Accordingly, the ESI-MS spectrum revealed a protonated molecular ion peak at m/z 413 [M + 

H]+,  which corresponds to a molecular formula of C29H48O, and the IR experiment revealed 

the presence of a conjugated carbonyl (1732 cm-1). From the 1H- and 13C-NMR data (Table 

3.12), one vinylic proton and six methyl groups, one of which as a triplet (Me-29, J = 7.5 Hz), 

corroborated the identification of compound 1 as β-sitostenone. 

Table 3.12. 1H-, 13C-NMR and DEPT data [CDCl3, δ (ppm), J (Hz)] for β-sitostenone (1). 

Position 1H 13C DEPT 

2α 2.41, dd (14.1, 4.6) 
34.0 CH2 

2β 1.68, m 

3 -- 199.8 C 

4 5.71, s 132.8 CH 

5 -- 171.9 C 

18 0.70, s 12.1 CH3 

19 1.17, s 17.5 CH3 

21 0.91, d (6.4) 18.8 CH3 

26 0.82, d (8.4) 20.0 CH3 

27 0.80, d (8.4) 19.1 CH3 

29 0.83, t (7.5) 12.1 CH3 
a signals partially overlapped. 
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3.5. Tetracyclic and pentacyclic triterpenes 

3.5.1. Oleanolic acid, 3β-hydroxyolean-12-en-28-oic acid 

 

Compound 2, oleanolic acid, was isolated as a white powder with [𝛼]𝐷
20 + 104.4° (c 0.1, CHCl3). 

The IR spectrum revealed the presence of a hydroxyl (3423 cm-1) and a carboxylic acid group 

(1680 and 1271 cm-1). The ESI-MS spectrum showed a molecular ion peak at m/z 457 [M + 

H]+, in agreement with the molecular formula C30H48O3. From the 1H and 13C-NMR data (Table 

3.13), a quaternary carbon at δC 183.5, a trisubstituted double bond (δC 122.6, 143.6) and one 

olefinic proton (δH 5.27) were identified. Furthermore, the presence of an oxymethine at δC 79.0 

and δH 3.21 also confirmed the existence of a hydroxyl group. Thus, compound 2 was identified 

as oleanolic acid, a pentacyclic diterpene (Huang and Liou, 1997; Ragasa and Lim, 2005). 

Table 3.13. 1H-, 13C-NMR and DEPT data [CDCl3, δ (ppm), mult, J (Hz)] of oleanolic acid (2). 

Position 1H 13C DEPT 

3 3.21, dd (11.0, 4.2) 79.0 CH 

5 0.74, t, (9.9) 55.7 CH 

12 5.27, t, (4.1) 122.6 CH 

13 -- 143.6 C 

18 2.81, dd, (13.9, 3.7) 40.9 CH 

23 0.98, s 28.0 CH3 

24 0.74, s 15.6 CH3 

25 0.91, s 15.3 CH3 

26 0.77, s 17.1 CH3 

27 1.13, s 25.9 CH3 

28 -- 183.5 C 

29 0.92, s 33.1 CH3 

30 0.90, s 23.6 CH3 
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3.5.2. Cycloart-25-en-3β,24-diol 

 

Compound 3, identified as cycloart-25-en-3β,24-diol, was isolated as a white powder with 

[𝛼]𝐷
20 of + 30.6° (c 0.1, CHCl3). From the IR spectrum, the presence of hydroxyl (3445 cm-1) 

was inferred. Furthermore, from the low-resolution ESI-MS spectrum a molecular ion peak at 

m/z 443 [M + H]+ agreed with the molecular formula found in literature for compound 3, 

C30H50O2. From the analysis of the 1H- and 13C-NMR data (Table 3.14) it was possible to 

confirm the presence of a terminal double bond (δH 4.83, 4.93; δC, 147.9, 111.1) and to 

additionally identify the presence of two oxymethines at δC 76.5 and 78.9. Furthermore, the 

characteristic 1H-NMR signals of the cyclopropane ring at δH 0.54 d (J = 3.5 Hz) and 0.33 d (J 

= 3.9 Hz) allowed the identification of this compound as the triterpene cycloart-25-en-3β,24-

diol (Anjaneyulu et al., 1985; Della Greca et al., 1994). 

3.5.3. Cycloart-23-en-3β,25-diol 

 

Compound 4, identified as cycloart-23-en-3β,25-diol, was obtained as a white powder with 

[𝛼]𝐷
20 of + 24.6° (c 0.1, CHCl3). The comparison of the obtained NMR data with those obtained 

for compound 3 suggested a cycloartane-type scaffold. While the IR spectrum indicated the 

presence of a hydroxyl group (3446 cm-1), the ESI-MS experiment showed a molecular ion 
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peak at m/z 443 [M + H]+, in agreement with the molecular formula C30H50O2. Comparison the 

1H- and 13C-NMR data (Table 3.14) of compound 4 with those of 3 provided evidence for a 

cycloartane with a different side chain, having compound 4 a disubstituted double bond at 23 

(δH 5.60; δC 139.3 and 125.6) and a tertiary hydroxyl at C-25 (δC 77.5). Thus, by comparing the 

physical and spectroscopic data with literature, compound 4 was identified as cicloart-23-en-

3β,25-diol (de Pascual Teresa et al., 1987; Smith-Kielland et al., 1996). 

Table 3.14. 1H- and 13C-NMR [CDCl3, δ (ppm), mult, J (Hz)] data of cycloart-25-en-3β,24-

diol (3) and cycloart-23-en-3β,25-diol (4). 

cycloart-25-ene-3β,24-diol (3)  cycloart-23-ene-3β,25-diol (4) 

Position 1H 13C  Position 1H 13C 

3 3.28, dd (10.4, 4.1) 78.9  3 3.28, dd (10.9, 4.4) 78.8 

18 0.96, s 18.2  18 0.96, s 18.1 

19α 0.54, d (3.7) 
30.0 

 19α 0.55, d (4.0) 
29.9 

19β 0.33, d (3.7)  19β 0.33, d (4.0) 

21 0.87, d (5.5) 18.4  21 0.86, d (6.4) 18.3 

24 4.02, t (6.2) 76.5  23 5.60, br s 139.3 

25 -- 147.9  24 5.60, br s 125.6 

26α 4.83, br s 
111.1 

 25 -- 77.5 

26β 4.93, d (0.5)  26 1.31, br s 28.1 

27 1.72, s 17.7  27 1.31, br s 30.4 

28 0.80, s 19.4  28 0.88, s 21.1 

29 0.96, s 14.2  29 0.96, s 14.0 

30 0.88, s 25.6  30 0.81, s 25.4 
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3.6. Flavonoids 

3.6.1. Naringenin and quercetin 

 

The well-known flavonoids naringenin (17) and quercetin (18) were isolated from the more 

polar fractions and identified through their 1H- and 13C-NMR data (Table 3.15). While 

naringenin (17) is classified as flavanone due to the presence of a methylene group at C-3 (δC 

42.6; δH 2.60, 3.02), flavanols as quercetin (18) possess a double bond between positions C-2 

and C-3 (δC 147.8 and 135.8, respectively) and additional hydroxyl groups at position C-3 and 

C-3’ (δC 145.1). 

 The hydroxyl positions in ring A were assumed to be at position 5 and 7, due to the 

aromatic signals at δH 5.83 – 6.40 with small coupling constants (Jmeta ~ 1-2 Hz). Regarding the 

oxygenation pattern in ring B, while in naringenin the protons H-2’/H-3’ were present as 

doublets (Table 3.15) with ortho coupling constants (J2’,3’= 8.4 Hz) in agreement with a para-

substitution pattern, in quercetin the presence of an aromatic proton (δH 7.54) with two coupling 

constants (J6’,5’= 8.5 Hz and J6’,2’ = 1.6 Hz) indicated coupling with protons located in ortho 

(H-5’) and meta (H-2’) positions. Accordingly, H-5’ (δH 6.88) appeared in the 1H-NMR 

spectrum as a doublet with a J5’,6’ = 8.5 Hz (ortho coupling) and H-2’ (δH 7.67) as a doublet 

with a meta coupling constant (J2’,6’ = 1.6 Hz). 

3.6.2. Preparation of naringenin derivatives 

Flavonoids are among a multitude of compounds have already been described as efflux 

modulators (Ferreira et al., 2014), inhibiting all major contributors in MDR, namely BCRP 

(Cooray et al., 2004; Imai et al., 2004; Pick et al., 2011), MRP1 (Bobrowska-Hägerstrand et al., 

2003; Yoshimura et al., 2009) and P-gp (Conseil et al., 1998; Hadjeri et al., 2003). They can be 
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classified in flavonoids (2-phenylchromen-4-one), isoflavonoids (3-phenylchromen-4-one) or 

neoflavonoids (4-phenylcoumarine) (Nijveldt et al., 2001; Ross and Kasum, 2002), and are an 

important and abundant class of molecules with antioxidant, anti-inflammatory, or 

antiproliferative effects (Pick et al., 2011).  

Table 3.15. 1H- and 13C-NMR [δ (ppm), mult, J (Hz)] data of compounds 17 and 18. 

 Naringenin (17)a  Quercetin (18)a 

Position 1H 13C  1H 13C 

2 5.23, dd (13.0, 3.0) 79.0  -- 147.8 

3α 3.02, dd (17.1, 13.0) 
42.6 

 
-- 135.8 

3β  2.60, dd (17.1, 3.0)  

4 -- 196.4  -- 175.9 

5 -- 163.4  -- 160.8 

6 5.83, sb 95.7  6.40, d (1.1) 98.2 

7 -- 166.9  -- 164.0 

8 5.83, sb 94.8  6.18, d (1.1) 93.4 

9 -- 164.0  -- 156.2 

10 -- 101.9  -- 103.1 

1’ -- 129.6  -- 122.0 

2’ 7.23, d (8.4) 127.7  7.67, d (1.6) 115.7 

3’ 6.76, d (8.4) 114.9  -- 145.1 

4’ -- 157.8  -- 146.8 

5’ -- --  6.88, d (8.5) 115.1 

6’ -- --  7.54, dd (8.5, 1.6) 120.1 
a Naringenin, Methanol-D4; Quercetin in DMSO-D6; b signals partially overlapped. 

 As a large amount of naringenin was isolated, chemical modifications on the chromone 

scaffold were undertaken as an attempt to improve the MDR reversal effects of naringenin in 

P-gp.  

 To generate a diverse pool of naringenin derivatives, methylation of the phenolic 

hydroxyls by dimethylsulphate (Schemes 3.2 and 3.4, i) was initially performed to yield 

sakuranetin (46) and 4’-methoxysakuranetin (47) as building blocks (Kim et al., 2007). In these 

cases, while new signals in the 1H- and 13C-NMR experiments were found for each methoxy 

group at C-7 (δH 3.85; δC 56.2 ppm) and C-4’ (δH 3.86; δC 55.6 ppm), small paramagnetic shifts 
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were also observed in the carbon signals at C-7 and C-10 (ΔδC + 1.9 ppm) for sakuranetin and 

at C-4’ (ΔδC = + 3.1 ppm) and C-1’ (ΔδC = + 2.2 ppm) for the dimethoxy derivative. 

 Thus, while the reactivity of the carbonyl at C-4 was used to synthesize hydrazones 

(Scheme 3.2, ii), azines (Scheme 3.3, ii) and carbohydrazides (Scheme 3.4, ii), other nitrogen-

containing derivatives were obtained by reacting naringenin with N,N-dimethyl 

thiosemicarbazide (Scheme 3.5, i), through a Mannich-type reaction at C-6 and C-8 (Scheme 

3.5, ii) or by alkylation of sakuranetin with epichlorohydrin at position C-4’ (64) followed by 

reaction with the desired amine to yield the correspondent propanolamines (Scheme 3.6). 

Scheme 3.2. Preparation of hydrazones (25-28, 46-51).a 

 

a Reagents and conditions: (i) DMS (1 eq.) and K2CO3 (1 eq.) in acetone, 50 °C, 12 h; (ii) 2.0 eq. hydrazine (R-

NH-NH2) in ethanol, reflux, 12-48 h. 
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Scheme 3.3. Preparation of azines (29-36).a 

 

a Reagents and conditions: (i) hydrazine monohydrate (5 eq.) in ethanol, reflux, 24 h; (ii) 1.0 eq. aldehyde 

(R-COH) in ethanol, catalytic acid, reflux, 6-12 h. 

 After the reaction with hydrazines or hydrazides, and in addition to the new 1H- and 13C-

NMR signal from the new substituents, strong diamagnetic shifts in the 13C-NMR signal at C-

4 were also identified. In substituted hydrazones (Scheme 3.2, 25-27 and 50-52) in which the 

aromatic ring is directly attached to the hydrazone (C=N-NH-Ar), the shift was ΔδC = ‒ 46.8 - 

50.8. Quite interestingly, in unsubstituted hydrazones (C=NH-NH2, 28, 48, 49) the observed 

shift was smaller (ΔδC = ‒ 35.4 - 36.0). In azines (Scheme 3.3), bearing an extra methylene 

moiety (C=N-N=CH-R), the diamagnetic shifts registered at C-4 were similar to those reported 

for unsubstituted hydrazones (ΔδC = ‒ 29.1 - 32.4), ranging from δC 164.0 in compound 30 up 

to δC 167.3 in compound 31. Finally, if having a carbohydrazide moiety (C=N-NH-CO-R, 

Scheme 3.4), the diamagnetic shifts were found to have values in-between those above reported 

(ΔδC = ‒ 38.5 - 45.6), ranging from δC 150.8 (compound 63) to δC 157.9 (compound 42). 

Regarding the stereochemistry at position C-2, as the energetic barrier for naringenin 

enantiomerrization is lower at basic (pH 9-11) than at neutral (pH 7) or acidic (pH 2) conditions, 

no significant epimerization was considered to occur at the reactional conditions employed 

(Wisturba et al., 2006). 



Phytochemical research on Euphorbia pedroi: Results and Discussion 

 

Reversing multidrug resistance (MDR) in cancer cells by targeting P-glycoprotein 85 

Scheme 3.4. Preparation of carbohydrazides (37, 38, 40-42, 54-63).a 

 
a Reagents and conditions: (i) DMS (1 eq.) and K2CO3 (1 eq.) in acetone, 50 °C, 12 h; (ii) 2.0 eq. 

hydrazide (R-CO-NH-NH2) in ethanol, reflux, 12-80 h. 

 A thiosemicarbazone (Scheme 3.5, i) was also prepared by reacting naringenin (17) with 

N,N-dimethylthiosemicarbazide. Herein, the presence of a thioketone (C=S) decreased the 

magnitude of the diamagnetic effect (ΔδC = ‒ 33.0) to a value (δC = 163.4) similar to those 

observed for azines. In compounds 43-45, prepared by a Mannich-type reaction between 
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naringenin (17), formaldehyde and primary or secondary amines (Scheme 3.5, ii), the 

introduction of a single substituent at position C-6 induced a strong paramagnetic shift of C-6 

carbon signal (ΔδC = + 27.6 – 33.4), but when both positions C-6 and C-8 are substituted the 

deshielding effect is smaller, as observed by the slightly downfield carbon signals (δC = 115.7 

and 114.6; ΔδC = +20.0 and 18.9, for C-6 and C-8, respectively). Despite this large variation at 

C-4, similar diamagnetic shifts were registered in positions C-3 (ΔδC = - 8.6 – 11.8 ppm) and 

C-10 (ΔδC = - 0.8 – 3.7 ppm) for compound 28-63 compounds. 

Scheme 3.5. Preparation of thiosemicarbazone (39) and Mannich-type (43-45) naringenin 

derivatives.a 

 

a Reagents and conditions: (i) N,N-dimethylthiosemicarbazone (2 eq.) in ethanol, reflux, overnight; (ii) 

1.5 eq. formaldehyde and 1.0 eq. amine in MeOH/DMF (15:1), 50 °C, 2-12 h. 

 Regarding the 1H-NMR data, and by comparison with compound 17, hydrazones (25-

27, 50-53) induced diamagnetic effects on proton signals H-2 and H-3α (ΔδH = –0.22 to –0.30) 

and a paramagnetic effect on H-3β (ΔδH ≈ + 0.60). In both azines (29-36) and carbohydrazides 

(37, 38, 40-42, 54-53), while the observed diamagnetic effects on H-2 (ΔδH = 0 to – 0.25) and 

H-3α (ΔδH = +0.08 to –0.32) are smaller, the paramagnetic effect on H-3β signal tend to increase 

in carbohydrazides (ΔδH = + 0.44 – 0.82) and azines (ΔδH = + 0.92 – 1.44). Thus, and from the 
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above 1H- and 13C-NMR data obtained, an anti (E) configuration for the C-4 imine is inferred, 

based on previous literature on the stereochemistry of flavanone hydrazones and oximes in 

which was determined that, if the substituent is to be located near the α-carbon (C-3), the 13C-

NMR signal of this carbon atom will display an upfield shift by 12 –15 ppm (δC 42.6 in 

naringenin against δC 30.8 – 34.0 in derivatives, ΔδC –8.6 to –11.8) and the proton signal a 

variable downfield shift (Janzsó, 1985; Janzsó et al., 1967). 

 Another attempt in the development of novel P-gp efflux modulators from naringenin 

was attempted by the introduction of secondary and tertiary amines in the position 4’. This 

approach was based on early studies by Chiba and co-workers (Chiba et al., 1997, 1996, 1995) 

in which nitrogen atoms were incorporated into the class IC antiarrhythmic agent propafenone 

to obtain compounds able to re-sensitize P-gp expressing human T-lymphoblastoid CCRF-

CEM cells. Thus, after methylation of naringenin at position C-7 (Scheme 3.2, i), a similar 

methodology was undertaken by reacting sakuranetin (46) with epichlorohydrin at position C-

4’ to yield compound 64 (Scheme 3.6, i), followed by treatment with the desired amine to obtain 

the correspondent propanolamines (Scheme 3.6, ii, compounds 66-69). Other derivatives were 

prepared by reaction of 64 with indole (70) or thiophenol (71). Herein, sakuranetin (46) was 

chosen over naringenin (17) to avoid polyalkyations and to speed up the separation processes. 

Scheme 3.6. Preparation of 4’-alkylated sakuranetin derivatives (64-71).a 

 
a Reagents and conditions: (i) 1.5 eq. epichlorohydrin in ethanol, 1.1 eq. NaOH, reflux, overnight; (ii) 

1.0 eq. desired amine in MeOH, H+, reflux, 24-48 h. 
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 The introduction of the oxyran-2-yl moiety of 64 was confirmed by the appearance of 

three additional signals in the 13C-NMR spectra, corresponding to one oxymethylene linked to 

the oxygen at C-4’ (δC 70.2) and two other carbon signals (δC 44.4 and 50.6) from the oxyrane 

ring, together with a small paramagnetic shift of carbon signal at position C-4’ (ΔδC = + 0.6 – 

1.2). A secondary product, 4’-(3-chloro-2-hydroxypropoxy)-sakuranetin (Scheme 3.6, 65), was 

also obtained as a side reaction in which the nucleophilic opening of the oxyrane ring is 

preferred to the SN2 attack to the carbon lined to the chloride. Herein, the opening of the epoxide 

ring induces a strong paramagnetic effect on the oxymethine group (ΔδH = 4.22; δC 70.0), also 

deshielding the methylene group linked to the halogen. 

 After the reaction of 64 or 65 with the desired amine, along with the new signals 

corresponding to the added substituents, paramagnetic effects in the 13C-NMR signals in 

positions C-6’ (ΔδC = + 13.7 – 19.5) and C-7’ (ΔδC = + 2.4 – 16.9) were also observable due to 

the epoxide opening and to the coupling of the nitrogen atom to position C-7’ of the oxyran-2-

yl moiety. However, while in 1H-NMR the oxymethine at C-6’ was found upfield (ΔδH = – 0.64 

- 0.88), the methylene at C-7’ was found to be slightly upfield in 66-68 (ΔδH = – 0.19 - 0.63) 

and downfield in compounds 69-71 (ΔδH = + 0.98 - 1.14). 
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4.  Evaluation of the MDR reversal activity 

For all compounds, a thorough assessment of their anti-MDR activity was undertaken to obtain 

the most important relationships between structural features and the biological effects observed 

on MDR reversal. Towards that end, the cytotoxicity and antiproliferative effects of all 

compounds (1-71) were assessed in mouse MDR1-transfected T-lymphoma (L5178Y-MDR) 

cell line and its parental (L5178Y-PAR) cell line. Furthermore, the isolated compounds 1-16 

were also tested in human adenocarcinoma MDR cells (Colo320), its parental cell line 

(Colo205) and in murine (NIH/3T3) and human (MRC-5) embryonic fibroblast cell lines. Their 

ability to modulate P-gp efflux was assessed using the L5178Y-MDR (1-71) and Colo320 (1-

16) cell lines through the rhodamine-123 (R123) accumulation assay. Finally, drug combination 

assays were performed for the strongest modulators on the L5178Y-MDR cell line (6, 9, 10, 

12, 13, 22, 60, 69), thus evaluating their effect in combination with the known anticancer drug 

doxorubicin. 

 As flavonoids are also described to be active as efflux modulators in other ABC 

transporters as MRP1 and BCRP, the cytotoxicity of naringenin (17) and several derivatives 

(25-45) were also assessed in parental baby hamster kidney (BHK21-PAR), mouse embryonic 

fibroblasts (NIH/3T3-PAR), human embryonic kidney (HEK293-PAR) and in the 

correspondent resistant counterparts (MRP1, BHK21-MDR; P-gp, NIH/3T3-MDR; and BCRP, 

HEK293-MDR) cell lines. The efflux modulation ability of compounds 17 and 25-45 were also 

assessed by measuring the intracellular accumulation of calcein-AM (MRP1), rhodamine-123 

(P-gp) or mitoxantrone (BCRP), and verapamil (5 μM, MRP1), elacridar (5 μM, P-gp) and 

Ko143 (1 μM, BCRP) were used to define the fluorescence linked to 100% of efflux inhibition. 

4.1. Anti-proliferative and cytotoxic activity of compounds 1-16 

 The anti-proliferative and cytotoxic activities of compounds 1-16 were evaluated. 

(Tables 4.1-4.4). Herein, the thiazolyl blue tetrazolium bromide (MTT) assay, a colorimetric 

assay in which the viability of the cells is calculated from the amount of reduced dye (formazan) 

that is formed by the cellular nicotinamide adenine dinucleotide phosphatase (NADPH) 

oxidoreductase enzymes. Due to the number of cells per well in each assay (6000 vs. 10000 for 

anti-proliferative and cytotoxic assays, respectively), while in the first case cell proliferation is 

allowed for longer time due to a lower cell confluency, in the second case cell growth is greatly 
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impaired due to the higher cell confluency. Therefore, the reduced cellular growth can be related 

with the ability of a given compound to inhibit cell proliferation (anti-proliferative assays) or 

to induce cellular death (cytotoxicity assay) in 50% of the total population (Berridge et al., 

1996; Mosmann, 1983). 

Table 4.1. Anti-proliferative activity of compounds 1-16 on mouse T-lymphoma (L5178Y-

PAR and L5178Y-MDR) cells. 

Compound 
L5178Y-PAR 

IC50 (µM  SD) 

L5178Y-MDR 

IC50 (µM  SD) 
SI 

-sitostenone (1) 32.50 ± 1.04 37.91 ± 1.06 1.17 

oleanolic acid (2) 40.55 ± 1.06 25.71 ± 1.08 0.63 

cycloart-23-ene-3,25-diol (3) 22.59 ± 1.03 26.41 ± 1.04 1.17 

cycloart-25-ene-3,24-diol (4) 15.40 ± 1.08 35.19 ± 1.12 2.28 

7,11-dioxo-obtusifoliol (5) 18.26 ± 1.07 57.82 ± 1.11 3.16 

spiropedroxodiol (6) 13.94 ± 1.06 21.89 ± 1.07 1.57 

jolkinol D (7) 50.01 ± 1.04 39.28 ± 1.06 0.78 

jolkinol D epoxide (8) > 100 > 100 -- 

pedrodione A (9) 0.395 ± 1.01 0.335 ± 1.02 0.84 

pedrodione B (10) 50.51 ± 1.04 50.45 ± 1.07 1.00 

piscatoriol A (11) 42.36 ± 1.05 37.81 ± 1.04 0.89 

pedrodiol (12) 37.27 ± 1.05 40.56 ± 1.10 1.09 

pedrolide (13) 48.49 ± 1.02 41.97 ± 1.04 0.86 

helioscopinolide B (14) 40.55 ± 1.06 25.71 ± 1.08 0.63 

helioscopinolide E (15) 24.40 ± 1.05 29.19 ± 1.05 1.20 

ent-13R-hydroxy-3,14-dioxo-16-atisene (16) 40.98 ± 1.05 38.50 ± 1.08 0.94 

DMSO (1%) > 100 > 100 -- 

Values of IC50 are the mean ± standard deviation of four independent experiments. Selectivity index (SI) 

= IC50 MDR cells / IC50 PAR cells. 
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Table 4.2. Anti-proliferative activity of compounds 1-16 on human adenocarcinoma (Colo205 

and Colo320) cells. 

Compound 
Colo205 

IC50 (µM  SD) 

Colo320 

IC50 (µM  SD) 
SI 

-sitostenone (1) 55.41 ± 1.03 42.51 ± 1.03 0.77 

oleanolic acid (2) > 100 75.48 ± 1,03 0.11 

cycloart-23-ene-3,25-diol (3) 15.19 ± 1.05 25.96 ± 1.03 1.71 

cycloart-25-ene-3,24-diol (4) 16.87 ± 1.15 55.76 ± 1.03 3.07 

7,11-dioxo-obtusifoliol (5) 17.95 ± 1.05 > 100 12.48 

spiropedroxodiol (6) 6.788 ± 1.04 23.84 ± 3.20 3.51 

jolkinol D (7) > 100 > 100 0.89 

jolkinol D epoxide (8) > 100 64.52 ± 1.15 0.50 

pedrodione A (9) 0.267 ± 1.04 0.306 ± 1.05 1.14 

pedrodione B (10) > 100 n.d. -- 

piscatoriol A (11) 60.75 ± 1.78 67.87 ± 1.03 1.12 

pedrodiol (12) > 100 54.50 ± 1.03 0.50 

pedrolide (13) 74.68 ± 1.09 > 100 1.50 

helioscopinolide B (14) > 100 > 100 23.27 

helioscopinolide E (15) > 100 57.39 ± 1.08 0.48 

ent-13R-hydroxy-3,14-dioxo-16-atisene (16) > 100 > 100 1.81 

DMSO (1%) > 100 > 100 -- 

Values of IC50 are the mean ± standard deviation of four independent experiments. Selectivity index (SI) 

= IC50 Colo320 cells / IC50 Colo205 cells. 
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Table 4.3. Cytotoxic activity (µM  SD) of compounds 1-16 on mouse T-lymphoma (L5178Y-

PAR and L5178Y-MDR) and murine embryonic fibroblasts (NIH/3T3) cells. 

Compound 
L5178Y-PAR 

IC50 (µM ± SD) 

L5178Y-MDR 

IC50 (µM ± SD) 
SI 

NIH/3T3 

IC50 (µM ± SD) 

-sitostenone (1) 80.91 ± 1.08 97.20 ± 1.06 1.20 > 100 

oleanolic acid (2) 91.97 ± 1.05 > 100 1.28 > 100 

cycloart-23-ene-3,25-diol (3) 49.44 ± 1.03 71.63 ± 1.18 1.45 52.26 ± 1.10 

cycloart-25-ene-3,24-diol (4) 90.65 ± 1.09 65.57 ± 1.03 0.72 > 100 

7,11-dioxo-obtusifoliol (5) > 100 > 100 -- > 100 

spiropedroxodiol (6) 42.27 ± 1.03 46.81 ± 1.08 1.11 56.96 ± 1.05 

jolkinol D (7) 98.90 ± 1.12 > 100 1.43 > 100 

jolkinol D epoxide (8) > 100 > 100 -- > 100 

pedrodione A (9) 0.430 ± 1.02 0.259 ± 1.05 0.60 4.200 ± 1.08 

pedrodione B (10) > 100 > 100 -- > 100 

piscatoriol A (11) 75.20 ± 1.11 60.50 ± 1.06 0.80 > 100 

pedrodiol (12) 57.61 ± 1.11 53.53 ± 1.10 0.93 > 100 

pedrolide (13) > 100 86.39 ± 1.13 0.67 > 100 

helioscopinolide B (14) 90.65 ± 1.09 > 100 1.16 > 100 

helioscopinolide E (15) 32.92 ± 1.08 > 100 3.62 > 100 

ent-13R-hydroxy-3,14-dioxo-16-

atisene (16) 
> 100 > 100 -- > 100 

DMSO (1%) > 100 > 100 -- > 100 

Values of IC50 are the mean ± standard deviation of four independent experiments. Selectivity index (SI) 

= IC50 MDR cells / IC50 PAR cells. 
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Table 4.4. Cytotoxic activity (µM  SD) of compounds 1-16 on human adenocarcinoma 

(Colo205 and Colo320) and human embryonic fibroblasts (MRC-5) cell lines. 

Compound 
Colo205 

IC50 (µM ± SD) 

Colo320 

IC50 (µM ± SD) 
SI 

MRC-5 

IC50 (µM ± SD) 

-sitostenone (1) 46.59 ± 1.04 21.31 ± 1.07 0.46 77.68 ± 1.05 

oleanolic acid (2) > 100 > 100 -- > 100 

cycloart-23-ene-3,25-diol (3) 16.70 ± 1.07 31.57 ± 1.07 1.89 12.87 ± 1.08 

cycloart-25-ene-3,24-diol (4) 49.78 ± 1.11 48.51 ± 1.14 0.97 14.78 ± 1.09 

7,11-dioxo-obtusifoliol (5) 89.27 ± 1.17 > 100 1.35 > 100 

spiropedroxodiol (6) 16.79 ± 1.07 27.70 ± 1.04 1.65 64.63 ± 1.05 

jolkinol D (7) > 100 > 100 -- > 100 

jolkinol D epoxide (8) > 100 > 100 -- > 100 

pedrodione A (9) 0.635 ± 1.03 0.822 ± 1.05 1.30 2.060 ± 1.05 

pedrodione B (10) > 100 > 100 -- > 100 

piscatoriol A (11) 72.10 ± 1.10 > 100 1.76 > 100 

pedrodiol (12) 76.81 ± 1.09 > 100 1.45 > 100 

pedrolide (13) 86.39 ± 1.13 > 100 2.31 > 100 

helioscopinolide B (14) > 100 > 100 -- > 100 

helioscopinolide E (15) > 100 > 100 -- > 100 

ent-13R-hydroxy-3,14-dioxo-16-

atisene (16) 
> 100 > 100 -- > 100 

DMSO (1%) > 100 > 100 -- > 100 

Values of IC50 are the mean ± standard deviation of four independent experiments. Selectivity index (SI) 

= IC50 Colo320 cells / IC50 Colo205 cells. 

 As can be observed, pedrodione A (9) showed the strongest anti-proliferative (< 0.5 μM) 

and cytotoxic effects (< 1 μM) in all tested cancer cell lines (Tables 4.1-4.4). This compound 

presents two α,β-unsaturated ketones (at C-5 and C-14), which can act as strong electrophiles 
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(β-carbons, C-12 and C-17) when in the presence of nucleophiles as proteins or DNA. Indeed, 

this rare structural feature was recently reported for a similar norlathyrane diterpene 

(ekanpenoid A) with an in vitro moderate cytotoxic (IC50 of 14.8 – 32.1 μM) (Zhang et al., 

2013). However, while in the latter compound the carbonyl at C-5 is conjugated with an 

endocyclic double bond at Δ6,7, in compound 9 the exocyclic double bond Δ6,17 (Figure 4.1) is 

expected to favor nucleophilic attacks due to the formation of more stable adducts (Kalia et al., 

2016; Zhang et al., 2008). For the remaining molecules, none revealed significant activity in 

MDR-resistant cells when compared with the parental ones (Tables 4.1-4.4). However, other 

compounds also showed an increased anti-proliferative activity towards MDR-resistant 

Colo320 (2, 8, 12 and 15) and in L5178Y-MDR (2, 7, 9, 11, 13 and 14) cell lines when 

compared with the parental cells. As referred above, pedrodione A (9) was found to be highly 

cytotoxic in cancer cell lines, but while in mouse L5178Y-MDR and human adenocarcinoma 

Colo320 the IC50 values ranged from 0.259 ± 1.05 μM and 0.822 ± 1.05 μM, in normal cell 

lines these values were higher by almost three-fold (2.060 ± 1.05 μM) or six-fold (4.200 ± 1.08 

μM) in NIH-3T3 and MRC-5 cells, respectively. 

 

Figure 4.1. Rare macrocyclic lathyrane-type diterpenes with two α,β-conjugated ketone systems at C-5 

and C-14. 

4.2. Modulation of P-glycoprotein efflux by compounds 1-16 

Compounds 1-16 were tested at 2.0 and 20 μM to assess their ability as P-gp efflux modulators 

through the R123 accumulation assay. During sample preparation and the flow cytometry assay, 

toxicity effects could be excluded due to the absence of significant changes on size (FSC) and 

granularity (SSC) of cell population (data not shown). In L5178Y-MDR cells, an active 

compound was defined as having a FAR > 1.0. If greater than 10, the compound was classified 

as a strong MDR reversal agent (Reis et al., 2014a). 
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Table 4.5. Effect of isolated compounds (1-16) on P-gp mediated R123 efflux, in MDR1-

transfected mouse T-lymphoma (L5178Y-MDR) cells. 

Compound 
Concentration 

(μM) 

Fluorescence Activity Ratio (FAR) 

L5178Y-MDR Colo320 

-sitostenone (1) 
2.0 2.51 0.97 

20 22.56 1.34 

oleanolic acid (2) 
2.0 1.06 2.10 

20 1.70 4.71 

cycloart-23-ene-3,25-diol (3) 
2.0 10.68 1.26 

20 67.05 3.45 

cycloart-25-ene-3,24-diol (4) 
2.0 5.91 0.77 

20 43.58 5.91 

7,11-dioxo-obtusifoliol (5) 
2.0 6.14 1.09 

20 30.68 1.84 

spiropedroxodiol (6) 

0.2 43.75 1.68 

2.0 54.38 2.27 

20 96.02 8.00 

jolkinol D (7) 
2.0 1.73 1.08 

20 2.03 1.18 

jolkinol D epoxide (8) 
2.0 0.81 0.67 

20 4.21 0.94 

pedrodione A (9) 

0.2 1.72 n.d. 

2.0 19.13 1.52 

20 38.74 5.53 

pedrodione B (10) 
2.0 1.68 1.13 

20 5.80 1.91 

piscatoriol A (11) 
2.0 4.63 2.35 

20 36.09 6.20 

pedrodiol (12) 
2.0 1.19 1.08 

20 16.43 3.56 

pedrolide (13) 
2.0 1.87 1.64 

20 16.04 5.36 

helioscopinolide B (14) 
2.0 1.70 1.73 

20 8.18 6.78 

helioscopinolide E (15) 
2.0 1.84 0.44 

20 10.23 0.98 

ent-13R-hydroxy-3,14-dioxo-16-atisene 

(16) 

2.0 2.20 1.35 

20 4.41 1.19 

Verapamil 20 9.66 4.10 

Tariquidar 0.5 58.83 8.88 

DMSO 2% 1.01 0.79 
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Figure 4.2. Flow cytometry histograms on R123 accumulation assay for spiropedroxodiol (6) at 0.2, 2.0 

and 20 μM in chemo-resistant L5178Y-MDR and parental L5178Y-PAR (left) and human 

adenocarcinoma resistant Colo320 and parental Colo205 (right) cell lines. 

 As shown in Table 4.5, spiropedroxodiol (6) was the most active compound displaying 

a remarkable P-gp efflux modulation even at low concentrations as 0.2 μM in both L5178Y-

MDR (FAR = 43.75) and Colo320 (FAR = 1.68) cell lines (Figure 4.2). It is also worth noticing 

that the two cycloartanes (3-4) and 7,11-dioxo-obtusifoliol (5) also showed a good profile for 

P-gp efflux modulation at both 2.0 μM (3, FAR 10.68; 4, FAR 5.91; 5, FAR 6.14) and 20 μM 

(3, FAR 67.05; 4, FAR 43.58; 5, FAR 30.68). Regarding the set of diterpenes (7-16), only 

pedrodione A (9) revealed to be a strong P-gp modulator at 2 μM (FAR, 19.13), being able to 

slightly reverse MDR at concentrations as low as 0.2 μM (FAR, 1.78). Interestingly, both 

compounds 6 and 9 revealed higher cytotoxicities in both cancer cell lines (L5178Y-MDR and 

Colo320) when compared with normal cell lines (NIH/3T3 and MRC-5), thus configuring new 

scaffolds that can be further modified to increase their activity and selectivity towards P-gp 

modulation. All other compounds were found to be weak P-gp efflux modulators in both 

L5178Y-MDR and Colo320 cell lines. 

4.3. Anti-proliferative and cytotoxic activity of ent-abietane and 

flavonoid derivatives 

Two small libraries were built by chemical derivatization of helioscopinolide E (15) and 

naringenin (17), previously mentioned as isolated from Euphorbia pedroi in large amounts. In 

literature, as the presence of nitrogen atoms and aromatic rings are characterized as key features 
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for the P-gp efflux modulation, the common rationale for the chemical derivatization of 

helioscopinolide E (15) and naringenin (17) was the introduction of nitrogen atoms and 

aromatic moieties to potentiate the MDR reversing capabilities of the compounds. In the 

following sections, the results refer to L5178Y-MDR cells unless stated otherwise. 

4.3.1. MDR reversal activities of helioscopinolide E derivatives 

4.3.1.1. Anti-proliferative and cytotoxic activities of compounds 19-24 

When analyzing the synthesized derivatives (19-24), and while no significant change was 

observed regarding the cytotoxic or anti-proliferative activities (IC50 > 10 μM), it is worth 

noticing that, for the oxime (19, IC50 25.05 ± 1.05 μM, SI 0.91) and compound (20, IC50 38.04 

± 1.04 μM, SI 0.85), higher anti-proliferative activities were found in the L5178Y-MDR cell 

line (Tables 4.6 and 4.7). Regarding cytotoxicity, and although more cytotoxic than the parent 

compound 14 (IC50 > 100 μM) and the oxime (19, 66.41 ± 1.08 μM), only compounds 20 (15.10 

± 1.15 μM, SI 0.34) and 21 (22.75 ± 1.16 μM, SI 0.37) revealed an increased cytotoxicity 

towards the resistant L5178Y-MDR cell line. 

4.3.1.2. Modulation of rhodamine-123 efflux by compounds 19-24 

After evaluating the ability to reverse R123 efflux by P-gp (Table 4.8), only the oxime (19) 

was inactive at the lowest concentration tested (2.0 μM). In general, the ability to modulate P-

gp by compounds 20-24 (FAR values between 1.09 – 3.02 at 2.0 μM) was improved when 

compared with helioscopinolide E (FAR 1.84), especially at the higher concentration tested (20 

μM, FAR 7.09 – 56.37). However, while short aliphatic chains or unsubstituted phenyl rings 

seemed beneficial for the biological activity of compounds 20 (2.0 μM, FAR 3.02; 20 μM, FAR 

38.64) and 22 (2.0 μM, FAR 5.78; 20 μM, FAR 56.37), longer aliphatic sidechains (22) (2.0 

μM, FAR 1.36; 20 μM, FAR 10.38) or five-membered heterocyclic rings (as thiophenes, less 

for furans) seem to be deleterious for the P-gp efflux modulation capability. 
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Table 4.6. Cytotoxic activity of helioscopinolide E (15) derivatives (19-24) on mouse T-

lymphoma (L5178Y-PAR and L5178Y-MDR) cells. 

 

 Cytotoxicity / µM  SD  

Compound L5178Y-PAR L5178Y-MDR SI 

15 helioscopinolide E 32.92 ± 1.08 > 100 3.62 

19 
 

49.86 ± 1.09 66.41 ± 1.08 1.33 

20 

 

43.90 ± 1.07 15.10 ± 1.15 0.34 

21 

 

61.28 ± 1.07 22.75 ± 1.16 0.37 

22 

 

50.13 ± 1.05 58.58 ± 1.07 1.17 

23 

 

48.10 ± 1.06 69.51 ± 1.06 1.45 

24 

 

89.30 ± 1.13 117.0 ± 1.18 1.31 
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Table 4.7. Anti-proliferative activity of helioscopinolide E (15) derivatives (19-24) on mouse 

T-lymphoma (L5178Y-PAR and L5178Y-MDR) cells. 

 

 Antiproliferative activity / µM  SD  

Compound L5178Y-PAR L5178Y-MDR SI 

15 helioscopinolide E 24.40 ± 1.05 29.19 ± 1.05 1.20 

19 
 

27.52 ± 1.07 25.05 ± 1.05 0.91 

20 

 

44.52 ± 1.01 38.04 ± 1.04 0.85 

21 

 

22.67 ± 1.03 21.72 ± 1.06 0.96 

22 

 

30.81 ± 1.05 31.31 ± 1.05 1.00 

23 

 

33.68 ± 1.06 32.80 ± 1.08 0.97 

24 

 

56.19 ± 1.04 40.07 ± 1.05 0.71 
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Table 4.8. Effect of helioscopinolide E (15) derivatives (19-24) on P-gp mediated R123 efflux, 

in MDR1-transfected mouse T-lymphoma (L5178Y-MDR) cells. 

 

Compound 

 Fluorescence Activity Ratio (FAR) 

logP a 2.0 μM 20 μM 

15 helioscopinolide E 3.91 1.84 10.23 

19 
 

3.92 0.96 4.88 

20 

 

4.06 3.02 38.64 

21 

 

5.21 1.36 10.38 

22 

 

6.12 5.78 56.37 

23 

 

5.18 2.10 40.69 

24 

 

6.03 1.09 7.09 

DMSO (2%) -- 1.01 

a calculated in MarvinSketch v17.2.27.0 

 Interestingly, the presence of a hydrogen-bond donor in the oxime (19) was deleterious 

for the MDR activity but the corresponding acylation restored and improved the MDR reversal 
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activity (20-24). However, as longer aliphatic sidechains did not contribute to further increase 

the reversal activity (21) and the obtained results suggest that electronic effects (i.e. electron 

density around the acyl substituent) seem to be one of the major determinants for the activity 

of helioscopinolide E derivatives (compounds 22-24), a suitable approach for further studies on 

these compounds may involve the synthesis of new derivatives bearing phenyl rings with 

different substitution patterns or heterocyclic rings as pyridines or pyrazines. 

4.3.2. MDR reversal activities of naringenin derivatives 

As a large amount of the flavonoid naringenin (17) was isolated, chemical modifications on the 

chromone scaffold were undertaken as an attempt to improve the P-gp-mediated MDR reversal 

effects of naringenin. Thus, naringenin was initially methylated with dimethylsulphate to yield 

7-methoxy-naringenin (sakuranetin) (46) and 4’,7-dimethoxy-naringenin (47) that, together 

with naringenin, were suitable building blocks for further chemical derivatization. 

4.3.2.1. Anti-proliferative and cytotoxic activities of naringenin derivatives 

In general, most of the nitrogen-containing derivatives (25-31, 37-41, 46-63) except compounds 

26, 39, 40, 50 and 57 (5 out of 30) were found to have lower anti-proliferative activities (IC50 

0.550 – 39.90 μM) when compared with naringenin (17) (42.77 ± 1.07 μM) in L5178Y-MDR 

cell line. However, it did not increase their selectivity towards MDR resistant cells. It is also 

possible to infer that, when compared with unmethylated derivatives (IC50, 12.17 – 252.4 μM), 

the methylation of the hydroxyl groups at positions C-7 (IC50, 1.852 – 66.40 μM) and C-4’ 

(IC50, 0.796 – 44.36 μM) generally increases the anti-proliferative activity in resistant cells (an 

example can be found in Table 4.9). More interestingly, the reaction with hydrazine alone was 

enough to decrease by three-, four- or two-fold the IC50 for the anti-proliferative activity of 

compounds 28 (15.2 ± 1.04 μM), 48 (8.03 ± 1.13 μM) and 49 (11.2 ± 1.09 μM) in L1578Y-

MDR cells when compared with 17 (IC50, 42.7 ± 1.07 μM), 46 (IC50, 34.4 ± 1.08 μM) and 47 

(IC50, 22.6 ± 1.78 μM). 

 While no relevant cytotoxicity was found for the large majority of naringenin 

derivatives (data not shown), it is worth noticing that i) unlike the results obtained for the anti-

proliferative effect, dimethylated compounds at C-7 and C-4’ are more cytotoxic (IC50 ranging 

from 1.321 to 10.73 μM) than the monomethylated ones at C-7 (IC50, 11.78 to 54.95 μM) or the 
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unmethylated (IC50, 44.96 to > 100 μM) in resistant cells. Such examples are shown in Table 

4.10, in which the selectivity towards L5178Y-MDR cells increases with methylation with the 

IC50 values decreasing from 217.7 ± 2.73 μM in compound 41 (unmethylated) to 54.9 ± 1.17 

μM (7-OMe) and 7.25 ± 1.36 μM (4’,7-OMe) in compounds 60 and 61 respectively (selectivity 

index < 0.1 for compound 61). However, there are some cases the methylation of the hydroxyl 

group at C-7 has almost no effect in L5178Y-MDR cells, as for compounds 40 (IC50, 45.0 ± 

1.10 μM) and 62 (IC50, 49.3 ± 1.06  μM), but again decreasing in the dimethylated derivative 

(63, IC50 7.47 ± 1.11 μM). 

Table 4.9. Effect on anti-proliferative activity by methylation of the hydroxyls at position C-7 

and C-4’ for naringenin (17), sakuranetin (46), 4’-methoxysakuranetin (47) and the 

correspondent hydrazones (28, 48, 49). 

 Antiproliferative activity / µM  SD 

Compound 
L5178Y 

(PAR) 

L5178Y 

(MDR) 

 
Compound 

L5178Y 

(PAR) 

L5178Y 

(MDR) 

17 52.5 ± 1.06 42.7 ± 1.07  28 5.58 ± 1.05 15.2 ± 1.04 

46 – 7-OMe 41.6 ± 1.13 34.4 ± 1.08  48 – 7-OMe 5.52 ± 1.07 8.03 ± 1.13 

47 – 4’,7-OMe 41.6 ± 1.08 22.6 ± 1.78  49 – 4’,7-OMe 5.88 ± 1.07 11.2 ± 1.09 

Table 4.10. Effect on cytotoxic activity by methylation of the hydroxyls at position C-7 and C-

4’ for derivatives bearing a benzoyloxy (41, 60, 61) and a 3-indolacetyl (40, 62, 63) substituent. 

 
Cytotoxic activity / µM  SD 

Compound 
L5178Y 

(PAR) 

L5178Y 

(MDR) 

 
Compound 

L5178Y 

(PAR) 

L5178Y 

(MDR) 

41 50.4 ± 1.53 > 100  40 72.6 ± 1.04 45.0 ± 1.10 

60 – 7-OMe 63.8 ± 1.16 54.9 ± 1.17  62 – 7-OMe 25.3 ± 1.06 49.3 ± 1.06 

61 – 4’,7-OMe > 100 7.25 ± 1.36  63 – 4’,7-OMe 8.61 ± 1.11 7.47 ± 1.11 

4.3.2.2. Modulation of rhodamine-123 efflux by compounds 25-63 

The ability of naringenin derivatives (25-63) to modulate P-gp was also assessed on the 

L5178Y-MDR resistant cell line but, unlike the above described activities, methylation of 
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naringenin (46-47) or substitution of the ketone by an hydrazone (=N-NH2) moiety (48-49) did 

not significantly improved the activity at 2.0 μM. Nevertheless, it is clear from data in Table 

4.11 that methylation of C-7 and C-4’ generally improved the activity of compounds and that 

unsubstituted phenyl rings (50, 51, 60), heterocyclic rings (27, 52-53) and indoles (62-63) 

improved the MDR-reversal activity of the compounds. 

Table 4.11. Effect of naringenin derivatives (25-31, 37-63) on P-gp mediated R123 efflux, in 

MDR1-transfected murine T-lymphoma (L5178Y-MDR) cells. 

 Fluorescence activity 

ratio (FAR) 

 
 

Fluorescence activity 

ratio (FAR) 

Compound 2.0 μM 20 μM  Compound 2.0 μM 20 μM 

17 0.72 0.72  28 0.72 3.13 

46 1.06 1.32  48 1.26 15.60 

47 1.03 1.36  49 0.85 1.06 

Hydrazones (C=N-NH-R)  Carbohydrazides (C=N-NH-CO-R) 

25 1.08 26.80  37 0.92 1.13 

26 1.16 4.86  38 0.86 0.94 

27 1.65 47.00  40 1.00 2.48 

50 1.16 40.31  41 0.76 8.80 

51 1.80 13.79  54 1.28 11.08 

52 2.10 64.70  55 2.24 18.47 

53 10.67 30.54  56 1.39 1.54 

Azines (C=N-N=CH-R)  57 0.96 1.10 

29 0.64 6.54  58 1.32 18.88 

30 0.95 17.71  59 0.83 2.55 

31 0.78 13.58  60 4.14 67.24 

Thiosemicarbazone (C=N-NH-CS-NR2)  61 0.94 1.13 

39 2.17 23.04  62 1.12 40.64 

DMSO (2%) 1.01  63 2.47 26.93 
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 Herein, while compound 53 was found to be the most active at the lowest concentration 

(2.0 μM, FAR 10.67), most of the compounds were found to be moderate (FAR 1.10 – 8.80) or 

strong (FAR 11.08 – 64.70) P-gp modulators at the highest concentration (20 μM). 

Additionally, compounds 39 (thiosemicarbazone), 50 and 52 (7-methoxyhydrazone), 60 (7-

methoxycarbohydrazide) and 63 (4’,7-dimethoxycarbohydrazides) also showed to be good P-

gp efflux modulators at both concentrations tested. Therefore, the methylation of the naringenin 

hydroxyl groups at C-7 and C-4’, together with the introduction of nitrogen atoms and aromatic 

rings at position C-4, can configure a suitable approach for the development of novel efflux 

modulations. Moreover, by using different flavonoids with different substitution patterns, 

further studies will be conducted towards the optimization of the benzopyran-4-one skeleton as 

a novel generation of MDR reversal agents. 

4.3.3. MDR reversal activities of 4’-OH alkylated naringenin derivatives 

4.3.3.1. Anti-proliferative and cytotoxic activities of compounds 64-71 

The alkylation of the hydroxyl group at C-4’ with epichlorohydrin and further reaction with 

primary or secondary amines to yield propanolamines was inspired on early studies, in which a 

significative improvement of benzophenone- and propafenone-type compounds towards P-gp 

inhibition was achieved (Chiba et al., 1997; Cramer et al., 2007; Jabeen et al., 2012). However, 

and to our knowledge, such approach has never been attempted for increasing the potency of 

flavonoids as P-gp efflux modulators. Thus, a new series of nitrogen-containing derivatives was 

planned based on the flavanone scaffold, taking advantage of the large amount of naringenin 

isolated from E. pedroi (17). However, sakuranetin (46) was found to be a more suitable 

building block: while allowing a greater control over the reaction (avoiding polyalkylations), 

the methylation of the hydroxyl group at C-7 was also found to improve the anti-proliferative 

and cytotoxic activities of the derivatives previously synthetized (46-63). 

 As expected, and when compared with sakuranetin (46), all derivatives (64-71) but 65 

showed increased anti-proliferative activities towards both parental and resistant mouse 

lymphoma cells but only compounds 66 (IC50, 9.14 ± 1.06 μM), 67 (IC50, 7.33 ± 1.07 μM) and 

71 (IC50, 3.64 ± 1.06 μM) showed an IC50 below 10 μM (Table 4.12). Regarding the cytotoxic 
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activities in the same cells, all compounds were non-cytotoxic (IC50 > 10 μM) at the tested 

concentrations (Table 4.12). No selectivity towards the resistant cell line was observed. 

Table 4.12. Cytotoxic and anti-proliferative activity of naringenin derivatives (64-71) on mouse 

T-lymphoma (L5178Y-PAR and L5178Y-MDR) cells. 

 Citotoxicity / µM  SD  Anti-proliferative / µM  SD 

Compound L5178Y-PAR L5178Y-MDR SI  L5178Y-PAR L5178Y-MDR SI 

46 > 100 > 100 --  41.6 ± 1.13 34.4 ± 1.08 1.21 

64 60.1 ± 1.04 84.2 ± 1.14 1.40  28.9 ± 1.05 25.1 ± 1.06 0.87 

65 > 100  > 100 --  47.7 ± 1.19 70.6 ± 1.30 1.48 

66 14.3 ± 1.07 16.6 ± 1.12 1.16  6.84 ± 1.07 9.14 ± 1.06 1.34 

67 9.33 ± 1.10 17.4 ± 1.31 1.87  6.63 ± 1.06 7.33 ± 1.07 1.11 

68 15.9 ± 1.09 47.9 ± 1.08 3.02  25.0 ± 1.10 31.0 ± 1.05 1.24 

69 12.9 ± 1.02 17.9 ± 1.77 1.39  16.7 ± 1.14 20.6 ± 1.08 1.23 

70 76.4 ± 1.19 96.3 ± 1.03 1.26  27.2 ± 1.15 30.0 ± 1.12 1.10 

71 16.3 ± 1.07 25.3 ± 1.05 1.55  4.13 ± 1.14 3.64 ± 1.06 0.88 

4.3.3.2. Modulation of rhodamine-123 efflux by compounds 64-71 

As can be observed in Table 4.13, the alkylation reaction of the hydroxyl group at C-4’ yielded 

compounds (64-71) with better efflux modulation properties than naringenin (17) or sakuranetin 

(46). However, only with the propanolamine derivatives (66-69) the activity was strongly 

increased at 2.0 μM, with FAR values ranging from 3.08 (67) up to 18.70 (69), again lowering 

in the presence of indol (70) or thiophenol (71) substituents. Herein, through the analysis of 

logP and pKa, two of the most important physico-chemical properties that are directly related 

with the ability to modulate P-gp efflux (Chiba et al., 1997; Zamora et al., 1988), it is possible 

to verify that while the MDR reversal activity at lower concentrations seems to be correlated 

with the presence of a nitrogen (66-68), the presence of both a nitrogen together with an 

additional aromatic moiety (69) seems to further improve the potency of the P-gp efflux 

modulator (FAR 18.70 at 2.0 μM). To better understand the main features that contributed for 

the increased reversal activity showed by compound 69, the pKa distribution profile for the 
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secondary and tertiary amino groups and molecular docking studies were further analyzed 

(Figure 4.3). 

Table 4.13. Effect of naringenin derivatives (64-71) on P-gp mediated R123 efflux, in MDR1-

transfected mouse T-lymphoma (L5178Y-MDR) cells. 

Compound 
Chemical properties Fluorescence Activity Ratio (FAR)  

logP a pKa (amine)a 2.0 μM 20 μM 

Sakuranetin (46) 2.98 -- 1.06 1.32 

64 2.97 -- 1.17 1.83 

65 3.16 -- 1.33 13.30 

66 3.23 9.36 4.06 36.25 

67 3.37 9.06 3.08 30.76 

68 2.73 7.83 8.01 43.68 

69 3.88 9.67; 7.01 18.70 62.09 

70 4.61 17.32 0.86 6.65 

71 4.67 --- 0.92 12.78 

DMSO (2%)   1.01 

a calculated in MarvinSketch v17.2.27.0 

 From the macrospecies distribution in Figure 4.3A, it is possible to verify that, while 

only considering the secondary and tertiary amines, compound 69 has at physiological pH a net 

charge that can be +1 or +2. Although a positively charged nitrogen is described as important 

for the activity, the diffusion of highly charged molecules into the lipid membrane becomes 

impaired. However, and as previously demonstrated for tariquidar (Ferreira et al., 2015c), 

compound 69 i) is expected to adopt a more elongated conformation where the flavanone core 

penetrates the membrane while the protonated benzylpiperidine moiety remains close to the 

phosphates and deprotonates through a phosphate-assisted reaction, or ii) adopts a more 

compact conformation (as seen in Figure 4.3B) where the protonated amine is packed close to 

the ring B of the flavanone scaffold in order to efficiently disperse the excess of positive charge 

(Ottiger et al., 2009; Palit et al., 1971) thus increasing membrane permeation.  
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Figure 4.3. (A) Microspecies distribution percentages for nitrogen-containing groups as a function of 

pH. Default parameters (tautomerization, resonance effects and 0.1 mol/L ionic strength) were used 

while estimating pKa in MarvinSketch (B) top-ranked docking pose of compound 69 in the internal 

drug-binding of the refined murine P-gp model. 

4.4. Drug Combination Assays 

For all new compounds (6, 9, 10, 12 and 13) and for the derivatives of helioscopinolide E (22) 

and naringenin (60, 69) with the highest MDR reversal activities in vitro, their effect in the 

cytotoxic activity of doxorubicin, one of the most used anticancer drugs in chemotherapy and 

a known P-gp substrate, was also assessed through a drug combination assay. The extent of 

interaction between doxorubicin and a given compound was calculated by the combination 

index (CI) as suggested by Chou (Table 4.14). Herein, compounds 9, 13, 22 and 69 showed a 

strong synergism, greatly enhancing the cytotoxicity of doxorubicin in resistant L5178Y-MDR 

cells.  
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Table 4.14. Interaction type between compounds 6, 9, 10, 12, 13, 22, 60 and 69 with 

doxorubicin on L5178Y-MDR cells. 

Compound ratio a CI ± SD b Interaction 

6 6 : 1 0.872 ± 0.182 slight synergism 

9 1 : 8 0.977 ± 0.095 additive effect 

10 50 : 1 0.298 ± 0.102 strong synergism 

12 50 : 1 0.424 ± 0.116 synergism 

13 50 : 1 0.144 ± 0.026 strong synergism 

22 25 : 1 0.152 ± 0.013 strong synergism 

60 6 : 1 3.768 ± 0.878 strong antagonism 

69 25 : 1 0.108 ± 0.025 strong synergism 

a Data are shown as the best combination ratio between compounds and doxorubicin. b Combination 

index (CI) values are represented as the mean of three CI values calculated from different drug ratios ± 

standard deviation (SD) of the mean, for an inhibitory concentration of 50% (IC50). 0.1 < CI < 0.3, strong 

synergism; 0.85 < CI < 0.9, slight synergism; 0.9 < CI < 1.1, additive effect; 3.3 < CI < 10, strong 

antagonism. 

4.5. MDR reversal activities of compounds 25-45 in other cell lines 

4.5.1 Cytotoxicity assays of compounds 25-45 in P-gp, MRP1 and BCRP 

The cytotoxicity of compounds 25-45 was determined using a MTT colorimetric assay 

(Berridge et al., 1996; Mosmann, 1983) in cell lines overexpressing MRP1 (BHK-21) and 

BCRP (HEK-293). A cell line overexpressing P-gp (NIH/3T3) was also assessed.  While most 

of the hydrazones, azines and carbohydrazides were found to be non-cytotoxic at the 

concentrations tested (IC50 > 50 μM) in P-gp, BCRP and MRP1-overexpressing cell lines 

(Table 4.15), compounds 25, 29, 30, 33 and 34 showed a significant cytotoxic activity in both 

BHK21 parental and MDR cells (IC50 < 10 μM). Compound 3, obtained by reacting 1 with 

phenylhydrazine, was the only derivative that showed an increased selectivity (RR, 0.39) for 

the resistant BHK21 cell line (IC50 31.65 vs 12.36 μM, respectively). Other modifications as 

the ones obtained by a Mannich-type coupling reaction, had no impact on the cytotoxicity of 

compounds 43-44 towards the tested cell lines (Table 4.15). From the above results, it may be 
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deduced that the presence of nitrogen-containing heterocyclic rings as pyrrole, pyridine or 

indole strongly increased the cytotoxic activity of compounds (25, 30, 33 and 34, IC50 values 

between 1.02 and 13.4 μM) towards both parental and MRP1-overexpressing cell lines. 

4.5.2 Fluorescent dye efflux inhibition in P-gp, MRP1 and BCRP 

The ability of compounds 25-45 to modulate drug efflux by MRP1, P-gp and BCRP was also 

assessed on the same cell lines by comparing the fluorescence linked to a given percentage of 

inhibition in MDR cells overexpressing each one of the transporters. Hence, verapamil (35 μM), 

elacridar (5 μM) and Ko143 (1μM) were used to determine the fluorescence linked to 100 % of 

inhibition for MRP1, P-gp and BCRP, respectively. The results are depicted in Figure 4.4.  

 As can be observed hydrazones (25, 26) and azines (29-36) displayed an interesting 

activity pattern in BCRP-overexpressing HEK-293 cells (efflux inhibition up to 72.97 %). 

Azines 29, 31, 33 and 26 (C=N-N=CH-R2) displayed the highest activities in HEK293-MDR 

cell lines, ranging from 64.10 ± 1.17 % inhibition in compound 31 up to 72.97 ± 5.91 % 

inhibition in compound 33. Interestingly, while activated pyrroles (29, 35) and phenyl rings 

(26, 31-33 and 36) improved the MDR activity towards BCRP, other substituents as pyrazino 

(27), indoles (30, 34) or carbohydrazides bearing an aromatic moiety (37, 38, and 40-42) were 

detrimental for the activity. As can be further observed, only by replacing the carbonyl by an 

hydrazone (as in compound 28) a two-fold increase in the BCRP efflux inhibition was obtained 

when compared with naringenin (46.70 ± 15.96 % vs. 26.63 ± 0.11 %). Regarding P-gp, no 

compound was active in NIH/3T3-MDR cells. 

 It is also worth noticing that while 35 (BCRP, 53.5 ± 14.2; MRP1, 56.3 ± 14.4 %), 36 

(BCRP, 71.1 ± 0.89; MRP1, 45.1 ± 3.60 %) and 39 (BCRP, 43.6 ± 1.74; MRP1, 21.6 ± 4.63 

%), are the only compounds that retained some degree of inhibition in both BCRP and MRP1 

pumps the presence of activated five-membered ring thiophene (37) or furan (38) completely 

abolished its MDR reversal activity. Oppositely, in azines pyrroles still displayed some activity 

in both pumps (29, MRP1: 28.7 ± 13.2 %, BCRP: 69.7 ± 5.07 %; 35, MRP1: 56.3 ± 14.4 %, 

BCRP: 53.5 ± 14.2 %). 
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Table 4.15. Cytotoxic activity of naringenin (17) and derivatives 25−45 on ABCC1- (BHK21), 

ABCB1- (NIH/3T3) and ABCG2-transfected (HEK293) and parental cell lines. 

Compound 
BHK21 NIH/3T3 HEK293 

PAR a MDR a PAR a MDR b PAR a MDR a 

17 89.3 ± 3.78 67.7 ± 4.38 107.4 ± 4.62 91.3 ± 8.42 65.4 ± 29.5 85.6 ± 9.80 

25 3.44 ± 0.31 13.4 ± 2.28 n.d. n.d. 55.8 ± 15.9 49.5 ± 7.50 

26 31.6 ± 0.96 12.4 ± 3.79 n.d. n.d. 109.3 ± 20.3 95.1 ± 8.40 

27 32.7 ± 2.18 49.3 ± 4.15 89.7 ± 17.9 76.9 ± 5.94 100.7 ± 25.6 82.6 ± 6.00 

28 85.8 ± 7.33 99.5 ± 3.62 103.2 ± 4.45 93.3 ± 11.7 69.4 ± 31.9 105.8 ± 3.90 

29 11.1 ± 1.19 15.9 ± 4.86 n.d. n.d. 97.4 ± 16.4 106.5 ± 13.3 

30 3.85 ± 0.61 7.99 ± 1.17 97.0 ± 30.7 75.1 ± 4.33 81.4 ± 19.4 90.8 ± 8.40 

31 45.3 ± 2.88 45.5 ± 4.41 99.8 ± 2.70 81.4 ± 7.16 71.4 ± 10.4 119.5 ± 13.6 

32 38.9 ± 4.29 54.7 ± 2.16 89.5 ± 19.5 73.4 ± 2.66 71.1 ± 6.80 117.2 ± 7.60 

33 1.02 ± 0.24 4.77 ± 0.55 101.2 ± 5.72 103.3 ± 3.34 95.6 ± 19.5 109.3 ± 11.1 

34 1.58 ± 0.25 5.31 ± 1.21 107.5 ± 9.56 93.3 ± 3.29 63.2 ± 22.5 98.2 ± 11.3 

35 45.9 ± 1.02 40.3 ± 10.3 99.3 ± 18.2 86.1 ± 8.20 95.6 ± 24.6 103.2 ± 10.8 

36 22.7 ± 3.11 55.6 ± 7.43 100.0 ± 7.02 127.0 ± 7.89 70.5 ± 8.90 78.2 ± 9.70 

37 10.8 ± 0.31 45.0 ± 3.02 95.7 ± 4.73 92.3 ± 6.69 73.1 ± 27.8 103.8 ± 9.90 

38 19.1 ± 0.55 41.8 ± 6.37 94.0 ± 5.94 84.1 ± 18.7 106.5 ± 8.30 111.1 ± 12.0 

39 87.3 ± 5.57 89.9 ± 1.76 102.5 ± 9.53 90.7 ± 8.99 103.2 ± 23.9 99.6 ± 21.3 

40 5.31 ± 1.66 98.6 ± 3.96 95.1 ± 8.29 83.5 ± 5.89 60.7 ± 14.1 111.5 ± 11.7 

41 37.0 ± 7.92 49.3 ± 6.05 101.8 ± 8.07 93.8 ± 23.8 63.4 ± 7.50 102.5 ± 11.7 

42 30.5 ± 1.39 50.5 ± 4.00 105.5 ± 9.21 95.8 ± 11.2 76.1 ± 14.3 118.7 ± 7.00 

43 97.2 ± 0.95 101.3 ± 3.81 100.8 ± 11.7 89.9 ± 0.41 92.6 ± 18.6 122.7 ± 4.00 

44 102.9 ± 1.45 100.1 ± 3.68 102.6 ± 12.4 101.0 ± 3.29 108.9 ± 28.0 82.9 ± 14.4 

45 99.0 ± 2.57 122.6 ± 8.59 107.0 ± 6.42 95.8 ± 9.54 111.8 ± 23.8 116.7 ± 14.0 

a Results are expressed in % cell viability, calculated as the difference in absorbance between test wells 

and medium control wells; b Relative Resistance ratio (RR) was calculated as the ratio between % cell 

viability for MDR and PAR cells. Values of RR < 0.5 are depicted in green and RR > 1.5 in red; n.d., 

not determined. 
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Figure 4.4. Inhibition percentage for MRP1 and BCRP (20 μM). Control refers to verapamil (5 μM, 

MRP1) and Ko143 (1 μM, BCRP) and were used to determine the fluorescence linked to 100% of efflux 

inhibition. 

 Thus, a pre-requisite for an efficient BCRP modulation by azines may arise from the 

decreased flexibility of the whole scaffold, in which the resonance between the flavanone 

scaffold and the aromatic substituent through the C=N-N=C framework (Ramakrishnan et al., 

2015) restrains the spatial position of the substituent in a given orientation. For carbohydrazides 

the presence of a carbonyl (37, 38 and 40-42) and/or an extra methylene unit (40-42) does not 

allow the extension of conjugation between the substituent and the flavanone scaffold. 

However, it cannot also be excluded that steric effects (compounds 29 vs. 35 and 31 vs. 32), 

hydrophobicity (compound 32 vs. 33 and 36) or substitution patterns (compounds 32 vs. 31 and 

33) may also influence the BCRP inhibitory activity. 

 In the MRP1-overexpressing BHK21 cell line, some compounds were also found to be 

active, although in a lesser extension than for BCRP. Compounds 41 and 42 showed the highest 

activity with 62.6 ± 19.3 % and 95.0 ± 20.2 % inhibition of calcein-AM (cAM) efflux, 

respectively. Hydrazone 30 (indol-3-yl) and azines 35 (pyrrol-2-yl) and 36 (2-nitrophenyl) were 

also found to be moderate MRP1 efflux modulators, achieving ~50% inhibition of cAM efflux. 

Oppositely, compounds 26, 31-34, 36, 37 and 43-45 showed little or none activity as MRP 

inhibitors. Thus, and opposite to the previously observed for BCRP, carbohydrazides are 
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preferred efflux modulators for MRP1, with the spatial position of the substituent and ring 

substitution pattern having also an important role on the reported biological activities. This can 

be inferred by comparing compounds 34 (indol-2-yl, -5.88 ± 1.06 %) and 30 (indol-3-yl, 47.0 

± 22.1 %) or compounds 32 (4-methoxyphenyl, 12.3 ± 5.47 %) and 42 (4-methoxybenzoyloxy, 

95.0 ± 20.2 %). Finally, for compounds 25-27 with a shorter hydrazone bridge, the MRP1 

inhibition activity was severely decreased or neglectable. Interestingly, while compounds 35 

and 36 could act as dual BCRP/MRP1 moderate efflux modulators (35, MRP1: 56.3 ± 14.4 %, 

BCRP: 53.5 ± 14.2 %; 36, MRP1: 45.1 ± 3.60 %, BCRP: 71.1 ± 5.91 %), compounds 28, 31 

and 33 were better BCRP inhibitors and compounds 27, 30 and 40-42 almost exclusively 

modulated MRP1. The identification of such scaffolds, able to selectively modulate each pump 

or capable of a simultaneous blockade of BCRP and MRP1, provides new insights on the 

development of new MDR modulators and allows further quantitative structure-activity 

relationships (QSAR) studies. 

 Other studies have also clarified flavonoids as inhibitors of the major contributors for 

MDR. While for MRP1 N-substituted carboxamide chromone derivatives were proved to be 

potent and selective inhibitors of MRP1 with almost no effect on other pumps (Obreque-Balboa 

et al., 2016), in BCRP flavonoids as genistein and naringenin showed to competitively inhibit 

BCRP-mediated efflux, with no effect on P-gp or MRP1, with such activities being enhanced 

due to the presence of an hydroxyl group in position 5 and a double bond between positions 2 

and 3 (Boumendjel et al., 2011; Pick et al., 2011). In addition, the number of nitrogen atoms, 

the aromaticity and the presence of fused aromatic heterocycles also seem to favor BCRP 

inhibition (Ferreira et al., 2015b; Michaelis et al., 2014; Montanari and Ecker, 2015). 

4.5.3. Structure-activity relationship (SAR) studies on MRP1 and BCRP 

efflux modulators 

Aiming for new insights on the specific interaction modes of the most active molecules with 

BCRP or MRP1, two pharmacophoric hypothesis were built (Figure 4.5). For BCRP, a 7-point 

pharmacophore comprising one aromatic (Ar), one hydrophobic or aromatic (H/A), one 

hydrogen-bond acceptor (Ac), one hydrogen-bond donor (Do) and three Exclusion Volumes 

(Ex) was obtained. While detecting all the most active molecules within the dataset (5/5, true 

positives), filters all non-active compounds (8/8, 100% true negatives) and the large majority 
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of low-activity compounds (4/9) (Table 4.16). Moreover, while ring B of the flavanone scaffold 

does not seem to be important for BCRP efflux modulation, hydrogen-bond donor and acceptor 

groups at position 5 and 7 respectively are identified as crucial for the activity, in agreement 

with published literature (Pick et al., 2011). Finally, this pharmacophore is also able to detect 

Fumitremorgin C and Ko143, two of the most potent BCRP modulators available. 

 

Figure 4.5. Pharmacophoric hypothesis for A) BCRP and B) MRP1 specific modulators. Measurement 

of distances, angles and dihedrals on the developed pharmacophores are also depicted. 

 Oppositely to BCRP, MRP1 efflux modulation does not seem to involve the presence 

of hydrogen-bond groups at positions 5 and 7, instead requiring the presence of ring B. In this 

seven-point pharmacophore, with two aromatic (Ar), one hydrogen-bond acceptor/donor (A/D), 
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one hydrophobic or aromatic (H/A) and three volume exclusion (Ex) features were identified 

(c.f. Figure 4.5). Herein, ring B must be kept spatially constrained to a given position by an 

additional exclusion volume (Ex2) while other two (Ex6,7) exclusion features around the 

hydrazide substituents to improve the accuracy of the pharmacophore. As such, all the most 

active MRP1 modulators (2/3, 66% positives) were detected while filtering all the inactive ones 

(0/3, 100% negatives). For low-activity compounds (Table 4.16), a detection rate of 38% (6/16) 

was observed. 

Table 4.16. Distribution percentages of the detected molecules for MRP1 and BCRP.a 

 MRP1 (% of inhibition)  BCRP (% of inhibition) 

Pos 0 < x < 50% Neg  Pos 0 < x < 50% Neg 

detected 2 6 3  5 4 8 

total 3 16 3  5 9 8 

d/t ratio 66%  38% 100%  100% 44% 100% 
a Pos, positives; Neg, negatives; d/t ratio, detection percentage (number of detected molecules over total 

number of molecules within the category). 

 Interestingly, in both cases only by spatially restraining the orientation of chemical 

features within the flavanone scaffold a good selectivity towards the most active molecules was 

achieved. In BCRP, the co-planarity of the substituent with the flavanone scaffold was the major 

feature driving selectivity towards hydrazones and azines (25-36), meaning that this substituent 

may be in a specific pocket buried within the BCRP structure, involved in π-π interactions with 

aromatic residues as phenylalanine or tyrosine. Regarding MRP1, the spatial disposition of the 

exclusion volume (Ex) features towards both ring B and the substituent allows us to infer that, 

and unlike BCRP, an out-of-plane conformation of both features is important to maximize 

interactions, through π-π stacking, between both features and aromatic sidechains in 

MRP1.Therefore, and in order to thoroughly characterize the interactions in both efflux pumps, 

a molecular docking study on recently published bovine MRP1 crystallographic structure 

(Johnson and Chen, 2017) and human BCRP  homology model (Ferreira et al., 2017a), 

developed in-house, was also performed (Figure 4.6). 

 The drug-binding pocket in BCRP is characterized as “surface groove”, located 

immediately next to a cholesterol-recognition aminoacid consensus (CRAC) domain and with 
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regions of distinct polarities (Ferreira et al., 2017a). Herein, molecular docking revealed that 

the most active compounds bind to the center of the groove, with the flavanone scaffold in close 

proximity of hydrophobic residues in TM helix 4 (Leu513-Ala528) and TM helix 5 (Val534-

Thr542) where fumitremorgin C (FMC), a known BCRP modulator, also binds (Figure 4.6A). 

Interestingly, while ring B is found to be buried in a small hydrophobic pocket formed by 

Val516, Phe545 and Pro574, the hydrazone substituent is found in another hydrophobic pocket 

involved in π-π stacking with Phe515 and dipole-dipole interactions with Met541. Interestingly, 

both residues are located next to three CRAC domains where cholesterol was also found to bind 

in molecular dynamics (MD) simulations (Ferreira et al., 2017a). 

 

Figure 4.6. Docking poses for the most active compounds in BCRP and MRP1. Reference inhibitors as 

fumitremorgin C (FMC) and Reversan (RVS) were docked for comparison purposes. Drug-binding sites 

are drawn as molecular surfaces (green, hydrophobic; pink, polar). 

 The above docking results agree with the previously developed BCRP pharmacophore, 

in which the two exclusion volumes located next to the hydrazone substituent (Ex6,7, Figure 

4.6A) assure a proper orientation of the aromatic ring towards π-π interactions with the Phe571 

aromatic sidechain. Moreover, and as ring B was not found to be essential for the activity, 

BCRP modulation due to hydrazones is expected to be due to i) competition with its natural 

substrates or ii) competition with cholesterol for the CRAC domains, having this an immediate 

effect by lowering the activity of the pump. Therefore, a feasible approach for further 
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optimization of the flavanone scaffold will involve chemical modifications of ring B to improve 

the potency and selectivity of hydrazones towards BCRP. 

 Most recently, the publication of the bovine MRP1, with 91% identity toward human 

MRP1, enables its utilization in new structure-based medicinal chemistry studies to identify 

probable drug-binding sites and interaction modes (Johnson and Chen, 2017). Herein, the 

LTC4-bound MRP1 structure (PDBID: 5UJA) was used as template for molecular docking to 

better understand structure-activity relationships with the observed biological activity. Herein, 

the most active compounds towards MRP1 (35, 41-42) were found to dock in a small cleft 

located at the top of the internal drug-binding pocket, in close proximity to the LTC4-bound co-

crystallized substrate and interacting with residues from TM helices 6, 10, 11 and 17. 

Furthermore, while ring B was found to participate in π-π interactions with Phe594, the 

hydrazide substituent of  compounds 41 and 42 were able to also interact through π-π stacking 

with Trp1245 due to the longer hydrazide linker. In addition, the carbonyl moiety also allowed 

hydrogen-bonds with residues Trp553 (36, 42-43), Arg593 and Tyr1242 (41). As in BCRP, one 

of the most potent MDR1 modulators, Reversan (Burkhart et al., 2009; Obreque-Balboa et al., 

2016), docked in the same location (Figure 4.6B) and adopted a similar conformation in which 

one of the aromatic rings stacks with Phe594 while the other remained close to Trp1245 and 

the morpholine moiety in a hydrophilic pocket, interacting by hydrogen-bonding with Gln377 

and Leu1237. 

 The predicted docking poses for MRP1 are in a good agreement with the herein 

developed pharmacophore. Due to the extra methylene unit in compounds 41 and 42, the 

hydrazide linker is longer and allows the phenyl ring to easily adopt the required “out-of-plane” 

conformation to better interact with Trp1245. It was also observed that i) in the absence of 

aromatic substituents, CH-π interactions between methyl or methylene groups and aromatic 

residues can be present, and that ii) hydrogen-bonds can also be found between the hydrazide 

moiety (C=N-NH-CO-R) and hydrogen-bond donors as Trp553, Arg593 or Tyr1242. 

Moreover, the interaction between ring B and Phe594 clarifies the importance of this aromatic 

moiety, with the small exclusion volume (Ex2) close to the 4’-hydroxyl being important for a 

proper orientation of ring B towards the aromatic sidechain of Phe594. Taking all together, 

chemical modifications at position 7, as methylation or acylation of the hydroxyl group, could 

be suitable approaches to further improve the potency of naringenin carbohydrazides towards 

MRP1.
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In silico studies on P-glycoprotein efflux 

mechanism. Results and Discussion 
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5. In silico studies of ABC efflux pumps  

Despite the large knowledge obtained from experimental data regarding ABC transporters, the 

efflux mechanism by which they efflux drugs out of the cell is still obscure. Especially relevant 

in the identification of drugs as substrates or modulators, experimental techniques are often 

unable to thoroughly characterize the number of drug-binding sites, binding modes or the 

complete efflux mechanism. Nonetheless, and specifically for P-glycoprotein, the evidences 

provided by such techniques were determinant for the identification, through ligand-based 

studies (Ferreira et al., 2015b), of the chemical features related with the ability of a given 

chemical class to behave as substrate or modulator and allowing significant advances on the 

design of molecules to act as potent efflux modulators. Herein, the importance of aromatic 

features (Suzuki et al., 1997), the presence of nitrogen atoms (Ecker et al., 1999; Pearce et al., 

1989) or the spatial relationship through QSAR studies were used to distinguish substrates from 

modulators (Ferreira et al., 2011; Sousa et al., 2013; Srivastava et al., 2016), to classify 

molecule classes into P-gp substrates or non-substrates (Klepsch et al., 2014; Prachayasittikul 

et al., 2016) or to predict the activity of newly synthesized derivatives towards more potent 

efflux modulators (Baptista et al., 2016; Srivastava et al., 2016; Yang et al., 2015). 

 To date, no efflux modulator has been used clinically for reversing the MDR phenotype 

in cancers, or even passed phase III clinical trials. Even third generation modulators as 

tariquidar or zosuquidar, able to block P-gp efflux at the nanomolar range, failed to succeed in 

vivo due to increased cellular toxicity or reduced efficacy (Ferreira et al., 2015b). Thus, it is 

also important to thoroughly understand the specific basis of the efflux mechanism through a 

comprehensive study of P-gp’s structural features. Towards that end a refined P-gp model 

(Ferreira et al., 2012), obtained through molecular dynamics (MD) studies from the murine P-

gp crystallographic structure published in 2009 (Aller et al., 2009),  provided new insights on 

the structural stability of this ABC transporter. Briefly, both the lipid membrane and the 

“linker”, a short polypeptidic sequence missing in the original crystallographic data, were found 

to be important for the structural stability of the transporter. Regarding the lipid membrane, 

while 1-palmitoyl-2-oleoyl-phosphatidyl choline (POPC) was found to stabilize the 

transmembrane domains (TMD) by reducing the correspondent hydrophobic mismatch with the 

membrane, the “linker” had a distinct effect on the transporters’ insertion angle, stabilizing the 
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protein even when inserted in a short-chain dimyristoyl-phosphatidylcholine (DMPC) 

membrane (Ferreira et al., 2012). 

 The development of the above P-gp model was a crucial step for elaborating further 

studies, aiming for a better comprehension of the structural details that can be involved in drug 

efflux. Therefore, studies involving structural details, identification and characterization of 

drug-binding sites, efflux mechanisms or drug-transporter interactions were performed to better 

understand not only the transporter itself, but also which key points are important during the 

efflux mechanism. Therefore, by studying the structural dynamics of the transporter, new 

insights can potentially be used to develop more potent and selective modulators to be used as 

MDR reversers suitable to be co-administered with anticancer drugs in multidrug-resistant 

cancers.  

5.1. The “linker” (residues 627-684) function in P-glycoprotein 

While already known to be important for drug transport and ATPase activity of the pump 

(Hrycyna et al., 1998; Sato et al., 2009), other studies described this sequence as important for 

P-gp expression and cell trafficking (Rao et al., 2006), ubiquitination (Kölling and Losko, 1997) 

or actin motor pathways (Chan et al., 2005; Georges, 2007). From a previous paper, the “linker” 

was also found to be important for the structural stability of the transporter, having a strong 

positive effect by stabilizing the tilt angle of P-gp in DMPC, being the hydrophobic mismatch 

compensated by the increase in the total thickness of the membrane. When in POPC, the 

insertion of the “linker” (Figure 5.1) decreased NBD-NBD distance variations and fluctuations 

between the two domains.  
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Figure 5.1. Linker’s secondary structure after the 100 ns production run, showing the two α-helices, the 

N-terminal Ala627 and C-terminal Ala684 residues (Ferreira et al., 2013a). 

 These findings support the fact that the presence of the linker sequence and the 

membrane are, indeed, essential to the stabilization of the whole structure, and led to further 

studies aiming for a thorough characterization of the “linker” role in P-gp stabilization. 

5.1.1. Structural and functional analysis of the “linker” 

From the amino acid sequence, a more detailed analysis of the linker by PredictProtein™ server 

(Rost et al., 2004), estimates that more than 85% of the residues are exposed with only 10.5% 

probability for helix/strand formation, being in accordance with previous predictions used to 

build the linker and with other previous results (Ferreira et al., 2012). In addition, three 

favorable hot spots for protein-protein binding were identified, located next to highly conserved 

sequences on ABC transporters that could be involved, specifically for P-gp, in its structural 

stability. 

 The role of the “linker” became apparent since the first MD simulations using the 

published and correctly protonated crystallographic structure. While a 33% increase in the 

distance between the NBDs centers of mass was observed in simulations without a membrane, 

the insertion of P-gp in a lipid bilayer without adding the linker was not sufficient to correct 

this issue. Herein, the NBD distance in the x axis (xy axis are coplanar to the membrane plane) 

still increased even when inserted in a DMPC membrane, together with a tilt in the protein’s 

insertion angle as a way to compensate the existent hydrophobic mismatch between the 

transporter and the membrane. With POPC this shift was not observed and distance variations 
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were mainly observed in the y axis, which can be linked to the normal motion patterns identified 

for this transporter. 

 Following the insertion of the linker, the NBD fluctuations were greatly reduced (Figure 

5.2A) and, for DMPC and POPC bilayers, the insertion angle and NBD distance remained 

unaffected. Interestingly, only after a 30 ns MD run, the hydrophobic mismatch between P-gp 

and DMPC membrane was compensated through a 5.2% increase in bilayer thickness, 

increasing membrane curvature and shifting the NBD2 spatial position. In the 100 ns production 

run with POPC membrane, no hydrophobic mismatch or membrane curvature was observed 

and the previously identified P-gp motion patterns were still identified in the y axis, mainly due 

to the NBD pendular/rotational movements previously described (Ferreira et al., 2012). In 

addition, the RMSF profile obtained from the 100 ns production run (Figure 5.2B) identified 

two major fluctuation areas between aminoacids 632-643 and 654-663, appearing to be 

intimately related with the two small helices packed between both NBDs.  

 

Figure 5.2. (A) Root Mean Square Fluctuations (RMSF) of the α-carbon for the P-gp domains, in the 

absence (black) or presence of linker (red), on a POPC Membrane (Ferreira et al., 2012); (B) RMSF for 

linker residues (α-carbons) from the 100 ns run, with the protein-protein contact residues identified by 

PredictProtein server (Ferreira et al., 2013a). A scheme of the secondary structure is displayed at the 

top, with α-helices in red, β-sheets in yellow and coils as a black line. 

 While the first one (residues 632-643) shows some of the characteristics of an ideal α-

helix (radius 0.23 ± 0.01 nm, twist 98 ± 5 degrees and rise of 0.15 ± 0.02 nm), the second one 

(residues 654-663) displays a severe change in the secondary structure, shifting from an α-helix 

into a π-helix during about half of the 100 ns run. This type of structure is rarely seen in proteins, 

but is frequently associated to the formation or stabilization of a specific binding sites (Weaver, 

2000). The rate of formation/distortion of these two helices, particularly the second one, could 
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be also related with P-gp normal motion patterns and specifically with the linker’s ‘damper’ 

function, acting as two flexible springs absorbing large motions and stabilizing the cytoplasmic 

domains of the transporter. 

 The importance of the predicted protein-protein hot spots was initially assessed by 

comparing the P-gp contact maps before (crystallographic structure with the linker, prior to the 

energy minimization and refinement protocol) and after the 100 ns production run. It is possible 

to verify that the number of initial contacts only involved linker residues between Leu637-

Ala649 but, at the end of the simulation, a 67.4% increase was registered due to the formation 

of new contacts mainly involving residues Ile648-Asp652, Arg666-Lys670 and Cys673-

Asp679. 

 It is expected that the existence of protein-protein contact surfaces near the NBD2 ATP-

binding site are involved in the stabilization of the structure, defining the ATP-binding pocket 

outer boundaries and contributing to the affinity of ATP towards NBD2. A different function 

is, however, expected from the linker’s upper loop (Figure 5.1) protein-protein contact surface, 

as it impairs access to the internal drug-binding pocket from the cytoplasm. Additionally, and 

since it defines the lower boundary of the pocket, it is expected to be also directly involved in 

substrate recognition by R- and H-sites (Shapiro and Ling, 1997b). Therefore, and as shown by 

several studies (Hrycyna et al., 1998; Sato et al., 2009), the upper loop’s position stability will 

affect the volume of the internal cavity and possible interactions with molecules at the substrate-

binding sites.  

 From the three protein-protein interaction hot spots identified by PredictProtein server, 

the first one (PP1) is located after the first small α-helix, near Walker A (GSSGCGKS) and H-

loop (IVIAH) motifs. As these conserved sequences are involved in the ATP binding pocket 

formation and ATP-dependent switch, and considering that the “linker” sequence was proved 

important for ATP binding and hydrolysis, it is possible that the magnitude and number of 

residues involved in the interaction between PP1/NBD2 can affect not only the ATP binding 

pocket formation but also the orientation and accessibility of the catalytic residue in NBD2 

towards ATP. 

 The next predicted contact surface (PP2) includes the first amino acids of the middle 

coil, connecting the lower segment and the upper loop. The high variation in the middle coil 

RMSD during the 100 ns run (Ferreira et al., 2012) was particularly interesting because it could 

suggest the formation and breaking of a contact point contributing to the NBD2 stability. As 
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these residues are located next to the outer NBD2 helices, PP2 was thought to also contribute 

as an additional stabilizing anchor point to favour ATP binding and hydrolysis. Finally, and 

unlike PP1 and PP2, a single residue was identified as a third preferred contact point (His676, 

PP3) that interacted almost exclusively with linker residues. Based on his location (far from 

NBD2 and at the beginning of the upper loop) and since it defines the lower boundary of the 

internal drug-binding pocket, this contact point must be involved in the stabilization of the 

linker’s upper loop by interacting with residues in the transmembrane helices (TMH), directly 

affecting the molecule’s recognition by the substrate-binding H and R-sites hypothetically 

localized near the inner leaflet of the lipid bilayer. 

5.1.2. Detailed “linker” contact analysis 

5.1.2.1 Lower segment (residues 648-652) 

After the preliminary linker equilibration and POPC insertion, the number of contacts and 

amino acids involved in the PP1 hotspot interactions were assessed. All the predicted contacts 

by the online server were already established, but additional contacts were found between 

Ile648/Arg1233 and Asp649/His1232. In addition, while all PP1 residues interacted with H-

loop and C-terminal residues of NBD2, residue Asp652 is the only one simultaneously 

interacting with Walker A (Ser1071 and Ser1072) and H-loop (His1232) motifs. Hydrogen-

bonds were found between residue pairs Asp649/His1232, Asn650/Val1273 and 

Asp652/Ser1072. Having performed the initial identification of the residues possibly involved 

in PP1 contacts with NBD2, the stability of this contact surface was evaluated throughout the 

production run. 

 A first approach was made through the evaluation of the minimum distances between 

the previously identified residue pairs. It was clear that the distance between Asp649/His1232 

and Asp652/Ser1071, Asp652/Ser1072 and Asp652/His1232 were stable throughout all 

simulation while Ile648/Arg1233 and Asn650/Ala1275 distances increased after the first 30-40 

ns. For Leu651, the distances with His1232 and Met1270 were shorter and more stable than the 

ones registered with Val1273 or Ala1275. Following, non-bonded interactions (hydrogen-

bonds, HBs) between linker residues and NBD2 conserved motifs were studied because they 

can be one of the reasons for the PP1 stability. Despite the major number of HBs detected is 

between peptides, water-mediated HBs can also participate in the protein stabilization. 
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However, according to the Luzar and Chandler kinetics (Luzar, 2000; Luzar and Chandler, 

1996), these peptide-water interactions are weaker when compared with peptide-peptide HB 

and can be ignored. Oppositely, HB involving aspartic acid residues (Asp649 and Asp652) 

seems to be the most stable, thus having a greater contribution for NBD2 stabilization. Using 

Luzar’s intermittent HB correlation function (Luzar, 2000; van der Spoel et al., 2006), the 

dynamics of the formation and breaking of hydrogen-bonds for all contact surfaces could be 

analyzed with additional detail.  

 For PP1 (Table 5.1), the weaker initial Ile648/Arg1233 interaction was substituted by a 

stronger Asp649/Arg1233 contact and the interactions established between Asp649/His1232 

(H-loop) and Asp652/Ser1072 (Walker A motif) showed the highest average number of HBs 

per time unit. However, Asp652/Cys1074 and Asp652/His1232 displayed the larger HB 

lifetime although with a lower average number of HBs per time unit than Asp652/Ser1072. 

Therefore, aspartic acid residues Asp649 and Asp652 seem to have a central role in the 

interaction with NBD2, creating an anchor point that not only stabilizes the NBD1/NBD2 

distance but also provides a more defined boundary of the ATP-binding site. 

Table 5.1. Physical properties of the hydrogen-bonds between PP1 and NBD2 (τ, lifetime of 

bond formation; ΔG, HB formation energy; ‹NHB›, average number of HB) (van der Spoel et 

al., 2006). 

Residue 
τ / ps ΔG / kJ.mol-1 ‹NHB› 

PP1 NBD2 

Ile648 Arg1233 41.7 -14.0 0.03 

Asp649 
His1232 

Arg1233 

119.5 

49.1 

-16.7 

-14.4 

1.21 

0.25 

Asn650 Ala1275 131.0 -16.9 0.56 

Asp652 

Ser1071 

Ser1072 

Gly1073 

Cys1074 

His1232 

472.2 

209.7 

991.4 

2443.4 

2020.6 

-20.2 

-18.1 

-22.0 

-24.3 

-23.8 

0.64 

1.66 

0.43 

0.27 

0.10 

 Additionally, and despite the loss of hydrogen-bonds between Ile648/Arg1233, a new 

hydrophobic contact point with the C-terminal residues Val1273 and Ala1275 was formed to 
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avoid the more hydrophilic aqueous environment. Curiously, and despite the relative stability 

in the minimum distance for residues Leu651/His1232 and Leu651/Met1270, no evidence of 

HBs were found, mainly due to an unfavourable orientation of the amino and carbonyl groups 

towards His1232 and Met1270. 

5.1.2.2 Middle coil (residues 666-672) 

As predicted for PP2 (Figure 5.2B), the main interactions were between linker residues 

Arg666, Ser667 or Lys670 with residues at D-loop (Ser1204), Q-loop (Glu1119) and Signature 

(Leu1176 and Lys1181) motifs. Interestingly, by the analysis of the 100 ns production run, no 

meaningful interactions were found between “linker” residues Ser671 and Ile672 with residues 

in the conserved motifs. Instead, Thr668 appears to be involved in protein-protein contacts with 

Q-loop and Signature motifs whereas Arg699 seems to interact with a Thr1174, a non-

conserved residue. 

 After the first 20 ns, and when compared with PP1, the variations in the residues 

minimum distances are smaller and within 2 nm. However, only Thr668 and Lys670 seem to 

have the most stable distances, whereas Arg666/Ser1204, Ser667/Glu1119 and 

Thr668/Glu1119 are more irregular. As this contact spot is located immediately after the second 

α-helix, the NBD2 rotational motion pattern can affect the length of this surface, widening when 

NBD2 is closer and forcing the second helix to shift from an α-helix to a π-helix to better absorb 

NBD2 motions. This can be inferred by overlapping the Lys670 minimum distances with the 

changes in the second helix radius/twist, with residue pairs being at their minimum distance 

when the π-helix is formed (between 30 and 60 ns). In the absence of the linker, NBD2 rotates 

more freely around the ‘ball-and-socket’ joint formed by ICH4 and NBD2. With the linker, PP1 

seems to be essential to maintain an ideal distance between NBDs (around 3 nm) while PP2 

creates an additional anchor point, increasing the stability of the NBDs and favouring the 

linker’s damper function by transferring the residue fluctuations into the linker’s α-helices. 

 As previously, the physical properties of the HBs established between residues were 

thoroughly analysed thoroughly. By the analysis of Table 5.2, showing some HB physical 

properties of the PP2 hot spot, is possible to identify the HBs between Thr668/Leu1176 

(Signature motif) as the most frequent and the second most stable. Herein, Lys670/Thr1174 

exhibits the strongest binding energy and establishes of a very stable hydrogen bond with an 

extremely long lifetime between the lysine amino group and threonine carbonyl group, both in 
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the mainchain. A deeper analysis revealed that the simultaneous HB interactions between 

Arg669/Thr1174 sidechains and Thr668/Leu1179 induces an optimal distance between Lys670 

and Thr1174 backbones that favors the extremely long HB between Lys670 and Thr1174. 

Moreover, this assumption is corroborated by the observation that, when both pairs 

Thr668/Leu1179 and Lys670/Thr1174 interact, a small transient β-sheet is formed. 

Interestingly, PP2 only shows three interactions below -20 kJ.mol-1 involving three different 

amino acids, whereas in PP1, a single aminoacid (Asp652) registered 4 hydrogen-bonds with 

lower binding energies. As such, it seems that interactions between Thr668/Leu1176 and 

Lys670/Thr1174 have a central role in the creation of a wider HB network ranging from 

Arg666/Ser1204 (D-loop) to Lys670/Val1174 (before Signature motif). 

Table 5.2. Physical properties of the hydrogen-bonds between PP2 and NBD2 (τ, lifetime of 

bond formation; ΔG, HB formation energy; ‹NHB›, average number of HB). 

Residue 
τ / ps ΔG / kJ.mol-1 ‹NHB› 

PP2 NBD2 

Arg666 Ser1204 276.5 -18.8 0.15 

Ser667 
Glu1119 

Glu1175 

59.4 

473.0 

-14.9 

-20.2 

0.04 

0.24 

Thr668 

Glu1119 

Leu1176 

Lys1181 

177.6 

922.8 

24.2 

-17.7 

-21.8 

-12.7 

0.30 

1.28 

0.002 

Arg669 Thr1174 19.9 -12.2 0.06 

Lys670 

Asp1124 

Val1169 

Thr1174 

102.0 

208.4 

13386.0 

-16.3 

-18.1 

-28.6 

0.44 

0.39 

0.78 

5.1.2.3. Upper loop (residues 673-690) 

 In the upper loop of the linker, His676 was pointed out by the online server as a possible 

residue involved in protein-protein contacts. Since through the simulation analysis we 

additionally found stable contacts between residues Cys673/Glu255 (in TMH4), the aminoacids 

from Cys673 to Glu690 were also evaluated to assess its importance for the upper loop’s 

stability. Thus, a more thorough examination of this sequence allowed us to further exclude 

other residues from this analysis, as their hydrogen-bond acceptor groups are oriented towards 
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water molecules. Only residues Thr684/Asp177, Thr684/Ser180, Lys685/Asp177 and 

Lys685/Ser180 (belonging to TMH3) and Asp689/Thr816, Glu690/Thr816, Asp689/Arg817 

and Glu690/Arg817 (residues from TMH9) were found to establish HBs with TMH residues. 

 One of the unique characteristic features of this contact surface is the fact by which HBs 

are almost exclusively found to be between sidechains, which allow a greater fluctuation 

throughout the production run. It is also possible to identify Cys673/Glu255, His676/Glu690, 

His676/Asn820 and Lys685/Asp177 as the ones having a more stable minimum distance, 

leading us to predict the formation of HBs between these residue pairs. Another interesting 

characteristic of the PP3 hot spot is the relatively stable position near the interface of the 

bilayer’s inner leaflet. This cannot be solely due to His676 because most of the interactions are 

related with the stabilization of the upper loop through HBs with Ser693, Glu686 and Glu690, 

also belonging to the linker. Oppositelly, the position of this structure is sustained due to 

Thr684/Asp177, Thr684/Ser180, Lys685/Asp177, Asp689/Arg817 and Glu690/Thr816 

interactions. 

 As expected, from the analysis of the HB characteristics (Table 5.3), the HB with lowest 

binding energies are between His676/Ser683 (within the linker) and His676/Asn820 (in 

TMH9), with the latter having a much larger average number of HBs per time unit. Residue 

pairs Thr684/Asp177 and Lys685/Asp177, not predicted by the online server but detected by 

visual inspection as a possible anchor point between the linker and TMH3, also had relatively 

high lifetimes and energies, which are indicative of a relatively stable contact zone. The other 

detected HBs seem to contribute to increase the upper loop’s stability through the creation of 

an efficient HB network able to crosslink both P-gp halves. Therefore, although not 

participating in the stabilization of the nucleotide-binding domains, the linker’s upper loop 

noticeably defines a stable lower boundary for the internal drug-binding pocket, probably being 

part of the substrate-binding H- and R-sites. 

Table 5.3. Physical properties of the hydrogen-bonds between PP3 and TM helices 3, 4 and 9 

(τ, lifetime of bond formation; ΔG, HB formation energy; ‹NHB›, average number of HB).  

Residue 
τ / ps ΔG / kJ.mol-1 ‹NHB› 

PP3 TMH 

Cys673 Glu255 125.0 -16.8 1.05 

His676 Ser683 800.0 -21.5 0.21 
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Glu686 

Glu690 

Asn820 

90.7 

39.2 

951.8 

-16.0 

-13.9 

-21.9 

0.03 

1.24 

0.96 

Thr684 
Asp177 

Ser180 

356.6 

158.2 

-19.4 

-17.4 

1.27 

0.06 

Lys685 Asp177 500.6 -20.3 0.71 

Asp689 Arg817 69.4 -15.3 0.17 

Glu690 Thr816 159.2 -17.4 0.29 

 

5.2. Identification and characterization of the drug-binding sites 

5.2.1. Identification of possible drug-binding sites 

From literature, many published studies identified three major drug-binding sites in P-gp, based 

on experiments with verapamil (gold-standard modulator), Hoechst 33342 and Rhodamine-123 

(substrates). Two of them were named H-site and R-site by Shapiro and Ling (Shapiro et al., 

1997; Shapiro and Ling, 1998) after identifying Hoechst 33342 and Rhodamine-123 as 

preferential substrates for each, respectively. Additionally, they also suggested that both could 

interact in a positively cooperative manner, thus affecting the substrate efflux (Shapiro and 

Ling, 1997b). 

 In our study (Ferreira et al., 2013b), the whole internal drug-binding pocket was defined 

as the docking box. The nine best ranked docking poses obtained for verapamil, Rhodamine-

123 (R123) and Hoechst 33342 (H33342) outlined two out of three major drug-binding sites 

(Figure 5.3). Herein, verapamil was found in two major locations, with four poses (-7.6 to -7.4 

kcal.mol-1) close to the outer leaflet of the lipid bilayer and five docking poses in a lower 

location, next to the inner leaflet interface, with binding energies ranging from -7.6 to -7.3 

kcal.mol-1. Interestingly, the site identified at the top of the cavity— hereafter named M-site— 

had been already described from a murine P-gp structure with two co-crystallized modulators 

(QZ59-SSS and QZ59-RRR)  (Aller et al., 2009). As verapamil is described in literature as 
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substrate (Cabrera et al., 2006; Wang et al., 2003; Xue et al., 2004) and modulator (Tsuruo et 

al., 1981; Wang et al., 2003; Wiese and Pajeva, 2001), and assuming that the lower location 

detected next to cytoplasmic interface is a substrate binding site, the identical binding energies 

at both sites provided a glimpse on the promiscuous behavior of verapamil. In addition, the 

docking poses of R123 were also found in both locations with equal binding energies of -9.2 

kcal.mol-1. This finding supports the cytoplasmic inner leaflet C-terminal position as a 

substrate-binding site, described in literature as the location where R123 interacts— R-site. 

Therefore, verapamil and Rhodamine-123 poses allowed a first insight about the boundaries of 

the R-site (Figure 5.3). 

 For H33349, however, almost all the top-ranked docking poses were found at the 

assigned R-site (-10.5 kcal.mol-1), with only two poses registered at the N-terminal halve in a 

symmetrical location, although with lower binding energy (-9.0 kcal.mol-1, Figure 5.3). This 

result alone did not allow a positive identification of the remaining site– the H-site–  location 

but agrees with several studies corroborating the H-site location in the N-terminal domain. 

Pajeva et al. identified two possible locations for the H-site next to TMH5 and TMH11 (Pajeva 

et al., 2004), based on a pharmacophore model of Hoechst 33342. Loo and Clarke, through 

cysteine scanning mutagenesis (Loo and Clarke, 2002, 2001, 2000), showed that TMHs 6, 9 

and 12 were part of the R-site while TMHs 2, 3, 4, 10 and 11 delimited the H-site. Both studies 

are consistent with our R-site assignment and, therefore, its symmetrical position located next 

to TMDs 2, 3, 4, 10 and 11 could be assigned as the H-site. In addition, Sharom and co-workers 

mapped H-site 10-14 Å below the membrane surface (Qu and Sharom, 2002), also locating 

LDS-751 binding site closer to the cytoplasmic membrane/water interface regarding the 

Hoechst 33342 binding site (Lugo and Sharom, 2005). In our study, and for the identified 

substrate-binding sites, the assigned H-site is indeed more deeply buried in the cytoplasmic 

leaflet of the membrane (2.4 Å for the water/lipid interface against 0.5 Å mapped for the R-

site). 
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Figure 5.3. Best ranked docking poses for verapamil (green), Rhodamine-123 (yellow) and Hoechst 

33342 (pink), allowing the M-site (green arrow) and R-site (blue arrow) assignments. Phosphate (red) 

and nitrogen (blue) atoms of lipid headgroups are also represented to assess the relative position of the 

lipid membrane (Ferreira et al., 2013b). 

 Another way to validate the assignment of H and R-sites is to analyse docking poses for 

additional molecules as anthracyclines (Shapiro and Ling, 1997b) and LDS-751, described to 

preferably bind to the R-site (Shapiro and Ling, 1998), quercetin and colchicine as specific 

binders to the H-site (Shapiro and Ling, 1997b) and vinblastine, actinomycin D and etoposide 

in both sites (Shapiro and Ling, 1997b). Our docking study showed, for LDS-751 (Figure 5.4), 

docking poses at the assigned R-site (top-ranked pose, -8.1 kcal.mol-1) and H-site (-7.9 

kcal.mol-1), but also at M-site (-7.8 kcal.mol-1). For antracyclines (daunorubicin and 

doxorubicin), the top-ranked docking poses were found at the assigned R-site (Figure 5.4) with 

binding energies lower than -10 kcal.mol-1.  
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Figure 5.4. Best ranked docking poses for LDS-751 (green), daunorubicin (yellow) and doxorubicin 

(pink). The R-site is identified by a blue arrow. Phosphate (red) and nitrogen (blue) atoms of lipid 

headgroups are also represented to assess the relative position of the lipid membrane (Ferreira et al., 

2013b). 

 Although daunorubicin almost exclusively docked at the R-site (only 1 pose registered 

at M-site with -8.8 kcal.mol-1), doxorubicin displayed three poses at H-site, with affinities 

ranging from -9.4 to -9.2 kcal.mol-1. Since H33342 and doxorubicin docked in both H and R-

sites within the standard error reported for VINA (2.85 kcal.mol-1) (Trott and Olson, 2010), this 

does not allow to discriminate between sites. However, the global results are in accordance with 

previous experimental findings which claimed that molecules interacting at H-site will 

positively affect the efflux from R-site and vice-versa. From the above results and for H33342, 

low doxorubicin concentrations may effectively stimulate the efflux from the H-site 

translocation pathway, whereas at higher concentrations the competition between both 

molecules increases and efflux is impaired, as demonstrated by Shapiro and Ling (Shapiro and 

Ling, 1997b).  Finally, while etoposide was also found at both (with ΔG of -10.0 and -9.5 

kcal.mol-1 for R- and H-sites respectively), vinblastine (-8.6 kcal.mol-1) and actinomycin D (-

11.2 kcal.mol-1) top-ranked poses were found at the assigned H-site (Figure 5.5). Hence, the 

symmetrical positions in which these molecules docked (near the inner leaflet interface) 

strongly corroborate our H- and R-sites assignment hereby proposed. 
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Figure 5.5. Docking poses for etoposide (green), vinblastine (yellow) and actinomycin D (pink). H-site 

is identified by a red arrow. Phosphate (red) and nitrogen (blue) atoms of lipid headgroups are also 

represented to assess the relative position of the lipid membrane (Ferreira et al., 2013b). 

 Quercetin and colchicine, on the other hand, did not docked preferentially at the 

assigned H-site, instead being found at M-site and R-site with similar binding energies 

(difference of 0.3 kcal.mol-1 between sites). Although different from previously reported results 

(Shapiro and Ling, 1997b), the docking results are in accordance with several experimental 

results in which colchicine was showed to protect residues in TMH6 and TMH12 (belonging 

to R-site) from dibromobimane labelling (Loo and Clarke, 2001, 1999). Quercetin and also 

colchicine also compete with [3H]-azidopine for P-gp labelling, a substrate proved to interact 

in a similar location as calcium channel blockers like verapamil (Safa et al., 1987; Shapiro and 

Ling, 1997a) and different from cyclosporine A or vinblastine (Tamai and Safa, 1991). In 

addition, the large number of cellular targets and the type of phospholipid and 

protein/phospholipid ratio can also bias results obtained with quercetin (Shapiro and Ling, 

1997a). Therefore, it is not clear that quercetin and colchicine bind preferentially at the H-site 

or if their influence in R123 efflux can be exerted by other mechanism. 

 Based on the above data, a question remains: how can these results explain the 

Rhodamine-123 efflux increase in the presence of colchicine and quercetin and simultaneously 
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affect Hoechst efflux? A direct competition between Rhodamine-123, quercetin and colchicine 

may favor R123 efflux by displacing colchicine and quercetin into the alternative H-site 

pathway, having as consequence an impairment of H33342 efflux. However, another suitable 

response can be found in an early proposed mini-pharmacokinetic system (Didziapetris et al., 

2003), in which essential pre-requisites for any P-gp substrate are molecular weight (MW) > 

400 and a Lipinski number of acceptors (LA) ≥ 8. While none of the considered molecules 

(Rhodamine-123, quercetin or colchicine) fully comply with these specifications, the combined 

properties of such small molecules may have a positive influence in the stimulation of drug 

efflux at one of the translocation pathways. All the above data thoroughly supports the logical 

assignment of three major drug-binding sites within P-gp’s drug-binding pocket, corroborating 

the earlier identification by Aller et al. of a modulator-binding site (M-site) and, for the first 

time to our knowledge, assigning the substrate-binding H-site and R-site to specific locations 

within the internal cavity. 

5.2.2. Characterization of the drug-binding sites 

After the identification of three major drug-binding sites (DBS) at the P-gp’s internal pocket, a 

thoughtful characterization of the lining residues, volume and polarity followed. One of the first 

noticeable differences between M-site and H/R drug-binding sites is the aminoacid composition 

(Table 5.4). At the M-site, 33% of residues have aromatic sidechains (namely phenylalanine 

and tyrosine) against 15 ± 1% in the H and R-sites. Although the number of hydrophobic 

residues is similar in all sites (40 ± 1%), polar residues are more predominant at the H and R-

sites (44 ± 1% against 27% in M-site). This asymmetry in residues distribution, already 

described in 2009 (Aller et al., 2009), has a direct effect in the DBS mean polarities with 

calculated values of + 0.24 for the M-site, + 0.32 for R-site and + 0.33 for H-site. The analysis 

also revealed that three residues in the linker’s upper loop are common to H and R-sites, thus 

supporting the importance of this structure for the structural recognition of substrates (Hrycyna 

et al., 1998). 

 Since several other residues are also common to both substrate-binding sites (Table 

5.4), this structural finding can be a link to the positively cooperative assumption by Shapiro 

and Ling. Moreover, while M-site registers an increased percentage of aromatic and 

hydrophobic residues (phenylalanine, valine, methionine and tyrosine), residue distribution 

between H- and R-sites are similar, presenting an increased prevalence of more polar 
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aminoacids such as glutamines or glycines at the R-site, and cysteine or triptophane only found 

at H-site. Serines and leucines, however, show similar distributions throughout the three sites. 

Therefore, it is tempting to explain that affinity differences towards drug molecules between H 

and R-sites are due to this asymmetry in residues distribution. 

Table 5.4. Mapped residues for each drug-binding site.a 

M-site (n = 33) R-site (n = 49) H-site (n = 45) 

His60 

Leu64 

Met67 

Met68 

Phe71 

Gly72 

Thr75 

Tyr113 

Val121 

Tyr303 

Gln326 

 

Val327 

Leu328 

Thr329 

Phe332 

Ser333 

Ile336 

Phe339 

Gln721 

Phe724 

Ser725 

Phe728 

 

Ser729 

Val732 

Gln942 

Met945 

Tyr946 

Tyr949 

Leu971 

Phe974 

Ser975 

Val978 

Met982 

Ala229 

Thr236 

Asp237 

Leu240 

His241 

Ile289 

Asn292 

Met295 

Gly296 

Phe299 

Leu300 

Ile336 

Phe339 

Ser340 

Val341 

Gly342 

Gln343 

 

Ala344 

Ser345 

Pro346 

Glu349 

Gln674 

Asn675 

Arg676 

Asn717 

Leu720 

Gln721 

Phe724 

Ser762 

Thr765 

Phe766 

Gln769 

Glu770 

Phe773 

 

Gly774 

Glu778 

Ala819 

Gln820 

Val821 

Lys822 

Gly823 

Gly985 

Gln986 

Ser988 

Ser989 

Phe990 

Ala991 

Pro992 

Asp993 

 

His60 

Val121 

Leu122 

Ala125 

Gln128 

Val129 

Trp132 

Cys133 

Asn179 

Glu180 

Gly181 

Ile182 

Gly183 

Asp184 

Ile186 

 

Gly187 

Met188 

Phe190 

Gln191 

His241 

Ser340 

Val341 

Gln343 

Ser345 

Pro346 

Asn347 

Glu349 

Ala350 

Ala351 

Arg676 

 

Lys677 

Leu678 

Leu875 

Ser876 

Leu880 

Ala897 

Lys930 

Phe934 

Phe938 

Ser939 

Gln942 

Ala943 

Tyr946 

Asp993 

Lys996 

 

a Residues in italic are common to at least two DBS, and underlined residues are part of the linker 

sequence. 

 For instance, H-site have a higher percentage of charged residues (lysine, histidine and 

glutamic acid residues), whereas R-site have a higher number of glycines, glutamines and 

prolines (non-ionizable residues). Interestingly, no threonines and tyrosines are found in H- and 

R-sites, respectively.  

 For all three DBS, individual volumes were also calculated by probing the internal space 

with EPOSBP. A mean volume of 1300 ± 300 Å³ was estimated for M-site, whereas the 

calculated mean volume for both substrate-binding sites were considerably higher, 1900 ± 500 

and 2200 ± 600 Å³ for R and H-sites (30% and 39% higher, respectively). A graphical 

representation of the Molecular Surface (MS) for M-site (Figure 5.6, top left) shows a ‘bell-

shaped’ structure at the top of the DBP, opening directly into the internal cavity. The 
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correspondent Electrostatic Map (EM – Figure 5.6, top right) revealed a hydrophobic surface, 

with π electrons from aromatic rings arising as contact surfaces with an electron-donating 

potential and four extra electron-acceptor surfaces found near hydroxyl and amino groups of 

residues Gln326, Gln721, Ser725 and Tyr946. For R-site, a ‘pouch-shaped’ like cavity was 

observed (Figure 5.6, middle left), with its entrance delimited by polar residues (Ser340, 

Arg676, Gln721, Ser988 and Ser989) and with two aromatic residues (Phe339 and Phe756) 

additionally contributing for a hydrophobic region next to the pocket entrance. The EM shows 

an increased proportion of charged surfaces (Figure 6.6, middle right), with electron-donating 

carbonyl and hydroxyl groups of residues Gln769, Ser988, Ser989 and Phe990 spanning 

through a wide surface, further extended by the aromatic sidechain of residue Phe773. On the 

contrary, Arg676 and Gln721 have electron-accepting characteristics and are located next to 

the cavity entrance.  

 Interestingly, for H-site, the most noticeable feature is the direct access from the 

‘entrance-gate’ between TMH10/12. Hence, in this study H-site is much more accessible to any 

molecule that leaves the inner leaflet into the DBP (Figure 5.6, bottom left). The cavity surface 

is much more hydrophobic when compared with R-site, having a hydrophobic cleft ranging 

residues Val129, Trp132, Phe934 and Phe938. Towards the R-site, a more polar cleft extends 

through TMH3, from residue Asn179 to Gly181, ending at Ser340 (common with R-site). The 

EM (Figure 5.6, bottom right) shows a more positively charged domain formed by residue 

Arg676 (linker) and Lys996 (TMH12) against two negative contact points, formed by Glu180 

(TMH3), Ser939 and Gln942 (TMH11). 
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Figure 5.6. Graphical representation of the Molecular Surface (MS— green, hydrophobic and pink, 

polar) and Electrostatic Map (EM— blue, electron donor; grey, neutral and red, electron acceptor) for 

the identified drug-binding sites (Ferreira et al., 2013b). 
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 The statement that only H-site is directly accessible from the lipid bilayer must be 

considered with caution. Many studies clarified that P-gp efflux tends to occur in an alternate 

way, with NBD1 and NBD2 hydrolyzing ATP in a sequential mode at different points of the 

efflux cycle (Callaghan et al., 2006; Martin et al., 2000; Senior et al., 1995; Siarheyeva et al., 

2010). Our previous study (Ferreira et al., 2012) showed that NBD2 can more easily accept an 

ATP molecule. However, it is possible that this configuration would change when NBD1 is the 

one involved in nucleotide hydrolysis, shifting the ‘entrance gate’ to the gap between TMH 4/6 

and creating a direct access into the R-site. Indeed, a recent study identified intrinsic local 

structural asymmetries at the NBDs, when P-gp is at a transition state, with the occlusion of 

nucleotide occurring in one NBD at a time and taking turns in hydrolysis. In addition, an 

intrinsic catalytic preference for one of the NBDs was also suggested, being required one ATP 

for closing the intracellular side and a second ATP for pushing P-gp into the outward-facing 

conformation (Verhalen et al., 2017). Therefore, for each NBD a pseudo-symmetric drug efflux 

pathway may exist (Parveen et al., 2011), starting in each substrate-binding site (R and H), but 

even the specific characteristics herein identified for R- and H-sites could change accordingly. 

5.2.3. Development of a classification scheme for substrates and modulators 

Having positively identified and characterized the three drug-binding sites within the P-gp 

internal cavity, we carried out further docking studies with molecules classified as substrates (n 

= 32), modulators (n = 19), efflux probes (n = 10) and phospholipids (n = 7) (Polli et al., 2001; 

Rautio et al., 2006). At this point, it is imperative to define the concept of P-gp efflux 

modulation. Experimentally, the modulation ability is evaluated through several experimental 

methods such as cell monolayer efflux studies (digoxin, calcein-AM, prazosin, vinblastine or 

colchicine) (Rautio et al., 2006), calcein-AM efflux inhibition (Polli et al., 2001), drug-

stimulated ATPase quantification (Polli et al., 2001) and R123 accumulation assays (Reis et al., 

2012, 2013). The affinity of probe substrates for drug-binding sites in P-gp affects the outcome, 

for any evaluated molecule. An example is the experimentally determined effect of 

daunorubicin and colchicine on R123 efflux. In our study, daunorubicin has a low binding free 

energy (-10.2 kcal.mol-1) which may favor a direct competition with R123 (-9.2 kcal.mol-1) for 

the R-site and, consequently, decrease the R123 efflux rate in a concentration-dependent 

manner. For colchicine, with a higher ΔG (-8.4 kcal.mol-1), the competition for R-site favors 

R123, displacing colchicine into the alternative translocation pathway and decreasing H33342 
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efflux (as observed experimentally) (Shapiro and Ling, 1997b). This model can also explain the 

modulation observed by actinomycin D (-11.2 kcal.mol-1), in which a direct competition for H-

site will reduce Hoechst 33342 efflux, displacing it to the R-site translocation pathway and 

increasing the competition of Hoechst 33342 with R123. For etoposide, with lower binding free 

energies for both sites than Rhodamine-123 (-10.0 and -9.5 kcal.mol-1 for R and H-sites, 

respectively), both translocation pathways would be directly affected.  

 Other possible way to modulate P-gp efflux is through allosteric influence of a given 

molecule at M-site, recently characterized as a central modulator drug-binding site (Aller et al., 

2009; Gutmann et al., 2010). Many molecules found in literature are simultaneously described 

as substrates and modulators, and even proven substrates as vinblastine seem to behave as efflux 

modulators for colchicine/digoxin (Rautio et al., 2006) and R123 (Wang et al., 2001). 

Moreover, vinblastine is also able of self-modulation (IC50 of 89.7 μM) (Rautio et al., 2006). 

Herein, Shapiro and Ling demonstrated experimentally that vinblastine can indeed inhibit the 

efflux of R123 and H33342 (Shapiro and Ling, 1997b), providing an explanation based on equal 

affinities for both H and R-sites. However, according to our results, a different proposal can be 

suggested. Vinblastine’s top-ranked poses were found at H-site and M-site. Unlike etoposide 

and actinomycin D, the poses at M-site were found to allow the formation of hydrogen-bonds 

and non-bonded interactions between both halves of P-gp, i.e. cross interactions. The number, 

type and distribution of these cross interactions between both halves can have an impact on 

conformational changes following ATP binding, impairing P-gp opening and modulating drug 

efflux. Another example is verapamil, a molecule ambiguously identified as modulator and 

substrate. In our previous work (Ferreira et al., 2012), we characterized verapamil as a 

modulator, in an intermediate level between substrates and inhibitors. In the present study, 

verapamil top-ranked poses at M- and R-site have the same energy (-7.6 kcal.mol-1), not 

allowing a direct identification as modulator or substrate. However, the analysis of the 

interaction pattern between both halves at M-site identified a high capability for cross 

interaction formation, thus supporting verapamil as a modulator rather than a substrate and 

corroborating our previous findings. 

 The above described insights allowed a simpler interpretation of some aspects of P-gp’s 

efflux process. For instance, in the experimental methodologies, the cellular line is selected 

with caution whereas probe molecules are frequently selected based solely on their efflux ability 

by P-gp. In addition, it seems that some molecules frequently characterized as substrates (e.g. 
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vinblastine, paclitaxel, and ritonavir) also have some modulatory ability. The present docking 

results identified the formation of hydrogen-bond and non-bonded interactions between both 

halves of P-gp, exclusively at the M-site, as a possible explanation for the modulation effect of 

some molecules. These findings were the basis for an alternative classification, based on 

docking binding energies and cross interaction capability at the M-site. This classification, not 

depending on the use of probes, allows a better clarification of the preferred interaction sites 

and the molecules ability to compete for substrate-binding sites or to establish cross interactions 

between both halves (Figure 5.7). 

 

Figure 5.7. Classification scheme for P-gp substrates and modulators (Ferreira et al., 2013b). 

The above classification scheme comprises four main categories: 

(A) Non-substrates, molecules with an estimated binding energy higher than -7.0 kcal.mol-1 

(not likely to interact with P-gp). 

(B) Transported substrates, molecules with increased preference (lower ΔG) for substrate-

binding H- and R-sites and, if any docking pose at the M-site, displaying weak cross interaction 

capabilities; 

(C) Non-transported substrates, molecules with a slightly higher preference for M-site rather 

than H- and R-sites, yet with weak cross interaction abilities; 

(D) Modulators, molecules with lower ΔG and increased preference for the M-site, also able to 

establish moderate to strong cross interaction effects; 
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The definition of modulator or inhibitor remains unclear throughout the literature. As fully 

competitive inhibition of P-gp transport is yet to be achieved, the herein developed 

classification scheme aims to clarify the molecules affinity towards the substrate-binding sites 

(ability to be effluxed i.e. transported substrates), against other molecules that have a weak 

(non-transported substrates) or strong (modulators) impact on P-gp efflux due to their cross-

interaction capability. 

5.2.4. Classification of P-glycoprotein substrates 

Using this classification, a thorough analysis of the above databases was performed. For 

modulators, fourteen molecules (74%, ΔG from -7.9 to -11.2 kcal.mol-1) had the top-ranked 

pose at the M-site and only five (26%, -7.9 to -11.1 kcal.mol-1) at the substrate-binding sites. 

This seems to reveal an increased preference of most modulators towards a more hydrophobic 

drug-binding site (Ferreira et al., 2012). In substrates, the top-ranked docking poses for 20 

molecules (63%) were effectively found in substrate-binding sites, 8 (25%) were observed at 

M-site and 4 (12%) had identical binding energies for M, H or R-sites. Regarding probes group, 

5 molecules (50%) had their top-ranked docking pose in R-site, 2 (20%) in M-site and 3 (30%) 

showed the same binding affinity for SBSs and M-site. Interestingly, for lipids, the binding 

energies registered were all above -7.0 kcal.mol-1 except for cholesterol. Therefore, and 

according to the classification scheme they cannot be considered substrates for P-gp. For 

additional information on the molecules in each group, please refer to the published paper 

(Ferreira et al., 2013b). 

5.2.4.1. Non-substrates (A) 

To define possible non-substrates, an empirical cut-off value was established at values greater 

or equal to -7.0 kcal.mol-1. Thus, and from their top-ranked binding poses, diphenhydramine (-

7.0 kcal.mol-1), trimethoprim (-6.7 kcal.mol-1) and chloroquine (-6.4 kcal.mol-1) were classified 

as non-substrates. According to several studies, while the first two are unambiguously 

classified as non-substrates (Chen et al., 2003; Romiti et al., 2002), chloroquine is described to 

partially reverse MDR without significant inhibition of P-gp photolabeling (Akiyama et al., 

1988). Due to the high binding energy found in this study, it’s conceivable that chloroquine 

may act in a different target (Vezmar and Georges, 1998) rather than P-gp. 
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5.2.4.2. Transported substrates (B) 

Nine molecules, including doxorubicin, etoposide and Hoechst 33342, were found to dock 

exclusively in both SBSs with binding affinities between -10.5 and -9.0 kcal.mol-1. 

Daunorubicin, progesterone and LDS-751 additionally had at least one pose at the M-site, 

however with a weak cross interaction capability. Methotrexate (MTX), frequently referred in 

literature as a non-substrate (Polli et al., 2001; Rautio et al., 2006), docked exclusively at the 

R-site with a binding energy of -8.6 kcal.mol-1. However, it is known that this molecule has an 

active carrier-mediated influx that allows the accumulation of MTX within the cell but, in 

carrier-deficient cells, MTX was shown to be actively effluxed by P-gp (Akiyama et al., 1988; 

Chen et al., 2003; Romiti et al., 2002).  

 Cyclosporine A, found exclusively at the H-site, is referred as a potent inhibitor with 

IC50 values ranging from 1.4 to 6.2 μM (Rautio et al., 2006). In this study, cyclosporine A 

registered a binding energy higher than most substrates (-7.9 kcal.mol-1). However, 

cyclosporine A is also the molecule with the highest molecular volume (1721 Å³, calculated 

with MOE). When considering the earlier calculated volumes for M, R and H-sites, the only 

site in which cyclosporine A may fit is the H-site, and in our model cyclosporine fully occupies 

the whole site and part of the entrance gate. For the case of large molecules, and based on our 

docking findings, P-gp inhibition can also be achieved through a non-specific “bulk” 

mechanism, by which the “entrance gate” or the internal drug-binding pocket of P-gp becomes 

blocked. Actinomycin D, in a similar way as cyclosporine, is also a large molecule (1645 Å³) 

that is only found at H-site (-11.2 kcal.mol-1) and may also act through this unspecific 

mechanism. 

5.2.4.3. Non-transported substrates (C) 

Six molecules were identified, all showing lower binding energies for M-site between -9.1 

kcal.mol-1 (itraconazole) and -7.9 kcal.mol-1 (QZ59-RRR) when compared with transported 

substrates (A). Interestingly, QZ59-RRR (IC50 = 4.8 µM) showed a weaker cross interaction 

effect when compared with QZ59-SSS (IC50 = 1.2 µM) (Aller et al., 2009). For mefloquine 

enantiomers (IC50 = 1-10 µM) (Gifford et al., 1998), (‒)-mefloquine also had a weak cross 

interaction effect when compared to (+)-mefloquine, in accordance with at least one 

experimental study that showed higher activity for the latter (Pham et al., 2000). Interestingly, 
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no stereospecific effect was observed for flupentixol enantiomers, thus corroborating their 

similar activity (IC50 = 24 and 25 µM for isomers Z and E, respectively) (Ford et al., 1990). 

 Although colchicine is considered a P-gp substrate, several experimental studies showed 

some degree of modulatory activity in many cell lines, with an IC50 ranging from 89 µM (Ekins 

et al., 2002a, 2002b) to 230 µM (Melchior et al., 2012). According to our model, this can be 

explained due to a weak cross interaction capability displayed by colchicine when interacting 

at the M-site. Itraconazole, with identical binding energies for H-site and M-site and a moderate 

cross interaction capability, shows an increased efflux modulation capability (IC50= 1.6 µM) 

(Kurosawa et al., 1996; Wang et al., 2002). It is interesting to note that for this class, with the 

exception of QZ59 molecule, the activity increases with logP. 

5.2.4.4. Modulators (D) 

This group comprises 8 molecules with binding affinities ranging from -7.9 to -11.5 kcal.mol-1 

at the M-site. Laniquidar (EC50 of 510 nM) (van Zuylen et al., 2002, 2000), latilagascene D 

(IC50 unknown) (Duarte et al., 2007) and zosuquidar (IC50 60 nM) (Dantzig et al., 1996), are 

some of the most potent P-gp modulators included in this group. Midazolam (IC50 10 μM, -9.1 

kcal.mol-1) (Ekins et al., 2002a, 2002b), QB13 (IC50 1.0  μM, -8 9 kcal.mol-1) (Kondratov et al., 

2001) and (S)-methadone (IC50 7.5 μM, -7.9 kcal.mol-1) (Störmer et al., 2001) were also 

included in this group in despite of their lowest activity. Regarding paclitaxel, its inclusion in 

this group was due to the lowest binding energy registered in this study (-11.5 kcal.mol-1) and 

strong cross interaction capability when at the M-site. Although frequently referred as a 

substrate, several studies identified this molecule as a potential modulator on several cell lines 

(IC50 from 1.2 to 54 µM) (Ekins et al., 2002a; Melchior et al., 2012; Wang et al., 2001). In 

addition, the inhibition potential of the taxane scaffold was demonstrated through the utilization 

of a library of noncytotoxic taxane-based reversal agents (tRAs), in which doxorubicin and 

mitoxantrone efflux were strongly modulated in P-gp, MRP1 and BCRP (Brooks et al., 2003), 

or through the utilization of simplified “non-natural” taxanes as P-gp inhibitors (IC50 of 7.2 

μM) (Castagnolo et al., 2010). Amprenavir (IC50 of 8.6 µM) (Storch et al., 2007) is also able to 

establish strong cross interactions between both halves of P-gp, but with a higher binding 

energy at M-site (-8.9 kcal.mol-1) and similar binding energies for the R-site top-ranked pose (-

8.5 kcal.mol-1). Interestingly, the multidrug-reversal activity of several anti-retrovirals was 

evaluated by docking against the crystallographic murine P-gp structure. The conclusion was 
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that ritonavir (IC50 of 1.29 μM) (Storch et al., 2007) is a more potent P-gp inhibitor than 

amprenavir (Zha et al., 2013), achieving a lower Glide SP docking score. Herein, ritonavir also 

obtained lower M-site binding energies, when compared with amprenavir. 

5.2.4.5. Intersections between main groups A-D 

Twenty-four molecules (35%), however, could not be included in any of the above groups due 

to small differences in binding energies between all three sites. Although no conclusive 

identification as substrate or modulator could be achieved, the calculated cross interaction 

capabilities for poses located at the modulator site poses may provide clues for the modulation 

capability of these molecules. Our study shows that cross interaction capability tends to increase 

from transported substrates (A) to non-transported substrates (B), associated with a 

progressive shift of the top-ranked binding pose from the SBSs to the M-site (lower ΔG values). 

From non-transported substrates (B) to modulators (C), the cross-interaction capability 

increases inversely with the binding free energy at M-site, thus strengthening the protein-ligand 

interactions and increasing the modulation ability.  

 The above data strongly suggests that P-gp efflux modulation can be achieved through 

i) direct competition with molecules at SBSs, ii) by restraining efflux-related conformational 

changes at M-site or iii) through both mechanisms. As already seen for ritonavir and 

amprenavir, a more detailed analysis of the QZ59 isomers and tariquidar docking can further 

clarify on this issue. While QZ59-RRR only docks at H-site and M-site with a relatively high 

binding energy (-7.9 and -7.5 kcal.mol-1 respectively), QZ59-SSS is found at both SBSs and 

M-site (ΔG ranging from -8.4 kcal.mol-1 at M-site to -8.7 kcal.mol-1 at R-site). Although the 

QZ59-SSS modulation capability could be explained by a high M-site cross interaction 

capability, a more thorough analysis of QZ59-SSS top-ranked binding pose at R-site revealed 

a strong interaction with Ser989. The serine oxygen sits at the centre of the macrocycle ring, 

establishing CH-π interactions with each of the three five-membered rings and allowing 

hydrogen-bonds between the hydroxyl group and the aromatic nitrogens. In addition, HBs with 

Gln689 and Gln954 were also found to occur. This suggests that QZ59-SSS was anchored to 

this point and restrained the access to the R-site. QZ59-RRR, however, was not found in this 

location and could not impair access to the R-site. A similar conclusion was taken from 

tariquidar docking results, able to dock all three sites with one of the lowest binding energies 

within this study (-10.6 kcal.mol-1 for M and R-sites and -10.1 kcal.mol-1 for H-site). In 
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addition, it also seems capable of establishing strong cross interactions between both halves at 

M-site. Therefore, and based on the lowest IC50 experimental value (20-145 nM) (Mistry et al., 

2001; Sterz et al., 2009), its plausible that tariquidar can impair P-gp efflux through the 

blockage of both translocation pathways (direct competition) but also by P-gp conformational 

alterations due to ATP binding and hydrolysis. Quite recently, a study by Loo and Clarke 

corroborated these findings and described tariquidar binding site within the transmembrane 

(TM) segments, at the interface between the two P-gp halves, in a very good agreement with 

the herein reported results (Tip W. Loo and Clarke, 2015). 

5.2.4.6. Probes 

Molecules frequently used as efflux probes were also tested, namely digoxin, R123 and calcein-

AM. For digoxin (-10.9 kcal.mol-1) and R123 (-9.2 kcal.mol-1), the calculated binding energies 

are identical for M- and R-sites, being the main difference the cross-interaction capability, 

stronger in digoxin than R123. For calcein-AM, the ΔG of M- and H-sites is also similar (-8.0 

and -7.9 kcal.mol-1), but a strong cross interaction capability gives to this molecule some degree 

of efflux modulation capability. As these molecules are used to determine P-gp efflux, it was 

expected that they should be found with lower binding energies at substrate-binding sites. 

However, several experimental studies demonstrated some degree of efflux modulation by 

digoxin or its metabolites (Gozalpour et al., 2013; Melchior et al., 2012) or competition between 

digoxin and verapamil for drug-binding sites (Funakoshi et al., 2003; Rebbeor and Senior, 

1998). For rhodamine derivatives, an inhibitory potential was also demonstrated (Gannon et al., 

2009). Hence, we additionally docked the most common digoxin metabolites (digoxigenin, bis- 

and mono-digitoxoside), rhodamine derivatives with inhibitory potency and the hydrolysed 

metabolite from calcein-AM (Tenopoulou et al., 2007) in order to clarify the effect of these 

molecules on P-gp. 

 The results obtained were quite surprising. For digoxin metabolites, while digoxigenin 

was still found at both sites, the bis- and mono-digitoxosides docked exclusively at the R-site 

with binding energies of -11.5 and -10.2 kcal.mol-1 respectively (transported substrates— class 

B). In addition, the cross interaction ability of digoxigenin at M-site it is lower than digoxin, in 

accordance with previoulsy published results (Melchior et al., 2012). For calcein, the top-

ranked binding pose was found not in H-site as Calcein-AM but at R-site with -8.5 kcal.mol-1. 

The best ranked calcein docking pose found at M-site also displayed a reduced cross interaction 
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ability regarding calcein-AM, thus being a worse modulator. As this molecule is ionized at 

physiological pH, lipid partitioning and the access to P-gp’s internal DBP becomes severely 

impaired. However, it is not to be excluded some degree of efflux by P-gp at high 

concentrations. For rhodamine, we found that the substitution of the heteroatom in the 

xanthylium core by sulphur (1-S) decreases the binding energy at R-site in a larger extent than 

M-site (1.0 against 0.2 kcal.mol-1, respectively) and increases its cross interaction capability 

(modulator, class D), in a very good agreement with previous results (Gannon et al., 2009). 

When two additional rhodamine derivatives were docked (2-S and 31-S), the binding energies 

were lower than R123 and the cross-interaction capability at the M-site further increased. These 

findings are of great importance since they highlight the necessity for an adequate selection of 

probe substrates for P-gp efflux assays and uphold many interesting questions about the 

influence of probe metabolites in P-gp efflux assays. 

5.2.4.7. Lipids 

Several lipid molecules were also tested in order to assess the ability of P-gp as a lipid flippase 

suggested in several studies (Eckford and Sharom, 2005; Higgins and Gottesman, 1992; 

Sharom et al., 2005). However, none of the tested molecules could be classified as a P-gp 

substrate, all with binding energies higher than -7.0 kcal.mol-1. Only cholesterol displayed 

binding energies like R123 (-9.5 kcal.mol-1 for R-site), therefore identified as a substrate 

(Garrigues et al., 2002). 

5.3. Studies on drug permeation into the drug-binding pocket 

Previous P-gp working models suggest that the presence of a membrane is mandatory for efflux 

to occur (Ferreira et al., 2015a), and although a different model have been proposed in which 

the membrane would be unnecessary (Altenberg et al., 1994), additional studies proved that 

only in the presence of a membrane P-gp retains its ATPase function and the ability to transport 

drugs (Urbatsch and Senior, 1995). Furthermore, it was demonstrated that P-gp ATPase 

function is intimately dependent on membrane composition, with different lipid types and/or 

membrane components having a strong influence on the ATP binding, hydrolysis, and drug 

efflux rates (Romsicki and Sharom, 1999, 1998). While P-gp seems to transport drugs that 

mainly build-up in the membrane (Siarheyeva et al., 2006) according to their octanol-water 
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partition coefficients (Eytan et al., 1996; Eytan and Kuchel, 1999), other studies demonstrated 

that the efflux only occurs from the cytoplasmic leaflet through two distinct translocation 

pathways, identified for both H and R-sites and presumably located in a water-filled internal 

cavity located within the transmembrane domains (Parveen et al., 2011). 

 Interestingly, the internal cavity was accessible from both the cytoplasm or lipid bilayer 

through two “entrance gates” located between transmembrane helices 4/6 and 10/12, a 

characteristic that was maintained in all the P-gp crystallographic structures published so far 

(Esser et al., 2017; Ferreira et al., 2015b; Verhalen et al., 2017). However, since the peptide 

sequence linking the N-terminal and the C-terminal domains (linker sequence) was missing in 

all crystallographic structures, the direct accessibility of the internal drug-binding pocket from 

the cytoplasm (Altenberg et al., 1994) was still not able to be confirmed experimentally through 

X-ray crystallography. 

 According to our previous results (Ferreira et al., 2013b, 2012), this access is only 

possible from the cytoplasmic leaflet of the membrane and through the only fully open 

“entrance gate”, located between TMH 10/12. Therefore, MD simulations were used to study 

the thermodynamic process of drug permeation from bulk water to the internal drug-binding 

pocket of P-gp. To that matter, steered MD simulations were performed in which a substrate 

(colchicine) or a modulator (tariquidar) (Figure 5.8) was pulled from the entrance gate to the 

hydrophobic core of the lipid bilayer or into the P-gp drug-binding pocket. 

 

Figure 5.8. Chemical structures of colchicine (substrate) and tariquidar (modulator) (Ferreira et al., 

2015c). 

 Colchicine and tariquidar molecules (neutral forms) were inserted at the entrance gate 

as previously described for vinblastine (Ferreira et al., 2012). In each case, both molecules were 

pulled away from the entrance gate along the axes parallel to the bilayer over 10 ns (pocket) or 

15 ns (bilayer), using an harmonic potential with a spring constant of 1000 kJ.mol-1.nm-2 and a 
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pull rate of 0.15 nm.ns-1. These trajectories were the starting points for defining a reaction 

coordinate used in the umbrella sampling technique, with fifty-two or fifty-eight umbrella 

windows and a mean width of 0.7 Å (total distance: colchicine– 3.9 nm; tariquidar– 4.2 nm). In 

each window, 20 ns of MD was performed, for a total umbrella sampling simulation over 2 μs. 

Analysis of results was performed through the weighted histogram analysis method (WHAM) 

(Hub et al., 2010). The free-energy profiles obtained show that both colchicine and tariquidar 

enter the internal drug-binding pocket through a spontaneous process (Figure 5.9). 

 

Figure 5.9. Potential of mean force (PMF) energetic profile for colchicine and tariquidar translocation 

from the membrane into the drug binding pocket. The grey shading represents the average radius of the 

TM helices at the entrance gate (ξ = 0) (Ferreira et al., 2015c). 

 When analyzing the reaction coordinate, it is possible to identify that, at distances far 

from the protein (ξ > -2 nm), no change in free energy occurs and it can be considered that at 

such distances i) the bulk lipid hydrophobic environment is the main influence on the behavior 

of the molecules and ii) the presence of the P-gp is not felt. Then, the free energy decreases 

steadily with the colchicine slope remaining unchanged until it reaches the entrance gate. 

However, the slope of the tariquidar PMF is steeper at the beginning (-2 < ξ < -1.5 nm), having 

the same slope as for colchicine afterwards. The initial steep decrease on tariquidar slope was 

observed to be due to a conformational change of tariquidar where the quinoline-3-carboxamide 

moiety shifted from a parallel to a perpendicular orientation regarding the POPC acyl chains, 

inducing a more packed conformation and having a positive impact on the motion of tariquidar 

between the hydrophobic lipid chains (colchicine is unable of this transition between an 
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elongated to a compact conformation; c.f. Figure 5.8). Interestingly, the stabilization energy 

due to the conformational change of tariquidar gained at this step is roughly maintained along 

the reaction coordinate. 

 With both molecules already located at the entrance gate (grey shading), the energetic 

difference between them is ∆∆G = 12.8 kJ.mol-1 (-44.3 vs. -57.1 kJ.mol-1 for colchicine and 

tariquidar respectively). Immediately after crossing the gate, colchicine reorientates, allowing 

the formation of transient hydrogen-bonds with Ser340 and Gln343 (TMH6) and favoring a 

better interaction between colchicine and P-gp. The crossing of the gate by the molecules could 

be foreseen as a bottleneck in the pathway to the DBP because this is a location acting as an 

interface between the lipid environment and the protein/water environment. Interestingly, the 

data show no activation energy barrier for any of the molecules when crossing the gate. At the 

end, the calculated free energies for drug permeation from the bilayer core to the drug-binding 

pocket were ∆G = -72.4 kJ.mol-1 for colchicine and ∆G = -79.0 kJ.mol-1 for tariquidar, with a 

∆∆G = 6.6 kJ.mol-1 between both molecules. 

 It was already determined that P-gp reorganizes the surrounding lipid environment up 

to a 15-20 nm radius around the protein (Oleinikov et al., 2006), inducing a more ordered state 

that may promote drug efflux, while others showed that P-gp has a large destabilizing effect on 

the surrounding lipid environment, preventing up to 375 ± 197 lipids to undergo phase transition 

(Romsicki and Sharom, 1997). The lower limit of this lipid estimate is close to the size of our 

MD box (6 nm radius around the protein). However, the lipids are expected to shield the 

influence of P-gp on drug-like molecules inside the membrane. From Figure 5.9, the real 

impact on the free energy due to the P-gp starts at about 4.25 nm. This lipid organization will 

have an impact on the molecules conformations when located at the hydrophobic membrane 

core. As observed for tariquidar, changes in the orientation of some moieties induce more 

packed conformations that facilitate drug translocation to the P-gp drug-binding pocket.  These 

results show a spontaneous route for drug entrance from the hydrophobic membrane core 

(hydrophobic tail region of the cytoplasmic leaflet) into the internal drug-binding pocket, 

through the “entrance gate” located between TM helices 10 and 12 and in agreement with both 

flippase and vacuum cleaner models. 

 The herein reported results can be additionally linked to those obtained by Oliveira et 

al. for Sav1866 and McCormick et al. for human P-gp homology models. While in the first 
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study it was shown that doxorubicin interaction energy profile is downhill inside Sav1866 drug-

binding pocket to the extracellular side along the transmembrane pore (Oliveira et al., 2011), in 

the latter a vectorial movement of the drug along the z axes, dominated by non-polar and 

aromatic interactions, from the inside surface of the membrane to the outside surface of the 

membrane was observed for daunorubicin, verapamil and tariquidar (McCormick et al., 2015). 

Together, these results allow us to conclude that P-glycoprotein can indeed extract drugs from 

the cytoplasmic leaflet of the membrane through a gate and transporting them to outside of the 

cell. However, it is worth noticing that, for the last step to occur (molecule leaving the DBP), 

ATP hydrolysis is required to promote conformational changes (Verhalen et al., 2017) that 

shifts the drug-binding sites from high-affinity to low-affinity states (Callaghan et al., 2012) 

promoting drug release from the drug-binding sites into the extracellular medium. 

 During the translocation of the molecules from the hydrophobic membrane core into the 

DBP, differences regarding colchicine and tariquidar interaction with P-gp were also observed. 

Colchicine seems to interact preferentially with polar residues, namely Asn835 (TMH9) and 

Ser988/Tyr994 (TMH12) when at the entrance gate and with Ser340/Gln343 (TMH6) and 

Ala991/Tyr994 (TMH12) inside the pocket. However, while still in the hydrophobic membrane 

core, tariquidar interacts with Phe693 and Trp694 (TMH7), aromatic residues that are in direct 

contact with the phospholipids. Contacts with Asn835, Asn838 (TMH9) and Tyr994 (TMH12) 

are observable as tariquidar approaches the “entrance gate”, followed by contacts with Val984, 

Val987, Ser988, Ala991 and Pro992 (TMH12) while entering the pocket. Inside the DBP, 

tariquidar interacts with all residue types (hydrophobic, polar and aromatic). Interestingly, 

tariquidar but not colchicine also interacts with the charged linker residue Arg676, which may 

also account for the lower ∆G energies registered inside the pocket. 

 Furthermore, and to provide additional evidences that would characterize the drug 

permeation to the DBP for these two molecules, the energetic profile for drug permeation from 

the bulk water into the hydrophobic membrane core (in the absence of P-gp) was also 

calculated. Figure 5.10 shows that colchicine and tariquidar permeation into the hydrophobic 

membrane core is energetically favorable. For tariquidar, the protonation of its tertiary nitrogen 

(pKa 8.2) favors a more elongated structure that allows the quinoline-3-carboxamide moiety to 

enter the membrane while the protonated tetrahydro-isoquinoline moiety remains near the 

phosphate headgroups. Then, phosphate-assisted deprotonation of the tertiary nitrogen occurs 

(Sandén et al., 2010) to allow neutral tariquidar to enter the membrane. 
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 At the membrane hydrophobic core, the free energy minima for both colchicine and 

tariquidar is found to be located below the phosphate headgroups (colchicine) or between the 

lipid acyl chains of the cytoplasmic leaflet (tariquidar). As the “entrance gate” is also found to 

open to the cytoplasmic leaflet (Oleinikov et al., 2006), this allows a more direct access to the 

drug-binding pocket for both molecules. 

 

Figure 5.10. Potential of mean force (PMF) energetic profile for colchicine and tariquidar permeation 

from bulk water into the hydrophobic membrane core in the absence of P-gp. The grey shading 

represents an estimation of the headgroup thickness in the POPC membrane (Ferreira et al., 2015c). 

 At approximately 2 nm from the entrance gate (Figure 5.9, ξ = -2 nm) both molecules 

are driven to approach P-gp through a favorable downhill energetic pathway while entering the 

internal drug-binding pocket. Inside, molecules interact in one (or more) of three identified 

drug-binding sites (Aller et al., 2009; Ferreira et al., 2013b; Shapiro and Ling, 1997b), inducing 

conformational changes that favors ATP binding and hydrolysis (Ambudkar et al., 2006; Sauna 

and Ambudkar, 2007; Sharom, 1997; Verhalen et al., 2017). Thus, while shifting from the 

inward- to the outward-facing structure, the affinity of the drug-binding sites decreases 

(Gutmann et al., 2010) and drugs are released to the extracellular medium, following an overall 

downhill energetic pathway as shown by other groups (McCormick et al., 2015; Oliveira et al., 

2011). 
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5.4. Role of drug adsorption at the surface of P-glycoprotein and at 

the membrane interface 

To be able to reach the drug-binding sites, any molecule must first diffuse into the lipid bilayer 

to gain access to one of the ‘entrance’ gates located between TM helices 4/6 or 10/12 (Aller et 

al., 2009; Ferreira et al., 2015c, 2012). Recently, a physical model was proposed by which 

mechanical interactions between drugs and lipid membranes could directly affect efflux (Rauch 

et al., 2013). More specifically, changes on membranes’ biophysical properties due to drug 

adsorption are expected to have an impact on P-gp dependent efflux through a non-linear effect. 

While drug permeation towards the lipid bilayer initiates with its adsorption at the water/lipid 

interface, followed by drug diffusion into the membranes’ inner leaflet, mechanical changes in 

the membrane due to drug adsorption/permeation may also have an impact of some degree on 

P-gp efflux. Moreover, it is also expected to occur drug adsorption to the cytoplasmic 

nucleotide-binding domains, and such phenomenon might also have an impact in the ATP-

driven rigid-body motions that drive conformational changes towards substrate efflux. 

  Although the previous study by Rauch et al. only considered drug-membrane 

interactions, drug-protein interactions must also occur as a step-by-step addition dependent on 

law of mass action, in accordance with the thermodynamics of adsorption of small molecules 

by proteins (Harrold and Pethica, 1958; Kuznetsov et al., 1975). Thus, as the NBDs account for 

almost all P-gp’s solvent accessible area, it can be expected that this stepwise adsorption could 

have some degree of impact on the rigid-body motions that initiate efflux, depending on the 

number of adsorbed molecules and their physicochemical properties. 

 To better investigate these phenomena, a series of MD runs comprising twelve small 

molecules are described, eleven of which are frequently characterized as non-substrates (n = 

3), substrates (n = 5) and modulators (n = 3). Adenosine triphosphate (ATP) was also evaluated 

as the natural substrate for the ATP-binding site, located at the canonical dimer interface. The 

main objectives were, for the first time, to evaluate the free energies of adsorption for molecules 

of the different groups by identifying the amino acid residues more frequently involved in drug 

adsorption and to identify mechanical alterations in the bilayers’ physical properties derived 

from drug adsorption at the lipid-water interface. 
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5.4.1. Free energy calculations 

The free energy of adsorption for several classes of molecules (Figure 5.11) towards the protein 

surface and lipid-water interface was assessed. From Figure 5.12 it is possible to observe that, 

in all classes, molecule adsorption is an energetically favorable process. To this matter, the 

lowest energies were found for ATP in both protein (-9.6 ± 0.6 kJ.mol-1) and membrane (-12.4 

± 1.6 kJ.mol-1) interfaces. However, this can be explained by its negative charge (net charge of 

-4) that promotes electrostatic interactions with positively charged lysines, arginines or choline 

moieties, as in POPC. However, a statistically significant difference could be found between 

ATP and all classes but modulators (p < 0.05).  

 

Figure 5.11. Chemical structures of the molecules used in the molecular dynamics simulations, with 

pKa of the ionizable groups, logP and logD (Ferreira et al., 2015d).  
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 Interestingly, modulators free energies of adsorption were found to be the lowest among 

the evaluated classes, with ∆Gads ranging from -8.8 ± 0.8 kJ.mol-1 up to -9.9 ± 0.5 kJ.mol-1 and 

showing a statistically significant difference from substrates and non-substrates for protein 

adsorption (p < 0.05). For substrates and non-substrates, the free energies of binding to each 

interface were higher than modulators but still favourable, as shown in Figure 5.12 i.e. the for 

substrates were of -7.1 ± 0.4 kJ.mol-1 and -8.9 ± 0.8 kJ.mol-1 for the protein and lipid interfaces, 

whereas for non-substrates the calculated energies for each interface were -6.0 ± 1.0 and -9.1 

± 2.7 kJ.mol-1 respectively. 

 The adsorption energies towards the lipid-water interface are always more favorable 

than the ones reported for protein-water interface, suggesting that the adsorption to the lipid 

bilayer is the primary mode of action for these molecules, in comparison to the adsorption 

towards P-gp. Moreover, the energetic difference between both interfaces seem to increase from 

modulators (~1.1 kJ.mol-1) to substrates (~1.8 kJ.mol-1) and non-substrates (~3.1 kJ.mol-1). It 

is also worth noticing that drug adsorption to both structures showed different behaviors. When 

considering molecule adsorption to the protein-water interface, a higher number of molecules 

are found for both substrates and modulators when compared with non-substrates. Regarding 

the lipid interface, a close inspection of the z coordinate evolution over time, representing the 

molecules’ path, showed that in few cases (~10%) a transient adsorption of the molecule to the 

lipid bilayer first occurs before it becomes fully adsorbed. 

 Oppositely, the molecules’ adsorption to the protein occurs almost immediately after 

the first contact. In this study, smaller molecules as trimethoprim, diphenhydramine or 

alprenolol were found to be inserted between the lipid headgroups. However, only kaempferide 

and diphenhydramine showed full permeation into the inner leaflet of the membrane, with 

kaempferide additionally showing spontaneous flip-flop movement between both membrane 

leaflets, in agreement with experimental evidences for related molecules (Rooney et al., 1979; 

Saija et al., 1995). In addition, it is also known that a wide range of flavonoids bind to vicinal 

ATP- and steroid-binding sites (Conseil et al., 1998), modulating efflux by impairing ATP 

binding. Thus, the high adsorption rates observed for kaempferide may be a possible 

explanation for its modulating activity, not only at the ATP-binding site but also by changing 

the biophysical properties of membranes. 
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Figure 5.12. Free energies of adsorption (mean ± SE) for the different classes at protein-water or 

membrane-water interface. Statistical significance was determined by comparing the different classes 

with multiple t-tests (p < 0.05) (Ferreira et al., 2015d). 

 Since several experimental studies clearly demonstrated that molecules may interact 

with P-gp and induce ATPase activity without significant efflux (Doan et al., 2002; Polli et al., 

2001; Rautio et al., 2006), this led us to suppose that a different mechanism, unrelated with 

substrate competition or passive permeation rates, may also be involved in efflux modulation. 

In this mechanism, drug adsorption at the surface of NBDs may be able to disturb the 

mass/charge balance between both domains, affecting the normal motion patterns that drive 

conformational changes during the efflux cycle. This agrees with the observations by Litman 

et al. showing that the intrinsic affinity of some drugs for the cytoplasmic P-gp surface is four-

fold higher than at the other side of the membrane (Litman et al., 2003). Moreover, Äänismaa 

et al. also concluded that, at sufficiently high drug concentrations, the P-gp ATPase works in 

an enthalpy-driven manner probably due to the loss of residual motion of the transporter 

(Äänismaa et al., 2008). 

 As suggested by the calculated adsorption energies, NBDs may also participate in the 

efflux process by increasing the concentration in the surrounding environment, displacing 

molecules from the bulk water environment into the water shell next to their surface, which 

may indirectly enhance membrane permeation. In addition, drug adsorption may also affect the 

normal motion patterns. This effect may respond to changes in the surrounding environment, 
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with the magnitude of such changes intimately related with the physicochemical properties of 

the adsorbed molecules. 

5.4.2. Protein interaction profile 

We thoroughly investigated all interactions between individual molecules that effectively 

adsorbed to the protein (Table 5.5) or to the lipid bilayer. 

Table 5.5. Contacts and hydrogen-bond statistics for each class of molecules.  

 Interaction type 

Contacts a Hydrogen-bonds b 

Classes ‹NNB› 
ARO 

(%) 

HYD 

(%) 

POL 

(%) 
‹NHB› 

‹τ› 

(ps) 

∆GHB 

(kJ.mol-1) 

non-substrates 7.8 13.7 23.4 62.8 0.47 1035 -20.9 

substrates 8.6 10.8 33.6 55.6 0.85 1631 -22.4 

modulators 16.6c 9.7 26.8 63.5 1.09 1481 -22.3 

ATP 11.1 12.3 16.3 71.4 2.82d 2351e -23.9d 

a, ‹NNB›, average number of non-bonded interactions; ARO, interaction with aromatic residues; HYD, 

interaction with hydrophobic residues; POL, interaction with polar residues; b, ‹NHB›, average number 

of hydrogen-bonds per time frame; ‹τ›, mean hydrogen bond lifetime; ∆GHB, HB formation energy in 

kJ.mol-1. Statistical significance was determined by comparing classes with multiple t-tests (c, p < 0.05 

with non-substrates and substrates; d, p < 0.05 with non-substrates; e, p < 0.05 with all classes). 

 While for membrane adsorption electrostatic interactions play a major role due to the 

charged phosphate and choline moieties at its interface, protein adsorption seems to be not only 

dependent on charged residues (e.g. glutamate, aspartate, lysine, arginine) residues but also on 

hydrogen-bond donor residues such as glutamine and asparagine. Interestingly, all classes seem 

to preferentially interact with residues with additional methylene units (-CH2-) like glutamate 

and glutamine (against aspartate and asparagine) or even longer sidechains as in arginine and 

lysine (with two and three additional –CH2- units respectively). In addition, from Table 5.5 a 

sustainable increase in the total number of interactions occurs from non-substrates toward 

modulators. 

 Regarding protein contacts, substrates interaction pattern is higher for hydrophobic 

residues and lower for polar residues, when compared with the other classes. Oppositely, 

modulators interaction with aromatic residues is always lower when compared with the 

remaining classes, leading us to assume that polar interactions have a greater importance for 
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the molecules included in this class. As expected, ATP interacts mainly through electrostatic 

and/or hydrogen bond interactions and higher contact frequencies with polar residues were 

effectively observed throughout the simulation time. 

 For hydrogen bond (HB) capability, the mean number of hydrogen-bonds per time frame 

also increased from non-substrates (0.47) to modulators (1.09) and while non-substrates have 

the highest HB formation energies (∆GHB, -20.9 kJ.mol-1), all the remaining classes have similar 

energies around -22.3 ± 0.1 kJ.mol-1. However, higher hydrogen bond lifetimes are registered 

for substrates (1631 ps) when compared with modulators (1481 ps) and even higher than for 

non-substrates (1035 ps). Finally, ATP registered the highest number of HB per time frame 

(2.82) and HB lifetimes (2351 ps) and the lowest ∆GHB values (-23.9 kJ.mol-1). 

 The electrostatic contribution to drug adsorption was also assessed by comparing the 

relative interaction free energies between neutral and charged molecules with P-gp, during the 

last 10 ns of each simulation. In this case, since P-glycoprotein is a transmembrane protein, a 

correction to the polar solvation energy was corrected by applying an implicit membrane 

correction with ion-accessibility and dielectric maps incorporating the membrane environment. 

Thus, by setting the dielectric slab constant to 2.0, the corrected polar solvation energies can be 

used as input with g_mmpbsa tool available for GROMACS (Kumari et al., 2014). 

 From the obtained energies by the above method, two distinct behaviours were 

observed. While non-substrates interaction energies were similar within the group, for both 

substrates and modulators the interaction energy decreased almost linearly with increasing 

molecular size, in agreement other published reports.(Abad-Zapatero, 2007; García-Sosa et al., 

2010) Thus, an efficiency index (EI) was calculated by dividing each interaction energy by the 

molecules’ molecular weight (MW) to assess possible differences between charged and neutral 

molecules. From Table 5.6, it is possible to conclude that charged molecules have higher 

efficiency indexes when compared with neutral ones, implying that electrostatic interactions, 

together with hydrogen bonding, are important for drug adsorption. 

 Based on the findings described above, as small molecules’ adsorption to the protein 

surface seem to be highly influenced by electrostatics and hydrogen bonding, these interactions 

can be significant in defining the strength of the adsorption by increasing molecules’ residence 

time at the protein surface and contributing for a greater stabilization of the ligand-protein 

complex. 
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Table 5.6. Comparison between neutral and charged molecules on protein adsorption 

Efficiency Index (EI) * 

non-substrates 

(charged) 

substrates 

(neutral) 

substrates 

(charged) 

modulators 

(neutral) 

modulators 

(charged) 

0.22 ± 0.06 b 0.07 ± 0.02 a 0.17 ± 0.04 0.06 ± 0.02 a 0.15 ± 0.03 

* Statistical significance was determined with t-Tests (a, p < 0.05 between charged and neutral molecules 

within the same class; b, p < 0.05 with all groups except charged substrates). 

 Moreover, as many molecules are found to be simultaneously adsorbed to the protein 

surface, changes on the mass/charge relation between nucleotide-binding domains (NBDs) may 

be susceptible to perturb the proteins residual motion patterns, as previously suggested 

(Äänismaa et al., 2008). Additionally, by generating spatial distribution maps, adsorption 

preferences on specific regions around NBDs were also evaluated for all classes (Figure 5.13). 

 

Figure 5.13. Spatial distribution maps for the different classes. A. Front view; B, Back view. Isosurfaces 

represent a probability greater than 50% of molecules to be in that region. Phosphate groups are also 

represented to assess lipid-water interface boundaries (Ferreira et al., 2015d). 

 It is worth noticing that while non-substrates are characterized by weak population 

densities around the protein, most of which located on coil motifs next to α-helix or β-sheet 

motifs (black arrows), all other classes show higher densities next to both NBDs, with 

substrates achieving higher densities next to β-sheets and modulators around α-helices and 

coils. Interestingly, both substrates and modulators show increased densities around both 
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TMD-NBD interfaces (pink arrows), next to intracellular helices (ICHs) thought to mediate the 

transmission to the transmembrane domains of conformational changes triggered by ATP 

binding/hydrolysis. Moreover, higher densities were also found for substrates and modulators 

at the lipid-water interface (blue arrow), next to one of the hypothetical ‘entrance gate’ located 

between TMHs 4 and 6. 

 From the above spatial distribution maps, the adsorption of molecules to these specific 

locations is expected to disrupt the transmission of normal motions, induced by ATP binding, 

to the transmembrane domains (TMD-NBD interfaces) or may promote drug permeation into 

the membrane (when at the lipid-water interface next to ‘entrance gates’). To our knowledge, 

other studies have also identified the TMD-NBD interface as a possible interaction region for 

substrates (Kim et al., 2010; Pajeva et al., 2013; Subramanian, 2015). In addition, these results 

are also in agreement with recently published studies not only in P-gp (Ferreira et al., 2017b; 

Subramanian et al., 2015) but also in other ABC transporters (Johnson and Chen, 2017; Liu et 

al., 2017), thus providing new perspectives on using the TMD-NBD interface as an interesting 

drugable domain for the development of new specific efflux modulators (Ferreira et al., 2017b). 

5.4.3. Internal cavity volumes 

In a previous paper we also demonstrated that a better helix repacking due to membrane and 

linker insertion were important for stabilizing the volume of the internal drug-binding pocket 

around 4000 Å³ (Ferreira et al., 2012). As the above results indicate that drug adsorption occurs 

in specific locations that may affect residual motion patterns, to evaluate the impact that drug 

adsorption may have on helix repacking of the transmembrane domains, we monitored the 

internal cavity volume throughout the simulation time (Figure 5.14) to allow a better 

comparison of the volume variations associated to each class. 

 In the presence of ATP, the volume distribution is almost identical to the values 

registered for the apo structure, supporting the fact that ATP adsorption either to the membrane 

or to the protein surface was not able to induce significant alterations in the TMH packing. 

However, with non-substrates the volume distribution is shifted towards lower volumes (2100 

- 4000 Å³ vs. 2900 – 5600 A³ in apo system). In this case, as the number of molecules adsorbed 

to the lipid-water interface is higher than to the protein-water interface, it seems that changes 

in the volume of the internal drug-binding pocket are a response to modifications in membrane 
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properties rather than protein motions. Indeed, visual inspection of the systems verified that the 

large majority of the adsorbed molecules were located below the choline moiety, next to the 

phosphate groups. 

 

Figure 5.14. Normalized internal cavity volume distributions for the apo structure and the different 

classes (Ferreira et al., 2015d). 

 Similarly, substrates and modulators also shift down volumes regarding the apo system, 

although in a lesser extent. However, they both narrow down the calculated volume 

distributions to values with maximum probabilities around 3400 - 3500 Å³ (2700 - 4700 Å³ and 

2900 - 4900 Å³ interval, respectively). Herein, data suggests that substrates and modulators 

induce a more efficient TMD reorientation/repacking, distinct from the one induced by non-

substrates, that can be due to the previously reported interactions with the ICHs at the TMD-

NBD interface and enhanced communication between both domains. As already suggested 

(Ferreira et al., 2017b, 2015b), these data support the hypothesis that targeting the TMD-NBD 

interface with small molecules able to decouple TMD-NBD motions would affect the 

coordinated NBD-TMD motions the same way as mutations in the ICH do (Kwan and Gros, 

1998; Loo and Clarke, 2013; Loo and Clarke, 2015). 
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5.4.4. Membrane biophysics 

Since Rauch et al. suggested that mechanical alterations of the lipid bilayer may have a direct 

impact on P-gp efflux through a non-linear effect, we also aimed for the evaluation on the 

effects of drug adsorption on the biophysical properties of the membrane. No statistically 

relevant changes were found for standard properties like lateral diffusion, acyl chain order 

parameters and membrane densities (assessed by g_msd, g_order and g_density tools 

respectively). Hence, as drug adsorption to membranes are described to induce alterations in 

the area per lipid (AL) and membrane thickness (DHH), these properties were additionally 

calculated for each adsorbed molecule and the results are summarized in Figure 5.15. 

 

Figure 5.15. Area per lipid (ΔAL ± SE) and thickness (ΔDHH ± SE) variations for each class (Ferreira et 

al., 2015d). 

 We found that, although no correlation was found between changes in the total area per 

lipid and the number of adsorbed molecules, adsorbed molecules induce a decrease in AL values 

in a 3 nm radius around its geometrical center. To this matter, all classes decreased AL values 

similarly in both the inner (in a greater extent) and outer leaflets, with minimum values being 

registered for substrates (53.2 Å² and 54.8 Å² for the lower and upper leaflets respectively). As 

neither charge nor molecular weight seem to affect drug adsorption to the lipid-water interface, 

the data corroborate the fact by which drug adsorption to membranes is unspecific. However, 

the decrease of AL together with a slight increase in membrane thickness suggests that lipids 

become more tightly packed, similarly to what is observed in lipid-ordered domains where P-

gp is found to be highly active (Ferreira et al., 2015a; Lu et al., 2001; Romsicki and Sharom, 

1999).  
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 The ability of substrates and inhibitors to modify ATPase activity was proved to be 

higher in the liquid-ordered phase, with lipids tightly packed with cholesterol (Meyer dos 

Santos et al., 2007) but still having lateral motility comparable to the liquid-crystalline phase 

(Modok et al., 2004). In addition, large transmembrane P-gp domains are also thought to 

mediate its association to lipid rafts and to enhance affinity towards cholesterol-enriched 

domains (Bretscher and Munro, 1993; Scheiffele et al., 1997). Thus, if drug adsorption can 

assist, at least partially, in the formation of such liquid-ordered domains, optimal P-gp activity 

would be promoted (Oleinikov et al., 2006; Romsicki and Sharom, 1997). 

 As P-gp is a multi-helical transmembrane protein with large membrane-spawning 

domains, membrane deformation to accommodate hydrophobic mismatches is also expected to 

occur. However, instead of analyzing the protein effect on membrane deformation, we used the 

Continuum-Molecular Dynamics (CTMD) approach to quantify energetic changes on the 

membrane biophysics due to drug adsorption (Mondal et al., 2011). Thus, the contributions of 

the membrane deformation energy penalty (∆Gdef) and residual hydrophobic exposure energy 

penalty (∆Gres) were calculated for all classes and compared with the apo system (Figure 5.16). 

 Quite surprisingly, only diphenhydramine (non-substrate) and kaempferide (modulator) 

increase the energy penalty due to membrane deformation (∆Gdef), which may contribute to a 

destabilizing effect of the transporter (Table 5.7). Interestingly, only in these systems was 

observed drug permeation into the hydrophobic membrane core. Thus, the increase of the ∆Gdef 

energetic penalty may be correlated with the fact that diphenhydramine and kaempferide were 

able to fully permeate into the membrane hydrophobic core and with the number of molecules 

(at least three) that entered the membrane. While other molecules as ranitidine (non-substrate), 

R123, trimethoprim (substrates) and tariquidar (modulator) seem to have a minimal impact on 

membrane deformation, all the remaining molecules alleviate the hydrophobic mismatch, with 

values ranging from -1.44 kBT for verapamil up to -3.14 kBT in Hoechst 33342 (both substrates). 

 These results, along with the result obtained from AL and DHH, reinforces the fact that 

by inducing a more ordered state the energy penalty associated with membrane deformation 

decreases due to a better compensation of hydrophobic mismatches. Therefore, drug adsorption 

to the lipid-water interface may assist the formation of such domains, with implications on the 

efflux activity of the transporter.  
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Figure 5.16. Changes in the residual hydrophobic exposure energy penalty (∆∆Gres) for each class 

compared with the apo system (under parenthesis in kBT units). TMD1, N-terminal transmembrane 

domain; TMD2, C-terminal transmembrane domain. Residue exposure for helix 6 in TMD1 was 

undetermined (no exposed residues to the bilayer). 

Table 5.7. Membrane deformation energy penalty (∆Gdef). 

Energetic Penalty (kBT) 

non-substrates substrates modulators 

alprenolol 

diphenhydramine 

ranitidine 

-1.86 

1.77 

-1.00 

colchicine 

Hoechst 33342 

Rhodamine-123 

trimethoprim 

verapamil 

-2.09 

-3.14 

-0.03 

-0.70 

-1.44 

latilagascene D 

kaempferide 

tariquidar 

-2.15 

2.09 

-0.05 

 In addition to the above described effect, drug adsorption to either protein-water and 

lipid-water interface may also contribute to change not only the pattern of membrane 

deformation but also the residual hydrophobic exposure of residues located at the end of each 

transmembrane domains. Similar to the results reported for rhodopsin and 5-HT2A receptors 

(Mondal et al., 2011; Shan et al., 2011), P-gp also reveal radially asymmetric deformations 

around each TMD. Regarding hydrophobic residue exposure, a striking difference emerges 

between classes. While ATP seem to asymmetrically change the hydrophobic exposure of both 

N-terminal and C-terminal domains, both non-substrates and modulators seem to stabilize the 

protein by reducing the energetic penalty in both halves. However, this effect is much more 

pronounced in TMD1 for non-substrates whereas in modulators the same effect is similarly 

distributed by all transmembrane helices. Interestingly, substrates do not show this behavior, 

having a negligible effect on all transmembrane domains except TM helices 1 (decreasing 

exposure) and 9 (increasing exposure). The above data support the fact that mechanical 
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alterations can indeed be induced by drug adsorption to the lipid bilayer interface (with or 

without permeation) but also to the cytoplasmic domains of P-gp. Nonetheless, such changes 

heavily depend on the physico-chemical characteristics of molecules, lipid composition and 

number of adsorbed molecules. Moreover, it is not totally clear if the observed membrane 

changes are due solely to drug adsorption at the lipid-water interface or if drug adsorption at 

the protein-water interface also contributes for changes in the bilayer. 
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6. Conclusions 

The main goals of this work were to isolate and characterize new MDR reversers in cancer cells 

by specifically targeting ABC transporters, and to obtain new insights on the initial steps of the 

efflux mechanism by P-gp through novel ligand-based and structure-based in silico approaches. 

 The phytochemical study of E. pedroi yielded four new terpenoids (Figure 6.1): three 

macrocyclic diterpenes, two lathyranes, pedrodione A (9) and pedrodiol (12) and one 

jatrophane, pedrodione B (10); and one tigliane, pedrolide (13), presenting an unusual scaffold 

that may derive from a pinacol rearrangement at C-6/C-7 followed by the formation of a lactone 

with the hydroxyl at C-9. Furthermore, one new steroid with a spiro scaffold, spiropedroxodiol 

(6), was also characterized. The following known diterpenic compounds were also isolated: 

jolkinol D (7), piscatoriol A (11), 15-acetoxy-5,6-epoxylathyra-12E-en-3-hydroxy-14-dione 

(8), helioscopinolide B (14), helioscopinolide E (15) and ent-13R-hydroxy-3,14-dioxo-16-

atisene (16). From helioscopinolide E (15) and naringenin (17), isolated in large amounts from 

E. pedroi, two libraries comprising six ent-abietane (19-24) and 46 flavanone (25-71) 

derivatives were also prepared. All chemical structures were deduced from physical and 

spectroscopic data (IR, MS, 1H-, 13C-NMR) and their potential as MDR reversal agents was 

assessed by exploring their ability to modulate P-gp efflux.  

 

 The MDR reversal activity of compounds 1-16 was assessed in L5178Y-MDR and 

Colo320 cell models. All compounds showed a variable degree of P-gp modulation, with 
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spiropedroxodiol (6) and pedrodione A (9) being the most potent ones. Furthermore, the high 

cytotoxicity and anti-proliferative effects showed by pedrodione A (9) in cancer cells identifies 

it as a possible lead compound in the ‘pipeline’ for the development of novel MDR reversers. 

In addition, pedrodione B (10) and pedrolide (13) also synergistically enhanced the anti-

proliferative activity of doxorubicin (combination indexes < 0.5). 

 Helioscopinolide E (15) and naringenin (17) derivatives were also assessed as P-gp 

efflux modulators. Concerning the ent-abietane scaffold the acetylation (20) or benzoylation 

(22) of helioscopinolide E oxime 19 (C=N-OH) was sufficient to increase the potency of the 

derivatives towards the L5178Y-MDR cells. 

 In the flavanone scaffold, important structure-activity relationships were obtained from 

the synthetized derivatives: while the methylation of the phenolic hydroxyl at position C-7 was 

found to be important for the MDR reversal activity, the synthesis of hydrazones (C=N-NH-R; 

25-28, 48-53), azines (C=N-N=CH-R; 29-36) and carbohydrazides (C=N-NH-CO-R; 37, 38, 

40-42, 54-63) at position C-4 greatly enhanced the P-gp efflux modulation (at 20 µM). 

Furthermore, the alkylation of the hydroxyl group at C-4’ with epichlorohydrin (62, 63) 

followed by the reaction with amines to yield propanolamines (64-69) greatly improved their 

anti-MDR activities even at lower concentrations as 2.0 µM.  

 

 Therefore, and in agreement with previously published literature, the introduction of 

nitrogen atoms and aromatic moieties is a successful approach to enhance the potency of 

flavanones towards P-gp. 

 In addition to the studies described above, several flavanone derivatives (25-45) were 

also assessed as MDR reversers in MDR-related efflux pumps from the ABC superfamily, 

namely the BCRP and MRP1. Herein, azines (31-36) were found to be more effective efflux 

modulators in BCRP-overexpressing HEK293 cells while carbohydrazides (40-42) displayed a 
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highly selective profile as MRP1 efflux modulators in MRP1-overexpressing BHK21 cells. 

Interestingly, while compounds 36 and 37 were found to be moderately active as efflux 

modulators in both BCRP and MRP1, the thiosemicarbazone derivative 39 was found to be the 

only compound to act as efflux modulator in BCRP and MRP1 (when at 20 µM) but also in P-

gp (L5178Y-MDR cells). However, when tested in P-gp overexpressing NIH/3T3 cells, no 

compound could modulate P-gp efflux. Nonetheless, a proof of concept that flavanones can be 

used as useful building blocks for the development of either selective, dual or triple efflux 

modulators is herein provided for the first time. 

 Regarding in silico studies, we analyzed in detail some of the characteristics predicted 

for the ‘linker’ and which role they play in combination with the remaining structure. The 

results confirm a previous observation that the linker acts as a ‘damper’ between both NBDs, 

stabilizing the cytosolic portion of the transporter. Moreover, the formation of specific contact 

surfaces explains why this structure is important, not only for the formation of the ATP binding 

pocket (thus affecting ATP binding and hydrolysis) but also affecting the substrate recognition 

by the substrate-binding sites. 

 In addition to the site determined by Aller et al. two additional drug-binding sites were 

identified. These sites, hereby characterized for the first time, were assigned as substrate-

binding H- and R-sites identified by Shapiro and Ling based on the docking poses of verapamil, 

R123 and Hoechst 33342 and supported by experimental results (locating them near the inner 

leaflet interface). A third site with modulatory characteristics, already described, was also 

mapped at the top of the drug-binding pocket, next to the outer leaflet of the lipid bilayer– M 

site. The assignment of the above substrate-binding sites was assessed through docking of 

additional molecules as LDS-751 and antracyclines (R-site), quercetin and colchicine (H-site) 

or actinomycin D, vinblastine and etoposide (both). The results corroborated the previous 

assignment. Furthermore, it was possible to identify the lining residues for each site and, 

consequently, to assess several characteristics as mean volume, polarity and residues 

distribution.  

 A new classification scheme was developed, in which the cross-interaction capability 

shown by several molecules at the M site was a key feature to distinguish substrates from 

modulators. The properties of the most common efflux probes and their metabolites were also 

assessed, being identified modulatory properties in several of the evaluated molecules which 
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has implications in the interpretation of the different efflux assay results. Lipid molecules were 

also evaluated, but the binding energy registered classifies them as non-substrates. The cross-

interaction capability offers, for the first time, a suitable explanation for the modulation 

capability associated to molecules frequently classified as substrates, as indinavir, ritonavir, 

reserpine, colchicine or vinblastine. 

 The evaluation of drug permeation from the bulk water environment into the internal 

drug-binding pocket was also determined to be an energetically favorable, spontaneous process 

for all stages (drug permeation, drug DBP entry and drug release after ATP hydrolysis) but one 

(ATP-driven conformational changes). Thus, P-glycoprotein seems to function as a “facilitator” 

that bypasses drug flip-flop between membrane leaflets, allowing drugs to pass from the 

cytoplasmic leaflet directly into the extracellular medium. However, for drug release to occur, 

P-gp must shift the binding affinities in drug-binding sites from high- to low-affinities, with 

such conformational changes intimately related with ATP binding and hydrolysis at the 

nucleotide-binding domains.  

 The calculation of the free energies of adsorption of several molecules towards the 

protein and lipid bilayer was also important to clarify the impact of this physical phenomenon 

on the transporter. It was determined that molecules belonging to the modulators group were 

characterized by lower adsorption energies towards nucleotide-binding domains of P-gp and 

lipid bilayer and, when compared with non-substrates and substrates, this difference was 

calculated to be statistically significant for protein adsorption. Protein-ligand interactions 

identified polar residues with the ability to induce the formation of hydrogen bond networks or 

to participate in electrostatic interactions as the most important factors for drug adsorption.  

 Our study also revealed differences in density distribution of molecules around the 

cytoplasmic NBDs, with lower population densities for non-substrates when compared with 

the remaining classes. In the latter, while substrates show higher densities around β-sheet 

motifs, modulators revealed higher densities in both α-helices and coil motifs. However, both 

classes revealed higher spatial distributions in locations around the TMD-NBD interfaces and 

at the lipid interface next to the ‘entrance gate’ located between TM helices 4 and 6. If adsorbed 

to these regions, especially at the TMD-NBD interface, normal motion patterns are expected to 

change due to alterations in how coordinated motion following ATP binding are transmitted to 

the transmembrane domains. 
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 On the other hand, molecule adsorption to the lipid bilayer is also expected to change 

the biophysical behavior of the membrane through a nonlinear effect. For small molecules 

having hydrogen-bond acceptor and donor capability, as colchicine, kaempferide or 

trimethoprim, simultaneous interactions with multiple phospholipids are expected to decrease 

membrane fluidity, as also described in another study. Herein, all molecules induced a decrease 

in the calculated area per lipid (AL) in both leaflets, additionally increasing membrane thickness 

(DHH) in a lesser extent, which suggests the formation of more liquid-ordered patches around 

P-gp. Thus, these combined effects would further increase the formation of liquid-ordered 

domains around P-gp, stimulating the efflux activity proportionally to the number of adsorbed 

molecules. 

 

At the end, the conjoined efforts of phytochemical, computational and biological approaches 

were able to obtain valuable information towards the development of novel efflux modulators. 

While the identification of novel terpenoids able to reverse MDR was important for increasing 

the pool of available scaffolds, the structural modification of the ent-abietane and flavanone 

scaffolds provided new information about the structure-activity relationships linked with efflux 

modulation in P-gp, MRP1 and BCRP, the most important “efflux triad” involved in the MDR 

onset in cancer. Thus, while compounds 6, 8, 9, 53 and 69 could be used as lead compounds 

for developing novel efflux modulators for P-gp, compounds 29, 33 and 36 (BCRP) and 41-42 

(MRP1) can be used for searching more selective efflux modulators for other ABC transporters. 

Furthermore, our in silico results clarified the most important aspects related with the efflux 

mechanism by P-gp, aiming for the development of selective modulators able to achieve clinical 

usage.
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7. Material and Methods 

7.1. Chemistry 

7.1.1. General experimental procedures 

Optical rotations were obtained in a Perkin Elmer 241 polarimeter, with a 10-cm path length 

quartz cell at a temperature of 20 ºC (maintained constant by a water bath) and all samples were 

dissolved in spectroscopy grade CHCl3 or MeOH. Infrared spectra were determined on an 

Shimadzu Affinity-1 FTIR spectrophotometer using NaCl pellets. 

 Low resolution mass spectrometry (ESI-MS) was performed on a Triple Quadrupole 

mass spectrometer (Micromass Quattro Micro API, Waters) and high-resolution mass spectra 

were obtained on a FTICR-MS Apex Ultra 7T instrument (Brüker Daltonics). NMR spectra 

were recorded on a Bruker 400 (1H 400 MHz, 13C 101 MHz) and on a Bruker 300 (1H 300 

MHz, 13C 75 MHz) Ultra-Shield instruments, with all 1H and 13C shifts expressed in δ (ppm) 

and referenced to the solvent used. Coupling constants J were expressed in hertz (Hz) and all 

spectra were assigned using the appropriate COSY, DEPT, HMQC and HMBC sequences. 

 Column chromatography was performed using Silicagel 60 (0.040-0.063 mm, Merck 

1.09385.9025) or CombiFlash systems (RediSep®Rf, Teledyne-Isco) using standard (SiO2) or 

reversed-phase (C18) prepacked columns. Analytical and preparative thin-layer 

chromatography was performed using pre-coated SiO2 plates (Merck 1.05554.9025) and 20 x 

20 cm Silicagel 60 GF254-coated glass plates (Merck 1.07730.9025), respectively. Visualization 

was done under UV light (λ 254 and 366 nm) and by revealing them with sulfuric acid/methanol 

(1:1) followed by heating. 

 High-pressure liquid chromatography (HPLC) was performed on a Merck-Hitachi 

system with UV detection. For analytical and semi-preparative HPLC, Merck LiChrospher 100 

RP-18 columns were used (analytical, 5 μm; 125 x 4 mm; semi-preparative, 10 μm, 250 x 10 

mm) with mixtures of MeOH/H2O and ACN/H2O as mobile phases. 
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7.1.2. Phytochemical study of Euphorbia pedroi 

7.1.2.1. Plant Material 

Euphorbia pedroi Molero & Rovira was collected at the Parque Natural da Arrábida (June 

2011) and identified by the plant taxonomist Dr. Teresa Vasconcelos, of Instituto Superior de 

Agronomia, Universidade de Lisboa. A voucher specimen (nº LISI-06/2011) has been 

deposited at the herbarium of Instituto Superior de Agronomia. 

7.1.2.2. Extraction and isolation 

The air-dried powdered aerial parts (17.8 Kg) was exhaustively extracted with methanol (10 × 

12.5 L) at room temperature (Figure 7.1). The solvent was evaporated under vacuum (at 40 °C) 

from the crude extract to yield a 3.33 kg residue. Following, the residue was resuspended in 

MeOH‒H2O solution (1:1) and sequentially extracted with n-hexane (3 × 0.3 L) and ethyl 

acetate (EtOAc, 10 × 12.5 L). The EtOAc soluble fraction was dried with sodium sulphate and 

evaporated under vacuum to obtain a residue (901 g) that was chromatographed over SiO2 (6.5 

Kg), using as eluents mixtures of n-hexane–EtOAc (1:0 to 0:1) and EtOAc–MeOH (1:0 to 5:1). 

According to differences in composition as indicated by TLC, 10 crude fractions were obtained 

(Fractions A–L, Table 7.1). As from the crude fraction E a white precipitate was readily 

obtained, the mother liquor was further designated as fraction F. The other fractions (D and G) 

were also selected due to their TLC profiles (Figure 7.1). 

Table 7.1. Fractions obtained from the EtOAc soluble fraction of Euphorbia pedroi. 

 Eluents (v/v) 

Fraction Amount (g) n-hexane‒EtOAc EtOAc‒MeOH 

A 

B 

C 

D 

E 

F 

G 

H 

I-K 

L 

2.76 

3.90 

0.90 

2.71 

1.35 

9.21 

24.8 

15.4 

41.7 

52.9 

100:0 to 90:10 

90:10 to 70:30 

70:30 to 65:35 

65:35 to 55:45 

55:45 to 45:55 

55:45 to 45:55 

45:55 to 40:60 

40:60 to 20:80 

20:80 to 0:100 

-- 

-- 

-- 

-- 

-- 

-- 

-- 

-- 

-- 

100:0 to 95:5 

95:5 to 70:30 
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Figure 7.1. Study of Euphorbia pedroi: extraction, isolation procedures and identified compounds from 

fractions D-G. 

7.1.2.3. Study of fraction D 

The whole fraction D (2.71 g) was further processed through column chromatography (110 g 

SiO2) with n-hexane‒EtOAc (100:0 to 70:30, used in increased gradients of 10%, 500 mL each) 

and CH2Cl2‒MeOH (100:0 to 90:10, 200 mL each), originating 9 subfractions (D1-D9). 

Subfraction D4 (338 mg) was again chromatographed by column chromatography (15 g SiO2) 

with n-hexane‒EtOAc (100:00 to 80:20, 500 mL each) to obtain five subfractions (D4A-D4E), 

with the known steroid β-sitostenone (1, 15 mg) being isolated from D4B subfraction by 

preparative TLC, using dichloromethane as eluent. Similarly, D5 and D6 fractions were joined 

into one single subfraction (D5/6) and separated through column chromatography (60 g SiO2) 

using n-hexane‒EtOAc as mobile phase, from 100:0 to 70:30 with increasing gradients of 10 

%), to obtain 4 subfractions (D5/6A-D5/6D). Two known triterpenic cycloartanes were 

isolated: while cycloart-25-ene-3β,24-diol (3, 56 mg) was isolated from subfraction D5/6C 

through a column chromatography (190 mg, 15 g SiO2), with CH2Cl2‒Acetone (100:0 to 80:20) 

as mobile phase, the related compound cycloart-23-ene-3β,25-diol (4, 13 mg) was isolated from 

subfraction D5/6D in the CombiFlash system, using standard columns (501 mg, 12 g SiO2 
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prepacked column, RediSep®Rf, TeleDyne Isco) and CH2Cl2‒acetone as eluent (100:0 to 80:20, 

18 mL.min-1 with an increasing gradient of 2%) followed by a preparative TLC using 

CH2Cl2:MeOH 1% as mobile phase. 

β-sitostenone, (24R)-stigmast-4-ene-3-one (1): 

White amorphous powder; 

[𝛼]𝐷
20 + 57.4 ° (c 0.1, CHCl3); lit. [𝛼]𝐷

20 + 81.3 °; 

IR νmax (CH2Cl2) 2957, 2933, 2870, 1732, 1674, 

1616, 1464, 1379, 1267 cm-1; 

ESI-MS m/z (positive mode): 413 [M + H]+; 

1H-NMR (400 MHz, CDCl3): δ 5.71 (1H, s, H-4), 2.41 (1H, dd, J = 4.5 Hz, H-2α), 2.37 (1H, 

dd, J = 4.5 Hz, H-2β), 1.64 (1H, m, H-25), 1.32 (1H, m, H-20), 1.22 (2H, m, H-28), 1.17 (3H, 

s, H-19), 0.91 (1H, d, J = 6.4 Hz, H-21), 0.83 (3H, t, J = 7.5, H-29), 0.82 (3H, d, J = 7.4 Hz, H-

26), 0.80 (3H, d, J = 7.4 Hz, H-27), 0.70 (3H, s, H-18) ppm; 

13C-NMR (101 MHz, CDCl3): δ 199.8 (C-3), 171.88, (C-5), 123.8 (C-4), 45.9 (C-24), 36.2 (C-

20), 34.0 (C-2), 28.3 (C-25), 23.2 (C-28), 19.9 (C-26), 19.1 (C-27), 18.8 (C-21), 17.5 (C-19), 

12.1 (C-28, C-29). 

Cycloart-25-ene-3β,24-diol (3): 

White powder; 

[𝛼]𝐷
20 + 24.6 ° (c 0.1, CHCl3); lit. [𝛼]𝐷

20 + 44.0 °       

(c 0.2, CHCl3); 

IR νmax (CH2Cl2) 3446, 3419, 2964, 2872, 1689, 

1656, 1618, 1458, 1375 cm-1; 

ESI-MS m/z (positive mode): 443 [M + H]+; 

1H-NMR (400 MHz, CDCl3): δ 4.93 (1H, d, J = 0.5 Hz, H-26β), 4.83 (1H, br s, H-26α), 4.02 

(1H, t, J = 6.2 Hz, H-24), 3.28 (1H, dd, J = 10.4, 4.1 Hz, H-3), 1.72 (3H, s, H-27), 0.96 (6H, s, 

H-18, H-29), 0.88 (3H, s, H-30), 0.87 (3H, d, J = 5.5 Hz, H-21), 0.80 (3H, s, H-28), 0.54 (1H, 

d, J = 3.7 Hz, H-19α), 0.33 (1H, d, J = 3.7 Hz, H-19β) ppm; 
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13C-NMR (101 MHz, CDCl3): δ 111.1 (C-26), 78.9 (C-3), 76.5 (C-24), 30.0 (C-19), 25.6 (C-

30), 19.4 (C-28), 18.4 (C-21), 18.2 (C-18), 17.7 (C-27), 14.2 (C-29). 

Cycloart-23-ene-3β,25-diol (4): 

White powder; 

[𝛼]𝐷
20 + 30.6 ° (c 0.1, CHCl3); lit. [𝛼]𝐷

20 + 43.6 °       

(c 0.22, CHCl3); 

IR νmax (CH2Cl2) 3445, 3421, 2949, 2924, 2870, 

1697, 1452, 1375 cm-1; 

ESI-MS m/z (positive mode): 443 [M + H]+; 

1H-NMR (400 MHz, CDCl3): δ 5.60 (2H, br s, H-23, H-24), 3.28 (1H, dd, J = 10.9, 4.4 Hz, 

H-3), 2.17 (1H, dd, J = 14.3, 3.5 Hz, H-22α), 1.75 (1H, dd, J = 7.3, 3.5 Hz, H-22β), 1.44 (1H, 

m, H-20), 1.31 (6H, br s, H-26, H-27), 0.96 (6H, s, H-18, H-29), 0.88 (3H, s, H-28), 0.86 (3H, 

d, J = 6.4 Hz, H-21), 0.81 (3H, s, H-30), 0.55 (1H, d, J = 4.0 Hz, H-19α), 0.33 (1H, d, J = 4.0 

Hz, H-19β) ppm; 

13C-NMR (101 MHz, CDCl3): δ 139.3 (C-24), 125.6 (C-23), 78.8 (C-3), 52.0 (C-17), 39.0 (C-

22), 36.4 (C-20), 35.7 (C-12), 32.9 (C-15), 31.9 (C-1), 30.4 (C-19), 30.0 (C-16), 29.9 (C-26), 

28.1 (C-7), 26.4 (C-2), 26.0 (C-10), 25.4 (C-30), 21.1 (C-6), 20.0 (C-9), 19.3 (C-28), 14.2 (C-

29). 

7.1.2.4. Study of fractions E and F 

Jolkinol D was obtained by crystallization from n-hexane‒EtOAc eluted directly from the main 

column, and therefore designated as fraction E (7, 1.35 g). The mother liquid (hereby designated 

fraction F) was fractionated through column chromatography (9.2 g, 500 g SiO2) using n-

hexane‒EtOAc (100:0 to 30:70, gradient of 10% in 500 mL portions) as eluents, originating 12 

subfractions (F1-F12). 

 Subfraction 5 (F5) was first separated in Combiflash (587 mg, 43 g prepacked C-18 

column, RediSep®Rf, Teledyne Isco) with MeOH‒H2O as mobile phase (0:100 to 100:0, 

increasing gradient of 10%, 10 mL.min-1) to obtain 5 distinct subfractions (F5A-F5E). After 

evaluation by analytical TLC, subfraction E (F5E) was chosen to be further processed by 



Material and Methods 

 

Reversing multidrug resistance (MDR) in cancer cells by targeting P-glycoprotein 

 
183 

Combiflash (137.6 mg, 12 g prepacked SiO2 column, RediSep®Rf, Teledyne Isco) using a 

CH2Cl‒MeOH gradient (100:0 to 80:20, 2% increments with an 8 mL.min-1 flow). Following, 

by sequential preparative TLCs (n-hexane‒Acetone 60:40; n-hexane‒EtOAc 80:20) the 

compound 7,11-dioxo-obtusifoliol (5, 6 mg) was able to be obtained as a white powder. 

 From subfraction 6 (F6), a white precipitate was readily obtained from n-hexane‒EtOAc 

and identified as oleanolic acid (2, 17 mg), a pentacyclic triterpene. Following, the mother 

liquid was fractionated through by chromatography (1.35g, 60 g SiO2), using as eluents n-

hexane‒EtOAc (100:0 to 0:100) and EtOAc‒MeOH (100:0 to 70:30). From the obtained 4 

subfractions (F6A-F6D), subfraction B (F6B) was further separated on a CombiFlash system 

(443 mg, 12 g prepacked SiO2 column, RediSep®Rf, Teledyne Isco) using as eluents n-hexane‒

EtOAc (100:0 to 50:50, 12 mL.min-1 with increasing gradients of 5%). While piscatoriol A (10, 

6 mg) was isolated by crystallization from n-hexane‒EtOAc, pedrodiol (11, 7 mg) and 15β-

acetoxy-3β-hydroxylathyra-5,6-epoxi-12E-dien-14-one (12, 5 mg) were obtained after 

purification by HPLC using standard conditions. 

 Similarly, subfraction C (F6C) was separated in a CombiFlash system (378 mg, 12 g 

prepacked SiO2 column, RediSep®Rf, Teledyne Isco) using the same eluting conditions as 

described for F6B, allowing the isolation of pedrodione A (8, 7 mg) by crystallization from n-

hexane‒EtOAc. The mother liquid was further separated in Combiflash (100 mg, 43 g 

prepacked C-18 column, RediSep®Rf, Teledyne Isco) with MeOH‒H2O as mobile phase (0:100 

to 100:0, increasing gradient of 10%, 10 mL.min-1). At the end, pedrodione B (9, 8 mg) was 

isolated after purification by preparative TLC (3 runs, n-hexane‒acetone, 80:20). 

 Subfraction 7 (F7) was separated by reverse-phase chromathography in Combiflash 

(412 mg, 43 g prepacked C-18 column, RediSep®Rf, Teledyne Isco) with MeOH‒H2O as 

mobile phase (0:100 to 100:0, increasing gradient of 10%, 10 mL.min-1) and 11 subfractions 

(F7A-F7L) were obtained. While from subfraction D (F7D) ent-13R-hydroxy-3,14-dioxo-16-

atisene (16, 10 mg) was obtained through a Combiflash chromatography (36 mg, 4 g prepacked 

SiO2, RediSep®Rf, Teledyne Isco) using CH2Cl2‒acetone (100:0 to 80:20, 5% gradient increase 

at 8 mL.min-1), from subfraction G (F7G) helioscopinolide B (14, 51 mg) was obtained by 

preparative TLC using n-hexane‒acetone (80:20) as eluent. Piscatoriol A (10) was also isolated 

in this subfraction (9 mg). 
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 From subfraction F8, helioscopinolide E (15, 239 mg) was obtained by crystallization 

from n-hexane‒EtOAc. Following, the mother liquid was separated by chromatography in 

Combiflash (1.33 g, 24 g prepacked SiO2 column) with n-hexane‒EtOAc as mobile phase 

(100:0 to 0:100), giving rise to four subfractions (F8A-F8D). Subfraction C (F8C) was further 

separated by reverse phase chromatography in Combiflash (1000 mg, 43 g prepacked C-18 

column, RediSep®Rf, Teledyne Isco) with MeOH‒H2O as eluent (0:100 to 100:0), followed by 

a column chromathography in Combiflash (656 mg, 12 g prepacked SiO2 column, RediSep®Rf, 

Teledyne Isco) with n-hexane‒CH2Cl2 (100:0 to 0:100) and CH2Cl2‒MeOH (100:0 to 90:10) 

and preparative TLC (n-hexane‒isopropanol 90:10) to obtain pedrolide (13, 5 mg). From 

subfraction D (F8D), standard column chromatography (100 mg, 10 g SiO2) was performed in 

order to purify and obtain the compound spiropedroxodiol (6, 6 mg). 

Oleanolic acid, 3β-hydroxyolean-12-en-28-oic acid (2): 

White powder; 

[𝛼]𝐷
20 + 104.4 ° (c 0.1, CHCl3); lit. [𝛼]𝐷

20 + 64.6° (c 0.27, 

CHCl3); 

IR νmax (CH2Cl2) 3423, 2958, 2870, 1680, 1271 cm-1; 

ESI-MS m/z (positive mode): 457 [M + H]+; 

1H-NMR (400 MHz, CDCl3): δ 5.27 (1H, t, J = 4.1 Hz, H-12), 3.21 (1H, dd, J = 11.0, 4.2 Hz, 

H-3), 2.81 (1H, dd, J = 13.9, 3.7 Hz, H-18), 0.98 (3H, s, H-23), 1.13 (3H, s, H-27), 0.92 (3H, 

s, H-29), 0.91 (3H, s, H-25), 0.90 (3H, s, H-30), 0.77 (3H, s, H-26), 0.74 (3H, s, H-24), 0.74 

(1H, br d, J = 9.9 Hz, H-5) ppm; 

13C-NMR (101 MHz, CDCl3): δ 183.5 (C-28), 143.6 (C-13), 122.6 (C-12), 79.0 (C-3), 55.7 

(C-5), 47.6 (C-9), 46.5 (C-17), 45.9 (C-19), 41.6 (C-14), 40.9 (C-18), 39.2 (C-8), 38.7 (C-4), 

38.4 (C-1), 37.1 (C-10), 33.1 (C-7, C-29), 32.6 (C-21), 32.4 (C-22), 30.7 (C-20), 28.0 (C-23), 

27.7 (C-2), 27.6 (C-15), 26.0 (C-27), 23.6 (C-30), 23.4 (C-16), 22.9 (C-11), 18.3 (C-6), 17.1 

(C-26), 15.6 (C-24), 15.3 (C-25). 
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7,11-dioxo-obtusifoliol, 3β-hydroxy-4α,14α-

dimethyl-5α-ergosta-8,24(28)-dien-7,11-dione (5): 

White powder; 

[𝛼]𝐷
20 + 94.2 ° (c 0.1, CHCl3); lit. [𝛼]𝐷

23 + 102 °       

(c 0.92, CHCl3) 

IR νmax (CH2Cl2) 3367, 2960, 2928, 2870, 1674, 1643, 1458, 1377 cm-1; 

ESI-MS m/z (positive mode): 455 [M + H]+; 

1H-NMR (400 MHz, CDCl3): δ 4.72 (1H, br s, H-28α), 4.66 (1H, br s, H-28β), 3.13 (1H, ddd, 

J = 11.1, 9.4, 5.1 Hz, H-3), 2.84 (1H, dt, J = 13.8, 3.9 Hz, H-1α), 2.77 (1H, d, J = 16.0 Hz, H-

12α), 2.63 (1H, d, J = 16.0 Hz, H-12β), 2.51 (1H, dd, J = 15.5, 2.8 Hz, H-6α), 2.30 (1H, dd, J 

= 16.3, 15.5 Hz, H-6β), 2.24 (1H, m, H-25), 2.11 (1H, m, H-23α), 2.10 (1H, m, H-15α), 2.01 

(1H, m, H-16α), 1.88 (1H, m, H-15β), 1.87 (1H, m, H-23β), 1.85 (1H, dd, J = 9.4, 5.1 Hz, H-

2α), 1.70 (1H, m, H-17), 1.59 (2H, m¸ H-2β, H-22α), 1.49 (1H, m, H-4), 1.47 (1H, m, H-5), 1.41 

(1H, m, H-20), 1.36 (1H, m, H-16β), 1.30 (3H, s, H-19), 1.20 (3H, s, H-29), 1.16 (2H, m, H-1β, 

H-22β), 1.02 (6H, d, J = 6.8 Hz, H-26, H-27), 1.01 (3H, d, J = 6.1 Hz, H-30), 0.92 (3H, d, J = 

6.4 Hz, H-21), 0.82 (3H, s, H-18) ppm; 

13C-NMR (101 MHz, CDCl3): δ 202.8 (C-11), 201.8 (C-7), 156.6 (C-24), 151.6 (C-9), 151.4 

(C-8), 106.3 (C-28), 75.5 (C-3), 51.8 (C-12), 49.2 (C-17), 49.1 (C-13), 47.6 (C-14), 47.3 (C-5), 

38.8 (C-10), 38.4 (C-6), 38.3 (C-4), 36.3 (C-20), 34.8 (C-22), 33.9 (C-25), 33.4 (C-1), 32.2 (C-

15), 31.3 (C-23), 31.0 (C-2), 27.5 (C-16), 26.1 (C-29), 22.1 (C-27), 22.0 (C-26), 18.7 (C-21), 

16.9 (C-18), 16.58 (C-19), 14.9 (C-30). 

Spiropedroxodiol, (3S,7S,9R)-3,7-dihydroxy-

7(8→9)-abeo-ergosta-24(28)-en-8-one (6): 

Colorless oil; 

[𝛼]𝐷
20 + 12.0 ° (c 0.1, CHCl3); 

IR νmax (CH2Cl2) 3364, 1691, 1658, 1456, 1379 cm-1; 

ESI-MS m/z: 459 [M + H]+; 

ESI-HRMS m/z 481.3655 [M + Na]+ (calcd. for C30H50NaO3, 481.3652); 
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1H-NMR (300 MHz, CDCl3): δ 4.72 (1H, s, H-28α), 4.65 (1H, d, J = 1.5 Hz, H-28β), 4.34 

(1H, dd, J = 8.0, 3.4 Hz, H-7), 3.04 (1H, ddd, J = 12.0, 9.5, 5.3 Hz, H-3), 2.39 (1H, dt, J = 13.3, 

7.6 Hz, H-6α), 2.22 (1H, h, J = 6.8 Hz, H-25), 2.13 (1H, br t, J = 4.0 Hz, H-23α), 2.07 (1H, br 

d, J = 4.5 Hz, H-12α), 2.02 (1H, m, H-11α), 2.00-1.98 (2H, m, H-1α, H-2α), 1.96 (1H, m, H-

16α), 1.92 (1H, br d, J = 4.5 Hz, H-23β), 1.88 (1H, m, H-15α), 1.74 (1H, m, H-12β), 1.67 (1H, 

m, H-17), 1.66 (1H, d, J = 12.0 Hz, H-4) 1.60 (2H, m, H1-β, H-11β), 1.58 (1H, m, H-22α), 1.47 

(3H, s, H-19), 1.41 (2H, m, H-2β, H-20), 1.39 (1H, dt, J = 13.3, 3.4 Hz, H-6β), 1.33 (1H, m, H-

16β), 1.25 (1H, m, H-15β), 1.22 (1H, m, H-5), 1-20 (3H, s, H-29), 1.15 (1H, m, H-22β), 1.03 

(3H, d, J = 6.8 Hz, H-26), 1.01 (3H, d, J = 6.8 Hz, H-27), 0.96 (3H, d, J = 5.4 Hz, H-30), 0.94 

(3H, d, J = 5.6 Hz, H-21), 0.66 (3H, s, H-18) ppm; 

13C-NMR (75 MHz, CDCl3): δ 215.2 (C-8), 156.7 (C-24), 106.3 (C-28), 80.6 (C-7), 77.4 (C-

3), 64.2 (C-9), 61.1 (C-14), 50.3 (C-17), 48.3 (C-13), 48.3 (C-5), 47.8 (C-10), 38.3 (C-4), 37.9 

(C-6), 35.8 (C-20), 34.9 (C-22), 33.9 (C-25), 31.4 (C-23), 30.9 (C-12), 30.3 (C-1), 30.3 (C-11), 

29.7 (C-15), 28.8 (C-2), 27.2 (C-16), 22.1 (C-26), 22.0 (C-27) ,19.7 (C-29), 18.9 (C-21), 18.6 

(C-19), 16.6 (C-18), 16.3 (C-30) ppm. 

Jolkinol D, 15β-acetoxy-3β-hydroxylathyra-5E,12E-

dien-14-one (7): 

White crystals; 

M.p. 187-189 ºC (n-hexane‒EtOAc); 

[𝛼]𝐷
20 + 42.6 ° (c 0.1, CHCl3); lit. [𝛼]𝐷

24 + 20° (c 0.52, CHCl3); 

IR νmax (CH2Cl2) 3475, 2947, 2921, 1872, 1736, 1645, 1612, 1454, 1367, 1265, 1244 cm-1; 

ESI-MS m/z (positive mode): 361 [M + H]+; 

1H-NMR (400 MHz, CDCl3): δ 6.64 (1H, d, J = 11.2 Hz, H-12), 5.66 (1H, d, J = 10.8 Hz, H-

5), 3.90 (1H, dd, J = 8.0, 4.0 Hz, H-3), 3.49 (1H, dd, J = 14.0, 8.1 Hz, H-1α), 2.57 (1H, d, J = 

13.3 Hz, H-7α), 2.38 (1H, dd, J = 10.8, 4.0 Hz, H-4), 2.20 (1H, dd, J = 14.4, 2.0 Hz, H-8α), 

2.02 (1H, m, H-2), 2.01 (3H, s, H-2’), 1.83 (3H, s, H-20), 1.78 (1H, td, J = 13.3, 2.0 Hz, H-7β), 

1.56 (1H, m, H-8β), 1.50 (1H, d, J = 14.0, 4.7 Hz, H-2β), 1.45 (3H, s, H-17), 1.39 (1H, dd, J = 

11.2, 8.3 Hz, H-11), 1.17 (3H, s, H-18), 1.07 (3H, d, J = 6.7 Hz, H-16), 1.06 (1H, m, H-9), 1.04 

(3H, s, H-19)  ppm; 
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13C-NMR (101 MHz, CDCl3): δ 195.3 (C-14), 169.8 (C-1’), 146.6 (C-12), 143.1 (C-6), 132.2 

(C-13), 119.5 (C-5), 95.3 (C-15), 80.0 (C-3), 53.6 (C-4), 44.0 (C-1), 39.2 (C-2), 36.8 (C-7), 

34.2 (C-9), 29.7 (C-11), 29.3 (C-18), 28.3 (C-8), 24.5 (CC-10), 21.7 (C-2’), 20.9 (C-17), 16.4 

(C-19), 13.8 (C-16), 12.4 (C-20). 

Jolkinol D epoxide, 15β-acetoxy-3β-hydroxylathyra-

5,6-epoxi-12E-dien-14-one (8): 

White powder; 

[𝛼]𝐷
20 – 10 ° (c 0.1, CHCl3); lit. [𝛼]𝐷

24 – 41.4° (c 0.15, 

MeOH); 

IR νmax (CH2Cl2) 3365, 2930, 2872, 2854, 1743, 1454, 1207 cm-1; 

ESI-MS m/z (positive mode): 377 [M + H]+; 

1H-NMR (300 MHz, CDCl3): δ 6.92 (1H, d, J = 11.1 Hz, H-12), 4.08 (1H, dd, J = 6.9, 3.5 Hz, 

H-3), 3.51 (1H, d, J = 9.5 Hz, H-5), 3.46 (1H, dd, J = 13.6, 7.5 Hz, H-1α), 2.10 (1H, br s, H-

8α), 2.07 (3H, s, H-2’), 2.03 (1H, m, H-7α), 1.94 (1H, m, H-2), 1.86 (3H, br s, H-20), 1.64 (1H, 

br t, J = 13.5 Hz, H-1β), 1.54 (1H, m, H-7β), 1.51 (2H, m, H-8β, H-11), 1.50 (1H, dd, J = 9.2, 

3.5 Hz, H-4), 1.20 (3H, s, H-18), 1.17 (3H, s, H-17), 1.13 (1H, dd, J = 8.0, 3.2 Hz, H-9), 1.08 

(3H, d, J = 5.7 Hz, H-16), 1.07 (3H, s, H-19) ppm; 

13C-NMR (75 MHz, CDCl3): δ 195.3 (C-14), 169.8 (C-1’), 143.5 (C-12), 134.5 (C-13), 91.9 

(C-15), 78.6 (C-3), 63.8 (C-6), 57.9 (C-5), 51.9 (C-4), 44.8 (C-1), 38.7 (C-7), 38.2 (C-2), 33.9 

(C-9), 29.8 (C-11), 28.9 (C-18), 26.1 (C-10), 23.2 (C-8), 21.3 (C-2’), 19.7 (C-17), 16.1 (C-19), 

13.0 (C-16), 12.3 (C-20). 

Pedrodione A, 15β-acetoxy-3β-hydroxylathyra-

6(17),12E-dien-5,14-dione (9): 

White powder; 

[𝛼]𝐷
20 + 189 ° (c 0.1, CHCl3); 

IR νmax (CH2Cl2) 3446, 2955, 2924, 2852, 1737, 1716, 

1651, 1456 cm-1; 

ESI-MS m/z (positive mode): 398 [M + H + Na]+; 
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ESI-HRMS m/z 397.19883 [M + Na]+ (calcd. for C22H30NaO5, 397.19854); 

1H-NMR (300 MHz, CDCl3): δ 6.20 (1H, d, J = 11.1 Hz, H-12), 5.84 (1H, br s, H-17α), 5.64 

(1H, br s, H-17β), 4.19 (1H, br t, J = 3.0 Hz, H-3), 3.47 (1H, dd, J = 13.4, 7.5 Hz, H-1α), 3.37 

(1H, d, J = 3.0 Hz, H-4), 3.02 (1H, dd, J = 13.1, 4.8 Hz, H-7α), 2.04 (1H, m, H-7β), 2.03 (1H, 

m, H-8α), 2.00 (3H, s, H-2’), 1.94 (1H, m, H-2), 1.78 (3H, s, H-20), 1.72 (1H, br t, J = 13.4 Hz, 

H-1β), 1.54 (1H, m, H-8β), 1.38 (1H, dd, J = 11.1, 8.2 Hz, H-11), 1.15 (3H, s, H-18), 1.11 (3H, 

d, J = 6.7 Hz, H-16), 1.08 (1H, m, H-9), 0.99 (3H, s, H-19) ppm; 

13C-NMR (75 MHz, CDCl3): δ 201.6 (C-5), 195.1 (C-14), 169.7 (C-1’), 149.5 (C-6), 146.6 

(C-12), 133.3 (C-13), 127.5 (C-17), 92.3 (C-15), 78.4 (C-3), 53.3 (C-4), 45.1 (C-1), 40.3 (C-2), 

34.7 (C-9), 29.2 (C-11), 32.6 (C-7), 28.8 (C-18), 25.0 (C-10), 22.0 (C-8), 21.6 (C-2’), 16.4 (C-

19), 13.0 (C-16), 12.7 (C-20) ppm. 

Pedrodione B, 3β,5α,15β-triacetoxyjatropha-

6(17),12E-dien-9,14-dione (10): 

White powder; 

[𝛼]𝐷
20 + 95.6 ° (c 0.1, CHCl3); 

IR νmax (CH2Cl2) 2972, 2935, 2875, 1741, 1705, 1456, 

1437, 1371 cm-1; 

ESI-MS m/z (positive mode): 477 [M + H]+; 

ESI-HRMS m/z 499.2303 [M + Na]+ (calcd. for C26H36NaO8, 499.2303); 

1H-NMR (300 MHz, CDCl3): δ 5.75 (1H, d, J = 10.0 Hz, H-5), 5.72 (1H, t, J = 10.5 Hz, H-

12), 5.59 (1H, d, J = 10.5 Hz, H-11), 5.58 (1H, dd, J = 5.7, 4.0 Hz, H-3), 5.18 (1H, s, H-17α), 

4.87 (1H, s, H-17β), 3.31 (1H, dq, J = 13.3, 6.6 Hz, H-13), 2.83 (1H, dd, J = 15.5, 8.0 Hz, H-

1α), 2.66 (1H, dd, J = 10.0, 4.0 Hz, H-4), 2.59 (1H, td, J = 11.0, 9.0 Hz, H-8α), 2.30 (1H, m, H-

2), 2.23 (1H, td, J = 11.0, 9.0 Hz, H-8β), 2.16 (3H, s, H-2”), 2.11 (2H, m, H-1β, H-7α), 2.05 

(3H, s, H-2’), 1.95 (3H, s, H-2”’), 1.77 (1H, dt, J = 17.0, 11.1 Hz, H-7β), 1.35 (3H, d, J = 6.6 

Hz, H-20), 1.21 (3H, s, H-18), 1.19 (3H, s, H-19), 1.00 (3H, d, J = 6.5 Hz, H-16) ppm; 

13C-NMR (75 MHz, CDCl3): δ 212.4 (C-9), 203.7 (C-14), 170.4 (C-1’), 169.4 (C-2”’), 169.2 

(C-2”), 141.4 (C-6), 135.0 (C-11), 132.3 (C-12), 116.1 (C-17), 90.7 (C-15), 76.7 (C-3), 72.3 
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(C-5), 50.6 (C-10), 49.4 (C-4), 44.8 (C-1), 43.8 (C-13), 38.7 (C-2), 34.4 (C-8), 25.1 (C-7), 23.3 

(C-18, C-19), 21.3 (C-2”), 20.9 (C-2”’), 20.7 (C-2’), 20.1 (C-20), 13.8 (C-16) ppm. 

Piscatoriol A, 15β-acetoxy-6Z,12E-dien-3β,5α-

dihydroxylathyra-14-one (11): 

White prismatic crystals; 

M.p. 255 – 257 ºC; 

[𝛼]𝐷
20 - 68.6 ° (c 0.1, CHCl3); lit. [𝛼]𝐷

20 ‒ 43.2 °           

(c 0.1, CHCl3); 

IR νmax (CH2Cl2) 3319, 2947, 2928, 2872, 1747, 1647, 1624, 1234 cm-1; 

ESI-MS m/z (positive mode): 377 [M + H]+; 

1H-NMR (300 MHz, CDCl3): δ 6.44 (1H, d, J = 11.2 Hz, H-12), 5.37 (1H, d, J = 6.2 Hz, H-

5), 5.25 (1H, dd, J = 11.1, 5.4 Hz, H-7), 4.34 (1H, t, J = 3.1 Hz, H-3), 3.32 (1H, dd, J = 13.5, 

7.6 Hz, H-1α), 2.37 (1H, m, H-8β), 2.34 (1H, m, H-8α), 2.10 (1H, m, H-4), 2.09 (3H, s, H-2’), 

2.04 (1H, m, H-2), 1.75 (3H, s, H-20), 1.70 (1H, m, H-1β), 1.65 (3H, s, H-17), 1.42 (1H, dd, J 

= 11.2, 8.8 Hz, H-11), 1.25 (1H, m, H-9), 1.23 (3H, s, H-18), 1.16 (3H, s, H-19), 1.07 (3H, d, J 

= 6.8 Hz, H-16) ppm; 

13C-NMR (101 MHz, CDCl3): δ 197.9 (C-14), 170.1 (C-1’), 142.6 (C-12), 135.5 (C-6), 133.6 

(C-13), 126.7 (C-7), 92.7 (C-15), 79.7 (C-3), 65.8 (C-5), 54.7 (C-4), 47.4 (C-1), 37.8 (C-2), 

31.9 (C-9), 28.8 (C-19), 27.9 (C-11), 25.5 (C-10), 23.9 (C-8), 22.2 (C-2’), 17.8 (C-17), 17.0 (C-

18), 13.5 (C-16), 12.2 (C-20) ppm, in accordance with the published literature (Reis et al., 

2014b). 

Pedrodiol, 15β-acetoxy-6(17),12E-dien-3β,5α-

dihydroxylathyra-14-one (12): 

White powder; 

[𝛼]𝐷
20 + 90.6 ° (c 0.1, CHCl3); 

IR νmax (CH2Cl2) 3421, 2955, 2926, 2875, 1741, 1726, 16469, 1620, 1452, 1369 cm-1; 

ESI-MS m/z (positive mode): 377 [M + H]+; 
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ESI-HRMS m/z 377.2324 [M + H]+ (calcd. for C22H33O5, 377.2324); 

1H-NMR (300 MHz, CDCl3): δ 6.33 (1H, d, J = 11.2 Hz, H-12), 4.95 (1H, s, H-17α), 4.81 

(1H, t, J = 8.0 Hz, H-5), 4.75 (1H, s, H-17β), 4.34 (1H, q, J = 3.5 Hz, H-3), 3.39 (1H, dd, J = 

13.7, 7.9 Hz, H-1α), 2.72 (1H, dd, J = 13.4, 5.4 Hz, H-7α), 2.43 (1H, dd, J = 8.0, 3.5 Hz, H-4), 

2.14 (1H, m, H-7β), 2.09 (1H, m, H-2), 2.06 (3H, s, H-2’), 2.01 (1H, m, H-8α), 1.70 (4H, m, H-

1β, H-20), 1.58 (1H, m, H-8β), 1.37 (1H, dd, J = 11.2, 8.2 Hz, H-11), 1.15 (3H, s, H-18), 1.09 

(1H, m, H-9), 1.08 (3H, d, J = 8.2 Hz, H-16), 1.07 (3H, s, H-19) ppm; 

13C-NMR (75 MHz, CDCl3): δ 197.2 (C-14), 169.9 (C-1’), 148.3 (C-6), 145.4 (C-12), 133.7 

(C-13), 113.4 (C-17), 92.8 (C-15), 79.6 (C-3), 66.8 (C-5), 54.2 (C-4), 47.3 (C-1), 37.5 (C-2), 

35.5 (C-7), 34.6 (C-9), 29.1 (C-19), 28.2 (C-11), 24.8 (C-10), 22.1 (C-8), 22.0 (C-2’), 16.7 (C-

18), 13.5 (C-16), 12.6 (C-20) ppm. 

Pedrolide (13): 

Pale white powder; 

[𝛼]𝐷
20 + 75.4 ° (c 0.1, CHCl3); 

IR νmax (CH2Cl2) 2980, 2930, 2870, 1750, 1722, 1458 cm-1; 

ESI-MS m/z (positive mode): 537 [M + H]+; 

ESI-HRMS m/z 559.2096 [M + Na]+ (calcd. for 

C31H36NaO8, 559.2302); 

1H-NMR (300 MHz, CDCl3): δ 8.02 (2H, dd, J = 7.0, 1.4 Hz, H-3”), 7.55 (2H, td, J = 7.0, 1.4 

Hz, H-5”), 7.44 (2H, dd, J = 7.2, 1.4 Hz, H-4”), 5.95 (1H, d, J = 8.0 Hz, H-12), 3.03 (1H, q, J 

= 4.7, 2.4 Hz, H-4), 2.63 (1H, d, J = 4.7 Hz, H-5), 2.61 (1H, bd, H-3), 2.54 (1H, h, J = 7.0 Hz, 

H-2’), 2.44 (1H, d, J = 2.4 Hz, H-10), 2.39 (1H, qd, J = 7.0, 4.7 Hz, H-2), 1.45 (3H, s, H-17), 

1.25 (3H, d, J = 7.0 Hz, H-16), 1.25 (3H, s, H-20), 1.80 (1H, dq, J = 8.0, 6.7 Hz, H-11), 1.75 

(1H, br d, J = 5.5 Hz, H-8), 1.12 (3H, d, J = 7.0 Hz, H-3’), 1.12 (3H, s, H-17), 1.10 (3H, d, J = 

7.0 Hz, H-4’), 1.18 (3H, d, J = 6.7 Hz, H-18), 0.96 (1H, d, J = 5.5 Hz, H-14) ppm; 

13C-NMR (75 MHz, CDCl3): δ 212.18 (C-3), 177.3 (C-1’), 176.8 (C-1), 166.3 (C-1”), 132.8 

(C-5”), 131.0 (C-2”), 129.8 (C-3”), 128.5 (C-4”), 88.5 (C-9), 80.1 (C-12), 66.4 (C-13), 63.2 (C-

1), 55.6 (C-5), 51.0 (C-8), 50.1 (C-4), 46.7 (C-10), 45.6 (C-6), 43.4 (C-11), 33.8 (C-2’), 30.3 
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(C-15), 28.2 (C-14), 23.2 (C-17), 19.1 (C-3’), 18.9 (C-4’), 18.0 (C-20), 17.4 (C-19), 13.8 (C-

18), 12.4 (C-16) ppm. 

Helioscopinolide B (14): 

Colorless oil; 

[𝛼]𝐷
20 + 302.8 ° (c 0.1, CHCl3); lit. [𝛼]𝐷

20 + 154.0 ° (c 0.74, 

CHCl3); 

IR νmax (CH2Cl2) 3462, 2951, 2926, 2872, 1747, 1666, 1608, 

1456, 1386 cm-1; 

ESI-MS m/z (positive mode): 317 [M + H]+; 

1H-NMR (300 MHz, CDCl3): δ 6.24 (1H, s, H-14), 4.85 (1H, dd, J = 13.0, 5.0 Hz, H-12), 3.45 

(1H, br s, H-3), 2.54 (1H, dd, J = 13.5, 6.0 Hz, H-11α), 2.48 (1H, br d, J = 13.7 Hz, H-7α), 2.28 

(1H, br d, J = 8.4 Hz, H-9), 2.20 (1H, ddd, J = 14.3, 13.7, 4.1 Hz, H-7β), 1.95 – 1.92 (2H, m, 

H-1α, H-2α), 1.79 (3H, s, H-17), 1.66 (2H, m, H-1β, H-2β), 1.62 (1H, m, H-5), 1.72 (1H, m, H-

6α), 1.47 (1H, dd, J = 13.3, 5.0 Hz, H-11β), 1.38 (1H, ddd, J = 13.3, 12.3, 3.3 Hz, H-6β), 0.96 

(3H, s, H-19), 0.93 (3H, s, H-20), 0.84 (3H, s, H-18) ppm; 

13C-NMR (75 MHz, CDCl3): δ 175.5 (C-16), 156.3 (C-13), 152.3 (C-8), 116.3 (C-15), 114.1 

(C-14), 76.2 (C-12), 75.5 (C-3), 51.6 (C-9), 48.3 (C-5), 41.1 (C-10), 37.8 (C-4), 37.1 (C-7), 

32.2 (C-1), 28.8 (C-20), 27.5 (C-2), 25.8 (C-11), 23.4 (C-6), 22.3 (C-18), 16.8 (C-20), 8.2 (C-

17) ppm. 

Helioscopinolide E (15): 

White powder; 

[𝛼]𝐷
20 + 353 ° (c 0.1, CHCl3); lit. [𝛼]𝐷

20 + 283.2 ° (c 0.74, CHCl3); 

IR νmax (CH2Cl2) 2960, 2931, 2870, 1724, 1655, 1458, 1363 cm-1; 

ESI-MS m/z (positive mode): 315 [M + H]+;  

1H-NMR (300 MHz, CDCl3): δ 6.32 (1H, s, H-14), 4.87 (1H, dd, J = 13.3, 5.8 Hz, H-12), 2.63 

(1H, ddd, J = 15.7, 12.6, 6.0 Hz, H-2α), 2.50 (2H, m, H-7α, H-11α), 2.45 (1H, ddd, J = 15.7, 

6.0, 3.5 Hz, H-2β), 2.25 (1H, d, J = 8.3 Hz, H-9), 2.22 (1H, m, H-7β), 2.17 (1H, ddd, J = 10.4, 
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6.4, 3.5 Hz, H-1α), 1.83 (3H, s, H-17), 1.80 (1H, m, H-6α), 1.64 (1H, m, H-5), 1.59 (1H, m, H-

1β), 1.53 (2H, m, H-6β, H-11β), 1.11 (3H, s¸ H-20), 1.07 (3H, s, H-19), 1.04 (3H, s, H-18) ppm; 

13C-NMR (75 MHz, CDCl3): δ 215.7 (C-3), 175.2 (C-16), 155.6 (C-13), 150.3 (C-8), 117.1 

(C-15), 114.4 (C-14), 75.6 (C-12), 54.8 (C-5), 50.7 (C-9), 47.6 (C-4), 37.5 (C-1), 36.7 (C-7), 

41.0 (C-10), 34.5 (C-2), 27.9 (C-11), 26.2 (C-18), 24.7 (C-6), 21.5 (C-18), 16.0 (C-20), 8.1 (C-

17) ppm. 

ent-13R-hydroxy-3,14-dioxo-16-atisene (16): 

White needles; 

M.p. 177 – 179 ºC; 

[𝛼]𝐷
20 + 47.6 ° (c 0.1, CHCl3); lit. [𝛼]𝐷

20 + 44.0 ° (c 0.03, CHCl3); 

IR νmax (CH2Cl2) 3419, 2970, 2941, 2872, 1724, 1722, 1458, 

1438, 1387 cm-1; 

ESI-MS m/z (positive mode): 317 [M + H]+; 

1H-NMR (300 MHz, CDCl3): δ 5.02 (1H, s, H-17α), 4.88 (1H, s, H-17β), 3.88 (1H, s, H-13), 

2.81 (1H, dd, J = 5.4, 2.8 Hz, H-12), 2.54 (1H, ddd, J = 15.9, 13.2, 6.4 Hz, H-2α), 2.40 (1H, dt, 

J = 13.5, 3.4 Hz, H-7α), 2.35 (1H, dd, J = 5.4, 3.3 Hz, H-2β), 2.32 (2H, m, H-15), 2.01 (1H, 

ddd, J = 14.9, 11.6, 3.8 Hz, H-11α), 1.86 (1H, ddd, J = 13.5, 6.4, 3.2 Hz, H-1β), 1.75 (1H, ddd, 

J = 14.2, 6.4, 2.5 Hz, H-11β), 1.65 (1H, dd, J = 11.2, 4.8 Hz, H-9), 1.53 (1H, dd, J = 9.0, 3.5 

Hz, H-6α), 1.49 (1H, dd, J = 8.9, 3.3 Hz, H-6β), 1.33-1.28 (1H, m, H-5), 1.38 (1H, td, J = 13.4, 

5.6 Hz, H-1β),1.08 (3H, s, H-18), 1.00 (3H, s, H-19), 0.99-0.91 (1H, m, H-7β), 0.84 (3H, s, H-

20) ppm; 

13C-NMR (75 MHz, CDCl3): δ 218.2 (C-14), 216.2 (C-3), 143.3 (C-16), 111.2 (C-17), 75.2 

(C-13), 55.2 (C-5), 51.2 (C-9), 47.6 (C-4), 47.4 (C-8), 44.8 (C-12), 43.8 (C-15), 37.7 (C-10), 

36.8 (C-1), 34.2 (C-2), 30.5 (C-7), 26.3 (C-18), 25.4 (C-11), 22.0 (C-19), 20.1 (C-6), 13.9 (C-

20) ppm. 

7.1.2.5. Study of fraction G 

From fraction G (24.7 g), and taking advantage of the different solubility of flavonoids in 

organic solvents (Chebil et al., 2007), the whole fraction was suspended in acetonitrile and, 
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after filtration, naringenin (18, ~ 15 g) was obtained in a large amount in the filtrate. The 

remaining residue was separated by Combiflash (5 g sample, 48 g SiO2 prepacked columns, 

RediSep®Rf, TeleDyne Isco) using n-hexane‒EtOAc as eluents (100:0 to 0:100, increasing 

gradient of 10%, 12 mL.min-1) to afford 9 subfraction (G1-G9). Based on the chromatographic 

profile obtained by analytical TLC, subfraction G3 was further chosen to be studied. Thus, a 

standard column chromatography was performed (300 mg, 5 g SiO2) using CH2Cl2‒MeOH as 

mobile phase (100:0 to 80:20, 2% gradient increase, 100 mL each) to afford 6 new subfractions 

(G3A-G3F). While quercetin (18, 20 mg) was obtained through a preparative TLC from 

subfraction G3B using n-hexane‒acetone (70:30) as mobile phase, spiropedroxodiol (17, 22.3 

mg) and ent-13R-hydroxy-3,14-dioxo-16-atisene (17, 77 mg) were further obtained in different 

subfractions. 

Naringenin (17): 

Pale yellow powder; 

[𝛼]𝐷
20 – 18 ° (c 0.1, MeOH); 

IR νmax (MeOH) 3387, 1643, 1554, 1454, 1338, 1271 cm-1; 

ESI-MS m/z (positive mode): 273 [M + H]+; 

1H-NMR (300 MHz, Methanol-D4): δ 7.23 (2H, d, J = 8.4 Hz, H-2’), 6.76 (2H, d, J = 8.4 Hz, 

H-3’), 5.83 (2H, s, H-6, H-8), 5.23 (1H, dd, J = 13.0, 3.0 Hz, H-2), 3.02 (1H, dd, J = 17.1, 13.0 

Hz, H-3α), 2.60 (1H, dd, J = 17.1, 3.0 Hz, H-1β) ppm; 

13C-NMR (75 MHz, Methanol-D4): δ 196.4 (C-4), 166.9 (C-7), 164.0 (C-5), 163.4 (C-9), 

157.8 (C-4’), 129.6 (C-1’), 127.7 (C-2’), 114.9 (C-3’), 101.9 (C-10), 95.7 (C-6), 94.8 (C-8), 

79.0 (C-2), 42.6 (C-3) ppm. 

Quercetin (18): 

Dark yellow powder; 

IR νmax (MeOH) 3406, 1645, 1633, 1317, 1203 cm-1; 

ESI-MS m/z (positive mode): 303 [M + H]+; 
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1H-NMR (300 MHz, DMSO-D6): δ 7.67 (1H, d, J = 1.6 Hz, H-2’), 7.54 (1H, dd, J = 8.5, 1.6 

Hz, H-6’), 6.88 (1H, d, J = 8.5 Hz, H-5’), 6.40 (1H, d, J = 1.2 Hz, H-8), 6.18 (1H, d, J = 1.1 

Hz, H-6) ppm; 

13C-NMR (75 MHz, DMSO-D6): δ 175.9 (C-4), 164.0 (C-7), 160.8 (C-5), 156.2 (C-9), 147.8 

(C-2), 146.8 (C-4’), 135.8 (C-3), 145.1 (C-3’), 122.0 (C-1’), 120.1 (C-6’), 115.7 (C-2’), 115.1 

(C-5’), 103.1 (C-10), 98.2 (C-8), 93.4 (C-6) ppm. 

7.2. Generation of a small library of helioscopinolide E derivatives 

7.2.1. Synthesis of helioscopinolide E oxime 

To 250 mg (1 eq.) of helioscopinolide E (15) dissolved in dry pyridine (2.5 mL) was added 

276.2 mg (5 eq.) of hydroxylamine hydrochloride. The mixture was then stirred at room 

temperature overnight until the reaction was complete (as seen by analytical TLC, mobile phase 

n-hexane‒EtOAc, 70:30). The reaction was evaporated under reduced pressure and purified by 

column chromathography using n-hexane‒EtOAc (100:0 to 50:50) until recovery of the 

reaction product. 

Helioscopinolide E oxime (19): 

Amorphous white powder, 95 %; 

ESI-MS (positive mode): m/z 330 [M + H]+; 

1H-NMR (400 MHz, CDCl3): δ 6.31 (1H, s, H-14), 4.88 (1H, 

dd, J = 12.7, 5.5 Hz, H-12), 3.26 (1H, ddd, J = 14.8, 4.6, 3.3 

Hz, H-2α), 2.57 (1H, d, J = 5.7 Hz, H-7α), 2.53 (1H, d, J = 

5.9 Hz, H-7β), 2.26-2.12 (2H, H-1α, H-11α), 2.20 (1H, d, J = 8.4 Hz, H-9), 2.08 (1H, m, H-2β), 

1.95-1.83 (1H, m, H-6α), 1.83 (3H, d, J = 1.6 Hz, H-17), 1.56-1.52 (1H, m, H-5), 1.52-1.43 

(1H, m, H-6β, H-11β), 1.33 (1H, dt, J = 12.7, 4.6 Hz, H-1β), 1.20 (3H, s¸ H-19), 1.09 (3H, s, 

H-18), 1.04 (3H, s, H-20) ppm; 

13C-NMR (101 MHz, CDCl3): 175.2 (C-16), 166.3 (C-3), 155.9 (C-13), 150.9 (C-8), 117.0 (C-

15), 114.6 (C-14), 75.9 (C-12), 55.2 (C-5), 51.2 (C-9), 41.4 (C-4), 40.6 (C-10), 37.4 (C-1), 36.8 
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(C-7), 27.8 (C-11), 27.6 (C-19), 24.2 (C-18), 23.1 (C-6), 17.7 (C-2), 16.6 (C-20), 8.5 (C-17) 

ppm. 

7.2.2. General procedure for helioscopinolide E oxime derivatives 

To 50 mg (1 eq.) of 19 dissolved in dry pyridine (2.0 mL) was added 3 eq. of the desired acyl 

chloride. The mixture was then stirred at room temperature until the reaction was complete, as 

seem by analytical TLC, mobile phase n-hexane‒EtOAc, 70:30). The reaction was then 

stopped, evaporated under reduced pressure (40 °C) and purified by column chromatography 

using n-hexane‒EtOAc (100:0 to 50:50) to yield the desired compounds. 

Helioscopinolide oxime acetate (20): 

Amorphous white powder, 75.3 %; 

ESI-MS (positive mode): m/z 372 [M + H]+; 

1H-NMR (400 MHz, CDCl3): δ 6.31 (1H, s, H-14), 

4.86 (1H, dd, J = 13.5, 6.0 Hz, H-12), 3.13 (1H, dt, J = 

15.1, 4.3 Hz, H-2α), 2.58-2.53 (2H, m, H-7α, H-7β), 2.51 (1H, dd, J = 13.2, 5.5 Hz, H-11α), 

2.31 (1H, ddd, J = 15.1, 13.2, 5.3 Hz, H-2β), 2.20 (1H, d, J = 8.4 Hz, H-9), 2.18 (3H, s, H-2’), 

2.07 (1H, ddd, J = 13.6, 4.4 Hz, H-1α), 1.94-1.86 (1H, m, H-6α), 1.83 (3H, d, J = 1.6 Hz, H-

17), 1.55 (1H, m, H-5), 1.53-1.47 (1H, m, H-6β, H-11β), 1.39 (1H, dt, J = 13.1, 4.9 Hz, H-1β), 

1.29 (3H, s¸ H-19), 1.15 (3H, s, H-18), 1.04 (3H, s, H-20) ppm; 

13C-NMR (101 MHz, CDCl3): 175.2 (C-16), 171.7 (C-1’), 169.5 (C-3), 155.7 (C-13), 150.4 

(C-8), 117.1 (C-15), 114.8 (C-14), 75.8 (C-12), 55.2 (C-5), 51.0 (C-9), 41.6 (C-4), 41.2 (C-10), 

37.6 (C-1), 36.7 (C-7), 27.8 (C-11), 27.5 (C-19), 24.1 (C-6), 20.1 (C-18), 20.0 (C-2), 19.9 (C-

2’), 16.7 (C-20), 8.5 (C-17) ppm. 

Helioscopinolide oxime butanoate (21): 

Amorphous white powder, 58.0 %; 

ESI-MS (positive mode): m/z 400 [M + H]+; 

1H-NMR (400 MHz, CDCl3): δ 6.31 (1H, s, H-14), 4.86 

(1H, ddd, J = 13.4, 6.2, 1.8 Hz, H-12), 3.11 (1H, dt, J = 
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15.1, 4.5 Hz, H-2α), 2.58-2.53 (2H, m, H-7α, H-7β), 2.51 (1H, dd, J = 13.6, 6.0 Hz, H-2β), 2.41 

(2H, t, J = 7.4 Hz, H-2’), 2.31 (1H, ddd, J = 15.1, 13.0, 5.3 Hz, H-11β), 2.21 (1H, d, J = 8.1 Hz, 

H-9), 2.06 (1H, ddd, J = 13.1, 4.7 Hz, H-1α), 1.94 (1H, m, H-6α), 1.83 (3H, d, J = 1.6 Hz, H-

17), 1.72 (2H, h, J = 7.4 Hz, H-3’), 1.60 (1H, m, H-5), 1.62-1.53 (2H, m, H-6β, H-11β), 1.45 

(1H, dt, J = 13.4, 4.1 Hz, H-1β), 1.30 (3H, s¸ H-19), 1.15 (3H, s, H-18), 1.04 (3H, s, H-20), 

0.99 (3H, t, J = 7.4 Hz, H-4’) ppm; 

13C-NMR (101 MHz, CDCl3): 175.2 (C-16), 173.7 (C-2), 171.7 (C-1’), 155.7 (C-13), 150.5 

(C-8), 117.1 (C-15), 114.8 (C-14), 75.8 (C-12), 55.2 (C-5), 51.0 (C-9), 41.8 (C-4), 41.2 (C-10), 

37.6 (C-1), 36.7 (C-7), 35.1 (C-2’), 27.8 (C-11), 27.6 (C-19), 24.1 (C-6), 23.4 (C-18), 20.4 (C-

2), 18.5 (C-3’), 16.7 (C-20), 13.9 (C-4’), 8.5 (C-17) ppm. 

Helioscopinolide oxime benzoate (22): 

Amorphous white powder, 70.0 %; 

ESI-MS (positive mode): m/z 434 [M + H]+; 

1H-NMR (400 MHz, CDCl3): δ 8.07 (2H, d, J = 

7.1, H-3’), 7.61 (1H, t, J = 7.4 Hz, 4’-OMe), 7.49 

(2H, t, J = 7.5 Hz, H-4’), 6.32 5(1H, s, H-14), 4.89 

(1H, ddd, J = 13.6, 6.2, 1.8 Hz, H-12), 3.27 (1H, dt, J = 15.2, 4.4 Hz, H-2α), 2.63-2.54 (2H, m, 

H-7α, H-7β), 2.64-2.47 (1H, m, H-11α), 2.47 (1H, ddd, J = 15.1, 12.8, 5.7 Hz, H-2β), 2.25 (1H, 

br d, J = 8.1 Hz, H-9), 2.13 (1H, ddd, J = 13.1, 4.8 Hz, H-1α), 2.02-1.89 (1H, m, H-6α), 1.86 

(3H, d, J = 1.6 Hz, H-17), 1.60 (1H, m, H-5), 1.60-1.54 (2H, m, H-6β, H-11β), 1.45 (1H, dt, J 

= 13.4, 4.3 Hz, H-1β), 1.41 (3H, s¸ H-19), 1.24 (3H, s, H-18), 1.09 (3H, s, H-20) ppm; 

13C-NMR (101 MHz, CDCl3): 175.2 (C-16), 175.0 (C-2), 164.3 (C-1’), 155.7 (C-13), 150.5 

(C-8), 133.3 (4’-OMe), 130.2 (C-2’), 129.5 (C-3’), 128.7 (C-4’), 117.1 (C-15), 114.8 (C-14), 

75.8 (C-12), 55.2 (C-5), 51.0 (C-9), 41.9 (C-4), 41.2 (C-10), 37.6 (C-1), 36.7 (C-7), 27.8 (C-

11), 27.6 (C-19), 24.1 (C-6), 23.5 (C-18), 20.5 (C-2), 16.7 (C-20), 8.5 (C-17) ppm. 
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Helioscopinolide oxime furoate (23): 

Amorphous white powder, 61.0 %; 

ESI-MS (positive mode): m/z 424 [M + H]+; 

1H-NMR (400 MHz, CDCl3): δ 7.62 (1H, dd, J = 

1.8, 0.8 Hz, H-5’), 7.25 (1H, dd, J = 3.5, 0.9 Hz, H-

3’), 6.54 (1H, dd, J = 3.5, 1.7 Hz, H-4’), 6.32 (1H, s, 

H-14), 4.88 (1H, ddd, J = 13.3, 6.2, 1.8 Hz, H-12), 3.24 (1H, dt, J = 15.1, 4.5 Hz, H-2α), 2.60-

2.56 (2H, m, H-7α, H-7β), 2.52-2.48 (1H, m, H-11α), 2.43 (1H, ddd, J = 15.1, 13.2, 5.6 Hz, H-

2β), 2.23 (1H, br d, J = 8.2 Hz, H-9), 2.11 (1H, ddd, J = 12.9, 4.6, 0.6 Hz, H-1α), 1.97-1.89 

(1H, m, H-6α), 1.84 (3H, d, J = 1.6 Hz, H-17), 1.60 (1H, dd, J = 8.6, 6.9 Hz, H-5), 1.62-1.54 

(2H, m, H-6β, H-11β), 1.45 (1H, dt, J = 13.3, 5.2 Hz, H-1β), 1.37 (3H, s, H-19), 1.21 (3H, s, H-

18), 1.07 (3H, s, H-20) ppm; 

13C-NMR (101 MHz, CDCl3): 175.2 (C-16), 175.1 (C-2), 166.7 (C-1’), 155.7 (C-13), 150.4 

(C-8), 134.0 (4’-OMe), 132.8 (C-3’), 132.2 (C-2’), 128.0 (C-4’), 117.1 (C-15), 114.8 (C-14), 

75.8 (C-12), 55.2 (C-5), 51.0 (C-9), 41.9 (C-4), 41.2 (C-10), 37.6 (C-1), 36.6 (C-7), 27.8 (C-

11), 27.6 (C-19), 24.1 (C-6), 23.5 (C-18), 20.4 (C-2), 16.7 (C-20), 8.5 (C-17) ppm. 

Helioscopinolide oxime thiophenate (24): 

Amorphous white powder, 72.0 %; 

ESI-MS (positive mode): m/z 440 [M + H]+; 

1H-NMR (400 MHz, CDCl3): δ 7.88 (1H, dd, J = 

3.8, 1.3 Hz, H-5’), 7.60 (1H, dd, J = 5.0, 1.3 Hz, H-

3’), 7.15 (1H, dd, J = 5.0, 3.7 Hz, H-4’), 6.33 (1H, s, H-14), 4.87 (1H, dd, J = 13.1, 5.2 Hz, H-

12), 3.23 (1H, dt, J = 15.1, 5.3 Hz, H-2α), 2.58-2.54 (2H, m, H-7α, H-7β), 2.55-2.47 (1H, m, 

H-11α), 2.45 (1H, ddd, J = 15.1, 13.1, 5.3 Hz, H-2β), 2.23 (1H, br d, J = 8.1 Hz, H-9), 2.13 

(1H, ddd, J = 13.1, 4.6 Hz, H-1α), 1.96-1.84 (1H, m, H-6α), 1.83 (3H, s, H-17), 1.60 (1H, dd, J 

= 8.0, 5.5 Hz, H-5), 1.60-1.54 (2H, m, H-6β, H-11β), 1.45 (1H, dt, J = 13.4, 5.9 Hz, H-1β), 1.37 

(3H, s¸ H-19), 1.22 (3H, s, H-18), 1.07 (3H, s, H-20) ppm; 

13C-NMR (101 MHz, CDCl3): δ 175.2 (C-16), 174.8 (C-2), 160.0 (C-1’), 155.7 (C-13), 150.4 

(C-8), 134.0 (4’-OMe), 132.8 (C-3’), 132.2 (C-2’), 128.0 (C-4’), 117.1 (C-15), 114.8 (C-14), 
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75.8 (C-12), 55.2 (C-5), 51.0 (C-9), 41.8 (C-4), 41.2 (C-10), 37.6 (C-1), 36.6 (C-7), 27.8 (C-

11), 27.6 (C-19), 24.0 (C-6), 23.5 (C-18), 20.4 (C-2), 16.7 (C-20), 8.5 (C-17) ppm. 

7.3. Generation of a small library of naringenin derivatives 

7.3.1. General preparation of naringenin hydrazones 

7.3.1.1. Reaction between naringenin and hydrazines 

To 1 eq. of naringenin (17) dissolved in ethanol was added 2 eq. of the desired hydrazine (NH2-

NH-R) and 0.01 eq. of 10% acetic acid in ethanol. Following, the mixture was stirred under N2, 

at room temperature, until the total disappearance of the starting compound (by TLC). Then, 

the solvent was evaporated, the residue extracted with ethyl acetate, dried (with Na2SO4) and 

further purified by preparative TLC (CH2Cl2‒MeOH 98:2) to obtain the corresponding 

hydrazone (C=N-NH-R). 

4’,5,7-trihydroxybenzopyran-4-(5-bromopyridin-2-yl)-hydrazone (25): 

To 100 mg (0.370 mmol) of naringenin (1) dissolved in ethanol was added 139.1 mg (0.740 

mmol) of 5-bromo-2-hydrazinepyridine, and the mixture was kept stirring under reflux for 24 

h. Following, after evaporation of the solvent the product was purified by a column 

chromatography using CH2Cl2‒acetone (100:0 to 80:20) to obtain 98 mg (0.221 mmol, 59.7% 

yield) of 25 as a brown amorphous powder. 

ESI-MS (positive mode): m/z 443 [M + H]+; 

1H-NMR (300 MHz, Methanol-D4): δ 8.15 (1H, d, J = 2.4 

Hz, H-5”), 7.71 (1H, dd, J = 9.0, 2.5 Hz, H-3”), 7.31 (2H, d, 

J = 8.5 Hz, H-2’), 6.81 (3H, m, H-3’, H-2”), 5.96 (1H, dd, J 

= 2.4, 0.8 Hz, H-8), 5.90 (1H, dd, J = 2.4, 0.8 Hz, H-6), 5.00 

(1H, dd, J = 12.2, 3.1 Hz, H-2), 3.22 (1H, dd, J = 16.8, 3.1 

Hz, H-3β), 2.79 (1H, dd, J = 16.8, 12.2 Hz, H-3α) ppm; 

13C NMR (75 MHz, Methanol-D4): δ 161.9 (C-7), 161.3 (C-5), 160.1 (C-9), 158.8 (C-4’), 

156.7 (C-5”), 149.8 (C-1”), 149.6 (C-4), 141.7 (C-3”), 132.0 (C-1’), 128.9 (C-2’), 116.3 (C-3’), 

110.6 (C-4”), 109.7 (C-2”), 100.2 (C-10), 97.8 (C-6), 96.4 (C-8, 77.9 (C-2), 33.1 (C-3) ppm. 
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4’,5,7-trihydroxybenzopyran-4-phenylhydrazone (26):  

Naringenin (100 mg, 0.370 mmol) was dissolved in ethanol in a round-bottomed flask. 

Following, 59.4 mg (0.550 mmol, 54 μM) of phenylhydrazine was added and a catalytic amount 

of acetic acid. The mixture was allowed to reflux overnight under constant stirring. After 

evaporation of the solvent, the product was purified by a column chromatography using 

CH2Cl2‒MeOH (100:0 to 95:5) to obtain compound 26 (60 mg, 0.167 mmol) as an amorphous 

orange-brownish powder, yield 45.0%. 

ESI-MS (positive mode): m/z 363 [M + H]+ ; 

1H-NMR (300 MHz, Methanol-D4): δ 7.31 (2H, d, J = 8.4 

Hz, H-2’), 7.19 (2H, d, J = 7.8 Hz, H-3”), 6.97 (2H, d, J = 7.8 

Hz, H-2”), 6.82 (2H, d, J = 8.4 Hz, H-3’), 6.77 (1H, d, J = 7.8 

Hz, H-4”), 6.00 (1H, d, J = 2.3 Hz, H-8), 5.93 (1H, d, J = 2.3 

Hz, H-6), 4.94 (1H, dd, J = 12.0, 2.6 Hz, H-2), 3.20 (1H, dd, 

J = 16.8, 2.6 Hz, H-3β), 2.72 (1H, dd, J = 16.8, 12.0 Hz, H-3α) ppm; 

13C NMR (75 MHz, Methanol-D4): δ 160.9 (C-7), 160.7 (C-5), 159.6 (C-9), 158.6 (C-4’), 

146.8 (C-1”), 146.4 (C-4), 132.2 (C-1’), 130.2 (C-3”), 128.8(C-2’), 120.9 (C-4”), 116.1 (C-3’), 

113.6 (C-2”), 100.6 (C-10), 97.9 (C-6), 96.1 (C-8), 77.8 (C-2), 32.8 (C-3) ppm. 

4’,5,7-trihydroxybenzopyran-4-(pyrazin-2-yl)-hydrazone (27): 

To 100 mg (0.370 mmol) of naringenin was added 81.5 mg (0.740 mmol) of 2-

hydrazinopyrazine and a catalytic amount of acid. After 24 h under constant stirring and reflux, 

the solvent was evaporated and the residue purified by column chromatography using CH2Cl2‒

MeOH (100:0 to 90:10) to obtain 68 mg (0.1855 mmol, 50.1% yield) of 27 an amorphous, 

brownish powder. 

ESI-MS (positive mode): m/z 404 [M + H + K]+ ; 

1H-NMR (300 MHz, DMSO-D6): δ 8.14 (1H, d, J = 1.5 Hz, 

H-2”), 8.07 (1H, dd, J = 2.7, 1.5 Hz, H-3”), 7.87 (1H, d, J = 

2.7 Hz, H-4”), 7.25 (2H, br d, J = 8.6 Hz, H-2’), 6.72 (2H, br 

d, J = 8.6 Hz, H-3’), 5.83 (1H, d, J = 2.2 Hz, H-8), 5.77 (1H, 
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d, J = 2.2 Hz, H-6), 5.01 (1H, dd, J = 12.0, 3.0 Hz, H-2), 3.20 (1H, dd, J = 17.0, 3.0 Hz, H-3β), 

2.80 (1H, dd, J = 17.0, 12.0 Hz, H-3α) ppm; 

13C NMR (75 MHz, DMSO-D6): δ 160.4 (C-7), 159.9 (C-5), 158.3 (C-9), 157.6 (C-4’), 151.8 

(C-1”), 148.1 (C-4), 142.3 (C-3”), 134.9 (C-4”), 132.0 (C-2”), 130.0 (C-1’), 128.2 (C-2’), 115.2 

(C-3’), 98.7 (C-10), 96.8 (C-6), 95.0 (C-8), 76.0 (C-2), 33.1 (C-3) ppm. 

7.3.1.2. Preparation of naringenin hydrazone (28).  

To naringenin (17, 400 mg, 1.469 mmol) was dissolved in a solution of hydrazine monohydrate 

(2 mL, 63.7 mmol) and was kept stirring 24 h at 50 ºC, under N2. The mixture was evaporated, 

and the residue was purified by column chromatography (n-hexane‒EtOAc, 100:0 to 0:100) to 

afford 29 mg (1.024 mmol, 70% yield) of 4’,5,7-trihydroxybenzopyran-4-hydrazone (28) as an 

amorphous orange powder. 

ESI-MS (positive mode): m/z 328 [M + H + ACN]+; 

1H-NMR (300 MHz, Methanol-D4): δ 7.24 (2H, d, J = 8.5 

Hz, H-2’), 6.77 (2H, d, J = 8.5 Hz, H-3’), 5.88 (2H, s, H-6, H-

8), 4.98 (1H, dd, J = 12.3, 2.9 Hz, H-2), 3.52 (1H, dd, J = 17.3, 

2.9 Hz, H-3β), 2.74 (1H, dd, J = 17.3, 12.3 Hz, H-3α) ppm; 

13C NMR (75 MHz, Methanol-D4): δ 166.9 (C-7), 163.9 (C-5), 163.6 (C-9), 161.6 (C-4), 158.7 

(C-4’), 131.9 (C-1’), 128.8 (C-2’), 116.2 (C-3’), 99.9 (C-10), 97.6 (C-6), 96.2 (C-8), 78.4 (C-

2), 33.1 (C-3) ppm. 

7.3.1.3. Preparation of compounds 29-36.  

Following, to 1 eq. of 28 in ethanol was added 1.5 eq. of the desired aldehyde. The mixture was 

kept stirring, under N2, at 50 ºC until no starting product is detectable by TLC. After evaporation 

of the solvent under vacuum (at 40 ºC), the residue was extracted with ethyl acetate, dried with 

sodium sulphate and purified by preparative TLC (CH2Cl2‒MeOH 99:1 to 95:5) to obtain the 

desired azine (C=N-N=CH-R2). 
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4’,5,7-trihydroxybenzopyran-4-(N-methylpyrrol-2-yl)-azine (29): 

To 50 mg (0.175 mmol) of naringenin hydrazone (28) dissolved in ethanol was added 38 mg 

(0.350 mmol) of N-methyl-2-pyrrolecarboxaldehyde. After keeping the mixture stirring under 

reflux for 80 h, the solvent was evaporated under reduced pressure and the product was purified 

by a preparative TLC using CH2Cl2‒acetone (80:20) to recover 36 mg (0.095 mmol, 54.5% 

yield) of 29 an amorphous green powder.  

ESI-MS (positive mode): m/z 378 [M + H]+ ; 

1H-NMR (300 MHz, Acetone-D6): δ 8.45 (1H, s, H-1”), 

7.39 (2H, d, J = 8.4 Hz, H-2’), 6.96 (1H, t, J = 2.5 Hz, H-

4”), 6.89 (2H, d, J = 8.4 Hz, H-3’), 6.68 (1H, dd, J = 3.9, 

2.5 Hz, H-3”), 6.15 (1H, dd, J = 3.9, 2.5 Hz, H-5”), 6.02 

(1H, d, J = 2.3 Hz, H-8), 5.96 (1H, d, J = 2.3 Hz, H-6), 5.14 

(1H, dd, J = 12.2, 3.1 Hz, H-2), 3.92 (3H, s, Me-6”), 3.77 

(1H, dd, J = 17.4, 3.1 Hz, H-3β), 3.03 (1H, dd, J = 17.4, 12.2 Hz, H-3α) ppm; 

13C NMR (75 MHz, Acetone-D6): δ 164.6 (C-4), 163.5 (C-7), 163.1 (C-5), 161.1 (C-9), 158.4 

(C-4’), 151.5 (C-1”), 131.8 (C-1’), 130.5 (C-4”), 128.9 (C-2’), 128.6 (C-2”), 119.3 (C-3”), 

116.1 (C-3’), 109.7 (C-5”), 100.0 (C-10), 97.4 (C-6), 95.8 (C-8), 78.0 (C-2), 37.3 (C-6”), 33.6 

(C-3) ppm. 

4’,5,7-trihydroxybenzopyran-4-(indol-3-yl)-azine (30):  

To 50 mg (0.175 mmol) of compound 28 dissolved in ethanol was added 50.75 mg (0.350 

mmol) of indole-3-carboxaldehyde. The mixture was kept stirring under reflux for 96 h, the 

solvent was evaporated under reduced pressure and the product was further purified by means 

of column chromatography, using CH2Cl2‒acetone (100:0 to 90:10), and recovering 70 mg 

(0.169 mmol, 97.1% yield) of compound 30 as an amorphous brown powder. 

ESI-MS (positive mode): m/z 414 [M + H]+ ; 

1H-NMR (300 MHz, Methanol-D4): δ 8.66 (1H, s, H-3”), 

8.15 (1H, d, J = 7.7 Hz, H-7”), 7.67 (1H, s, H-1”), 7.41 (1H, 

d, J = 8.0 Hz, H-4”), 7.30 (2H, d, J = 8.5 Hz, H-2’), 7.19 

(1H, t, J = 7.2 Hz, H-5”), 7.11 (1H, t, J = 7.0 Hz, H-6”), 6.83 
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(1H, d, J = 8.5 Hz, H-3’), 5.97 (1H, d, J = 2.3 Hz, H-6), 5.91 (1H, d, J = 2.2 Hz, H-8), 5.03 (1H, 

dd, J = 12.2, 3.0 Hz, H-2), 3.89 (1H, dd, J = 17.2, 3.0 Hz, H-3β), 2.99 (1H, dd, J = 17.2, 12.2 

Hz, H-3α) ppm; 

13C NMR (75 MHz, Methanol-D4): δ 164.0 (C-4), 163.5 (C-7), 163.4 (C-5), 161.4 (C-9), 158.7 

(C-4’), 156.3 (C-3”), 139.0 (C-9”), 133.2 (C-1”), 132.2 (C-1’), 129.0 (C-2’), 126.1 (C-2”), 

124.2 (C-5”), 123.3 (C-7”), 122.2 (C-6”), 116.3 (C-3’), 114.2 (C-8”), 112.7 (C-4”), 100.3 (C-

10), 97.6 (C-6), 96.1 (C-8), 78.7 (C-2), 34.0 (C-3) ppm. 

4’,5,7-trihydroxybenzopyran-4-(3-methoxybenzyl)-azine (31): 

To 40 mg (0.140 mmol) of compound 28 dissolved in ethanol was added 38.1 mg (0.280 mmol) 

of 3-methoxy benzaldehyde and a catalytic amount of acid. The mixture was kept stirring under 

reflux for 21 h, the solvent was evaporated under reduced pressure and the product was further 

purified by means of preparative TLC using CH2Cl2‒acetone (90:10) to yield 13 mg (0.033 

mmol, 13.3%) of 31 as an amorphous brown powder. 

ESI-MS (positive mode): m/z 405 [M + H]+; 

1H-NMR (300 MHz, Acetone-D6): δ 8.57 (1H, s, H-1”), 

7.45 (1H, d, J = 6.9 Hz, H-7”), 7.44 (1H, s, H-3”), 7.41 

(1H, d, J = 8.5 Hz, H-2’), 7.37 (1H, t, J = 6.9 Hz, H-6”), 

7.05 (1H, m, H-5”), 6.02 (2H, d, J = 8.5 Hz, H-3’), 5.98 

(1H, d, J = 2.3 Hz, H-6), 5.98 (1H, d, J = 2.3 Hz, H-8), 5.19 

(1H, dd, J = 12.3, 3.0 Hz, H-2), 3.91 (1H, dd, J = 17.4, 3.0 

Hz, H-3β), 3.82 (3H, s, Me-8”), 3.05 (1H, dd, J = 17.4, 12.3 Hz, H-3α) ppm;  

13C NMR (75 MHz, Acetone-D6): δ 167.3 (C-4), 164.2 (C-7), 163.8 (C-5), 163.5 (C-9), 161.7 

(C-4”), 158.6 (C-4’), 158.5 (C-1”), 136.8 (C-2”), 131.6 (C-1’), 130.8 (C-6”), 129.0 (C-2’), 

122.0 (C-7”), 117.9 (C-5”), 116.1 (C-3’), 113.8 (C-3”), 99.8 (C-10), 97.45 (C-6), 96.0 (C-8), 

55.6 (C-8”), 78.06 (C-2), 33.4 (C-3) ppm. 

4’,5,7-trihydroxybenzopyran-4-(4-methoxybenzyl)-azine (32): 

To a solution of compound 28 (50 mg, 0.175 mmol) in ethanol (5 mL) it was added p-

anisaldehyde (21 μL, 0.175 mmol). Then, it was added to the mixture a catalytic amount of 

acid. The mixture was kept stirring under N2, at 50 ºC, during 10 h. The residue was purified 
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by column chromatography using n-hexane‒EtOAc (100:0 to 0:100) and preparative TLC with 

CH2Cl2/MeOH (90:10) to afford 38 mg of compound 32, an amorphous yellow powder (0.0937 

mmol, 53.5 % yield). 

ESI-MS (negative mode): m/z 403 [M - H]-; 

1H-NMR (300 MHz, Methanol-D4): δ 8.49 (1H, s, H-

1”), 7.70 (2H, d, J = 8.6 Hz, H-3’), 7.29 (2H, d, J = 8.4 

Hz, H-2’), 6.93 (2H, d, J = 8.6 Hz, H-4”), 6.86 (2H, d, J 

= 8.4 Hz, H-3”), 5.89 (1H, d, J = 2.2 Hz, H-8), 5.85 (1H, 

d, J = 2.2 Hz, H-6), 5.00 (1H, dd, J = 12.0, 3.1 Hz, H-2), 

3.82 (1H, dd, J = 17.1, 3.1 Hz, H-3β), 3.80 (3H, s, Me-6”), 2.90 (1H, dd, J = 17.1, 12.0 Hz, H-

3α) ppm;  

13C NMR (75 MHz, Methanol-D4): δ 166.5 (C-4), 164.2 (C-5”), 163.7 (C-7), 163.6 (C5), 161.9 

(C-9), 159.7 (C-1”), 158.8 (C-4’), 132.0 (C-2”), 131.9 (C-1’), 129.0 (C-2’), 128.3 (C-3”), 116.3 

(C-4”), 115.3 (C-3’), 100.0 (C-10), 97.7 (C-6), 96.3 (C-8), 78.6 (C-2), 55.9 (Me-6”), 33.9 (C-

3) ppm. 

4’,5,7-trihydroxybenzopyran-4-(4-N,N-dimethylaminobenzyl)-azine (33): 

 To a solution of naringenin hydrazone (28, 50 mg, 0.175 mmol) in 5 mL of ethanol was added 

36.06 mg of 4-(dimethylamino) benzaldehyde (0.175 mmol). The mixture was kept stirring, 

under N2, overnight at room temperature. The reside was then purified by column 

chromatography (n-hexane‒EtOAc, 100:0 to 0:100) and preparative TLC with n-hexane‒

EtOAc (1:1) resulting in 52 mg of compound 33 as an amorphous yellow powder (0.125 mmol, 

71.4% yield). 

ESI-MS (negative mode): m/z 478 [M + K - 2H]-; 

1H-NMR (300 MHz, Methanol-D4): δ 8.35 (1H, s, H-

1”), 7.66 (2H, d, J = 9.0 Hz, H-4”), 7.34 (2H, d, J = 8.5 

Hz, H-3’), 6.84 (2H, d, J = 8.5 Hz, H-2’), 6.76 (2H, d, 

J = 9.0 Hz, H-3”), 5.93 (1H, d, J = 2.3 Hz, H-8), 5.91 

(1H, d, J = 2.3 Hz, H-6), 5.07 (1H, dd, J = 12.3, 2.9 

Hz, H-2), 3.88 (1H, dd, J = 17.4, 2.9 Hz, H-3β), 3.03 
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(6H, s, Me-6”), 2.94 (1H, dd, J = 17.4, 12.3 Hz, H-3α) ppm; 

13C NMR (75 MHz, Methanol-D4): δ 166.0 (C-4), 163.5 (C-7), 162.6 (C-5), 163.7 (C-9), 160.5 

(C-1”), 158.8 (C-4’, C-5”), 132.2 (C-1’), 131.1 (C-3”), 129.3 (C-3”), 128.9 (C-2’), 128.1 (C-

2”), 116.3 (C-3’), 112.8 (C-4”), 100.4 (C-10), 97.3 (C-6), 93.1 (C-8), 78.7 (C-2), 40.3 (Me-6”), 

32.5 (C-3) ppm. 

4’,5,7-trihydroxybenzopyran-4-(indol-2-yl)-azine (34): 

To a solution of naringenin hydrazone (28, 50 mg, 0.175 mmol) in ethanol (5 mL) was added 

25.3 mg of 3H-indole-2-carbaldehyde (0.175 mmol). Then, it was added a catalytic amount of 

acid and the mixture was kept stirring under N2, overnight, at room temperature. It was purified 

the residue by column chromatography (n-hexane‒EtOAc, 100:0 to 0:100) resulting in 39 mg 

of compound 11 as an amorphous yellow powder (0.0938 mmol, yield 53.6%). 

ESI-MS (negative mode): m/z 413 [M - H]-; 

1H-NMR (300 MHz, Methanol-D4): δ 8.41 (1H, s, 

H-1”), 7.54 (1H, d, J = 7.6 Hz, H-7”), 7.36 (1H, d, J 

= 7.6 Hz, H-4”), 7.29 (2H, d, J = 8.5 Hz, H-2’), 7.18 

(1H, t, J = 7.6 Hz, H-6”), 7.01 (1H, t, J = 7.6 Hz, H-

5”), 6.82 (1H, s, H-3”), 6.81 (2H, d, J = 8.5 Hz, H-

3’), 5.99 (1H, d, J = 2.3 Hz, H-6), 5.94 (1H, d, J = 

2.3 Hz, H-8), 5.01 (1H, dd, J = 12.6, 3.0 Hz, H-2), 

4.01 (1H, dd, J = 18.0, 3.0 Hz, H-3β), 2.90 (1H, dd, J = 18.0, 12.6 Hz, H-3α) ppm; 

13C NMR (75 MHz, Methanol-D4): δ 167.0 (C-4), 164.1 (C-7), 163.6 (C-5), 161.9 (C-9), 158.7 

(C-4’), 151.1 (C-1”), 139.8 (C-8”), 134.6 (C-2”), 132.1 (C-1’), 129.5 (C-9”), 129.0 (C-2’), 

125.4 (C-6”), 122.4 (C-4”), 120.9 (C-5”), 116.2 (C-3’), 112.7 (C-7”), 110.6 (C-3”), 100.2 (C-

10), 97.7 (C-6), 96.3 (C-8), 78.7 (C-2), 33.9 (C-3) ppm. 

4’,5,7-trihydroxybenzopyran-4-(pyrrol-2-yl)-azine (35): 

To a solution of compound 28 (50 mg, 0.175 mmol) in ethanol (5 mL) it was added 16.6 mg of 

pyrrole-2-carboxaldehyde (0.175 mmol). The mixture was kept stirring under N2, during 6 h, at 

room temperature. The reside was then purified by column chromatography (n-hexane‒EtOAc, 

1:0 to 0:1) to yield 53 mg of compound 35, an amorphous yellow powder (0.147 mmol, 84.0%). 
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ESI-MS (negative mode): m/z 362 [M - H]-; 

1H-NMR (300 MHz, Methanol-D4): δ 8.29 (1H, s, H-

1”), 7.35 (2H, d, J = 8.5 Hz, H-2’), 6.95 (1H, t, J = 2.1 

Hz, H-4”), 6.83 (2H, d, J = 8.6 Hz, H-3’), 6.61 (1H, dd, J 

= 3.6, 1.4 Hz, H-3”), 6.21 (1H, dd, J = 3.6, 2.6 Hz, H-5”), 

5.95 (1H, d, J = 2.3 Hz, H-8), 5.92 (1H, d, J = 2.3 Hz, H-

6), 5.07 (1H, dd, J = 12.3, 2.8 Hz, H-2), 4.98 (1H, dd, J = 

18.5, 3.0 Hz, H-3β), 2.94 (1H, dd, J = 18.5, 12.3 Hz, H-3α) ppm; 

13C-NMR (75 MHz, Methanol-D4): δ 165.1 (C-4), 163.6 (C-7), 163.4 (C-5), 161.6 (C-9), 

158.8 (C-4’), 150.8 (C-1”), 132.2 (C-1’), 129.1 (C-2”), 129.0 (C-2’), 124.6 (C-4”), 117.3 (C-

3”), 116.2 (C-3’), 110.9 (C-5”), 100.2 (C-10), 97.6 (C-6), 96.2 (C-8), 78.9 (C-2), 33.9 (C-3) 

ppm. 

4’,5,7-trihydroxybenzopyran-4-(2-nitrobenzyl)azine (36): 

40 mg (0.140 mmol) of 28 and 42.3 mg (0.280 mmol) of 2-nitrobenzaldehyde were dissolved 

in ethanol, and a catalytic amount of acid was added to the mixture. After stirring under reflux 

for 48 h, the solvent was evaporated under reduced pressure and the product was purified by 

column chromatography using CH2Cl2‒acetone (100:0 to 90:10) to yield 15 mg (0.035 mmol, 

25.0%) of compound 36 an amorphous yellow powder. 

ESI-MS (positive mode): m/z 419 [M + H]+;  

1H-NMR (300 MHz, Acetone-D6): δ 8.94 (1H, s, H-1”), 

8.24 (1H, dd, J = 7.7, 1.7 Hz, H-7”), 8.07 (1H, dd, J = 7.7, 

1.7 Hz, H-4”), 7.81 (1H, td, J = 7.7, 1.7 Hz, H-6”), 7.76 

(1H, dd, J = 7.7, 1.7 Hz, H-5”), 7.42 (2H, d, J = 8.5 Hz, 

H-2’), 6.91 (2H, d, J = 8.5 Hz, H-3’), 6.03 (1H, d, J = 2.3 

Hz, H-8), 5.99 (1H, d, J = 2.3 Hz, H-6), 5.23 (1H, dd, J = 

12.3, 3.0 Hz, H-2), 3.91 (1H, dd, J = 12.3, 3.0 Hz, H-3β), 

3.11 (1H, dd, J = 17.4, 12.3 Hz, H-3α) ppm;  

13C-NMR (75 MHz, Acetone-D6): δ 169.3 (C-4), 162.4 (C-7), 161.6 (C-9), 160.9 (C-5), 157.3 

(C-4’), 155.3 (C-1”), 149.7 (C-3”), 134.2 (C-6”), 132.4 (C-5”) 131.5 (C-1’), 130.5 (C-7”), 129.0 
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(C-2’), 126.0 (C-3”), 121.0 (C-5”), 115.8 (C-3’), 102.3 (C-10), 99.8 (C-6), 96.2 (C-8), 77.9 (C-

2), 32.3 (C-3) ppm. 

7.3.2. General preparation of naringenin carbohydrazides. 

Naringenin (17, 1 eq.) was dissolved in a proper amount of ethanol, under stirring at room 

temperature. Following, the desired hydrazide (2 eq.) and a catalytic amount of acid (10% acetic 

acid in ethanol, 0.01 eq) were added and the mixture was kept stirring under N2 overnight, at 

room temperature. The reaction was followed by TLC and, upon completion, the solvent was 

evaporated under vacuum at 40 ºC, the residue extracted with ethyl acetate and dried with 

Na2SO4. After evaporation of the solvent, the residue was further purified by preparative TLC 

to obtain the desired product (R1=N-NH-C[=O]-R2). 

4’,5,7-trihydroxybenzopyran-4-(tiophen-2-yl)-carbohydrazide (37):  

To 5 ml ethanol was added 100 mg (0.370 mmol) of naringenin (17), 78.2 mg (0.550 mmol) of 

2-tiophene carboxylic acid hydrazide and a catalytic amount of acid. After 24 h under constant 

stirring and reflux, the solvent was evaporated and the residue purified by column 

chromatography using CH2Cl2‒MeOH (100:0 to 90:10) to obtain 72 mg (0.381 mmol, 53.4% 

yield) of 37 as an amorphous yellowish powder. 

ESI-MS (positive mode): m/z 397 [M + H]+ ; 

1H-NMR (300 MHz, Acetone-D6): δ 7.86 (1H, dd, J = 3.8, 

0.7 Hz, H-5”), 7.76 (1H, dd, J = 5.0, 3.8 Hz, H-4”), 7.76 

(1H, dd, J = 5.0, 0.7 Hz, H-3”), 7.40 (2H, d, J = 8.5 Hz, H-

2’), 6.91 (2H, d, J = 8.5 Hz, H-3”), 6.03 (1H, d, J = 2.3 Hz, 

H-8), 5.97 (1H, d, J = 2.3 Hz, H-6), 5.13 (1H, dd, J = 12.4, 

2.7 Hz, H-2), 3.42 (1H, dd, J = 16.9, 2.7 Hz, H-3β), 2.93 

(1H, dd, J = 16.9, 12.4 Hz, H-3α) ppm; 

13C-NMR (75 MHz, Acetone-D6): δ 162.5 (C-7), 162.4 (C-1”), 160.6 (C-5), 158.6 (C-9, C-

4’), 155.1 (C-4), 138.6 (C-2”), 132.3 (C-5”), 131.0 (C-1’), 129.9 (C-3”), 128.9 (C-2’), 128.6 

(C-4”), 116.3 (C-3’), 99.7 (C-10), 97.8 (C-8), 95.8 (C-6), 77.4 (C-2), 33.1 (C-3) ppm. 
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4’,5,7-trihydroxybenzopyran-4-(furan-2-yl)-carbohydrazide (38): 

To 100 mg (0.370 mmol) of naringenin (17) dissolved in ethanol was added 93.6 mg (0.750 

mmol) of 2-furan carboxylic acid hydrazide and a catalytic amount of acid. After keeping the 

mixture stirring under reflux for 36 h, the solvent was evaporated under reduced pressure and 

the product was purified by column chromatography using CH2Cl2‒MeOH (100:0 to 95:5) to 

yield 27 mg (0.073 mmol, 20.0%) of 38 as an amorphous brown powder. 

ESI-MS (positive mode): m/z 381 [M + H]+; 

1H-NMR (300 MHz, DMSO-D6): δ 7.90 (1H, d, J = 1.5 

Hz, H-5”), 7.32 (1H, d, J = 8.6 Hz, H-2’), 7.31 (1H, d, J = 

3.0 Hz, H-3”), 6.79 (1H, d, J = 8.6 Hz, H-3’), 6.68 (1H, dd, 

J = 3.0, 1.5 Hz, H-4”), 5.92 (1H, d, J = 2.3 Hz, H-8), 5.86 

(1H, d, J = 2.3 Hz, H-6), 5.08 (1H, dd, J = 12.3, 2.9 Hz, H-

2), 3.35 (1H, dd, J = 12.3, 2.9 Hz, H-3β), 2.95 (1H, dd, J = 

17.1, 12.3 Hz, H-3α) ppm;  

13C-NMR (75 MHz, DMSO-D6): δ 161.7 (C-7), 161.6 (C-5), 159.2 (C-1”), 159.0 (C-9), 157.6 

(C-4’), 155.4 (C-4), 146.4 (C-2”), 146.0 (C-5”), 129.8 (C-1’), 128.2 (C-2’), 115.3 (C-3”), 115.2 

(C-3”), 112.1 (C-4”), 98.2 (C-10), 96.8 (C-8), 94.9 (C-6), 76.1 (C-2), 33.3 (C-3) ppm. 

 

4’,5,7-trihydroxybenzopyran-4-(N,N-dimethyl)-thiosemicarbazone (39):  

To 100 mg (0.370 mmol) of naringenin (17) dissolved in ethanol was added 87.4 mg (0.740 

mmol) of N,N-dimethylthiosemicarbazide, and the mixture was kept stirring under reflux for 

24 h under mildly acidic conditions. Following, after evaporation of the solvent the product was 

purified by a column chromatography using n-hexane‒EtOAc (100:0 to 50:50) to yield 54 mg 

(0.143 mmol, 38.8%) of compound 39 as an amorphous, yellow powder. 
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ESI-MS (positive mode): m/z 413 [M  + H + K]+ ; 

1H-NMR (300 MHz, Acetone-D6): δ 7.35 (1H, d, J = 8.5 

Hz, H-2’), 6.87 (1H, d, J = 8.5 Hz, H-3’), 6.00 (1H, d, J = 

2.2 Hz, H-8), 5.95 (1H, d, J = 2.2 Hz, H-6), 5.09 (1H, dd, J 

= 12.2, 3.0 Hz, H-2), 3.66 (1H, dd, J = 17.3, 3.0 Hz, H-3β), 

2.83 (1H, dd, J = 17.3, 12.2 Hz, H-3α), 2.05 (3H, s, Me-2”), 

2.00 (3H, s, Me-3”) ppm; 

13C-NMR (75 MHz, Acetone-D6): δ 165.5 (C-1”), 163.7 (C-7), 163.4 (C-4), 163.1 (C-5), 

161.22 (C-9), 158.4 (C-4’), 131.7 (C-1’), 128.8 (C-2’), 116.1 (C-3’), 99.8 (C-10), 97.3 (C-6), 

95.7 (C-8), 77.9 (C-2), 33.0 (C-3), 25.4 (C-3”), 18.5 (C-2”) ppm. 

4’,5,7-trihydroxybenzopyran-4-(indol-3-yl)-acetohydrazide (40): 

To 100 mg (0.370 mmol) of naringenin (17) previously dissolved in ethanol was added 138.9 

mg (0.750 mmol) of indole-3-acetic hydrazide. After keeping the mixture stirring under reflux 

for 60 h in mildly acidic conditions, the solvent was evaporated under reduced pressure at 40 

ºC and the product was purified by column chromatography using CH2Cl2‒acetone (100:0 to 

90:10) and preparative TLC (CH2Cl2‒MeOH, 95:5) to yield 68 mg (0.153 mmol, 41.5%) of an 

amorphous brown powder. 

ESI-MS (positive mode): m/z 444 [M + H]+ ; 

1H-NMR (300 MHz, DMSO-D6): δ 7.58 (1H, d, J = 7.8 

Hz, H-8”), 7.33 (1H, d, J = 7.8 Hz, H-5”), 7.32 (2H, d, J 

= 8.6 Hz, H-2’), 7.23 (1H, d, J = 2.1 Hz, H-4”), 7.05 (1H, 

td, J = 7.8, 0.8 Hz, H-6”), 6.96 (1H, td, J = 7.8, 0.8 Hz, 

H-7”), 6.81 (2H, d, J = 8.6 Hz, H-3’), 5.90 (1H, d, J = 

2.2 Hz, H-8), 5.89 (1H, d, J = 2.2 Hz, H-6), 5.17 (1H, dd, J = 12.1, 3.0 Hz, H-2), 3.55 (2H, br 

s, H-2”), 3.32 (1H, dd, J = 15.5, 3.0 Hz, H-3β), 3.10 (1H, dd, J = 15.5, 12.1 Hz, H-3α) ppm; 

13C-NMR (75 MHz, DMSO-D6): δ 169.9 (C-1”), 162.9 (C-7), 162.2 (C-5), 160.0 (C-9), 157.7 

(C-4’), 156.3 (C-4), 136.1 (C-10”), 129.6 (C-1’), 128.3 (C-2’), 127.2 (C-9”), 123.9 (C-4”), 

121.0 (C-6”), 118.8 (C-8”), 118.4 (C-7”), 115.3 (C-3’), 108.8 (C-3”), 99.6 (C-10), 96.6 (C-6), 

95.3 (C-8), 76.6 (C-2), 30.8 (C-3), 30.6 (C-2”) ppm. 
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4’,5,7-trihydroxybenzopyran-4-(benzoyloxy)-formohydrazide (41):  

To 100 mg (0.370 mmol) of compound 17, dissolved in ethanol, was added 123.0 mg (0.740 

mmol) of benzyl carbazate. After keeping the mixture stirring under reflux for 36 h, the 

evaporation of the solvent yielded a residue that was further purified column chromatography 

using CH2Cl2‒MeOH (100:0 to 90:10). At the end, 83 mg (0.205 mmol, 55.3% yield) of 

compound 41 was obtained as a pale white amorphous powder. 

ESI-MS (positive mode): m/z 421 [M + H]+; 

1H-NMR (300 MHz, Methanol-D6): δ 7.23-7.43 (7H, 

m, H-2’, H-4”, H-5”, H-6”), 6.81 (1H, d, J = 8.5 Hz, H-

3”), 5.96 (1H, d, J = 2.2 Hz, H-8), 5.90 (1H, d, J = 2.2 

Hz, H-6), 5.20 (2H, br s, H-2”), 4.96 (1H, dd, J = 12.2, 

3.0 Hz, H-2), 3.08 (1H, dd, J = 16.9, 3.0 Hz, H-3β), 2.70 

(1H, dd, J = 16.9, 12.2 Hz, H-3α) ppm; 

13C-NMR (75 MHz, Methanol-D6): δ 172.8 (C-1”), 162.4 (C-7), 161.8 (C-5), 160.6 (C-9), 

158.8 (C-4’), 156.2 (C-4), 137.6 (C-3”), 131.8 (C-1’), 130.2 (C-5”), 129.8 (C-6”), 129.5 (C-2’, 

C-4”), 116.2 (C-3’), 99.8 (C-10), 97.9 (C-6), 96.8 (C-8), 77.8 (C-2), 66.9 (C-2”), 33.1 (C-3) 

ppm. 

4’,5,7-trihydroxybenzopyran-4-(methoxybenzoyloxy)-formohydrazide (42):  

Naringenin (100 mg, 0.370 mmol) was dissolved in EtOH (5 mL), at room temperature. Then, 

it was added 4-methoxybenzylcarbazate (72.1 mg, 0.367 mmol) and 50 μL of a ethanolic 

solution of 10% acetic acid. The mixture was kept stirring under N2 overnight, at room 

temperature. The mixture was purified by column chromatography, using n-hexane‒EtOAc, 

100:0 to 0:100) as mobile phase to afford 64 mg of compound 42, an amorphous yellow powder 

(0.142 mmol, 77% yield). 

ESI-MS (negative mode): m/z 449 [M - H]-; 

1H-NMR (300 MHz, Methanol-D6): δ 7.35 (2H, d, 

J = 8.7 Hz, H-4”), 7.28 (2H, d, J = 8.5 Hz, H-2’), 

6.94 (2H, d, J = 8.7 Hz, H-5”), 6.79 (2H, d, J = 8.5 

Hz, H-3’), 5.89 (1H, d, J = 2.2 Hz, H-6), 5.85 (1H, 
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d, J = 2.2 Hz, H-8), 5.12 (2H, br s, H-2”), 5.04 (1H, dd, J = 12.0, 3.0 Hz, H-2), 3.75 (3H, s, 

Me-7”), 3.21 (1H, dd, J = 17.4, 3.0 Hz, H-3β), 2.76 (1H, dd, J = 17.4, 12.0 Hz, H-3α) ppm; 

13C-NMR (75 MHz, Methanol-D6): δ 161.3 (C-7), 160.6 (C-5), 160.3 (C-9), 159.7 (C-6”), 

159.0 (C-4), 157.9 (C-4’), 154.4 (C-1”), 130.5 (C-1’), 130.2 (C-4”), 128.7 (C-2’), 115.5 (C-3’), 

114.3 (C-5”), 98.6 (C-10), 97.2 (C-6), 95.4 (C-8), 76.1 (C-2), 66.6 (C-2”), 55.6 (C-7”), 32.1 (C-

3) ppm. 

7.3.3. General preparation of derivatives (43-45) by a Mannich-type coupling 

reaction 

To 1 eq. of naringenin (17) in methanol and dimethylformamide (15:1) at room temperature 

was added, dropwise, a methanolic solution of formaldehyde (1.5 eq.) and the desired amine (1 

eq.). The mixture was kept stirring under N2 at 50 ºC until the reaction was complete (monitored 

by analytical TLC). Following, the solvent was evaporated under reduced pressure and 

separated by preparative TLC to afford the desired product. 

Naringenin 6-(N-morpholinomethyl) (43): 

Naringenin (1, 50 mg, 0.184 mmol) was dissolved in MeOH (15 mL) and DMF (1 mL) at 50 

ºC. Then, it was added to the stirring solution, dropwise, the formaldehyde solution (36.5% in 

MeOH; 14 μL, 0.276 mmol) and morpholine (15.9 μL, 0.184 mmol). After, the solution was 

kept stirring under N2 at 50 ºC for 2 h. The mixture was evaporated under vacuum and separated 

by preparative TLC (CH2Cl2‒MeOH, 80:20) to afford 43 mg of compound 43 as an amorphous 

yellow powder (0.116 mmol, yield 62.9%). 

ESI-MS (negative mode): m/z 370 [M - H]- ; 

1H-NMR (300 MHz, Methanol-D6): δ 7.25 

(2H, d, J = 8.5 Hz, H-2’), 6.76 (2H, d, J = 8.5 

Hz, H-3’), 5.81 (1H, s, H-8), 5.25 (1H, dd, J = 

12.7, 2.8 Hz, H-2), 3.75 (2H, s, H-1”), 3.69 (2H, 

br t, J = 4.8 Hz, H-3”), 3.03 (1H, dd, J = 17.2, 12.7 Hz, H-3α), 2.67 (2H, br t, J = 4.8 Hz, H-

2”), 2.61 (1H, dd, J = 17.2, 2.8 Hz, H-3β) ppm; 
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13C-NMR (75 MHz, Methanol-D6): δ 197.8 (C-4), 173.3 (C-7), 163.5 (C-5), 163.3 (C-9), 

159.3 (C-4’), 131.1 (C-1’), 129.1 (C-6), 116.4 (C-2’), 116.3 (C-3’), 101.3 (C-10), 97.0 (C-8), 

80.3 (C-2), 67.1 (C-3”), 53.7 (C-2”), 53.0 (C-1”), 43.9 (C-3) ppm. 

Naringenin 6-(N-isopropylaminomethyl) (44):  

To a solution of 1 (50 mg, 0.184 mmol) in MeOH (15 mL) and DMF (1 mL) at room 

temperature was added, dropwise, the formaldehyde solution (36.5% in MeOH; 14 μL, 0.276 

mmol) and isopropylamine (28.6 μL, 0.275 mmol). After 2 h stirring under N2 at room 

temperature, the mixture was evaporated and 44 was recovered by preparative TLC (CH2Cl2‒

MeOH, 90:10), yielding 19 mg as an amorphous yellow powder (0.055 mmol, 30% yield). 

ESI-MS (negative mode): m/z 342 [M - H]-; 

1H-NMR (400 MHz, Methanol-D6): δ 7.26 

(2H, d, J = 9.0 Hz, H-2’), 6.77 (2H, d, J = 9.0 

Hz, H-3’), 5.68 (1H, s, H-8), 5.20 (1H, dd, J = 

12.5, 3.5 Hz, H-2), 4.05 (2H, s, H-1”), 3.28 (1H, 

h, J = 3.3 Hz, H-2”), 2.95 (1H, dd, J = 16.5, 12.5 

Hz, H-3α), 2.61 (1H, dd, J = 16.5, 3.5 Hz, H-3β), 1.31 (6H, d, J = 3.0 Hz, H-3”) ppm; 

13C-NMR (75 MHz, Methanol-D6): δ 195.3 (C-4), 164.9 (C-7), 164.0 (C-5), 162.4 (C-9), 

158.8 (C-4’), 131.6 (C-1’), 128.9 (C-2’), 116.2 (C-3’), 101.2 (C-10), 99.5 (C-8), 98.9 (C-6), 

79.8 (C-2), 50.5 (C-2”), 43.6 (C-3), 39.9 (7-OMe), 19.5 (C-3”) ppm. 

 

6,8-bis{[(2-hydroxyethyl)(phenyl)amino]methyl}naringenin (45):  

Naringenin (50 mg, 0.184 mmol) was dissolved in MeOH (15 mL) and DMF (1 mL) at 50ºC. 

After, it was added, dropwise, the formaldehyde solution (36.5% in MeOH; 14 μL, 0.276 mmol) 

and a solution of 2-anilinoethanol (34 μL, 0,275 mmol). The mixture was kept stirring overnight 

under N2 and then was evaporated under vacuum. The mixture was separated by column 

chromatography (EtOAc‒MeOH, 100:0 to 60:40) to afford 7 mg of an amorphous brown 

powder as compound 45 (0.013, 7% yield). 
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ESI-MS (negative mode): m/z 570 [M - H]- ; 

1H-NMR (400 MHz, Methanol-D6): δ 7.21 (2H, d, 

J = 8.5 Hz, H-2’), 6.77 (2H, d, J = 8.5 Hz, H-3’), 

6.97 (6H, m, H-3”, H-5”), 6.77 (2H, d, J = 8.4 Hz, 

H-3’), 6.53 (4H, t, J = 7.7 Hz, H-4”), 5.25 (1H, dd, 

J = 12.7, 3.0 Hz, H-2), 3.81 (2H, s, H-1”), 3.79 (2H, 

s, H-1”’), 3.67 (4H, t, J = 5.7 Hz, H-6”), 3.15 (2H, t, 

J = 5.7 Hz, H-7”), 3.03 (1H, dd, J = 17.2, 12.8 Hz, H-3α), 2.69 (1H, dd, J = 17.0, 3.1 Hz, H-

3β) ppm; 

13C-NMR (75 MHz, Methanol-D6): δ 196.5 (C-4), 166.3 (C-7), 165.6 (C-5), 164.5 (C-9), 

158.8 (C-4’), 147.9 (C-2”), 147.0 (C-2”’), 131.3 (C-1’), 131.1 (C-4”), 130.0 (C-4”’), 128.9 (C-

2’), 116.2 (C-3’, C-5”), 115.7 (C-6), 114.6 (C-8), 114.5 (C-3”), 114.4 (C-3”’), 101.4 (C-10), 

80.1 (C-2), 61.5 (C-7”), 47.6 (C-6”), 44.0 (C-3), 28.3 (C-1”) ppm. 

7.3.4. Methylation of naringenin (17) with dimethylsulphate 

To compound 17 (1 eq.) in a proper amount of acetone, were added dimethyl sulfate (1.1 or 3 

eq. for mono- or demethylation respectively) and potassium carbonate (K2CO3, 3 eq) while the 

mixture was kept in reflux (50 °C) overnight under constant stirring (Kim et al., 2007). The 

reaction was followed by TLC and, upon completion, the solvent was evaporated under vacuum 

at 40 °C, the residue extracted with ethyl acetate and dried with Na2SO4. After evaporation of 

the solvent, the residue was further purified by column chromatography (CH2Cl2: acetone 100:0 

to 80:20) to obtain the desired products. 

Sakuranetin (46): 

Amorphous orange power, yield 76%;  

ESI-MS (positive mode): m/z 287 [M + H]+; 

1H-NMR (300 MHz, Acetone-D6): δ 7.40 (2H, d, J = 8.4 

Hz, H-2’), 6.90 (2H, d, J = 8.4 Hz, H-3’), 6.04 (2H, m, H-

6, H-8), 5.48 (1H, dd, J = 12.9, 3.0 Hz, H-2), 3.85 (3H, s, 7-OMe), 3.22 (1H, dd, J = 17.2, 12.9 

Hz, H-3α), 2.75 (1H, dd, J = 17.2, 3.0 Hz, H-1β) ppm; 
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13C-NMR (75 MHz, Acetone-D6): δ 197.6 (C-4), 168.8 (C-7), 166.9 (C-5), 164.9 (C-9), 158.8 

(C-4’), 130.5 (C-1’), 129.0 (C-2’), 116.1 (C-3’), 103.8 (C-10), 95.4 (C-8), 94.5 (C-6), 80.0 (C-

2), 56.2 (7-OMe), 43.4 (C-3) ppm. 

4’-methoxysakuranetin (47): 

Amorphous dark orange power, yield 16%;  

ESI-MS (positive mode): m/z 301 [M + H]+; 

1H-NMR (300 MHz, Acetone-D6): δ 7.49 (2H, d, J = 8.6 

Hz, H-2’), 7.00 (2H, d, J = 8.6 Hz, H-3’), 6.05 (2H, m, 

H-6, H-8), 5.53 (1H, dd, J = 12.8, 3.0 Hz, H-2), 3.86 (3H, s, 4’-OMe), 3.83 (3H, s, 7-OMe), 

3.22 (1H, dd, J = 17.2, 12.8 Hz, H-3α), 2.78 (1H, dd, J = 17.1, 3.0 Hz, H-3β) ppm; 

13C-NMR (75 MHz, Acetone-D6): δ 197.5 (C-4), 168.8 (C-7), 165.0 (C-5), 164.1 (C-9), 160.9 

(C-4’), 131.8 (C-1’), 128.9 (C-2’), 114.8 (C-3’), 103.7 (C-10), 95.5 (C-8), 94.6 (C-6), 79.8 (C-

2), 56.2 (7-OMe), 55.6 (4’-OMe), 43.5 (C-3) ppm. 

7.3.5. Synthesis of sakuranetin and 4’-methoxysakuranetin derivatives 

Sakuranetin and 4’-methoxysakuranetin derivatives were prepared according to the methods 

previously described for naringenin hydrazones (Method A) and carbohydrazides: to 20 mg (1 

eq.) of sakuranetin (46) or 4’-methoxysakuranetin (47) dissolved in ethanol was added 2 eq. of 

the desired hydrazine (NH2-NH-R2) or hydrazide (NH2-NH-CO-R) and 0.01 eq. of 10% acetic 

acid in ethanol. Following, the mixture was stirred under N2, at room temperature, until the total 

disappearance of the starting compound (by TLC). Then, the solvent was evaporated, the 

residue extracted with ethyl acetate, dried (with Na2SO4) and further purified by preparative 

TLC (CH2Cl2‒MeOH 98:2) to obtain the corresponding hydrazone (C=N-NH-R). 

Sakuranetin 4-hydrazone (48): 

Amorphous dark orange power, yield 68 %;  

ESI-MS (positive mode): m/z 342 [M + H + ACN]+; 

1H-NMR (300 MHz, DMSO-D6): δ 7.30 (2H, d, J = 

8.4 Hz, H-2’), 6.78 (2H, d, J = 8.5 Hz, H-3’), 6.07 (1H, 
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d, J = 2.2 Hz, H-6), 6.05 (1H, d, J = 2.2 Hz, H-8), 5.15 (1H, dd, J = 12.0, 2.6 Hz, H-2), 3.73 

(3H, s, 7-OMe), 3.53 (1H, dd, J = 17.2, 2.8 Hz, H-3β), 2.94 (1H, dd, J = 17.2, 12.2 Hz, H-3α) 

ppm; 

13C-NMR (75 MHz, DMSO-D6): δ 163.6 (C-7), 162.2 (C-4), 161.8 (C-5), 159.8 (C-9), 157.6 

(C-4’), 129.6 (C-1’), 128.2 (C-2’), 115.2 (C-3’), 99.3 (C-10), 95.1 (C-6), 93.6 (C-8), 76.6 (C-

2), 55.4 (7-OMe), 31.6 (C-3) ppm. 

4’-methoxysakuranetin 4-hydrazone (49): 

Amorphous dark orange power, yield 85 %;  

ESI-MS (positive mode): m/z 355 [M + H + ACN]+; 

1H-NMR (300 MHz, DMSO-D6): δ 7.43 (2H, d, J = 8.7 

Hz, H-2’), 6.96 (2H, d, J = 8.7 Hz, H-3’), 6.07 (2H, q, J 

= 2.4 Hz, H-6, H-8), 5.23 (1H, dd, J = 11.9, 3.0 Hz, H-2), 3.76 (3H, s, 4’-OMe), 3.73 (3H, s, 7-

OMe), 3.54 (1H, dd, J = 17.3, 3.0 Hz, H-3β), 2.99 (1H, dd, J = 17.3, 11.9 Hz, H-3α) ppm; 

13C-NMR (75 MHz, DMSO-D6): δ 164.0 (C-7), 162.2 (C-4), 162.0 (C-5), 160.1 (C-9), 159.7 

(C-4’), 131.4 (C-1’), 128.2 (C-2’), 113.9 (C-3’), 99.4 (C-10), 95.1 (C-6), 93.6 (C-8), 76.0 (C-

2), 55.5 (7-OMe), 55.2 (4’-OMe), 31.7 (C-3) ppm. 

Sakuranetin 4-phenylhydrazone (50): 

Sakuranetin (20 mg, 0.070 mmol) was dissolved in EtOH (2 mL), at room temperature. Then, 

it was added phenylhydrazine (11.4 mg, 0.105 mmol, 9.83 μL) and 50 μL of a ethanolic solution 

of 10% acetic acid. The mixture was kept overnight under N2, reflux and constant stirring. The 

mixture was purified by preparative TLC using n-hexane‒acetone, 70:30) as mobile phase to 

afford 19 mg of compound 50, an amorphous yellow powder (0.049 mmol, 71% yield). 

ESI-MS (positive mode): m/z 377 [M + H]+; 

1H-NMR (300 MHz, Acetone-D6): δ 7.37 (2H, d, J = 8.6 

Hz, H-2’), 7.24 (2H, dd, J = 8.6, 7.4 Hz, H-3”), 7.03 (2H, 

dd, J = 8.6, 1.0 Hz, H-2”), 6.88 (2H, d, J = 8.6 Hz, H-3’), 

6.81 (1H, td, J = 7.4, 1.0 Hz, H-4”), 6.08 (1H, d, J = 2.5 

Hz, H-8), 6.01 (1H, d, J = 2.5 Hz, H-6), 5.08 (1H, dd, J 
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= 12.1, 3.2 Hz, H-2), 3.73 (3H, s, 7-OMe), 3.26 (1H, dd, J = 16.8, 3.2 Hz, H-3β), 2.77 (1H, dd, 

J = 16.8, 12.1 Hz, H-1α) ppm; 

13C-NMR (75 MHz, Acetone-D6): δ 162.8 (C-7), 160.7 (C-5), 159.1 (C-9), 158.5 (C-4’), 146.1 

(C-1”), 145.6 (C-4), 132.0 (C-1’), 130.1 (C-2”), 128.8 (C-2’), 120.7 (C-4”), 116.1 (C-3’), 113.3 

(C-3”), 101.0 (C-10), 96.2 (C-6), 94.5 (C-8), 77.4 (C-2), 55.6 (7-OMe), 32.6 (C-3) ppm. 

4’-methoxysakuranetin 4-phenylhydrazone (51): 

4’-methoxysakuranetin (20 mg, 0.066 mmol) was dissolved in EtOH (2 mL), at room 

temperature. Then, it was added phenylhydrazine (11.4 mg, 0.105 mmol, 9.83 μL) and 50 μL 

of an ethanolic solution of 10% acetic acid. The mixture was kept overnight under N2, reflux 

and constant stirring. The mixture was purified by preparative TLC using n-hexane‒EtOAc, 

80:20) as mobile phase to afford 9 mg of compound 51, an amorphous brown powder (0.024 

mmol, 34% yield). 

ESI-MS (positive mode): m/z 391 [M + H]+;  

1H-NMR (300 MHz, Acetone-D6): δ 7.50 (2H, d, J = 

8.6 Hz, H-2’), 7.28 (2H, dd, J = 8.6, 7.4 Hz, H-3”), 7.06 

(2H, dd, J = 8.6, 1.1 Hz, H-2”), 7.01 (2H, d, J = 8.6 Hz, 

H-3’), 6.85 (1H, td, J = 7.4, 1.1 Hz, H-5”), 6.12 (1H, d, 

J = 2.5 Hz, H-8), 6.06 (1H, d, J = 2.4 Hz, H-6), 5.17 (1H, 

dd, J = 12.0, 3.1 Hz, H-2), 3.83 (3H, s, 4’-OMe), 3.78 (3H, s, 7-OMe), 3.32 (1H, dd, J = 16.8, 

3.1 Hz, H-3β), 2.79 (1H, dd, J = 16.8, 12.0 Hz, H-1α) ppm; 

13C-NMR (75 MHz, Acetone-D6): δ 162.8 (C-7), 160.8 (C-5), 160.7 (C-7), 159.0 (C-4’), 146.1 

(C-1”), 145.6 (C-4), 133.1 (C-1’), 130.1 (C-2”), 128.7 (C-2’), 120.7 (C-4”), 114.7 (C-3’), 113.3 

(C-3”), 101.1 (C-10), 96.3 (C-6), 94.5 (C-8), 77.2 (C-2), 55.7 (4’-OMe), 55.6 (7-OMe), 32.5 

(C-3) ppm. 

Sakuranetin 4-(5-bromopyridin-2-yl)hydrazone (52): 

Sakuranetin (20 mg, 0.070 mmol) was dissolved in EtOH (2 mL), at room temperature. Then, 

it was added 5-bromopyridin-2-yl-hydrazine (19.7 mg, 0.105 mmol) and 50 μL of a ethanolic 

solution of 10% acetic acid. The mixture was kept overnight under N2, reflux and constant 

stirring. The mixture was purified by preparative TLC using n-hexane‒acetone, 70:30) as 
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mobile phase to afford 12 mg of compound 52, an amorphous brown powder (0.026 mmol, 

37% yield). 

ESI-MS (positive mode): m/z 497 [M + H + ACN]+; 

1H-NMR (300 MHz, Acetone-D6): δ 8.24 (1H, d, J = 2.4 

Hz, H-5”), 7.82 (1H, dd, J = 8.5, 2.4 Hz, H-3”), 7.45 (1H, 

d, J = 8.5 Hz, H-2”), 7.41 (2H, d, J = 8.6 Hz, H-2’), 6.91 

(2H, d, J = 8.6 Hz, H-3’) 6.11 (1H, d, J = 2.5 Hz, H-8), 

6.06 (1H, d, J = 2.5 Hz, H-6), 5.08 (1H, dd, J = 11.9, 3.4 

Hz, H-2), 3.73 (3H, s, 7-OMe), 3.40 (1H, dd, J = 16.5, 3.4 Hz, H-3β), 2.94 (1H, dd, J = 16.5, 

11.9 Hz, H-1α) ppm; 

13C-NMR (75 MHz, Acetone-D6): δ 163.3 (C-7), 161.2 (C-5), 160.6 (C-9), 159.6 (C-4’), 155.4 

(C-1”), 149.6 (C-5”), 145.6 (C-4), 141.2 (C-3”), 131.7 (C-1’), 128.8 (C-2’), 116.1 (C-4”), 116.0 

(C-3’), 110.5 (C-2”), 100.4 (C-10), 96.4 (C-8), 94.5 (C-6), 77.4 (C-2), 55.7 (7-OMe), 32.6 (C-

3) ppm. 

4’-methoxysakuranetin 4-(5-bromopyridin-2-yl)hydrazone (53): 

4-methoxyakuranetin (20 mg, 0.066 mmol) was dissolved in EtOH (2 mL), at room 

temperature. Then, it was added 5-bromopyridin-2-yl-hydrazine (19.7 mg, 0.105 mmol) and 50 

μL of a ethanolic solution of 10% acetic acid. The mixture was kept during 46 h under N2, 

reflux and constant stirring. The mixture was purified by preparative TLC using n-hexane‒

acetone, 70:30) as mobile phase to afford 8 mg of compound 53, an amorphous yellow powder 

(0.017 mmol, 37% yield). 

ESI-MS (positive mode): m/z 470 [M + H]+; 

1H-NMR (300 MHz, Acetone-D6): δ 8.24 (1H, d, J = 2.4 

Hz, H-5”), 7.82 (1H, dd, J = 8.8, 2.4 Hz, H-3”), 7.51 (2H, 

d, J = 8.8 Hz, H-2”), 7.01 (2H, d, J = 8.7 Hz, H-3’), 6.93 

(1H, d, J = 8.7 Hz, H-2’), 6.12 (1H, d, J = 2.5 Hz, H-8),  

6.07 (1H, d, J= 2.5 Hz, H-6), 5.20 (1H, dd, J = 12.5, 2.9 

Hz,H-2), 3.83 (3H, d, J = 0.9 Hz, 4’-OMe), 3.78 ppm (3H, s, 7-OMe), 3.43 ppm (1H, dd, J = 

16.6, 2.9 Hz, H-3β), 2.96 ppm (1H, dd, J = 16.6, 12.5 Hz, H-3α); 
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13C-NMR (75 MHz, Acetone-D6): δ 163.5 (C-7), 162.8 (C-5), 161.3 (C-4’), 160.9 (C-9), 156.6 

(C-1”), 149.6 (C-5”), 148.9 (C-4), 141.6 (C-3”), 132.8 (C-1’), 128.8 (C-2’), 114.7 (C-3’), 109.2 

(C-4”), 109.0 (C-2”), 100.9 (C-10), 95.5 (C-6), 94.6 (C-8), 77.2 (C-2), 55.7 (4’-OMe), 55.6 (7-

OMe), 32.5 (C-3) ppm.  

Sakuranetin 4-(furan-2-yl)-carbohydrazide (54): 

Sakuranetin (20 mg, 0.070 mmol) was dissolved in EtOH (2 mL), at room temperature. Then, 

it was added 2-furoic hydrazide (13.2 mg, 0.105 mmol) and 50 μL of a ethanolic solution of 

10% acetic acid. The mixture was kept overnight under N2, reflux and constant stirring. The 

mixture was purified by preparative TLC using n-hexane‒acetone, 40:60) as mobile phase to 

afford 11 mg of compound 54, an amorphous orange brownish powder (0.029 mmol, 41% 

yield). 

ESI-MS (positive mode): m/z 395 [M + H]+; 

1H-NMR (300 MHz, Acetone-D6): δ 7.72 (1H, d, J = 1.6 

Hz, H-5”), 7.40 (2H, d, J = 7.8 Hz, H-2’), 7.24 (1H, br s, H-

3”), 6.91 (2H, d, J = 7.8 Hz, H-3’), 6.63 (1H, br s, H-4”), 

6.10 (1H, d, J = 2.4 Hz, H-8), 6.04 (1H, d, J = 2.4 Hz, H-6), 

5.16 (1H, br d, J = 13.5 Hz, H-2), 3.79 (3H, s, 7-OMe), 3.43 

(1H, br d, J = 16.0 Hz, H-3β), 3.00 (1H, dd, J = 16.0, 13.5 Hz, H-3α) ppm; 

13C-NMR (75 MHz, Acetone-D6): δ 164.4 (C-7), 163.6 (C-5), 162.3 (C-9), 158.6 (C-4’), 155.0 

(C-4), 147.8 (C-1”), 147.2 (C-2”), 145.6 (C-5”), 131.4 (C-1’), 128.9 (C-2’), 116.1 (C-3’), 116.0 

(C-3”), 112.9 (C-4”), 100.4 (C-10), 96.4 (C-8), 94.5 (C-6), 77.6 (C-2), 55.7 (7-OMe), 32.9 (C-

3) ppm. 

4’-methoxysakuranetin 4-(furan-2-yl)-carbohydrazide (55): 

4’-methoxysakuranetin (20 mg, 0.066 mmol) was dissolved in EtOH (2 mL), at room 

temperature. Then, it was added 2-furoic hydrazide (13.2 mg, 0.105 mmol) and 50 μL of a 

ethanolic solution of 10% acetic acid. The mixture was kept for 25 h under N2, reflux and 

constant stirring. The mixture was purified by preparative TLC using CH2Cl2‒acetone, 95:5) as 
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mobile phase to afford 13 mg of compound 55, an amorphous orange brownish powder (0.031 

mmol, 45% yield). 

ESI-MS (positive mode): m/z 409 [M + H]+; 

1H-NMR (300 MHz, Acetone-D6): δ 7.72 (1H, d, J = 1.7 

Hz, H-5”), 7.50 (2H, d, J = 8.6 Hz, H-2’), 7.23 (1H, d, J = 

3.5 Hz, H-3”), 7.01 (2H, d, J = 8.6 Hz, H-3’), 6.63 (1H, dd, 

J = 2.8, 1.4 Hz, H-4”), 6.11 (1H, d, J = 2.5 Hz, H-8), 6.05 

(1H, d, J = 2.5 Hz, H-6), 5.20 (1H, dd, J = 12.4, 1.4 Hz, H-

2), 3.83 (3H, s, 4’-OMe), 3.79 (3H, s, 7-OMe), 3.45 (1H, dd, J = 16.5, 1.4 Hz, H-3β), 3.01 (1H, 

dd, J = 16.5, 12.4 Hz, H-3α) ppm; 

13C-NMR (75 MHz, Acetone-D6): δ 164.4 (C-7), 162.3 (C-5), 160.8 (C-9), 160.3 (C-4’), 155.1 

(C-4), 147.8 (C-1”), 146.8 (C-2”), 145.6 (C-5”), 132.6 (C-1’), 128.7 (C-2’), 116.1 (C-3”), 114.7 

(C-3’), 112.9 (C-4”), 100.4 (C-10), 96.4 (C-8), 94.5 (C-6), 77.4 (C-2), 55.8 (4’-OMe), 55.6 (7-

OMe), 32.9 (C-3) ppm. 

Sakuranetin 4-(tiophen-2-yl)-carbohydrazide (56): 

Sakuranetin (20 mg, 0.070 mmol) was dissolved in EtOH (2 mL), at room temperature. Then, 

it was added 2-thiophene-carboxyhydrazide (20 mg, 0.140 mmol) and 50 μL of a ethanolic 

solution of 10% acetic acid. The mixture was kept overnight under N2, reflux and constant 

stirring. The mixture was purified by preparative TLC using n-hexane‒acetone, 50:50) as 

mobile phase to afford 6 mg of compound 56, an amorphous orange brownish powder (0.015 

mmol, 21% yield). 

ESI-MS (positive mode): m/z 411 [M + H]+ ; 

1H-NMR (300 MHz, Acetone-D6): δ 7.87 (1H, br s, H-3”), 

7.78 (1H, d, J = 4.9 Hz, H-5”), 7.41 (2H, d, J = 8.4 Hz, H-

2’), 7.14 (1H, br d, J = 4.9 Hz, H-4”), 6.91 (2H, d, J = 8.4 

Hz, H-3’), 6.11 (1H, d, J = 2.5 Hz, H-8), 6.04 (1H, d, J = 

2.5 Hz, H-6), 5.16 (1H, dd, J = 12.0, 1.9 Hz, H-2), 3.79 (3H, 

s, 7-OMe), 3.44 (1H, dd, J = 16.5, 1.9 Hz, H-3β), 2.96 (1H, dd, J = 16.5, 12.0 Hz, H-1α) ppm; 

13C-NMR (75 MHz, Acetone-D6): δ 164.8 (C-7), 162.4 (C-5), 160.6 (C-9), 158.6 (C-4’), 156.6 

(C-4), 148.5 (C-1”), 140.6 (C-2”), 132.4 (C-5”), 131.5 (C-1’), 128.9 (C-2’), 128.6 (C-3”), 126.6 
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(C-4”), 116.1 (C-3’), 100.9 (C-10), 96.4 (C-8), 95.9 (C-6), 78.5 (C-2), 55.8 (7-OMe), 32.9 (C-

3) ppm. 

Sakuranetin 4-(p-aminophenyl)-carbohydrazide (57): 

Sakuranetin (20 mg, 0.070 mmol) was dissolved in EtOH (2 mL), at room temperature. Then, 

it was added 4-aminophenyl-carboxyhydrazide (21.2 mg, 0.140 mmol) and 50 μL of a ethanolic 

solution of 10% acetic acid. The mixture was kept 68 h under N2, reflux and constant stirring. 

The mixture was purified by preparative TLC using n-hexane‒acetone, 60:40) as mobile phase 

to afford 6 mg of compound 57, an amorphous orange brownish powder (0.014 mmol, 20% 

yield). 

ESI-MS (positive mode): m/z 420 [M + H]+ ; 

1H-NMR (300 MHz, Acetone-D6): δ 7.72 (2H, d, J = 8.1 

Hz, H-3”), 7.40 (1H, d, J = 7.9 Hz, H-2’), 6.90 (2H, d, J = 

8.0 Hz, H-3’), 6.67 (2H, d, J = 7.9 Hz, H-4”), 6.10 (1H, d, 

J = 2.4 Hz, H-6), 6.04 (1H, d, J = 2.4 Hz, H-8), 5.14 (1H, 

br d, J = 11.5 Hz, H-2), 3.78 (3H, s, 7-OMe), 3.44 (1H, br 

d, J = 16.4 Hz, H-3β), 3.01 (1H, dd, J = 16.4, 11.5 Hz, H-1α) ppm; 

13C-NMR (75 MHz, Acetone-D6): δ 164.8 (C-1”), 163.9 (C-7), 162.2 (C-5), 160.2 (C-9), 158.6 

(C-4’), 157.7 (C-4), 153.2 (C-5”), 131.6 (C-1’), 130.4 (C-3”), 128.9 (C-2’), 121.2 (C-2”), 116.1 

(C-3’), 113.9 (C-4”), 100.6 (C-10), 96.3 (C-8), 94.3 (C-6), 77.6 (C-2), 55.7 (7-OMe), 32.8 (C-

3) ppm. 

4’-methoxysakuranetin 4-(p-aminophenyl)-carbohydrazide (58): 

S4-methoxysakuranetin (20 mg, 0.066 mmol) was dissolved in EtOH (2 mL), at room 

temperature. Then, it was added 4-aminophenyl-carboxyhydrazide (21.2 mg, 0.140 mmol) and 

50 μL of a ethanolic solution of 10% acetic acid. The mixture was kept 68 h under N2, reflux 

and constant stirring. The mixture was purified by preparative TLC using n-hexane‒acetone, 

60:40) as mobile phase to afford 8 mg of compound 58, an amorphous orange brownish powder 

(0.019 mmol, 27% yield). 

ESI-MS (positive mode): m/z 434 [M + H]+ ; 
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1H-NMR (300 MHz, DMSO-D6): δ 7.64 (2H, d, J = 8.5 

Hz, H-3”), 7.46 (2H, d, J = 8.5 Hz, H-2’), 7.00 (2H, d, J = 

8.5 Hz, H-3’), 6.57 (2H, d, J = 8.5 Hz, H-4”), 6.09 (1H, d, 

J = 2.4 Hz, H-8), 6.04 (1H, d, J = 2.4 Hz, H-6), 5.18 (1H, 

dd, J = 12.2, 2.2 Hz, H-2), 3.78 (3H, s, 4’-OMe), 3.73 (3H, 

s, 7-OMe), 3.48 (1H, dd, J = 17.0, 2.2 Hz, H-3β), 2.97 (1H, 

dd, J = 17.0, 12.2 Hz, H-1α) ppm; 

13C-NMR (75 MHz, DMSO-D6): δ 164.5 (C-7), 162.4 (C-1”), 160.6 (C-5), 159.4 (C-9), 158.7 

(C-4’), 152.5 (C-4), 152.1 (C-5”), 131.5 (C-1’), 129.8 (C-3”), 128.1 (C-2’), 118.9 (C-2”), 113.0 

(C-3’), 112.5 (C-4”), 99.6 (C-10), 95.4 (C-6), 93.5 (C-8), 76.0 (C-2), 55.3 (7-OMe), 55.2 (4’-

OMe), 32.0 (C-2) ppm. 

Sakuranetin 4-(p-trifluormethylphenyl)-carbohydrazide (59): 

Sakuranetin (20 mg, 0.070 mmol) was dissolved in EtOH (2 mL), at room temperature. Then, 

it was added 4-trifluormethylphenyl-carboxyhydrazide (28.6 mg, 0.140 mmol) and 50 μL of a 

ethanolic solution of 10% acetic acid. The mixture was kept 48 h under N2, reflux and constant 

stirring. The mixture was purified by preparative TLC using n-hexane‒acetone, 60:40) as 

mobile phase to afford 12 mg of compound 59, an amorphous orange brownish powder (0.025 

mmol, 33% yield). 

ESI-MS (positive mode): m/z 473 [M + H]+; 

1H-NMR (300 MHz, Acetone-D6): δ 8.07 (1H, d, J = 8.0 

Hz, H-3”), 7.87 (1H, d, J = 8.0 Hz, H-4”), 7.34 (2H, d, J = 

8.2 Hz, H-2’), 6.81 (2H, d, J = 8.2 Hz, H-3’), 6.11 (1H, d, J 

= 2.3 Hz, H-8), 6.06 (1H, d, J = 2.3 Hz, H-6), 5.14 (1H, br 

d, J = 13.0 Hz, H-2), 3.74 (3H, s, 7-OMe), 3.43 (1H, br d, J 

= 16.3 Hz, H-3β), 2.99 (1H, dd, J = 16.3, 13.0 Hz, H-1α) ppm; 

13C-NMR (75 MHz, Acetone-D6): δ 167.0 (C-1”), 163.1 (C-7), 161.0 (C-5), 159.3 (C-9), 157.7 

(C-4’), 155.0 (C-4), 137.6 (C-2”), 132.1 (C-5”), 129.6 (C-1’), 129.1 (C-3”), 128.3 (C-2’), 125.4 

(C-6”), 115.2 (C-3’), 99.3 (C-10), 95.5 (C-6), 93.7 (C-8), 76.4 (C-2), 55.4 (7-OMe), 32.3 (C-2) 

ppm. 
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Sakuranetin 4-(benzoyloxy)-formohydrazide (60): 

Sakuranetin (20 mg, 0.070 mmol) was dissolved in EtOH (2 mL), at room temperature. Then, 

it was added benzyl carbazate (17.5 mg, 0.105 mmol) and 50 μL of a ethanolic solution of 10% 

acetic acid. The mixture was kept 25 h under N2, reflux and constant stirring. The mixture was 

purified by preparative TLC using n-hexane‒acetone, 60:40) as mobile phase to afford 29 mg 

of compound 60, an amorphous orange brownish powder (0.066 mmol, 92% yield). 

ESI-MS (positive mode): m/z 435 [M + H]+; 

1H-NMR (300 MHz, Acetone-D6): δ 7.52-7.26 (7H, m, 

H-2’, H-3”, H-4”, C-5”), 6.90 (2H, d, J = 8.4 Hz, H-3’, 

6.09 (1H, d, J = 2.5 Hz, H-8), 6.04 (1H, d, J = 2.4 Hz, 

H-6), 5.23 (2H, s, H-2”), 5.13 (1H, dd, J = 12.0, 2.6 Hz, 

H-2), 3.78 (3H, s, 7-OMe), 3.32 (1H, dd, J = 16.7, 2.6 

Hz, H-3β), 2.86 (1H, dd, J = 16.7, 12.0 Hz, H-1α) ppm; 

13C-NMR (75 MHz, Acetone-D6): δ 163.7 (C-7), 161.7 (C-9), 160.0 (C-5), 158.5 (C-1”), 151.8 

(C-4’), 137.5 (C-3”), 131.5 (C-1’), 129.3 (C-4”, C-5”), 129.0 (C-6”), 128.7 (C-2’), 116.1 (C-

3’), 100.4 (C-10), 96.3 (C-8), 94.4 (C-6), 77.2 (C-2), 67.6 (C-2”), 55.7 (7-OMe), 32.5 (C-2) 

ppm. 

4’methoxysakuranetin 4-(benzoyloxy)-formohydrazide (61): 

4-methoxysakuranetin (20 mg, 0.066 mmol) was dissolved in EtOH (2 mL), at room 

temperature. Then, it was added benzyl carbazate (17.5 mg, 0.105 mmol) and 50 μL of a 

ethanolic solution of 10% acetic acid. The mixture was kept 48 h under N2, reflux and constant 

stirring. The mixture was purified by preparative TLC using n-hexane‒acetone, 60:40) as 

mobile phase to afford 14.9 mg of compound 61, an amorphous orange brownish powder (0.032 

mmol, 47% yield). 
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ESI-MS (positive mode): m/z 449 [M + H]+; 

1H-NMR (300 MHz, DMSO-D6): δ 7.45-7.32 (7H, m, 

H-2’, H-4”, C-5”, H-6”), 6.98 (2H, d, J = 8.7 Hz, H-

3’), 6.07 (1H, d, J = 2.4 Hz, H-6), 6.05 (1H, d, J = 2.4 

Hz, H-8), 5.21 (2H, s, H-2”), 5.17 (1H, dd, J = 12.0, 

2.8 Hz, H-2), 3.77 (3H, s, 7-OMe), 3.72 (3H, s, 4’-

OMe), 3.29 (1H, dd, J = 17.1, 2.8 Hz, H-3β), 2.84 (1H, 

dd, J = 17.1, 12.0 Hz, H-1α) ppm; 

13C-NMR (75 MHz, DMSO-D6): δ 162.2 (C-7), 162.2 (C-5), 160.0 (C-9), 159.3 (C-4’), 158.3 

(C-1”), 152.2 (C-4), 144.4 (C-3”), 131.6 (C-1’), 128.5 (C-2’), 128.4 (C-6”), 127.9 (C-4”, C-5”), 

113.8 (C-3’), 99.4 (C-10), 95.4 (C-8), 93.6 (C-6), 75.8 (C-2), 66.4 (C-2”), 55.3 (7-OMe), 55.1 

(4’-OMe), 34.0 (C-2) ppm. 

Sakuranetin 4-(1H-indol-3-yl)-acetohydrazide (62): 

Sakuranetin (20 mg, 0.070 mmol) was dissolved in EtOH (2 mL), at room temperature. Then, 

it was added 3-indoleacetic acid hydrazide (26.5 mg, 0.140 mmol) and 50 μL of a ethanolic 

solution of 10% acetic acid. The mixture was kept 64 h under N2, reflux and constant stirring. 

The mixture was purified by preparative TLC using n-hexane‒EtOAc, 70:30) as mobile phase 

to afford 12.3 mg of compound 62, an amorphous yellow powder (0.027 mmol, 38% yield). 

ESI-MS (positive mode): m/z 458 [M + H]+; 

1H-NMR (300 MHz, Acetone-D6): δ 7.64 (1H, d, J = 

7.5 Hz, H-8”), 7.37 (2H, d, J = 8.0 Hz, H-2’), 7.33 (1H, 

d, J = 7.5 Hz, H-5”), 7.30 (1H, s, H-4”), 7.08 (1H, t, J 

= 7.5 Hz, H-6”), 6.99 (1H, t, J = 7.5 Hz, H-7”), 6.89 

(2H, d, J = 8.0 Hz, H-3’), 6.06 (1H, d, J = 2.5 Hz, H-

8), 6.00 (1H, d, J = 2.5 Hz, H-6), 5.08 (1H, br d, J = 13.6 Hz, H-2), 3.80 (2H, s, H-2”), 3.76 

(3H, s, 7-OMe), 3.15 (1H, br d, J = 16.0 Hz, H-3β), 2.75 (1H, dd, J = 16.0, 13.6 Hz, H-1α) 

ppm; 

13C-NMR (75 MHz, Acetone-D6): δ 167.7 (C-7), 164.0 (C-1”), 162.1 (C-5), 160.2 (C-9), 158.6 

(C-4’), 152.4 (C-4), 137.5 (C-10”), 131.4 (C-1’), 128.8 (C-2’), 128.4 (C-9”), 124.7 (C-4”), 
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122.2 (C-6”), 119.7 (C-8”), 119.6 (C-7”), 116.1 (C-3’), 112.2 (C-5”), 109.4 (C-3”), 100.4 (C-

10), 96.3 (C-6), 94.4 (C-8), 77.4 (C-2), 55.7 (7-OMe), 32.8 (C-2), 32.2 (C-2”) ppm. 

4’-methoxysakuranetin 4-(1H-indol-3-yl)-acetohydrazide (63): 

4-methoxysakuranetin (20 mg, 0.066 mmol) was dissolved in EtOH (2 mL), at room 

temperature. Then, it was added 3-indoleacetic acid hydrazide (26.5 mg, 0.140 mmol) and 50 

μL of a ethanolic solution of 10% acetic acid. The mixture was kept 64 h under N2, reflux and 

constant stirring. The mixture was purified by preparative TLC using n-hexane‒EtOAc, 50:50) 

as mobile phase to afford 11.1 mg of compound 63, an amorphous yellow powder (0.024 mmol, 

34% yield). 

ESI-MS (positive mode): m/z 472 [M + H]+ ; 

1H-NMR (300 MHz, DMSO-D6): δ 7.58 (1H, br d, J = 

7.8 Hz, H-8”), 7.47 (2H, d, J = 8.5 Hz, H-2’), 7.34 (1H, 

d, J = 7.8 Hz, H-5”), 7.23 (1H, br s, H-4”), 7.06 (1H, br 

t, J = 7.8 Hz, H-6”), 7.00 (2H, d, J = 8.5 Hz, H-3’), 6.95 

(1H, br t, J = 7.8 Hz, H-7”), 6.5 (1H, d, J = 2.2 Hz, H-

8), 6.03 (1H, d, J = 2.2 Hz, H-6), 5.20 (1H, br d, J = 12.5 Hz, H-2), 3.78 (3H, s, 4’-OMe), 3.72 

(2H, s, H-2”), 3.71 (3H, s, 7-OMe), 3.31 (1H, br d, J = 16.9 Hz, H-3β), 2.95 (1H, dd, J = 16.9, 

12.5 Hz, H-3α) ppm; 

13C-NMR (75 MHz, DMSO-D6): δ 167.5 (C-7), 167.4 (C-1”), 162.5 (C-5), 159.4 (C-9), 158.7 

(C-4’), 150.8 (C-4), 136.1 (C-10”), 131.4 (C-1’), 128.1 (C-2’), 127.2 (C-9”), 123.9 (C-4”), 

121.0 (C-6”), 118.7 (C-8”), 118.4 (C-7”), 113.9 (C-3’), 111.4 (C-5”), 108.3 (C-3”), 99.3 (C-

10), 95.4 (C-6), 93.6 (C-8), 75.8 (C-2), 55.3 (4’-OMe), 55.2 (7-OMe), 32.7 (C-3), 30.7 (C-2”) 

ppm. 

 

7.3.6 Synthesis of nitrogen-containing 4’-alkyl sakuranetin derivatives 

7.3.6.1. Reaction of sakuranetin with epichlorohydrin 
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To 1 eq. of sakuranetin (7-methoxynaringenin, 46) dissolved in ethanol was added 1.5 eq. of 

epichlorohydrin. Following, 1.1 eq. of NaOH (dissolved in ethanol) was added to the mixture 

and the reaction was refluxed overnight and evaporated to dryness under reduced pressure. The 

residue was then dissolved in ethyl acetate and washed twice with water. The organic layer was 

dried over Na2SO4 and after evaporation under reduced pressure was purified by column 

chromatography (CH2Cl2‒acetone, 100:0 to 80:20, followed by CH2Cl2‒MeOH 95:5 to 75:15) 

to obtain the desired products (64 and 65). 

4’-(oxyran-3-yl)sakuranetin (64): 

Amorphous yellow power, yield 75%; 

ESI-MS (positive mode): m/z 379 [M + K]+; 

1H-NMR (300 MHz, Acetone-D6): δ 7.49 (2H, 

d, J = 8.7 Hz, H-2’), 7.03 (2H, d, J = 8.7 Hz, H-

3’), 6.06 (1H, d, J = 2.3 Hz, H-6), 6.04 (1H, d, J 

= 2.3 Hz, H-8), 5.52 (1H, dd, J = 12.8, 3.1 Hz, H-

2), 4.37 (1H, dd, J = 11.3, 3.7 Hz, H-5’α), 3.90 (1H, dd, J = 11.3, 6.4 Hz, H-5’β), 3.84 (3H, s, 

7-OMe), 3.33 (1H, ddt, 6.4, 3.7, 2.6 Hz, H-6’), 3.21 (1H, dd, J = 17.1, 12.8 Hz, H-3α), 2.85 

(1H, dd, J = 6.4, 3.7 Hz, H-7’α), 2.79 (1H, dd, J = 17.1, 3.1 Hz, H-3β), 2.72 (1H, dd, J = 6.4, 

2.6 Hz, H-7’β) ppm; 

13C-NMR (75 MHz, Acetone-D6): δ 197.5 (C-4), 168.9 (C-7), 165.0 (C-9), 164.1 (C-5), 160.0 

(C-4’), 132.3 (C-1’), 129.0 (C-2’), 115.5 (C-3’), 103.8 (C-10), 95.5 (C-6), 94.6 (C-8), 79.8 (C-

2), 70.2 (C-5’), 56.3 (7-OMe), 50.6 (C-6’), 44.4 (C-7’), 43.5 (C-3) ppm. 

4’-(3‐chloro‐2‐hydroxypropoxy) sakuranetin (65): 

Amorphous yellow power, yield 25%; 

ESI-MS (positive mode): m/z 416 [M + H]+; 

1H-NMR (300 MHz, Acetone-D6): δ 7.48 (2H, d, 

J = 8.5 Hz, H-2’), 7.03 (2H, d, J = 8.5 Hz, H-3’), 

6.05 (1H, d, J = 2.3 Hz, H-6), 6.03 (1H, d, J = 2.3 

Hz, H-8), 5.49 (1H, dd, J = 12.8, 3.1 Hz, H-2), 4.22 (1H, p, J = 5.2 Hz, H-6’), 4.13 (2H, dd, J 

= 5.2, 0.8 Hz, H-5’), 3.84 (3H, s, 7-OMe), 3.83 (1H, dd, J = 11.2, 5.2 Hz, H-7’α), 3.74 (1H, dd, 
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J = 11.2, 5.2, H-7’β), 3.18 (1H, dd, J = 17.1, 12.8 Hz, H-3α), 2.77 (1H, dd, J = 17.1, 3.1 Hz, H-

3β) ppm; 

13C-NMR (75 MHz, Acetone-D6): δ 197.4 (C-4), 168.8 (C-7), 164.9 (C-9), 164.0 (C-5), 159.9 

(C-4’), 132.1 (C-1’), 128.8 (C-2’), 115.4 (C-3’), 103.7 (C-10), 95.5 (C-6), 94.6 (C-8), 79.7 (C-

2), 70.4 (C-6’), 70.0 (C-5’), 56.2 (7-OMe), 47.1 (C-7’), 43.4 (C-3) ppm. 

7.3.6.2. General preparation of compounds 66-71 

Following, to 1 eq. of 64 dissolved in MeOH (3 mL) was added 1eq. of the chosen amine and 

a catalytic amount of acetic acid (0.01 eq). The mixture was stirred under reflux for 24-48 h. 

The reaction mixture was evaporated under vaccum (40 ºC) and extracted with ethyl acetate (3 

x 50 mL). The organic layers were combined and dried (Na2SO4). The solvent was removed 

under vacuum at 40 ºC and the obtained residue was purified by preparative TLC.  

4’-[3‐(diethylamino)‐2‐hydroxypropoxy]-sakuranetin (66): 

To 20 mg (0.058 mmol) of 64 dissolved in EtOH (3 mL) at room temperature was added 

diethylamine (8.5 mg, 0.115 mmol) and a catalytic amount of acetic acid. The mixture was kept 

under N2 overnight, with reflux and constant stirring. After solvent evaporation and extraction 

with ethyl acetate, the residue was purified by preparative TLC using CH2Cl2‒MeOH, 98:2) as 

mobile phase to afford 15 mg of compound 66, an amorphous yellow powder (0.036 mmol, 

63% yield). 

[𝛼]𝐷
20 + 8.4 ° (c 0.1, MeOH); 

ESI-MS (positive mode): m/z 416 [M + H]+; 

1H-NMR (300 MHz, Acetone-D6: CDCl3): δ 7.38 

(2H, d, J = 8.8 Hz, H-2’), 6.94 (2H, d, J = 8.8 Hz, 

H-3’), 5.99 (1H, d, J = 2.4 Hz, H-6), 5.98 (1H, d, J 

= 2.4 Hz, H-8), 5.39 (1H, dd, J = 12.8, 3.0 Hz, H-2), 3.97 (3H, m, H-5’, H-6’), 3.78 (3H, s, 7-

OMe), 3.08 (1H, dd, J = 17.2, 12.8 Hz, H-3α), 2.73 (1H, dd, J = 17.2, 3.0 Hz, H-3β), 2.66-2.48 

(6H, m, H-7’, H-8’), 1.00 (6H, t, J = 7.1 Hz, H-9’) ppm; 

13C-NMR (75 MHz, Acetone-D6: CDCl3): δ 196.4 (C-4), 168.1 (C-7), 164.3 (C-9), 163.3 (C-

5), 159.6 (C-4’), 131.0 (C-1’), 128.0 (C-2’), 115.0 (C-3’), 103.2 (C-10), 95.0 (C-6), 94.1 (C-8), 
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79.2 (C-2), 71.0 (C-5’), 66.7 (C-6’), 55.7 (C-7’), 55.1 (7-OMe), 47.6 (C-8’), 43.4 (C-3), 12.0 

(C-9’) ppm. 

4’-[2‐hydroxy-3‐(piperidin-1-yl)propoxy]-sakuranetin (67): 

To 20 mg (0.058 mmol) of 64 dissolved in EtOH (3 mL) at room temperature was added 

piperidine (9.8 mg, 0.115 mmol) and a catalytic amount of acetic acid. The mixture was kept 

under N2 overnight, with reflux and constant stirring. After solvent evaporation and extraction 

with ethyl acetate, the residue was purified by preparative TLC using CH2Cl2‒MeOH, 98:2) as 

mobile phase to afford 15 mg of compound 67, an amorphous yellow powder (0.036 mmol, 

62% yield).  

ESI-MS (positive mode): m/z 428 [M + H]+ ; 

1H-NMR (300 MHz, Acetone-D6: CDCl3): δ 7.37 

(2H, d, J = 8.6 Hz, H-2’), 6.97 (2H, d, J = 8.6 Hz, 

H-3’), 6.07 (1H, d, J = 2.3 Hz, H-6), 6.04 (1H, d, J 

= 2.3 Hz, H-8), 5.36 (1H, dd, J = 13.0, 3.0 Hz, H-

2), 4.08 (1H, tdd, J = 10.3, 6.7, 4.1 Hz, H-6’), 4.00 (1H, m, H-5’α), 3.99 (1H, d, J = 0.8 Hz, H-

5’β), 3.80 (3H, s, 7-OMe), 3.04 (1H, dd, J = 17.2, 13.0 Hz, H-3α), 2.78 (1H, dd, J = 17.2, 3.0 

Hz, H-3β), 2.49 (1H, d, J = 2.5 Hz, H-7’α), 2.47 (1H, s, H-7’β), 2.68-2.56 (2H, m, H-8’), 2.43-

2.23 (2H, m, H-8’), 1.66-1.54 (4H, m, H-9’), 1.47 (2H, h, J = 5.7 Hz, H-10’) ppm; 

13C-NMR (75 MHz, Acetone-D6: CDCl3): δ 196.2 (C-4), 168.1 (C-7), 164.2 (C-9), 163.0 (C-

5), 159.4 (C-4’), 130.7 (C-1’), 127.8 (C-2’), 115.0 (C-3’), 103.3 (C-10), 95.2 (C-6), 94.4 (C-8), 

79.1 (C-2), 70.7 (C-5’), 65.4 (C-6’), 55.8 (C-7’), 55.2 (7-OMe), 54.8 (C-8’), 43.3 (C-3), 26.2 

(C-9’), 24.3 (C-10’) ppm. 

4’-[Methyl 2-hydroxy-(3-piperidine-4 carboxylate)propoxy]-sakuranetin (68): 

To 20 mg (0.058 mmol) of 64 dissolved in EtOH (3 mL) at room temperature was added methyl 

2-hydroxy-(3-piperidine-4 carboxylate (16.5 mg, 0.115 mmol) and a catalytic amount of acetic 

acid. The mixture was kept under N2 overnight, with reflux and constant stirring. After solvent 

evaporation and extraction with ethyl acetate, the residue was purified by preparative TLC using 

CH2Cl2‒MeOH, 95:5) as mobile phase to afford 14 mg of compound 68, an amorphous yellow 

powder (0.031 mmol, 53% yield). 
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[𝛼]𝐷
20 ‒ 7.0 ° (c 0.1, MeOH); 

ESI-MS (positive mode): m/z 486 [M + H]+; 

1H-NMR (300 MHz, Acetone-D6: CDCl3): δ 

7.49 (2H, d, J = 8.6 Hz, H-2’), 7.02 (2H, d, J = 

8.6 Hz, H-3’), 6.06 (1H, d, J = 2.3 Hz, H-6), 6.04 

(1H, d, J = 2.3 Hz, H-8), 5.53 (1H, dd, J = 13.0, 3.0 Hz, H-2), 4.10 – 4.05 (3H, m, 4’-OMe, H-

6’), 3.85 (3H, s, 7-OMe), 3.62 (3H, s, H-12’), 3.23 (1H, dd, J = 17.2, 13.0 Hz, H-3α), 2.78 (1H, 

dd, J = 17.2, 3.0 Hz, H-3β), 2.50 (1H, dt, J = 12.6, 5.5 Hz, H-7’α), 2.32 (1H, m, H-10’), 2.22 

(1H, td, J = 11.4, 10.7, 2.3 Hz, H-7’β), 2.90 -2.80 (4H, m, H-8’), 1.86-1.79 (2H, m, H-9’α), 

1.77-1.62 (2H, m, H-9’β) ppm; 

13C-NMR (75 MHz, Acetone-D6: CDCl3): δ 196.7 (C-4), 174.8 (C-11’), 167.8 (C-7), 164.1 

(C-5), 163.2 (C-9), 161.5 (C-4’), 130.6 (C-1’), 128.1 (C-2’), 114.6 (C-3’), 102.8 (C-10), 94.6 

(C-6), 93.7 (C-8), 79.0 (C-2), 71.1 (C-5’), 64.3 (C-6’), 61.6 (C-7’), 55.4 (7-OMe), 53.8 (C-8’), 

42.3 (C-3), 40.6 (C-10’), 28.6 (C-9’) ppm. 

4’-(2‐hydroxy-3‐[(1‐benzylpiperidin‐4‐yl)-amino]propoxy) sakuranetin (69): 

To 20 mg (0.058 mmol) of 64 dissolved in EtOH (3 mL) at room temperature was added N-

benzyl-4-aminopiperidine (21.9 mg, 0.115 mmol) and a catalytic amount of acetic acid. The 

mixture was kept under N2 overnight, with reflux and constant stirring. After solvent 

evaporation and extraction with ethyl acetate, the residue was purified by preparative TLC using 

CH2Cl2‒MeOH, 95:5) as mobile phase to afford 14 mg of compound 69, an amorphous yellow 

powder (0.027 mmol, 46% yield). 

[𝛼]𝐷
20 + 3.8 ° (c 0.1, MeOH);  

ESI-MS (positive mode): m/z 533 [M + H]+; 

1H-NMR (300 MHz, Acetone-D6:CDCl3): δ 7.47 

(2H, d, J = 8.6 Hz, H-2’), 7.40 – 7.18 (5H, m, H-13’, 

H-14’, H-15’), 7.02 (2H, d, J = 8.6 Hz, H-3’), 5.91 

(1H, d, J = 2.4 Hz, H-6), 5.80 (1H, d, J = 2.4 Hz, H-

8), 5.18 (1H, dd, J = 12.2, 2.9 Hz, H-2), 4.20 (1H, 

dt, J = 10.2, 5.2 Hz, H-6’), 4.14 (1H, s, H-5’α), 4.12 (1H, d, J = 0.9 Hz, H-5’β), 3.86 – 3.70 

(3H, m, H-7’, H-9’), 3.77 (3H, s, 7-OMe), 3.50 (2H, s, H-11’), 3.29 (1H, dd, J = 16.8, 2.9 Hz, 
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H-3β), 2.97 (1H, dd, J = 16.8, 12.2 Hz, H-3α), 2.85 - 2.67 (4H, m, H-10’), 1.98 - 1.56 (4H, m, 

H-9’) ppm; 

13C-NMR (75 MHz, Acetone-D6:CDCl3): δ 169.9 (C-4), 165.9 (C-7), 165.8 (C-5), 160.7 (C-

9), 159.8 (C-4’), 139.9 (C-12’), 133.2 (C-1’), 129.5 (C-13’), 129.0 (C-14’), 128.9 (C-2’), 127.7 

(C-15’), 115.4 (C-3’), 101.3 (C-10), 96.3 (C-6), 92.4 (C-8), 77.7 (C-2), 70.4 (C-5’), 70.1 (C-

6’), 55.6 (7-OMe), 55.5 (C-8’), 52.2 (C-10’), 47.1 (C-7’), 33.7 (C-9’), 33.5 (C-3) ppm. 

4’-(2‐hydroxy-3‐[1H-indol-1-yl]-propoxy)sakuranetin (70): 

To 20 mg (0.058 mmol) of 64 dissolved in EtOH (3 mL) at room temperature was added indole 

(21.9 mg, 0.115 mmol) and a catalytic amount of acetic acid. The mixture was kept under N2 

overnight, with reflux and constant stirring. After solvent evaporation and extraction with ethyl 

acetate, the residue was purified by preparative TLC using CH2Cl2‒MeOH, 97:3) as mobile 

phase to afford 15 mg of compound 70, an amorphous yellow powder (0.034 mmol, 58% yield). 

ESI-MS (positive mode): m/z 482 [M + Na]+;  

1H-NMR (300 MHz, Acetone-D6:CDCl3): δ 

7.56 (1H, d, J = 7.8 Hz, H-10’), 7.50 (2H, d, J 

= 8.7 Hz, H-2’), 7.42 (1H, dd, J = 7.0, 1.0 Hz, 

H-13’), 7.09 (1H, td, J = 7.0, 1.0 Hz, H-12’), 

7.04 (2H, d, J = 8.7 Hz, H-3’), 7.04 (1H, dd, J = 7.0, 2.1 Hz, H-11’), 6.99 (1H, td, J = 7.0, 1.0 

Hz, H-8’), 6.06 (1H, d, J = 2.3 Hz, H-6), 6.04 (1H, d, J = 2.5 Hz, H-8), 5.53 (1H, dd, J = 12.8, 

3.0 Hz, H-2), 4.21 (1H, h, J = 5.0 Hz, H-6’), 4.14 (1H, s, H-5’α), 4.12 (1H, d, J = 0.9 Hz, H-

5’β), 3.77 (2H, m, H-7’), 3.22 (1H, dd, J = 17.1, 12.8 Hz, H-3α), 2.79 (1H, dd, J = 17.1, 3.0 Hz, 

H-3β) ppm; 

13C-NMR (75 MHz, Acetone-D6:CDCl3): δ 197.4 (C-4), 168.8 (C-7), 165.0 (C-5), 164.1 (C-

9), 160.0 (C-4’), 137.2 (C-14’), 132.2 (C-1’), 129.0 (C-15’), 128.9 (C-2’), 125.5 (C-9’), 122.0 

(C-10’), 121.0 (C-12’), 119.8 (C-11’), 115.4 (C-3’), 112.1 (C-13’), 103.7 (C-10), 102.3 (C-8’), 

95.4 (C-6), 94.6 (C-8), 79.8 (C-2), 70.4 (C-5’), 70.0 (C-6’), 56.2 (7-OMe), 47.1 (C-7’), 43.5 

(C-3) ppm. 
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4’-(2‐hydroxy-3‐[phenylsulfanyl]propoxy) sakuranetin (71): 

To 20 mg (0.058 mmol) of sakuranetin (64) dissolved in EtOH (3 mL) at room temperature was 

added indole (21.9 mg, 0.115 mmol) and a catalytic amount of acetic acid. The mixture was 

kept under N2 overnight, with reflux and constant stirring. After solvent evaporation and 

extraction with ethyl acetate, the residue was purified by preparative TLC using CH2Cl2‒

MeOH, 97:3) as mobile phase to afford 24 mg of compound 71, an amorphous white powder 

(0.053 mmol, 97% yield). 

ESI-MS (positive mode): m/z 453 [M + H]+; 

1H-NMR (300 MHz, Acetone-D6: CDCl3): δ 7.55 

(2H, d, J = 8.6 Hz, H-2’), 7.50 (2H, dd, J = 8.7, 2.1 Hz, 

H-9’), 7.38 (2H, td, J = 7.4, 1.6 Hz, H-10’), 7.29 (1H, 

dd, J = 7.3, 2.4 Hz, H-11’), 7.04 (2H, d, J = 8.8 Hz, H-

3’), 6.06 (1H, d, J = 2.3 Hz, H-6), 6.05 (1H, d, J = 2.5 Hz, H-6), 5.53 (1H, dd, J = 12.8, 3.0 Hz, 

H-2), 4.20 (1H, dq, J = 9.0, 4.8, 4.1 Hz, H-6’), 4.14 (1H, s, H-5’α), 4.12 (1H, d, J = 1.0 Hz, H-

5’β), 3.80 (2H, dd, J = 11.7, 5.3 Hz, H-7’), 3.22 (1H, dd, J = 17.1, 12.8 Hz, H-3α), 2.79 (1H, 

dd, J = 17.1, 3.0 Hz, H-3β) ppm; 

13C-NMR (75 MHz, Acetone-D6: CDCl3): δ 196.2 (C-4), 168.8 (C-7), 164.2 (C-9), 164.0 (C-

5), 160.0 (C-4’), 137.3 (C-8’), 132.2 (C-1’), 130.2 (C-9’), 128.9 (C-10’), 128.3 (C-11’), 128.2 

(C-2’), 115.2 (C-3’), 103.7 (C-10), 95.4 (C-6), 94.6 (C-8), 79.8 (C-2), 70.4 (C-5’), 70.0 (C-6’), 

56.2 (7-OMe), 47.1 (C-7’), 43.4 (C-3) ppm. 
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7.4. Biological Studies 

7.4.1. Reversal of multidrug-resistance mediated by P-glycoprotein 

7.4.1.1. Cell lines and cultures.  

L5178Y mouse T-lymphoma cell (ECACC cat. no. 87111908, U.S. FDA, Silver Springs, MD, 

USA) were transfected with the pHa MDR1/A retrovirus as previously described (Pastan et al., 

1988). The MDR1 overexpressing cell line was further selected by supplementing the growth 

medium with colchicine (60 ng/mL) in order to maintain the MDR phenotype expression. Both 

parental (L5178Y-PAR) and MDR (L5178Y-MDR) cells were cultivated in McCoy’s 5A 

supplemented with 10% heat-inactivated horse serum, 100 U/L of L-glutamine and 100 mg/L 

of a penicillin-streptomycin mixture (Sigma-Aldrich Kft, Budapest, Hungary).  

 The human colon adenocarcinoma cell lines (Colo 205 parent and Colo 320/MDR-LRP 

expressing MDR1), ATCC-CCL-220.1 (Colo320) and ATCC-CCL-222 (Colo205) were 

purchased from LGC (Promochem, Teddington, England). The cells were cultured in RPMI 

1640 growth medium, supplemented with 10% heat-inactivated fetal bovine serum, 2 mM L-

glutamine, 1mM Na-pyruvate and 100 mM HEPES. Following, the semi-adherent human colon 

cancer cells were detached using 0.25% trypsin and 0.02% EDTA for 5 minutes at 37 ºC and 

incubated during 4 h in a humidified atmosphere (5% CO2, 95% air) at the same temperature. 

 Mouse fibroblasts (NIH/3T3, ATCC® CRL-1658™) (Jainchill et al., 1969) and human 

fibroblasts (MRC-5, ATCC® CCL-171™, 18th population) (Jacobs et al., 1970) were cultivated 

in DMEM (GIBCO 52100-039) or EMEM (ATCC® 30-2003) respectively and supplemented 

with 10% heat-inactivated fetal bovine serum (Biowest, VWR International Kft, Debrecen, 

Hungary), 100 U/L of L-glutamine, 1% Na-pyruvate, 1% penicillin/streptomycin (Sigma-

Aldrich Kft, Budapest, Hungary) and 0.1% nystatin (8.3 g/L in ethylene glycol). The adherent 

cells were detached using a combination of 0.25% trypsin and 0.02% EDTA for 5 minutes at 

37 ºC. Before each cytotoxicity assay using this cell line, cells were seeded in untreated 96-well 

flat-bottom microtiter plates, following a 4-hour incubation period in a humidified atmosphere 

(5% CO2, 95% air) at 37 °C. All cell lines were incubated in a humidified atmosphere (5% CO2, 

95% air) at 37 °C. 
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7.4.1.2. Anti-proliferative and cytotoxicity assays 

The anti-proliferative and cytotoxicity of the compounds was assessed in a range of decreasing 

concentrations (2-fold dilutions) in several cell lines as follows: 

• Cytotoxicity assays 

o Mouse T-lymphoma cell lines (L5178Y-PAR and L5178Y-MDR), all compounds; 

o Human colon adenocarcinoma (Colo205 and Colo320), mouse embryonic 

fibroblast (NIH/3T3) and human lung fibroblast (MRC-5) cell lines, compounds 1-

16; 

• Anti-proliferative assays 

o Mouse T-lymphoma cell lines (L5178Y-PAR and L5178Y-MDR), all compounds; 

o Human colon adenocarcinoma (Colo205 and Colo320) cell lines, compounds 1-16; 

 Compounds 1-16 were tested in quadruplicates (L5178Y and Colo cells) and all other 

in duplicates, with a maximum concentration of 100 μM. Then, cells were distributed into 96-

well flat bottom microtiter plates at concentrations of 6 x 103 (anti-proliferative) or 1 x 104 

(cytotoxicity) in 100 μM of medium were added to each well, with the exception of medium 

and cell control wells. For mouse and human fibroblasts, 104 cells were seeded in each well 

prior to the addition of the compounds. 

 The microtiter plates were then initially incubated for 72h (anti-proliferative) or 24h 

(citotoxicity), after which 20 μM of a 5 mg/mL MTT solution in phosphate-saline buffer (PBS) 

(thiazolyl blue tetrazolium bromide, Sigma-Aldrich Chemie GmbH, Steinheim, Germany) was 

added to each well and the plates were incubated by another 4 hours. Following, 100 μL of SDS 

(sodium dodecyl sulfate, 10% in 0.01 M HCl solution) was added to each well and incubated 

overnight at 37 °C. Cell growth was determined by measuring optical density (OD) at 550 nm 

(ref. 630 nm) in a Multiscan EX ELISA reader (Thermo Labsystems, Cheshire, WA, USA). 

The percentage of inhibition of cell growth was determined according to the equation 

100 − [
𝑂𝐷𝑠𝑎𝑚𝑝𝑙𝑒−𝑂𝐷𝑚𝑒𝑑𝑖𝑢𝑚 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝑂𝐷𝑐𝑒𝑙𝑙 𝑐𝑜𝑛𝑡𝑟𝑜𝑙− 𝑂𝐷𝑚𝑒𝑑𝑖𝑢𝑚 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
] × 100     ,     (1). 

 The results were expressed as the mean ± SD, and the IC50 values were obtained by best 

fitting the dose-dependent inhibition curves independently in Libreoffice Calc and in GraphPad 
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Prism 5.03 for Windows software (“Graphpad Prism,” 2015; Motulsky and Hristopoulos, 

2004). 

7.4.1.3. Rhodamine-123 accumulation assay 

 The cells were initially adjusted to a density of 2 x 106 /mL, resuspended in a serum-

free McCoy’s 5A medium (L5178Y cells) or RPM1 1640 (Colo cells) and distributed in 500 

μL aliquots in Eppendorf centrifuge tubes. All test compounds were added at 2 and 20 μM, 

verapamil and tariquidar (positive controls, EGIS Pharmaceuticals PLC, Budapest, Hungary) 

at 20 and 0.5 μM respectively and DMSO at 2% as solvent control. The samples were incubated 

at room temperature for 10 min, after which 10 mL (5.2 μM final concentration) of Rhodamine-

123 was added and further incubated for 20 min at 37 °C. The samples were washed twice, 

resuspended in 1 mL PBS and analyzed by flow cytometry (Partec CyFlow® Space instrument, 

Partec GmbH, Münster, Germany). Histograms were evaluated regarding mean fluorescence 

intensity (FL-1), standard deviation and both FSC and SSC parameters. The fluorescence 

activity ratio (FAR) was calculated as the quotient between FL-1 of treated/untreated resistant 

cell line (L5178Y-MDR, Colo320) over treated/untreated sensitive cell line (L5178Y-PAR, 

Colo205), according to the following equation 

𝐹𝐴𝑅 =  

𝐹𝐿−1
𝑀𝐷𝑅 𝑡𝑟𝑒𝑎𝑡𝑒𝑑

𝐹𝐿−1
𝑀𝐷𝑅 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑

⁄

𝐹𝐿−1
𝑃𝐴𝑅 𝑡𝑟𝑒𝑎𝑡𝑒𝑑

𝐹𝐿−1
𝑃𝐴𝑅 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑

⁄
       ,       (2). 

7.4.1.4. Drug combination assay 

 The combination studies were designed as suggested in the CalcuSyn software manual 

(http://www.biosoft.com), using a fixed ratio of the compounds across a concentration gradient. 

The dilution of doxorubicin was made in a horizontal direction (14.7 – 0.1 μM) while the 

dilutions of the MDR-reversal agents (at 2-fold of their IC50’s) vertically in a microtiter plate 

to a final volume of 200 μL of medium per well. The cells were distributed into plates in a 

concentration of 2 x 105 /mL per well and were incubated for 48h, under standard conditions. 

Cell growth was determined after MTT staining, as previously described. Drug interactions 

were assessed according to Chou using the CalcuSyn v2.2 software (Chou, 2010). Each dose-

response curve (individual agents as well as combinations) was fitted to a linear model using 

the median effect equation, in order to obtain the median effect value (thus corresponding to 
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the IC50) and slope (m). Goodness-of-fit was assessed using the linear correlation coefficient r 

and only data with r > 0.90 was considered. The extent of interaction between drugs was 

expressed using the combination index (CI) for mutually exclusive drugs. A CI close to 1 

indicates additivity; CI < 1 defines synergism and CI > 1 is related to antagonism. 

7.4.2. Reversal of drug resistance mediated by P-gp, MRP1 and BCRP 

7.4.2.1. Cell lines and cultures 

Parental baby hamster kidney-21 (BHK21-PAR) and its resistant counterpart ABCC1-

transfected (BHK21-MDR) (Chang et al., 1997) were cultivated in Dulbecco’s Modified Eagle 

Medium F-12 (DMEM/F12: Gibco-Life Technologies, Saint Aubin, France). Parental mouse 

embryonic fibroblasts (NIH/3T3-PAR), human embryonic kidney (HEK293-PAR) and the 

corresponding ABCB1-transfected (NIH/3T3-MDR) (Pastan et al., 1988) and ABCG2-

transfected with the pcDNA3.1 plasmid coding for the wild-type transporter (HEK293-MDR) 

resistant cell lines were obtained by culture in DMEM-High glucose medium supplemented 

with GlutaMAXTM (Gibco-Life Technologies). All cell lines were grown in a humidified 

atmosphere at 37 ºC in 5% CO2 and supplemented with 5% heat-inactivated fetal bovine serum 

(FBS) and 1% of penicillin/streptomycin. In addition, and to selectively maintain the resistant 

cell lines, 200 μM methotrexate (BHK21-MDR), 60 ng/mL colchicine (NIH/3T3-MDR) or 750 

µg/mL of G418 (Sigma Aldrich, HEK293-MDR) was added to the growth medium. 

Specifically, for HEK293-MDR the monoclonal cell line was obtained by Fluorescence-

Activated Cell Sorting (FACS) using the phycoerythrin-coupled 5D3 antibody (Santa Cruz 

Biotech) as a native expression reporter. 

7.4.2.2. Cytotoxicity assays 

The cytotoxicity of the compounds was determined using a MTT colorimetric assay as reported 

in literature (Berridge et al., 1996; Mosmann, 1983). Briefly, BHK21, NIH/3T3 and HEK293 

(PAR and MDR) cells were seeded into the 96-well plates at a density of 2×103 cells/well for a 

total growth medium volume of 100 µL and incubated overnight. Following, 100 µL of fresh 

medium containing sequential concentrations of compounds to be tested (dissolved in DMSO 

in a 0.5–100 μM concentration range) were added to each well while DMSO control was fixed 

at 0.5% (v/v). After 72 h incubation, 22 μL of MTT dye in PBS (5 mg/mL) were added to the 
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wells, the plates were incubated for an additional 4 h at 37 °C, and upon MTT removal, the 

formazan dye crystals were solubilized with 200 μL of DMSO/ethanol (1:1, v/v). The 

absorbance was measured using spectrophotometry at 570 nm and 690 nm as reference 

wavelength. The effect of each compound on cell viability in all cell lines was calculated as the 

difference in absorbance between test wells and medium control wells and the relative 

resistance ratio (RR) was calculated as the ratio between IC50 for resistant cells and IC50 for 

parental cells. 

7.4.2.3. Inhibition tests of MDR pumps mediated drug efflux 

Cells were seeded into 96-well plates at a density of 5×104 cells/well in 200 µL growth medium 

and incubated overnight. Following, growth medium was replaced with 100 µL fresh medium 

and cells were incubated 30 min at 37 °C in the presence of compounds 1-22 together with 0.5 

µM rhodamine-123 (R123), 5 µM mitoxantrone (MX) and 0.2 µM calcein-AM (cAM) as 

fluorescent probes for P-gp, BCRP and MRP1, respectively, to a final concentration of DMSO 

0.5% (v/v). Next, medium was removed, washed with 100 µL PBS, trypsinized 5 min at 37 °C 

with 25 µL trypsin and suspended with 175 µL ice-cold PBS with 2% BSA (Bovine Serum 

Albumin). Intracellular fluorescence was measured with a MacsQuant flow cytometer (Miltenyi 

Biotec) with, at least, 5.000 cells per run. While MX was excited at 635 nm and fluorescence 

emission recorded in a 655-730 nm window, R123 and cAM were excited at 488 nm and 

recorded in a 525-550 nm filter. The compound inhibition efficacy was estimated by using 

equation 3  

% 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 = 100 × 
𝑀𝐷𝑅𝐹𝐴− 𝑀𝐷𝑅𝐹𝐵𝐺

𝑀𝐷𝑅𝐹𝐸− 𝑀𝐷𝑅𝐹𝐵𝐺
       ,       (3). 

 where MDRFA and MDRFBG correspond to the intracellular fluorescence of the cells incubated 

with or withour fluorescent substrate, in the presence of each tested compound. MDRFE 

correspond to fluorescence measurement in the presence of fluorescent substrate on control 

non-transfected cells. Assays were performed in triplicate. 
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7.5. Computational Studies 

7.5.1. Molecular Dynamics (MD) studies 

7.5.1.1. Initial structures 

A system, comprising the whole P-gp transporter inserted in a 1-palmitoyl-2-

oleoylphosphatidylcholine (POPC) lipid bilayer, solvated and neutralized with an adequate 

number of waters and counter-ions respectively (Ferreira et al., 2012), was the starting point 

for all MD studies. POPC force field parameterization was obtained from previous publications 

by Poger and co-workers (Poger et al., 2010; Poger and Mark, 2010). Ligand molecules were 

drawn in MarvinSketch (ChemAxon, 2012), parameterized according to the 53a6 (Oostenbrink 

et al., 2005, 2004) or 54a7 (Reif et al., 2012; Schmid et al., 2011) parameter sets of GROMOS96 

(Bonvin et al., 2000; Chandrasekhar et al., 2005; Daura et al., 1998; Scott et al., 1999) force-

field using the Automated Topology Builder (ATB) and Repository (Koziara et al., 2014; Malde 

et al., 2011) or PRODRG (Schüttelkopf and van Aalten, 2004) on-line servers and manually 

curated. Mülliken (Mulliken, 1955) or Merz-Kollman (Singh and Kollman, 1984) partial 

charges were assigned through ab initio calculations at the Hartree−Fock level of theory using 

the 6-31G basis set (Ditchfield et al., 1971; Hariharan and Pople, 1974, 1973; Hehre et al., 

1972) with diffuse (neutral) or diffuse/polarization (charged molecules) functions (Clark et al., 

1983; Frisch et al., 1984) in the Gaussian03 (Frisch et al., 2004) program. Visual Molecular 

Dynamics (VMD) (Humphrey et al., 1996) and Molecular Operating Environment (MOE) (Inc, 

2015) software’s were used for visual inspection and system manipulation. 

7.5.1.2. Simulation Parameters 

The GROMACS 4.6.x and 5.x simulation packages (Abraham et al., 2015; Berendsen et al., 

1995; Hess et al., 2008; Lindahl et al., 2001; Páll et al., 2015; Pronk et al., 2013; Van Der Spoel 

et al., 2005) were used for the MD simulations. All simulations applied periodic boundary 

conditions (PBC) (Allen and Tildesley, 1987; van Gunsteren and Berendsen, 1990). Initial 

energy minimizations were performed using the steepest descent method. While NVT runs 

employed the Velocity-rescale (V-rescale) (Bussi et al., 2007) thermostat, NpT runs used the 

Nosé-Hoover (Hoover, 1985; Nosé and Klein, 1983) thermostat and the Parrinello-Rahman 

(Nosé and Klein, 1983; Parrinello, 1981) barostat for temperature (303 K) and pressure 
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coupling (1 bar), respectively. In the presence of membranes, the pressure equilibration was 

achieved through a semi-isotropic pressure coupling, with system compressibility defined as 

4.5x10-5 bar-1 and initial box with dimensions xyz of 12.75 x 12.75 x 16.55 nm3. Particle Mesh 

Ewald (PME) (Darden et al., 1993; Essmann et al., 1995) method with cubic interpolation and 

FFT grid spacing of 0.16 was used for long-range electrostatics, with identical short-range cut-

off radius for electrostatic and van der Waals interactions (10 Å). Group-based or Verlet (Páll 

and Hess, 2013) cut-off schemes were applied for the calculation of non-bonded interactions 

on CPU and GPU respectively. SETTLE (Miyamoto and Kollman, 1992) (for water molecules) 

or LINCS (Hess, 2008; Hess et al., 1997) algorithms were used to constrain all bond lengths. 

7.5.1.3. Steered Molecular Dynamics (sMD) 

Two systems were built. For each system both colchicine and tariquidar molecules (neutral 

forms) were placed at the previously identified “entrance gate” located between 

transmembranar helices (TMH) 10 and 12 using a docking protocol available in MOE. Then, 

10 runs of simulated annealing were performed, each one comprising six cycles with an 

iteration limit of 4000 at an initial temperature of 1000 K, after which the best ranked pose was 

chosen and converted into GROMOS96 format. Following, after a brief cycle of energy 

minimization in GROMACS, both molecules were pulled away from the ‘entrance gate’ along 

the axes, parallel to the bilayer plane, into the drug-binding pocket (for 10 ns) or into the 

hydrophobic membrane core (for 15 ns), using a spring constant of 1000 kJ.mol-1.nm-2 and a 

pull rate of 0.15 nm.ns-1. In each case, molecules were pulled from its center of mass by using 

an umbrella potential along a vector in the xy plane between the reference group (P-gp) and one 

or more groups (colchicine and tariquidar molecules). 

 Other sMD runs were performed by pulling a molecule from the hydrophobic core of 

the lipid bilayer into the bulk water environment. Towards that end, colchicine and tariquidar 

were inserted in an equilibrated POPC membrane, solvated with an adequate number of water 

molecules. When in the presence of protonated tariquidar (+1 net charge), a chlorine ion was 

added to neutralize the global charge of the system. Following, the system was energy 

minimized and a 10 ps NVT equilibration run followed, above the POPC gel-fluid transition 

phase temperature (Leekumjorn and Sum, 2007), at 303 K. Following, both molecules were 

pulled during 20 ns and away from the lipid bilayer along the normal axis of the interface (z), 

using a spring constant of 500 kJ.mol-1.nm-2 and a pull rate of 0.25 nm.ns-1. In each case, 
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molecules were pulled from its center of mass by using an umbrella potential along the vector 

z between the reference group (POPC membrane) and one or more groups (colchicine or 

tariquidar). 

7.5.1.4. Adsorption Runs 

In order to determine the free energy of adsorption of the molecules toward P-gp or lipid bilayer, 

four groups (Didziapetris et al., 2003; Polli et al., 2001; Rautio et al., 2006) were defined: 

alprenolol, diphenhydramine and ranitidine (non-substrates); verapamil, colchicine, 

Rhodamine-123, Hoechst 33342 and trimethoprim (substrates); latilagascene D, tariquidar and 

the flavonoid kaempferide (modulators). Colchicine, latilagascene D, kaempferide and 

trimethoprim were considered to be neutral at physiological pH (based on the pKa values of 

ionizable groups calculated in MarvinSketch) (ChemAxon, 2012). Another system solely 

comprising ATP adsorption was analyzed separately. In each system, sixteen molecules (~15 

μM) were randomly placed in the bulk solvent around the cytoplasmic NBD domains and all 

water molecules within 2 Å were removed to avoid clashes. All systems were energy minimized 

followed by a 50 ns unrestricted NpT run. For sampling purposes, two (H33342 and tariquidar) 

and three (kaempferide) other systems were built. Finally, for comparison purposes, the apo 

system MD simulation described in a previous paper (Ferreira et al., 2012) was extended for an 

additional 50 ns. 

7.5.2. Data analysis 

7.5.2.1. General analysis 

Root mean square deviation (RMSD), radius of gyration (GYR) and root mean square 

fluctuations (RMSF) were calculated with internal GROMACS routines. Hydrogen-bond and 

non-bonded interactions between molecules and protein residues were evaluated using g_hbond 

(van der Spoel et al., 2006) and g_contacts (Blau and Grubmuller, 2013) tools. Internal drug-

binding pocket volume variations as a function of time [P(V) vs. t] were calculated using 

VOIDOO (Kleywegt and Jones, 1994) software with a 1.2 Å probe radius and a primary grid 

size of 0.7 Å and in-house python scripts. For each class of molecules, the P-gp pocket volume 

probability distribution was obtained by calculating the frequency that each instantaneous value 

felt in bins of size 100 Å³. Principal Component analysis (PCA) for the evaluation of the 
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transporter’s motion patterns was performed using the ProDy (Bahar et al., 2010; Bakan et al., 

2011) software through the NMWiz plugin in VMD.  Free energies of binding were calculated 

in g_mmpbsa (Baker et al., 2001; Kumari et al., 2014) with polar solvation energies corrected 

by generating ion-accessibility and dielectric maps incorporating membrane environment 

(dielectric slab constant is set to 2.0 using the draw_membrane2 program, 

http://www.poissonboltzmann.org) through in-house python scripts. Area per lipid (AL) and 

thickness (DHH) were calculated with GridMAT-MD (Allen et al., 2009) or in-house developed 

python scripts. 

7.5.2.2. Umbrella sampling 

The trajectories obtained by sMD were used to define a reaction coordinate for the entrance of 

both molecules from the lipid bilayer into the internal drug-binding pocket. For colchicine and 

tariquidar, 52 (total distance: colchicine, 3.9 nm) or 58 (total distance: tariquidar, 4.2 nm) 

umbrella windows with a mean width of 0.7 Å were considered and, in each window, another 

20 ns of MD was performed. For the lipid-water systems, 28 umbrella windows (reaction 

coordinate of 5.6 nm) with a mean width of 2 Å were considered and 10 ns MD was performed 

in each one. Analysis of results was done through the weighted histogram analysis method 

(WHAM) by using the g_wham (Hub et al., 2010) program available in GROMACS. Statistical 

errors were estimated using the bootstrap analysis technique by bootstraping new trajectories 

from Gaussian distributions with average and width taken from the respective histogram (b-

hist, default method). The convergence of the PMF was assessed by generating PMFs with 

different sampling times (10, 12.5 and 15 ns for the protein-lipid system and 5, 6 and 7 ns for 

the lipid-water system respectively). 

7.5.2.3. Adsorption runs 

The trajectories of each molecule that adsorbed either to the NBD domains or the lipid-water 

interface were used to estimate the free energy of adsorption of the molecules, herein calculated 

from the probability of a given molecule to be found bound to i) the surface of the nucleotide-

binding domains or ii) the lipid-water interface. For protein adsorption, the normalized 

probability density (Pi) was obtained with GROMACS tool g_rdf as a radial distribution 

function for the center of mass densities of a molecule A at a distance r around the closest atom 

in B, in this case the protein surface. Similarly, for lipid adsorption, and considering that the 
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lipid bilayer is similar to a flat surface where molecules adsorb, Pi was obtained in three steps. 

First, g_traj tool was used to extract the z coordinate for the center of mass of a given molecule 

as a function of time. Following, the probability distribution function for each molecule to be 

at a certain distance from the lipid bilayer was determined by first splitting the obtained plot in 

several bins (∆r = 0.05 Å) and calculating the frequency fi of a molecule in each bin. Finally, 

from the positional probability pi obtained from equation 3 

  𝑝𝑖 =
𝑓𝑖

∑ 𝑓𝑖
, 𝑤𝑖𝑡ℎ ∑ 𝑝𝑖 = 1    ,    (3) 

it was possible to calculate the normalized probability density Pi as the quotient between the 

positional probability (pi) and bin width (∆r), 

   𝑃𝑖 =
𝑝𝑖

Δ𝑟
 , 𝑤𝑖𝑡ℎ ∑ 𝑝𝑖. Δ𝑟 = 1    ,     (4). 

 The calculated distributions for each adsorbed molecule were used to calculate the free 

energies of adsorption to the protein or to the lipid through the probability ratio method (Mezei, 

1989; Raut et al., 2005). For each molecule considered, the relative free energy difference (∆Gi) 

between two positions was calculated as the difference between the free energy in a given 

position (Gi) and of a reference state (G0), which can be estimated by equation 5 

  Δ𝐺𝑖 = 𝐺𝑖 − 𝐺0 =  −𝑅𝑇. 𝑙𝑛 [
𝑃𝑖

𝑃0
]    (5), 

where R is the ideal gas constant and T the absolute temperature (303 K). For the protein 

adsorption calculations, the reference state was obtained using the values in bulk water at 20 Å 

from the interfaces. When adsorption was fast, this cut-off was reduced to 10 Å due to lack of 

statistics for distances larger than this value (the molecules moved rapidly towards the interface 

with low probability to be found at larger distances). Finally, the overall free energy of 

adsorption (ΔGads) for a given molecule was calculated from the weighted sums of the relative 

free energies according to equation 

       Δ𝐺𝑎𝑑𝑠 = ∫ 𝑃𝑖. Δ𝐺𝑖. d𝑟 ≈  ∑[𝑃𝑖 . Δ𝐺𝑖. Δ𝑟]
𝑏𝑖𝑛

         (6). 

 For each class, the spatial distribution of molecules around P-gp was calculated with 

g_spatial tool, after centering the protein and removing its periodicity, rotational and 

translational motions. 
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 Membrane leaflets are herein identified as upper and lower leaflets, with the lower 

leaflet being the one close to the nucleotide-binding domains (i.e. cytoplasmic leaflet). 

Membrane biophysics were characterized by means of area per lipid (AL) and thickness (DHH) 

and free energy calculations (∆Gdef and ∆Gres). AL and DHH were obtained from the last 10 ns 

of each trajectory when the large majority of the molecules were adsorbed to the membrane. 

This was accomplished by extracting a 6 x 6 nm² bilayer section around the geometrical center 

of each molecule, using in-house python scripts, in order to create suitable input files for 

GridMAT-MD calculations. Free-energy studies on membrane-deformation energy penalty 

(∆Gdef) and residual hydrophobic exposure energy penalty (∆Gres) were calculated through the 

hybrid Continuum-Molecular Dynamics (CTMD) approach described in CTMD (Mondal et al., 

2011; Shan et al., 2011) papers. Statistical results were performed using the Student’s T-Test in 

Libreoffice Calc. 

7.5.3. Molecular Docking studies 

7.5.3.1. Docking studies 

Molecular docking was performed in a previously published P-glycoprotein, derived from the 

original crystallographic data, comprising 100% identity between mouse and human structures 

for the residues inside the DBP. MarvinSketch was used for drawing structures. All ligands 

were exported to MOE, minimized with the MMFF94x (Halgren, 1999) force-field (adjusting 

hydrogen and lone pairs by default) and exported again as mol2 files in order to generate 

PDBQT files with AutoDockTools v1.5.6rc (Morris et al., 2009) for utilization in AutoDock 

VINA 1.1.2 (Trott and Olson, 2010) docking software. The binding location was defined by a 

docking box including the whole internal cavity defined by Aller et al. (Aller et al., 2009), 

centered at the DBP and with dimensions xyz of 35.25, 25.50 and 45.25 Å respectively (xy 

corresponds to the membrane plane). Due to the large search space volume (over 40.000 Å³), 

‘exhaustiveness’ parameter was manually set to 50. Visual inspection of the docking poses was 

made in MOE to allow the identification of individual docking zones. 

7.5.3.2. Identification of drug-binding pockets 

As it was experimentally demonstrated that the H and R-sites are located next to the inner leaflet 

interface of the membrane bilayer, a cavity search was performed with EPOSBP (Brady and 
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Stouten, 2000; Kohlbacher and Lenhof, 2000) software (default parameters) over the whole 

drug-binding pocket in an attempt to identify specific drug-binding sites that could be related 

with sucH-sites.  Thus, each molecules’ top-ranked pose in the previously identified binding 

zones was overlapped with the cavity search results (by EPOSBP), allowing the identification 

of lining atoms (within a distance of 5 Å from the pocket probes) and mean pocket 

volumes/polarity calculations (ratio of the sum of N, O, and S atoms to the sum of N, O, S, and 

C atoms). 

7.5.3.3. Pocket assignment 

The identified drug-binding pockets were defined as substrate- or modulator-binding sites 

according to the molecules that preferentially docked in each location. Based on the information 

by Shapiro et al. and Lugo and Sharom (Lugo and Sharom, 2005; Shapiro et al., 1997; Shapiro 

and Ling, 1998, 1997b; Tang et al., 2004), the substrate-binding sites H and R were initially 

assigned from top ranked docking poses of H33342 and R123 respectively. Other 

experimentally assigned molecules were also used in DBS identification. In a similar way as in 

the studies by Loo and Clarke (Loo et al., 2003; Loo and Clarke, 2001), the modulator-binding 

(M) site was identified based on the interaction with verapamil (top-ranked docking poses). 
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