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ABSTRACT 

 

Neurodegenerative diseases (ND) are a large group of disorders of the central 

nervous system (CNS) with heterogeneous clinical and pathological expressions, 

affecting specific neuronal groups and brain signaling networks. Current single-target 

treatments fail to modify disease progression and are commonly associated with 

severe side effects. For instance, the catechol O-methyltransferase (COMT) inhibitor 

tolcapone used in the clinical management of Parkinson’s disease (PD) was implicated 

in three fatal cases of fulminant hepatitis. In spite of the severe risk of hepatotoxicity, 

tolcapone is still used due to the lack of equally effective drugs. In this context, the 

development of multitarget-directed drugs (MTDDs) that interact with different 

pharmacological targets involved in ND is currently a trending and valid strategy for the 

development of disease-modifying drugs for ND. If guided by accurate structure-

property-activity and toxicity relationships (SPAR and SPTR, respectively), the rational 

design CNS drugs can overcome the two main gatekeepers of the brain, the blood-

brain barrier (BBB) and P-glycoprotein (P-gp), and lead to effective and safe disease-

modifying MTDDs. To this end, we focused our drug design strategy on 

hydroxycinnamic acids (HCAs), a class of naturally-occurring antioxidants with several 

in vitro pharmacological activities, including neuroprotection. Accordingly, a small 

library of lipophilic HCA derivatives was designed to meet the main pharmacokinetic 

requirements to cross the BBB, interact with multiple targets within the CNS and 

mitigate the formation of reactive metabolites. 

 The results gathered from the in vitro antioxidant screening assays showed an 

intricate relationship between chemical structure, physicochemical properties and total 

antioxidant capacity. Lipophilic HCA derivatives were more effective in the scavenging 

of peroxyl radicals both in cell-free and cell-based assays, while hydrophilic derivatives 

showed enhanced scavenging activity towards hydrophilic radicals. Radical scavenging 

was mediated by a reversible redox mechanism and was shown to correlate well with 

the electrochemical anodic potential (Eap). The derivatization of the carboxylic acid 

moiety enabled the development of HCA derivatives with increased lipophilicity that 

maintained the antioxidant properties of the parent compounds, but with improved in 

vitro BBB permeability. Moreover, lipophilic HCA derivatives effectively rescued 

undifferentiated neuroblastoma SH-SY5Y cells from 6-hydroxydopamine-induced 

damage. The results obtained from cell-based assays also pointed towards a 

lipophilicity cut-off (as determined by the calculated partition coefficient, cLogP) for 

optimal antioxidant activity. Diethyl ester HCA derivatives acted as selective 

cyclooxygenase-2 (COX-2) inhibitors in the micromolar range. Docking studies showed 
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that COX-2 selectivity was due to the formation of an additional hydrogen bond with 

Tyr385 residue and their preferential accommodation in a wide hydrophobic pocket 

formed by Val523.  

Derivatization of the HCA scaffold with a 5-nitro substituent yielded potent and 

BBB-permeable COMT inhibitors within the nanomolar range similar to tolcapone and 

entacapone. These derivatives also showed the in vitro tau aggregation inhibition and 

metal chelation, thus providing a lead for the development of MTDDs. Molecular 

docking experiments showed that the side chain extended away from the active site of 

COMT and does not influence bioactivity. Contrarily, the presence of α-nitrile groups 

and carboxamide functions in the side chain greatly improved tau aggregation 

inhibition. Interestingly, the 5-nitro HCA derivatives did not show significant 

hepatotoxicity in rat primary hepatocytes at 50 µM, in contrast with the effects observed 

for entacapone and tolcapone. SH-SY5Y cells were the most susceptible to 

nitrocatechol-induced toxicity, particularly in their undifferentiated phenotype. The 

cytotoxic effects observed were not mediated by overproduction of reactive oxygen and 

nitrogen species. Accordingly, nitrocatechols showed altered redox properties when 

compared to unsubstituted catechols, mainly oxidation irreversibility and the stability of 

reductive hydroxylamine metabolites. The latter may be a significant hallmark of 

hepatoxicity risk. Lipophilicity was a key determinant of cytotoxicity in undifferentiated 

SH-SY5Y cells, but not in differentiated SH-SY5Y cells, Caco-2 cells and rat primary 

hepatocytes. Cytochrome P450 metabolism and P-gp-mediated phase III efflux did not 

influence the cellular effects of the studied 5-nitro HCA derivatives, in contrast with 

tolcapone, which may be a P-gp substrate in Caco-2 cells. The mitochondrial toxicity 

profile of the most promising compounds was either similar to or more favourable than 

that obtained for the non-hepatotoxic COMT inhibitor entacapone. In contrast, 

tolcapone caused a significant reduction in maximal respiration, spare respiratory 

capacity and non-mitochondrial respiration. The toxic effects were observed only in 

high-glucose media and not when cells were cultured in oxidative phosphorylation-

forcing media. This suggests that the tested compounds may more directly affect 

glycolysis than mitochondria. 

Due to its BBB permeability, transition metal chelation capacity, potent inhibition 

of COMT activity and tau aggregation, increased safety over tolcapone and 

straightforward potential for chemical modification, CNCAPE can be proposed as a 

lead for future optimization and development of MTDD candidates for ND. 

 

Keywords: Neurodegenerative diseases, hydroxycinnamic acids, multitarget-directed 

drugs, nitrocatechols, catechol O-methyltransferase, tau protein, mitochondrial toxicity 
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RESUMO 

 

As doenças neurodegenerativas (DN) são um grupo de doenças neurológicas 

do sistema nervoso central (SNC) de etiologia multifactorial. Os fármacos actualmente 

aprovados para o tratamento de DN actuam num único alvo e não são capazes de 

alterar a progressão da doença, sendo frequentemente associados a efeitos 

secundários graves. A tolcapona, inibidor da catecol O-metiltransferase (COMT), 

usado no tratamento da doença de Parkinson (DP), foi associada a casos de hepatite 

fulminante. Apesar do risco de hepatotoxicidade, a tolcapona é ainda usada na terapia 

dada a inexistência de fármacos igualmente eficazes. O desenvolvimento de fármacos 

multialvo é uma estratégia de abordagem terapêutica que tem sido reconhecida como 

promissora e capaz de levar à obtenção de fármacos modificadores da progressão de 

DN. O desenho racional de fármacos multialvo para DN deverá incorporar a selecção 

de parâmetros físico-químicos adequados para que se garanta difusão passiva através 

da barreira hematoencefálica (BHE) e se obvie o efluxo mediado pela glicoproteína-P 

(P-gp). A estratégia de desenho de fármacos multialvo do presente trabalho teve como 

base o ácido hidroxicinâmico (AHC), uma estrutura existente em antioxidantes da dieta 

com actividade neuroprotectora in vitro. Desta forma, foram sintetizados derivados 

lipofílicos de AHCs, os quais foram desenhados de forma a cumprir os requisitos 

estruturais e farmacocinéticos necessários para garatir permeabilidade à BHE, 

interacção com diferentes alvos moleculares no SNC central e obviar a formação de 

metabolitos reactivos. 

Os resultados obtidos em ensaios de actividade antioxidante in vitro mostraram 

uma relação directa entre a estrutura química, propriedades físico-químicas e 

actividade antioxidante. Os derivados lipofílicos foram mais eficazes contra radicais 

peroxilo, contrariamente ao observado para derivados hidrofílicos. A neutralização 

radicalar foi mediada por um mecanismo redox reversível e correlacionável com o 

potencial de oxidação (Eap). A derivatização do ácido carboxílico permitiu a obtenção 

de derivados lipofílicos permeáveis à BHE em modelos in vitro sem detrimento da 

actividade antioxidante inicial. Os derivados lipofílicos desenvolvidos impediram o 

dano oxidativo induzido pela 6-hidroxidopamina em células SH-SY5Y indiferenciadas, 

efeito atribuído à presença e número de grupos fenólicos na molécula. 

Derivados do tipo éster dietílico mostraram inibição selectiva da ciclooxigenase-

2 (COX-2) em concentração micromolares. A selectividade observada ocorreu como 

consequência directa da formação de uma ponte de hidrogénio adicional com o 

resíduo Tyr385, que favorece a sua acomodação numa cavidade hidrofóbica formada 

pelo resíduo Val523, conforme evidenciado em estudos de docking. 
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A introdução de um grupo nitro na posição C5 do anel aromático permitiu a 

obtenção de nitrocatecóis permeáveis à BHE com actividade quelante de metais e 

inibidora da COMT e da agregação da proteína tau semelhante à tolcapona e 

entacapona. Os resultados obtidos em ensaios farmacológicos e estudos de 

modelação molecular mostraram que a presença de grupos nitrilo na posição α e, em 

particular, de carboxamidas conduz a um aumento notório na inibição da agregação da 

proteína tau, sem detrimento da inibição da COMT. As células SH-SY5Y mostraram 

uma maior susceptibilidade aos efeitos induzidos pelos derivados 5-nitro dos AHCs, 

particularmente no seu fenótipo indiferenciado, tendo-se observado uma correlação 

directa da toxicidade com a lipofilia. Este comportamento não foi observado em células 

SH-SY5Y diferenciadas, em células Caco-2 e em hepatócitos primários de ratinho, as 

quais mostraram maior resistência aos xenobióticos estudados. Os efeitos tóxicos não 

foram mediados por produção de espécies reactivas. Estes resultados estão de acordo 

com o comportamento redox observado para este tipo de derivados, que mostraram 

um mecanismo de oxidação irreversível e não concordante com a formação de 

quinonas. O metabolismo redutivo pode conduzir à formação de N-hidroxilaminas, cuja 

estabilidade e reactividade relativa pode justificar a toxicidade da tolcapona e o 

diferente comportamento observado para os derivados em estudo. A inibição do 

citocromo P450 e da P-gp em hepatócitos primários de ratinho e em células Caco-2 

não modificou os resultados observados para os compostos sintetizados, o que sugere 

a ausência de processos de destoxificação e de efluxo de fase III. Contrariamente, a 

inibição da P-gp aumentou a toxicidade da tolcapona em células Caco-2. Os derivados 

5-nitro dos AHCs mostraram um perfil de toxicidade mitocondrial similar ou mais 

favorável que o da entacapona, um inibidor não hepatotóxico da COMT. Pelo 

contrário, a tolcapona causou uma redução significativa em vários parâmetros relativos 

à respiração mitocondrial. Estes efeitos foram apenas observados nos ensaios 

efectuados em meio com alta concentração de glucose, e não em meio estimulador da 

fosforilação oxidativa, o que sugere que os efeitos ocorram ao nível da glicólise. 

Tendo como base os resultados obtidos neste projecto, propõe-se o CNCAPE 

como líder de série para o desenvolvimento de fármacos multialvo para DN, visto 

apresentar permeabilidade à BHE, capacidade de quelatação de metais de transição e 

de inibir a COMT e agregação da tau, e um favorável perfil toxicológico 

Palavras-chave: doenças neurodegenerativas, ácidos hidroxicinâmicos, 

fármacos multi-alvo, nitrocatecóis, catecol O-metiltransferase, proteína tau, toxicidade 

mitocondrial. 
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This Thesis is organized in four main chapters: 

Chapter 1. General introduction 

Chapter 1 includes a brief literature review on pathophysiological, pharmacological and 

toxicological aspects of neurodegenerative diseases and multitarget-directed drugs to 

contextualize the research aims, which are included in the final part of the chapter. 

Chapter 2. Experimental section 

Chapter 2 is composed by the papers prepared within the scope of this Thesis. 

Chapter 3. Integrated discussion and conclusions 

Chapter 3 encompasses a general discussion of the experimental results and the main 

conclusions of the Thesis, highlighting the most relevant findings and open questions 

for future endeavors. 

Chapter 4. References 

Chapter 4 lists all the references used in the previous chapters. 
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1.1. NEURODEGENERATIVE DISEASES: AN OVERVIEW 

Neurodegenerative diseases (ND) are a large group of disorders of the central 

nervous system (CNS) with heterogeneous clinical and pathological expressions, 

affecting specific neuronal groups and brain signaling networks (Nussbaum et al. 

2003). Albeit each ND exhibits its own disease mechanisms and pathological 

hallmarks, it is consensual that the etiology of ND is multifactorial and that neuronal 

death occurs as a result of a complex network of cross-talking damaging stimuli over 

an extended period of time. Nevertheless, no exact causes have yet been identified 

and the current knowledge on ND pathology is based on a cascade of hypothesis 

(Nussbaum et al. 2003). Furthermore, the existing therapies available to manage ND 

are only palliative and fail to modify disease progression. In this context, the discovery 

of new and effective drugs with disease modifying capacity is a pressing and unmet 

clinical need.  

In order to contextualize the scope of the work developed under this thesis, the 

following items encompass a general overview on pathology, epidemiology and 

treatment of Alzheimer’s and Parkinson’s disease, the most prevalent ND, as well as 

observations concerning future research directions. 

 

1.1.1. Parkinson’s Disease 

1.1.1.1. General concepts, symptoms and epidemiology 

Parkinson's disease (PD) is a ND that affects brain nerve cells responsible for 

musculoskeletal control and locomotion. PD is a progressive and insidious disorder, 

which means that its symptoms develop gradually from barely noticeable hand tremors 

to severe stiffness, muscle rigidity and bradykinesia (Lees et al. 2009). These motor 

manifestations are the most common and recognizable symptoms, albeit non-motor 

symptoms like pain, anxiety and depression may also occur (Lees, Hardy et al. 2009). 

PD is globally widespread ND and is second the second-most frequent ND (de Lau et 

al 2006). According to epidemiological surveys, an estimated 1% of individuals over 60 

years of age suffer from PD (Nussbaum et al. 2003), reaching up to 4% in higher age 

groups, and affecting a global estimate of 6.3 million people worldwide (de Rijk et al. 

1995, de Rijk et al. 1997, de Lau et al. 2006). Due to the increased life expectancy this 

number is prospected to increase dramatically in the future and may even double by 

2040 (Kowal et al. 2013), causing a severe social and economic burden on the general 

population and healthcare systems. The lack of an effective cure able to modify 
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disease progression contributes to these prospections, since currently available 

therapies act only on the symptomatic relief of PD clinical manifestations. 

 

1.1.1.2. Disease hallmarks, etiology and risk factors 

Clinically important features found in PD brains include an extensive neuronal 

loss in areas associated with motor control, particularly of dopaminergic neurons within 

the substantia nigra (SN) region of the midbrain, and the presence of microscopical α-

synuclein (α-syn)-immunopositive Lewy neurites and Lewy bodies (Lees et al. 2009). 

Dopamine synthetized in the pars compacta region of the SN is directed to the striatum 

and frontal cortex, allowing control of the musculoskeletal system and movement. The 

loss of the dopamine producing neurons within SN pars compacta results in extensive 

dopamine depletion, which is behind the symptoms associated with PD. Nonetheless, 

clinical manifestations appear only when a massive 70-80% of dopaminergic neurons 

have already been lost (Chan et al. 2010). According to Braak's hypothesis (Braak et 

al. 2003), the earliest signs of Parkinson's are found in the enteric nervous system, the 

medulla and the olfactory bulb, and only progress to the SN and cortex over the years. 

This theory is validated by evidence that non-motor symptoms, such as a loss of sense 

of smell, hyposmia, sleep disorders and constipation, may precede the motor features 

of the disease by several years (Lebouvier et al. 2009, Brooks 2010, Ubeda-Banon et 

al. 2010, Ubeda-Banon et al. 2010, Halliday et al. 2012). To date, despite decades of 

intensive study, the causes of PD remain unknown. Monogenetic mutations with a 

causative role in disease development have been identified (Puschmann 2013, 

Coxhead et al. 2015), but these affect only a small number of familial cases. The vast 

majority of cases (approximately 90%) are not hereditary and are apparently sporadic 

(de Lau et al. 2006). An appraisal of the literature points towards a complex 

multifactorial etiology for PD, in which a multiplicity of pathological stimuli contributes to 

the neurodegenerative cascade, thereby promoting disease development and 

progression. The disease mechanisms pointed out so far include mitochondrial 

dysfunction (Moon et al. 2015), redox deregulation and oxidative stress (Dias et al. 

2013), inflammation (Dzamko et al. 2015) and environmentally-induced toxicity 

(Baltazar et al. 2014, van der Mark et al. 2015). Nevertheless, specific risk factors have 

been identified. PD is more prevalent in men and, although the presence of cases in 

direct relatives and exposure to environmental toxins slightly increase the risk of 

disease, advanced age remains the most relevant risk factor. 
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1.1.1.3. Clinical management of Parkinson’s disease 

Albeit currently available drugs are unable to cure or modify disease 

progression, they allow symptomatic control and relief, and significantly improve the 

patients’ quality of life (Table 1).  

Table 1.Drugs approved for the treatment of Parkinson’s disease. 

Drug class Examples Structure 

Dopamine receptor agonists 

Bromocriptine 

 

Ropirinol 

 

Ropirinol 

 

Apomorphine 

 

MAO-B inhibitors 

Selegiline 

 

Rasagiline 

 

Dopamine precursors Levodopa 

 

AADC inhibitors 

 
Carbidopa 
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AADC inhibitors 

(continuation) 
Benserazide 

 

COMT inhibitors 

Tolcapone 

 

Entacapone 

 

Anticholinergic drugs 

Trihexyphenidyl 

 

Biperiden 

 

NMDAR antagonists Amantadine 

 

AADC: aminoacid decarbolysase; COMT: catechol O-methyltransferase; MAO-B: monoamine oxidase B; 

NMDAR: N-methyl-D-aspartate receptor. 

 

The majority of PD therapies are based on the enhancement of dopaminergic 

transmission as a strategy to compensate central dopamine depletion, including three 

approaches (Figure 1): (i) stimulation of post-synaptic dopaminergic receptors with 

dopamine receptor agonists, (ii) inhibition of enzymatic dopamine degradation with 

inhibitors of dopamine-metabolizing enzymes and (iii) increase of endogenous 

dopamine synthesis by administration of a biosynthetic dopamine precursor. 

Additionally, direct stimulation of the cerebral dopaminergic receptors by surgery (deep 

brain stimulation) may also be an option for certain cases. Other dopamine-unrelated 

strategies include the treatment of motor symptoms by modulation of cholinergic 

transmission with anticholinergic drugs (Brocks 1999) and N-methyl-D-aspartate 
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receptor (NMDAR) antagonists, which can be helpful for tremor and may ease dystonia 

associated with wearing-off or peak-dose effect. 

 

 

Figure 1. Pharmacological strategies to increase dopamine levels and enhance dopaminergic 

transmission in PD. AADC: aminoacid decarboxylase; CNS: central nervous system; COMT: catechol O-

methyltransferase; L-DOPA: levodopa; MAO-B: monoamine oxidase-B; PD: Parkinson’s disease. 

Dopamine receptor agonists are usually the first line treatment for symptomatic 

relief in the early stages of the disease (Tolosa et al. 1998), with the exception of 

apomorphine, which is used to treat severe off stages of PD. However, unselective 

interaction with dopamine receptors is associated with the development of peripheral 

and central side effects, which are often a reason for treatment discontinuation 

(Ceravolo et al. 2015). Alternatively, the administration of a centrally active monoamine 

oxidase (MAO-B) inhibitor prevents the cerebral breakdown of dopamine by blocking 

the oxidative deamination of dopamine (Kopin 1994), thereby reducing symptoms and 

improving the quality of life of PD patients. However, disease progression inevitably 

causes a significant worsening of the symptoms and conventional treatments 
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(dopamine agonists or MAO-B inhibitors) often fail to provide satisfactory results. The 

dopamine precursor levodopa (L-DOPA) remains the most effective symptomatic 

treatment available for PD. L-DOPA is also a substrate for the enzymatic machinery 

that inactivates dopamine, both within the brain and mainly peripherally in the liver, 

thus having a short half-life. Co-administration of L-DOPA with aminoacid 

decarboxylase (AADC) inhibitors and catechol O-methyl transferase (COMT) inhibitors 

is a valid and clinically useful strategy to minimize its degradation and increase its 

bioavailability. The biochemical, pharmacological, toxicological and clinical aspects of 

L-DOPA and COMT inhibitors are discussed in further detail in item 2.3. 

Current therapies effectively enable symptomatic control and relief and are 

valuable tools for the improvement of the patients’ quality of life. Nevertheless, L-DOPA 

efficacy weakens after approximately two years of treatment (Marsden et al. 1977) and 

full disease onset is inevitable. Since current therapies are unable to tackle disease 

progression, the disease inevitably aggravates and hospitalization is required.  

1.1.1.4. Future perspectives for Parkinson’s disease 

The psychological and economic burden caused by PD has a significant impact 

on general society and healthcare systems, and drugs that are able to tackle or modify 

disease progression are currently a pressing and unmet clinical need. According to a 

recent report (Johnson et al. 2013), a scenario where PD progressed 20% slower than 

the base case could result in net monetary benefits of $60,657 per patient, caused by a 

decrease in direct medical costs and lost income and an increase in quality-adjusted 

life years. This estimated may rise to $442,429 per patient if disease progression were 

arrested. Accordingly, reducing progression rates could produce significant economic 

benefits, which is strongly dependent on the degree to which progression is slowed. 

These encouraging prospects are one of the major driving forces behind many 

drug discovery programs currently being run worldwide. These efforts led to the 

discovery of new targets and innovative therapeutic approaches with potential disease 

modifying properties (Table 2). 

Accordingly, an approach with neurotrophic factor neurturin successfully 

concluded phase I clinical trials (Marks et al. 2008) and followed to phase II evaluation 

(Marks et al. 2010), in which no significant effects were found. However, the study 

raised the potential benefit of longer intervention and follow-up, which will be evaluated 

in a redesigned trial (Bartus et al. 2013). The establishment of a proof-of-concept for 

the therapeutic potential of neurotrophic growth factors is a current hot topic that may 

unveil promising results a foreseeable future (Bartus 2012). 
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Table 2. New drugs under clinical trials for Parkinson’s disease. 

Drug Structure Stage Reference 

Neurturin n.a. Phase II 
Bartus et al. 

2013 

Nilotinib 

 

Phase I NCT02281474
a
 

n.a.: not available; 
a
 Clinicaltrials.gov Identifier. 

 

Recently, the anticancer drug nilotinib, used in the treatment of leukemia, was 

found to have potential health benefits in PD (Karuppagounder et al. 2014), through 

inhibition of a kinase involved in the phosphorylation of aggregation-prone substrates. 

Abnormal phosphorylation is thought to function as a trigger to the formation of 

abnormal protein deposits in several ND, and kinases are emerging as potential targets 

for the treatment of these disorders (Taymans et al. 2015). 

 

 

1.1.2. Alzheimer’s Disease 

1.1.2.1. General concepts, symptoms and epidemiology 

Alzheimer's disease (AD) is a ND that affects the brain nerve cells responsible 

for memory and cognition. AD patients develop a gradual and insidious cognitive deficit 

with symptoms developing gradually from sporadic and minor memory lapses to severe 

cognitive impairment and dementia, becoming incapacitating in the advanced stages of 

the disease. These devastating symptoms significantly compromise the patients’ 

quality of life, leading to absolute dependence, hospitalization and, unavoidably, death 

(O'Bryant et al. 2008). AD is single-handedly the main factor behind dysfunction among 

persons over age 85, and the major cause of dementia in the elderly (Larson et al. 

1992). According to epidemiological surveys, an estimated 7–10% of individuals over 

65 and 50–60% over 85 suffer from AD (Qiu et al. 2009), reaching approximately 35 

million people worldwide. In Europe, 7.3 million patients suffer from dementia. Owing to 

the increased life expectancy this number will increase dramatically in the future, 

escalating up to 114 million cases by 2050 (Ferri et al. 2005, Brodaty et al. 2011). 

 

https://clinicaltrials.gov/ct2/show/study/NCT02281474?term=nilotinib+AND+parkinson&rank=1
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1.1.2.2. Disease hallmarks, etiology and risk factors 

Classic features found in AD brains include neuronal loss in regions associated 

with memory and cognition, particularly of cholinergic neurons, acetylcholine (ACh) 

depletion and synaptic dysfunction (St George-Hyslop 2000, Goedert et al. 2006). 

Microscopically, the most common findings are abnormal protein deposits, including 

senile neuritic plaques (SNP) and neurofibrillary tangles (NFT). Senile plaques are 

associated with the extracellular accumulation of insoluble aggregates of β-amyloid 

protein (Aβ) while NFT occur intracellularly and are composed of paired helical 

filaments of hyperphosphorylated tau protein. Protein misfolding and abnormal 

aggregation play a critical role in AD pathology, leading to the formation of insoluble 

pathological conformers (Sadqi et al. 2002). These protein deposits lead to the 

activation of neurotoxic cascades and to cytoskeletal changes, which eventually cause 

synaptic dysfuntion, neurodegeneration and neuronal death (Goedert et al. 2006).  

AD etiology is associated with a multiplicity of pathological stimuli, which cause 

increased risk of disease development and progression, known as hypothesis. To date, 

several hypotheses have been proposed, including the amyloid hypothesis (Goedert et 

al. 2006), cholinergic hypothesis (Craig et al. 2011), glutamatergic hypothesis 

(Bezprozvanny et al. 2008), oxidative stress hypothesis (Pratico 2008), metal 

hypothesis (Bonda et al. 2011) and the inflammatory hypothesis (Trepanier et al. 

2010).  

The most common form of Alzheimer’s is late-onset AD, which accounts for 

approximately 95% of AD cases and has no specific cause. In these cases, advanced 

age and family history in a first-degree are arguably the most important risk factors for 

developing AD (Goedert et al. 2006). A small percentage of cases (5%) are early onset 

AD, predominantly familial and inherited as autosomal dominant disorders. Familial AD 

risk is markedly genetic and, so far, four genes have been associated with AD 

pathology: amyloid precursor protein (APP), preselinin 1, preselinin2 and the ε4 allele 

of the apolipoprotein E4 (ApoE4) gene (Wollmer 2010). 

1.1.2.3. Clinical management of Alzheimer’s disease 

Currently available drugs for AD therapy allow symptomatic control and relief 

and significantly improve the patients’ quality of life (Table 3).  

The classic drugs approved for the clinical management of AD are based on the 

enhancement of cholinergic transmission through inhibition of acetylcholinesterase 

(AChE), an enzyme responsible for the inactivation of ACh in the synaptic cleft (Rees 

et al. 2003). 
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Cholinergic transmission has a vital role in cerebral cortical development and 

activity, cerebral blood flow, learning, memory and cognition (Rees et al. 2003), and the 

use of AChE inhibitors (AChEIs) compensates the depletion of ACh in the brain and 

provides symptomatic control and relief (Figure 2). 

A non-cholinergic approach with memantine, an uncompetitive N-methyl-D-

aspartate NMDAR antagonist, blocks glutamate-induced toxicity and is recommended 

in severe cases of AD or when AChEIs side effects are not tolerated (Lipton 2004). 

Though effective at ameliorating AD symptoms, none of the current drugs are 

able to modify disease progression, which has provided the driving force behind the 

ongoing research for the elucidation of disease mechanisms and the discovery of new 

and potent anti-Alzheimer drugs (Schmidt et al. 2008).  

 

Table 3. Drugs approved for the treatment of Alzheimer’s disease. 

Drug class Examples Structure 

AChE inhibitors 

Dopenezil 

 

Rivastigmine 

 

Galantamine 

 

NMDAR antagonists Memantine 

 

AChE: acetylcholinesterase; NMDAR: N-methyl-D-aspartate receptor 
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Figure 2. Pharmacological strategies for the clinical management of AD. AD: Alzheimer’s disease; 

ACh: acetylcholine; AChE: acetylcholinesterase; CoA: Coenzyme A; NMDAR: N-methyl-D-aspartate 

receptor. 

 

1.1.2.4. Future perspectives in Alzheimer’s disease 

In parallel with the observations made for PD (see item 1.1.4), the psychological 

and economic burden caused by AD and dementia in patients, caregivers and health 

systems is very significant and ever-increasing (Takizawa et al. 2015). Current 

treatments enable clinical management of symptoms and, when introduced timely and 

appropriately, reduce costs and increase patients’ quality of life and quality-adjusted life 

years (Zhu et al. 2006), which further emphasizes the urgent and unmet clinical need 

for disease-modifying drugs.  

Promising targets for next-generation of drugs for AD include Aβ, β-secretase 

(BACE-1), microglia and tau protein (Table 4). 

The anti-Aβ monoclonal antibody solanezumab showed promising pre-clinical 

results and reached phase III clinical trials (Doody et al. 2014, Siemers et al. 2015), 

where it failed to improve cognition or functional ability. However, the slight benefits 

observed in mild AD patients (Siemers et al. 2015) encouraged several 
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immunotherapy-based approaches (Fernandez-Funez et al. 2015, Lee et al. 2015, 

Mably et al. 2015, Underwood 2015), paving the way for a new era of anti-amyloid 

drugs. 

 

Table 4. New drugs under clinical trials for Alzheimer’s disease. 

Drug Structure Stage References 

Solanezumab n.a. Phase III 
Doody et al. 2014 

Siemers et al. 2015 

MK-8931 n.a. Phase III Menting et al. 2014 

CHF5074 

 

Phase II NCT01421056
a
 

AADvac1 n.a. Phase I NCT02031198
a
 

n.a.: not available; 
a
 Clinicaltrials.gov Identifier. 

 

Another strategy to decrease the amyloid load in the brain is to prevent its 

formation, which is the rationale behind the inhibition of BACE-1, the enzyme 

responsible for the amyloidogenic cleavage of APP. BACE-1 inhibitor MK-8931 

successfully concluded phase II trials and is currently being evaluated in a phase III 

study to asses efficacy in a large number of AD patients (Menting et al. 2014).  

The dual target drug CHF5074 (CSP-1103), a microglial modulator and γ-

secretase inhibitor, was developed to reduce inflammation and amyloid load in the 

brain. CHF5077 had promising results in rat transgenic models of AD (Imbimbo et al. 

2009, Imbimbo et al. 2010, Sivilia et al. 2013) and went on to reach phase II clinical 

trials. An anti-inflammatory benefit, measured as reduction in cerebrospinal fluid (CSF) 

inflammatory biomarkers, as well as a trend toward improved executive function, were 

reported for carriers of the ApoE4 risk allele but not noncarriers (Ross et al. 2013). A 

second, two-year phase II trial starting in 2012 was withdrawn prior to enrollment, 

reportedly to be placed on hold to await the outcome of licensing negotiations.  

Immunotherapy targeting tau protein led to the development of the monoclonal 

antibody DC8E8 contained in the anti-tau vaccine AADvac1. After remarkable pre-

clinical results regarding activity, safety and tolerability in transgenic rat models of 

human tauopathies (Kontsekova et al. 2014), AADvac1 recently entered phase I clinical 

evaluation. Drug development targeting tau protein with immunotherapy and tau 

aggregation inhibitors will be object of further discussion in item 2.4.  

https://clinicaltrials.gov/ct2/show/study/NCT01421056
https://clinicaltrials.gov/ct2/show/NCT02031198?term=AADvac1&rank=2
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In addition, new mechanisms including autophagy and synaptogenesis have 

been discovered and the potential therapeutic benefit of autophagy modulators and 

synaptogenesis enhancers is currently a hot topic in AD drug discovery (Silva et al. 

2014). 
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1.2. PARKINSON’S AND ALZHEIMER’S DISEASE: PATHOLOGICAL 

MECHANISMS AND DRUG TARGETS 

Albeit no specific cause has yet been pinpointed as having a direct causative 

role in the development of PD and AD, cumulative data has gathered a vast array of 

disease mechanisms that undoubtedly contribute to neurodegeneration. Within each 

pathological cascade, specific signaling mechanisms and proteins emerged as key 

regulators of synaptic dysfunction and can thus be targeted with small molecules or 

biologic drugs.  

The current item discusses key aspects of disease mechanisms and drug 

targets associated with PD and AD, their role in disease development and as 

therapeutic targets. 

 

1.2.1. Oxidative Stress and Redox Balance 

The concept of oxidative stress in redox biology and medicine has evolved over 

the last 30 years (Sies 2015). Overall, oxidative stress occurs when an excessive 

production of reactive species (RS) and/or a deficiency of enzymatic and non-

enzymatic endogenous antioxidants are found in biological systems. The impact of 

oxidative stress on the organism depends on several factors, including the type of 

oxidant, the site and intensity of its production, the composition and activities of various 

antioxidants, and the ability of repair systems (Rahal et al. 2014). Although this 

definition is still relevant for clinical conditions where deficient antioxidants result in 

disease, oxidative stress is currently better defined in terms of disruption and control of 

redox balance (Hansen et al. 2006, Sies 2015). 

RS can be classified according to their nature as reactive oxygen or nitrogen 

species (ROS and RNS, respectively) and, owing to the presence or absence of an 

unpaired electron, as radical or non-radical species. Commonly known RS include 

superoxide anion (O2
•−), hydroxyl radical (HO•), hydrogen peroxide (H2O2), nitric oxide 

(•NO) and peroxynitrite (ONOO−) (Ray et al. 2012).These chemical species are more 

than mere byproducts of aerobic metabolism and have important physiological and 

pathological relevance. Due to their localized generation and high reactivity, RS are 

key effectors in cell signaling and actively participate in the regulation of vital events 

like gene expression, cell proliferation, cell death and ageing (Ray et al. 2012). 

Redox signaling with RS targets macromolecules containing reversibly 

oxidizable motifs, mainly thiols in reactive cysteine and methionine residues, inducing 

conformational and/or functional alterations that carry the signaling cascade 
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downstream. Each cell compartment has a characteristic redox status tightly regulated 

by thiol-dissulfide coupled systems (e.g. glutathione GSH/glutathione disulfide GSSG, 

reduced thioredoxin/oxidized thioredoxin) that function as redox buffers, in a process 

known as redox compartmentation (Hansen et al. 2006). The disruption of these 

mechanisms leads to redox imbalance and consequent deregulation of the targeted 

cellular functions.  

 

1.2.1.1. Reactive species: messengers or destroyers? 

Cells possess numerous potential sources of RS. One important generator of 

intracellular ROS are nicotinamide adenine dinucleotide phosphate reduced form 

(NADPH) oxidases (Nox), a family of widely expressed and evolutionarily conserved 

membrane-bound enzymes (Brown et al. 2009, Aguirre et al. 2010). To date, the only 

clear function of Nox is the regulated production of ROS. For instance, phagocytic 

Nox2 is responsible for localized generation of large amounts of O2
•− and the oxidative 

burst for defensive purposes against microbes. Mitochondria are another important 

source of RS, predominantly at complex I and complex III of the respiratory chain, 

where electrons from nicotinamide adenine dinucleotide (NADH) or flavin adenine 

dinucleotide reduced form (FADH2) can react with oxygen to produce O2
•− (Valko et al. 

2007). Additional sources of RS include xanthine oxidase, cyclooxygenases, P450 

enzymes and lipooxygenases (Finkel 2011), as well as metals, ultraviolet light and 

ionizing radiation (Bartosz 2009). O2
•− is the main ROS produced in vivo and can be 

rapidly converted in H2O2, a weaker oxidant, by means of spontaneous or a superoxide 

dismutase (SOD)-catalyzed reaction (Valko et al. 2007). These two ROS are mild 

oxidants and display some of the general requirements of signaling molecules, 

including controlled production, clearance and reactivity, as well as considerable target 

selectivity (Bartosz 2009). In the absence of redox active metals, H2O2 induces 

oxidative modifications in thiolate anions (RS−) of reactive cysteine residues (pKa 4-5), 

mainly by oxidation to sulfenic (RSOH), sulfinic (RSO2H) or sulfonic (RSO3H) acids, 

which can be enzymatically reversed by sulfiredoxins (Bartosz 2009). Reactive 

cysteine residues are present in over 500 individual proteins (Weerapana et al. 2010), 

which can thus be a target of ROS-induced thiol oxidation. For instance, thiol oxidation 

is the mechanism behind H2O2-mediated regulation of the activity of protein tyrosin 

phosphatase 1B (PTP1B) (Woo et al. 2010), responsible for the regulation of insulin 

resistance. RS can also act by inducing changes in the intracellular redox state, 

through oxidation of protein thiols and consequent alteration of redox buffers (e.g. 

GSH/GSSG, thioredoxins), leading to changes in redox potentials and redox 
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compartmentation (Bartosz 2009). Under these circumstances, RS work as 

physiological messengers in cell signaling and participate in the regulation of insulin 

action and secretion, growth hormones, cytokines, G-protein coupled receptors, 

transcription factors, ion channels, proteinases, heat shock proteins, cell adhesion, 

stress and noxious stimuli response, immunity, cell proliferation, blood pressure and 

wound healing (Figure 3) (Bartosz 2009, Finkel 2011, Brandes et al. 2014). 

 

 

Figure 3. Biological effects modulated by RS signaling. 

 

The cellular levels of RS are strictly controlled by an endogenous network of 

enzymatic and non-enzymatic antioxidants (Figure 4). O2
•− can be enzymatically 

dismutated by SOD to H2O2, which can then be converted to water by catalase (CAT) 

or glutathione peroxidase (GPx). However, when in presence of redox active metals 

[iron(II) or copper(II)], H2O2 can undergo Fenton/Haber Weiss reactions to generate 

highly reactive HO• radical (Thomas et al. 2009). This radical has a very short half-life 

(< 1 ns) and, unlike its ROS precursors, is highly reactive and cannot be eliminated 

enzymatically, thus not complying with the general requirements of signaling 

molecules. Indeed, HO• reacts almost instantly with biomolecules located in its vicinity, 

and is the main effector behind biomolecule oxidation causing the toxic effects 

commonly related with oxidative damage. For instance, by reaction with phospholipids, 

HO• can induce lipid peroxidation and the formation of alkyl (R•), alkoxyl (RO•) and 

peroxyl radicals (ROO•), leading to irreversible and covalent modifications, of which 

protein carbonylation is the most widely acknowledged. Although this modification is 

considered harmful and unsuitable for signaling purposes, this view has been recently 

challenged (Wong et al. 2008). 

Similarly, •NO generated by nitric oxide synthase (NOS), widely known for its 

effects on vascular tone, can react with molecular oxygen or O2
•− to yield other RNS 

(Ghosh et al. 2011). Nitrogen dioxide (•NO2), generated downstream from •NO or by 
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hemeperoxidases (e.g. myeloperoxidase, MPO), is of particular toxicological relevance 

due to its abitlity to cause protein nitrosylation (Sun et al. 2007). 

Albeit the most important component of the endogenous antioxidant defense 

system are the antioxidant enzymes, small molecules and macromolecules able to 

scavenge RS and chelate transition metals form an additional regulatory mechanism to 

control the levels of RS. Overall, this network of endogenous antioxidant defenses 

maintains RS homeostasis and repairs oxidative and nitrosative damage caused by RS 

(Figure 4). 

 

Figure 4. Endogenous formation and clearance of reactive oxygen and nitrogen species. 

Endogenous RS sources are highlighted in black. The endogenous antioxidant system is composed by 

antioxidant enzymes (grey), chelating agents and reactive species scavengers. CAT: catalase; GPx: 

glutathione peroxidase; MPO: myeloperoxidase; NOS: nitric oxide synthase; Nox: NADPH oxidases; RS: 

reactive species; R
•
: alkyl radical; RO

•
: alkoxyl radical; ROO

•
: peroxyl radical; SOD: superoxide dismutase. 

 

1.2.1.2. Oxidative damage in neurodegeneration 

Although the pathophysiological mechanisms that underpin ND are complex 

and remain largely elusive, it is generally accepted that oxidative damage mediated by 

RS is an important cytotoxic mechanism triggering neuronal damage and contributing 

to neurodegeneration (Pratico 2008, Dias et al. 2013), and this occurs as a direct 

consequence of the increased susceptibility of the brain towards oxidative damage. 

Due to its high metabolic rate, the human brain is the organ with the highest oxygen 

demand and consumption (Jain et al. 2010), thus continuously exposed to large 

amounts of oxygen. This susceptibility to oxidative damage is aggravated by the brain's 

high content in oxidizable unsaturated fatty acids and pro-oxidant metals (Rouault 

2013) and a noticeable low level of endogenous antioxidants (Lin et al. 2006). 

Experimental data supported the hypothesis that oxidative damage was accountable 
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for age-related decline in brain functioning (Liu et al. 2003, Foster 2006, Droge et al. 

2007, Ghosh et al. 2012).  

Oxidative stress is currently regarded as an early event in neurodegeneration 

that causes cellular stress responses and is associated with the vast majority of 

pathological mechanisms (Figure 5).  

 

 

Figure 5. Role of oxidative stress in neurodegenerative diseases. Aβ: β-amyloid; α-syn: α-synuclein; 

AGEs: advanced-glycated endproducts; ATP: adenosine triphosphate; HNE: 4-hydroxy-2-nonenal; NFκB: 

nuclear factor κB; Nrf2: nuclear factor erythroid 2–related factor 2; ROS: reactive oxygen species; RS: 

reactive species. 

Among them, the most direct association is with metal dyshomeostatis and 

metal-induced toxicity (Figure 5). Redox-active metals accumulate in ND brains 

(Rouault 2013, Sensi 2014) and generate RS either directly by Fenton reaction or by 

promoting lipid peroxidation cascades. Byproducts of lipid peroxidation, like 4-hydroxy-

2-nonenal (HNE), form toxic adducts with proteins and nucleic acids, promoting 

calcium deregulation, kinase activation and amyloidogenic processing of APP (Sultana 

et al. 2013). Moreover, redox-active metals colocalize with Aβ, α-syn and tau (Good et 

al. 1992, Ma et al. 2005, Jiang et al. 2009, Peng et al. 2010, Dudzik et al. 2013, Barritt 

et al. 2015) and actively promote their aggregation (Zhou et al. 2007, Guo et al. 2014, 

Parthasarathy et al. 2014, Barritt et al. 2015) and RS-generating redox-cycling 

mechanisms (Reybier et al. 2015). Conversely, high levels of RS are also a trigger for 

the formation of abnormal proteins. For instance, high levels of RS have been shown to 

upregulate the amyloidogenic processing of APP to Aβ (Mouton-Liger et al. 2012), tau 
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deposition (Irving et al. 1997) and α-syn aggregation (Xiang et al. 2013). This process 

generates a cyclic mechanism that increases the final toxic outcome.  

Mitochondrial dynamics is another important aspect when considering the role 

of oxidative damage in ND (Figure 5). Mitochondria are a major source of RS and are 

particularly susceptible to oxidative damage. An estimate 5% of available O2 undergoes 

univalent reduction to O2
•− by complex I and complex III of the respiratory chain (Sas et 

al. 2007). Exposure to RS-mediated oxidative damage, mitochondrial toxins and ND-

related peptides like Aβ can cause mitochondrial dysfunction (Cho et al. 2010). This 

process was established as having a causative role in neurodegeneration (Cho et al. 

2010, Garcia-Escudero et al. 2013), due to the high energetic demand of neurons and 

the central role of mitochondria in cellular bioenergetics (commonly referred to as the 

energetic powerhouse of the cell). Briefly, the impairment of proper mitochondrial 

function leads to adenosine triphosphate (ATP) depletion and calcium dyshomeostasis 

(Cho et al. 2010). In time, these alterations trigger oxidative stress reactions and 

sustain inflammatory responses, which ultimately can be translated into progressive 

and irreversible cell damage, degeneration and cell death. Dysfunctional mitochondria 

are normally removed by autophagy, but this process was found to be compromised in 

ND (Menzies et al. 2015). In particular, mitochondrial dysfunction has long been 

implicated in the pathogenesis of PD, based on the observation that mitochondrial 

toxins can cause parkinsonism in animal models and humans (Exner et al. 2012). 

Similarly, findings in AD cellular and animal models indicate that AD-associated 

histopathological alterations induce functional deficits on the respiratory chain and 

result in mitochondrial dysfunction and oxidative stress. In synergy with the alterations 

of the brain aging process, these parameters lead the typical signs of 

neurodegeneration in the later stages of ND, including synaptic dysfunction, loss of 

synapses and neuritis and, finally, neuronal loss (Muller et al. 2010, Garcia-Escudero 

et al. 2013).  

Other pathological sources of RS (mainly ROS and •NO) include activated 

microglia (von Bernhardi et al. 2015), the main effector of neuroinflammation, and 

redox-cycling of advanced-glycated endproducts (AGEs) with transition metals (Ko et 

al. 2015) (Figure 5). 

The build-up of RS causes a response in cytoplasmatic redox sensors and 

triggers the activation of transcription factors (Figure 5). The nuclear factor erythroid 2–

related factor 2 (Nrf2), an important regulator of cellular resistance to oxidants, is 

activated by oxidative-induced delocalization of its cytosolic repressor (Keap1) and 

migrates to the nucleus, where it activates the expression of antioxidant genes (Ma 

2013). This axis, known as the Nrf2/antioxidant response element (ARE) pathway, was 
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shown to be activated in early stages of AD (Mota et al. 2015), which corroborates the 

hypothesis that oxidative damage is an early event in neurodegeneration. Conversely, 

insufficient Nrf2/ARE pathway activation in humans has been linked to full onset of PD, 

AD and other neurological disorders like amyotrophic lateral sclerosis (Ramsey et al. 

2007). Nrf2 dysfunction may result from the deregulation of upstream kinases and 

histone deacetylases (HDACs) (Sandberg et al. 2014). Restoring Nrf2 signaling has 

shown favorable outcomes in models of ND (Kanninen et al. 2008, Kanninen et al. 

2011, Yasuda et al. 2011), further highlighting the importance of functional Nrf2/ARE 

for neuroprotection. In association with Nrf2 dysfunction is the RS-induced activation of 

redox-sensitive nuclear factor B (NFB), which promotes neuroinflammation, and can 

be translated in functional deficits, such as cognitive impairment (Tan et al. 2008, Wu 

et al. 2015). When in presence of a dysfunctional Nrf2-ARE pathway, the effect of RS 

in gene expression significantly contributes to the neurodegenerative phenotype. 

The deleterious outcomes of deregulated RS emphasize the importance of a 

fully functional antioxidant endogenous system. However, this system can also be 

dysfunctional in ND. 

Albeit increased levels of antioxidant enzymes were found in mild cognitive 

impairment (MCI, a clinical condition preceding AD) (Gatta et al. 2009), low activities of 

CAT have been described in animal models of sporadic AD (Sofic et al. 2015) and 

biomarkers of oxidative stress were increased in peripheral cells from familial AD 

patients (Cecchi et al. 2002). Similarly, decreased SOD activity was found in red blood 

cells of AD and vascular dementia patients (Ihara et al. 1997). Low levels of GPx, CAT 

and peroxiredoxins were also found in the CSF of idiopathic PD patients (Martin de 

Pablos et al. 2015). Observational studies enrolling large number of PD patients and 

healthy controls (N ≥ 40) showed significant increases in serum levels of biomarkers of 

oxidative and nitrosative stress (Farias et al. 2016, Medeiros et al. 2016). This 

suggests that the antioxidant defense system becomes progressively dysfunctional 

with disease progression and is unable to restore redox homeostasis and revert 

oxidative damage in the later stages of disease. Similarly, it also provides a clue as to 

why antioxidants may be preventive in early-life interventions but ineffective when full 

disease onset is already in display (Teixeira et al. 2013). 

1.2.1.3. Endogenous and exogenous non-enzymatic antioxidants  

Antioxidants are substances that when present at low concentrations compared 

with that of an oxidizable substrate markedly delay or prevent the oxidation of the latter 

(Halliwell et al. 1995). Antioxidants can operate by different mechanisms, including 

direct scavenging of RS (Silva et al. 2000), chelation of redox-active metals (Borges et 
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al. 2005), induction of cytoprotective signaling pathways (e.g. Nrf2/ARE) (Nair et al. 

2007) and regeneration of the reduced forms of other antioxidants (Yeh et al. 2009).  

Due to their central role in redox homeostasis, several endogenous and 

exogenous small molecules play an important role in defense mechanism against 

endogenous or exogenous redox disturbances. 

 

1.2.1.3.1. Endogenous non-enzymatic antioxidants  

Endogenous antioxidants are structurally and biosynthetically diverse and 

include, among others, α-tocopherol 1 (vitamin E), ascorbic acid 2 (vitamin C), co-

enzyme Q10 3, N-acetyl cysteine 4, GSH 5 and lipoic acid 6 (Figure 6). 

 

 

Figure 6. Chemical structures of non-enzymatic endogenous antioxidants. 

 

Experimental data points towards a neuroprotective role of non-enzymatic 

endogenous antioxidants in animal models of ND (Figure 6). For instance, due to its 

lipophilic character, α-tocopherol 1 can cross the blood-brain barrier (BBB) and 

effectively block amyloid deposition and Aβ-induced lipid peroxidation (Sung et al. 

2004). Water soluble ascorbic acid 2 effectively scavenges HO•, O2
•− and lipid 

hydroperoxydes (Rice 2000), and its co-administration with 1 has been associated with 

a reduced incidence and prevalence of AD (Moreira et al. 2005). Co-enzyme Q10 3, an 

important component of the mitochondrial respiratory chain, is able to regenerate the 

reduced form of other antioxidants (Mecocci et al. 2012). Co-enzyme Q10 preserves 

mitochondrial membrane potential during oxidative stress and protects neuronal cells 

against protein aggregates’ toxicity, mainly through the inhibition of the opening of the 

mitochondrial membrane transition pore (Mecocci et al. 2012). Thiols 4-6 are also an 



CHAPTER 1 

23 

 

important group of endogenous antioxidants (Maczurek et al. 2008, Parasassi et al. 

2010, Mecocci et al. 2012).  Aside from its central role in xenobiotic metabolism, GSH 5 

directly scavenges RS and regenerates the reduced forms of other endogenous 

antioxidants (Nuttall et al. 1998). Decreased cortical and hippocampal levels of GSH 5 

have been reported as a relevant feature in AD (Mandal et al. 2015), and an oxidative 

GSH/GSSG redox shift positively correlates with cognitive deficits in animal models of 

AD (LeVault et al. 2015). 

1.2.1.3.2. Exogenous non-enzymatic antioxidants 

A wide range of dietary compounds have been identified as potent antioxidants. 

These xenobiotics act in a complementary fashion with the previously described 

endogenous defenses and are referred to as exogenous antioxidants. The majority of 

these compounds are (poly)phenols, which means that they display at least one 

hydroxyl group directly attached to an aromatic ring in their chemical structure. 

Epidemiological studies suggest that a phenolic phytochemical-rich diet can affect the 

incidence of ND (Luchsinger et al. 2004, Nehlig 2015). 

Phenolic antioxidants are often grouped according to their chemical nature and 

are divided in two major classes: flavonoids and non-flavonoids. Flavonoids are 

characterized by the presence of two benzene rings connected by three carbon atoms, 

which form an additional ring. Generally, flavonoids are potent RS scavengers and 

show a wide range of biological activities with potential benefit for ND (Esposito et al. 

2002). Quercetin 7, genistein 8 and eppigallocatechin-3-gallate 9 (Figure 7) are 

examples of extensively studied flavonoids shown to have beneficial effects in cellular 

and animal models of ND (Janssen et al. 2015, Wang et al. 2015). Flavonoid-induced 

neuroprotection is mediated by a plethora of mechanisms, namely the increase of 

intracellular GSH, decrease of ROS levels and prevention of Ca2+ overflow (Ishige et al. 

2001).  

 

Figure 7. Chemical structures of neuroprotective flavonoids. 
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Non-flavonoids include a wider range of structurally diverse phenolic 

compounds. Among them, phenolic acids and derivatives thereof are of particular 

interest due to their potential therapeutic benefit in the prevention of oxidative stress-

related disorders, including ND (Mori et al. 2013, Nehlig 2015). Phenolic acids occur in 

two main classes: hydroxybenzoic acids and hydroxycinnamic acids (HBAs and HCAs, 

respectively, Figure 8). These compounds are present in various families of higher 

plants and occur either in their free form or as part of increasingly complex molecules. 

HBAs are the simplest phenolic acids, bearing a carboxylic acid directly attached to a 

hydroxylated benzene ring (C6-C1). Examples of HBAs include gallic 10 and 

protocatechuic 11 acids. Both have been associated with protective effects in animal 

models of neurodegeneration, neurotoxicity and oxidative stress (Ban et al. 2007, 

Daglia et al. 2014, Semaming et al. 2015). HCAs display the chemical framework of 

phenylpropanoids (C6-C3) with a carboxylic acid function connected to the 

hydroxylated benzene ring via an ethylene tether. The aromatic substitution pattern 

encompasses different degrees of hydroxylation, methoxylation and methylation, thus 

reflecting a wide range of structurally-related HCAs. Arising as secondary metabolites 

of L-tyrosine and L-phenylalanine, HCAs are the most widely distributed phenolic acids 

in plants (El-Seedi et al. 2012). The most common HCAs include caffeic 12, ferulic 13, 

sinapic 14 and p-cumaric 15 acids (Figure 8). Large amounts of caffeic acid phenethyl 

ester 16 (CAPE) and chlorogenic acid 17 are also found in honey and coffee, 

respectively (Upadhyay et al. 2013, Wagh 2013). 

 

Figure 8. Chemical structures of naturally occurring hydroxycinnamic acids and derivatives. 

Generally, HCAs have shown promising results in in vitro and in vivo models of 

ND. For instance, caffeic acid 12 improved cognitive function of aluminium chloride-
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induced dementia rats in Morris water maze test (Khan et al. 2013). The antidementia 

activity of caffeic acid was biochemically confirmed by the reduction in brain AChE 

activity and nitrite levels in the same model. Further, 12 restored the brain levels of 

endogenous antioxidants such as CAT, GSH and glutathione-S-transferase (GST) 

(Khan et al. 2013), and dose-dependently protected against oxidative brain damage 

induced by different pro-oxidants, including ferrous sulfate, sodium nitroprusside and 

quinolinic acid (Oboh et al. 2013). Similarly, ferulic acid 13 significantly increased the 

levels of SOD and inhibited production of tumor necrosis factor-α and interleukin-1β 

(IL-1β) induced by Aβ in PC12 cells (Huang et al. 2015). Pretreatment of PC12 cells 

with 13 increased the intracellular levels of cyclic adenosine monophosphate (cAMP) 

and decreased the intracellular levels of Ca2+, suggesting that the effects may be 

mediated through the phosphodiesterase/cAMP pathway (Huang et al. 2015). 

Additionally, 13 may also interact directly with Aβ monomers and prevent 

oligomerization (Cui et al. 2013), which further justifies the protective effect against Aβ-

induced toxicity in cellular models of AD (Picone et al. 2013, Huang et al. 2015). 

Moreover, treatment with 13 for 6 months reversed behavioral deficits in a transgenic 

PSAPP mouse model of cerebral amyloidosis (bearing mutant human APP and 

presenilin-1 transgenes), but did not alter wild-type mouse behavior (Mori et al. 2013). 

Brain parenchymal and cerebral vascular Aβ deposits, as well as abundance of Aβ 

oligomers, were decreased in treated PSAPP mice. These effects occurred with 

decreased BACE1 activity, attenuated neuroinflammation and stabilized oxidative 

stress (Mori et al. 2013). Similar neuroprotective outcomes have also been reported for 

sinapic 14 and cumaric 15 acids in kainic acid-induced hippocampal neuronal damage 

mice (Kim et al. 2010) and Aβ-challenged PC12 cells (Yoon et al. 2014). Naturally-

occurring caffeic acid derivatives 16 and 17 also showed remarkable neuroprotective 

properties in a vast range of ND models. In particular, CAPE 16 effectively protected 

against 6-hydroxydopamine (6-OHDA), 1-methyl-4-phenylpyridinium (MPP+), IL-1β and 

lipopolyssacharide (LPS)-induced neuronal damage (Kurauchi et al. 2012, Barros Silva 

et al. 2013, Sticozzi et al. 2013, dos Santos et al. 2014). This effect is thought to occur 

via increased Nrf2-mediated expression of haem oxygenase-1 and brain-derived 

neurotrophic factor (Kurauchi et al. 2012). Although chlorogenic acid 17 dose-

dependently protected against oxidative brain damage induced by different pro-

oxidants (Oboh et al. 2013) its efficacy in reducing the risk of ND is still controversial 

(Heitman et al. 2014). 
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1.2.1.4. Antioxidant therapy for neurodegenerative diseases 

Antioxidant therapy has received considerable attention as an approach to 

prevent or delay the events that lead to neurodegeneration, and many antioxidants 

reached clinical trials over the past years (Sano et al. 1997, Engelhart et al. 2002, 

Morris et al. 2002, Boothby et al. 2005, Smith et al. 2010, Farina et al. 2012, Galasko et 

al. 2012). A thorough analysis of literature shows that antioxidants have enjoyed 

relative success in preclinical studies but little benefit in human intervention studies or 

clinical trials. A preliminary evaluation suggests that this gap may be related with the 

design of the clinical trials (e.g. posology, duration of treatment, age and disease stage 

of the patients enrolled). Generally, the patients enrolled in clinical trials already suffer 

from extensive neuronal loss and damage, a circumstance that is not considered in the 

animal trials. Moreover, studies with cellular and animal models are generally 

conducted on a short-term basis, and no long-term studies have been performed to 

determine the real beneficial effects of antioxidants in slowing ND development. Since 

the majority of the evidence obtained so far indicated that oxidative stress is an early 

event in ND, and that the antioxidant defense system becomes progressively 

dysfunctional with disease progression, controlled and life-long intervention with 

antioxidants may be more beneficial as a preventive strategy rather than a curative 

approach. 

On the other hand, the answer may also rely on the pharmacokinetics (PK) of 

the antioxidants under evaluation. Indeed, the absorption, distribution, metabolism, 

excretion and transport (ADMET) properties of a drug candidate are crucial 

determinants of its clinical success. In this context, the study of the physicochemical 

properties of antioxidants and its impact on pharmacokinetics is of crucial importance 

to tie the gap between preclinical settings and human trials. For instance, and focusing 

on HCAs, these compounds are absorbed in their free form in the gastrointestinal tract 

(GIT) through monocarboxylic acid transporters (Konishi et al. 2004, Konishi et al. 

2004) and, to a lower extent, via transepithelial flux (Konishi et al. 2003). Once 

absorbed, HCAs undergo extensive metabolic transformations in the GIT, liver and 

kidneys, including hydroxylation, O-demethylation, glucuronidation and sulfation (El-

Seedi et al. 2012), so that low plasmatic levels of HCAs are found after intake of HCA-

enriched foodstuffs. Additionally, their noticeable hydrophilicity restricts their distribution 

through complex biological systems, constituting a major pharmacokinetic drawback. 

The inability to successfully diffuse through biological barriers, in particular the BBB, 

hinders their activity at the target sites within the CNS. This makes them promising 

agents in vitro but rather obsolete under the complex human biological network (Kamat 
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et al. 2008). In this context, the design and development of semi-synthetic derivatives 

able to overcome these PK constrains is a rational strategy that can lead to the 

discovery of centrally-active antioxidants with neuroprotective activity. The introduction 

of minor structural modifications on the original natural scaffold allows the modulation 

of lipophilicity, while maintaining or improving the neuroprotective potential (Murphy et 

al. 2007, Pereira-Caro et al. 2011). 

 

1.2.2. Cyclooxygenase-2 

1.2.2.1. Physiological role, structure and distribution 

Cyclooxygenases (COX or prostaglandin H synthase, EC 1.14.99.1) are 

membrane-bound heme proteins that catalyze the rate-limiting step of arachidonic acid 

metabolism and the synthesis of prostanoids (e.g. prostaglandins (PGs), thromboxanes 

and prostacyclins), a class of important mediators of inflammatory response (Figure 9). 

 

Figure 9. Biosynthetic pathway for the formation of prostanoids from arachidonic acid. PGG2: 

prostaglandin G2; PGH2: prostaglandin H2. 

Two COX isoforms (COX-1 and COX-2) sharing a high degree of amino-acid 

sequence similarity, structural topology and identical catalytic mechanism, but different 

physiological roles and tissue distributions, have been identified (Smith et al. 2001). 

Nearly all normal tissues express COX-1 with low to undetectable levels of COX-2, 
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whereas COX-2 is constitutively expressed in the brain (mainly in neurons), pancreatic 

islet cells, ovary, uterus, and kidney (Seibert et al. 1997). COX-1, the house-keeping 

isoform, is constitutively expressed and mediates cytoprotective functions and tissue 

homeostasis (for instance, in gastric mucosa) through the production of PGs. The 

inducible enzyme, COX-2, is overexpressed in response to a variety of mitogenic or 

proinflammatory stimuli and is mainly involved in the production of different PGs in 

inflamed tissues (Konturek et al. 2005). Both enzymes catalyze a cyclooxygenase-like 

(bis-oxygenase) reaction, in which arachidonic acid is oxidized to PGG2, and a 

peroxidase reaction, in which PGG2 is reduced to PGH2 (Figures 9). These two 

reactions occur at distinct but structurally and functionally interconnected sites: the 

cyclooxygenase reaction occurs in a hydrophobic channel in the core of the enzyme 

and the peroxidase reaction occurs at a heme-containing active site located near the 

protein surface (Smith et al. 2000). 

COXs are homodimers, both function and structurally wise, and each monomer 

consists of three structural domains: an epidermal growth factor domain at the N 

terminus, a neighboring membrane binding domain (MBD) and a large C-terminal 

globular catalytic domain (Figure 10).  

 

Figure 10. Murine COX-2 bound to selective inhibitor SC-558, showing the epidermal growth factor 

domain (red), membrane domain (green) and catalytic domain (blue) and the haem co-factor 

(yellow arrow). Figure adapted from Kurumbail et al. (1996). 

 

Both isoforms contain a 25Å hydrophobic channel that originates at the MBD 

and extends into the core of the globular domain, which allows the substrate and O2 to 

enter directly from the apolar compartment of the lipid bilayer. The cyclooxygenase 

active site involves the upper part of this channel, from Arg120 to Tyr385, and 

corresponds to the binding site of a particular class of COX inhibitors (non-steroidal 

anti-inflammatory drugs, NSAIDs). The cyclooxygenase active site of COX-2 is larger 

and more accommodating than that of COX-1, a difference that has been exploited in 
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the development of COX-2 selective inhibitors. Kinetically, and albeit the main kinetic 

properties (e.g. Michaelis constant, KM and maximum rate, Vmax) are nearly identical, 

COX-1 exhibits negative allosterism at low substrate concentrations. This difference 

may allow COX-2 to compete more effectively for newly released arachidonic acid 

when both isoenzymes are expressed in the same cell (Smith et al. 2000). The two 

isoforms exhibit a regulatory mechanism named suicide inactivation, a first-order 

process by which peroxidase and cyclooxygenase activities are inactivated during 

catalysis. Catalytic activity falls to zero within 1–2 min even in the presence of 

substrate. Suicide inactivation likely proceeds from oxyferryl heme-Tyr385 

intermediates and involves the formation of a tyrosyl radical in Tyr residues of the 

protein. Albeit suicide inactivation is an interesting chemical phenomenon, its biological 

relevance remains unclear (Smith et al. 2000). Recently, a splice variant of COX-1, 

denoted also as COX-3, has been described; however, its functions are still unknown 

(Chandrasekharan et al. 2002, Oksuz et al. 2016). 

 

1.2.2.2. Cyclooxygenase-2 as a therapeutic target 

Epidemiological studies pointed towards a link between inflammation and 

neurodegeneration (Wyss-Coray et al. 2000), showing that patients undergoing anti-

inflammatory treatment with NSAIDs for other diseases (e.g. rheumatoid arthritis) had a 

50% lower risk of developing AD (Andersen et al. 1995, McGeer et al. 1996, Stewart et 

al. 1997). 

 Particularly, elevated levels of the inflammation-associated enzyme COX-2 

(Andreasson et al. 2001), and its product PGE2 (Nogawa et al. 1997), have been 

associated with neurodegeneration (Figure 11).  COX-2 levels were increased in the 

hippocampus (Ho et al. 1999) and in the frontal cortex (Pasinetti et al. 1998) of 

sporadic AD patients, and COX-2-positive neurons were increased in AD when 

compared to control brains (Hoozemans et al. 2001). Post-mortem brain specimens 

from patients with normal or impaired cognitive status suggested that neuronal COX-2 

expression in subsets of hippocampal pyramidal neurons may be a marker of 

progression of dementia in early AD (Ho et al. 2001). Increased COX-2 levels were 

also detected in nigrostriatal dopaminergic neurons of post-mortem PD specimens 

(Teismann et al. 2003). In vitro studies using COX-2–overexpressing neurons derived 

from transgenic mice showed a positive correlation between elevation of COX-2, Aβ 

plaque density and Aβ–mediated oxidative stress (Ho et al. 1999). In 2-methyl-1-4-
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phenyl-1,2,3,6-tertrahydropyridine (MPTP) mice, an animal model of PD, increased 

COX-2 levels were also detected (Teismann et al. 2003). 

Mechanistically, COX-2 overexpression can be triggered by Aβ, IL-1β and 

upstream kinases (e.g. p38 mitogen-activated protein kinase), and COX-2-associated 

damage involves increased formation of PGE2 (Fiebich et al. 2000). The catalytic 

activity of COX-2 was found to be instrumental in the neurodegenerative process in SN 

pars compacta dopaminergic neurons, and further that neurodegeneration could be 

reduced by COX-2 inhibitors. Contrarily, the inhibition of COX-1 provided no protective 

effects against MPTP-induced neurodegeneration (Teismann et al. 2003). Moreover, 

COX-2 overexpressing neurons are hypothesized to cause their own death by 

synthesizing excess amounts of PGE2, which induces the production of neurotoxic 

microglial-derived mediators. Alternatively, COX-2 could cause cell death in a cell 

autonomous manner, through COX-2-mediated increased ROS generation (Teismann 

et al. 2003). 

Aside from CNS disorders, COX-2-mediated inflammation has also been 

implicated in the physiopathology of other diseases like nephritis, inflammatory bowel 

disease and cancer (Turini et al. 2002). Furthermore, COX-1 function is essential in the 

maintenance of proper gastrointestinal epithelial and glandular architecture, and non-

selective NSAIDs can thus cause a variety of problems in the GIT, including irritation 

and ulceration of the stomach lining. COX-2 selective inhibitors show less GIT damage 

than conventional NSAIDs (Turini et al. 2002). 

 

 

Figure 11. Prostanoid signaling mediates cellular responses in both physiological and disease 

states. NSAIDs: Nonsteroidal anti-inflammatory drugs. Figure adapted from Turini et al. (2002). 
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1.2.2.3. Cyclooxygenase-2 inhibitors 

Selective COX-2 inhibitors (COXIBs, Figure 12) were developed as a strategy 

to obtain anti-inflammatory drugs with a wider therapeutic window lacking the GIT side 

effects of non-selective NSAIDs. Celecoxib 18 and rofecoxib 19 were the first two 

COXIBs approved by the Food and Drug Administration (FDA) and launched in 1999. 

Valdecoxib 20, a second-generation COXIB, was approved by the FDA in 2002. Other 

COXIBS include parecoxib 21 (the prodrug of valdecoxib for parenteral use), etoricoxib 

22 and lumiracoxib 23. Structurally, COXIBs display a tricyclic scaffold with diaryl 

moieties attached to a central heterocyclic ring scaffold (18-22), with the exception of 

propionic acid derivative 23. 

 

 

Figure 12. Examples of cyclooxygenase-2 inhibitors. 

 

COXIBs cross the BBB and reach adequate brain concentrations for inhibition 

of cerebral COX-2, making them good therapeutic candidates for ND. Although there is 

substantial and strong evidence that COX-2-mediated neuroinflammation is 

instrumental for neurodegeneration (Teismann et al. 2003), the majority of clinical trials 

have failed to prove benefitial effects of COXIBs in ND (Firuzi et al. 2006). 

Furthermore, in 2004, Merck announced the voluntary withdrawal of rofecoxib 19 due 
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to increased risk of cardiovascular events in a randomized, placebo-controlled clinical 

trial (Baron et al. 2008). Valdecoxib 20 withdrawal in 2005 followed, due to FDA 

request based on reports of increased cardiovascular adverse effects (Cotter et al. 

2005). Lumiracoxib 23 was then withdrawn in Canada due to reports of hepatic 

aminotransferases elevation and concerns of hepatotoxicity. Celecoxib 18 is still 

marketed worldwide, but received a blackbox warning for cardiovascular toxicity by the 

FDA, with concerns of drug-induced mitochondrial toxicity (Dykens et al. 2007). 

Parecoxib 21 and etoricoxib 22 are approved in Europe for short term perioperative 

pain and symptomatic relief in osteoarthritis, rheumatoid arthritis, and gout attacks. In 

this context, the development of safe COX-2 inhibitors is currently a hot topic in drug 

development and a potential source of disease-modifying drugs for ND. 

 

1.2.3. Catechol O-methyltransferase 

1.2.3.1. Physiological role, structure and distribution 

Catechol O-methyltransferase (COMT, EC 2.1.1.6) is a single domain 

intracellular methyltransferase that catalyzes the regioselective transfer of an activated 

methyl group from common donor S-adenosyl-L-methionine (SAM) to one hydroxyl 

group of its catechol substrates (Guldberg et al. 1975), using Mg2+ as a co-factor and 

yielding a mono O-methylated product and S-adenosyl-L-homocysteine (SAH, Figure 

13). The main function of COMT is the metabolic inactivation by selective O-

methylation of endogenous neurotransmitters (e.g. dopamine, epinephrine, 

norepinephrine) (Axelrod et al. 1958), hormones (e.g. 2-hydroxyestradiol and 4-

hydroxyestrone) (Yager et al. 1996) and xenobiotics (e.g. aminoacid decarboxylase 

inhibitors, dopamine agonists and bronchodilators) (Muguet et al. 1995) bearing a 

dihydroxybenzene (catecholic) scaffold (Figure 13). 

In mammals, the enzyme is present in two forms: a soluble cytolosic form (S-

COMT) that can be found mainly in peripheral tissues, and a membrane-bound form 

(MB-COMT) that occurs predominantly in the brain (Karhunen, Tilgmann et al. 1994). 

Both isoforms are encoded in the same gene, located at chromosome 22 (bandq11.2) 

(Grossman, Emanuel et al. 1992), each with its own promoter (Tenhunen, Salminen et 

al. 1993). The isoenzymes share the same primary aminoacid sequence of the catalytic 

site but show a different kinetic behavior, with MB-COMT showing higher substrate 

affinity (lower KM) and S-COMT displaying higher metabolic capacity (higher Vmax) 

(Lotta, Vidgren et al. 1995). Hence, MB-COMT is responsible for the regulation of low 

physiological levels of catecholamine neurotransmitters (e.g.  dopamine and 
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epinephrine) within the CNS and, upon a sudden increase of catechol substrates (e.g. 

xenobiotic catechols), S-COMT steps up when a higher metabolic rate is required 

(Roth 1992, Huotari, Gogos et al. 2002). 

 

 

Figure 13. Biological methylation of catechols catalysed by COMT. COMT: catechol O-

methyltransferase. 

 

Mechanistically, COMT-catalyzed methylation occurs in a single step via a tight 

bimolecular nucleophilic substitution (SN2) transition state without the formation of a 

methylated enzyme intermediate (Woodard et al. 1980). Several crystallographic 

studies of human and rat COMT bound to different substrates have been reported and 

reviewed (Ma et al. 2014), which unveiled a thorough and comprehensive knowledge of 

its tridimensional structure. Briefly, COMT has a single domain, a mixed α/β-protein 

structure in which a seven-stranded central β-sheet core is surrounded by eight α-

helices (Figure 14A). The active site of COMT consists of the SAM binding domain and 

the catalytic region with the cofactor Mg2+ ion, which is chelated by the hydroxyl groups 

of the catechol scaffold (Figure 14B). This interaction is of the utmost importance, since 

it lowers the pKa of the catechol substrate and allows deprotonation of the most acidic 

OH group by Lys144, yielding a phenolate ion that is readily methylated by the enzyme. 

Other residues within the active site are responsible for SAM binding (Ser119, Gln120, 
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Ile91, Ala118 and Trp143), interaction with the methionine fragment of SAM (Val42, 

Ser72, and Asp141) and formation of a hydrophobic gatekeeper (Trp38, Trp143, 

Pro174, and Leu198) which maintains the catechol substrate properly positioned for O-

methylation (Piedrafita et al. 1990, Vidgren et al. 1991, Rutherford et al. 2008). 

 

 

Figure 14. Rat S-COMT complexed with the methyl donor SAM, the Mg
2+

 ion and 3,5-

dinitrocatechol: (A) protein tridimensional structure; (B) enlarged view of the catalytic site. Adapted 

from Kiss et al. (2014). 

 

1.2.3.2. Catechol O-methyltransferase as a therapeutic target 

Given the physiological importance of catecholamine neurotransmitters in the 

central and peripheral nervous system (Robbins et al. 2009, Chaudhury et al. 2013) 

and the central role of COMT in the regulation of their levels (Huotari et al. 2002), 

pharmacological modulation of COMT activity with small molecule inhibitors is a valid 

therapeutic strategy for the treatment of neurological disorders associated with 

catecholamine deregulation. In this sense, COMT is a druggable therapeutic target for 

the treatment of several central and peripheral nervous system disorders, including PD 

(Calne 1993, Buddhala et al. 2015), depression and mood disorders (Fava et al. 1999, 

Chaudhury et al. 2013), schizophrenia (Goldman-Rakic et al. 2004, Ho et al. 2005), 

restless leg syndrome (Sharif 2002) and attention deficit and hyperactivity disorder 

(Aarts et al. 2015). 

The most clinically established and currently sole application of COMT inhibitors 

is in the adjunctive therapy of PD, in order to compensate the massive loss of 

dopamine in the striatum. COMT inhibitors are used to increase the half-life of 

levodopa (L-DOPA), a dopamine precursor able to cross the BBB into the CNS, where 

it can be transformed into dopamine by in loco enzymatic decarboxylation (Figure 15). 

A B 
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Orally administered L-DOPA undergoes peripheral COMT-catalysed O-methylation to 

3-O-methyl-L-DOPA, a clinically inactive metabolite which decreases the brain 

bioavailability of L-DOPA by competing with it for transport across the BBB (LeWitt 

2015). Additionally, L-DOPA endures extensive degradation to BBB impermeable 

dopamine in peripheral tissues by aminoacid decarboxylases (AADC), so that only a 

small percentage of L-DOPA remains intact to reach the CNS.  

 

 

Figure 15. Peripheral and central metabolism of endogenous or orally administered L-DOPA. AADC: 

aminoacid decarboxylase; BBB: Blood-brain barrier; COMT: catechol O-methyltransferase; MAO-B: 

monoamine oxidase-B. 

 

Pharmacological blockage of the degradation of L-DOPA with coadministration 

with a COMT inhibitor and/or a AADC inhibitor prevents L-DOPA peripheral 

degradation and increases its plasmatic half-life, allowing orally administered L-DOPA 

to cross the BBB into the brain, and thereby effectively compensating the shortage of 

cerebral dopamine. Furthermore, this approach lowers the required oral dose of L-
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DOPA while retaining its clinical benefit (Nutt et al. 1994), reducing the motor side 

effects associated with prolonged L-DOPA administration. Alternatively, the 

administration of a centrally active monoamine oxidase (MAO-B) inhibitor prevents the 

cerebral breakdown of dopamine by blocking the oxidative deamination of dopamine to 

3,4-dihydroxyphenylacetic acid. 

Recently, a polymorphism in the COMT gene producing a valine-to-methionine 

substitution at codons 108 and 158 of S-COMT and MB-COMT, respectively, has been 

identified as marker of susceptibility for cognitive dysfunction in schizophrenia (Egan et 

al. 2001).  Subjects carrying the valine allele, which encodes for a high activity form of 

COMT, show increased prefrontal dopamine catabolism, impaired prefrontal cognition 

and physiology, resulting in a slightly increased risk for schizophrenia (Egan et al. 

2001, Talkowski et al. 2008). These findings raise the possibility of new 

pharmacological interventions for the treatment of prefrontal cortex dysfunction and of 

outcome prediction based on COMT genotype (Apud et al. 2007). However, due to the 

complex crosstalk of neuronal dopamine regulation pathways, there is a complex 

nonlinear relationship between dopamine availability and brain function, which prevents 

from drawing straightforward conclusions regarding COMT in schizophrenia (Apud et 

al. 2007, Talkowski et al. 2008). 

The influence of the mentioned Val158Met polymorphism on the risk of 

myocardial infarction was prospectively evaluated in a hypertensive cohort (Eriksson et 

al. 2004). Patients homozygous for the low activity COMT genotype had a decreased 

risk of myocardial infarction compared to those with the high activity genotype, and the 

protective effect was most evident among older patients (> 58 years of age). Serum 

estradiol levels were increased in males with the low activity genotype, which may be 

behind the observed protective effect (Eriksson et al. 2004). Accordingly, the Val/Val 

genotype was associated with a higher prevalence of hypertension when compared to 

other genotypes (Hagen, Pettersen et al. 2007). However, recent findings concerning 

the Met/Met genotype (Htun et al. 2011) are not in accordance with the previous 

reports, suggesting that the role of the selected COMT polymorphism in hypertension 

may not be straightforward. Additional reports concerning the role of COMT in 

cardiovascular disease have shown that COMT-deficient mice have increased 

resistance to salt-induced hypertension (Helkamaa et al. 2003) and that treatment with 

peripheral COMT inhibitors restored systolic pressure levels in wild-type mice exposed 

to the same diet (Helkamaa et al. 2003). Additionally, peripheral COMT inhibitors 

protected against angiotensin II-induced renal damage through antioxidant and anti-

inflammatory mechanisms, rather than by COMT inhibition-induced changes in renal 

dopaminergic tone (Helkamaa et al. 2003).  
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Other potential applications of COMT inhibitors in peripheral disorders are 

related to the gastrointestinal tract and include mainly the amelioration of 

gastroduodenal mucosal damage (Flemstrom et al. 1993). 

 

1.2.3.3. Catechol O-methyltransferase inhibitors 

Over the last 30 years, efforts from several research groups from both 

academia and the pharmaceutical industry have focused on optimizing L-DOPA 

therapy, providing a more continuous and sustained delivery of dopamine to the 

striatum, by targeting COMT. First generation COMT inhibitors were based on simple 

catechol and pyrogallol scaffolds (e.g. caffeic 12 and gallic 10 acids, Figure 8) and 

showed poor inhibitory activity and questionable bioavailability.  

A breakthrough in the development of COMT inhibitors was conducted by two 

independent working groups at Orion Corp. and Hoffman-La Roche Ltd., with the 

discovery that the insertion of a strong electron-withdrawing group (e.g. CN or NO2) 

located ortho to one of the hydroxyl groups of the catechol moiety led to a remarkable 

increase in potency when compared to the corresponding non-substituted catechols 

(Backstrom et al. 1989, Borgulya et al. 1989). Electron withdrawing groups pull away 

the electrons from the vicinal OH function, which lowers its pKa and affords a 

phenolate ion with increase COMT affinity under physiological pH (Kiss et al. 2014). 

These derivatives do not suffer O-methylation by the enzyme, suggesting a tight 

binding to the enzyme’s active pocket. This discovery led to the development of second 

generation tight binding inhibitors based on the nitrocatechol (1,2-dihydroxy-3-

nitrobenzene) scaffold. Second generation COMT inhibitors remain useful drugs for the 

adjunctive therapy of PD, and examples of relevant nitrocatechols are depicted on 

Figure 16. 

The nitrocatechol scaffold is the standard pharmacophore for tight binding 

COMT inhibitors (Kiss et al. 2014). Tolcapone 24 is a potent and BBB-permeable 

COMT inhibitor, yet its clinical use is very restricted due to its association with severe 

hepatotoxicity (Assal et al. 1998). Entacapone 25 is a widely marketed peripheral 

COMT inhibitor, but its low bioavailability and short-acting inhibitory profile significantly 

decrease its clinical efficacy (Parashos et al. 2004). In spite of its improved 

pharmacokinetics, the clinical development of nebicapone 26 was discontinued 

because its safety profile was not considered sufficiently improved over that of 

tolcapone 24 (Kiss et al. 2014). Opicapone 27, a long-acting peripheral COMT inhibitor 

bearing a pyridine N-oxide and an oxadiazole ring, successfully passed clinical trial 
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evaluation (Almeida et al. 2013, Rocha et al. 2013, Ferreira et al. 2015) and is currently 

being licensed as a new treatment for PD. 

 

 

Figure 16. Second generation tight binding COMT inhibitors based on the nitrocatechol scaffold. 

 

 

1.2.3.3.1. Nitrocatechol metabolism and toxicity: the case of tolcapone 

 

In clinical trials tolcapone was usually well tolerated and most side effects were 

dopaminergic, like nausea or dyskinesia. However, in 3.5% of the cases, a significant 

elevation of hepatic aminotransferases was observed (Rajput et al. 1997). Upon market 

introduction in 1998, cases of severe fulminant hepatitis following tolcapone treatment 

initiation were reported, with three resulting in a fatal outcome (Assal et al. 1998). In 

one of the fatal cases, the patient was admitted with jaundice, disorientation, 

sleepiness and mild akinetic-rigid syndrome with resting tremor, with liver biopsy 

showing severe centrilobular necrosis and a lobular inflammatory infiltrate mostly 

composed of plasma cells and eosinophils (Assal et al. 1998). The histological findings 

supported drug-related hepatotoxicity, which was in accordance with previous 

occasional elevation of hepatic aminotransferases. Other causes of hepatitis 

(autoimmune, viral or vascular disorders) were ruled out following standard laboratorial 

tests. Subsequent detailed histologic and electron microscopy study of the liver 

specimen showed striking features of fulminant hepatic failure (Spahr et al. 2000), 

including severe hepatocellular insufficiency, histological evidence of massive hepatic 

necrosis, mitochondrial swelling, loss of cristae and reduction of the matrix density. The 
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observed mitochondrial alterations were in accordance with previous reports where 

tolcapone was shown to impair mitochondrial function by uncoupling oxidative 

phosphorylation (Nissinen et al. 1997). This effect was associated with its considerable 

lipophilicity (partition coefficient, cLogP=3.30) (Kiss et al. 2010), enabling rapid 

mitochondrial membrane diffusion, since the same was not observed entacapone  

(Nissinen et al. 1997, Haasio et al. 2002), a hydrophilic COMT inhibitor (cLogP = 2.00) 

(Kiss et al. 2010). Tolcapone also impaired the mechanical function and oxygen 

consumption of the isolated guinea-pig heart at low micromolar concentrations (1 µM) 

(Haasio et al. 2002). Albeit mitochondrial dysfunction has been described observed in 

PD, the changes in mitochondrial parameters similar to those observed in tolcapone-

induced toxicity case have not been reported (Spahr et al. 2000). This suggests that 

the observed mitochondrial morphological changes are not disease-related, but more 

likely a direct expression of tolcapone toxicity. Due to safety concerns, tolcapone was 

temporarily withdrawn from the market. Subsequently, tolcapone was reintroduced, but 

only for severe PD cases and under strict requirements for monitoring of serum 

enzymes.  

Metabolic studies in humans have indicated that the main metabolic pathways 

for tolcapone are methylation, oxidation, reduction and conjugation reactions, such as 

glucuronidation (Jorga et al. 1999). Alternatively, the reduction of the 5-NO2 group to 

the corresponding amine 28 and its acetamino metabolite 29 has also been detected 

(Figure 16) (Jorga et al. 1999). Subsequent in vitro studies suggested that one or both 

of these tolcapone metabolites could be oxidized to reactive species reactive o-quinone 

or quinone-imine species, and that these reactive metabolites might play a key role in 

tolcapone-induced hepatocellular injury (Figure 17) (Smith et al. 2003). Electrochemical 

determinations showed lower redox potential for metabolites 28 and 29 than tolcapone 

24 [Eap (28) < Eap (29) < Eap (tolcapone)], which means that, under the same conditions, 

these metabolites are more prone to oxidation than tolcapone 24. The oxidation of 28 

and 29 to its corresponding reactive metabolites was catalysed by P450 enzymes, 

mainly CYP 2E1 and CYP 1A2 for 28 and CYP 1A2 for 29. The formation of metabolic 

GSH adducts 30 and 31 was confirmed in human liver microsomes incubated with 28 

or 29 and GSH (Figure 17) (Smith et al. 2003). 

The formation of covalent adducts with hepatic proteins may be a toxicity 

mechanism driving hepatotoxicity. Further support for this hypothesis can be derived 

from an understanding of the metabolism of entacapone, which has not been 

associated with hepatotoxicity. The formation of entacapone 25 reductive amine and 

acetamine metabolites was detected in rats but not in humans (Wikberg et al. 1993). 

The production of these amine and acetylamine metabolites in the metabolism of 
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tolcapone 24 may explain its hepatotoxicity, as well as the lack of liver-function 

abnormalities in the structurally similar drug entacapone 25. 

 

Figure 17. Proposed metabolic pathway for the formation of GSH adducts 30 and 31 from 

previously described tolcapone urinary metabolites 28 and 29. Adapted from Smith et al. 2003. 

The different metabolic and toxicological behaviour of entacapone may rely on 

the presence of a nitrile substituent attached to its aromatic core. Nitrile groups are 

quite metabolically stable and effectively improve ADMET (Fleming et al. 2010). 

Because of its inductive properties, nitriles polarize the π-system making aromatics less 

susceptible to oxidative metabolism, which results in lower toxicity when oxidative 

bioactivation processes occur. Considering entacapone 25, the nitrile substituent may 

lower the formation of o-quinone or quinoimine reactive intermediates and, therefore, 

result in lower toxicity. Moreover, the replacement of a hydrogen atom by a nitrile group 

can roughly lower cLogP by half an order of magnitude (Fleming et al. 2010). Since 

high lipophilicity was associated with rapid mitochondrial diffusion and mitochondrial 

toxicity, the introduction of a nitrile group is an efficient method to lower lipophilicity 

without significant steric effects.  

The discovery of tolcapone-induced potent uncoupling of mitochondrial 

oxidative phosphorylation (Haasio et al. 2002) and consequent severe risk of 

hepatotoxicity stresses the utmost importance of effective mitochondrial toxicity 

screening assays in the pipeline of drug development. Aside from tolcapone, 

mitochondrial impairment has also been implicated in the market withdrawal of the 

cholesterol-lowering drug cerivastatin (Furberg et al. 2001) and the antidiabetic drug 
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troglitazone (Hu et al. 2015). Several other drugs have been blackboxed by the FDA 

due to interference with mitochondrial function (Dykens et al. 2007) (Table 5).  

Table 5. Mitochondrial toxicity caused by selected drugs 

Toxicity mechanism Drug category Examples 

Direct inhibition of 

components of the 

mitochondrial respiratory 

chain 

Classic respiratory inhibitors Rotenone, Antimycin A 

Antidiabetics and 

antidyslipidemics 
Fenofibrate, metformin 

NSAIDs Nabumetone 

Anesthetics Lidocaine 

Antipsychotics Chlorpromazine 

Antianginals Nitroglycerin-derived 
•
NO 

Mitochondrial uncouplers 

NSAIDs Diclofenac, nimesulide 

Nitrophenols 2,4-nitrophenol and tolcapone 

Tryclyclic antidepressants Fluoxetine 

Intramitochondrial oxidative 

stress 

Anticancer drugs Doxorubicin, mitomycin C 

Analgesics/Antipyretics Acetaminophen 

Antidiabetics Clorfibrates, ciprofibrate 

Antianginals Amiodarone 

Inhibition of fatty acid β-

oxidation and coenzyme A 

depletion 

Anticonvulsants Valproic acid 

Antidepressants Amineptine, tianeptine 

Antibiotics Tetracycline 

NSAIDs Ibuprofen, aspirin 

Inhibition of mitochondrial 

protein synthesis 
Antibiotics Linezolide 

Inhibition of mtDNA 

synthesis 
NRTIs Zidovudine, abacavir 

Induction and opening of 

the mitochondrial 

permeability pore 

Bile acids Deoxycholic acid 

Anticancer drugs Lamellarin D 

NSAIDs Ibuprofen and nimesulide 

Analgesics/Antipyretics Acetominophen 

Antidiabetics Gemfibrozil 

NRTIs: nucleotide reverse transcriptase inhibitors, NSAIDs: non-steroidal anti-inflammatory drugs. 

 

The most paradigmatic example of drug-induced mitrochondrial toxicity is that of 

nucleotide reverse transcriptase inhibitors (NRTIs) used as antiviral agents in the 

clinical management of acquired immunodeficiency syndrome. NRTIs inhibit 

mitochondrial DNA (mtDNA) polymerase, thereby preventing mitochondrial replication. 

This gradually reduces mitochondrial function in various tissues, resulting in muscle 
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and liver toxicity, as well as lipodystrophy and lipoatrophy (Arnaudo et al. 1991). Other 

mechanisms for drug-induced mitochondrial toxicity and examples of drugs associated 

with each effect are summarized in Table 5 (Dykens et al. 2007, Dykens and Will 

2007). These include widely known blockbuster pharmaceuticals like NSAIDs, 

antidepressants, antibiotics, antidiabetics and antidyslipidemic drugs.  

In this context, the identification and derisking of compounds at the lead 

selection and optimization phase is of utmost importance in the drug discovery pipeline. 

Indeed, high-throughput technologies that monitor mitochondrial oxygen consumption 

and detect potential respiratory chain inhibition or uncoupling are being adopted in the 

industry as a strategy for the early detection of drug-induced mitochondrial toxicity 

(Dykens et al. 2007, Dykens and Will 2007). Effective screening for drug-induced 

mitochondrial toxicity can reduce later stage attrition of drug candidates and yield safer 

drugs. 

 

1.2.4. Tau Protein 

1.2.4.1. Physiological role and distribution 

Tau protein belongs to the family of unfolded microtubule-associated proteins. 

This multifunctional protein contributes to microtubule dynamics and participates in 

neurite outgrowth, axonal transport and trophic signaling enhancement (Weingarten et 

al. 1975, Witman et al. 1976). Moreover, tau participates in cell signal transduction, 

through the modulation of the activity protein kinases, and can also be involved in DNA 

repair and heat shock responses (Morris et al. 2011). Tau is mainly expressed in the 

central and peripheral nervous system (Trojanowski et al. 1989), mostly in axons, but 

also in somatodendritic compartments (Tashiro et al. 1997) and olygodendrocytes 

(Klein et al. 2002). In a lower extent, tau is also present in peripheral tissues like the 

kidneys, lungs and testis (Gu et al. 1996). Although the natively unfolded nature of tau 

difficults its structural analysis, spectroscopic studies revealed a disordered structure 

that adopts a “paper clip” conformation. This structure shields the motifs responsible for 

aggregation and is proposed to have a protective effect (Mukrasch et al. 2007).  

Tau has three main domains: an acidic N-terminal, a proline-rich region and a 

basic C-terminal, thus behaving as a dipole with opposite charges in its terminal 

domains, which is important for interactions with microtubules as well as internal folding 

and aggregation (Mukrasch et al. 2007). The C-terminal is the assembly domain and is 

responsible for microtubule binding (Brandt et al. 1993) and the N-terminal interacts 

with other cytoskeletal structures (e.g. actin and spectrin filaments) (Yu et al. 2006), 

mitochondria and neuronal plasma membranes (Jung et al. 1993, Brandt et al. 1995). 
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There are six human tau isoforms, produced by alternative mRNA splicing of the MAPT 

gene located on chromosome 17q21.31 (Goedert et al. 1990), which differ on the 

presence or absence of one or two N-terminal insertions and the number of 

microtubule-binding repeats in the C-terminal region. The study of the aggregation 

prone 306VQIVYK311 hexapeptide segment within the protein’s repeated domain 

enabled a breakthrough in the modeling of tau. This segment nucleates the 

aggregation of tau through formation of β-sheet structures. X-ray microcrystallography 

confirms not only the presence of β-strands, running parallel to the fibril axis, but also a 

fold perpendicular to the fibril axis, named steric zipper because of the shape-

complementary interdigitations with amino acids side chains, forming a tightly packed 

dry interface (Figure 18) (Sawaya et al. 2007) that contributes to the stabilization of 

fibrillar aggregates. 

 

 

Figure 18. VQIVYK steric zipper structure determined by X-ray microcrystallography showing 

interdigitations at the dry interface. Adapted from Sawaya et al. (2007). 

Further studies of tau repeated domains highlighted the importance of Cys322, 

a residue involved in two distinct disulfide bridges that stabilize the aggregated 

conformation (Daebel et al. 2012), pointing towards the redox-dependency of tau 

aggregation (Schweers et al. 1995). Tau dimmers have also been isolated and show 

an anti-parallel tau-tau conformation (Patterson et al. 2011). Higher order oligomers 

have been reported, also with marked neurotoxicity. Since increasingly complex 

oligomers occur before the fully aggregated fibrillar forms, structural insight of all these 

conformers is becoming increasingly important, since each can assume specific 

physiologic and pathologic roles. Currently, a broader approach of tau pathology 
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includes all monomeric and polymeric states and moves beyond the original focus on 

fully formed fibrils and tangles. 

The activity of tau is regulated by post-translational modifications, especially by 

phosphorylation at Ser, Thr and Tyr residues at the microtubule-binding region 

(Johnson et al. 2004, Lebouvier et al. 2009, Avila et al. 2010, Usardi et al. 2011). 

Phosphorylation changes protein conformation and affects the net charge of the 

binding regions on the C-terminal, thereby displacing tau from microtubules (Fischer et 

al. 2009). Tau phosphorylation gradients across nascent axons (Mandell et al. 1996) 

create a polarity that enables control of motor proteins (Dixit et al. 2008) and increases 

axonal transport efficiency.  

The phosphorylation status of tau is a consequence of the equilibrium between 

the amount and activity of protein kinases and phosphatases. Kinases responsible for 

tau phosphorylation include glycogen synthase kinase-3β (GSK-3β) (Wagner et al. 

1996), cyclin-dependent kinase 5 (cdk5) (Kimura et al. 2014), c-Jun N-terminal kinase 

(JNK) (Ploia et al. 2011), casein kinase 1 (CK1) (Li et al. 2004), dual specificity 

tyrosine-phosphorylation-regulated kinase 1A (Dyrk1A) (Woods et al. 2001), 

adenosine-monophosphate activated protein kinase (AMPK) (Thornton et al. 2011), 

microtubule-affinity regulating kinases (MARKs) (Schwalbe et al. 2013), protein kinase 

A (PKA) (Liu et al. 2006) and tau protein kinases I and II (TPKI and TPKII) (Takashima 

et al. 1998, Rank et al. 2002). Protein phosphatases (PPs) responsible for tau 

dephosphorylation include PP1 (Rahman et al. 2005), PP2A (Qian et al. 2010), PP2B 

(calcineurin) (Rahman et al. 2006), PP5 (Liu et al. 2005), calcyclin binding protein and 

Siah-1 interacting protein (CacyBP/SIP) (Wasik et al. 2013) and tissue-nonspecific 

alkaline phosphatase (TNAP) (Diaz-Hernandez et al. 2010).  

Other post-translational modifications that regulate tau activity, namely 

isomerization (Miyasaka et al. 2005), glycation (Ledesma et al. 1994), nitration (Reyes 

et al. 2008), O-GlcN-acylation (Arnold et al. 1996), acetylation (Cohen et al. 2011), 

oxidation (Landino et al. 2004), polyamination (Wilhelmus et al. 2009), sumoylation 

(Dorval et al. 2006), ubiquitination (Cripps et al. 2006) and proteolytic cleavage 

(Kovacech et al. 2010). 

 

1.2.4.2. Tau as a therapeutic target 

An updated revision of the amyloid hypothesis for the development of AD 

places tau as a key effector between the initial Aβ trigger and synaptic dysfunction and 

cell death (Liao et al. 2014), although the exact mechanisms underpinning tau-induced 

toxicity are not fully understood. Abnormal post-translational modifications have been 
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proposed as the main cause of the mechanism by which tau protein becomes a non-

functional entity. In particular, the equilibrium between tau phosphorylation and 

dephosphorylation is disrupted in AD and in a similar group of diseases known as 

tauopathies (Figure 19) (Lee et al. 2001).  

 

Figure 19. Tau aggregation pathways and potential therapeutic targets. PKs: protein kinases; PPs: 

protein phosphatases. 

Under these pathological conditions (Figure 19), tau undergoes abnormal 

phosphorylation and accumulates in neurons (Gotz et al. 1995). Hyperphosphorylated 

tau interferes with neuronal mitochondrial respiration and axonal transport, leading to 

microtubule disintegration, intraneuronal signaling disorder and synaptic dysfunction 

(Hoover et al. 2010, Mondragon-Rodriguez et al. 2013, Eckert et al. 2014). In AD and 

related tauopathies, hyperphosphorylated tau forms misfolded tau monomers that 

aggregate into small soluble oligomers which, in turn, polymerize into paired helical 

filaments (PHFs) (Sevcik et al. 2007) and NFTs (Brion et al. 2001). Albeit the formation 

of the latter is broadly accepted as the mechanism that triggers neurotoxicity and cell 

death (Brion et al. 2001), recent reports by Cowan et al. (Cowan et al. 2010, Cowan et 

al. 2013) suggesting that the intermediate soluble tau oligomers are the most toxic 

forms have been corroborated by other working groups (Brunden et al. 2008, Lasagna-

Reeves et al. 2011), raising the hypothesis that PHFs and NFTs may have evolved as 

a neuroprotective strategy that ultimately fails (Spires-Jones et al. 2009). 

Nevertheless, deregulated phosphorylation remains the main event behind tau-

induced toxicity, since phosphorylated tau is remarkably more susceptible to aggregate 

than its native form (Jeganathan et al. 2008). Interestingly, cumulative evidence shows 



CHAPTER 1 

46 

  

that tau also has risk alleles for PD (Pastor et al. 2000, Farrer et al. 2002, Healy et al. 

2004). These alleles encode for a protein with decreased efficiency in axonal transport, 

which triggers neurodegeneration. Pathogenic tau mutations were shown to cause 

parkinsonism (Lewis et al. 2000, Ittner et al. 2008). Several research groups found 

increased levels of phosphorylated tau in human PD brains and PD disease models 

(Ishizawa et al. 2003, Duka et al. 2006, Wang et al. 2007, Muntane et al. 2008). 

Moreover, CSF levels of phosphorylated tau, and other AD biomarkers, correlate well 

with different phenotypes of PD and PD-associated dementia (Compta et al. 2009, 

Prikrylova et al. 2012, Compta et al. 2013). Recent hypothesis suggested that tau 

hyperphosphorylation and aggregation withdraw tau from the cytoplasm (Khatoon et al. 

1994), leaving less functional protein available for the regulation of axonal transport 

and cytoskeletal dynamics. These findings recast the role of tau in AD, PD and 

tauopathies. Rather than being a mere source of intracellular toxic aggregates, 

functional tau is needed to prevent neuronal damage. In this sense, maintaining the 

levels of functional tau can be a valid strategy for the development of disease-

modifying drugs for ND. The ubiquitous role of tau in multiple ND clearly supports its 

central role in the cellular cascades that lead to dementia and make it a promising a 

drug target for AD, PD and AD-related tauopathies. 

 

1.2.4.3. Targeting tau: from small molecules to immunotherapy 

Pharmacological targeting of tau aggregation can be achieved by the inhibition 

of protein kinases responsible for tau hyperphosphorylation with protein kinase 

inhibitors (PKIs) and, direct inhibition of tau aggregation with tau aggregation inhibitors 

(TAIs), promotion of disaggregation of tau agglomerates and immunization against tau.  

The development of PKIs is a challenging endeavor due to selectivity issues, 

since the potential interaction with unrelated kinases may result in severe side effects. 

Efforts to develop selective PKIs yielded interesting results, mainly concerning Dyrk1A 

inhibitors, due to its central role in tau phosphorylation and Aβ aggregation (Figure 20). 

β-carboline-based derivative 32 effectively inhibited Dyrk1A in the nanomolar 

range and acted only on three other off-targets in a panel of 300 protein kinases 

(Ruben et al. 2015). In cellular assays, 32 dose-dependently reduced the 

phosphorylation of tau without negative effects on cell viability (Ruben et al. 2015). The 

marine sponge alkaloid derivative and potent Dyrk1A inhibitor 33 significantly reduced 

Aβ-induced tau phosphorylation, memory impairments and neurotoxicity in the mouse 

hippocampus (Naert et al. 2015). Likewise, Dyrk1A inhibitor 34 successfully inhibited 

Dyrk1A-induced tau phosphorylation in rat cortical, SH-SY5Y and HEK293 cells 
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(Coutadeur et al. 2015). Moreover, the 2,5-disubstituted tiophene derivative 35 was 

recently reported as the first dual inhibitor of Aβ aggregation and tau phosphorylation 

(Mariano et al. 2014). Similar results have also been obtained regarding other tau-

phosphorylating kinases, like cdk5 and GSK-3β (Leclerc et al. 2001, Zheng et al. 2005, 

Wang, Yang et al. 2007, Duka et al. 2009, Cho et al. 2013, Corbel et al. 2015). 

 

 

Figure 20. Examples of Dyrk1A inhibitors (31-35) and tau aggregation inhibitors (30-37). 

 

The first reported TAI was methylthioninium chloride 36, a vital dye widely 

known as methylene blue. This compound interacts with specific cysteine residues of 
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tau, retaining it in its monomeric conformation and preventing the formation of NFTs 

(Akoury et al. 2013). A derivative thereof known as TRx02737 (LMTX®, structure not 

available) has shown significant benefits in phase II clinical trials with mild-to-moderate 

AD patients (Wischik et al. 2015) and is currently on route to phase III studies 

(NCT01689246). Although no other TAIs have yet reached clinical settings, several 

others are thriving in pre-clinical studies (Bulic et al. 2013). Azaphilones 37 and 38 

acted as in vitro TAIs and effectively disassembled pre-existing tau filaments in non-

cellular assays, thus also working as disaggregation enhancers (Paranjape et al. 

2015). Similarly, rhodanine-based inhibitor 39 acts both as an in vitro TAI and 

disaggregation enhancer in non-cellular and cellular assays (Bulic et al. 2007) and 

effectively rescued tau-induced damage in Caenorhabditis elegans (Fatouros et al. 

2012) and tau-transgenic mice (Messing et al. 2013). Phenylthiazolylhydrazide 

derivative 40 (Pickhardt et al. 2007) displayed significant activity at substochiometric 

inhibitor/tau concentration. Saturation-transfer difference nuclear magnetic resonance 

experiments indicated that 40 binds directly to monomeric tau through the imidazole 

ring, involving hydrophobic interactions reinforced by hydrogen bonding with the 

nitroaromatic and imidazole amines (Akoury et al. 2013). Furthermore this interaction 

may shift tau conformation toward off-pathway species. Other privileged classes for the 

development of TAIs currently under evaluation include N-phenylamines 41, 

benzothiazoles 42 and aminothienopyridazines 43 (Bulic et al. 2013).  

In recent years, tau immunotherapy has advanced beyond proof-of-concept 

studies to phase I clinical trials on active and passive tau immunizations, with several 

additional passive tau antibody trials likely to be initiated in the near future for AD and 

other tauopathies (Sigurdsson 2016). The study of tau structure enabled the discovery 

of drugable epitopes and led to the development of therapeutic of selective tau 

antibodies (Sigurdsson 2016). The monoclonal antibody DC8E8 contained in the anti-

tau vaccine AADvac1 is the first tau-directed immunotherapy to reach clinical settings, 

after remarkable pre-clinical results in transgenic rat models of human tauopathies 

(Kontsekova et al. 2014, Kontsekova et al. 2014). Vaccination induced a robust 

protective humoral immune response, with antibodies discriminating between 

pathological and physiological tau.  

Active immunotherapy reduced the levels of tau oligomers and the extent of 

neurofibrillary pathology in the brains of transgenic rats. Strikingly, immunotherapy has 

reduced AD-type hyperphosphorylation of tau by approximately 95%. Tau peptide 

vaccine also improved the clinical phenotype of transgenic animals. Toxicology and 

safety pharmacology studies showed an excellent safety and tolerability profile of the 

AADvac1 vaccine (Kontsekova et al. 2014, Kontsekova et al. 2014). 
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1.2.5. Multitarget-Directed Drugs for Neurodegeneration 

Following the “magic bullet” model proposed by Ehrlich more than a century ago 

(Schwartz 2004), drug discovery efforts have since been focused on identifying single 

target drugs that interact with a specific drug target associated with a defined disease 

mechanism. While its general success is undeniable, the current one drug/one target 

strategy has proven inefficient in the discovery of effective cures for multifactorial 

human diseases with high socioeconomic impact. Moreover, drug design at the single 

molecular target level is blind to other processes that are inevitably connected through 

complex networks with higher hierarchical levels in biological systems. In such complex 

systems it is very common for the cells to have several mechanisms yielding the same 

outcome (e.g. gene expression, protein synthesis, receptor response and protein 

degradation), an effect known as redundancy (Hartman et al. 2001). Therefore, drugs 

targeting a single primary mechanism will have no effect over this redundancy even 

they act as expected. In fact, the clinical effect of a drug is often due to interaction with 

multiple targets (Paolini et al. 2006). These observations gave rise to innovative 

concepts of network pharmacology and drug repurposing (Medina-Franco et al. 2013). 

In this context, a powerful trend within the field of drug discovery envisaging the 

development of multitarget-directed drugs (MTDDs) has met a global increasing 

interest from academia and industry (Medina-Franco et al. 2013). Examples of 

marketed MTDDs extend from classic drugs like aspirin 44 (Rainsford 2007) and 

metformin 45 (Ma et al. 2015) to revolutionary multikinase inhibitors imatinib 46 (Druker 

2000) and sorafenib 47 (Mitsui et al. 2001) (Figure 21A). 

The rational design of MTDDs is still in its infancy and will surely need further 

methodological development. From a medicinal chemistry point of view, the rational 

identification of MTDD hits, lead optimization and structure-activity relationship 

establishment are challenging tasks. To this end, several approaches have been used, 

including fragment-based design, combination of compounds with known bioactivity, 

molecular hybridization of bioactive scaffolds, ligand and structure-based design and a 

vast range of computational techniques (Anighoro et al. 2014). The identification of 

structures and substituents favorable for multitarget activity has also provided valuable 

knowledge in this endeavor. Recent analysis of approved drugs and bioactive 

compounds identified recurrent molecular scaffolds (Figure 21B), and such 

chemotypes encode a tendency for multitarget binding (Hu et al. 2010). Interestingly, 

similar structural motifs can be found on imatinib 46 and sorafenib 47 (Figure 21A). 

The MTDD approach is particularly relevant for ND, which are by definition 

multifactorial in their etiology and occur as a result of a complex network of cross-
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talking pathological stimuli. As previously discussed in item 1, currently available 

single-target treatments for AD and PD are only palliative and fail to modify disease 

progression. The development of MTDDs that attain different pharmacological targets 

involved in the neurodegenerative pathological cascade is attracting increasing 

attention (Cavalli et al. 2008). 

 

 

Figure 21. (A): Examples of currently market MTDDs; (B): Chemotypes for multiligand binding. 

MTDDs: multitarget directed drugs. 

 

 

A noteworthy event in the development of MTDDs for ND was the discovery of 

ladostigil 48 (Figure 22), a dual acting AChEIs and MAO inhibitor. Ladostigil 48 was 

originally designed as an AChE and brain-selective MAO inhibitor. Additionally, 

ladostigil 48 has neuroprotective activity, by reducing oxidative stress and microglial 

activation and inhibiting proinflammatory cytokines (Youdim 2013). These 

neuroprotective properties have been previously attributed to the presence of a 

propargyl moiety and interaction with protein kinases regulating APP processing 

enzymes (Yogev-Falach et al. 2002). Therefore, ladostigil 48 provided a drug candidate 

for AD and Lewi bodies- and PD-associated dementia. The potential of ladostigil 48 as 

a drug candidate for AD and PD- and Lewi body-associated dementia has been amply 

demonstrated in animal models, especially in studies of ageing rats.  
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The drug has proven safe and well tolerated in Phase I and Phase II clinical 

trials. Currently, an on-going multi-center, randomized, double-blind, placebo-controlled 

phase 2b clinical trial (ClinicalTrials.gov Identifier: NCT01429623) includes 

approximately 200 patients in 16 centers in Europe and Israel. Interim results, 

regarding the ability of ladostigil 48 to slow the cognitive deterioration of MCI patients, 

are expected at the third quarter of 2016. 

 

 

Figure 22. Rational design of ladostigil. 

 

1.2.5.1.  Multitarget drugs for Alzheimer’s disease 

The discovery of non-cholinergic activities of AChE drove the initial efforts for 

the development of MTDDs for AD (Figure 23). AChE was found not only to colocalize 

with Aβ in SNPs but also to interact with Aβ through its peripheral anionic site (PAS). 

This interaction promotes conformational changes in Aβ fibrils and induces the 

formation of β-sheet structures with increased tendency towards aggregation (Inestrosa 

et al. 1996). Crystallographic studies of AChE provided further insight of the enzyme’s 

structure and triggered the development of dual binding AChEIs, i.e. drugs that interact 

with the catalytic site and the PAS. This strategy enabled the inhibition of both ACh 

degradation and AChE-induced Aβ aggregation with a single compound. 

The initial strategy envisaged the development of homo and heterodimers of 

standard AChEIs (Table 3) and rapidly evolved to other scaffolds. For instance, 

molecular rigidification of the dipiperidine scaffold led to compound 49, a potent and 

selective AChE inhibitor (AChE: IC50=0.37 nM vs ButyrylChE: IC50=1.91 µM) able to 
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inhibit self- and AChE-induced Aβ aggregation within the low micromolar range (self-

induced: IC50=9.69 µM vs AChE-induced: IC50=8.13 µM) (Tumiatti et al. 2008). 

Another dual AChEI (NP-61, structure not available) reached phase II clinical 

trials for AD (Leon et al. 2013). The development of dual binding AChEIs evolved to 

incorporate other scaffolds, of which the dual binding AChEIs and BACE-1 inhibitors 

are of particular importance. Since AChE and BACE-1 are involved in the protein 

aggregation process, targeting both enzymes was considered a valid strategy for the 

development of disease modifying therapies. The most remarkable compound of this 

class is memoquin 50 (Cavalli et al. 2007), structurally based on the same polyamine 

core of 49. Memoquin 50 is a potent AChEI (IC50=1.55 nM) and BACE-1 inhibitor 

(IC50=108 nM), while retaining micromolar inhibition of Aβ aggregation (self-induced: 

IC50=5.93 µM vs AChE-induced: IC50=28.3 µM). Furthermore, memoquine was shown 

to ameliorate the behavioral deficits in scopolamine-based object recognition tests 

(Bolognesi et al. 2009).  

Alternatively, AChEIs endowed with antioxidant activity were also developed as 

a therapeutic strategy to tackle both cognitive deficit and the deleterious effects 

associated with neuronal redox deregulation and ROS-induced damage observed in 

AD. Developed as a tacrine/lipoic acid heterodimer, lipocrine 51 is a potent AChEI 

(IC50=0.25 nM) able to interact with the enzyme’s PAS and inhibit AChE-induced Aβ 

aggregation (IC50=45 µM) (Rosini et al. 2005). Moreover, lipocrine decreased by 51% 

the production of ROS at 10 µM and demonstrated improved neuroprotection against 

oxidative stress relative to its parent compound lipoic acid in SH-SY5Y cells (Rosini et 

al. 2005, Cavalli et al. 2008). 

A different approach combines AChE inhibition with modulation of Ca2+ 

overload-induced toxicity. Functioning as a trigger for amyloidogenesis, tau 

hyperphophorylation, apoptosis and cell death, Ca2+ overload is central mechanism in 

the neurodegenerative cascade. A molecular hybridization design strategy between the 

tetrahydroacridin core of tacrine and the 1,4-dihydropyridine scaffold, characteristic of 

voltage-dependent Ca2+ channel (VDCC) blockers, led to the development of a new 

class of MTDDs named tacripyrines (Marco-Contelles et al. 2009). A representative 

example is compound 52, a BBB-permeable third generation AChEI-VDCC blocker 

with a potent and selective activity towards AChE (IC50=45 nM, selectivity index>2000) 

that prevents both self-induced (35% inhibition at 50 µM) and AChE-induced Aβ 

aggregation (30% inhibition at 100 µM). In low nanomolar concentrations, compound 

52 showed a 32% blockade of VDCCs and prevented cell death induced by Ca2+ 
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overload and different oxidative stress inducers in cell-based studies (Marco-Contelles 

et al. 2009). 

The tetrahydroacridine moiety of tacrine was also attached to the carbazol 

scaffold of cardevilol, a β-blocker with mild NMDAR antagonism. The resulting dimer 

carbacrine 53 is a potent dual AChEI (IC50=2.15 nM) able to inhibit self- (36% at 50 µM) 

and AChE-induced (58% at 100 µM) Aβ aggregation and increased NMDAR 

antagonism potency (EC50=0.74 µM) compared to parent cardevilol (Rosini et al. 2008). 

Pharmacological experiments showed a noncompetitive open-channel blocker 

mechanism, implying a well-tolerated antagonism that preferentially blocks excessive 

NMDAR activity without affecting normal neuronal function. Thus, this strategy can be 

effective at blocking Ca2+-overload mediated by glutamate-induced overstimulation of 

NMDARs (Bezprozvanny et al. 2008).  

 

 

Figure 23. Examples of MTDDs for AD. MTDDs: multitarget-directed drugs; AD: Alzheimer’s disease. 
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Other multitarget approaches involved the combination of dual binding AChE 

inhibition with cannabinoid CB1 receptor antagonism, muscarinic M1 receptor agonism, 

serotonin reuptake transporter inhibition and histamine H3 receptor antagonism, as a 

strategy for potential improvement in cognitive deficits (Leon et al. 2013). 

Several non-cholinergic approaches with encouraging results have also been 

reported. Compound 54 promotes a non-amyloidogenic shift in APP processing by 

combined modulation of γ-secretase and activation of peroxisome proliferator-activated 

receptor γ (PPARγ) (Hieke et al. 2010).  The promotion of non-amyloidogenic APP 

cleavage can also be achieved by modulation of HDACs and protein kinase C (PKC)-

mediated activation of α-secretase, an enzyme that cleaves APP into soluble non-toxic 

products (sAPPα) (Gandy et al. 1994). Compound 55, a dual PKC activator and HDAC 

inhibitor, induced a significant elevation of sAPPα within the low nanomolar range 

(Kozikowski et al. 2009). Multikinase inhibitor 56 is a potent inhibitor of several tau-

phosphorylating kinases like CK1 (IC50=14nM), cdk5 (IC50=80nM), GSK-3β (IC50=4.1 

µM) and cdk1 (IC50=0.22 µM) (Haesslein et al. 2002). Additionally, 56 effectively 

decreased the production of Aβ in the N2A-APP695 cellular model (Flajolet et al. 

2007).  

Neuroprotection can also be achieved using BBB-permeable pro-metal 

chelators, which are transformed into active metal chelators within the brain and locally 

target both metal dyshomeostatis and Aβ aggregation (compound 57) (Schugar et al. 

2007). 

 

1.2.5.2. Multitarget drugs for Parkinson’s disease 

The state of the art of MTDDs for PD is less extensive than that observed for 

AD. However, promising results have been obtained so far (Figure 24). The majority of 

MTDDs developed so far combine MAO inhibition with the modulation of other PD-

relevant targets. As previously mentioned, MAOs are one of the major sources of H2O2 

as a consequence of their ability to oxidatively deaminate monoamines in the SN pars 

compacta and striatum. As mentioned in the item 2.1, H2O2 undergoes Fenton-Haber 

Weiss reactions with iron and copper to generate highly toxic •OH. Thus, iron chelation 

and decreased H2O2 production by means of a MAO inhibitor endowed with iron 

chelation capacity is a valid multitarget approach for PD.  

Following similar drug design strategies to those describe in the previous item, 

the combination of the iron chelating hydroxyquinoline scaffold with the propargylamine 

moiety characteristic of standard MAO-B inhibitors yielded compound 58, a non-
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selective central MAO inhibitor (MAO-A: IC50=37 nM vs MAO-B: IC50=57 nM) that 

exhibited potent inhibition of iron-dependent lipoperoxidation in rat brain homogenates 

and iron- and 6-OHDA cell death in PC12 cells (Zheng et al. 2005). Due to its 

nonselective MAO inhibiting profile, 58 was also able to increase cerebral dopamine, 5-

hydroxytryptamine (5-HT) and adrenaline both in normal mice and MPTP mouse 

models of PD, providing a feasible adjunctive antidepressant profile (Gal et al. 2005).  

In the past decade, adenosine A2A receptor (A2AAR) antagonists were shown to 

protect against neurodegenerative processes in different disease models and are 

hypothesized to provide symptomatic relief of PD motor symptoms (Xu et al. 2005). 

The development of dual target MAO-B inhibitors and A2AAR antagonists naturally 

followed to these findings. For instance, compound 59 showed potent in vitro MAO-B 

inhibition (Ki=100 nM) and prevented in vivo MTPT-induced neurotoxicity (Chen et al. 

2002). 

 

 

Figure 24. Examples of MTDDs for PD. MTDDs: multitarget-directed drugs; PD: Parkinson’s disease. 

 

Small molecule L-DOPA and lipoic acid conjugates (compound 60, Figure 24) 

have also been developed as a strategy to obtain BBB-permeable compounds that 

restore redox homeostasis and counteract cerebral dopamine depletion. Compound 60 

is cleaved in the plasma to release lipoic acid and L-DOPA (with protected phenolic 

and carboxylic functions), raising plasmatic levels of SOD and GPx (Di Stefano et al. 

2006). Nonetheless, data concerning the metabolic stability of 60 over hepatic COMT 

and decarboxylases is not available, which does not allow further considerations into its 

clinical utility. Sarizotan 61 is a full 5-HT1A receptor agonist properties with high affinity 

for dopamine D3 and D4 receptors. In vivo characterization demonstrated that 
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sarizotan 61 can modulate both presynaptic and postsynaptic 5-HT1A receptors. 

Sarizotan was introduced in clinical trials and its promising clinical profile showed that 

61 could improve DA-induced motor complications by reducing striatal serotoninergic 

nerve impulse activity without altering L-DOPA efficacy (Goetz et al. 2007). 

 

1.3. DRUG DEVELOPMENT FOR CNS DISORDERS 

The development of CNS drugs has been an intense focus of challenging and 

profitable research in the academia and industry. Currently, the discovery of effective 

drugs for CNS disorders is an acute medical need and a market opportunity created by 

an increasing global lifespan. Albeit the general divestment within the field of 

psychiatric disorders (e.g. depression, schizophrenia), the prospect of an increasing 

burden owing to the escalating incidence and prevalence of ND drives a continuous 

and growing effort to discover novel disease modifying therapies for 

neurodegeneration. Forecasts indicate that ND will be the major drivers of the 

predicted increase in health care expenditures from the current 15% of gross domestic 

product (GDP) to approximately 29% in 2040 (Fogel 2009). Unfortunately, this drive 

more often than not crashes against the complex reality of CNS drug discovery.  

 Due to a tightly regulated and highly specialized support and defence system, 

targeting disease mechanisms within the CNS is a particularly challenging task that 

requires specific drug design strategies (Pardridge 2005). However, cumulative data 

has been gathered throughout the last decades, which led to the establishment of 

systematic rules-of-thumb that shed light on CNS drug development (Rankovic 2015). 

The following item overviews key aspects concerning BBB structure and function, 

physicochemical properties that influence brain bioavailability and systematic rules for 

CNS drug design and development. 

 

1.3.1. Blood-Brain Barrier Structure and Dynamics 

The brain has developed a highly refined system that preserves its physiological 

environment and protects it from external insults and toxins. Lying at the interface 

between the blood capillaries of the brain and the brain tissue (Pardridge 2005), the 

BBB is a key component of this protection system. This structure has a complex 

multicellular composition, with the brain endothelial cells that line the blood vessels and 

form the brain capillary endothelium being surrounded by pericytes, astrocytes and 

neurons (Figure 24). This structure affords an autonomous environment for the CNS 

cells, allowing selective access of nutrients and hormones while eliminating waste and 



CHAPTER 1 

57 

 

minimizing exposure to potentially harmful xenobiotics (Pardridge 2005). Due to the 

high vascularization of the brain parenchyma (the combined capillary length in the 

human brain is 400 miles), the BBB surface area is approximately 5000 times larger 

than other related structures (e.g. blood CSF barrier). Thus, the BBB is the main 

gatekeeper preventing drug delivery to the brain.  

 

Figure 25. Cellular constituents of the blood-brain barrier. Adapted from Obermeier et al. 2013. 

 

The close proximity of the cellular constituents of the BBB results in an effective 

unit of paracrine regulation critical for normal CNS functioning, often called the 

neurovascular unit (NVU). The endothelium’s abluminal surface is covered by a 

basement membrane in which pericytes are embedded. Astrocyte-foot processes 

encircle the abluminal side of the vessel at great extent. Neurons and microglia are 

also members of the NVU as they interact with core elements of the BBB and influence 

barrier functions (Obermeier et al. 2013).  

The existence of tight junctions between the cells that compose the BBB 

hinders the paracellular diffusion through the intercellular space. Tight junctions 

severely restrict penetration of water-soluble compounds, including polar drugs. As a 

result, the main mechanisms by which molecules can enter the brain are active 

transport and passive transcellular diffusion through endothelial cells (Figure 25). The 

latter is the main route for the vast majority of CNS drugs (Di et al. 2012). The 

endothelium contains transport proteins (carriers) for glucose, amino acids, purine 

bases, nucleosides, choline and xenobiotics (e.g. vinca alkaloids, cyclosporine A, 

zidovudine). Certain proteins, such as insulin and transferrin, are taken up by specific 
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receptor-mediated endocytosis and transcytosis. Native plasma proteins, such as 

albumin, can be transported by adsorptive-mediated endocytosis and transcytosis 

(Abbott et al. 2006) (Figure 26). 

 

 

Figure 26. Pathways across the blood-brain barrier. Adapted from Abbott et al. 2006. 

  

The acknowledgement of the role of biological membrane barriers in obstructing 

the passage of xenobiotics extended the historical concept of a two-phased drug 

metabolism (phase I: oxidation, reduction and hydrolysis and phase II: conjugation 

reactions) to a four-phased process. The revised concept encompasses the existence 

of phase 0 transport, involving carrier-mediated uptake of xenobiotics from the blood 

into the cell, and phase III efflux, comprising the efflux of the xenobiotic or its 

metabolites by efflux pumps (DeGorter et al. 2012, Doring et al. 2014). Each phase 

involves a main cluster of drug transporters families, namely the solute carrier (SLC) 

families for phase 0 transport and the ATP-binding cassette (ABC) carriers for phase III 

efflux (Doring et al. 2014).  

ABC carriers use energy from ATP hydrolysis to move their substrates across 

biological membranes against their concentration gradients, thereby limiting their 

cellular accumulation. The existence of phase III efflux mediated by ABC carriers 

across BBB endothelial cells is a key element when analysing the factors that regulate 

the CNS availability of a drug (Miller 2015). The main ABC carriers that act as 
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gatekeepers of the BBB are P-glycoprotein (P-gp or MDR1) and breast cancer 

resistance protein (BCRP). 

P-gp is by far the most studied and understood (Miller 2015). This large 

transmembrane glycoprotein uses the energy of ATP hydrolysis to extrude compounds 

across a lipid membrane (hence “permeability glycoprotein”, P-gp). P-gp acts as the 

main BBB gatekeeper and exhibits broad substrate specificity. Crystallographic studies 

point towards a “hydrophobic vacuum cleaner” model” (Hitchcock 2012) where the 

intracellular substrate is effluxed by P-gp through an ATP-triggered conformational 

alteration of the protein, which returns to its native conformation after hydrolysis of the 

ATP molecule (Hitchcock 2012). Interestingly, an increase on passive permeability is 

often accompanied by decreased likelihood of P-gp efflux (Desai et al. 2012). Rapid 

membrane diffusion could overcome P-gp efflux and allow the compound to leak into 

the cytosol, thereby effectively reaching the brain. P-gp expression across the BBB is 

one of the main reasons driving the therapeutic failure in CNS disorders like AD, PD 

and epilepsy, where effective drug concentrations cannot be reached (Katragadda et 

al. 2005, Loscher et al. 2011). 

BRCP is another important ABC carrier acting as an efflux pump for 

xenobiotics. Human BCRP consists of two isoforms and shows only six 

transmembrane spanning helices, requiring homo-dimerization for effective substrate 

transport. BRCP is widely expressed in human tissues, including the intestine, liver, 

kidneys, testis, uterus, placenta and CNS, where it conveys a drug resistance 

phenotype. Together with P-gp, BCRP has a specific protection impact at the BBB. 

Here, the carrier is strongly down-regulated by inflammatory processes and by pro-

inflammatory cytokines. Functionally, a considerable overlap with P-gp substrates is 

observed. BCRP substrates include anticancer agents (e.g. imatinib 46), statins, 

antibiotics, environmental toxins and endogenous substrates such as conjugated 

steroid hormones, folates and uric acid (DeGorter et al. 2012). Cumulative evidence 

from Brcp −/− mice revealed important contributions of BCRP in the BBB for drug PKs 

and CNS drug penetration (Vlaming et al. 2009). 

In a lower extent, multidrug-resistance proteins (MRPs), a large family of ABC 

carriers, also play a role in drug efflux in the BBB. In particular, MRP4 can be found on 

the luminal membrane of brain capillary endothelium. Its substrates include numerous 

endogenous compounds (e.g. cyclic nucleotides, eicosanoids, folate and GSH) and 

xenobiotics (e.g. cephalosporin, NRTIs, and cytotoxic agents such as methotrexate and 

6-mercaptopurine) (DeGorter et al. 2012). 
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1.3.1.1. In vitro BBB models 

While primary human primary brain endothelial cells would be the ideal model of 

choice for BBB permeability studies, the paucity of available fresh human cerebral 

tissue and high technical difficulty makes wide-scale studies impractical for drug 

discovery purposes. Useful high throughput permeability assays have been developed 

using non endothelial cell lines, like Caco2 (heterogeneous human epithelial colorectal 

adenocarcinoma cells), porcine kidney (LLC-PK1), and the MDCK (Madin-Darby 

canine kidney) cell line (Garberg et al. 2005). Although these are neither endothelial 

cells nor do they originate from the brain, the tightness of the monolayer results in 

permeability values that correlate well with in vivo permeation (Garberg et al. 2005). 

The recent development of the brain microvascular endothelial cell line hCMEC/D3 

represented a significant advance for permeability studies (Weksler et al. 2013), albeit 

its considerable operation costs. Due to its significantly lower cost and higher 

throughput capacity, a parallel artificial membrane permeability assay (PAMPA) that 

lacks transporter proteins can be positioned in a screening flow scheme to detect BBB 

permeable compounds before complex and costlier cell-based screening assays (Di et 

al. 2003). 

 

1.3.2. Structural Requirements for CNS Drugs 

Aside from the BBB and ABC carrier-mediated efflux, one of the main reasons 

behind the failure of a CNS drug candidate relies on poor oral bioavailability and PK 

that was not predicted by preclinical ADMET and animal studies. CNS drug discovery 

and development is guided by rules of thumb that generally describe indicative 

physicochemical and biopharmaceutical properties for drug-likeness. Arising from the 

pioneering work of Lipinski and his collaborators (Lipinski et al. 2001), the first 

systematic guidelines establishing the physicochemical properties that define the drug-

likeness of a compound were: molecular weight (MW) less than 500 Da (MW < 500 

Da), calculated partition coefficient less than five (clogP < 5), less than five hydrogen 

bond donors (HBDs < 5); and less than ten hydrogen bond acceptors (HBAs < 10). 

This rule of thumb is commonly known as the “Lipinski’s rule of 5” (RO5) and suggests 

indicative parameters for optimal absorption and permeability of a drug candidate. A 

similar analysis by Veber et al., regarding the properties that influence oral 

bioavailability of drug candidates, found different parameters for oral bioavailability 

(rotable bonds ≤ 10, total polar surface area (TPSA) ≤ 140 Å2 and HBD and HBA ≤ 12) 

(Veber et al. 2002). Subsequent drug-likeness studies provided additional parameters 
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to complement the initial RO5, including pKa and ionisation state, and number of heavy 

atoms (N). Wager et al. (2010) reached the following median values for 119 marketed 

CNS drugs: MW = 305.3 Da, cLogP = 2.8, MW = 305.3, TPSA = 44.8 Å2, HBD = 1 and 

pKa = 8.4. A similar analysis (Ghose et al. 2012) with 317 CNS drugs pointed towards 

a similar profile, with TPSA < 76 Å2, at least one nitrogen atom, less than 7 linear 

chains outside of rings and HBD < 3. Likewise, compounds with TPSA < 60-70 Å2, 

HBD < 2 and pKa < 8 are also less likely to be P-gp substrates (Hitchcock 2012, Desai 

et al. 2013).  

When addressing the issue of CNS drug development, the existence of the BBB 

renders classical parameters of PK such as oral bioavailability and plasma 

concentration insufficient for brain bioavailability (Rankovic 2015), thus requiring a 

broader approach. Recent development of scoring functions that combine multiple 

parameters into a single value enabled the visualization of the multivariate property 

space. Among these scoring functions, ligand efficiency (LE = −1.4 log IC50 / N), ligand 

lipohilicity efficiency (LLE = pIC50 – clogP) and ligand efficiency dependent lipophilicity 

(LELP = cLogP / LE), which normalizes lipophilicity and structural contributions to in 

vitro drug potency, emerged as a relevant parameter for CNS drug discovery. In 

particular, LLE sets consistent expectations regardless of molecular weight or relative 

potency (Shultz 2013) and CNS drugs generally display a LLE > 5-6 (Rankovic 2015). 

LELP, a multivariate scoring function that combines MW and cLogP, was found to be 

able to distinguish marketed drugs (LELP = 5.9) from clinical candidates (LELP = 7.0) 

(Keseru et al. 2009). A comparative analysis of a wide range of compounds at different 

stages of drug discovery, as well as marketed drugs, showed that LELP outperformed 

LLE for risk assessments related to ADME and safety properties (Tarcsay et al. 2012), 

further supporting the greater predictive power of multivariate scoring functions. 

The logarithm of the ratio of the concentration of a drug in the brain and in the 

blood (log BB), measured at equilibrium, is another index of BBB permeability. This 

parameter can be determined using in vivo, in vitro and in silico approaches, and 

experimental results have been shown to correlate well with computational models 

(Abraham et al. 2006). Molecules with log BB > 0.3 cross the BBB readily, while 

molecules with log BB < −1 are poorly distributed to the brain (Vilar et al. 2010). 

Although a number of CNS-active molecules exceed one of these criteria, these 

general orientations provide helpful guidance in the development of effective CNS 

drugs. 

Some of the proposed metrics have been recently questioned (Shultz 2013), 

suggesting that rules of thumb must be viewed not under a restrictive but critical 

perspective. In fact, RO5 does not apply for natural products, drugs that are 
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administered parenthetically or drugs that are actively transported by protein carriers 

(Keller et al. 2006). Nevertheless, the original RO5 and multi-parameter scores are 

useful and generally accepted tools in drug discovery programs. More importantly, 

these parameters were a major milestone in the evolution of the drug discovery 

process, from a largely trial-and-error effort to the modern scientific endeavour driven 

by robust prediction methods. 

 

1.3.3. HCAs as a Scaffold for CNS Leads and Drug Candidates 

The phenylpropanoid scaffold of HCAs is a privileged structure for drug 

discovery. The concept of applying privileged structures is highly attractive in drug 

design, as it can provide compounds with the desired affinity whereas selectivity is 

introduced by scaffold structural variation. Due to their chemical versatility and 

modifiability, HCAs have been widely used as a template for the development of new 

compounds to be applied in different diseases, namely those related with oxidative 

stress (De et al. 2011, Touaibia et al. 2011).  

Due to their established antioxidant and neuroprotective activity, caffeic 12 and 

ferulic 13 acids (Figure 8) are widely used HCAs in drug discovery. Drug design 

strategies encompassing the use of HCAs for ND are generally a) coupling of HCAs 

with pharmacophores of CNS or neuroprotective drugs through amide bonds and b) 

structural modifications of the HCA scaffold to improve its ADMET and increase target 

selectivity (Figure 27). 

 

Figure 27. Examples of HCA-based compounds developed for CNS disorders. HCA: hydroxycinnamic 

acid; CNS: central nervous system. 
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Tacrine-6-ferulic acid 61 is a dual-binding non-selective nanomolar ChE 

inhibitor (AChE: IC50=4.4 nM vs ButyrylChE: IC50=6.7 nM) that prevents self- and 

AChE-induced Aβ aggregation in PC12 cells (Pi et al. 2012). In HT22 cells, 61 

prevented oxidative damage through trans-activation of the Nrf2/ARE pathway and 

upregulation of phase II enzymes (Huang et al. 2012). In an AD mouse model, after 

intracerebroventricular injection of Aβ, 61 significantly improved the cognitive ability 

along with increasing choline acetyltransferase and SOD activity, decreasing AChE 

activity and malondialdehyde levels (Pi et al. 2012).  

A similar derivative, tacrine-3-caffeic acid 62, displayed weaker but selective 

AChE inhibition (AChE: IC50=300 nM vs ButyrylChE: IC50=29 µM), prevented self- and 

AChE induced Aβ aggregation and protected against H2O2- and glutamate-induced 

damage in HT22 cells (Chao et al. 2012). Moreover, 62 attenuated glutamate-induced 

intracellular ROS production and mitochondrial membrane-potential disruption and 

activated the Nrf2/ARE pathway (Chao et al. 2014). The neuroprotective effects of 62 

were partially reversed by brusatol-induced reduction of Nrf2 protein levels (Chao et al. 

2014). 

A renewal on the design of tacrine-HCA hybrids, incorporating rigid planar 

fragments and the α-acylaminocarboxamide backbone of glycine, was recently 

reported as a strategy for the development of HCA-based MTDDs (Benchekroun et al. 

2015). In particular, tacrine-ferulic acid hybrid 63 showed a favourable multipotent 

activity profile, with moderate and completely selective inhibition of human butyrylBChE 

(IC50 =68.2 nM), strong in vitro antioxidant activity and Aβ anti-aggregation properties 

(65.6 % at 1:1 ratio). Moreover, 63 was able to permeate through the BBB in the 

PAMPA in vitro model, showed a wide safety range (LD50 > 1 mM), and effective 

neuroprotection at 1 μM against toxic insults such as Aβ, H2O2 and oligomycin 

A/rotenone on SH-SY5Y cells (Benchekroun et al. 2015). 

The combination of HCAs with the chroman pharmacophore of vitamin E 1 

(Figure 6) led to the development of 5-substituted chroman analogue 64, a potent 

antioxidant that rescued Jurkat T and HT22 cells from H2O2- and glutamate-induced 

damage, respectively (Koufaki et al. 2006). 

In order to overcome the poor ADMET and PK of naturally occurring HCAs, 

structural modifications in chemical sites unrelated with the antioxidant pharmacophore 

(phenol and catechol moieties and the electrophile (E)-double bond) have been 

extensively studied. For instance, the development of caffeate esters 65-71 was shown 

to increase the neuroprotective activity of caffeic acid 12 in several cell models of ND, 

including H2O2-challenged PC12 cells (Garrido et al. 2012) and glutamate-challenged 

cerebellar granule neuron cells (Liu et al. 2012). 
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The development of mitochondriotropic HCA-derivatives is an innovative 

strategy to provide intracellular target-specific delivery of antioxidants to tackle 

mitochondrial dysfunction associated with ND (Oyewole et al. 2015). In the case of 

derivative 72, coupling of caffeic acid to the lipophilic triphenylphosphonium cation 

allowed accumulation of 72 within mitochondria, in a process driven by the membrane 

potential (Teixeira et al. 2012). Treatment of freshly isolated mitochondria with low 

micromolar concentrations of 72 effectively protected against FeCl2/H2O2/ascorbate–

induced lipoperoxidation. Moreover, 72 effectively protected C2C12 myoblast cells 

against H2O2 and linoleic acid hydroperoxide-induced oxidative stress (Teixeira et al. 

2012). 

Overall, although the development of HCA-based CNS drugs is still in its 

infancy, the phenylpropanoid framework can be viewed as a valid structure for drug 

discovery programs. Caffeic 12 and ferulic 13 acids have been widely used as 

templates for the development of new chemical entities with potential therapeutic 

interest in human diseases associated with oxidative stress. The synthesis of esters, 

amides and hybrids with CNS drug pharmacophores is a trending strategy for the 

development of HCA derivatives with therapeutic application, which may lead to the 

development of new and effective CNS leads and drugs in a foreseeable future. 

 

1.4. RESEARCH OBJECTIVES 

Phenolic acids are broadly distributed in several species of the plant kingdom 

and widely consumed in human diet. In particular, HCAs and derivatives have been 

extensively studied in the past years, which unveiled a broad spectrum of biological 

activities and potential therapeutic applications (El-Seedi et al. 2012). As a result, there 

has been an upsurge in the development of new chemical entities based on the HCA 

scaffold. The use of naturally-occurring systems in drug development may be a valid 

strategy to obtain effective and safe leads and potential drug candidates. 

Accordingly, our first aim is to validate the HCA scaffold for the development of 

BBB-permeable MTDD candidates for ND. In the case of nitrocatechol-based HCA 

derivatives, and in order to address the potential for hepatotoxicity, a toxicological 

study of the most promising compounds in different in vitro models will also be 

performed. In this case, the specific aims are the development potent MTDD 

alternatives based on the HCA scaffold that present a lower risk of hepatotoxicity when 

compared to tolcapone, and the study of structural and mechanistic aspects that drive 

tolcapone-induced hepatotoxicity. 
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Accordingly, we designed and synthesized a small library of HCA derivatives 

according to the general strategy depicted in figure 28.  

 

 

Figure 28. Design strategy pursued for the development of a HCA-based library. 

 

The following specific aims were set to accomplish with the present work: 

 Evaluation of in vitro antioxidant activity of the HCA library in cell-

based and cell free systems. Antioxidant activity will be evaluated 

using different synthetic radicals and cellular oxidative stress-inducers. 

 

 Screening for in vitro inhibition of ND targets. The library will be 

screened for the inhibition of COXs, COMT, tau aggregation and other 

targets (e.g.: cholinesterases and GSK-3β) and compared to 

commercially available standard inhibitors; 

 

 Study of the binding mode of HCA derivatives to their 

macromolecular targets. Docking studies will be used to evaluate the 

interactions of the most promising HCA ligands and their targets; 

 

 Evaluation of BBB permeability. The ability of the most promising 

HCA derivatives to passively diffuse through the BBB will be evaluated 

using a high-throughput in vitro PAMPA-BBB model; 

 

 Evaluation of physicochemical properties of the most promising 

HCA derivatives. The assessment of  physicochemical properties will 
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be used as a criteria for lead selection and to establish preliminary 

structure-property-activity relationships; 

 

 Screening for cytotoxicity in different cellular models. The effects of 

the most promising HCA derivatives will be evaluated in rat primary 

hepatocytes, and neuronal (SH-SY5Y) and non-neuronal (Caco-2) cell 

lines. The influence of P-gp efflux and P450 metabolism will also be 

studied; 

 

 Evaluation of the mechanisms of cytotoxicity. The potential 

formation of ROS/RNS and reactive metabolites will be evaluated by in 

vitro cellular and electrochemical methods for the most promising 

compounds and compared to standard inhibitors; 

 

 Evaluation of the potential for mitochondrial-induced toxicity. The 

influence of the most promising HCA derivatives in mitochondrial 

respiratory status will be studied in human hepatocellular carcinoma 

(HepG2) cells; 

 

 Proposal of a lead MTDD lead candidate. The compound(s) with the 

most promising pharmacological and toxicological profile will be 

highlighted and its potential as a MTDD lead candidate will be 

discussed. 
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Antioxidants are substances that when present at low con-
centrations compared with that of an oxidizable substrate 
markedly delay or prevent the oxidation of the latter [6]. 
Some factors that govern the antioxidant capacity of a 
compound are a) the inherent chemical reactivity against 
free radicals, b) the stability of the free radical generated 
from the antioxidant, c) the thermal stability, and d) the 
effective concentration and mobility and synergistic anti-
oxidant properties [7]. Antioxidants can operate by diverse 
antioxidant mechanisms such as chelation of redox-active 
transition metals, free radical scavenging, and the inhibi-
tion of pro-oxidant enzymatic systems [7–9]. The anti-
oxidant activity of dietary phytochemicals has been 
epidemiologically linked to a reduction in oxidative-stress-
related diseases in populations that consume high amounts 
of fruits and vegetables [10]. In particular, the ability of 
polyphenols and/or their metabolites to scavenge reactive 
oxygen species (ROS) and reactive nitrogen species has 
been directly associated with the benefits of diets rich in 
fruits and vegetables [11]. In particular, one can highlight 

New insights into the antioxidant activity of hydroxycinnamic and hydroxybenzoic 
systems: Spectroscopic, electrochemistry, and cellular studies
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Abstract
A series hydroxycinnamic and gallic acids and their derivatives were studied with the aim of evaluating their in vitro antioxidant proper-
ties both in homogeneous and in cellular systems. It was concluded from the oxygen radical absorbance capacity-fluorescein (ORAC-FL), 
1,1-diphenyl-2-picrylhydrazyl (DPPH), and cyclic voltammetry data that some compounds exhibit remarkable antioxidant properties. In 
general, in homogeneous media (DPPH assay), galloyl-based cinnamic and benzoic systems (compounds 7–11) were the most active, 
exhibiting the lowest oxidation potentials in both dimethyl sulfoxide (DMSO) and phosphate buffer. Yet, p-coumaric acid and its derivatives 
(compounds 1–3) disclosed the highest scavenging activity toward peroxyl radicals (ORAC-FL assay). Interesting structure–property– 
activity relationships between ORAC-FL, or DPPH radical, and redox potentials have been attained, showing that the latter parameter can 
be a valuable antioxidant measure. It was evidenced that redox potentials are related to the structural features of cinnamic and benzoic sys-
tems and that their activities are also dependent on the radical generated in the assay. Electron spin resonance data of the phenoxyl radicals  
generated both in DMSO and phosphate buffer support the assumption that radical stability is related to the type of phenolic system. 
Galloyl-based cinnamic and benzoic ester-type systems (compounds 9 and 11) were the most active and effective compounds in cell-based 
assays (51.13  1.27% and 54.90  3.65%, respectively). In cellular systems, hydroxycinnamic and hydroxybenzoic systems operate based 
on their intrinsic antioxidant outline and lipophilic properties, so the balance between these two properties is considered of the utmost 
importance to ensure their performance in the prevention or minimization of the effects due to free radical overproduction.

Keywords: cinnamic acid derivatives, ORAC-FL, cyclic voltammetry, EPR, cellular antioxidant capacity, DPPH

Introduction

Oxidative damage of biologically relevant molecules, such 
as lipids, proteins, carbohydrates, and nucleic acids, has 
been related to physiological events like the aging process 
and several pathologies and disorders, namely neurode-
generative diseases as Parkinson’s and Alzheimer’s dis-
ease, and even cancer [1–4]. The accumulation of oxidative 
species and its implications in oxidative-stress-related  
diseases depend on the particular type of tissue or organ, 
where the oxidative process occurs. Radical species are 
chemically unstable and highly reactive. Although they 
are formed under physiological conditions, their levels are 
kept relatively low by an efficient antioxidant defense  
system. However, under some pathological circumstances, 
their overproduction can exceed the ability of endogenous 
antioxidants to detoxify them [5]. Stepping up the pool of 
endogenous antioxidants or the intake of exogenous anti-
oxidants, such as polyphenol phytochemicals, can be an 
effective approach for minimizing their oxidative damage. 
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hydroxycinnamic (HCA) and hydroxybenzoic acid, as 
these systems are widely spread in plants, cereals, fruits, 
and coffee [12]. Several interesting biological activities—
such as antioxidant [13], antibacterial [14], and anti- 
inflammatory [15], among others—have been ascribed to 
these types of phenolic acids. Although considerable 
efforts have been made to study the antioxidant efficiency 
of phenolic acids, the information reported so far is scarce 
and controversial. Accordingly, an interactive project was 
developed aiming at accomplishing a more reliable under-
standing of the antioxidant profile of these types of sys-
tems. Herein, we report new insights on the in vitro 
antioxidant activity of a set of hydroxycinnamic and 
hydroxybenzoic acid and their derivatives in homoge-
neous and cellular systems (compounds 1–11, Table I) 
[16]. These compounds were developed based on the anti-
oxidant scaffolds of p-coumaric, caffeic, trihydroxycin-
namic, and gallic acids and their ester counterparts, in 
which the lipophilicity was essentially improved by an 
introduction of an additional alkyl side chain. Therefore, 
the synthesis of a new set of lipophilic phenolic antioxi-
dants (Table I) was performed and their antioxidant profile 
was determined by different methods. The compounds 
under study are mono-, di-, and trihydroxylated HCAs 
(compounds 1, 4, and 7, respectively), their corresponding 
ethyl esters (compounds 2, 5, and 8) and diethyl ester ana-
logs (compounds 3, 6, and 9), gallic acid (compound 10), 
and ethyl gallate (compound 11).

Materials and methods

Synthesis

The phenolic derivatives have been synthesized according 
to procedures described by Teixeira et al. [16]. The spec-
troscopic results are in accordance with the data described 
in the literature.

Evaluation of ORAC-FL activity

The analyses were carried out in a Synergy HT Multi-
Detection Microplate Reader, from BioTek Instruments, 
Inc. (Winooski, USA), using polystyrene 96-well plate, 
purchased from Nunc, Denmark. Fluorescence was  
measured from the top, at an excitation wavelength of 
485/20 nm and an emission at 528/20 nm. The plate 
reader was controlled by Gen5 software. The reaction was 
performed at 37°C in 75 mM of phosphate buffer solution 
(pH  7.4), to obtain a final volume of 200 uL. Fluores-
cein (final concentration, 40 nM) and cinnamic acid solu-
tion stocks were prepared in methanol because of their 
low solubility in buffer at high concentrations. A set of 
HCA solutions, in a range of final concentrations between 
0.3 and 6.0 mM, was placed in each well of a 96-well 
plate. These concentrations allowed the separation of the 
fluorescence decay curves. The mixture was pre- 
incubated for 15 min at 37°C before the addition of the 
2,2′-azobis(2-methylpropionamidine)dihydrochloride 
(AAPH) solution (final concentration, 18 mM). The 
microplate was immediately placed in the reader and 
automatically shaked prior to each reading. The fluores-
cence was recorded every 1 min for 120 min. A control 
assay with fluorescein, AAPH, and methanol (instead of 
the antioxidant solution) was performed for each assay 
[17,18]. Trolox was employed as standard antioxidant, in 
a final concentration range of 0.5–2.5 mM. The inhibition 
capacity expressed as oxygen radical absorbance capacity 
(ORAC) values (1) was quantified by integration of the 
area under the curve (AUC; AUCAntioxidant–AUCControl). 
All reaction mixtures were prepared in triplicate and at 
least three independent assays were performed for each 
sample. The area under the fluorescence decay curve 
(AUC) was calculated by integrating the decay of the 
fluorescence normalized by the maximum value of  
fluorescence. Data processing was performed using  
Origin Pro 8 SR2 (Origin Lab Corporation, USA). The 

Table I. Chemical structures of the hydroxycinnamic and gallic acids and their derivatives 
(compounds 1–11).

Compound

Structure Entry R1 R2 R3 R4
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ORAC indexes were calculated according to the following 
equation (1):

ORAC-FL index=
(AUCAntioxidant AUCControl )

(AUCTrolox AUCCont



 rrol )
[Trolox]

[Antioxidant]
×  (1)

Evaluation of DPPH radical-scavenging activity by ESR

The 1,1-diphenyl-2-picrylhydrazyl (DPPH∙) radical- 
scavenging capacities of the phenolic derivatives was 
determined by electron spin resonance (ESR) spectrome-
try. All the reaction mixtures contained 1.0 mM of DPPH∙ 
(volume, 50 mL; final concentration, 250 mM) and 0.1 mM 
of each compound under study (volume, 150 mL volume; 
final concentration, 75 mM). Control experiments (without 
phenolic compounds) were carried out. All the solutions 
were prepared using dimethyl sulfoxide (DMSO). Spec-
trometer conditions were microwave frequency, 9.81 GHz; 
microwave power, 20 mW; modulation amplitude, 0.95 G; 
receiver gain, 59 dB; time constant, 81.92 ms; and conver-
sion time, 40.96 ms. ESR signals were recorded after  
3 min of reaction, as it was the time required to reach the 
reaction equilibrium. All the spectra were recorded in 
three scans at the same period of time. The scavenging 
activity of each compound was estimated by comparing 
the DPPH∙ signals in the antioxidant–radical reaction  
mixture and the control reaction, at the same reaction  
time. The results were expressed as DPPH scavenging  
percentage.

Evaluation of redox properties by CV

Cyclic voltammetry (CV) measurements were performed 
in a Metrohm 693VA instrument with a 694VA stand con-
vertor and a 693VA processor, at room temperature, using 
a three-electrode cell. A glassy carbon electrode present-
ing an area of 0.03 cm2 was used as the working electrode. 
The electrode surface was polished with alumina powder 
(particle sizes, 0.3 and 0.05 mm) before use and after each 
measurement. Platinum wire was the auxiliary electrode 
and silver/silver chloride (Ag/AgCl, 3 M KCl) of Metrohm 
Company was used as a reference electrode. The CV 
experiments were carried out in DMSO, with 0.1 M of 
tetrabutylammonium perchlorate (TBAP) as supporting 
electrolyte, and 0.1 M of phosphate buffer (pH  7.4). 
Potential sweeps were executed between  0.6 and  0.8 V, 
and 0.5–5 V/s. Differential pulse voltammetry (DPV) 
method was carried out under the same experimental con-
ditions, with potential sweeps between 0.0 and  1.6 V 
and a scan velocity of 20 mV/s. The pulse amplitude 
was  50 mV during 0.5 s, and step height was 4 mV.

Monitoring of electrochemically generated phenoxyl 
radicals by ESR

ESR spectra were recorded in the X band (9.85 GHz) 
using a Bruker ECS106 spectrometer with a rectangular 
cavity and 50-kHz field modulation. The hyperfine splitting 

constants were estimated to be accurate within 0.05 G. 
The phenoxyl radicals were generated by an in situ elec-
trolytic oxidation process under the same experimental 
conditions as those of CV and DPV, in DMSO with 0.1 
M of TBAP and in 0.1 M of phosphate buffer (pH  7.4). 
The oxidation potentials were acquired from CV. For  
catechol and pyrogallol systems, radicals were stabilized 
by adding 0.1 M of zinc chloride. For monohydroxylated 
systems, radicals were trapped by adding 200 mM of 
N-tert-butyl-a-(4-pyridyl)nitrone N′-oxide (POBN). ESR 
spectra were simulated using the program—WINEPR 
SimFonia Version 1.25.

Evaluation of antioxidant capacity in RAW 264.7 cells

Cellular antioxidant activity (CAA) was evaluated in RAW 
264.7 cells using 2′,7′-dichlorodihydrofluorescein diacetate 
(DCFH2-DA) as fluorescent probe. The cells were plated in 
white sterile polystyrene flat-bottom 96-well microplates 
(Nunc, Denmark) at concentration of 100,000 cells per well 
and incubated for 24 h at 37° C and 5% CO2 in RPMI 1640 
culture medium. The cells were washed with 150 mL of 
phosphate buffer saline (PBS) (pH  7.4) and incubated for 
1 h with 100 mL of RPMI 1640 containing 25 mM of 
DCFH2-DA. The compounds under study were added at 
final concentrations of 1 and 10 mM. After 1-h incubation, 
the medium was discarded and the cells were gently washed 
twice with 200 mL of PBS. Then they were incubated with 
AAPH at final concentration of 600 mM (in PBS). Fluores-
cence was measured immediately after AAPH addition in 
a Synergy HT Multi-Detection Microplate Reader, from 
BioTek Instruments, Inc. (Winooski, USA) in 96-well plates 
at 37°C using an excitation wavelength of 485 nm and an 
emission wavelength of 538 nm. Evaluation was carried out 
every minute for 1 h. The CAA values were calculated by 
the formula (2):

CAA% AH 100



∆ ∆

∆

F F

F









  (2)

F  fluorescence intensity in the presence of free radical, 
without phenolic compounds. FAH  fluorescence intensity 
in the presence of free radical and phenolic compounds. 
All the measures were done at the same period of time.

The normality of the data was verified using the  
Kolmogorov–Smirnov test, and the homogeneity of the 
variance was checked using Levene’s test. One-way  
analysis of variance followed by Dunnett’s post-test was 
used to determine the significant differences between the 
control and exposure groups. P values of less than 0.05 
were considered statistically significant. All the statistical 
analyses were performed using OriginPro8. The  
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lipophilicity was evaluated using the free online software, 
Marvin ChemAxon.

Results and discussion

Evaluation of ORAC-FL

The peroxyl radical-scavenging activity of the synthesized 
phenolic acids and their derivatives was evaluated by the 
ORAC method [19]. The assay is based on a fluorescence-
based methodology (ORAC-fluorescein [FL]) which 
establishes an antioxidant index relative to the reference 
antioxidant—Trolox, a hydrosoluble vitamin E derivative. 
The exposure of the fluorophore (FL) to a constant flux of 
peroxyl radicals, generated from thermal decomposition 
of an azo-initiator, leads to the formation of a non- 
fluorescent product that is reflected as a decay of its  
fluorescence emission through time (Figure 1).

In ORAC assays, the loss of fluorescence of FL gener-
ally corresponds to an induction time and is reliant on the 
antioxidant capacity of a compound. In fact, it is related 
to the time at which the FL is protected against the oxida-
tive damage of peroxyl radicals, and associated with a 
competitive reaction between the radical and the antioxi-
dant [20,21]. ORAC data take into account the induction 
time, initial rate, and the range of total antioxidant inhibi-
tion in one value [22].

The main factor that determines the ORAC-FL index 
is the stoichiometry of the reaction between the antioxi-
dant and the peroxyl radicals, which is constant if the tem-
perature (37°C) is kept along the assay. This correlation 
has been previously described in the literature [22,23]. 
Additionally, the form of the kinetic decay curves, and in 
turn ORAC values, is dependent on other factors such as 
the type of the probe and reactivity of the antioxidant. If 
the probe has a higher reactivity toward peroxyl radicals, 
an unclear induction time is observed (as seen in Figure 
1A); on the contrary, if the antioxidant is more reactive, a 
clear induction time is observed (as seen in Figure 1B). 
The reactivity of the antioxidant toward peroxyl radical  
is intrinsically related to its chemical structure and  
concentration.

In this context, the ORAC-FL profile, as determined 
by the intensity of fluorescence at 528 nm versus the 
incubation time, was obtained for all derivatives. Results 
expressed as ORAC-FL indexes are presented in Table 
II. Compounds 1, 2, and 3 (7.0  0.4, 9.1  0.3, and 
10.1  0.3, respectively) display the highest ORAC-FL 
indexes. The greater peroxyl scavenger behavior may be 
due to a complex mechanism, in which the antioxidant 
regenerates fluorescein by means of a redox process [24]. 
The trihydroxylated cinnamic acid derivatives and gal-
loyl derivatives (compounds 7–11) exhibit the lowest 
ORAC-FL indexes (between 1.4 and 3.7). The observed 
performance can be related with the fewer accessibility 
to peroxyl radicals due to the existence of an intramo-
lecular hydrogen bond between vicinal hydroxyl func-
tions [25]. Compounds 4, 5, and 6 showed intermediate 
ORAC-FL indexes (between 4.3 and 6.2). The values 
obtained for compound 4 are comparable with the 
reported values [25–27]. Additionally, esterification of 
carboxylic acids in cinnamic systems improved the anti-
oxidant capacity, and the introduction of a second ester 
moiety led to an additional increment. So, one can con-
clude that ester moiety, a more potent electron-with-
drawal group than carboxylic acid moiety, has a positive 
influence on the antioxidant activity of HCA systems. 
Compounds 10 and 11, which do not have the ethylene 
spacer of the cinnamic acid skeleton, presented equiva-
lent ORAC values with and without esterification, and 
presented a slightly lower ORAC-FL indexes compared 
with those of compounds having ethylene moiety in their 
skeleton (compounds 7–9).

As opposed to what is observed for other radicals like 
DPPH∙, the number of phenolic functions often does not 
correlate with high ORAC indexes, which is mainly due 
to the chemical nature of the peroxyl radicals (i.e.,  
lipophilic radicals). This premise is in accordance with 
our results, since p-coumaric acid derivatives (com-
pounds 1–3, with only one phenolic function, hence 
higher lipophilicity) showed the highest ORAC indexes 
and the trihydroxylated derivatives (compounds 7–11, 
the most hydrophilic) the lowest. Furthermore, esterifica-
tion of the free carboxylic acid, a classic method for 
enhancing lipophilicity, generally improved activity 

(A) (B)

Figure 1. ORAC-FL profile of compounds 1 (A) and 4 (B) at different concentrations.
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(except for compounds 10 and 11, which present a dif-
ferent chemical backbone).This provides a clear example 
on how the chemical properties of the antioxidant and 
the radical influence antioxidant activity. From this study, 
a hierarchical antioxidant potency order can be estab-
lished for the phenolic cinnamic systems (Table II): 1–3 
4–6  7–9. One can conclude that for this type of 
systems, the ORAC index is inversely proportional to 
the number of phenolic functions. In addition, it was 
observed that the data were intrinsically related to the 
lipophilicity of the compounds under study. In fact, in 
each group, a higher ORAC index was detected for the 
more lipophilic compound (3  2  1; 6 ∼5  4; 9  
8  7; 11  10).

The antioxidant inhibition measured by ORAC is 
described to be related to a classical radical chain-break-
ing antioxidant activity that occurs by hydrogen-transfer 
donation (hydrogen atom transfer [HAT] mechanism). 
Nevertheless, an inverse relationship between the number 
of hydroxyl groups presented in the systems and the 
ORAC-FL index was observed.

Evaluation of DPPH∙ radical-scavenging activity by  
ESR method

A rapid, simple, and inexpensive method to measure anti-
oxidant capacity involves the use of the free radical, 
DPPH∙. The stable free radical DPPH assay has often  
been used for detecting the antioxidant activity in several 
chemical analyses, namely for measuring the antioxidant 
capacity of fruits, vegetables, juices, or extracts [28,29]. 
DPPH assays are usually classified to occur by a sequen-
tial proton loss electron transfer mechanism, in which 
DPPH∙ radical accepts an electron followed by a proton 
transfer from antioxidant compounds [30,31]. However, 
other authors believed that a marginal HAT mechanism 
can occur, depending on the reaction medium and the 
physicochemical properties of the compounds under study 
[32]. The endpoint of the assay can be evaluated by ESR 
or by measuring the decrease of its absorbance. The 
DPPH∙-ESR spectrum shows a five-line pattern, in which 
the depletion of the intensity of the signals is proportional 
to the scavenging capacity of the phenolic antioxidant 

Table II. Results obtained in antioxidant homogeneous assays (ORAC-FL, oxidation potential, and DPPH by ESR) and cellular (CAA) 
assay.

Oxidation potential (mV) Cellular antioxidant activity

Compound ORAC-FL index Phosphate buffer DMSO DPPH∙ Scavenging (%) 10 mM 1 mM
1 7.4  0.4 684 1,155; 1,311 9.0  3.3 48.30  2.37 22.57  3.44
2 9.1  0.3 596 1,131 25.1  4.2 22.90  3.04 25.95  3.18
3 10.1  0.3 653 1,211 21.1  1.5 13.54  4.28 10.99  1.97
4 4.3  0.3 346 1,100 55.4  1.4 35.34  0.84 18.06  0.16
5 6.2  0.1 208 731; 1,103 74.6  1.0 17.37  0.58 27.21  2.89
6 5.6  0.1 244 835 63.2  1.9 48.27  2.34 13.53  0.43
7 1.4  0.0 244 835 88.5  2.0 17.52  0.76 39.67  0.44
8 2.2  0.1 202; 648 606; 1,143 93.7  2.9 47.41  5.87 7.86  0.09
9 3.7  0.2 93; 651; 843 608; 995 100  0.0 51.13  1.27 2.81  0.07
10 2.0  0.1 292; 603 795; 1,059 72.7  5.8 21.66  0.75 9.62  0.06
11 2.2  0.1 209 819; 1,107 90.8  4.0 54.90  3.65 6.94  1.86

(A)

(B)

Figure 2. (A) EPR spectrum of DPPH∙ (control) and spectra of compounds 1, 4, and 7 that were added at the same concentration.  
(B) Comparison of the DPPH∙ scavenging capacities of the compounds under study. Results are expressed as mean % of DPPH∙  
scavenging  S.D. (n  3). Values marked by the same capped line are significantly different (p  0.05).
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(Figure 2A). Therefore, the stability of the phenoxyl  
radical generated in situ is relevant to the process and 
related to the antioxidant capacity. The time to reach the 
endpoint of DPPH∙-ESR assay is dependent on the medium 
and the properties of the molecules under study.

The DPPH∙-ESR assay data can be analyzed by looking 
for the measurement of DPPH decay rate (dynamic 
approach) or the amount of DPPH scavenged (static 
approach). While the former characterizes the reactivity, 
the latter determines the stoichiometry of the reaction of 
DPPH with the H donor (the quantity of active OH groups). 
In the present assay, the experimental conditions were 
optimized by determining the time required to reach  
the reaction equilibrium between hydroxycinnamic or 
hydroxybenzoic system and DPPH radical. Accordingly, 
ESR spectra were recorded and after 3 min of reaction, 
robust signal intensity changes, for each added phenolic 
compound, were noticed. The resolved spectra attained 
allow the measurement of the antioxidant activity.

The results of the DPPH∙ assay are presented in  
Table II. All the compounds were tested at the same con-
centration (final concentration, 75 mM) and reaction  
time (3 min). In general, the trihydroxylated derivatives 
(compounds 7, 8, and 9) showed the strongest capacity of 
the series followed by the dihydroxylated derivatives 
(compounds 4, 5, and 6) and the monohydroxylated deriv-
atives (compounds 1, 2, and 3) (Figure 2B). Comparing 
gallic acid and ethyl gallate (compounds 10 and 11) with 
3,4,5-trihydroxycinnamic acid derivatives (compounds 7, 
8, and 9), it can be concluded that the presence of ethylene 
tether in the backbone of the cinnamic acid has a positive 
effect on the scavenging capacity, as it can contribute to 
the stabilization of the phenolic radical generated in situ. 
In general, esterification improved the DPPH∙-scavenging 
capacity of hydroxycinnamic and hydroxybenzoic systems 
when compared with that of the non-esterified patterns 
(compounds 1, 4, 7, and 10; Figure 2A). The data show a 
positive correlation with the number of hydroxyl groups 
present in the systems under study. No correlation between 
ORAC-FL indexes and DPPH∙ scavenging percentages 
(data not shown) has been found. A general antioxidant 
relationship cannot be performed as the radicals and  
consequent reaction mechanism are quite different in the 
two assays.

Evaluation of redox properties by cyclic voltammetry

CV and DPV are methods often used to study the anti-
oxidant capacity of different antioxidant systems, as they 
can evaluate the systems’ ability to donate electron(s) 
[33,34]. Thus, a lower value of oxidation potential points 
out an easier oxidation process and therefore a more potent 
antioxidant.

In CV, the working electrode is immersed in the sample 
and its potential is scanned in the anodic (positive) direc-
tion. During this forward scan, the potential of the work-
ing electrode gradually becomes more positive, and thus 
the oxidizing power of the electrode increases. When the 
potential of the electrode reaches the compound oxidation 

potential, its oxidation occurs. The oxidation process is 
recorded as current–potential plot in the forward scan. 
When the potential reaches the final value, the direction 
of the scan is reversed and the potential is scanned to the 
cathodic (negative) direction. During the reverse scan, the 
potential of the working electrode gradually becomes 
more negative and its reducing power increases. The pres-
ence or absence of a cathodic peak in the reverse scan is 
a significant parameter as it gives information on the 
reversibility of the redox reaction [35]. DPV is a method 
that is also employed to acquire electrochemical data 
related with the antioxidant activity. In the technique, 
small pulses of constant amplitude (10–100 mV), super-
imposed on a staircase waveform, are applied and the  
current is measured twice in each pulse period: first at the 
beginning of applying pulse and second at the end of the 
same pulse [36]. The measured current in the instrumental 
output, designated as differential pulse voltammogram, is 
actually the difference between the currents measured for 
each single pulse. By attaining the current just before the 
potential is changed, a much higher sensitivity and resolu-
tion of DPV peaks with respect to CV are obtained.

CV and DPV of phenolic systems under study were 
carried out in a 0.1 M of phosphate buffer, a protic medium, 
and in DMSO, an aprotic medium. In all the determina-
tions, the oxidation peaks in DMSO were shifted to more 
anodic values in comparison with those acquired in buffer 
medium. The electrochemical peaks obtained in DPV for 
both phenolic systems, as they were sharper and with a 
higher intensity than those obtained in CV, are presented 
in Table II.

In general, both in CV and DPV, the trihydroxylated 
cinnamic and benzoic derivatives (compounds 7–9, 10, 
and 11) presented the lowest oxidation potentials, both in 
buffer and DMSO. On the other hand, p-coumaric acid 
and its derivatives (compounds 1–3) display the highest 
oxidation potentials in both solvents (Table II). The anodic 
oxidation of caffeic acid and its derivatives (compounds 
4–6, Figure 3), trihydroxylated cinnamic acid and gallic 
acid and their derivatives showed irreversible anodic and 
cathodic waves.

The ratio of cathodic-to-anodic peak heights increased 
gradually until it reached a fixed value and the current 
function, Ipa/v

1/2, declines with the scan rate, suggesting 
that an electrochemical–chemical mechanism occurs along 
the process [36]. Consequently, the oxidation process of 
caffeic acid [37,38] and 3,4,5-trihydroxycinnamic acid 
[39] is generally accepted to occur through the formation 
of an o-quinone via semiquinone forms. p-Coumaric acid 
and its derivatives exhibit only one anodic wave (data not 
shown) of low intensity; at a high oxidation potential,  
the oxidation process is related to the formation of the 
corresponding keto-compounds [40].

The overall data allow concluding that the electrochem-
ical potential was strongly correlated with the number of 
hydroxyl substituents in the aromatic ring of either 
hydroxycinnamic or hydroxybenzoic systems and that the 
presence of an ethylene linkage between the phenolic ring 
and the carboxylic group can contribute to the stabiliza-
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tion of the phenoxyl radical formed during the oxidation. 
The same trend was observed in protic (buffer) or aprotic 
(DMSO) medium.

Monitoring of electrochemically generated phenoxyl 
radicals by ESR

Electrochemical generation in DMSO

Insights into the oxidation mechanism of phenolic systems 
under study were attained using ESR. The method allows 
monitoring the oxidation process and characterizing the 
radicals formed in situ under the same experimental condi-
tions as in the CV experiments; that is, a system of three-
electrode cell with 0.1 M of TBAP in DMSO. As the 
radicals generated from the compounds containing cate-
chol or galloyl systems in their structure cannot be detected 
by ESR due to their rapid decay, zinc chloride was used to 
accomplish their in situ stabilization. The ESR spectra of 
the complexes of the cinnamic compounds containing the 

catecholic function (compounds 4–6, Figure 4A) and of 
3,4,5-trihydroxylated cinnamic derivatives (compounds 
7–9, Figure 4B) showed hyperfine splittings, allowing the 
determination of the coupling constants (Table III). The 
data corroborate the occurrence of a monoelectronic oxida-
tion of the catechol and galloyl moieties, and generation of 
a free radical intermediate in DMSO at the oxidation 
potential employed. The hyperfine splitting pattern of  
gallic acid and ethyl gallate (compounds 10 and 11,  
Figure 4C) was found to be less resolved than that of their 
trihydoxylated counterparts based on cinnamic acid  
pattern (compounds 7–9), as fewer coupling spin nuclei are 
present in the compound (Table III). The data point out the 
presence of less electronic delocalization in the structure 
as observed by the fewer, and lower, number of these 
hyperfine coupling constants [41,42]. It seems that the eth-
ylenic side chain present in trihydroxycinnamic acid offers 
a positive contribution to the in situ radical stabilization.

The detection of phenoxyl radical in p-coumaric acid 
and its derivatives (compounds 1–3) cannot be performed 

(C) (D)

(A) (B)

Figure 3. (A) Cyclic voltammograms of compound 4 at different scan rates in 0.1 M of phosphate buffer (pH  7.4) (B) Cyclic voltammograms 
of compounds 4 (black), 5 (red), 6 (blue) in DMSO, supporting electrolyte TBAP at the same scan rate (2 V s 1). DPV of compounds  
4, 5, and 6 in buffer (C) and in DMSO medium (D) at 20 mV s 1.
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directly in DMSO/zinc chloride system, as the compounds 
have a high oxidation potential. Accordingly, a-phenyl-N-
tert-butylnitrone (PBN) was used as a spin-trap allowing 
the detection of the radicals formed in the oxidation event 
(Figure 4D). As PBN is oxidized at higher potential [43], 
its oxidation product was not generated in the experimen-
tal conditions used in the assay. A characteristic doublet 
of triplet pattern was observed in the spectrum, and the 
hyperfine splitting (aN  14.7 G, aH  2.35 G) indicates 
that a radical adduct was formed between PBN and a 
carbon-centered p-coumaric acid radical in the reaction 
[44]. The hyperfine coupling constants calculated in ESR 

spectra of the hydoxycinnamic or hydroxybenzoic systems 
are in agreement with data published for similar phenoxyl 
or semiquinone anion radicals produced by oxidative  
processes [45–47].

Electrochemical generation in 0.1 M of phosphate  
buffer (pH  7.4)

The electrochemical generation of phenoxyl radicals 
from caffeic, trihydroxylated cinnamic, and gallic acids 
(and their corresponding derivatives) has not been 
detected along the oxidative reaction performed in buf-
fer, even when zinc salt was added. To surpass the draw-
backs, the assays were repeated and a spin-trap, 
specifically POBN that is a PBN hydrosoluble analog, 
was added to the medium. No signals of spin adducts 
with POBN were observed (Figure 4). The data can be 
explained by the short life of the free radical intermedi-
ates in this medium and the rapid in situ formation of the 
most stable non-radical oxidation products that can occur 
if the oxidation process of the phenolic systems is via 
two electrons.

(A) (B)

(C) (D)

Figure 4. ESR spectra of (A) Zn2–caffeic acid (4) complex; (B) Zn2–3,4,5-trihydroxycinnamic acid (7) complex; (C) Zn2–gallic acid 
(10) complex. All these spectra were acquired in DMSO using TBAP as supporting electrolyte. (D) p-Coumaric acid (1)–POBN adduct in 
phosphate buffer medium. Experimental conditions: microwave frequency  9.75 GHz, modulation amplitude  0.85 G, time constant  81.92 
ms, conversion time  40.96 ms, center field  3437.44  9.00 G, sweep width  35.61 G.

Table III. Hyperfine coupling constants and g-value measured for 
compounds 4, 7, and 10.

aH1 aH2 aH3 aH4 aH5

4 3.023 2.358 1.241 1.027 0.426
7 2.75 1.557 0.831 0.695 0.387
10 0.927 0.383

 Measurements were done in EPR Winsim2002. G-value: 2.0023, Frequency: 
9.72 GHz.
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Evaluation of antioxidant capacity in RAW 246.7 cells

The fluorogenic compound, DCFH2-DA, has been exten-
sively used as a probe for the detection of oxidative stress 
that can reflect the overall oxidative status of the cell [48]. 
It has been widely used to measure the formation of reac-
tive species in cells, as it has been suggested to be oxidized 
by ONOO, H2O2 (in combination with cellular peroxi-
dases), peroxidases, •OH, and peroxyl radicals (ROO•). 
The dye, DCFH2-DA, diffuses passively through the  
cellular membrane and is transformed into DCFH2—a 
non-fluorescent compound which emits fluorescence  
when it is oxidized to 2,7-dichlorofluorescein (DCF)  
(lexcitation   498 nm; lemission  522 nm) by intracellular 
ROS or other type of oxidants—due to intracellular 
esterase activity [49]. The generation of oxidative states 
can be performed by a diversity of stressor systems, AAPH 
being usually employed as the generator of peroxyl radi-
cals. It is described in the literature that being the free 
radicals formed exclusively in the extracellular medium, 
this compound does not enter into the cell. Therefore, it 
is generally accepted that hydrophilic antioxidants can 
interact more properly with the radicals generated by 
AAPH than hydrophobic antioxidants [50].

In the evaluation of antioxidant capacity of phenolic 
systems in RAW 246.7 cells, AAPH was used as stressor 
agent and DCFH2-DA as detection system. As in the blank 
assay, neither stressor agent (i.e., AAPH) nor phenolic 
compounds (i.e., exogenous antioxidants) that were added 
to it correspond to the generation of intracellular basal  
free radicals. In other words, the blank data reflect the 
oxidant status that is generated during the normal intracel-
lular metabolism (Figure 5A). As shown in the CAA  
versus calculated distribution coefficient (clogD) plot 
(Figure 5B), the most hydrophilic antioxidant compounds 
in the series (i.e., clogD  0) are compounds 1, 4, 7, and 
10 that correspond to the phenolic acids. A linear correla-
tion with a positive slope was attained (Figure 5B). The 
most hydrophilic antioxidants are foremost present in the 
extracellular aqueous phase, and so they are withdrawn 
during the cell washing process. Therefore, the measured 

antioxidant activity can probably correspond to the resid-
ual fraction that is adsorbed in the membrane/water inter-
phase and hence a lower CAA value was reached. The 
most hydrophilic compounds (compounds 7 and 10)—that 
is, trihydroxylated compounds—were less retained and 
eliminated in the washing when compared with com-
pounds 4 (dihydroxylated compound) and 1 (monohy-
droxylated compound). The most lipophilic phenolic 
compounds in the series (i.e., logD  0) (compounds 2, 3, 
5, 6, 8, 9, and 11) also display a linear correlation between 
lipophilicity and CAA. Nevertheless, compounds 2, 3, and 
5 present a lower antioxidant activity that can be related 
to deeper penetration in the cellular membrane, making 
the interaction between radical(s)–antioxidant system less 
efficient, or to intrinsically reduced antioxidant efficiency 
of the phenolic system. Thus, a lower %CAA is observed 
in the interval ClogD  0. Compounds 6, 8, 9, and 11, 
which presented the higher antioxidant activity in the 
series, have a satisfactory lipophilicity and display a higher 
antioxidant activity against AAPH-derived radicals (that 
can be diverse than those found in homogeneous assay), 
translated into a higher %CAA.

From the cellular-based study, it can be concluded that 
hydroxycinnamic and hydroxybenzoic systems operate 
based on their intrinsic antioxidant outline and lipophilic 
properties. The balance between the two mentioned  
properties is considered of the utmost importance for 
guaranteeing their performance in the prevention or mini-
mization of the effects due to free radical overproduction 
in biological systems.

Structure–property–activity relationships

Comparing the ORAC-FL values with oxidation poten-
tials, both in 0.1 M of phosphate buffer (pH  7.4), a high 
data dispersion was observed that hindered the generation 
of a linear correlation between these parameters. Never-
theless, it was found that the systems under study gathered 
around groups that were centered on the number of  
phenolic substituents (Figure 6). The compounds with one 
hydroxyl substituent (compounds 1–3) have the highest 

(A) (B)

Figure 5. (A) Normalized fluorescence versus time for compound 4. (B) CAA versus ClogD at 10 mM.
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oxidation potentials and ORAC-FL values. The opposite 
trend is observed in the group with three phenolic sub-
stituents (compounds 7–11). The compounds with the 
catechol moiety (compounds 4–6) constitute one group 
that is placed between the formerly stated groups. More-
over, inside each group of compounds, the same trend is 
observed: lower oxidation potentials correspond to higher 
ORAC-FL indexes.

On the other hand, comparing ORAC-FL with clogD, 
no clear correlation was observed between them (data not 
shown), contrary to what was found between %CAA and 
clogD (Figure 5B). This observation demonstrates the 
importance of lipophilicity in a cellular assay, the anti-
oxidant capacity being a mixture between the inherent 
chemical reactivity and stability of the antioxidant, and its 
availability in a heterogeneous medium.

By comparing the percentage of DPPH∙ radical scav-
enging versus oxidation potential (Epa), both performed 
in DMSO medium, a linear correlation was found  

(R2  0.85) (Figure 7). The data show that compounds 
with lower oxidation potential are more reactive against 
DPPH∙ radical. The overall results corroborate the hypoth-
esis that a higher capacity of losing electrons is related to 
the efficacy of the DPPH radical-scavenging activity of a 
particular system [50].

Conclusions

Taken together, the antioxidant data obtained for the 
series of hydroxycinnamic and gallic acids and their 
derivatives (compounds 1–11) unveil several important 
guidelines in the rational design and discovery of effec-
tive drugs, which can be applied either in prevention or 
treatment of oxidative-stress-related diseases. From the 
ORAC-FL indexes, a parameter of antioxidant capacity 
against peroxyl radical, an antioxidant ranking score, 
was established: p-coumaric acid and derivatives  caf-
feic acid and derivatives  trihydroxylated cinnamic 
acid and derivatives ∼ gallic acid and derivatives. Over-
all, esterification of the parent scaffolds improves the 
antioxidant activity of precursors. The same tendency 
was observed for the oxidation potentials (both in buffer 
and DMSO), although in this case the esterification did 
not significantly modify the antioxidant activity of pre-
cursors. Regarding the scavenging capacity against 
DPPH∙ radical, the most active compounds were trihy-
droxylated cinnamic acid and its derivatives and gallic 
acid and its derivatives, followed by caffeic acid and its 
derivatives and then p-coumaric acid and its derivatives. 
In this assay, esterification increased the scavenging 
capacity in each group of compounds. Furthermore, the 
oxidation potential in DMSO and the scavenging capac-
ity against DPPH∙ correlated linearly, proving that the 
redox potentials are closely related to structural features 
of cinnamic acids and are a good indicator of the anti-
oxidant activity. ESR data of the phenoxyl radicals gen-
erated by electrochemical oxidation, both in DMSO and 
phosphate buffer, showed that the radical stability data 
are in accordance with the type of system, evidencing 
that in aqueous systems rapid exchanges of the gener-
ated radicals take place. The cellular antioxidant activity 
against an extracellular AAPH-derived free radical 
increased at 10 mM compared with 1 mM, except for 
compounds 5 and 7. There was no clear correlation 
between the CAA and the number of OH groups, and 
the outcome of esterification; however, a remarkable 
linear correlation between CAA and calculated logD 
(ClogD) was observed. From the cell-based study it can 
be concluded that hydroxycinnamic and hydroxybenzoic 
systems operate based on their intrinsic antioxidant  
outline and lipophilic properties. The balance between 
the two mentioned properties is considered of the  
utmost importance for guaranteeing their performance 
in biological systems.

The overall data points out that hydroxycinnamic and 
benzoic acids can be approached as inspiring scaffolds to 
develop innovative and effective antioxidants.         

Figure 7. Correlation between the DPPH-scavenging activity and 
the oxidation potential for the compounds under study, both in 
DMSO medium.

Figure 6. Correlation between ORAC-FL indexes and the oxidation 
potentials, measured in buffer (pH  7.4) for the compounds under 
study.
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Biology-oriented development of novel lipophilic
antioxidants with neuroprotective activity

T. Silva,a J. Bravo,b T. Summavielle,b F. Remião,c C. Pérez,d C. Gil,†d A. Mart́ınez†d

and F. Borges*a

Hydroxycinnamic derivatives based on ferulic and caffeic acids were designed tomeet the pharmacokinetic

requirements to cross the blood–brain barrier and to display neuroprotective activity within the central

nervous system. Biological screening included the assessment of acetylcholinesterase and glycogen

synthase kinase 3b inhibition, iron chelation properties, in vitro blood–brain barrier permeability,

evaluation of cytotoxicity and neuroprotection against 6-hydroxydopamine induced damage in SH-SY5Y

cells. Although the chemical modifications did not significantly alter the in vitro activity of the parent

compounds, the results of the PAMPA-BBB assay show that some derivatives have higher diffusion rates

and may reach the brain. The majority of the synthesized compounds did not display cytotoxicity and

successfully prevent 6-hydroxydopamine damage. In this series, compound 14 stands out as a promising

neuroprotective agent combining a number of key features: iron chelation, neuroprotection against

oxidative damage, mild acetylcholinesterase activity and ability to permeate the blood–brain barrier. This

biology-oriented approach provides new tools for the generation of new chemical entities to tackle the

oxidative damage associated with neurodegenerative disorders.

1 Introduction

Natural products exert their biological function by binding to
multiple targets in the course of their biosynthesis, therefore
dening privileged and biologically relevant molecular frame-
works. Consequently, compound libraries inspired by natural
products are expected to yield relevant modulators of multiple
biological processes.1–3 Thus, the synthesis of natural product
inspired compounds is a highly promising approach driving
drug discovery programs.4

Biology-oriented synthesis (BIOS) employs biological rele-
vance and scaffold validation as key criteria for the development
of focused libraries. The underlying scaffolds of natural product
classes dene the areas of the chemical space explored by
nature in evolution. In this context, naturally occurring
hydroxycinnamic acids (HCAs) can be viewed as privileged
structures for the development of bioactive compounds with
therapeutic potential. HCAs like ferulic acid and caffeic acid

(compounds 1 and 2, Fig. 1) are phenolic acids widely distrib-
uted in plants, fungi and algae and recognized for their anti-
oxidant activity.5 Arising as secondary metabolites of L-tyrosine
and L-phenylalanine, HCAs bear a phenylpropanoid scaffold
that can be found in a variety of compounds present in human
diet.5,6

The antioxidant activity of HCAs is mediated by a combina-
tion of mechanisms namely (a) direct scavenging of reactive
species (RS) by hydrogen donation and/or electron transfer,7,8

(b) chelation of pro-oxidant transition metals (e.g. Cu and Fe),9

(c) induction of cytoprotective signalling pathways (e.g.
Nrf2-ARE),10,11 and (d) regeneration of the reduced forms of
endogenous antioxidants.12

Dietary HCAs have demonstrated a signicant impact on
human health, with potential benets for several disorders
associated with oxidative stress.13–15 This observation is

Fig. 1 Chemical structures of ferulic (1) and caffeic acid (2).
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particularly relevant for neurodegenerative diseases (ND), like
Alzheimer's disease (AD) and Parkinson's disease (PD), since
the human brain has the highest rate of oxygen consumption16

and is therefore greatly susceptible to oxidative damage. This
susceptibility is further aggravated by the brain's high content
in oxidizable unsaturated fatty acids and in the pro-oxidant iron
and in a noticeable low level of endogenous antioxidants.17–19

Antioxidant therapy has received considerable attention as an
approach to delay or prevent the events that lead to neuro-
degeneration, with many antioxidants undergoing clinical trials
over the past years.20–25 However, the results of these studies
remain controversial, as the majority of the tested compounds
lack any therapeutic advantage. There is indeed a signicant
mismatch between the results obtained in pre-clinical studies
and the outcome of clinical trials. This gap may be related not
only by the design of the clinical trials (e.g. posology, duration of
treatment, age and disease stage of the patients enrolled) but
also by the pharmacokinetics of the antioxidants under evalu-
ation. In fact, some of them have a noticeable hydrophilicity
that restricts their distribution through complex biological
systems, constituting a major pharmacokinetic drawback.26 The
inability to successfully diffuse through biological barriers, in
particular the blood–brain barrier (BBB), hinders their activity
at the target sites within the central nervous system (CNS). This
makes them promising agents in vitro but rather obsolete
in vivo.27

In this context, the development of innovative HCA deriva-
tives able to overcome these pharmacokinetic constrains is a
rational strategy for the discovery of centrally-active antioxi-
dants with neuroprotective activity. The introduction of minor
structural variations on the original scaffold allows the modu-
lation of lipophilicity while maintaining or improving the
neuroprotective potential of the parent compounds.28–34 Several
factors regulate the ability of a molecule to penetrate the BBB,
namely lipophilicity, molecular weight, number of hydrogen
bond donors and acceptors, polar surface area and molecular
exibility.35,36 Lipophilicity is directly attained by the partition
coefficient (c log P) and can be directly modulated via structural
renement to improve the odds of obtaining effective CNS
drugs. On the other hand, high lipophilicity frequently leads to
compounds with poor solubility, high metabolic turnover and
poor absorption. Theoretical studies found that optimal BBB
penetration occurs when the c log P values are in the range of
1.5–2.7. Indeed the mean value for the c log P of marketed CNS
drugs is 2.5, which provides a valuable guide for CNS drug
design.35,37

Herein, we report the synthesis of a set of lipophilic HCA
derivatives (Scheme 1) using the dietary HCAs 1 and 2 (Fig. 1) as
templates. Moreover, the biological performance of HCA
derivatives towards ND-related targets (cholinesterases and
glycogen synthase kinase-3b, GSK-3b), iron chelation capacity,
BBB permeability and cell-based studies in a human

Scheme 1 Synthesis of HCAs derivatives 7–11. (a) PhB(OH)2, Pd(OAc)2, TBAB, H2O; (b) BBr3, anhydrous CH2Cl2; (c) malonic acid, pyridine,
piperidine; (d) PyBOP, DIPEA, hexylamine, CH2Cl2, DMF; (e) MEMCl, DIPEA, TBAI, CH2Cl2; (f) Amberlyst 15®, MeOH–H2O (95 : 5).

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 15800–15811 | 15801
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neuroblastoma cell line (SH-SY5Y cells) was evaluated to check
their potential application in ND.

2 Results and discussion
2.1 Chemistry

To obtain lipophilic HCA derivatives without compromising
solubility and the antioxidant prole of the parent compounds,
two simple modications on the parent scaffold were per-
formed: introduction of an unsubstituted aromatic ring at C5
and/or formation of an N-hexylamide moiety. The selection of
the N-hexylamide moiety is based on previous studies from our
group33 and from literature data, which indicates that this is the
optimal length of a saturated carbon homologous chain without
compromising solubility and pharmacological activity.38

Simultaneously, the change of the aromatic substitution pattern
(4-methoxy-3-hydroxy, 3,4-dihydroxy and 3,4,5-trihydroxy)
enabled further insights on the inuence of this parameter on
the overall activity of the synthesized derivatives.

The synthetic strategy pursued to obtain HCA derivatives
7–14 (Fig. 2) is depicted on Scheme 1. The ferulic (4-methoxy-3-
hydroxy aromatic pattern) and caffeic derivatives (3,4-dihydroxy
aromatic pattern) derivatives were obtained as depicted on
Scheme 1A. Firstly, 5-bromovanilin (3) was treated with phenyl
boronic acid in the presence of Pd(OAc)2 under microwave
(MW) irradiation, yielding the 5-aryl derivative 4. This
compound was then O-demethylated with boron tribromide to
render the 3,4-dihydroxy precursor 5. Aldehydes 4 and 5 were
then submitted to a Knoevenagel–Doebner condensation with
malonic acid in pyridine and piperidine, yielding the corre-
sponding cinnamic derivatives 7 and 8 in moderate to good
yields (54–72%). The nal step involved the formation of the
N-hexylcarboxamide 10 and 11 through activation with a
phosphonium coupling agent (PyBOP) and subsequent reaction
with hexylamine. To obtain the 3,4,5-trihydroxycinnamic
derivatives an additional step using a phenol protecting agent
had to be incorporated in the synthetic strategy, to overpass
difficulties arising in the purication steps and formation of by-
products (Scheme 1B). Pyrogallol protection was successfully
achieved using methoxyethoxymethoxy (MEM) ether, by treat-
ment of the benzaldehyde precursor 6 with methoxyethoxy-
methyl chloride (MEMCl) in diisopropylethylamine (DIPEA) and
dichloromethane, yielding the protected benzaldehyde 15. This
compound was then treated as previously described for
compounds 4 and 5, yielding the cinnamic derivative 16 and the

N-hexylcarboxamide 17 that were then deprotected using an
acidic resin (Amberlyst 15®) in methanol–water (95 : 5) at 50 �C.
This step enabled the obtention of the 3,4,5-trihydroxy acid (9)
and N-hexylcarboxamide derivative 12. In spite of the moderate
yield of the nal step (�50%), the reaction work-up was
straightforward and the nal products were easily puried by
column chromatography, which presents a major advantage
over the poor yields obtained when working with a free pyr-
agallol moiety. The ferulic and caffeic N-hexylcarboxamide
derivatives 13 and 14 were also synthesized as previously
described (Scheme 1C).38

The identity of the synthetic intermediates and the nal
products was determined by NMR spectroscopy (1H, 13C and
DEPT135) and mass spectrometry (ESI-MS).

2.2 Cholinesterase inhibitory activity

The cholinergic network of the brain undergoes extensive neu-
rodegeneration in AD causing acetylcholine (ACh) depletion.39

The inhibition of acetylcholinesterase (AChE) to restore the
synaptic levels remains a symptomatic therapeutic approach
towards AD. The use of AChE inhibitors is also used in the
palliative treatment of mild to moderately moderate severe
dementia in patients with idiopathic PD. Additionally, AChE is
known to co-localize and directly promote the assembly of the
cytotoxic b-amyloid.40,41 The data regarding the effect of natural
HCAs on cholinesterase’ activity is scarce and heterogeneous.
For instance, caffeic acid (2) has been reported to induce AChE
activity in different rat brain regions while inhibiting muscular
AChE,42 and in vitro screening assays showed inconsistent IC50

values ranging from 23.3 mM (ref. 43) to over 100 mM.44,45

Nevertheless, HCAs have been used as templates for the devel-
opment of multitarget directed agents for ND and promising
results have been recently reported.46–48 In this context, the
AChE and butyrrylcholinesterase (BChE) inhibitory activity of
the natural HCAs 1 and 2 and the derivatives 7–14 was evaluated
following the method of Ellman.49 From the results depicted in
Table 1 one can conclude that all compounds exhibited higher
activity than parent compounds 1 and 2 and that some deriva-
tives (compounds 8–10, 13 and 14) displayed mild inhibitory
activity towards human AChE at the low micromolar range.
None of the tested compounds display a noticeable activity
towards BChE at 10 mM (data not shown).

2.3 GSK-3b inhibitory activity

GSK-3b is a serine/threonine protease known to play an
important role within the CNS, modulating several aspects that
range from neurogenesis, neuronal and synaptic plasticity to
neuronal survival and death.50 Deregulation of GSK-3b-associ-
ated signalling pathways and GSK-3b activity is related with the
pathogenesis of several neurological and psychiatric disorders,
particularly ND. In fact, GSK-3b is signicantly involved in key
pathological events, namely Tau hyperphosphorylation, amy-
loidogenesis, inammatory response and ACh decit.51 Data
obtained from ND patients corroborates the importance of this
enzyme,52 supporting the rationale for GSK-3b as a promising
target for ND. Recent studies report the ability of compound 1Fig. 2 Chemical structures of HCA derivatives 7–14.

15802 | RSC Adv., 2015, 5, 15800–15811 This journal is © The Royal Society of Chemistry 2015
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and its natural phenethyl ester derivative (CAPE) to modulate
the Akt/GSK-3b signalling pathway and GSK-3b activity.53,54

Moreover, a synthetic hydrocinnamic derivative (DH9) has also
been reported to modulate GSK-3b activity by inducing its
phosphorylation.55 As the modulation of GSK-3b activity was
also mediated by a diversity of polyphenolic systems56–58 it was
decided to screen HCAs and derivatives (compounds 1, 2 and
7–14) towards GSK-3b, at a xed concentration of 10 mM, using a
previously described luminescent technique.59 From the data
one can concluded that none of the tested compound displayed
noteworthy activity at the established concentration (Table 1).
Only compounds 8, 9 and 12 exhibitedmild inhibitory activity at
10 mM. In summary, no direct inhibition of GSK-3b was
observed under the assay conditions. Therefore, we can specu-
late that the reported effects of HCAs on GSK-3b may be due to
the modulation of events upstream in the signalling pathways
that regulate the enzyme's activity, which cannot be observed in
a direct enzymatic inhibition assay and require further studies.

2.4 Iron chelation capacity

Iron is a redox active metal that plays a part in the production of
RS and in diseases in which oxidative damage is recognised as a
pathological stimulus. In particular, unbound iron can undergo
Fenton reaction with hydrogen peroxide and generate hydroxyl
radicals (HOc), that undergo further reactions with severe
implications for human health and disease.60–63 iron overload is
particularly critical for CNS disorders as brain is particularly
susceptible to oxidative damage. In this context, iron chelation
can be viewed as a co-adjuvant property that can boost brain
total antioxidant capacity.64,65 The chelation capacity of HCAs
towards ferrous (Fe2+) cations was determined using the ferro-
zine method,66 a spectrophotometric assay based on the
formation of a complex between ferrous cations and ferrozine
[3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-40,400-disulfonic acid
sodium salt]. Compounds with iron chelation capacity hinder

the formation of such complex, which is translated into a
signicant decrease in the absorbance when compared to the
control. Ethylenediaminetetracetic acid (EDTA) was usually
used as a standard. Each compound was tested at 100 mM and
results are expressed as % of iron chelation � standard devia-
tion (n ¼ 3) (Table 1). Compounds bearing the catechol (2, 8, 11
and 14) and pyrogallol (9 and 12) moieties displayed noteworthy
chelation properties, comparable to that of EDTA. Ferulic acid
(1) and its derivatives (7, 10 and 13), bearing only one hydroxyl
group showed, in the experimental assay conditions, absence or
low chelation ability. These results are in accordance with
previous reports that describe for other type catechol and
pyrogallol systems, such as coumarins,67,68 avonoids,69–71 and
for other polyphenols72 remarkable iron chelation properties.
Indeed, ferrous ions can assume an octahedral geometry and
efficiently coordinate catechol or pyrogallol groups present in a
diversity of ligands.72

2.5 In vitro blood–brain barrier permeability

Promising CNS agents need to present the ability to cross the
BBB and reach the therapeutic targets. So, the permeability
properties of HCAs were evaluated using articial membrane
permeation assay (PAMPA-BBB) following the method previ-
ously described by Di et al.73 The method is simple and rapid
and has been widely used in the evaluation of BBB permeability
as it successfully predicts BBB passive diffusion,73–75 which is an
essential requirement for the development of effective CNS
drugs. The in vitro permeability coefficients (Pe) of the parent
compounds 1 and 2, HCA derivatives 7–14 and 11 commercial
drugs through a lipid extract of porcine brain (PBL) were
determined (Table 1). Assay validation was achieved by plotting
the experimental permeability (Pe(exp)) vs. the reported values
for commercial drugs (Pe(bibl)), which showed a good correla-
tion (Pe(exp)¼ 1.0161 Pe(bibl)� 1.0622, R2¼ 0.9049). From this
equation, and considering the limits established by Di et al. for

Table 1 Data from enzymatic inhibition (hAChE and hGSK-3b), iron chelation, BBB permeability and cytotoxicity for HCA parent compounds (1
and 2) and derivatives (7–14)

Compound hAChEc IC50
d (mM)

hGSK-3b%
inhibition Iron chelation% chelatione

PAMPA-BBB % Cell viabilityg

Pe (10�6 cm�1)f Prediction 1 mM 10 mM

1 n.a.a n.a. n.a. 2.15 � 0.04 CNS� 113 � 7.11 121 � 9.34b

2 7.05 � 0.36 n.a. 89.43 � 2.98 1.66 � 0.15 CNS� 96.4 � 6.62 99.2 � 0.72
7 n.a. n.a. n.a. 3.71 � 0.22 CNS� 94.5 � 10.8 91.6 � 6.40
8 3.50 � 0.72 28% 78.98 � 6.27 2.95 � 0.16 CNS� 116 � 16.5 88.3 � 17.7
9 5.68 � 0.63 22% 89.51 � 0.37 1.94 � 0.05 CNS� 106 � 8.99 104 � 8.13
10 3.24 � 0.34 n.a. 26.32 � 9.59 10.6 � 0.25 CNS+ 96.8 � 5.80 105 � 9.47
11 n.a. n.a. 90.83 � 5.32 11.61 � 0.23 CNS+ 126 � 11.4b 116 � 6.34
12 n.a. 29% 99.76 � 0.27 3.41 � 0.10 CNS� 108 � 9.91 109 � 9.77
13 4.93 � 0.31 n.a. n.a. And CNS+ 101 � 4.33 102 � 3.10
14 4.61 � 0.44 n.a. 99.50 � 0.71 6.85 � 0.15 CNS+ 94.4 � 11.9 94.3 � 8.34
EDTA — — 99.33 � 0.39 — —

a n.a. not active. b p < 0.05. c AChE from human erythrocytes. d Data expressed as mean � S.D (n ¼ 3). e Iron chelation at 100 mM. Results expressed
as mean % chelation � S.D (n ¼ 3). f Permeability coefficient in PBS : ethanol (7 : 3). Results are expressed as mean permeability � S.D. (n ¼ 4).
g Cytotoxicity in SH-SY5Y cells incubated with two different concentrations of the compounds. Results expressed as mean % of cell viability �
S.D. (n ¼ 3).

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 15800–15811 | 15803
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BBB permeability,73 the ranges of permeability were established
as (a) compounds with high BBB permeation (CNS+): Pe
(10�6 cm s�1) > 5.13, (b) compounds with low BBB permeation
(CNS�): Pe (10�6 cm s�1) < 3.09 and (c) compounds of uncertain
BBB permeation (CNS�): 3.09 < Pe < 5.13. The data (Table 2),
allow concluding that the majority of the HCAs present Pe
values over the threshold for BBB permeability suggesting that
these compounds can cross the BBB by passive diffusion. Parent
compounds 1 and 2 showed Pe values below the lower perme-
ability limit (CNS�), which is in accordance with the litera-
ture.5,14 With the exception of compounds 8 and 9, displaying
low permeability (CNS�) and compounds 7 and 12 (in the limit
of prediction, CNS�), the majority of the HCA derivatives
(compounds 10, 11, 13 and 14) were able to successfully diffuse
through the lipidic membrane, in the present experimental
conditions.

2.6 Cytotoxicity and cellular viability

The cytotoxicity of the HCA derivatives 7–14 was evaluated by
the determination of the cellular viability (MTT method) of
SH-SY5Y cells aer a 24 h exposure to the compounds, in two
different concentrations (1 mM and 10 mM). The parent
compounds 1 and 2 were also screened under the same exper-
imental conditions. Control experiments were performed by
adding vehicle (1 mL) instead of the compound solution. The
results are depicted in Table 1. Overall, the cellular viability did
not suffer any signicant decrease when compared to the
control groups. In fact, an opposite outcome was frequently
observed (cell viability > 100%), and for compounds 1 at 10 mM
(121 � 9.34%) and 11 at 1 mM (126 � 11.40%) this increase was
statistically signicant (p < 0.05). These results indicate that the
HCA derivatives under study do not display signicant toxicity
and exhibit a wide safety window.

2.7 Neuroprotection against 6-hydroxydopamine induced
damage

Finally, the effects of the parent compounds 1 and 2 and their
derivatives 7–14 against 6-hydroxydopamine (6-OHDA)-induced
oxidative damage were evaluated in SH-SY5Y cells. The stress

inducer is a dopaminergic neurotoxin that is widely used in ND
model studies. Under physiological conditions, 6-OHDA rapidly
undergoes oxidation by molecular oxygen to form hydrogen
peroxide, inducing the production of ROS and causing oxidative
damage.76 Compounds able to prevent 6-OHDA-induced
damage may provide neuroprotection against the oxidative
damage promoted by the neurotoxin in neurological disorders.
Briey, the cells (105 per well) were pre-incubated with each
compound at 1 and 10 mM for 1 h and then 6-OHDA (30 mM) was
added. The plates were incubated for 24 h at 37 �C and 5% CO2

and cell viability was then determined by the MTT method.
To determine the statistical signicance of the effects the

data was compared with the % viability of the cells in the
presence of 6-OHDA. The results are depicted in Fig. 3. 6-OHDA
caused a signicant loss of cell viability when compared to the
control (59.06 � 7.35%, p < 0.01). In general, the HCA deriva-
tives under study display a remarkable outline. The best results
were observed for the di- and trihydroxylated compounds
(compounds 2, 9, 12 and 14, Fig. 3A and D). Noteworthy, that a
simple structural modication of HCA, by the introduction of
an N-hexylcarboxamide, yielded derivatives with signicant
neuroprotective activity (compounds 12 and 14, Fig. 3D). The
introduction of an aromatic ring in HCA core also provided
compounds, in this cellular model, with interesting neuro-
protective activity (Fig. 3B and C), although issues with their
solubility were detected. Parent ferulic and caffeic acids
(compounds 1, 2, Fig. 3A) were also protective against the
inicted damage, which is in accordance with previous
reports.32,77–80 These results indicate that simple structural
modications on natural bioactive templates can lead to neu-
roprotective derivatives that retain the activity of the parent
compounds.

2.8 Evaluation of drug-like properties

Although the structural modications performed in HCAs were
designed to produce an increment on lipophilicity, while
retaining or improving the activity of the parent compounds, t as
found important to evaluate their drug-like properties. Besides
lipophilicity, other factors that regulate the ability of a molecule
to penetrate the BBB, namely molecular weight, number of
hydrogen bond donors (n-OHNH) and acceptors (n-ON), polar
surface area and molecular exibility (by determination of the
number of rotable bonds, n-ROTB) were assessed.35,36 The
optimal values for these parameters to obtain orally active drugs
are established in the “Lipinski's rule of ve”. The theoretical
evaluation of some drug-like properties of the compounds under
study was performed using Molinspiration Cheminformatics
Soware®. The results are depicted on Table 2.

As expected, the introduction of an aromatic ring and a
N-hexylcarboxamide moiety led to a signicant increase in lip-
ophilicity, as shown by the increase in the c log P values
(compounds 1 and 2 vs. compounds 7–8/10 and 11/13–14).
However, the increase observed for compounds 10 and 11 goes
beyond the limits established by the Lipinski's “rule of ve”,
presenting the only violation of the current HCAs derivatives.
Additionally, the data correlates well with the results obtained

Table 2 Drug-like properties of the HCAs and derivatives

Compound c log Pa n-ROTBb n-ON acceptorsc n-OHNH donorsd

1 1.25 3 4 2
2 0.94 2 4 3
7 3.20 4 4 2
8 2.89 3 4 3
9 0.65 2 5 4
10 5.51 9 4 2
11 5.20 8 4 3
12 2.96 7 5 4
13 3.56 8 4 2
14 3.25 7 4 3

a Partition coefficient. b Number of rotable bonds. c Number of
hydrogen bond acceptors. d Number of hydrogen bond donors.

15804 | RSC Adv., 2015, 5, 15800–15811 This journal is © The Royal Society of Chemistry 2015
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in the PAMPA-BBB assay (R2 ¼ 0.8395, Fig. 4), since the CNS+
compounds are the ones with higher c log P values (compounds
10 and 11, 13–14). Neutral molecules (compounds 10–14) are
more permeable than their acidic counterparts (compounds 1, 2
and 7–9). These ndings are in accordance with the general
requirements for drug BBB penetration.81 Regarding the other
calculated parameters, no clear relation with the partition
coefficient and BBB permeability was observed.

3 Experimental
3.1 Chemistry

3.1.1 Reagents. All reagents were purchased from Sigma-
Aldrich Qúımica S.A. (Sintra, Portugal). Deionised water
(conductivity < 0.1 mS cm�1) was used for all experiments. All
solvents were pro analysis grade and were acquired from Merck
(Lisbon, Portugal). Thin layer chromatography (TLC) was per-
formed on precoated silica gel 60 F254 acquired from Merck
(Darmstad, Germany) and spots were detected using a UV lamp at
254 nm. Reaction progress was monitored by TLC. Following the
extraction step, subsequent work up of the organic layers included
drying over anhydrous sodium sulphate, ltration and elimina-
tion of solvents under reduced pressure. Column chromatog-
raphy was carried out with silica gel 60A acquired fromCarlo-Erba
Reactifs (SDS, France). The crude products were puried by ash
column chromatography and/or recrystallization. The fractions
containing the desired product were gathered, concentrated and
the crude product was recrystallized. The elution systems used for
analytical TLC control and ash chromatography and the recrys-
tallization solvents are specied for each compound.

3.1.2 Apparatus. Solvents were evaporated with a Buchi
Rotavapor. 1H and 13C NMR data were acquired at room
temperature on a Brüker AMX 300 spectrometer operating at 400
and 100 MHz, respectively. Chemical shis are expressed in d

(ppm) values relative to tetramethylsilane (TMS) as internal
reference and coupling constants (J) are given in Hz. Electrospray
ionizationmass spectra (ESI-MS) were obtained on a VG AutoSpec
instrument. The data are reported as m/z (% of relative intensity
of the most important fragments). Microwave-assisted synthesis
was performed in a Biotage® Initiator Microwave Synthesizer.

3.1.3 General synthetic procedures
Microwave assisted Pd-catalyzed Suzuki cross coupling reaction.

In a 20 mL microwave glass vial the aldehyde with the appro-
priate aromatic substitution pattern (1 mmol), phenylboronic
acid (1 mmol), tetrabutylammonium bromide (TBAB) (1 mmol),
potassium carbonate (K2CO3) (3 mmol), Pd(OAc)2 (0.04%mmol)
and water (10–20 mL) were mixed. The vial was sealed and the

Fig. 3 Neuroprotection against 6-OHDA-induced damage in SH-SY5Y
cells for (A) hydroxycinnamic acids (1, 2 and 9), (B) 5-phenylcinnamic
acids (7 and 8), (C) 5-phenyl-N-hexylcarboxmides (10 and 11) and (D)
N-hexylcarboxamides (12–14). *p < 0.05, **p < 0.01, ***p < 0.001.

Fig. 4 Correlation between the experimental permeability values
determined in the PAMPA-BBB assay and the theoretical c log P
values. CNS+: compounds with high BBB permeation; CNS�:
compounds with low BBB permeation; CNS�: compounds of uncer-
tain BBB permeation.

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 15800–15811 | 15805
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reaction mixture was placed under microwave irradiation for
20 minutes at 150 �C. Upon completion, the reaction mixture
was ltered with celite, to discard the palladium residues, and
rinsed with ethyl acetate. The combined organic layers were
washed with HCl 1 M (3 � 10 mL) and brine (10 mL). The crude
residue was puried by ash column chromatography. The
procedure was adapted from Leadbeater et al. (2003).82

O-Demethylation reaction. The O-methylated compound
(1 mmol) was dissolved in anhydrous dichloromethane (5 mL)
in a 250 mL round bottom ask under argon atmosphere. The
mixture was cooled at �70 �C and boron tribromide (1 mL of a
1 M solution in anhydrous dichloromethane) was added. The
mixture was stirred under inert atmosphere and allowed to
reach room temperature for a period of 12 hours. The deme-
thylating agent was quenched with water (25 mL) and the nal
product was isolated by ltration and puried by recrystalliza-
tion. The procedure was performed as reported by Milhazes
et al. (2006).83

Knoevenagel–Doebner condensation reaction. In a 100 mL
round bottom ask the aldehyde with the appropriate aromatic
substitution pattern (1 mmol), malonic acid (2.2 mmol), anhy-
drous pyridine (9.6 mmol) and piperidine (4 drops) were mixed.
The mixture was protected from light and heated at 50 �C. It was
stirred until maximum aldehyde consumption (a variable
period for each compound). Upon completion, the mixture was
poured over ice water, neutralized with HCl 1 M and extracted
with ethyl acetate (3 � 10 mL). The combined organic layers
were washed with HCl 1 M (3 � 10 mL), water (3 � 10 mL) and
brine (10 mL). The procedure was performed as reported by
Teixeira et al. (2013).84

Amidation reaction. In a 100 mL round bottom ask the acid
with the appropriate aromatic substitution (1 mmol), DIPEA
(1 mmol) and DMF (2 mL) were mixed. The ask was placed on
ice and PyBOP (1 mmol) in dichloromethane (2 mL) was added
to themixture, which was kept on ice and stirred for 30minutes.
Aerwards, hexylamine (1 mmol) was added. The mixture was
allowed to reach room temperature and stirred for 6 hours.
Dichloromethane (20 mL) was added and the mixture was
washed with water (3 � 10 mL), HCl 1 M (3 � 10 mL) and
NaHCO3 5% (3 � 10 mL). The procedure was adapted from
Gaspar et al. (2011).85

Phenol protection procedure. To a cooled solution of the
phenolic compound (1 mmol) and TBAI (0.05 eq.) in dichloro-
methane (5 mL) and DIPEA (6 eq.) was carefully added
methoxyethoxymethyl chloride (MEMCl, 1.5 eq. per OH). The
mixture was stirred at 0 �C for three hours. Upon completion,
the reaction mixture was neutralized with HCl 1 M. Dichloro-
methane (15 mL) was the added and the organic layer was
washed with water (3 � 15 mL) and brine (10 mL). The proce-
dure was adapted from the literature.86

Phenol deprotection procedure. To a solution of the
MEM-protected product (1 mmol) in MeOH–H2O (10 mL)
Amberlyst 15® wet (500 mg) was added. The mixture was pro-
tected from light and stirred at 40 �C. Additional aliquots of
Amberlyst 15® (500 mg) were periodically added over the
following 48 hours until TLC analysis (dichloromethane–
methanol–formic acid, 9 : 1 : 0.01) showed maximal substrate

consumption. The presence of phenolic groups can be checked
by revelation with solution of iron chloride. Upon completion,
the mixture was ltered to remove the resin residue, the
solvents were eliminated under reduced pressure and the crude
product was puried by ash chromatography (cellulose and
dichloromethane–methanol (9 : 1)). The procedure was adapted
from the literature.87

4-Hydroxy-3-methoxy-5-phenylbenzaldehyde (4). Compound 4
was obtained by a Suzuki cross coupling reaction between
compound 3 and phenylboronic acid in the following condi-
tions: compound 3 (1.0 g, 4.3 mmol), phenylboronic acid
(0.53 g, 4.3 mmol), K2CO3 (1.8 g, 13 mmol), TBAB (1.4 g, 4.3
mmol), Pd(OAc)2 (0.001 g, 0.0044 mmol) and water (18 mL).
Eluent systems were dichloromethane–methanol (9 : 1) for TLC
analysis and dichloromethane for ash chromatography.
Compound 4 was recrystallized from ethyl acetate–n-hexane.
Yield (%): 59.2. 1H NMR (DMSO-d6) d 3.94 (s, 3H, OCH3), 7.36
(m, 1H, H(40)), 7.44 (m, 3H, H(2), H(30), H(50)), 7.54 (d, J¼ 1.9 Hz,
1H, (H(5)), 7.57 (d, J ¼ 1.2 Hz, H(20)), 1H, 7.59 (d, J ¼ 1.4, 1H,
H(60)), 9.85 (s, 1H, CHO), 9.90 (s, 1H, OH). 13C NMR (DMSO-d6) d
56.61, 109.25, 127.70, 127.83, 128.40, 128.59 (2 � C(Ar)), 128.77,
129.56 (2 � C(Ar)), 137.59, 148.86, 150.15, 191.79.

3,4-Dihydroxy-5-phenylbenzaldehyde (5). Compound 5 was
obtained by O-demethylation of compound 4 with boron tri-
bromide in the following conditions: compound 4 (0.84 g,
3.7 mmol), anhydrous dichloromethane (10 mL), BBr3 (4 mL),
TBAB (1.4 g, 4.3 mmol), Pd(OAc)2 (0.001 g, 0.0044 mmol) and
water (18 mL). TLC analysis was performed with dichloro-
methane–methanol (9 : 1). Compound 5 was recrystallized from
ethyl acetate–n-hexane. Yield (%): 60.7. 1H NMR (DMSO-d6) d
7.29 (d, J ¼ 2.0 Hz, 1H, H(2)), 7.34 (m, 1H, H(40)), 7.40 (d, J ¼ 2.0
Hz, 1H, H(6)), 7.44 (m, 2H, H(30), H(50)), 7.58 (m, 2H, H(20),
H(60)), 9.59 (s, 1H, OH), 9.78 (s, 1H, CHO), 10.28 (s, 1H, OH). 13C
NMR (DMSO-d6) d 113.41, 127.41, 128.45, 129.43 (2 � C(Ar)),
129.51, 129.71, 130.41 (2 � C(Ar)), 138.82, 147.44, 150.61,
192.77.

(E)-5-Phenylferulic acid (7). Compound 7 was obtained by a
Knoevenagel–Doebner condensation between the aldehyde 4
and malonic acid in the following conditions: compound 4
(0.8 g, 3.3 mmol), malonic acid (0.8 g, 7.7 mmol), anhydrous
pyridine (3.8 mL, 47.2 mmol) and piperidine (4 drops), stirred
protected from light at 50 �C for 7 days. TLC analysis and ash
chromatography were performed with dichloromethane–meth-
anol (9 : 1). Compound 7was recrystallized ethyl acetate–diethyl
ether–n-hexane. Yield (%): 72.7. 1H NMR (DMSO-d6) d 3.91 (s,
3H, OCH3), 6.46 (d, J ¼ 15.9 Hz, 1H, H(a)), 7.18 (d, J ¼ 1.9 Hz,
1H, H(2)), 7.33 (m, 1H, H(b)), 7.35 (d, J ¼ 2.0 Hz, 1H, H(6)), 7.41
(m, 2H, H(30), H(50)), 7.54 (m, 2H, H(20), H(60)), 7.57 (m, 1H,
H(40)), 9.20 (s, 1H, OH), 12.14 (s, 1H, COOH). 13C (DMSO) d
57.54, 110.71, 117.84, 125.41, 126.97, 128.24, 129.25, 129.31 (2
� C(Ar)), 130.53 (2 � C(Ar)), 139.01, 145.67, 147.12, 149.54,
169.37. ESI-MS: m/z 270 [M + H]+. mp: [171 � 174]�C.

(E)-5-Phenylcaffeic acid (8). Compound 8 was obtained by a
Knoevenagel–Doebner condensation between the aldehyde 5
and malonic acid in the following conditions: compound 5 (1 g,
4.7 mmol), malonic acid (1.0 g, 9.61 mmol), anhydrous pyridine
(5.0 mL, 61.8 mmol) and piperidine (4 drops), stirred protected

15806 | RSC Adv., 2015, 5, 15800–15811 This journal is © The Royal Society of Chemistry 2015
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from light at 50 �C for 7 days. TLC analysis and ash chroma-
tography were performed with dichloromethane–methanol
(9 : 1). Compound 8 was recrystallized from ethyl acetate–
n-hexane. Yield (%): 54.2. 1H NMR (DMSO-d6) d 6.23 (d, J ¼
15.9 Hz, 1H, H(a)); 7.07 (2H, s, H(2), H(6)), 7.31 (m, 1H, H(40)),
7.41 (m, 2H, H(30), H(50)), 7.48 (d, J¼ 15.9 Hz, 1H, H(b)), 7.56 (m,
2H, H(20), H(60)), 8.97 (s, 1H, OH), 9.89 (s, 1H, OH), 12.17 (s, 1H,
COOH). 13C NMR (DMSO-d6) d 114.10, 116.97, 123.82, 126.70,
128.16, 129.29 (2 � C(Ar)), 129.79, 130.48 (2 � C(Ar)), 139.28,
145.91, 146.72, 147.16, 169.20. ESI-MS: m/z 257 [M + H]+. mp:
[194 � 197]�C.

(E)-3,4,5-Trihydroxycinnamic acid (9). Compound 9 was
obtained by Amberlyst 15® mediated deprotection of
compound 16 in the following conditions: compound 16
(0.250 g, 0.543 mmol), wet Amberlyst 15® (500 mg) and MeOH–

H2O 95 : 5 (15 mL). Flash chromatography was performed in
cellulose with dichloromethane–methanol (9 : 1). TLC analysis
and ash chromatography were performed with dichloro-
methane–methanol (9 : 1) and (8 : 2), respectively. Yield (%): 43.
The spectroscopic data obtained is in accordance with the
published data.84

(E)-N-Hexyl-5-phenylferuloylamide (10). Compound 10 was
obtained by a PyBOP-assisted amidation of compound 7 with
hexylamine in the following conditions: compound 7 (0.4 g, 1.47
mmol), hexylamine (0.194 mL, 1.47 mmol), PyBOP (0.770 g, 1.47
mmol), DIPEA (0.250 mL, 1.47 mmol), DMF (5 mL) and
dichloromethane (5 mL). TLC analysis and ash chromatog-
raphy were performed with dichloromethane–methanol (9 : 1).
Yield: 39.01%. 1H NMR (DMSO-d6) d 0.88 (s, 3H, CH3), 1.27 (s,
6H, (CH2)3), 1.44 (s, 2H, NHCH2CH2), 3.16 (s, 2H, NHCH2), 3.90
(s, 3H, OCH3), 6.54 (d, J¼ 15.68 Hz, 1H, H(a)), 7.10 (s, 1H, H(2)),
7.18 (s, 1H, H(6)), 7.45 (m, 6H, 5�H(Ar), H(b)), 7.93 (s, 1H, NH),
9.15 (s, 1H, OH). 13C NMR (DMSO-d6) d 15.30, 23.45, 27.52,
30.51, 32.39, 40.03, 57.35, 110.62, 121.03, 123.81, 127.59,
128.26, 129.34, 129.39, 130.46, 139.20, 140.05, 146.30, 149.62,
166.62. EI-MS: m/z 354 [M + H]+.

(E)-N-Hexyl-5-phenylcaffeoylamide (11). Compound 11 was
obtained by a PyBOP-assisted amidation of compound 8 with
hexylamine in the following conditions: compound 8 (0.24 g,
0.937 mmol), hexylamine (0.124 mL, 0.937 mmol), PyBOP
(0.490 g, 0.937 mmol), DIPEA (0.160 mL, 0.937 mmol), DMF
(3 mL) and dichloromethane (6 mL). TLC analysis and ash
chromatography were performed with dichloromethane–meth-
anol (9 : 1). Yield (%): 73.5. 1H NMR (CDCl3) d (ppm): 0.87 (s,
3H, CH3), 1.29 (s, 6H, (CH2)3), 1.44 (s, 2H, NHCH2CH2), 3.16 (s,
2H, NHCH2), 3.90 (s, 3H, OCH3), 6.54 (d, J¼ 15.68 Hz, 1H, H(a)),
7.10 (s, 1H, H(2)), 7.18 (s, 1H, H(6)), 7.45 (m, 6H, H(Ar), H(b)),
7.93 (s, 1H, NH), 9.15 (s, 1H, OH). 13C NMR (DMSO-d6) d (ppm):
15.60, 24.05, 27.50, 29.90, 33.30, 40.12, 114.13, 115.90, 123.83,
126.75, 128.20, 129.50 (2 � C(Ar)), 129.64, 130.47 (2 � C(Ar)),
139.7, 145.80, 146.71, 147.16, 166.56. ESI-MS: m/z 340 [M + H]+.

(E)-N-Hexyl-3,4,5-trihydroxycinnamoyl carboxamide (12).
Compound 12 was obtained aer Amberlyst 15® mediated
deprotection of compound 17 in the following conditions:
compound 17 (0.576 g, 1.060 mmol), wet Amberlyst 15®
(500 mg) and MeOH–H2O 95 : 5 (15 mL). Flash chromatography
was performed in cellulose with dichloromethane–methanol

(9 : 1). Yield (%): 48.02. 1H NMR (DMSO-d6) d 0.87 (t, J ¼ 6.9 Hz,
3H, CH3), 1.27 (m, 6H, CONH(CH2)2(CH2)3), 1.43 (m, 2H,
CONHCH2CH2), 3.14 (m, 2H, CONHCH2), 6.28 (d, J ¼ 15.6 Hz,
1H, H(a)), 6.48 (s, 2H, H(2), H(6)), 7.13 (d, J¼ 15.6 Hz, 1H, H(b)),
7.94 (t, J ¼ 5.6 Hz, 1H, CONH), 8.97 (s, H, 3 � OH). 13C NMR
(DMSO-d6) d 14.38, 22.52, 26.63, 29.65, 31.48, 39.09, 107.19,
119.20, 125.84, 135.60, 139.71, 146.58, 165.74. ESI-MS: m/z 280
[M + H]+. mp (�C): [96–100] �C.

(E)-N-Hexylferuloylamide (13). Compound 13 was obtained by
a PyBOP-assisted amidation of compound 1 with hexylamine in
the following conditions: compound 1 (1 g, 5.15 mmol), hexyl-
amine (0.680 mL, 5.15 mmol), PyBOP (2.68 g, 5.15 mmol), DIPEA
(0.882 mL, 5.15 mmol), DMF (10 mL) and dichloromethane
(10 mL). TLC analysis and ash chromatography were per-
formed with dichloromethane–methanol (9 : 1). Yield (%): 62.4.
The spectroscopic data obtained is in accordance with the
published data.33

(E)-N-Hexylcaffeoylamide (14). Compound 14 was obtained by
a PyBOP-assisted amidation of compound 2 with hexylamine in
the following conditions: compound 2 (1 g, 5.55 mmol), hexyl-
amine (0.733 mL, 5.55 mmol), PyBOP (2.89 g, 5.55 mmol), DIPEA
(0.951 mL, 5.55 mmol), DMF (10 mL) and dichloromethane
(10 mL). TLC analysis and ash chromatography were per-
formed with dichloromethane–methanol (9 : 1). Yield (%): 59%.
The spectroscopic data obtained is in accordance with the
published data.33

3,4,5-Tri((2-methoxyethoxy)methoxy)benzaldehyde (15).
Compound 15 was obtained following the general phenol
protection protocol in the following conditions: compound 9
(1.067 g, 6.198 mmol), TBAI (0.343 g, 0.930 mmol), CH2Cl2
(15 mL), DIPEA (6.400 mL, 37.188 mmol) and MEMCl
(3.185 mL, 27.891 mmol). TLC analysis and ash chromatog-
raphy were performed dichloromethane–ethyl acetate (7 : 3)
and dichloromethane until dichloromethane–ethyl acetate
(1 : 4), respectively. Yield (%): 56.14. 1H NMR (CDCl3) d 3.34 (m,
3H, OCH3), 3.40 (m, 6H, 2 � (OCH3)), 3.56 (m, 6H, 3 � (OCH2-
CH2O)), 3.85 (m, 4H, 2 � (OCH2CH2O)), 4.97 (m, 2H, OCH2-
CH2O), 5.30 (s, 2H, OCH2O), 5.34 (s, 4H, 2 � (OCH2O)), 7.42 (s,
2H, H(2), H(6)), 9.85 (s, 1H, CHO). 13C NMR (CDCl3) d 59.93,
59.96 (2 � OCH3), 69.07 (2 � (OCH2CH2O)), 69.70, 72.41 (2 �
(OCH2CH2O)), 72.53, 95.27 (2 � (OCH2O)), 98.22, 112.50,
133.38, 142.78, 152.40, 191.76.

(E)-3,4,5-Tri((2-methoxyethoxy)methoxy)cinnamic acid (16).
Compound 16 was obtained by a Knoevenagel–Doebner
condensation between the aldehyde 15 and malonic acid in the
following conditions: compound 15 (1.4553 g, 3.478 mmol),
malonic acid (1.430 g, 13.636 mmol), anhydrous pyridine (5 mL,
59.501) and piperidine (5 drops) at 60 �C for 6 hours. TLC
analytical control was performed using dichloromethane–
methanol (9 : 1). The compound was used without further
purication. Yield (%): 86.69. 1H NMR (400 MHz, MeOD) d 3.37
(s, 3H, OCH3), 3.39 (s, 6H, 2 � (OCH3), 3.59 (m, 6H, 3 �
(OCH2CH2O)), 3.85 (m, 4H, 2 � (OCH2CH2O), 3.98 (m, 2H,
OCH2CH2O), 5.23 (s, 2H, OCH2O), 5.29 (s, 4H, 2 � (OCH2O)),
6.34 (d, J ¼ 15.9 Hz, 1H, H(a)), 7.10 (s, 2H, H(2), H(6)), 7.58 (d, J
¼ 15.9 Hz, 1H, H(b)). 13C NMR (101 MHz, MeOD) d 58.84, 58.86
(2 � OCH3), 67.88 (2 � (OCH2CH2O)), 68.61, 71.47 (2 �

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 15800–15811 | 15807
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(OCH2CH2O)), 71.59, 94.42 (2 � (OCH2O), 97.30, 110.51, 118.02,
130.73, 138.24, 144.84, 151.19, 169.00.

(E)-N-Hexyl-3,4,5-tri((2-methoxyethoxy)methoxy)cinnamoyl-
carboxamide (17). Compound 17 was obtained by a PyBOP-
assisted amidation of 16 with hexylamine in the following
conditions: compound 16 (1.388 g, 3.015 mmol), DMF (2.5 mL),
DIPEA (0.400 mL, 3.028 mmol), PyBOP (1.58 g, 3.036 mmol),
dichloromethane (8 mL) and hexylamine (0.520 mL, 3.035
mmol). TLC analysis and ash chromatography were performed
in dichloromethane–methanol (9.5 : 0.5)). Yield (%): 47.69. 1H
NMR (CDCl3) d 0.90 (t, J ¼ 6.9 Hz, 3H, CONH(CH2)5CH3), 1.35
(m, 6H, CONH(CH2)2(CH2)3CH3), 1.57 (m, 2H, CONHCH2CH2),
3.47 (m, 11H, 3 � (OCH3), CONHCH2), 3.56 (m, 6H, 3 �
(OCH2CH2O)), 3.84 (m, 4H, 2 � (OCH2CH2O)), 3.97 (m, 2H,
OCH2CH2O), 5.22 (s, 2H, OCH2O), 5.29 (s, 4H, 2 � (OCH2O)),
5.62 (t, J ¼ 5.6 Hz, 1H, CONH), 6.30 (d, J ¼ 15.5 Hz, 1H, H(a)),
7.06 (s, 2H, H(2), H(6)), 7.48 (d, J ¼ 15.5 Hz, 1H, H(b)). 13C NMR
(CDCl3) d 14.02, 22.56, 26.63, 29.62, 31.51, 39.76, 67.91 (2 �
OCH2CH2O), 59.03 (3 � OCH3), 68.70, 71.54 (2 � OCH2CH2O),
71.70, 94.39 (2 � OCH2O), 97.37, 109.92, 120.73, 131.27, 137.57,
140.25, 151.26, 165.72.

3.2 Enzymatic assays

3.2.1 AChE and BChE inhibition. The method of Ellman
was followed.49 The assay solution consisted of 0.1 M phosphate
buffer pH 8, 400 mM 5,50-dithiobis(2-nitrobenzoic acid),
0.05 U mL�1 AChE (AChE human recombinant, Sigma Aldrich),
or 0.025 U mL�1 BChE (BChE from human serum, Sigma
Aldrich) and 800 mM acetylthiocholine iodide or 500 mM
butyrylthiocholine iodide as the substrate of the enzymatic
reaction. The compounds were added to the assay solution and
pre-incubated with the enzyme for 5 min at 30 �C. Aer that
period, the substrate was added. The absorbance changes at
412 nm were recorded for 5 min with a UV microplate reader
(Multiskan Spectrum, Thermo). The reaction rates were
compared and the percentage of inhibition was calculated. The
IC50 (n ¼ 3) is dened as the concentration of each compound
that corresponds to 50% of inhibition, relative to the control
without inhibitor.

3.2.2 GSK-3b inhibition. Human recombinant GSK-3b and
the prephosphorylated polypeptide substrate were purchased
from Milipore (Milipore Iberica S.A.U.). Kinase-Glo Lumines-
cent Kinase Assay was obtained from Promega (Promega
Biotech Iberica, SL). All other reagents were purchased from
Sigma Aldrich. The assay buffer contained 50 mM HEPES
(pH 7.5), 1 mM EDTA, 1 mM EGTA and 15 mM magnesium
acetate. The method of Baki et al.88 was followed to attain the
inhibition of GSK-3b. Kinase-Glo assays were performed in
assay buffer using black 96-well plates. Briey, 10 mL of test
compound (10 mM) and 10 mL (20 ng) of enzyme were added to
each well, followed by 20 mL of assay buffer containing 25 mM
substrate and 1 mM ATP. The nal DMSO concentration in the
reaction mixture did not exceed 1%. Aer a 30 min incubation
at 30 �C, the enzymatic reaction was stopped with 40 mL
Kinase-Glo reagent. Glow-type luminescence was recorded
aer 10 min using a FLUOstar Optima multimode reader

(BMG Labtechnologies, GmbH, Offenburg, Germany). The
activity is proportional to the difference of the total and
consumed ATP. The inhibitory activities were calculated on
the basis of maximal activities measure in the absence of
inhibitor (n ¼ 3).

3.3 Iron chelation capacity

The iron chelation capacity of the synthetized compounds was
performed following the ferrozine method66 using a BioTek
Synergy HT plate reader to measure the absorbance of the
[Fe(Ferrozine)3]

2+ complex at 562 nm. All reagents were
purchased from Sigma Aldrich. The assay was performed in
ammonium acetate buffer (pH 6.7) using a 20 mM solution of
ammonium iron(II) sulphate in ammonium acetate as the
source of ferrous ions and EDTA as a standard chelator. All
compounds were tested at 100 mM. In each well, a solution of
the test compound (4 mL) and ammonium iron(II) sulphate in
ammonium acetate (200 mL) were added, incubated for 10 min
and the absorbance was read at 562 nm. Then an aqueous 5 mM
solution of ferrozine was added to each well (4 mL, 96 mM nal
concentration), the plate was incubated at 37 �C for 10 min and
the absorbance read at 562 nm. The nal volume was 208 mL.
Blank wells were run using DMSO instead of the test
compounds. The absorbance of the rst read was subtracted to
the nal values to discard any absorbance due to the test
compounds. The results are expressed as mean % of iron
chelation � standard deviation (n ¼ 3).

3.4 In vitro blood–brain barrier permeability

The parallel articial membrane permeation assay (PAMPA) was
performed following a previously described procedure.73

Commercial drugs (testosterone, verapamil, imipramine, desi-
pramine, promazine, corticosterone, piroxicam, hydrocorti-
sone, caffeine, aldosterone and ooxacin) and dodecane were
purchased from Sigma Aldrich. Millex lter units (PVDF
membrane, diameter 25 mm, pore size 0.45 mm) were acquired
fromMillipore. The porcine brain lipid (PBL) was obtained from
Avanti Polar Lipids. The donor microplate was a 96-well lter
plate (PVDF membrane, pore size 0.45 mm) and the acceptor 96-
well microplate was an indented well, both from Millipore. The
acceptor 96-well plate was lled with 180 mL (PBS–ethanol, 7 : 3)
and the lter surface of the donor plate was impregnated with
4 mL of PBL in dodecane (20 mg mL�1). The compounds were
dissolved in PBS : ethanol (7 : 3) at 1 mg mL�1, ltered through
a Millex lter and then added to the donor wells (180 mL). The
donor lter plate was carefully placed over the acceptor plate to
form a sandwich, which was le undisturbed for 4 h at 25 �C.
Aer the incubation, the donor plate was removed and the
concentration of the compounds in the acceptor wells was
determined by UV spectroscopy. Every sample was analysed at
ve wavelengths, in four wells and at three independent runs.
The results are expressed as mean permeability coefficient �
standard deviation. In each experiment, 11 quality control
standards of known BBB permeability were included to validate
the analysis set.
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3.5 Cell based studies

The human neuroblastoma cell line (SH-SY5Y) was obtained
from the American Type Culture Collection (ATCC, Manassas,
VA, USA). Cells were maintained in Dublecco's modied Eagle's
medium (DMEM/F12) supplemented with fetal bovine serum
(FBS, 10%), Glutamax® (1%) and penicillin–streptomycin (1%)
(reagents from Gibco) and grown at 37 �C in a humidied
incubator with 5% CO2. Cultures were seeded into 75 cm2

asks. Stock cultures were passed 1 : 20 once weekly. For cyto-
toxicity experiments of the test compounds alone, cells were
seeded in 24-well plates (105 cells per well) 24 hours prior to the
additions and the incubated for another 24 hours with different
concentrations of the compounds (1 mM and 10 mM) in FBS-free
medium. For the neuroprotection studies, the cells were seeded
in 24-well plates (105 cells per well) 24 hours prior to the addi-
tions, pre-treated with the compounds (1 mM and 10 mM) in FBS-
free medium for 1 hour and then incubated with 6-OHDA (30
mM, Sigma Aldrich) for 24 hours. Quantitative assessment of
cellular viability was performed using the MTT assay, based on
the ability of viable cells to reduce yellow MTT to purple for-
mazan. The reduction of MTT is thought to mainly occur in the
mitochondria through the action of succinate dehydrogenase,
therefore providing a measure of mitrochondrial function.89

Aer the nal 24 hour incubations (compounds for cytotoxicity
assay, compounds + neurotoxin for neuroprotection assay), the
medium was discarded and each well was treated with MTT (0.5
mg mL�1 in PBS) and incubated for 2.5 hours at 37 �C under
humidied 5% CO2 air. The formazan crystals were then dis-
solved in DMSO and the absorbance was measured in a
microplate reader (measuring lter 540 nm, reference lter 690
nm). The percentage of cellular viability for each entry was
calculated relative to the control wells (untreated). The results
are expressed as mean % cell viability � standard deviation
(n ¼ 3).

3.6 Data analysis and statistics

The results in the previous sections are expressed as mean �
standard deviation of at least three different experiments
(number of experiments n indicated for each case). Statistical
comparisons between control and test groups were carried by
one-way analysis of variance (ANOVA-1) followed by Dunnett
comparison post-test (a ¼ 0.05, 95% condence intervals).
Further details of specic analysis are expressed in the gures.
Differences were considered to be signicant for p values lower
than 0.05. Plots and statistical analysis were performed using
GraphPad Soware, Inc. La Jolla, CA 92937, USA).

Conclusions

Lipophilic HCA derivatives that retain the biological properties
of the parent compounds and display BBB-permeability have
been successfully synthesised. Generally, these HCAs deriva-
tives display a wide safety window and did not show signicant
cytotoxic effects at the tested concentrations. Moreover, some of
them successfully prevented 6-OHDA-induced damage in a
cellular model of ND and inhibited AChE in the lowmicromolar

range, which may be signicant to tackle memory impairment.
Direct inhibition of GSK-3b was not observed under the tested
conditions. Overall, the N-hexylcarboxamides 12–14 exhibited
the superior results; in particular, compound 14 combines mild
AChE inhibition, iron chelation, BBB permeability and
encouraging neuroprotection against 6-OHDA. This compound
can be used as a lead to develop neuroprotective agents with
potential application in ND. The depicted strategy can thus be a
promising approach for the development of new chemical
entities able to prevent or reduce the oxidative damage associ-
ated with ND.
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J. Agric. Food Chem., 2013, 61, 5046–5053.

32 J. Garrido, A. Gaspar, E. M. Garrido, R. Miri, M. Tavakkoli,
S. Pourali, L. Saso, F. Borges and O. Firuzi, Biochimie, 2012,
94, 961–967.

33 F. M. Roleira, C. Siquet, E. Orrù, E. M. Garrido, J. Garrido,
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Hydroxycinnamic acid as a novel scaffold for the development of 
cyclooxygenase-2 inhibitors 
T. Silva,a F. Borges,a† N. Edraki,b M. Alizadeh,b R. Miri,b L. Sasoc and O. Firuzib† 

Cyclooxygenase (COX) enzymes are involved in inflammation and cancer. Nine derivatives of hydroxycinnamic acids 
including ethyl and diethyl esters were synthesized and tested as COX inhibitors in whole blood assay. Esterification 
improved COX-1 and COX-2 inhibitory activities of the derivatives. Ethyl esters were more effective against COX-1 and the 
most potent one was caffeic acid ethyl ester. Interestingly, diethyl esters showed selectivity towards COX-2; The most 
active compound was caffeic acid diethyl ester (CA-DE) with 88.5 and 30.5% inhibitions against COX-2 at 100 and 20 µM, 
respectively, while it was almost inactive against COX-1. Docking studies showed that CA-DE forms 3 hydrogen bonds with 
the active site of COX-2 (4-OH..OH-Tyr355, 4-OH..NH-Arg120 and C=O..OH-Tyr385), while it forms only the first two bonds 
with COX-1. Furthermore, Val523 residue in COX-2 provides a wide hydrophobic pocket, which would accommodate 
diethyl esters. The present approach inspired by a natural scaffold provides an asset for the generation of new chemical 
entities endowed with selective COX-2 inhibitory activity. 

1 Introduction 
Cyclooxygenase (COX or PGH synthase) is a membrane-bound 
heme protein and the key rate-limiting enzyme involved in the 
arachidonic acid metabolism and prostanoid biosynthesis.1 
This enzyme exists at least as two main isoforms (COX-1 and 
COX-2), which have a high degree of homology, but possess 
different tissue distributions and physiological functions.2 COX-
1, the house-keeping isoform, is constitutively expressed in 
many tissues and mediates cytoprotective function in the 
gastric mucosa and tissue homeostasis through the production 
of prostaglandins (PGs). The inducible enzyme, COX-2, is 
overexpressed in response to a variety of mitogenic or pro-
inflammatory stimuli and is mainly involved in the production 
of different PGs in the inflamed as well as neoplastic tissues.3, 4 
The pathological role of COX-2 in progression of cancer and 
different inflammatory processes has made this enzyme a 
valuable pharmacological target for drug discovery programs, 
namely those related with inflammation. Furthermore, 
application of COX-2 inhibitors for prevention or treatment of 
cancer has been recently suggested by several groups.5 

Highly prescribed non-steroidal antiinflammatory drugs 
(NSAIDs) such ibuprofen and indomethacin are a 
heterogeneous group of compounds containing for instance 
ester or carboxylic groups (Fig. 1). NSAIDs act through the 
inhibition of COX-1 and COX-2 and are widely used for the 
treatment of a vast range of diseases ranging from chronic 
inflammatory conditions such as rheumatic diseases to fever 
and pain 6 and may also be protective against Alzheimer's 
disease 7 and cancer.5,8 However, various gastrointestinal 
adverse effects such as ulceration and even GI bleeding are 
common side effects associated with the long term use of 
nonselective classical NSAIDs.9 These side effects are mainly 
attributed to COX-1 inhibition and the absence of selectivity 
towards COX-2.10 Due to these caveats, the identification of 
new chemical entities with improved safety profiles and 
preferably increased selectivity towards COX-2 isoform is still a 
hot topic. Drugs containing diaryl moieties attached to a 
central heterocyclic ring scaffold (tricyclic derivatives, i.e. 
celecoxib and rofecoxib) or on the adjacent sp2 hybridized 
carbons of acyclic template (non-tricyclic template) (Fig. 1) 
have been introduced as selective COX-2 inhibitors. The 
structure-activity relationship (SAR) of diarylheterocycles as 
selective COX-2 inhibitors has been extensively 
investigated.1,11 However, serious concern has been raised 
about the adverse cardiovascular effects of this type of drugs 
12,13 and safer drug candidates are still needed, namely the 
development of drugs with a moderate selectivity towards 
COX-2. Several lines of evidence have shown that the 
derivatization of the carboxylate moiety in substrate analogue 
inhibitors (e.g. indomethacin) yield potent and selective COX-2 
inhibitors. For instance, the simple conversion of the free 
carboxylic acid of indomethacin to the corresponding methyl 
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ester afforded a potent and selective COX-2 inhibitor (IC50 
COX-2 ~ 250 nM vs IC50 COX-1 ~ 33000 nM), and chain length 
extension to higher alkyl homologues unveiled significant 
increments in potency and selectivity for COX-2.14 

Figure 1. Chemical structures of cyclooxygenase inhibitors: 
classical non-steroidal antiinflammatory drugs (NSAIDs) 
(ibuprofen and indomethacin) andcoxibs (celecoxib and 
rofecoxib). 

Furthermore, the development of NSAIDs based ester and 
amide derivatives has been extensively reported as a valid 
strategy to obtain analgesic and anti-inflammatory agents with 
no ulcerogenic activity, due to the considerable loss of COX-1 
activity.14-18 In fact, indomethacin esters such as indomethacin 
heptyl ester (Fig. 2A) have demonstrated enhanced selectivity 
towards COX-2.14,18 Moreover, stilbene-like derivatives 
containing an acyclic central system including α,β-unsaturated 
core (e.g. resveratrol and derivatives thereof, Fig. 2) instead of 
the heterocyclic core of coxibs have been developed as novel 
selective COX-2 inhibitors.11,19 Cinnamic acid (Fig. 2A) is 
currently considered a valid structure for drug discovery 
programs. In this regard hydroxycinnamic acids (HCAs) like 
coumaric and caffeic acid (Fig. 2A) are important naturally 
occurring phenolic compounds exhibiting a wide range of 
different biological activities, including anticarcinogenic, 
antioxidant and anti-inflammatory properties.20-23 The 
modulation of the carboxylic acid function of naturally 
occurring HCAs, in accordance with the structural changes 
performed in commercially available NSAIDs, lead to ester type 
compounds (e.g. ethyl caffeate, Fig. 2A) able to suppress NF-κB 
and its downstream inflammatory mediators (iNOS, COX-2 and 
PGE2) in cellular models of inflammation.24 Furthermore, 
several studies have shown the COX-2 inhibitory potential of 
HCA derivatives, including caffeic acid phenethyl ester (CAPE, 
Fig. 2A) isolated from ethanolic extract of propolis and also 
several ferulic acid derivatives.19,25-29 

Figure 2A. Chemical structures of indomethacin heptyl ester 
and naturally-occurring COX-2 inhibitors; 2B General structure 
of the HCA derivatives developed in this report. 

In this context, the phenylpropanoid framework of HCAs can 
be further explored as scaffold for the development of 
selective COX-2, by derivatization of the carboxylic acid 
function (Fig. 2B). Furthermore, due to the structural 
similarities between resveratrol and HCAs, both sharing the 
hydroxyphenylethylene moiety, the rationale for the activity of 
HCAs on COX-2 is strengthened, providing a solid background 
for the development of COX inhibitors based on the HCA 
scaffold. In continuation of our previous studies on biological 
evaluation of various synthetic derivatives as COX inhibitors 30-

33 we report the COX inhibitory activity of HCA derivatives (Fig. 
2B) based on p-coumaric acid (PCA), caffeic acid (CA) and 
3,4,5-trihydroxycinnamic acid (THCA). In addition, molecular 
docking studies were also conducted to identify the structural 
features required for the drug-enzyme (COX-2) interactions. 
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2 Results and discussion 
2.1 Chemistry 

Phenolic derivatives were obtained according to the synthetic 
strategies depicted in Scheme 1. Phenolic acids (commercially 
available or synthesized) and hydroxybenzaldehydes were 
converted to ethyl ester and diethyl esters. Generally, ethyl 
esters including p-coumaric acid ethyl ester (PCA-E), caffeic 
acid ethyl ester (CA-E) and 3,4,5-trihydroxy cinnamic acid ethyl 
ester (THCA-E) were obtained from the corresponding 
cinnamic acids by a microwave-assisted Fischer esterification. 
3,4,5-Trihydroxy cinnamic acid (THCA) was obtained from 
3,4,5-trihydroxybenzaldehyde following a Knoevenagel-
Doebner condensation. The diethyl ester derivatives including 
p-coumaric acid diethyl ester (PCA-DE), caffeic acid diethyl
ester (CA-DE) and 3,4,5-trihydroxy cinnamic acid diethyl ester
(THCA-DE) were synthesized using the same chemical strategy.
Overall, these reactions led to moderate yields of the desired
compounds, which were then identified by nuclear magnetic
resonance spectroscopy (1H, 13C NMR and DEPT) and electronic
impact mass spectrometry (EI-MS). The spectroscopic results
obtained for the synthesized compounds are in accordance
with the data described in the literature.34-36

Scheme 1. Synthetic strategy followed to obtain free acid, ethyl 
ester and diethyl ester cinnamic derivatives. (i) Malonic acid, 
pyridine, piperidine, 50 ºC, 20 h; (ii) EtOH, H2SO4, 100 ºC, 20 h; (iii) 
diethyl malonate, pyridine, piperidine, 50 ºC, 20 h. 

2.2 In vitro cyclooxygenase (COX) inhibition assay 

The HCAs and their ester derivatives were evaluated for their 
inhibitory activity against COX-1 and COX-2 in human whole 

blood assay using in vitro measurement of the production of 
thromboxane B2 (TXB2) and prostaglandin E2 (PGE2), 
respectively. The derivatives were classified into three series 
(Scheme 1): 
(A) Simple HCAs: p-coumaric acid (PCA), caffeic acid (CA) and
3,4,5-trihydroxy cinnamic acid (THCA);
(B) Ethyl esters of HCAs: PCA-E, CA-E and THCA-E;
(C) Diethyl esters of HCAs: PCA-DE, CA-DE and THCA-DE.

Thus, mono and diethyl ester derivatives of HCAs were 
synthesized and screened for COX-1/COX-2 inhibitory 
potential. Inhibition percentages of TXB2 and PGE2 formation 
were assessed at 100 and 20 µM of test compounds using a 
commercially available EIA kit (Enzo life sciences, Farmingdale, 
NY). The selectivity ratio (SR values) was defined as the ratio of 
the percentage of COX-2 inhibition to the percentage of COX-1 
inhibition at the concentration of 100 µM for the compounds 
under study. Indomethacin at concentration of 500 nM was 
used as a non-selective reference inhibitor (SR = 0.97). The 
results of COX-1 and COX-2 inhibitory assays are summarized 
in Table 1. Simple HCAs (PCA, CA and THCA) were completely 
inactive or had a very low activity against both COX-1 and COX-
2 isoforms. All 3 ethyl esters (PCA-E, CA-E and THCA-E) 
appeared to have higher COX-1 inhibitory activities compared 
to non-esterified parent HCAs. On the other hand, diethyl 
esters (PCA-DE, CA-DE and THCA-DE) seemed to have 
enhanced inhibitory activities towards COX-2 compared to 
their parental HCAs (Table 1). CA-DE was found to be the most 
selective COX-2 inhibitor with an SR of 9.1. This compound was 
also one of the most potent agents against COX-2 with an 
inhibition percentage of 88.5% at 100 μM. The second most 
selective inhibitor was PCA-DE with an SR of 5.8. PCA-DE was 
also one of the most potent COX-2 inhibitors and could inhibit 
the enzyme by 86.9% at 100 μM. THCA-DE also demonstrated 
high COX-2 inhibitory potential (84.4% inhibition at 100 μM), 
but with a lower selectivity (SR = 2.0). In view of the above 
mentioned results, the following structure-activity 
relationships (SAR) could be established for HCA derivatives: 

- Esterification of the carboxylic acid moiety of olefin side
chain increases COX inhibitory activity;
- Diethyl ester derivatives of different HCAs display a higher
COX-2 inhibitory activity;
- The manipulation of the number of phenolic OH groups
combined with the esterification of the carboxylic side chain
confers improvement in inhibitory potency and also selectivity
towards COX-2.

COX-2 selective inhibitors have been given particular attention, 
because of their improved gastrointestinal safety profile.10 On 
the other hand, COX-2 isoform, aside from its involvement in 
inflammatory processes, seems to be also involved in ageing 
diseases, such as Alzheimer disease and other 
neurodegenerative disorders and cancer.8,37Therefore 
compounds aimed at this target are desirable; however, 
serious concern has been raised regarding the cardiovascular 
adverse effects of previously launched tricyclic templates.38 
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Table 1.COX-1 and COX-2 enzyme inhibitory activities of hydroxycinnamic acid derivatives. 

Compounds 
% Inhibition COX-1a,b % Inhibition COX-2a,b 

SRc 
100 µM 20 µM 100 µM 20 µM 

PCA NAd NAd NAd NAd --- 
PCA-E 67.5 ± 14.0 45.9 ± 9.4 NAd NAd --- 
PCA-DE 15.2 ± 2.3 5.2 ± 1.0 86.9 ± 2.5 13.1 ± 3.1 5.8 
CA NAd NAd 15.5 ± 2.1 6.7 ± 1.0 --- 
CA-E 72.8 ± 11.6 52.0 ± 1.7 84.8 ± 4.2 19.1 ± 1.5 1.2 
CA-DE 9.3 ± 0.3 9.7 ± 9.7 88.5 ± 4.9 30.5 ± 4.1 9.1 
THCA NAd NAd NAd 16.0 ± 9.3 --- 
THCA-E 73.3 ± 0.5 5.4 ± 3.4 10.8 ± 7.9 13.2 ± 1.2 0.15 
THCA-DE 43.5 ± 2.4 19 ± 3.4 84.4 ± 9.0 36.1 ± 14.2 2.0 

Indomethacin 500 nM 76.6 ± 5.2e 74.1 ± 14.0e 0.97 
a Percentage of inhibition compared to control. b Values represent the mean ± S.E.M. of 3-4 different experiments. c Selectivity ratio at 100 µM 
(% COX-2 inhibition/% COX-1 inhibition) d Not active. e Percentage of inhibition was evaluated at 500 nM. 
Abbreviations: p-Coumaric acid (PCA); p-coumaric acid ethyl ester (PCA-E); p-coumaric acid diethyl ester (PCA-DE); caffeic acid (CA); caffeic acid 
ethyl ester (CA-E); caffeic acid diethyl ester (CA-DE); trihydroxy cinnamic acid (THCA); trihydroxy cinnamic acid ethyl ester (THCA-E); trihydroxy 
cinnamic acid diethyl ester (THCA-DE). 

Market withdrawal of some coxibs such as rofecoxib 
andvaldecoxib because of adverse thrombotic cardiovascular 
events were attributed either to an intrinsic chemical property 
related to their metabolism or to the biochemical imbalance in 
PGI2/TXA2 production associated with highly selective COX-2 
inhibitors.12,39Therefore, the need for the development of 
other COX-2 inhibitor agents with improved safety profile 
seems to be compelling. This could probably be achieved by a 
more careful selection of compounds that have a moderate 
selectivity towards COX-2, since failed coxibs have generally 
had very high SR towards this isoform.40 

2.3 Molecular docking studies 

In order to achieve a better understanding of the COX 
inhibitory activity of designed HCA derivatives, which could 
serve consequent SAR studies, molecular docking studies of 
one of the potent COX-2 inhibitors of this series (CA-DE) were 
performed. The crystal structures of COX-1 (PDB code: 1EQG) 
and COX-2 [PDB code: 1CX2] enzymes complexed with known 
inhibitors were used for the molecular modeling studies. The 
active site of each enzyme was defined based on the center 
and the radius of any cognate inhibitor atom. The automated 
docking program of Autodock 4.2 41 was used for the 
molecular docking study. The most stable docking model was 
selected according to the best scored conformation predicted 
by the Autodock 4.2 scoring function. Docking validation was 
performed based on the RMSD (root mean square deviation) 
of the best-docked conformation of cognate ligand from  

experimental one (internal validation).42Accordingly, docking 
performance was examined by re-docking of the co-
crystallized conformation of the native ligands into the 
corresponding enzyme's active site.The top-docking score pose 
of cognate ligand (ibuprofen and SC-558) was superimposed 
over the X-ray coordinates of experimentally derived structure 
bound to COX-1 and COX-2, respectively. The best-docked and 
actual conformation of ibuprofen correlated quite well with an 
RMSD of 0.943 Ǻ and binding free energies of -8.58 kcal/mol. 
The RMSD and binding free energy values obtained as a result 
of the re-docking procedure of SC-558 into the COX-2 active 
site were 1.373 Ǻ and -11.62 kcal/mol, respectively. It should 
be mentioned that the RMSD of lower than 2 Ǻ is the 
commonly acceptable limit.43The results of the docking 
validation are presented in Table 2. A molecular docking study 
of CA-DE was performed according to the described validated 
procedure. The complex generated by docking studies of CA-
DE with each COX isoform and superimposition with 
corresponding cognate ligand (derived from co-crystallization 
with the enzyme), indicated that the best scored conformation 
of CA-DE have fitted into the known classic binding cleft of 
COX-2 in similar manner as the pyrazolic COX-2 inhibitor, SC-
558 (Fig. 3). In fact, the 3,4-dihydroxyphenyl moiety of CA-DE 
was positioned in the same region occupied by p-
sulfonamidophenyl ring of SC-558.In addition, diethyl ester 
moieties of CA-DE were directed towards the aromatic region 
of the active site, which roughly mimics the p-Br-phenyl ring of 
SC-558 (Fig. 3B). 
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Table 2. Docking validation results for PDB structures of COX-1 (1EQG) and COX-2 (1CX2) using AutoDock4.2 

PDB 
code 

Binding mode of cognate inhibitor 
Within the active site* 

No. GA 
run 

Population in the 
optimum cluster (%) 

RMSD from 
reference 

structure(Å) 

Estimated free 
energy of binding 

(Kcal/Mol) 

1EQG 

 
 
 
 
 
 
 
 
 

100 100 0.943 -8.58 

1CX2 

 
 
 
 
 
 
 
 
 
 
 
 
 

100 96 1.373 -11.62 

*Superimposed structure of the best docked poses of the cognate on the native ligands (ibuprofen and SC-558 for COX-1 and 
COX-2, respectively). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A B 

Figure 3. Comparative binding of caffeic acid diethyl ester (CA-DE) into the active sites of COX enzymes. A. Binding orientation of 
CA-DE (yellow) into the active site of COX-1 (ibuprofen shown in green) B. Binding orientation of CA-DE (yellow) in the COX-2 
active pocket (SC-558 shown in green). The binding sites are depicted with solid surface. 
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The comparative binding mode of CA-DE in COX-1 showed that 
3,4-dihydroxyphenyl ring of this compound is positioned 
towards the COX-1 active site similar to the propionic side 
chain of ibuprofen. One of the ethyl ester substituents of CA-
DE was positioned in the COX-1 active site in the similar 
fashion as isobutylphenyl substitute of ibuprofen, while the 
other ester substituent displayed mild deviation from the COX-
1 binding site (Fig. 3A). Further details of the binding 
interactions of CA-DE with the amino acid residues of the 
active sites of COX-1 and COX-2 are illustrated in Fig. 4. This 
compound was found to dock into the active site of COX-1 with 
an interactionenergy of -6.13 Kcal/mol. According to the 
obtained results, two hydrogen bonds between 4-OH of 3,4-
dihydroxyphenyl of CA-DE and hydroxyl of Tyr355 (Tyr355-OH) 
and NH side chain of Arg120 (Arg120-NH, bond distance 2.7 
and 3.1 Ǻ, respectively) of COX-1 active pocket were observed. 
Fig. 4 also demonstrates the binding interaction of CA-DE (∆Gb 
= -7.60Kcal/mol) within COX-2 binding pocket and the 
formation of three hydrogen bond interactions with the 
binding cleft of COX-2 as follows: two hydrogen bonds 
between 4-OH of CA-DE and Tyr355-OH (OH..OH) and Arg120-
NH (OH..NH) (with bond distances of 2.7 and 3.3 Ǻ, 
respectively) and a third hydrogen bond between C=O of ethyl 
ester substituent of CA-DE and Tyr385-OH (bond distance 3.0 
Ǻ). The greater interaction energy of CA-DE into the COX-2 
active site, which might be attributed to its third hydrogen 
bonding with Tyr385, supports the tighter binding of CA-DE 
into COX-2 binding pocket. According to the previous studies, 
Tyr385 is involved in the abstraction of 13-pro-S-hydrogen 
from arachidonic acid.44 The observed hydrogen bonding 
interaction between CA-DE and Tyr385, absent in the case of 
CA-DE/COX-1 complex, might be an explanation for the 
observed selectivity of CA-DE towards COX-2 inhibition. 
Furthermore, X-ray crystallographic analyses of COX-1 and 
COX-2 active pockets have demonstrated the existence of 
some differences between these two isoforms and have 
provided useful guidelines towards the design of selective 
COX-2 inhibitors. For instance, COX-2 has larger active site 
volume (-417 Å) when compared to COX-1 (-366 Å).20,45This 
difference has been attributed to the smaller size of valine side 
chain (Val523) in COX-2 binding site coupled with the 
conformational changes at Tyr355 that opens up the new 
hydrophobic pocket surrounded by Leu352, Ser353, Tyr355, 
Tyr348, Val523 and Phe518. This hydrophobic cleft also exists 
in COX-1 active site, but is inaccessible as a result of presence 
of larger and bulkier isoleucine residue, Ile523 instead of 
Val523.45 As shown in Fig. 4, the two ethyl ester moieties of 
CA-DE were well accommodated into the available and 
exclusive hydrophobic pocket of COX-2 comprising of Phe518, 
Val523, Met522, Tyr385, Ser523 and provided favorable 
hydrogen bond interaction with Tyr385 of COX-2 active site. 
On the other hand, the presence of Ile523 at the entrance of 
hydrophobic cleft of COX-1 binding site introduces some steric 
clashes that hindered the accessibility of ethyl ester 
substituents to this hydrophobic site. The differences found 
between the binding interaction of CA-DE with COX-1 and 

COX-2 can explain the selectivity found for the diethyl ester 
derivatives of HCAs towards COX-2 inhibition. 

Figure 4. Best docking poses of caffeic acid diethyl ester (CA-
DE) into the COX-1 (5A) and COX-2 (5B) binding sites. The 
ligand is depicted in stick model and the interacting residues 
are displayed in line style. Broken lines indicate hydrogen bond 
interactions. 
In an attempt to evaluate the contribution of each amino acid-
ligand interaction energy and further comparison of the interaction 
of CA-DE with COX-1 and COX-2, we employed ab initio method to 
calculate ligand-residue binding energy (∆Eb) using our previously 
reported equation.46 Binding energies of CA-DE with individual 
amino acid residues surrounding the COX-1 and COX-2 binding sites 
at the B3LYP/Def2-SVP level of calculation are summarized in Fig. 
5A and 5B, respectively. CA-DE is involved in three hydrogen 
binding interactions with Arg120, Tyr355 and Tyr385 with 
respective estimated binding energies of -7.33, -18.86 and -15.44 
kcal/mol in the COX-2 active site. The corresponding hydrogen 
binding energies of CA-DE with Arg120 and Tyr355 of COX1 catalytic 
site were -15.40 and -11.10 Kcal/mol, respectively. Comparison of 
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CA-DE-residue binding energy of COX-1 (6A) and COX-2 (6B) 
indicated a week interaction of CA-DE with Tyr385 of COX-1 
catalytic site. Furthermore, the calculated total binding energy of 
CA-DE with catalytic residues of COX1 and COX2 enzymes (Eb (total)) 
were -179.67 and -209.79 kcal/mol, respectively. These differences 
could be attributed to other important ligand-residue interactions, 
such as hydrophobic and electrostatic interactions, resulting in 
increased inhibition of COX-2 by CA-DE.  

Figure 5. Binding energies of the interactions of CA-DE with the 
active site amino acid residues of COX-1 (6A) and COX-2 (6B). 

3 Experimental 
3.1 Chemistry 

3.1.1. Reagents and materials 
Caffeic acid (CA), p-coumaric acid (PCA), malonic acid and 
diethylmalonate were purchased from Sigma-Aldrich (Sintra, 
Portugal). All other reagents and solvents were pro analysis 
grade and were acquired from Merck (Darmstadt, Germany) 
and used without additional purification. Thin layer 
chromatography (TLC) analyses were performed on aluminium 
silica gel sheets 60 F254 plates from Merck and spots were 

detected using a UV lamp at 254 nm. Column chromatography 
purifications were performed with silica gel 60A (Carlo 
ErbaReactifs–SDS, France). 

3.1.2 Apparatus 
1H and 13C NMR data were acquired, at room temperature, 
on a Brüker AMX 300 spectrometer operating at 300.13 and 
75.47 MHz, respectively. DMSO-d6 was used as solvent; 
chemical shifts are expressed in δ (ppm) values relative to 
tetramethylsilane (TMS) as internal reference; coupling 
constants (J) are given in Hz. Assignments were also made 
from DEPT (distortionless enhancement by polarization 
transfer) (underlined values). Electron impact mass spectra (EI-
MS) were carried out on a VG AutoSpec instrument; the data 
are reported as m/z (% of relative intensity of the most 
important fragments). Microwave-assisted synthesis was 
executed in a Biotage® Initiator Microwave Synthesizer. 

3.1.3 General synthetic procedures 

General synthetic for microwave-assisted esterification 
PCA-E, CA-E and THCA-E were synthesised by Fisher 
esterification according the general procedure previously 
described by our research group (Scheme 1).34 Briefly, the acid 
(5 mmol) with the appropriate aromatic pattern, ethanol (2.5 
mL) and H2SO4 (3 drops) were put together in a glass vial (2-5 
mL) sealed with a cap and heated in the microwave reactor 
cavity under mechanical stirring at 100oC for 20 minutes. After 
cooling to room temperature, the solvent was removed in 
vacuo, the residue was dissolved in ethyl acetate, (25 mL) and 
washed with NaHCO3 and water (3 x 10 mL). The organic layer 
was dried over Na2SO4, filtered and concentrated under 
reduced pressure. The compounds were purified by flash 
chromatography (silica gel; CH2Cl2 with increasing methanol 
until 9.5:0.5) and recrystallized from diethyl ether/petroleum 
ether. 

(E)-ethyl-3-(4-hydroxyphenyl)-2-propenoate (PCA-E) 
Yield 65%; 1H NMR δ(ppm): 1.25 (t, J = 7.10 Hz, 3H, OCH2CH3), 
4.26 (q, J = 7.10 Hz, 2H, OCH2CH3), 6.48 (d, J = 16.0 Hz, H(α)), 
6.79 (m, 2H, H3, H5), 7.56 (m, 3H, H2, H6, Hβ), 9.99 (s, 1H, C4-
OH); 13C NMR δ(ppm): 14.7 (OCH2CH3), 61.2 (OCH2CH3), 114.8 
(Cα), 116.2 (C3,C5), 125.6 (C1), 130.7 (C2,C6), 145.0 (Cβ), 160.3 
(C4), 167.1 (C=O); EI-MS m/z (%): 192 (M+., 80), 164 (19), 148 
(100), 120 (35), 89 (27); mp [65-67]oC. 

(E)-ethyl-3-(3,4-dihydroxyphenyl)-2-propenoate (CA-E) 
Yield 65%; 1H NMR δ(ppm): 1.24 (t, J = 7.10 Hz, 3H, OCH2CH3), 
4.15 (q, J = 7.09 Hz, 2H, OCH2CH3), 6.25 (d, J = 15.9 Hz, 1H, 
H(α)), 6.75 (d, J = 8.12 Hz, 1H, H5), 7.00 (dd, J = 8.28, 2.07 Hz, 
1H, H6), 7.04 (d, J = 2.08 Hz, 1H, H2), 7.46 (d, J = 15.9 Hz, 1H, 
Hβ), 9.12 (s, 1H, OH), 9.57 (s, 1H, OH); 13C NMR δ(ppm): 13.7 
(OCH2CH3), 59.1 (OCH2CH3), 113.5 (C2), 114.2 (C5), 120.7 (C6), 
118.2 (Cα), 124.9 (C1), 144.4 (Cβ), 145.0 (C-OH), 147.8 (C-OH), 
165.9 (C=O); EI-MS m/z (%): 208 (M+., 81), 199 (21), 180 (17), 
163 (100), 145 (13), 136 (31), 89 (23); mp [140-145]oC. 
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(E)-ethyl-3-(3,4,5-trihydroxyphenyl)-2-propenoate (THCA-E) 
Yield 65%; 1H NMR δ(ppm): 1.36 (t, J = 7.13 Hz, 3H, OCH2CH3), 
4.29 (q, J = 7.12 Hz, 2H, OCH2CH3), 6.37 (d, J = 15.9 Hz, 1H, Hα), 
6.78 (s, 2H, H2, H6), 7.62 (d, J = 15.9 Hz, 1H, Hβ), 8.80 (s, 1H, 
C4-OH), 9.18 (s, 2H, C3-OH, C5-OH); 13C NMR δ(ppm): 15.2 
(OCH2CH3), 61.4 (OCH2CH3), 106.2 (C2,C6), 118.2 (Cα), 130.9 
(C1), 141.0 (C4), 145.5 (Cβ), 154.3 (C3,C5), 167.9 (C=O); EI-MS 
m/z (%): 224 (M+., 100), 196 (17); 179 (86), 152(48), 133 (40), 
105 (21), 77 (32); mp [176–179]oC. 
 
General synthetic procedure for Knoevenagel-Doebner 
condensation 
THCA, PCA-DE, CA-DE and THCA-DE were synthesized following 
a variation of a process previously described (Scheme 1).34 
Accordingly, the Knoevenagel-Doebner condensation was 
performed between the corresponding hydroxybenzaldehyde 
(1 g) and malonic acid (1 g) (for THCA) or diethylmalonate (1.6 
mL) (for PCA-DE, CA-DE and THCA-DE), in pyridine (5 mL) using 
piperidine (four drops) as catalyst. The reactions took place 
under reflux at 50 ºC for 20 h. The mixtures were diluted with 
ethyl acetate (10 mL) and washed with HCl 1 M and water (3 x 
10 mL). The organic layers were then dried over Na2SO4, 
filtered and concentrated under reduced pressure. The 
compounds were purified by flash chromatography (silica gel; 
ethyl acetate/n-hexane (7:3) for CA-DE and THCA-DE and 
dichloromethane/methanol (9:1) for THCA and PCA-DE).  
 
Diethyl 2-(4-hydroxybenzylidene)malonate (PCA-DE) 
Yield 25%; 1H NMR (400 MHz) δ(ppm): 1.25 (t, J = 7.10 Hz, 6H, 
2x OCH2CH3), 4.22 (q, J = 7.09 Hz, 2H, OCH2CH3), 4.30 (q, J = 
7.11 Hz, 2H, OCH2CH3), 6.84 (m, 2H, H3, H5), 7.38 (m, 2H, H2, 
H6), 7.59 (s, 1H, Hβ), 10.27 (s, 1H, OH); 13C NMR (100 MHz) 
δ(ppm): 15.1 (OCH2CH3), 15.4 (OCH2CH3), 62.4 (OCH2CH3), 62.6 
(OCH2CH3), 117.3 (C3,C5), 123.2 (C1), 124.4 (Cα), 133.3 (C2,C6), 
142.7 (Cβ), 161.7 (C4), 165.2 (C=O), 167.9 (C=O); EI-MS m/z 
(%): 264 (M+., 100), 219 (85), 190 (34), 146 (35), 118 (81), 91 
(15), 63 (19); mp[89-93]oC. 
 
Diethyl 2-(3,4-dihydroxybenzylidene)malonate (CA-DE) 
Yield 52%; 1H NMR δ(ppm): 1.24 (m, 6H, 2xOCH2CH3), 4.20 (q, J 
= 7.10 Hz, 2H, O CH2CH3), 4.30 (q, J = 7.10 Hz, 2H, OCH2CH3), 
6.76 (d, J = 8.10 Hz, 1H, H5), 6.87 (dd, J = 8.39, 2.19 Hz, 1H, 
H6), 6.90 (d, J = 2.14 Hz, 1H, H2), 7.47 (s, 1H, Hβ); 13C NMR 
δ(ppm): 14.2 (OCH2CH3), 14.5 (OCH2CH3), 61.4 (OCH2CH3), 61.7 
(OCH2CH3), 110.4, 116.1 (C2,C5), 122.0 (C1), 123.9 (Cα), 124.3 
(C6), 142.1 (Cβ), 146.0 (C-OH), 149.7 (C-OH), 164.4 (C=O), 
167.0 (C=O); EI-MS m/z (%): 280 (M+., 100), 235 (34), 206 (38), 
189 (39), 161 (41), 134 (92), 105 (24), 77 (25); mp [131-135]oC. 
 
(E)-3-(3,4,5-trihydroxyphenyl)-2-propenoic acid (THCA) 
Yield 35%; 1H NMR δ(ppm): 6.09 (d, J = 15.8 Hz, 1H, Hα), 6.57 
(s, 2H, H2, H6), 7.32 (d, J = 15.8 Hz, 1H, Hβ), 8.74 (s, 1H, C4-
OH), 9.17 (s, 2H, C3-OH, C5-OH); 13CNMR δ(ppm): 
107.5(C2,C6), 115.2 (Cα), 124.6 (C1), 136.3 (C4), 145.1 (Cβ), 
146.2 (C3,C5), 168.0 (C=O); EI-MS m/z (%): 196(M+., 100), 179 

(22); 152 (57), 133 (27), 105 (16), 78 (51),63 (57); mp [186–
188]oC. 
 
Diethyl 2-(3,4,5-trihydroxybenzylidene)malonate (THCA-DE) 
Yield 70%; 1H NMR δ(ppm): 1.33 (t, J = 7.13 Hz, 6H, 
2xOCH2CH3), 4.28 (q, J = 7.13 Hz, 2H, OCH2CH3), 4.36 (q, J = 
7.14 Hz, 2H, OCH2CH3), 6.57 (s, 2H, H2, H6), 7.52 (s, 1H, Hβ), 
8.21 (s, 1H, C4-OH), 8.81 (s, 2H, C3-OH, C5-OH); 13C NMR 
δ(ppm): 14.4 (OCH2CH3), 14.8 (OCH2CH3), 62.4 (OCH2CH3), 62.7 
(OCH2CH3), 110.4 (C2,C6), 123.3 (C1), 124.6 (Cα), 137.2 (C4), 
144.1 (Cβ), 146.1 (C3,C5), 165.7 (C=O), 168.8 (C=O); EI-MS m/z 
(%): 296 (M+., 100), 251 (36), 222 (38), 205 (49), 178 (38), 150 
(58); mp [182–184]oC. 
 
3.2 in vitro screening for COX inhibition 
 
3.2.1. Inhibition of COX-1 activity in human whole blood 
COX-1 activity was determined by measuring the production of 
thromboxane B2 (TXB2), produced during the spontaneous 
clotting of human whole blood. Fresh human venous blood 
from three healthy donors was collected in glass tubes without 
anticoagulant, one volunteer each day. The volunteers had not 
taken any non-steroidal antiinflammatory drugs (NSAIDs) for 
two weeks prior to sampling. Aliquots of blood (0.5 mL) were 
immediately transferred to tubes containing 2 µL of inhibitor 
or vehicle (DMSO). Samples were vortex-mixed and incubated 
at 37 ºC for 1 h. Then, the tubes were centrifuged at 5000 × g 
for 10 min and 60 µL of serum was mixed with 240 µL of 
methanol in order to precipitate the proteins. Samples were 
centrifuged again and the supernatants were taken for 
measurements of TXB2 by a commercially available EIA kit 
(Enzo life sciences, Farmingdale, NY). Samples were tested at 
two different concentrations (100 and 20 µM) and percentages 
of inhibition of TXB2 production were calculated at each 
examined concentration as compared to the control. 
 
3.2.2. Inhibition of COX-2 activity in human whole blood 
COX-2 activity was determined by measuring the formation of 
prostaglandin E2 (PGE2), after incubation of blood samples 
with lipopolysaccharide (LPS from Escherichia coli serotype 
0111-B4; Sigmaaldrich) according to a previously described 
method.30,47 Fresh venous blood from healthy volunteers was 
collected in tubes containing heparin (15 IU/mL). None of the 
volunteers had taken any NSAIDs for two weeks prior to 
sampling. Half mL of blood was transferred to tubes containing 
2 µL of inhibitor or DMSO and incubated at 37oC for 15 min. 
Then, 6 µL of LPS solution (final concentration 30 µg/mL) was 
added to each tube and the samples were further incubated at 
37oC for 18 h. After the separation of plasma, proteins were 
precipitated as described above and levels of PGE2 were 
measured by a commercially available EIA kit (Enzo life 
sciences, Farmingdale, NY). Test samples were examined at 
two different concentrations (100 and 20 µM) and percentages 
of inhibition of PGE2 production were calculated at each 
tested concentration as compared to the control. 
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3.3. Molecular modeling methods 
 
3.3.1. Molecular docking study 
Autodock 4.2 and Auto Dock Tools 1.5.4 (ADT) were used for 
the docking study. The X-ray crystal structure of both COX-
1/ibuprofen (a non-selective inhibitor) and COX-2/SC-558 (a 
selective inhibitor) complexes (PDB codes: 1EQG and 1CX2, 
respectively) were retrieved from the Protein Data Bank 
(http://www.rcsb.org) and used as templates to construct the 
three-dimensional models for all the compounds under study. 
Water molecules and cognate ligands were removed from the 
receptor. All hydrogens were properly added to the receptor 
PDB and non-polar hydrogens were merged into related 
carbon atoms of the receptor using ADT. Kollman charges were 
also assigned.The three-dimensional structure of CA-DE was 
constructed using Chem3D Ultra 8.0 and energetically 
minimized (100 steepest descent steps using MM + force field 
with a gradient convergence value of 0.1 kcal/mol) using 
HyperChem software. The Gastiger charges (empirical atomic 
partial charges) and torsional degrees of freedom were 
assigned on the generated PDB files by ADT 1.5.4. The grid 
maps of COX-1 and COX-2 were calculated with AutoGrid (part 
of the AutoDock package). The created three-dimensional 
grids were 60 × 60 × 60 (x, y, z) with a grid spacing of 0.375 Ǻ 
and the cubic grids were centered on the binding site of native 
ligand of each receptor.Automated docking studies were 
carried out using Lamarckian Genetic Algorithm (LGA). For LGA 
method; 2,500,000 energy evaluation, population size of 150, 
a gene mutation rate of 0.02; a crossover rate of 0.8 and 
number of 100 independent docking runs were used for each 
case. Cluster analysis was performed on the docked results 
using a root mean square (RMS) tolerance of 2.0 Ǻ. After 
validating of our computational modeling approach in which X-
ray structures served as reference structures for the 
calculation of the root mean square deviation (RMSD), the 
same modelling computational protocols were applied to the 
target compounds. 
 
3.3.2. Amino acid decomposition analysis 

In order to calculate the binding energies of docked ligand with 
each active site amino acid residue of COX-1 and COX-2 enzymes, 
the B3LYP/Def2-SVP method was employed. The evaluated amino 
acid residues were chosen based on the ligand-receptor interaction 
profile obtained from docking results. All amino acids were 
considered in their real electronic state. For each residue under 
study, N-terminal was acetylated and C-terminal was methyl 
amidated to mimic the original electron density. All the interaction 
energies were estimated by functional B3LYP associated with split 
valence basis set using polarization functions (Def2-SVP). The whole 
calculations were done using an ORCA quantum chemistry 
package.48 Ligand-residue binding energies (ΔEb) were calculated 
using our previously introduced equation.46 

 

 

 

 

4 Conclusions 
 
In this study, we have reported the COX inhibitory activity of 
HCAs (PCA, CA and THCA) and their ethyl and diethyl esters. 
Ethyl ester derivatives (PCA-E, CA-E and THCA-E), display COX-
1inhibitory activity, while diethyl esters (PCA-DE, CA-DE and 
THCA-DE), particularly CA-DE, had COX-2 selectivity. The 
selective COX-2 inhibition by CA-DE can be attributed to the 
formation of 3 hydrogen bonds with the active site of COX-2 
(4-OH..OH-Tyr355, 4-OH..NH-Arg120 and C=O..OH-Tyr385) vs 2 
hydrogen bonds formed with COX-1 (4-OH..OH-Tyr355 and 4-
OH..NH-Arg120), as shown by the docking studies performed 
with this compound on both enzyme isoforms. Thus, it can be 
concluded that with simple chemical modifications of a natural 
scaffold present in human diet, selective inhibition of COX-2 
was achieved. Furthermore, the obtained results encourage 
the progress of the current drug discovery program with the 
development of additional sets of HCA derivatives bearing 
bioisosteric modifications, such as amides and other 
electronically equivalent groups. The gathered data 
strengthens the importance of exploring cinnamic scaffold as a 
template to build new chemical entities for inflammatory-
associated diseases as well as pathologies such 
neurodegenerative diseases and cancer in which COX-2 seems 
to play an important role. 
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permeable nitrocatechol-based catechol O-methyltransferase 
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ABSTRACT 

Recent efforts have been focused on the development of centrally active COMT 

inhibitors, which can be valuable assets for neurological disorders such as Parkinson’s 

disease, due to the severe hepatotoxicity risk associated with tolcapone 1. Currently, 

the remaining COMT inhibitors available in the market act only peripherally and have 

limited clinical benefit over tolcapone. Following our line of research based on the 

development of new chemical entities derived from naturally-occurring scaffolds, we 

focused our efforts on the design of new COMT inhibitors based on the 

hydroxycinnamic acid scaffold, mainly on the naturally-occurring caffeic acid 5 and 

caffeic acid phenethyl ester (CAPE, 6). In this context, nitrocatechol derivatives were 

synthesized and their hepatic and cerebral COMT inhibitory activity was evaluated. All 

nitrocatechol derivatives displayed potent inhibition of both COMT isoforms within the 

nanomolar range, especially for membrane bound (MB)–COMT, comparable to that 

observed for standard inhibitors tolcapone and entacapone. Derivatives 13, 15 and 16 

showed the appropriate drug-like properties drug-like properties required for CNS 

drugs and were predicted to be able to cross the blood-brain barrier (BBB), as 

evaluated by in vitro PAMPA-BBB assays. Moreover, derivatives 13, 15 and 16 did not 

cause significant cytotoxicity in primary rat hepatocytes even at high concentrations (50 

µM), in contrast with standard inhibitors entacapone and tolcapone, which induced mild 

(50%) and massive (90%) cell death at 50 µM, respectively. Electrochemical studies 

showed that derivatives 13-16 are less acidic than tolcapone and entacapone and have 

a distinct redox behavior, mainly regarding the reductive stability of the hydroxylamine 

metabolite, which decreases the chances of formation of reactive quinone-imines and, 

as such, the potential for hepatotoxicity.  The binding mode of compound 16 with rat 

COMT showed that the nitrocatechol ring interacted with the enzyme’s active pocket 

via electrostatic interactions, hydrogen bonding and nonpolar interactions involving the 

negatively charged C4 hydroxyl, the C3 hydroxyl group, the C5 nitro moiety and the 

aromatic ring with Lys144, Glu199, Met40 and Pro174. These findings suggest that 

nitrocatechol-induced hepatotoxicity may be subverted by modulation of the chemical 

structure without compromising COMT inhibition.  Overall, our results show that 

chemical modulation of the nitrocatechol scaffold can yield BBB permeable non-

hepatotoxic COMT inhibitors, and compound 16 is a promising lead for the 

development of drugs for CNS diseases such as Parkinson’s disease, schizophrenia 

and other dopamine-deficient related disorders.  

Keywords: Catechol O-methyltransferase, caffeic acid, CAPE, nitrocatechol, 

hepatotoxicity 
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INTRODUCTION 

Catechol O-methyltransferase (COMT, EC 2.1.1.6) catalyzes the regioselective 

transfer of an activated methyl group from common donor S-adenosyl-L-methionine 

(SAM) to one hydroxyl group of its catechol substrates1, using Mg2+ as a co-factor and 

yielding a mono O-methylated product and S-adenosylhomocysteine (SAH). COMT is 

ubiquitously expressed and can be found mainly in the liver and kidneys, as well as 

within the central nervous system2, 3. Other peripheral sources of COMT include the 

lungs, stomach, spleen, intestine, heart, adrenal glands, adipose tissue, gonads, 

muscle and erythrocytes.1, 4 This single domain intracellular methyltransferase is 

responsible for the selective O-methylation of endogenous neurotransmitters5, 6, 

hormones7 and xenobiotics8 bearing a dihydroxybenzene (catecholic) scaffold.  The 

array of xenobiotics metabolized by COMT includes dopamine precursor L-DOPA 

(levodopa), the gold standard drug for the clinical management of Parkinson’s disease 

(PD)9, which is extensively transformed to its inactive 3-O-methyl metabolite. 

Pharmacological blockade of the degradation of levodopa with COMT inhibitors 

prevents its peripheral degradation and increases its plasma half-life, allowing orally 

administered levodopa to cross the blood-brain barrier (BBB) into the brain where it is 

locally decarboxylated to dopamine10. This pharmacological approach effectively 

compensates the shortage of cerebral dopamine and is useful in the adjunctive therapy 

of PD11, depression12, schizophrenia13 and other dopamine deficiency-related 

disorders14. First generation COMT inhibitors based on simple catechol scaffolds act as 

competitive inhibitors, but their clinical utility was hampered due to poor 

bioavailability15.  COMT inhibitors with clinical relevance are depicted on Figure 1 

(Compounds 1-4). 

 

Figure 1. Chemical structures of tight-binding COMT inhibitors: tolcapone (1), entacapone (2), nebicapone 

(3) and opicapone (4). 
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Compounds 1-4 (Figure 1) are structurally based on the nitrocatechol (1,2-

dihydroxy-3-nitrobenzene) scaffold, the standard pharmacophore for tight binding 

COMT inhibitors15, which greatly improved in vitro potency over competitive catechol-

based inhibitors1, 16. Tolcapone 1 is a potent and BBB-permeable COMT inhibitor, yet 

its clinical use is very restricted due to its association with severe hepatotoxicity17. 

Entacapone 2 is a widely used peripheral COMT inhibitor, but its low bioavailability and 

short-acting inhibitory profile significantly decrease its clinical efficacy18. In spite of its 

improved pharmacokinetics, the clinical development of nebicapone 3 was 

discontinued because its safety profile was not considered sufficiently improved over 

that of tolcapone 115. Recent efforts afforded opicapone 4, a long-acting peripheral 

COMT inhibitor bearing a pyridine N-oxide and an oxadiazole ring which showed 

promising results in clinical trials19-21 and is currently being licensed as a new treatment 

for PD. However, inhibition of peripheral COMT has been associated with hepatic and 

intestinal side effects17, 18 and recent efforts have been focused on the development of 

centrally active COMT inhibitors, which can be valuable assets for neurological 

disorders associated with catecholamine depletion. Although encouraging results have 

been reported for non nitrocatechols,15, 22, 23 no significant results have been yet 

reported for nitrocatechol COMT inhibitors. Following our line of research based on the 

development of new chemical entities derived from naturally-occurring scaffolds, we 

focused our efforts on the development of COMT inhibitors based on the 

hydroxycinnamic acid (HCA) scaffold (Figure 2A) for three main reasons.  

 

Figure 2. Chemical structures of caffeic acid and CAPE (A) and nitrocatechol derivatives  synthesized (B). 

 

Firstly, due to its privileged structure, the phenylpropanoid scaffold displays 

straightforward chemical modifiability, which enables structural variability and facilitates 

the establishment of structure-activity-property relationships. Moreover, naturally-

occurring hydroxycinnamic acids like caffeic acid 5 and its derivative caffeic acid 

phenethyl ester (CAPE, 6) (Figure 2A) exhibit a wide range of biological activities24, 
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mainly those related with neuroprotection25-27. Finally, HCAs are dietary compounds 

with low toxicity and proven health benefits in epidemiological studies28. Herein, we 

report the synthesis, COMT inhibition, BBB permeability toxicological screening of 

novel HCA/nitrocatechol-based COMT inhibitors. 

RESULTS & DISCUSSION 

Chemistry. A set of nitrocatechols structurally based on hydroxycinnamic acids (Figure 

2B) was obtained following the synthetic strategy depicted on Scheme 1. Structural 

variability was attained by inserting different substituents at positions C5, Cα and at the 

carboxylic acid function (Figure 2B).  

 

Scheme 1. Synthetic strategy pursued to obtain derivatives 8-18. a. activated methylene, anhydrous pyridine, 

piperidine cat, 60˚C, 7-48h; b. NaOH 2M, MeOH/THF, reflux, 13h; c. alkylarylbromide, K3PO4, DMSO, 0˚C to rt, 

24h; d. 1. DIPEA, DMF, PyBOP, dichloromethane, 0˚C, 30’. 2. appropriate amine, rt, 6h. 

Hydroxycinnamic derivatives containing a nitrocatechol moiety were synthetized 

by a Knoevenagel-Doebner condensation between 3,4-dihydroxy-5-nitrobenzaldehyde 

and different activated methylenes (malonic acid, cyanoacetic acid, ethyl malonate or 

diethyl malonate) in pyridine and catalytic amount of piperidine (step a), yielding the 

corresponding α,β-insaturated derivatives 8-11. Derivative 12 was obtained by alkaline 

hydrolysis with NaOH 2M of diester 11 in refluxing MeOH/THF. In order to derivatize 

the carboxylic acid group, α,β-insaturated acids 8 and 9 were then treated with the 

appropriate alkylaryl bromide or alkylarylamine (steps c or d) to yield the corresponding 

esters and amides 13-18. Accordingly, esters 13-16 were obtained by a bimolecular 

nucleophilic substitution between the appropriate acid (8-9) and benzylbromide or (2-

bromoethyl)benzene, and  amides 17 and 18 were obtained by a benzotriazol-1-yl-

oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) assisted amidation 
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between the carboxylic acid 9 and benzylamine or phenethylamine. CAPE 6 and 

caffeic acid benzyl ester 7 were prepared from caffeic acid 5 treated with the (2-

bromoethyl)benzene or benzyl bromide (step c). The structural identity and purity of all 

compounds was confirmed by nuclear magnetic resonance (NMR) spectroscopy (1H 

NMR, 13C NMR and DEPT135) and electronic impact mass spectrometry (EI-MS). 

Screening for COMT inhibition. In mammals, COMT is present in two forms: a 

soluble cytosol form (S-COMT) that can be found mainly in peripheral tissues and a 

membrane-bound form (MB-COMT) that occurs in the brain.29 These isoenzymes 

share the same primary aminoacid sequence of the catalytic site but show a different 

kinetic behavior, with MB-COMT showing higher substrate affinity (lower KM) and S-

COMT displaying higher capacity (higher Vmax).
30 Hence, MB-COMT is responsible for 

the regulation of low physiological levels of catecholamine neurotransmitters (e.g.  

dopamine, norepinephrine and epinephrine) within the CNS and, upon a sudden 

increase of catechol substrates (e.g. xenobiotic catechols), S-COMT steps up when a 

higher metabolic rate is required31, 32. Accordingly, the in vitro COMT inhibitory activity 

of the compounds under study was evaluated in rat liver and brain homogenates by 

measuring the formation of metanephrine (O-methylated adrenaline), as previously 

described.33 The results, expressed as IC50 ± S.E.M. (n = 4 to 10), are shown in Table 

1 and Figure S2 (Supplementary information). 

Results show that compounds 5-7, lacking the 5-nitro group, display weak or no 

inhibitory activity towards both isoforms, which is in accordance with previous reports1, 

34. Contrarily, all derivatives bearing a 5-nitro substituent 8-18 were active against both 

isoforms within the nanomolar range. This finding stresses the utmost importance of 

the presence of a 5-nitro group for COMT inhibition. Moreover, and with the exception 

of 9, all compounds showed higher potency towards the cerebral enzyme, which 

reflects the higher affinity of MB-COMT towards these compounds. Generally, the 

introduction of bulky groups (benzyl, phenethyl) on the carboxylic acid decreased the 

potency towards hepatic COMT, but the same observation did not apply for the 

cerebral isoform (see 8 vs 13-14, Table 1). Similarly, the introduction of nitrile 

substituent (8 vs 9) resulted in a mild ~3-fold decrease in inhibitory potency towards 

hepatic COMT, which was even more marked in the cerebral isoform (~15-fold). 

However, and contrarily to what was observed for the hepatic enzyme, the introduction 

of bulky benzyl and phenethyl groups restored the inhibitory potency towards the 

cerebral isoform (9 vs 15-18). Ethyl ester 10 and diethyl ester 11 showed remarkable 

inhibitory potency towards the two isoforms, comparable to that of standard inhibitor 

tolcapone 1. Interestingly, the potency of 11 showed a 20-fold (liver) and 130-fold 
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(brain) potency decrease when the ethyl ester moieties were hydrolyzed to the 

corresponding carboxylic acids (compound 12). Finally, albeit the substitution of the 

carboxylic ester 15 for an amide function 17 restored peripheral COMT inhibition, it had 

no significant effect in the case of N-phenethylamide derivative 18. Generally, and with 

the exception of compounds 11 and 12, the pharmacological profile obtained for the 

test compounds was similar to that observed for entacapone 2. 

Table 1. In vitro COMT inhibition obtained for compounds 5-18 and standard inhibitors tolcapone (1) and 

entacapone (2). 

Entry  

IC50 ± S.E.M (nM) 
Liver/Brain 

ratio
a
 

R1 R2 R3 X Rat liver COMT Rat brain 

COMT 

5 H H H O b b 63.14 

6 H H 
 

O b b - 

7 H H 
 

O b b - 

8 NO2 H H O 12.84  0.54 5.79  0.34 2.22 

9 NO2 CN H O 55.35  15.37  100.71  18.25  0.55 

10 NO2 H Et O 11.35  0.25 1.64  0.05 6.93 

11 NO2 COOEt Et O 12.82  1.02  0.84  0.02 15.23 

12 NO2 COOH H O 329.34  75.68 180.39  68.54  1.83 

13 NO2 H 
 

O 52.47  8.54  1.92  0.28  27.39 

14 NO2 H 
 

O 124.87  2.72  5.02  0.48  24.90 

15 NO2 CN 
 

O 137.60  11.24  4.78  0.12 28.82 

16 NO2 CN 
 

O 64.81  15.84  3. 77  0.51 17.18 

17 NO2 CN 
 

NH 29.86  2.35 3.14  0.32 9.52 

18 NO2 CN 
 

NH 54.85  11.96  5.56  1.07  9.86 

1 - - - - 
30.59  4.85 

0.91  0.17 
 

33.62 

2 - - - - 34.45  9.01   
 

3.47  0.48 
 

9.93 

Results are expressed as mean IC50 ± S.E.M. (n = 4 to 10). 
a
 IC50 (Liver)/IC50 (Brain), 

b
 Inactive. 

 

Evaluation of in vitro BBB permeability and drug-like properties. One of the main 

obstacles in drug development for  central nervous system (CNS) diseases is the 

drug’s penetration across the BBB at therapeutic concentrations. The BBB is a 

complex interface between blood and the CNS that strictly controls the exchanges 

between the blood and brain compartments35. This barrier is composed of endothelial 

cells with tight junctions that protect the brain from potentially damaging materials36. 

The majority of CNS drugs enter the brain by transcellular passive diffusion, due to the 
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presence of tight junction structure and limited transport pathways. Parallel artificial 

membrane permeability assay (PAMPA) is a high throughput technique developed to 

predict passive permeability through biological membranes. In order to explore the 

capacity of 5-18 compounds to penetrate into the brain, the PAMPA-BBB method 

described by Di et al.37 was used. The in vitro permeabilities (Pe) of commercial drugs 

through a porcine brain lipid membrane extract, together with compounds 5-18, were 

determined and are described in Table 2.  

Table 2. Permeability (Pe, 10
-6

 cm∙s
-1

) for compounds 5-18 with their predictive penetration in the CNS in 

the PAMPA-BBB assay.
a
 

Entry Pe (10
-6

cm∙s
-1

) ± S.D. Prediction 

5 - CNS - 
41

 

6 6.1  0.4 CNS + 

7 6.2  0.8 CNS + 

8 0.6  0.4 CNS - 

9 0.3  0.1 CNS - 

10 1.0  0.1 CNS - 

11 0.6  0.1 CNS - 

12 0.4  0.3 CNS - 

13 4.8  0.1 CNS + 

14 5.0  0.1 CNS + 

15 2.6  0.1 CNS ± 

16 2.7  0.9 CNS ± 

17 0.6  0.1 CNS - 

18 1.2  0.1 CNS - 

1 1.5  0.1 CNS ± 

2 0.3  0.6 CNS - 

a
PBS:EtOH (70:30) was used as solvent; 

b
Data are 

the mean ± S.D. of two independent experiments. 

 

 

An assay validation was made comparing the reported permeability values of 

commercial drugs with the experimental data obtained. A good correlation between 

experimentally and described values was obtained Pe (exptl)= 1,1534(bibl) - 0.9936 

(R2= 0.984) (Figure S3, supplementary information). From this equation, and following 

the pattern established in the literature for BBB permeation prediction38,  the 

compounds were classified as (a) compounds with high BBB permeation (CNS+): Pe > 

3.62 x 10-6 cm∙s-1, (b) compounds with low BBB permeation (CNS−): Pe < 1.31 x 10-6 

cm∙s-1 and (c) compounds of uncertain BBB permeation (CNS±): 1.31 x 10-6 cm∙s-1< Pe 

< 3.62 x 10-6 cm∙s-1. Based on these results, compounds 6, 7, 13 and 14 are predicted 



CHAPTER 2 

122 

 

to be able to cross the BBB by passive permeation. Moreover, 15 and 16 showed a 

permeability behaviour similar to that observed for tolcapone, a well-established BBB 

permeable drug with CNS activity39, 40. Additionally, the results obtained for entacapone 

2 is in accordance with its peripheral pharmacological activity18. 

In early drug discovery, the evaluation of absorption, distribution, metabolism, 

excretion and transport (ADMET) properties is of crucial importance to reduce late 

attrition in the development process. To further characterize the drug-likeness of the 

most promissing CNS+/CNS± compounds 13-16, several physicochemical parameters 

were calculated, including lipophilicity (clogP), topological surface area (tPSA), 

molecular weight (MW), ligand efficiency (LE), ligand-lipophilicity efficiency (LLE)42 and 

ligand-efficiency-dependent lipophilicity (LELP)43 for the cerebral COMT isoform. These 

parameters were compared to the standard COMT inhibitors tolcapone 1 and 

entacapone 2 (Table 3). The clogP value was in all cases lower than 5, which is in 

agreement with the general requirements for drug-likeness, and within the optimal 

range for orally administered drugs (clogP ~3)44, 45. Additionally, the MW falls within the 

scope for optimal bioavailability (MW < 400 gmol-1)46. Moreover, the estimated tPSA 

values are in the same range of those obtained for tolcapone (1) and entacapone (2)46.  

 

Table 3. Drug-likeness of compounds 13-16 and standard COMT inhibitors tolcapone 1 and entacapone 2
a
 

Entry 
 

MW 

(gmol
-1

) 
pIC50

b
 clogP

c
 tPSA (Å

2
)
d
 LE

e
 LLE

f
 LELP

g
 

R2 R3 

13 H 
 315,28 8.73 3.27 112.58 0.53 5.46 6.15 

14 H 
 329,31 8.31 3.48 112.58 0.48 4.83 7.18 

15 CN 
 340,29 8.32 2.99 136.38 0.47 5.33 6.42 

16 CN 
 354,32 8.43 3.20 136.38 0.45 5.23 7.04 

1 - - 273,24 9.04 2.99 103.35 0.63 6.05 4.73 

2 - - 305,29 8.52 1.64 130.38 0.54 6.98 3.02 
a
 Properties determined using Molinspiration Cheminformatics software®; 

b
 pIC50 = -log[IC50(brain, mol/L)]; 

c
 Partition coefficient; 

d
 Topological polar surface area; 

e
 LE = -1.4(log[IC50(brain, mol/L) / number of heavy 

atoms; 
f
LLE = pIC50 – clogP; 

g
LELP = clogP / LE.

 

 

To evaluate the lipophilicity and structural contributions to in vitro potency44, LE, 

LLE and LELP were calculated using the pIC50 from rat brain COMT inhibition data 

(Table 3). With the exception of 14, the LLE was above 5, which is a value suitable for 

drug candidates44. Derivatives 13-16 complied with the recommendations of Keserü 
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and Makara for good hits and leads43, with LE > 0.40–0.45 and LELP between 0 and 

7.5. To further characterize the relationship between lipophilicity and potency, clogP vs 

pIC50 values were plotted for compounds 13-16 and standard inhibitors tolcapone 1 

and entacapone 2 (Figure 3). All compounds display acceptable cLogP values within 

the preferred range for CNS drugs of 2−4 (green dotted lines, Figure 3).47 Compounds 

13, 15 and 16 combined optimal lipophilicity and the appropriate LLE profile (grey 

highlighted area) to meet the requirements for CNS drugs (Figure 3). Overall, these 

compounds showed the appropriate properties to be considered as CNS leads. 
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Figure 3. Distribution of clogP versus pIC50 values for 13-16 (●) and standard inhibitors tolcapone 1 and 

entacapone 2 (▲). The dotted lines represent the preferred range for cLogP values and the black line 

indicates the lower LLE limit for oral bioavailability. The grey highlighted area shows the area that meets 

optimal lipophilicity and LLE requirements for CNS drugs. 

 

Hepatotoxicity screening of the most promising compounds. To address the risk 

of hepatotoxicity and evaluate the safety of the most promising compounds, cellular 

viability assays were run in primary rat hepatocytes incubated for 24h with three 

different concentrations (1, 10 and 50 µM) of compounds 13, 15 and 16 and compared 

to the behavior of standard inhibitors tolcapone 1 and entacapone 2. Cellular viability 

was evaluated by two methods, the methylthiazolyldiphenyl-tetrazolium bromide (MTT) 

reduction assay, which estimates mitochondrial function48 and the neutral red (NR) 

uptake assay, which is a direct measure of cellular viability49. The results are 

expressed as mean MTT reduction (% of control) ± S.D. and NR uptake (% of control) 

± S.D. (n = 4) and are depicted in Figure 4. 
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Figure 4. Cellular viability of primary rat hepatocytes after a 24h treatment with three different 

concentrations (1, 10 and 50 µM) of compounds 13, 15, 16 and standard inhibitors tolcapone 1 and 

entacapone 2. Cellular viability was evaluated using two methods: MTT reduction (left) and NR uptake 

(right). Results are expressed as mean % of untreated controls ± S.D. (n = 4). 

 

The results obtained show that significant reductions in cellular viability (≤ 85 % 

viability or ≥ 15 % of cell death) were only observed for compounds 13 (% MTT 

reduction = 80.69 ± 10.90, p < 0.01) and 15 (% MTT reduction = 74.93 ± 10.62 p < 

0.001) at the highest concentration (50 µM), with no significant reductions on NR 

uptake at all concentrations. These effects were mild when compared to those 

observed for entacapone 2 (% MTT reduction = 51.17 ± 18.87, p < 0.001 and % NR 

uptake= 79.89 ± 16.31, p < 0.01) and especially tolcapone 1 which induced a massive 

loss of cellular viability at the highest concentration (% MTT reduction = 9.096 ± 3.263, 

p < 0.001 and % NR uptake = 46.86 ± 8.639, p < 0.001). Compound 16 did not induced 

any significant cytotoxic effect at all concentrations for both viability endpoints, 

indicating a remarkable improvement in the safety range when compared to tolcapone 

1 and entacapone 2. 

The mild to absent cytotoxicity of the selected compounds at high micromolar 

concentrations in rat primary hepatocytes and, mainly, the notoriously different 

toxicological behavior of tolcapone gave rise to the following enquiry: how can 

compounds bearing the same toxicophore (nitrocatechol moiety) display such different 

safety profiles? The fact that the most pronounced effect was observed in the MTT 

assay suggests that cytotoxicity is triggered by mitochondrial toxicity. This observation 

is in accordance with the hypothesis that nitrocatechols and, especially, tolcapone 

hinder mitochondrial function through uncoupling of the respiratory chain50. Our results 

show that the toxic effects may be subverted by modulation of the chemical structure 

while maintaining the nitrocatechol scaffold, the toxicophore responsible for the 

formation of reactive and toxic intermediates51. 
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Electrochemical studies and redox behavior. To gain insight on the cytotoxicity 

mechanism of the clinical COMT inhibitors, additional studies were performed. The 

same studies were run for compounds 13-16. Considering the presence of a catechol 

moiety in all the tested compounds, it was hypothesized that a redox cycling 

mechanism could be potential cytotoxicity trigger. Under aerobic conditions, catechols 

undergo auto or enzymatic-catalyzed oxidation to generate highly reactive quinones, 

which can impair proteins by forming sulfhydryl adducts or lead to GSH depletion. In 

this process, high amounts of reactive oxygen and nitrogen species are produced, 

which triggers oxidative stress and lead to mitochondrial dysfunction. Indeed, redox 

cycling compounds can induce uncoupling of the mitochondrial electron transport chain 

and trigger cytotoxic mechanisms that ultimately culminate in cell death.52 In order to 

characterize the potential for redox cycling, we performed electrochemical studies to 

evaluate the redox behavior of the nitrocatechol derivatives 13-16 and standard 

inhibitors tolcapone 1 and entacapone 2. Electrochemical evaluation was performed at 

physiological pH 7.4 by differential pulse (DPV) and cyclic voltammetry (CV), using a 

glassy carbon working electrode, and the results are depicted on Table 4.  

 

Table 4. Electrochemical  behaviour and redox potentials of compounds 13-16, tolcapone and 
entacapone. 

Entry 
 

Eap (mV) 

oxidation 

Oxidation 

mechanism 

Ecp (mV) 

reduction 

Reduction 

mechanism 

R2 R3 

13 H 
 

218 Irreversible −616 Irreversible 

14 H 
 

217 Irreversible −617 Irreversible 

15 CN 
 

219 Irreversible −608 Irreversible 

16 CN 
 

275 Irreversible −615 Irreversible 

1 - - 337 Irreversible −671 Irreversible 

2 - - 325 Irreversible −667 Irreversible 

 

 

The oxidative behaviour was studied using DPV over the interval 0.0 V and + 

0.60 V. Tolcapone 1 and entacapone 2 presented the higher oxidation potential (Eap) 

values. In all cases, one well-defined anodic peak over the entire pH range examined 

was observed (Figure 5A). The observed waves are related to the oxidation of the 

catechol group present in the structure of these molecules. The anodic peak potential 

was shifted to more negative values on increasing the solution pH. The Ep–pH plots 
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show that the electrode process is pH-dependent (data not shown). From these plots, 

pKa values of 4.3 and 7.4 were inferred for tolcapone and compound 16, respectively. 

These results designate a striking difference in the acidity of clinical COMT inhibitors 

and the new derivatives described in this report. 

CV experiments showed a single oxidation peak for compounds 13-16, 

tolcapone and entacapone without any distinct reduction wave on the reverse sweep, 

indicating an irreversible oxidation mechanism (Figure 5B). In contrast, the CV data 

obtained for CAPE 6 was characteristic of an electrochemical reversible reaction, 

showing one anodic peak and one cathodic peak on the reverse scan, This 

electrochemical behavior corresponds to the reversible formation of the corresponding 

o-quinone, and is characteristic of catechols.53 An integrated analysis of the all CV 

experiments shows that the electrochemical behavior observed for compounds 13-16, 

tolcapone 1 and entacapone 2 was not consistent with the formation of o-quinones. 

The observed modification in the oxidative behavior is undoubtedly due to the presence 

of the strong electron-withdrawing 5-nitro group in the test compounds and standard 

inhibitors. The results suggest that the electrochemically generated nitro-o-quinone is 

unstable in the time scale of the CV experiment. These findings are consistent with the 

data found in literature for nitrocatechol oxidation.54 Generally, the Eap values for 

derivatives 13-16 were within the same range, with the α-nitrile derivative 16 showing a 

slight increase in the oxidation potentials (~ 60 mV) when compared to its non-

substituted analogue. Accordingly, the toxic effects observed in the experiments with 

primary rat hepatocytes cannot be due to redox cycling and oxidative stress induced by 

catechol oxidation and o-quinone formation. 

 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

75 nA

E / V vs Ag/AgCl

-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

150 nA

E / V vs Ag/AgCl  

Figure 5. (A) Differential pulse voltammograms for 0.1 mM solutions of (▬) tolcapone, (▬) entacapone, 

(▬) 14 and (▬) 16, in physiological pH 7.4 supporting electrolyte. Scan rate: 5 mV s
-1

; (B) Cyclic 

voltammograms for 0.1 mM solutions of (▬) tolcapone, (▬) entacapone, (▬) 14, (▬) 16 and (
■■■

) CAPE, 

in physiological pH 7.4 supporting electrolyte. Scan rate: 20 mV s
-1 

 

A B 
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Since oxidation was mechanistically ruled out as a cytotoxic trigger, we then 

studied the reductive behavior of the test compounds and standard inhibitors. It has 

been previously suggested that the mechanism of tolcapone-induced hepatotoxicity 

involved the reduction of the 5-nitro group to the corresponding amine, which 

undergoes P450-catalyzed formation of reactive quinone-imines and forms adducts 

with hepatic proteins.51  Accordingly, it was hypothesized that the susceptibility of 

nitrocatechols to reductive metabolism may be a key determinant of their 

hepatotoxicity. Thus, using the previously described experimental conditions, DPV and 

CV experiments were run in negative potentials in order to study the reductive 

behavior. The results are depicted on Table 4. 

The reductive behavior was studied over the interval +0.25 V and − 1.0 V 

(Figure 6). The DPV study showed that at physiological pH compounds 13-16 are 

reduced (Ecp,1 ~ −370 mV) to the respective free radical, RNO2
●−, in a process involving 

one electron. The free radical is further reduced (Ecp,2 ~ −615 mV) to the corresponding 

hydroxylamine (RNHOH), in a step involving three electrons and four protons (Figure 6, 

left). This behavior is consistent with most of the published data found in the literature 

for the reduction of nitro compounds.55-57 For the standard COMT inhibitors tolcapone 1 

and entacapone 2 only the second cathodic peak (Ecp,2 ~ −670 mV) was seen (Figure 

6A). CV experiments were also performed for compounds 13-16 and standard COMT 

inhibitors tolcapone 1 and entacapone 2 (Figure 6B). Compounds 13-16 exhibit two 

cathodic signals corresponding to the formation of the nitro radical anion followed by its 

reduction to the hydroxylamine derivative. An oxidation peak is seen at the reversed 

scan (Eap,1 ~ 95 mV), corresponding to oxidation of the hydroxylamine to the respective 

nitroso derivative (RNO). For tolcapone 1 and entacapone 2 only one irreversible 

cathodic peak is seen, which is consistent with the DPV data. Moreover, no peaks were 

observed in the anodic scan of the voltammogram. However, immediately after the 

cathodic wave, several subtle reversible reduction peaks can be observed for both 

compounds. Interestingly, in this case the hydroxylamine derivatives are not as stable 

as those formed for compounds 13-16, since oxidation was not observed in the reverse 

scan. We hypothesize that the unstable hydroxylamines of tolcapone 1 and 

entacapone 2 may generate other electroactive derivatives, like azoxy and azo 

derivatives. The formation of azoxy and azo derivatives could have toxicological 

significance, since these compounds have been associated with mutagenic and and 

carcinogenic effects in aquatic organisms and humans.58-61 Contrarily, since the 

hydroxylamine derivative of compounds 13-16 is more stable and can be oxidized to 

the nitroso derivative, the likelihood of formation of azoxy, azo and quinone-imine 

derivatives is significantly reduced when compared to tolcapone 1 and entacapone 2. 
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In this sense, this difference in the reductive behavior may explain the increased 

toxicity observed for tolcapone 1 and entacapone 2. Further studies are currently being 

conducted to clarify this hypothesis. 

 

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

200 nA

E / V vs Ag/AgCl

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

250 nA

E / V vs Ag/AgCl
 

Figure 6. (A) Differential pulse voltammograms for 0.1 mM solutions of (▬) tolcapone, (▬) entacapone, 

(▬) 14 and (▬) 16, in physiological pH 7.4 supporting electrolyte. Scan rate: 5 mV s
-1

; (B) Cyclic 

voltammograms for 0.1 mM solutions of (▬) tolcapone, (▬) entacapone, (▬) 14, (▬) 16 and (
■■■

) CAPE, 

in physiological pH 7.4 supporting electrolyte. Scan rate: 20 mV s
-1

. 

 

Docking of compound 16 with rat COMT. The binding interactions of compound 16 

(phenethyl-(E)-2-cyano-3-(3,4-dihydroxy-5-nitrophenyl)acrylate) was carried out by 

molecular docking to investigate its binding mode using the crystal structure of rat 

COMT (pdb id: 2CL5) (Figure 5). The active site of COMT consists of a ligand binding 

catalytic site, Mg2+ and a co-enzyme binding area with bound SAM.62 Our studies show 

that the nitrocatechol ring of compound 16, was oriented in the catalytic site such that 

the two hydroxyls were in contact with the magnesium ion (distance = 2.47–2.80 Å). 

The negatively charged C4 hydroxyl group (mono-ionized form) underwent electrostatic 

interactions with positively charged NH3
+ side chain of Lys144 (distance = 1.66 Å) 

whereas the C3 hydroxyl group underwent hydrogen bonding interactions with Glu199 

side chain (distance = 1.89 Å). The nitro-substituent was in contact via electrostatic 

interactions with Lys144 side chain (distance = 4.77 Å). The catechol aromatic ring 

itself was in proximity to Met40 and Pro174 and underwent nonpolar contacts (distance 

< 5.1 Å). The entire phenethylcyanoacetate substituent was extended away from the 

catalytic site and oriented toward the solvent area.63, 64 These observations are 

consistent with previous reports that show that the presence of a 1,2-dihydroxy-3-

nitrobenzene pharmacophore is the primary requirement to exhibit COMT inhibition. 

A B 
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Figure 5. The binding mode of compound 16 in ball and stick cartoon within the rat COMT active site 

(CDOCKER interaction energy = –61.11 kcal mol-1 and CDOCKER energy = –52.04 kcal mol-1). The 

hydrogen atoms are not shown to enhance clarity 

 

CONCLUSIONS 

New COMT inhibitors based on hydroxycinnamic acid scaffold were 

successfully developed. Generally, all derivatives bearing a 5-nitro group displayed 

potent nanomolar inhibion of both COMT isoforms, especially MB-COMT. Moreover, 

the inhibitory profile was comparable to that observed for standard inhibitors tolcapone 

and entacapone. Aside from the potent COMT inhibition, derivatives 13, 15 and 16 

exhibited the appropriate drug-like properties required for CNS drugs and were 

predicted to be able to cross the BBB, as evaluated by in vitro PAMPA-BBB assays. 

More importantly, derivatives 13, 15 and 16 did not cause significant toxicity in primary 

rat hepatocytes in two different viability endpoints (%MTT reduction and %NR uptake > 

85%), in contrast with entacapone (% MTT reduction = 51.17 ± 18.87, p < 0.001 and % 

NR uptake= 79.89 ± 16.31, p < 0.01) and, especially, tolcapone (% MTT reduction = 

9.096 ± 3.263, p < 0.001 and % NR uptake = 46.86 ± 8.639, p < 0.001). The reduced 

acidity and different reductive behavior of compounds 13-16, mainly concerning the 

reductive stability of the hydroxylamine metabolite, may provide clues as to why these 

nitrocatechols did not induce hepatoxicity at high micromolar concentrations.  In 

addition, computational docking studies provided insights into the inhibitors’ interaction 
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with the enzyme binding site and a rationale for their high potency. The binding mode 

of 16 suggests that the main interactions with the enzyme’s active site are established 

through the nitrocatechol ring and that the phenethylcyanoacetate moiety extends 

away from the catalytic site, which enables derivatization of the C1 side chain in order 

to decrease the risk of hepatotoxicity, improve pharmacokinetics and BBB permeability. 

Overall the results show that the modulation of the chemical structure may enable the 

development of safe BBB-permeable nitrocatechols without compromising COMT 

inhibition. Accordingly, compound 16 can be approached as a promising lead for the 

development of CNS diseases like PD, schizophrenia and other dopamine-deficient 

associated disorders. Further optimization and characterization within these series will 

be reported in due course. 

 

EXPERIMENTAL 

Chemistry 

Reagents, materials and apparatus 

All reagents were purchased from Sigma-Aldrich Química S.A. (Sintra, Portugal). 

Deionised water (conductivity < 0.1 µScm-1) was used for all experiments. All solvents 

were pro analysis grade and were acquired from Merck (Lisbon, Portugal). Thin layer 

chromatography (TLC) was performed on precoated silica gel 60 F254 acquired from 

Merck (Darmstad, Germany) and spots were detected using a UV lamp at 254 nm. 

Reaction progress was monitored by TLC (dichloromethane/methanol/formic acid, 

9:1:0.01). Following the extraction step, subsequent work up of the organic layers 

included drying over anhydrous sodium sulphate, filtration and elimination of solvents 

under reduced pressure. Column chromatography was carried out with silica gel 60A 

acquired from Carlo-Erba Reactifs (SDS, France) or cellulose. The crude products 

were purified by flash column chromatography and/or recrystallization. The fractions 

containing the desired product were gathered, concentrated and the product was 

recrystallized. The elution systems used for flash chromatography and the 

recrystallization solvents are specified for each compound. Solvents were evaporated 

with a Buchi Rotavapor. The purity of the final products (>97% purity) was verified by 

high-performance liquid chromatography (HPLC) equipped with a UV detector. 

Chromatograms were obtained in an HPLC/DAD system, a Jasco instrument (pumps 

model 880-PU and solvent mixing model 880-30, Tokyo, Japan), equipped with a 

commercially prepacked Nucleosil RP-

Macherey-Nagel, Duren, Germany), and UV detection (Jasco model 875-UV) at the 
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maximum wavelength of 254 nm. The mobile phase consisted of a methanol/water or 

acetonitrile/water (gradient mode, room temperature) at a flow rate of 1 mL/min. The 

chromatographic data was processed in a Compaq computer, fitted with CSW 1.7 

software (DataApex, Czech Republic).1H, 13C NMR and DEPT135 data were acquired 

at room temperature on a Brüker AMX 300 spectrometer operating at 400 and 100 

MHz, respectively. Chemical shifts were expressed in δ (ppm) values relative to 

tetramethylsilane (TMS) as internal reference and coupling constants (J) were given in 

Hz. Carbon signals present in DEPT135 spectra were underlined. Mass spectra were 

obtained on a VG AutoSpec instrument. The data were reported as m/z (% of relative 

intensity of the most important fragments). Buffer solutions employed for 

electrochemical studies were 0.1 mol L-1 in the pH range 1.2-12.2. 

 

General procedure for Knoevenagel-Doebner condensation (Scheme 1, step a) 

 A mixture of 3,4-dihydroxy-5-nitrobenzaldehyde (1 mmol) and the appropriate 

activated methylene (malonic acid, cyanoacetic acid, ethylmalonate or diethylmalonate, 

2 mmol) in anhydrous pyridine (9.6 mmol) and catalytic amount of piperidine was 

stirred at 60˚C. The reaction mixture was then cooled at 0˚C, poured over ice water, 

neutralized with HCl 1M and extracted with ethyl acetate (3 x 10 mL). The combined 

organic layers were then washed with water (10 mL) and brine (2 x 10 mL). The 

product was purified by column chromatography and/or recrystallization. The procedure 

was adapted from Gaspar et al. 2009.53 

 

(E)-3-(3,4-dihydroxy-5-nitrophenyl)acrylic acid (8) 

Compound 8 was obtained in the following conditions: 3,4-

dihydroxy-5-nitrobenzaldehyde (0.25 g, 1.81 mmol), malonic 

acid (0.38 g, 3.62 mmol), anhydrous pyridine (1.45 mL, 18.10 

mmol), piperidine (4 drops) for 48h. Compound 8 was purified 

by column chromatography (dichloromethane/methanol (9:1) until (8:2)) and 

recrystallization from ethyl ether/petroleum ether as a yellow solid. ƞ = 40 %. 1H NMR 

(400 MHz, MeOD) δ  7.76 (d, J = 2.0 Hz, 1H, H6), 7.58 (d, J = 15.9 Hz, 1H, Hβ), 7.39 

(d, J = 2.1 Hz, 1H, H2), 6.40 (d, J = 15.9 Hz, 1H, Hα). 13C NMR (100 MHz, MeOD) δ 

169.54, 149.20, 145.94, 143.69, 136.06, 126.72, 118.98, 118.87, 116.65. EI-MS: m/z 

225 (M●+). 
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(E)-2-cyano-3-(3,4-dihydroxy-5-nitrophenyl)acrylic acid (9) 

Compound 9 was obtained by following a Knoevenagel-

Doebner condensation between 3,4-dihydroxy-5-

nitrobenzaldehyde and malonic acid in the following 

conditions: 3,4-dihydroxy-5-nitrobenzaldehyde (0.50 g, 2.73 

mmol), cyanoacetic acid (0.47 g, 5.46 mmol), anhydrous pyridine (2.19 mL, 21.3 

mmol), piperidine (5 drops) for 24h. Compound 9 was recrystallized from acetone 

/petroleum ether as a yellow solid. ƞ = 64.05 %. 1H NMR (400 MHz, MeOD) δ 8.18 (s, 

1H, Hβ), 8.17 (m, 1H, H(Ar)), 7.89 (d, J = 2.2 Hz, 1H, H(Ar)). 13C NMR (101 MHz, 

MeOD) δ 164.41, 153.31, 149.34, 147.72, 136.42, 123.63, 120.75, 120.47, 116.18, 

103.37. EI-MS: m/z 250 (M●+). 

Ethyl (E)-3-(3,4-dihydroxy-5-nitrophenyl)acrylate (10) 

Compound 10 was obtained in the following conditions: 3,4-

dihydroxy-5-nitrobenzaldehyde (0.500 g, 2.73 mmol), ethyl 

malonate (0.644 mL, 5.461 mmol), anhydrous pyridine (2.2 

mL, 27.3 mmol), piperidine (4 drops) for 24 hours. 

Compound 10 was recrystallized from diethyl ether as a yellow solid. ƞ = 67.44 %. 1H 

NMR (400 MHz, DMSO-d6) δ 10.56 (s, 2H, 2xOH), 7.71 (d, J = 2,0 Hz, 1H, H6), 7.55 

(d, J = 16.0 Hz, 1H, Hβ), 7.36 (d, J = 2.0 Hz, 1H, H2), 6.43 (d, J = 16.0 Hz, 1H, Hα), 

4.17 (q, J = 7.1 Hz, 2H, CH2CH3), 1.25 (t, J = 7.1 Hz, 3H, CH2CH3). 
13C NMR (101 

MHz, DMSO-d6) δ 166.52, 148.37, 143.97, 143.26, 138.03, 125.28, 118.02, 117.89, 

116.37, 60.47, 14.64. EI-MS: m/z 270 (M●+). 

Diethyl 2-(3,4-dihydroxy-5-nitrobenzylidene)malonate (11) 

Compound 11 was obtained in the following conditions: 3,4-

dihydroxy-5-nitrobenzaldehyde (1g, 5.461 mmol), diethyl 

malonate (1.658 mL, 10.922 mmol), anhydrous pyridine 

(4.202 mL, 52.426 mmol), piperidine (5 drops) for 7 hours. 

The crude product was purified by flash chromatography with 

dichloromethane/methanol (9.5:0.5). ƞ = 69.01 %. 1H NMR (400 MHz, DMSO-d6) δ 

10.82 (bs, 2H, 2xOH), 7.61 (m, 2H, H6, Hβ), 7.35 (d, J = 1.9 Hz, 1H, H(2)), 4.32 (q, J = 

7.1 Hz, 2H, OCH2CH3)), 4.23 (q, J = 7.1 Hz, 2H, OCH2CH3)), 1.23 (m, 6H, 

2x(OCH2CH3)).
13C NMR (101 MHz, DMSO-d6) δ 166.38, 163.90, 148.49, 144.87, 

140.25, 137.66, 122.88, 125.07, 118.63, 118.28, 62.05, 61.82, 14.44, 14.12. EI-MS m/z 

326 (M●+). 
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2-(3,4-dihydroxy-5-nitrobenzylidene)malonic acid (12) (Scheme 1, step b) 

Compound 12 was obtained by hydrolysis of compound 11 

with aqueous NaOH 2M. Briefly, a solution of compound 11 

(0.20 g, 0,62 mmol) in MeOH (2 mL) and THF (12 mL) was 

treated with aqueous NaOH 2M (1 mL) and refluxed for 13 

hours. The solvents were removed by reduced pressure and the crude residue was 

suspended in water (10 mL) and acidified with concentrated HCl. The solution was then 

extracted with ethyl acetate (3 x 20 mL) and the organic layer was washed with brine (3 

x 10 mL), dried over Na2SO4, filtered and concentrated under reduced pressure. The 

crude product was recrystallized from dichloromethane. ƞ = 27.9 %. 1H NMR (400 

MHz, DMSO-d6) δ 13.26 (bs, 2H, 2xCOOH)), 10.62 (bs, 2H, 2xOH), 7.64 (d, J = 2.2 Hz, 

1H, H6), 7.42 (s, 1H, Hβ), 7.350 (d, J = 2.1 Hz, 1H, H2). 13C NMR (101 MHz, DMSO-d6) 

δ 168.19, 165.60, 148.32, 144.03, 137.77, 137.49, 127.98, 123.77, 119.50, 117.32. EI-

MS m/z 270 (M●+). 

 

General procedure for the preparation of benzyl and phenethyl esters (Scheme 1, 

step c)  

The hydroxycinnamic acid with the appropriate substitution pattern (1 mmol) was 

dissolved in DMSO (3 mL), K3PO4 (1.2 mmol) was added slowly and the mixture was 

stirred for 30 minutes at room temperature. A solution of the appropriate alkyl bromide 

(benzyl bromide or (2-bromoethyl)benzene, 1.02 mmol) in DMSO was then added 

dropwise and the mixture was stirred for 24 hours at room temperature. Upon 

completion the mixture was poured dropwise into ice water (20 mL), left to stir for 1 

hour and extracted with ethyl acetate (3 x 10 mL). The combined organic layers were 

then acidified with HCl 1M and washed with water (3 x 10 mL) and brine (3 x 10 mL), 

dried over anhydrous sodium sulphate and concentrated. The compound was purified 

by recrystallization. The procedure was adapted from Liu et al.  201265. 

Phenethyl (E)-3-(3,4-dihydroxyphenyl)acrylate (CAPE, 6) 

Compound 6 was obtained in the following 

conditions: caffeic acid (0.30 g, 1.66 mmol) in 

DMSO (3.15 mL), K3PO4 (0.43 g, 2.00 mmol), (2-

bromoethyl)benzene (0.24 mL, 1.70 mmol) in 

DMSO (1.05 mL). Compound 6 was recrystallized from ethyl acetate/petroleum ether 

as a light yellow solid. ƞ = 48 %. 1H NMR (400 MHz, DMSO-d6) δ 9.27 (s, 2H, 2xOH), 
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7.45 (d, J = 15.9 Hz, 1H, Hβ), 7.31 (m, 4H, H2’, H3’, H5’, H6’), 7.22 (m, 1H, H4’), 7.03 

(d, J = 2.03 Hz, 1H, H2), 6.99 (dd, J = 8.2, 2.0 Hz, 1H, H6), 6.76 (d, J = 8.1 Hz, 1H, 

H5), 6.23 (d, J = 15.9 Hz, 1H, Hα), 4.32 (t, J =6.0 Hz, 2H, COOCH2), 2.95 (t, J = 6.9 

Hz, 2H, CH2Ph). 13C NMR (100 MHz, DMSO-d6) δ 166.9, 148.9, 146.0, 145.7, 138.5, 

129.4, 128.8, 126.8, 125.9, 121.7, 116.2, 115.3, 114.3, 64.8, 35.0. EI-MS m/z 284 

(M●+). 

Benzyl (E)-3-(3,4-dihydroxyphenyl)acrylate (7) 

Compound 7 was obtained in the following conditions: 

caffeic acid (0.50 g, 1.67 mmol) in DMSO (4 mL), 

K3PO4 (0.43 g, 2.00 mmol), benzyl bromide (0.20 mL, 

1.70 mmol) in DMSO (1 mL). Compound 7 was 

recrystallized from ethyl acetate/petroleum ether as a light yellow solid. ƞ = 80.54 %. 1H 

NMR (400 MHz, DMSO-d6) δ 7.57 (d, J = 15.9 Hz, 1H, Hβ), 7.42 – 7.27 (m, 4H, H2’-

H5’), 7.04 (d, J = 2.1 Hz, 1H, H2), 6.94 (dd, J = 8.2, 2.0 Hz, 1H, H5), 6.77 (d, J = 8.2 

Hz, 1H, H6), 6.30 (d, J = 15.9 Hz, 1H, Hα), 5.21 (s, 2H, CH2). 
13C NMR (100 MHz, 

DMSO-d6) δ 167.61, 148.25, 145.81, 145.42, 136.46, 128.15, 127.77, 127.75, 126.31, 

121.61, 115.10, 113.77, 113.55, 65.75. EI-MS m/z 269.7 (M●+). 

Benzyl (E)-3-(3,4-dihydroxy-5-nitrophenyl)acrylate (13) 

Compound 13 was obtained in the following 

conditions: compound 8 (0.20 g, 0.89 mmol) in DMSO 

(2.2 mL), K3PO4 (0.28 g, 1.07 mmol) and benzyl 

bromide (0.11 mL, 0.91 mmol) in DMSO (0.56 mL). ƞ 

= 29.47 %. 1H NMR (400 MHz, DMSO-d6) δ 10.52 (s, 2H, 2xOH), 7.73 (d, J = 1.9 Hz, 

1H, H6), 7.61 (d, J = 16.0 Hz, 1H, Hβ), 7.38 (m, 6H, H2’-6’, H2), 6.50 (d, J = 16.0 Hz, 

1H, Hα), 5.22 (s, 2H, CH2). 
13C NMR (100 MHz, DMSO-d6) δ 166.47, 152.30, 148.38, 

146.89, 143.79, 136.72, 128.92, 128.81, 128.47, 125.18, 120.12, 116.55, 114.45, 

66.00. EI-MS m/z 315 (M●+). 

Phenethyl (E)-3-(3,4-dihydroxy-5-nitrophenyl)acrylate (14) 

Compound 14 was obtained in the following 

conditions: compound 8 (0.20 g, 0.89 mmol) in 

DMSO (2.2 mL), K3PO4 (0.28 g, 1.07 mmol) and (2-

bromoethyl)benzene (0.13 mL, 0.91 mmol) in 

DMSO (0.56 mL). Compound 14 was recrystallized from ethyl acetate/petroleum ether 

as a yellow solid. ƞ = 30.7 %. 1H NMR (400 MHz, DMSO-d6) δ 10.51 (s, 2H, 2xOH), 
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7.71 (d , J = 2.0 Hz, 1H, H6), 7.54 (d, J = 16.0 Hz, 1H, Hβ), 7.35 (d, J = 2.1 Hz, 1H, 

H2), 7.30 (m, 4H, H2’, H3’, H5’, H6’), 7.23 (m, 1H, H4’), 6.42 (d, J = 16.0 Hz, 1H, Hα), 

4.35 (t, J = 6.8 Hz, 2H, COOCH2), 2.96 (t, J = 6.8 Hz, 2H, CH2Ph). 13C NMR (100 MHz, 

DMSO-d6) δ 166.5, 148.5, 144.3, 138.5, 138.0, 129.4, 128.9, 126.9, 125.0, 117.9, 

117.6, 116.5, 65.1, 34.9. EI-MS m/z 329 (M●+). 

Benzyl (E)-2-cyano-3-(3,4-dihydroxy-5-nitrophenyl)acrylate (15) 

Compound 15 was obtained in the following 

conditions: compound 9 (0.30 g, 1.20 mmol) in DMSO 

(3 mL), K3PO4 (0.31 g, 1.44 mmol) and bromo 

benzene (0.15 mL, 1.22 mmol) in DMSO (0.70 mL). 

Compound 22 was recrystallized from ethyl 

acetate/petroleum ether. ƞ = 45.04 %. 1H NMR (400 MHz, MeOD) δ 8.23 (s, 1H, Hβ), 

8.18 (d, J = 2.0 Hz, 1H, H6), 7.89 (d, J = 2.2 Hz, 1H, H2), 7.40 (m, 5H, H2’-H6’), 5.35 

(s, 2H, CH2). 
13C NMR(100 MHz, DMSO-d6) δ 162.55, 154.19, 148.19, 148.74, 137.62, 

135.93, 129.01, 128.97, 128.49, 116.36, 67.42. EI-MS m/z 340 (M●+). 

Phenethyl (E)-2-cyano-3-(3,4-dihydroxy-5-nitrophenyl)acrylate (16) 

Compound 16 was obtained in the following 

conditions: compound 9  (0.18 g, 0.47 mmol) in 

DMSO (0.90 mL), K3PO4 (0.12 g, 0.56 mmol) and 

(2-bromoethyl)benzene (0.065 mL, 0.48 mmol) in 

DMSO (0.30 mL). Compound 16 was recrystallized 

from ethyl acetate/petroleum ether as a yellow solid. ƞ = 29.0 %. 1H NMR (400 MHz, 

DMSO-d6) δ 8.24 (s, 1H, Hβ), 8.09 (d, J = 2.1 Hz, 1H, H6), 7.87 (d, J = 2.1 Hz, 1H, H2), 

7.32 (m, 4H, H2’, H3’, H5’, H6’), 7.24 (m, 1H, H4’), 4.45 (t, J = 6.8 Hz, 2H, COOCH2), 

3.01 (t, J = 6.8 Hz, 2H, CH2Ph). 13C NMR (100 MHz, DMSO-d6) δ 164.5, 153.9, 148.8, 

147.6, 138.1, 137.8, 129.5, 128.6, 127.0, 121.8, 121.6, 118.1, 116.1, 100.22, 67.0, 

34.7. EI-MS m/z 354 (M●+). 

 

General procedure for PyBOP-assisted amidation (Scheme 1, step d) 

The hydroxycinnamic acid with the appropriate aromatic substitution (1 mmol) was 

dissolved in diisopropylethylamine (1 mmol) and dimethylformamide (2 mL). The 

reaction was placed on ice, PyBOP (1 mmol) in dichloromethane (2 mL) was added 

and the mixture was stirred for 30 minutes. The amine (1 mmol) was then added, the 
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mixture was allowed to reach room temperature and stirred for an additional 6 hours. 

The solvents were removed under reduced pressure and the residue was dissolved in 

ethyl acetate (30 mL). The solution was washed with water (3 x 10 mL), HCl 1M (3 x 10 

mL) and brine (10 mL). The final products were purified by recrystallization. The 

procedure was adapted from Gaspar et al. 201166. 

(E)-N-benzyl-2-cyano-3-(3,4-dihydroxy-5-nitrophenyl)acrylamide (17) 

Compound 17 was obtained in the following 

conditions: compound 9 (0.20 g, 0.80 mmol), 

benzylamine (0.088 mL, 0.81 mmol), PyBOP (0.42 g, 

0.81 mmol), diisopropylethylamine (0.14 mL, 0.81 

mmol) in dimethylformamide (2 mL) and 

dichloromethane (2 mL). Compound 9 was recrystallized from 

dichloromethane/petroleum ether as a yellow solid. ƞ = 25.8 %. 1H NMR (400 MHz, 

DMSO-d6) δ 8.91 (t, J = 5.9 Hz, 1H, NH), 8.08 (s, 1H, Hβ), 7.95 (d, J = 2.1 Hz, 1H, H6), 

7.77 (d, J = 2.2 Hz, 1H, H2),7.34 (m, 4H, HAr), 7.26 (m, 1H, H4’), 4.42 (d, J = 5.9 Hz, 

2H, CH2). 
13C NMR (100 MHz, DMSO-d6) δ 161.8, 149.6, 149.0, 148.9, 139.4, 137.5, 

128.8, 127.9, 127.4, 120.6, 117.5, 117.0, 43.6. EI-MS: m/z 340 (M●+). 

(E)-2-cyano-3-(3,4-dihydroxy-5-nitrophenyl)-N-phenethylacrylamide (18) 

Compound 18 was obtained in the following 

conditions: compound 9 (0.20 g, 0.80 mmol), 

phenethylamine (0.11 mL, 0.81 mmol), PyBOP 

(0.42 g, 0.81 mmol), diisopropylethylamine (0.14 

mL, 0.81 mmol) in dimethylformamide (2 mL) and 

dichloromethane (2 mL). Compound 9 was recrystallized from acetone/n-hexane as a 

yellow solid. ƞ = 15.9 %. 1H NMR (400 MHz, DMSO-d6) δ10.90 (brs, 2H, 2xOH), 8.02 

(t, J = 5.4 Hz, 1H, NH), 8.00 (s, 1H, Hβ), 7.94 (d, J = 1.8 Hz, 1H, H6), 7.77 (d, J = 2.2 

Hz, 1H, H2),7.16 (m, 5H, HAr), 3.43 (m, 2H, CH2), 2.82 (t, J = 7.4 Hz, 2H, CH2). 
13C 

NMR (100 MHz, DMSO-d6) δ 161.4, 149.2, 148.7, 139.7, 137.7, 136.6, 129.1, 128.98, 

126.6, 122.3, 119.9, 118.3, 116.8, 104.8, 41.8, 35.32. EI-MS: m/z 354 (M●+). 

 

Pharmacology 

Animals. Male Wistar rats obtained from Harlan (Barcelona, Spain) were used. Rats 

were kept 8 per cage, under controlled environmental conditions (12 hours light/dark 
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cycle and room temperature 22 ± 1ºC) with food and tap water allowed ad libitum. 

Twenty minutes before sacrifice animals were anesthetized with sodium pentobarbital 

(60 mg/kg) administered intraperitoneally. After sample collection anaesthetized 

animals were euthanized by decapitation. All experiments were approved by the local 

Ethics Committee for the welfare of experimental animals and performed in accordance 

with national legislation. 

COMT Activity Determination. COMT activity was evaluated by the ability to 

methylate adrenaline to metanephrin, as previously described 33. Aliquots of 100 µL of 

liver or brain homogenates (2mg/mL protein) were preincubated for 20 min with 80 µL 

of test compounds in phosphate buffer 5mM containing pargyline (100 µM), MgCl2 (100 

µM) and ethylene glycol tetracetic acid (EGTA, 1 mM) and saturating concentrations of 

SAM (500 µM for liver homogenates and 100 µM for brain homogenates). For 

experiments with liver homogenates, the reaction was started with the addition of 

adrenaline (1000 µM) and incubated for 5 min. For experiments with brain 

homogenates, the reaction was started with the addition of adrenaline (5 µM) and 

incubated for 15 min. The preincubation and incubation were carried out at 37˚C, in 

conditions of light protection, with continuous shaking and without oxygenation. At the 

end of the incubation period the reaction was stopped by the addition of 50 µL of 2 M 

perchloric acid and the tubes were transferred to ice. The samples were then 

centrifuged (200g, 4 min, 4˚C), and 250 µL aliquots of the supernatant filtered on 0.22 

µm pore size Spin-X filter tubes Costar. Aliquots of 50 µL of the filtered supernatant 

were injected into the chromatograph. The chromatography system consisted of a 

pump Gilson model 302 (Gilson Medical Electronics,Villiers le Bel, France) connected 

to a manometric module (Gilson model 802 C). and a stainless steel 5 mm ODS 

column (Biophase; Bioanalytical Systems, West Lafayette, IN.) of 25 cm length; 

samples were injected by means of an automatic sample injector (Gilson model 234). 

The mobile phase was a degassed solution of citric acid (0.1 mM), sodium 

octylsulphate (0.5 mM), sodium acetate (0.1 M), EDTA (0.17mM), dibutylamine (1 m). 

and methanol 6% (v/v), adjusted to pH 3.5 with perchloric acid 2 M. and pumped at a 

rate of 1.0 ml/min. The detection was carried out electrochemically with a glassy 

carbon electrode, an Ag/AgCl reference electrode and an amperometric detector 

Gilson (model 141); the detector cell was operated at 0.75 V. The current produced 

was monitored using the Gilson 712 HPLC software. The lower limits for detection of 

metanephrine ranged from 350 to 500 fmol. For the calculation of the IC50 the 

parameters of the equation for one site inhibition were fitted to the experimental data. 
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CNS penetration: In vitro Parallel artificial membrane permeability assay 

(PAMPA-BBB) 

Prediction of the brain penetration was evaluated using a parallel artificial membrane 

permeability assay (PAMPA).  Ten commercial drugs, phosphate buffer saline solution 

at pH 7.4 (PBS), ethanol and dodecane were purchased from Sigma, Acros organics, 

Merck, Aldrich and Fluka. The porcine polar brain lipid (PBL) (catalog no. 141101) was 

from Avanti Polar Lipids. The donor plate was a 96-well filtrate plate (Multiscreen® IP 

Sterile Plate PDVF membrane, pore size is 0.45 µM, catalog no. MAIPS4510) and the 

acceptor plate was an indented 96-well plate (Multiscreen®, catalog no. MAMCS9610), 

both from Millipore. Filter PDVF membrane units (diameter 30 mm, pore size 0.45 μm) 

from Symta were used to filter the samples. A 96-well plate UV reader 

(Thermoscientific, Multiskan spectrum) was used for the UV measurements. 

Commercially available compounds with known permeability (caffeine, enoxacine, 

hydrocortisone, desipramine, ofloxacine, piroxicam, testosterone, promazine, verapamil 

and atenolol) and test compounds were dissolved in PBS:ethanol (7:3) and filtered. 

The acceptor 96-well microplate was filled with 180 μL of PBS/EtOH (70/30). The donor 

96-well plate was coated with 4 µL of porcine brain lipid in dodecane (20 mg∙mL-1) and 

after 5 minutes, 180 μL of each compound solution was added. The donor plate was 

carefully put on the acceptor plate to form a “sandwich”, which was left undisturbed for 

2h and 30 min at 25 °C. During this time the compounds diffused from the donor plate 

through the brain lipid membrane into the acceptor plate. After incubation, the donor 

plate was removed. The concentrations of the commercial drugs and the test 

compounds in the acceptor and donor wells were determined spectrophotometrically in 

a UV plate reader. Every sample was analyzed at three to five wavelengths, in 3 wells 

and in two independent runs. Results are given as the mean ± standard deviation (SD) 

and the average of the two runs is reported. Ten quality control compounds with known 

BBB permeability were included in each experiment to validate the analysis set. 

In vitro toxicology 

All reagents used were of analytical grade or of the highest grade available. Neutral red 

(NR) solution, (4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium (MTT) bromide, trypan 

blue solution [0.4 % (w/v)] and William’s E medium were obtained from Sigma (St. 

Louis, MO, USA). Reagents used in cell culture, including heat inactivated fetal bovine 

serum (FBS), antibiotic (10000 U/mL penicillin, 10000 µg/mL streptomycin), phosphate-

buffered saline solution (PBS) and Hank’s balanced salt solution (HBSS) were 
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purchased from Gibco Laboratories (Lenexa, KS). Dimethylsulfoxide (DMSO), absolute 

ethanol and acetic acid were obtained from Merck (Darmstadt, Germany). 

Isolation and primary culture of rat hepatocytes. Rat hepatocytes were isolated 

from male Wistar Han rats (200 – 250 g) purchased from Charles-River Laboratories 

(Barcelona, Spain). All experiments were approved by the local Ethics Committee for 

the welfare of experimental animals and performed in accordance with national 

legislation. Surgical procedures were conducted under anesthesia by inhalation of 

isoflurane, in an isolated system, and carried out between 10.00 and 11.00 a.m. Cells 

were isolated through a collagenase perfusion, as previously described by our group67. 

Briefly, a cannula was inserted in the hepatic portal vein, and the liver was perfused 

initially with Hank’s washing buffer containing bovine serum albumin (BSA) and the 

chelating agent EGTA, followed by a solution of collagenase supplemented by its co-

factor calcium. The liver capsule was then gently disrupted in order to release isolated 

liver cells into a Krebs-Henseleit buffer. The cell suspension was subsequently purified 

through three cycles of low-speed centrifugations (300 rpm, for 2 min). The final 

suspension was then incubated with penicillin/streptomycin (500 U/mL / 500 μg/mL), at 

4ºC, for 30 min. Cell viability was estimated by the trypan blue exclusion test and was 

always higher than 80%. A suspension of 500.000 viable cells/mL was cultured in 96-

well plates at approximately 100.000 cells/cm2, in William’s E medium, supplemented 

with 10% FBS (100 U/mL), penicillin/streptomycin (100 µg/mL), insulin (5 μg/mL), 

dexamethasone (50 μM), gentamicin (100 μg/mL) and fungizone (2.5 μg/mL), and 

incubated overnight at 37˚C, with 5% CO2, to allow cell adhesion. 

MTT reduction assay. The MTT reduction assay was used to measure mitochondrial 

dysfunction (decrease in mitochondrial dehydrogenase activity) in rat primary 

hepatocytes exposed to the test compounds. The signal generated is dependent on the 

degree of reduction of the MTT tetrazolium salt (water soluble) to MTT formazan (water 

insoluble) by cellular dehydrogenases within metabolically active cells. Briefly, 24h after 

seeding at 100.000 cells/cm2 the cells were exposed to the test compounds (0, 1, 10 

and 50 µM) in cell culture medium without FBS for 24 h. At the selected time point, the 

cell culture medium was removed, followed by the addition of fresh cell culture medium 

containing 0.5 mg/mL MTT and incubation at 37 °C in a humidified, 5% CO2-95% air 

atmosphere for 1 h. After this incubation period, the cell culture medium was removed 

and the formed formazan crystals dissolved in 100% DMSO. The absorbance was 

measured at 550 nm in a multi-well plate reader (BioTek Instruments, Vermont, USA). 

The percentage of MTT reduction relative to that of the control cells was used as the 

cytotoxicity measure [MTT reduction (% of control)]. 
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Neutral red uptake assay. The NR uptake assay is based on the ability of viable cells 

to incorporate and bind the supravital dye neutral red in the lysosomes, thus providing 

a quantitative estimation of the number of viable cells in a culture. Briefly, 24h after 

seeding at 100.000 cells/cm2 the cells were exposed to the test compounds (0, 1, 10 

and 50 µM) in cell culture medium without FBS for 24 h. At the selected time point, the 

cell culture medium was removed and the cells incubated with neutral red (50 µg/mL in 

cell culture medium) at 37 °C, in a humidified, 5% CO2-95% air atmosphere, for 1 h. 

After this incubation period, the cell culture medium was removed, the dye absorbed 

only by viable cells extracted [with absolute ethyl alcohol /distilled water (1:1) 

containing 5% acetic acid], and the absorbance measured at 540 nm in a multi-well 

plate reader (BioTek Instruments, Vermont, USA). The percentage of NR uptake 

relative to that of the control cells was used as the cytotoxicity measure [NR uptake (% 

of control)]. 

Electrochemical studies 

Voltammetric measurements were performed using an Autolab PGSTAT 12 

potentiostat/galvanostat (Metrohm-Autolab, Netherlands) in a one-compartment glass 

electrochemical cell equipped with a three–electrode system arrangement composed of 

a platinum wire as auxiliary electrode, a Ag/AgCl (saturated KCl) electrode as 

reference, and a glassy carbon electrode (GCE, d = 2 mm) as working electrode. All 

measurements were carried out at room temperature (25 ± 1 ºC) and purified nitrogen 

was used for oxygen displacement. The working electrode was polished manually with 

an aqueous slurry of alumina powder (BDH Chemicals, VWR, USA) on a microcloth 

pad and rinsed with water before use. The pH measurements were performed using a 

Crison pH-meter (Crison, Spain) equipped with a glass pH electrode. 

 

Statistical analysis 

Statistical comparisons between control and test groups were carried by one-way 

analysis of variance (ANOVA-1) followed by Bonferroni's multiple comparison post-test 

(α = 0.05, 95% confidence intervals) using GraphPad Prism 5 ®. 

Molecular docking studies 

The molecular docking studies were carried out using the computational software 

Discovery Studio (DS): Structure-Based-Design, version 4.5.1.15071, 2005-2015 

(BIOVIA, San Diego, USA). The coordinates for the rat COMT monomer were obtained 

from pdb (id: 2CL5). All the water molecules except the H2205, which is coordinated to 
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Mg2+, were removed. The enzyme was prepared using the macromolecules module in 

DS which provided all the amino acids in their physiological ionization states. The 

catalytic Lys144 was in its protonated state (ε-amino group). Compound 16 was built in 

its mono-ionized form (negative charge on C4 hydroxyl group of the catechol ring) 

using the small molecules module in DS. The binding site was defined by selecting a 

15 Å sphere radius around the ligand BIE1218 bound to COMT.64 Then the ligand 

BIE1218 was deleted. The docking was performed using the CDOCKER algorithm in 

the receptor-ligand interactions module which is based on simulated annealing protocol 

(2000 heating steps, 700 K heating target temperature and 5000 cooling steps, 300 K 

cooling target temperature) that generated ten docked poses. The CHARMm force field 

was used for docking studies. The poses obtained were ranked based on CDOCKER 

interaction energy and CDOCKER energy parameters in kcal∙mol-1. The polar and 

nonpolar contacts of the ligand with the COMT catalytic site were evaluated. 
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S1. Structural data 
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S2. In vitro COMT inhibition 
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S3. PAMPA-BBB assays 

Linear correlation between experimental and reported permeability of commercial 

drugs using the PAMPA-BBB assay. 
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2.5. MANUSCRIPT V: “5-nitro derivatives of caffeic acid and CAPE 

effectively inhibit in vitro aggregation of tau-derived hexapeptide 

306VQIVYK311” 
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ABSTRACT 

The nitrocatechol scaffold was identified as a pharmacophore for tau-aggregation 

inhibitors (TAIs). In fact, catechol O-methyltransferase (COMT) inhibitors tolcapone and 

entacapone, used in the clinical management of Parkinson’s disease, have been 

previously shown to inhibit the in vitro aggregation of tau-derived hexapeptide 

306VQIVYK311. Similarly, naturally-occurring polyphenols like caffeic acid and its 

phenethyl ester CAPE have also been reported to have anti-amyloidogenic activity and 

to inhibit the aggregation of α-synuclein. Based in these studies, we screened a library 

of naturally-occurring polyphenols and synthetic derivatives thereof for TAI activity 

using the thioflavin T (ThT) based fluorescence method. Our results confirmed that the 

nitrocatechol is an essential chemical feature for anti-aggregating activity and, as such, 

a pharmacophore for small molecule TAIs. Generally, the introduction of bulky 

phenethyl substituents improves the activity. However, remarkable results were 

obtained for the derivatives bearing a α-nitrile moiety and, in particular, a carboxamide 

function (24-27). Molecular docking studies showed that the presence of a less flexible 

amide bond in 26 provided better conformational stability in the steric zipper assembly. 

The data   correlates well with the remarkable anti-aggregating activity observed for 

amide derivatives 26 (90% inhibition) and 27 (89% inhibition). Moreover, derivatives 

24-27 are potent chelators of copper(II), which may be of pharmacological significance 

to enhance the in vivo anti-aggregating activity. Accordingly, these small molecules can 

be approached as promising leads for the development of new therapeutics for 

tauopathies and Alzheimer’s disease. 

  

Keywords: tau aggregation inhibitors, nitrocatechols, caffeic acid, CAPE, metal 

chelation 
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INTRODUCTION 

Neurodegenerative diseases (ND) are a large group of disorders of the central 

nervous system (CNS) with heterogeneous clinical and pathological expressions, 

affecting specific neuronal groups and brain signalling networks. The aetiology of ND is 

multifactorial and neuronal death is the result of a complex network of cross-talking 

pathological stimuli over an extended period of time.1-3 The most common pathological 

hallmark of many neurodegenerative disorders is the occurrence of abnormal features 

in proteins that are vital for the proper function of the CNS.4 Among them, abnormal 

and hyperphosphorylation of tau protein, which assembles into intracellular 

neurofibrillary tangles (NFTs), has been established as a neuropathological hallmark of 

Alzheimer’s disease (AD),5, 6 the most common form of dementia in the elderly. Several 

protein kinases have been implied in the process of tau phosphorylation, namely 

glycogen synthase kinase 3β, protein kinase A, cyclin-dependent kinase 5 and dual 

specificity tyrosine-phosphorylation-regulated kinase 1A7. Tau hyperphosphorylation is 

associated to microtubules dissociation and contributes to the neurotoxic and 

neurodegenerative cascade. Actually, the extent of tau aggregation into NFTs has 

been shown to correlate with the severity of disease progression.8 Given that tau 

aggregation is critical for subsequent NFT formation, inhibition of tau aggregation can 

be approached as a suitable therapeutic strategy for the development of new and 

effective drugs for AD.9 Moreover, the negative results in clinical trials involving drugs 

that target β-amyloid (Aβ)9 further contributed to the rising interest for tau-targeted 

therapeutics. Pharmacological targeting of tau aggregation can be achieved by two 

different approaches, envisaging the inhibition of protein kinases responsible for tau 

hyperphosphorylation with protein kinase inhibitors10-13 and/or the inhibition of tau 

aggregation with tau aggregation inhibitors (TAIs).14, 15 The development of protein 

kinase inhibitors is a challenging endeavour due to selectivity issues, since the 

potential interaction with unrelated kinases may result in unwanted side effects.  

The first reported tau-aggregation inhibitor (TAI) was methylthioninium chloride 

1 (MTC, Figure 1), a vital dye widely known as methylene blue. This dye can interact 

with specific cysteine residues of tau, retaining it in its monomeric conformation and 

preventing the formation of toxic NFTs.14 A derivative thereof known as TRx02737 

(LMTXTM) has shown promising results in phase II clinical trials and is currently 

undergoing phase III studies enrolling subjects with mild-to-moderate AD 

(NCT01689246). These findings have encouraged the development of novel TAIs, 

including MTC derivatives16, pyrazoles17, azaphilones18 and thiophene derivatives.19 

Interestingly, catechol-O-methyltransferase (COMT) inhibitors tolcapone 2 and 
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entacapone  3 (Figure 1), used in the adjunctive therapy of Parkinson’s disease (PD), 

have also been shown to inhibit the in vitro aggregation of tau-derived-hexapeptide 

306VQIVYK311 20 as well as other neurotoxic aggregates, including Aβ and α-synuclein 

(α-syn).21 As tau-derived-hexapeptide 306VQIVYK311 20, also known as AcPHF6, is a 

constituent of NFTs it has been looked as a potential target in drug discovery 

programs. Relevant data in tau aggregation inhibition studies was obtained with 

compounds bearing a nitrocatechol (3,4-dihydroxy-5-nitrobenzene).20 Moreover, several 

compounds such as naturally occurring polyphenols have been screened for their 

ability to inhibit the aggregation of fibrillar protein deposits.21-25. In this context, phenolic 

acids, like caffeic acid 4 (Figure 1), have been shown to prevent the aggregation of α-

synuclein and Aβ, being the catechol moiety (3,4-dihydroxybenzene) proposed to be 

essential for the anti-amyloidogenic activity.21, 23. As well, its naturally occurring 

derivative caffeic acid phenylethyl ester 5 (CAPE, Figure 1) has also been associated 

with neuroprotective properties in several in vitro and in vivo models.26-30  

 

Figure 29. Chemical structures of previously reported protein aggregation inhibitors and neuroprotective 

compounds: MTC 1, tolcapone 2, entacapone 3, caffeic acid 4 and CAPE 5. 

When addressing the issue of abnormal protein aggregation, it is crucial to 

consider the effect of redox-active transition metals that frequently co-localize with 

protein deposits within the CNS. Deregulation of brain metal-ion homeostasis is an 

important hallmark of AD and the major proteins implicated in these disorders (e.g. Aβ, 

tau and α-syn) interacts with biological transition metals, namely copper(II) and 

iron(II)31, 32, which have been found to accumulate in AD brains when compared to 

normal controls.33 These transition metals undergo Fenton reactions and generate 

hydroxyl radical (HO•), which unselectively reacts with biomolecules and functions as a 

catalyst for oxidative stress. Redox deregulation and oxidative damage have a severe 

outcome in human health and disease34, 35, since the brain is particularly susceptible to 

oxidative stress due to its high exposure to oxygen36, high content in transition metals, 
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oxidizable fatty acids and low pool of endogenous antioxidants.37 Furthermore, chronic 

copper(II) exposure directly exacerbates  tau pathology within hippocampal neurons in 

animal models38 and hyperphosphorylated tau has been shown to coordinate with 

copper(II) with increased affinity over the normal protein.39 In this sense, the 

modulation of metal-induced tau aggregation through metal chelation can be of 

therapeutic interest in the adjunctive therapy of ND. In fact, metal-protein-attenuating 

compounds have shown promising results in animal models of AD and moved towards 

clinical evaluation in AD patients.40   

Herein, we report the evaluation of a set of naturally-occurring phenolic acids 

and synthetic derivatives thereof as tau-derived hexapeptide 306VQIVYK311 inhibitors 

with metal chelating activity. The aim of the present work is to provide further insight in 

the study of the structure-activity relationships (SARs) for TAIs bearing a catechol (1,2-

dihydroxybenzene) scaffold. 

 

RESULTS AND DISCUSSION 

Following the promising results of naturally occurring phenolic antioxidants as α-

syn and Aβ aggregation inhibitors, and to establish a preliminary structure-activity 

relationship (SAR) for TAIs, a set of phenolic compounds (Table 1) were screened for 

tau aggregation inhibition using a previously described thioflavin T (ThT) based 

fluorescence method.20 The series include the naturally occurring hydroxycinnamates 

4-7, synthetic derivatives 8-15 41 and benzoic acids 16 and 17 (Table 1). 

The compounds were evaluated at 0.1, 1, 10 and 50 µM in triplicates (two 

independent experiments) in the presence of tau hexapeptide Ac-VQIVYK-NH2 

(AcPHF6) (100 μM). Orange G, tolcapone and entacapone were used as reference 

standards.Although the majority of the compounds did not display a significant activity,  

catechols 5, 8, 9 and pyrogallol 14 showed a mild aggregation inhibition at 50 µM 

(18%, 13%, 17% and 21% inhibition, respectively, Table 1), even though much weaker 

than the reference standards (50-60%) (Table 1). The data obtained in this screening 

shows that the presence of phenolic systems  per si, as well as the modifications in the 

side chain, do not provide satisfactory tau aggregation inhibitory activity. Based on 

these results, we then studied the influence of the presence of a 5-nitro substituent on 

the systems bearing a catechol scaffold. All compounds were tested for AcPHF6 

aggregation inhibition20 and the results are shown in Table 2. 
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Table 1. Effect of compounds 4-15 on AcPHF6 aggregation. 

Entry 
 

Reference 
AcPHF6 

aggregation 
inhibition (%)

a
 

R1 R2 R3 R4 

4 OH H H COOH 
b 

n.a. 

5 OH H H 
COOCH2CH2P

h 
b 

17 

6 H H H COOH 
b 

n.a. 
7 OH OH H COOH 

41
 n.a. 

8 OH Br H COOH 
42

 18 
9 OH H H COOCH2Ph 

c 
13 

10 H H H COOEt 
41

 n.a. 

11 H H 
COOE

t 
COOEt 

41
 n.a. 

12 OH H H COOEt 
41

 n.a. 

13 OH H 
COOE

t 
COOEt 

41
 n.a. 

14 OH OH H COOEt 
41

 21 

15 OH OH 
COOE

t 
COOEt 

41
 n.a. 

 

 

 
 

16 R = OH 
b 

n.a. 
17 R = H 

b 
n.a. 

Orange G  - 54 

Tolcapone    64.6 

Entacapone   60.3 

a
 Results obtained for the compounds at 50 µM in the presence of tau hexapeptide (AcPHF6) 

(100 μM). Results are expressed as mean percentage of inhibition for triplicates (two 
independent experiments). 

b
 Naturally occurring compounds. 

c 
Manuscript IV n.a.: not active 

 

Table 2. Effect of compounds 18-23 on AcPHF6 aggregation. 

Entry 
 

AcPHF6  

aggregation  

inhibition (%)
a
 

R
1
 R

2
 

18 H COOH 45 

19 H COOEt 44 

20 COOEt COOEt 41 

21 COOH COOH  n.a 

22 H COOCH2Ph 44.5 

23 H COOCH2CH2Ph 55.2 

Orange G - 54 

Tolcapone - 64.6 

Entacapone  60.3 

a
 Results obtained for the compounds at 50 µM in the presence of tau hexapeptide (AcPHF6) (100 μM). 

Results are expressed as mean percentage of inhibition for triplicates (two independent experiments) 
b
 

Naturally occurring compounds. n.a.: not active 
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Except for compound 21, a significant improvement on anti-aggregating activity 

was observed with the introduction of a 5-nitro group on the hydroxycinnamic scaffold 

(Table 2) when compared with the corresponding catechols (Table 1). The data 

correlates well with previous reports20 and support the hypothesis that nitrocatechol 

system is a part of the pharmacophore for small molecular TAIs. In particular, the 

increase on anti-aggregating activity observed for 5-nitro-CAPE (23), comparable to 

that observed for the standard inhibitors (Table 2), suggests that the bulky phenethyl 

ester side chain also had a positive contribution for anti-aggregating activity. Since the 

presence of a nitrocatechol was proven essential for anti-aggregating activity and 

derivatization of the side chain may increase bioactivity, we then focused our study on 

the effect of structural variables on the backbone of compound 23. These included the 

introduction of structural features of entacapone, namely a α-cyano moiety and a 

carboxamide functional group (Table 3). 

 

Table 3. Effect of compounds 24-27 on AcPHF6 aggregation. 

Entry 

 

AcPHF6  

aggregation  

inhibition (%)
a
 

n X 

24 1 O 71.2 

25 2 O 74.4 

26 1 NH 90.5 

27 2 NH 89.2 

Orange G - 54 

Tolcapone - 64.6 

Entacapone - 60.3 

a
 Results obtained for the compounds at 50 µM in the presence of tau hexapeptide Ac-VQIVYK-NH2 

(AcPHF6) (100 μM). Results are expressed as mean percentage of inhibition for triplicates (two 
independent experiments) 

b
 Naturally occurring compounds. n.a.: not active 

 

 

Results showed that he introduction of a α-nitrile group (compounds 24-27) 

significantly enhanced the anti-aggregating activity, with over 70% inhibition of tau 

hexapeptide aggregation, which was superior to all the reference standards tested. 

Furthermore, a remarkable improvement on anti-aggregating activity was obtained for 

the amide derivatives 26 and 27, independently of the carboxamide side chain, which 

suggests that the amide function plays a key role in the anti-aggregating activity. In 

order to evaluate if the isolated carboxamide function could be a pharmacophore for 

TAI activity, we ran a parallel screening of the phenethyl amide lacking the 5-nitro 
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group (caffeic acid phenethyl amide, CAPA) (data not shown). However, CAPA did not 

show any anti-aggregating activity, which confirms the essential role of the 5-nitro 

substituent.  

The results obtained in the in vitro screenings for anti-aggregating activity 

confirmed the key role of the 5-nitro substituent for anti-aggregating activity and pointed 

towards a favourable outcome of the introduction of α-cyano moiety and carboxamide 

functions. To evaluate the effects of these substituents in the ligand-peptide 

interactions, molecular docking studies were carried out to investigate the binding 

interactions of the ester and amide linked nitrocatechol derivatives 24 and 26, 

respectively, in a steric-zipper β-sheet model of tau-hexapeptide 306VQIVYK311 (Figures 

2 and 3). 

 

Figure 2. The binding mode of compound 24 (benzyl (E)-2-cyano-3-(3,4-dihydroxy-5-nitrophenyl)acrylate) 

in ball and stick cartoon within the 
306

VQIVYK
311

 steric zipper β-sheet assembly (CDOCKER interaction 

energy = –75.00 kcal mol
-1

 and CDOCKER energy = –66.64 kcal mol
-1

). Polar and nonpolar interactions 

are shown. The hydrogen atoms are not shown to enhance clarity.  

 

The steric zipper cross-β-sheet octamer model was constructed using the 

crystal structure of 306VQIVYK311 bound to the inhibitor orange G (pdb id: 3OVL).20, 43 

The core of the steric zipper assembly is made up of side chains of amino acids lysine, 

valine and glutamine respectively. Figure 2 shows the binding mode of compound 24 in 

the steric-zipper assembly. Compound 24 was oriented parallel to fiber axis and the 

nitrocatechol moiety was oriented in a region closer to lysine clusters and underwent a 
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number of polar and nonpolar interactions (Figure 2). The C4 hydroxyl group 

established both hydrogen bonding (distance < 2.0 Å) and electrostatic interactions 

(distance < 5.2 Å) with positively charged NH3
+ groups of lysine side chains whereas 

the C5 nitro-substituent was involved hydrogen bonding (distance < 2.5 Å) and 

electrostatic interactions (distance < 5 Å) with side chains of glutamine and lysine, 

respectively. The nitrocatechol aromatic ring itself formed π-alkyl interactions with side 

chains of valine on either side in the steric zipper core (distance < 5.2 Å). The cyano 

nitrogen underwent a hydrogen bonding interaction with the lysine NH3
+ group 

(distance = 2.19 Å) whereas the ester group was not involved in any interactions with 

the amino acids that line the steric zipper core. However, the unsubstituted benzyl 

aromatic ring established-alkyl interaction with one of the valine side chains (distance < 

5.2 Å).  

 

 

Figure 3. The binding mode of compound 26 ((E)-N-benzyl-2-cyano-3-(3,4-dihydroxy-5-

nitrophenyl)acrylamide) in ball and stick cartoon within the 
306

VQIVYK
311

 steric zipper β-sheet assembly 

(CDOCKER interaction energy = –84.42 kcal mol
-1

 and CDOCKER energy = –76.55 kcal mol
-1

). Polar and 

nonpolar interactions are shown. The hydrogen atoms are not shown to enhance clarity.  

 

The modeling study of the corresponding amide derivative 26 (Figure 3) showed 

that the nitrocatechol substituent underwent a number of polar interactions (hydrogen 

bonding and electrostatic) with lysine and glutamine side chains whereas the aromatic 

ring was in van der Waal’s contact with valine side chain (distance < 4.5 Å). These 
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observed interactions were very similar to the ones seen with compound 24. However, 

unlike compound 24, the cyano group formed two hydrogen bonding interactions with 

NH3
+ of two lysine side chains (distance < 2.8 Å) and the amide carbonyl (C=O) was 

involved in a hydrogen bonding interaction with lysine side chain (distance = 1.85 Å). 

Interestingly, the unsubstituted N-benzyl-ring established a π-cation interaction with 

NH3
+ of lysine (distance = 4.82 Å, Figure 3). These additional stabilizing interactions 

clearly support the increased tau-aggregation inhibitory activity observed with 

compound 26 relative to compound 24. This study also shows that the presence of a 

less flexible amide bond in compound 26, unlike the flexible ester present in compound 

24, provides better conformational stability in the steric zipper assembly. 

Additionally, the metal chelating capacity of the compounds with the strongest 

TAI activity (22-27) was evaluated using UV-Vis spectroscopy.44, 45 A full scan of a 40 

µM solution of compounds 22-27 in phosphate buffer (pH 7.4) was recorded and 

compared to the same solutions coincubated with 20 µM of iron(II) or copper(II) sulfate, 

following a previously described method.45 The results obtained for the experiments 

with copper(II) sulfate are depicted on Figure 4. 
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Figure 4. UV spectra of compounds 22-27 at 40 µM alone (―) or co-incubated with copper(II) sulfate 

20 µM (
.…

). All solutions were prepared in phosphate saline buffer (0.05 mM, pH 7.4). 

 

All compounds showed a sharp peak at 228 nm in their UV spectra that remains 

unaltered in presence of copper(II) sulfate; contrarily, the broad peak at 350 nm 

(compounds 22-24) or 390 nm (compounds 25-27) is significantly decreased, which is 

indicative of the formation of a complex between the ligand-and copper(II) complex. 

Contrarily, no significant results were obtained on the iron chelation studies performed 

with the same compounds. Only small shifts in the maximum absorbance peaks were 

observed, with no detectable absorbance decrease (data not shown). These 

experiments show that compounds 22-27 exhibit significant copper(II) chelation 

properties. Given the important role of copper(II) for in vivo tau aggregation, this 

property might be of pharmacological significance to enhance the in vivo anti-

aggregating potential of compounds 22-27 as TAIs. 

CONCLUSIONS 

Our results confirm and established the nitrocatechol scaffold as a pharmacophore for 

the development of small molecule TAIs. The in vitro screening for TAI activity of the 

polyphenol library identified the following key structural modifications as favorable 

features for TAI activity: bulky benzyl or phenethyl substituents, the α-cyano moiety 

and, essentially by the carboxamide functional group. The in silico study of the binding 

mode of 24 and 26 to the steric-zipper β-sheet model of tau-hexapeptide 

306VQIVYK311showed that the presence of an amide bond in compound 26, unlike the 

flexible ester present in compound 24, provided improved conformational stability in the 

steric zipper assembly. This data correlated well with the remarkable TAI activity 

obtained for amide derivatives 26 and 27. Moreover, compounds 24-27 exhibited 

remarkable in vitro copper(II) chelation at physiologically pH. Owing to the role of 

copper(II) in tau aggregation, this property  can contribute to improve the in vivo anti-
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aggregating performance of these derivatives. In summary, this study conveys a 

significant contribute to the progress of nitrocatechol-based TAIs, providing valuable 

insights in protein aggregation studies. Accordingly, these small molecules can be 

approached as promising leads for the development of new therapeutics for 

tauopathies and AD.  

 

EXPERIMENTAL 

Chemistry 

Compounds 4, 6, 16, 17, tolcapone, entacapone and orange G were purchased from 

Sigma Aldrich. Compounds 7, 8 and 10-15 were synthesized as previously reported.41  

Compou 

6-18 were obtained using straightforward synthetic methodologies and were fully 

characterized by nuclear magnetic resonance spectroscopy and mass spectrometry. 

The full description of the synthetic methodologies used and spectroscopic data can be 

consulted in Manuscript IV. 

Tau-hexapeptide thioflavin T (ThT) based aggregation kinetics assay. The tau-

hexapeptide 306VQIVYK311 aggregation kinetics was carried out with some 

modification.20, 46 The 306VQIVYK311 stock solution was freshly prepared by dissolving in 

ultrapure water (Cayman Chemical Company, Ann Arbor, MI) to obtain a 1 mM stock 

solution. 15 μM of ThT (Sigma-Aldrich, T3516) stock solution was freshly prepared 

using a 50 mM phosphate buffer (Na2HPO4 •7H2O, Sigma-Aldrich, S9390) and pH was 

adjusted to 7.4. The test compound (4-27) stock solutions were also prepared using the 

phosphate buffer and assay grade DMSO. The maximum concentration of DMSO in 

the final assay solution was not more than 1% (v/v). At this concentration, DMSO did 

not interfere with the spectral measurements. The kinetic aggregation assay was 

carried out by incubating 110 μL of ThT, 2 μL of DMSO, 48 μL of phosphate buffer, and 

20 μL of test compound stock solutions at room temperature for 5 min before adding 20 

μL of 1 mM 306VQIVYK311 stock solution (final well concentration was 100 μM) in a 96-

well plate format (Costar, black clear bottom). Final concentration of test compounds 

ranged from 0.1, 1, 10, and 50 μM. Test compounds were run in triplicates and 

fluorescence was measured at 440 nm (excitation) and 490 nm (emission) using a 

BioTek Synergy H1 multi-mode microplate reader. Readings were taken every minute 

over a 2 h period with gentle shaking for 5 sec between each scan. Control wells 

included 110 μL of ThT, 2 μL of assay grade DMSO, 68 μL of phosphate buffer and 20 
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μL of 306VQIVYK311 and ThT blanks included 110 μL of ThT, 2 μL of assay grade 

DMSO, 88 μL of phosphate buffer. Orange G was used as a reference agent. 

Background fluorescence of individual test compounds at the maximum concentration 

tested (50 µM) was monitored for fluorescence interference. Results were expressed 

as mean ± SD in triplicates based on two independent experiments. 

Metal chelating activity. The chelating studies were performed using a UV–vis 

spectrophotometer. The absorption spectra of each compound, alone or in the 

presence of copper(II) sulfate or iron(II) sulfate for 30 min were recorded at room 

temperature in phosphate buffer saline (pH 7.4).  

Molecular docking studies. The molecular docking studies were carried out using the 

computational software Discovery Studio (DS): Structure-Based-Design, version 

4.5.1.15071, 2005-2015 (BIOVIA, San Diego, USA). Compounds 24 and 26 were built 

in 3D using the small molecules module in DS and were energy minimized using the 

smart minimizer protocol (200 steps, 0.1 kcal mol-1) with an implicit solvent function 

Generalized Born with a smooth switching function (GBSW), SHAKE constraints and 

CHARMm force field. The x-ray crystal structure of 306VQIVYK311 bound to orange G 

was obtained from protein data bank (pdb id: 3OVL) and water molecules were 

removed. The steric zipper octamer cross-β-sheet assembly was constructed by 

maintaining an intrastrand and interstrand distance of ~5 Å and 10 Å respectively. Any 

bad contacts or bumps were monitored and removed after subjecting the steric zipper 

assembly to 1000 steps each of steepest descent and conjugate gradient minimization 

(0.1 and 0.01 kcal mol-1 respectively) using an implicit solvent function GBSW, SHAKE 

constraints and CHARMm force field. A 12 Å radius sphere was generated using 

orange G after which it was deleted. The compounds 24 and 26 were docked to the 

VQIVYK steric zipper octamer assembly using the CDOCKER algorithm in the 

receptor-ligand interactions module (2000 heating steps, 700 K heating target 

temperature and 5000 cooling steps, 300 K cooling target temperature) to obtain ten 

docked poses. The CHARMm force field was used for docking studies. The poses 

obtained were ranked based on the CDOCKER interaction energy and CDOCKER 

energy parameters in kcal mol-1. The polar and nonpolar contacts of compounds 24 

and 26 with the steric zipper assembly, was evaluated after considering the distance 

parameters.20   
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2.6. MANUSCRIPT VI: “In vitro toxicological screening of dual target 

nitrocatechols: cellular and mitochondrial studies” 
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ABSTRACT 
 
 

The evaluation of cytotoxicity and mitochondrial toxicity is early drug discovery 

allows the identification of compounds with the desired safety profile and reduced the 

chances of late drug attrition. Nitrocatechol-based derivatives of naturally-occurring 

caffeic acid and caffeic acid phenethyl ester (CAPE) were recently developed as potent 

inhibitors of catechol O-methyltransferase (COMT) and tau aggregation, with a 

pharmacological profile similar to that observed for standard inhibitors tolcapone and 

entacapone. Due to the previous reports of tolcapone-induced fulminant hepatitis, we 

performed a toxicological screening in different in vitro cellular models in order to 

evaluate the potential for drug-induced hepatoxicity and to establish structure-property-

toxicity relationships. Overall, the results obtained show that the novel nitrocatechols 

present a significantly decreased in vitro toxicity when compared to tolcapone. 

Undifferentiated SH-SY5Y cells were the most susceptible to the test compounds’ 

toxicity, and this effect increased with lipophilicity. This effect was partially reversed 

with cellular differentiation into a neuronal phenotype. In both cases, the toxic effects 

were not mediated by overproduction of reactive oxygen and nitrogen species 

(ROS/RNS). Caco-2 cells and rat primary hepatocytes were more resistant to the test 

compounds’ toxicity, and this effect was not influence by pharmacological inhibition P-

gp efflux and P450 metabolism. In all cellular models, tolcapone induced a moderate-

to-severe loss in cellular viability and always more toxic than entacapone. Furthermore, 

tolcapone may be a P-gp substrate in Caco-2 cells. Mitochondrial toxicity screening in 

HepG2 cells showed that the toxicological profile observed for the test compounds was 

similar to the hepatotoxic drug entacapone. Contrarily, tolcapone decreased the cellular 

maximum respiration and the spare respiratory capacity. Finally, the increased toxicity 

in high glucose media suggested that the tested compounds may more directly affect 

glycolysis than mitochondria. 

 

 
 
 
 
 
 
 
Keywords: tolcapone, nitrocatechols, mitochondrial toxicity, lipophilicity, ROS/RNS, P-

gp, P450 
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INTRODUCTION 
 

Nitrocatechols are second generation inhibitors of catechol O-methyltransferase 

(COMT) used in the adjunctive therapy of Parkinson’s disease (PD). COMT inhibitors 

prevent peripheral deactivation of dopamine biosynthetic precursor levodopa (L-

DOPA), which crosses the blood-brain barrier (BBB) and is locally decarboxylated to 

dopamine, thus compensating the extensive loss of dopaminergic neurons and 

dopamine depletion within the substantia nigra pars compacta region of the midbrain1. 

Tolcapone (Figure 1) is a potent and BBB-permeable COMT inhibitor. In clinical 

trials tolcapone was usually well tolerated and most side effects were dopaminergic 

(e.g. nausea and dyskinesia). However, significant elevation of hepatic 

aminotransferases was observed in a small sample percentage2. Upon market 

introduction in 1998, three fatal cases of fulminant hepatitis following tolcapone 

treatment were reported3, which led to its withdrawal. Entacapone (Figure 1) was 

introduced as a safer alternative to tolcapone. However, its low bioavailability and 

short-acting inhibitory profile significantly decrease its clinical efficacy4. Due to the lack 

of equally effective drugs, tolcapone was reintroduced in the market and is currently 

used under very restricted conditions. 

The clinical and histological findings in the reports of patients hospitalized after 

tolcapone treatment were consistent with drug-induced hepatotoxicity,3, 5 which is in 

accordance with previous occasional elevation of hepatic aminotransferases observed 

in clinical trials2. Although the mechanisms of tolcapone-induced idiosyncratic 

hepatotoxicity are not known, it has since been suggested that it may be mediated by 

the formation of reactive intermediates and toxic protein adducts6, 7, redox cycling and 

oxidative stress7 and/or uncoupling of the mitochondrial respiratory chain7, 8. 

The putative formation of reactive quinone-imine requires metabolic reduction of 

the 5-nitro group to the corresponding amine (compounds 1 and 2, Figure 1), which 

can be catalysed by NADPH:cytochrome P450 oxidoreductase (CYP reductase)7, 9, 10 in 

the centrilobular zone of the liver.11 This hypothesis is in accordance with the extensive 

centrilobular necrosis found in liver biopsies collected in the fulminant hepatitis 

patients.3 Reactive intermediates were shown to form metabolic adducts with 

glutathione (compounds 3 and 4, Figure 1).6 However, the reports regarding the 

formation of quinone-imine metabolites in different cellular models are controversial 6,12-

14 Moreover, the inhibition of the nitroreductive pathway in rat primary hepatocytes with 

p-chloro mercury benzoate did not prevent tolcapone-induced toxicity,14 suggesting the 

existence of other mechanisms unrelated with tolcapone bioactivation by 

nitroreduction. On the other hand, the reductive amine metabolites were not detected 
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for entacapone (Figure 1), a structurally-related non-hepatotoxic and peripheral COMT 

inhibitor, which could explain its improved safety window.6   

 

 

Figure 30. Chemical structures of nitrocatechol-based catechol O-methyltransferase inhibitors (tolcapone 

and entacapone), amino 1 and acetamino 2 tolcapone urinary metabolites detected in vivo,  and GSH 

metabolic adducts formed in vitro (3 and 4). 

 

Redox cycling and oxidative stress can occur as a consequence of both 

oxidative and reductive metabolism. We have previously shown that, due to the strong 

electron-withdrawing effect of the 5-nitro substituent, the oxidation of tolcapone does 

not lead to the formation of quinones (Manuscript IV), which means that the oxidation 

of tolcapone is not prone to redox cycling mechanisms.  

Mitochondrial toxicity has also been implicated in tolcapone-induced 

hepatotoxicity. This has been inferred from ultrastructural changes detected in 

mitochondria3, 5 and from evidence of functional changes in isolated mitochondria 

exposed to the drug in vitro.5 Indeed, tolcapone was shown to be a powerful uncoupler 

of the mitochondrial respiratory chain.8, 15  In contrast, entacapone did not induce any 

alteration in mitochondrial bioenergetics.8, 16 The mitochondrial toxicity of tolcapone 

was associated with its considerable lipophilicity (cLogP = 2.99), enabling rapid 

mitochondrial membrane diffusion, in contrast with the hydrophilic entacapone (cLogP 

= 1.64).8, 16 In mitochondria, tolcapone can act as a protonophore and lead to the 

accumulation of protons in the mitochondrial matrix, thus acting as an uncoupling 

agent17. The uncoupling activity of protonophores has been reported to generally 

increase with lipophilicity17, which is in accordance with the hypothesis that lipophilicity 

may be a key molecular descriptor of the toxicity risk of COMT inhibitors.18, 19 

The marked difference in the toxicological behaviour observed for tolcapone 

and entacapone suggests that chemical structure and physicochemical properties may 

be important variables in the risk of hepatotoxicity. This hypothesis is corroborated by 

the recent report of safe nitrocatechol COMT inhibitors based on naturally occurring 

scaffolds (Manuscript IV and V, Figure 2). To clarify the structure-property-toxicity 

relationship of nitrocatechol-based COMT inhibitors, we performed an array of cell-
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based assays for tolcapone, entacapone (Figure 1) and the recently reported 

nitrocatechol-hydroxycinnamic acid library (Figure 2, Manuscript IV and V). Our aim is 

to evaluate the effects of specific substituents and lipophilicity on in vitro cytotoxicity 

and mitochondrial bioenergetics. 

 

 

Figure 2. Chemical structures of parent compounds caffeic acid (5), caffeic acid benzyl ester (6), caffeic 

acid phenethyl ester (7) and nitrocatechol derivatives thereof (8-18). 

 

RESULTS & DISCUSSION 
 

Compounds 6-18 were obtained using straightforward synthetic methodologies 

and were fully characterized by nuclear magnetic resonance spectroscopy and mass 

spectrometry (Manuscript IV). Structural variability was attained by inserting different 

substituents (nitrile groups, arylalkyl esters and amides) at positions C5, Cα and the 

carboxylic acid function, yielding derivatives with different physicochemical properties. 

The inserted chemical variability encoded a lipophilicity gradient, as shown by the 

calculated partition coefficients (cLogP, Table 1). Given the potential influence of 

lipophilicity on nitrocatechol-induced toxicity, the results obtained from the current study 

may help to establish structure-property-toxicity relationships. 

In order to obtain a representative outlook of the cellular effects of the 

compounds under study (compounds 5-18 and standard COMT inhibitors tolcapone 

and entacapone), cellular viability studies were conducted on three cell lines 

(differentiated and undifferentiated SH-SY5Y cells, Caco-2 cells) and primary rat 
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hepatocytes. When studying the potential for mitochondrial toxicity and drug-induced 

liver injury of the nitrocatechol derivatives (compounds 15-18, tolcapone and 

entacapone), HepG2 cells were used due to their increased susceptibility to drug-

induced mitochondrial alterations.20 The use of different cellular models provided a 

wide spectrum of the compounds’ toxicological profile and, given the specific features 

of each cell type in terms of metabolic activity and transport capacity, enabled the study 

of the influence of toxicokinetic parameters on cytotoxicity. 

Table 1. Lipophilicity (measured as cLogP) of the compounds under study 

Entry cLogP
a
 Entry cLogP

a
 

5 0.975 12 0.868 

6 2.962 13 3.534 

7 3.298 14 3.868 

8 1.545 15 2.861 

9 2.300 16 3.191 

10 2.522 17 2.235 

11 0.998 18 2.628 

Tolcapone 3.245 Entacapone 1.761 

a
Calculated partition coefficient were determined 

using ChemBioDraw Ultra Software®. 

 

Briefly, SH-SY5Y, Caco-2 cells and rat primary hepatocytes were exposed to 

compounds 5-18 and standard COMT inhibitors tolcapone and entacapone at three 

different concentrations (1, 10 and 50 µM) for a period of 24h and cellular viability was 

evaluated by the thiazolyl blue tetrazolium bromide (MTT) reduction assay and the 

neutral red (NR) uptake assay, compared to control untreated cells (% of control, n ≥ 

4). Due to its increased sensitivity to the test compounds, only the results obtained in 

the MTT reduction assay are discussed in the following sections. HepG2 cells were 

exposed to compounds 15-18, tolcapone and entacapone (10 and 50 µM) and 

respiratory parameters were evaluated by measuring the cellular oxygen comsumption 

rate (OCR) (n = 4). 

 

Studies in SH-SY5Y cells 

 

The human neuroblastoma cell line SH-SY5Y in both undifferentiated and 

differentiated states expresses dopaminergic neuronal markers including tyrosine 

hydroxylase21, dopamine transporter and dopamine D2 and D3 receptors22, making 

them an adequate in vitro system for the study of drug-induced neurotoxicity and 
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neuroprotection in dopaminergic neurons. The results obtained from the cytotoxicity 

screening in undifferentiated SH-SY5Y cells for both viability endpoints are included in 

the supplementary information (S1.1 Undifferentiated SH-SY5Y cells). 

At the lowest concentration tested (1 µM), none of the compounds exhibited 

significant effects on cellular viability. In the 10 µM treatments, compounds 5-12, 15-18 

and entacapone did not cause cytotoxicity (S1.1 Undifferentiated SH-SY5Y cells). 

However, a different toxicological outcome was observed for compounds 13, 14 and 

COMT inhibitor tolcapone, which caused a significant decrease in MTT reduction [50% 

< MTT reduction (% of control) < 60%, p < 0.001] (Figure 3A). Interestingly, 

compounds 13 and 14 are the most lipophilic of the library under study (Figure 2, Table 

1). In the treatments with the highest concentration (50 µM), only the most hydrophilic 

compounds (5, 11 and 12, cLogP < 1) were not toxic (S1.1 Undifferentiated SH-SY5Y 

cells). Compounds 6, 8-10, 15 and 18 and entacapone (1 < cLogP < 3) induced mild to 

intermediate decrease on cellular viability [40% < MTT reduction (% of control) < 85%, 

p < 0.001] (Figure 3B). Compounds 7, 13, 14 and 16 and tolcapone (cLogP > 3) 

induced a higher decrease in cellular viability [MTT reduction (% of control) < 40%, p < 

0.001] (Figure 3B).  
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Figure 3. Cytotoxicity screening in undifferentiated SH-SY5Y cells (A) Cytotoxic effects at 10 µM, (B) 

Cytotoxic effects at 50 µM, (C) Relationship between lipophilicity and cytotoxicity. 
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Analysing the treatments with 50 µM, and with the exception of compound 17, 

the effect on cellular viability can be grouped according to the cLogP of the test 

compounds, indicating a clear relationship between lipophilicity and cytotoxicity 

(R2=0.875, Figure 3C). These findings are in accordance with previous reports of high 

lipophilicity as a key molecular descriptor of the toxicity risk of COMT inhibitors19. 

Contrary to the results obtained in undifferentiated SH-SY5Y cells, no toxic 

effects were observed in differentiated cells for all the compounds tested at 10 µM 

(S1.2 Differentiated SH-SY5Y cells). A noticeable decrease in nitrocatechol-induced 

toxicity at 50 µM was observed when compared to undifferentiated cells (Figure 4A, 

S1.2 Differentiated SH-SY5Y cells). Although generally lipophilicity enhanced 

cytotoxicity (Figure 4B, R2=0.6311), the correlation was much less significant than that 

obtained for undifferentiated cells (Figure 3C, R2=0.875).  In addition, the cytotoxicity 

induced by tolcapone at 50 µM was significantly reduced in this cellular model (% MTT 

reduction = 53.30 ± 5.442, p < 0.001). Overall, these results point towards an increased 

resistance of differentiated SH-SY5Y cells towards nitrocatechol-induced toxicity. 

In both their differentiated and undifferentiated phenotype, SH-SY5Y cells 

display reduced metabolic capacity and, as such, are valuable in vitro models to study 

the toxicity of unmetabolized compounds. In the present case, due to the presence of a 

catechol moiety in all the tested compounds, it could be hypothesized that the 

observed toxic effects resulted from redox cycling and subsequent oxidative stress. In 

fact, catechols can undergo oxidation to the corresponding quinones, which are highly 

electrophilic intermediates and react readily with protein thiols and nucleic acids.23, 24 

This mechanism can trigger cytotoxicity through overproduction of reactive oxygen and 

nitrogen species (ROS and RNS, respectively), formation of toxic adducts and GSH 

depletion.25 
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Figure 4. Cytotoxicity screening in differentiated SH-SY5Y cells (A) Cytotoxic effects at 50 µM, (B) 

Relationship between lipophilicity and cytotoxicity. 
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The formation of intracellular ROS/RNS was evaluated for compounds that 

induced toxic effects at 50 µM in both cellular models (compounds 13-18 and 

tolcapone). The cells were first incubated for 30’ with 2′,7′-dichlorofluorescein diacetate 

(DCFH-DA, 10 µM), a membrane permeable non-fluorescent probe that is 

intracellularly hydrolysed to 2',7'-dichlorodihydrofluorescein (DCFH). DCFH is easily 

oxidised by ROS/RNS to 2',7'-dichlorofluorescein (DCF) a highly fluorescent compound 

(excitation 485 nm: emission 530 nm).26 The cells were then treated with compounds 

13-18 and tolcapone at 50 µM, and the formation of ROS/RNS and cellular viability 

were measured after a 24h incubation (37˚C, 5% CO2). The results are depicted in 

Figure 5. 

As seen in Figure 5, none of the studied compounds induced the production of 

ROS/RNS; in fact, the opposite outcome was observed for both cellular phenotypes. 

These results are in accordance with the electrochemical studies performed for the 

nitrocatechol library and COMT inhibitors (Manuscript IV), which showed that the 

presence of the strong electron-withdrawing 5-nitro group does not mechanistically 

favour the formation of quinones in situ. In this sense, the induction of oxidative stress 

by redox cycling of the screened nitrocatechols should not be expected. 

Since the decrease in ROS/RNS production was detected for all compounds 

regardless of their toxicity (Figure 3B and 4A), it could be hypothesised that the 

compounds can scavenge intracellular ROS/RNS and, thus, lead to the observed 

decrease on DCFH-DA fluorescence.  
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Figure 5. Production of intracellular ROS/RNS after a 24h treatment with compounds 13-18 and tolcapone 

at 50 µM in differentiated (A) and undifferentiated SH-SY5Y cells (B). 

Considering the widely recognized radical scavenging activity of caffeic acid 5 

and CAPE 7,27 as well the previous reports of antixoxidant activity for tolcapone14,28, the 

likelihood of derivatives 13-18 to exhibit antioxidant properties should be considered as 
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a valid hypothesis. Regarding the cytotoxicity mechanism, our results indicate that 

cellular death is not induced by ROS/RNS overproduction and consequent oxidative 

damage. Further studies will be performed to validate this hypothesis. 

Studies in Caco-2 cells 

 

The study of a drug’s effect at the intestinal level is of crucial importance for 

orally administered drugs, as is the case of COMT inhibitors. Derived from human 

colorectal adenocarcinoma, Caco-2 cells mimic enterocytes of the small intestine and 

express drug transporters involved in drug absorption or excretion, namely the efflux 

pump P-glycoprotein (P-gp).29 In this sense, Caco-2 cells are a widely accepted model 

for drug absorption and excretion studies and are often used as an in vitro model of the 

human intestinal epithelium.29-31 

The results obtained from the cytotoxicity screening in Caco-2 cells for both 

viability endpoints are included in the supplementary information (S1.3 Caco-2 cells). 

The treatments with the compounds at 1 µM and 10 µM did not induce cytotoxicity in 

the our experimental conditions (S1.3 Caco-2 cells). In the 50 µM treatments, 

significant loss of cell viability (MTT reduction < 85 %) was observed for compounds 6 

(% MTT reduction = 81.68±12.50, p < 0.001), 7 (% MTT reduction = 83.13±13.70, p < 

0.001), 10 (% MTT reduction = 74.28±14.25, p < 0.001), 13 (% MTT reduction = 

79.14±10.23, p < 0.001), 14 (% MTT reduction = 70.60±11.17, p < 0.001) and 

tolcapone (% MTT reduction = 67.98 ± 6.71, p < 0.001) (Figure 6A). In this cellular 

model, lipophilicity was not a key determinant of cytotoxicity (Figure 6B, R2= 0.6689). 

The lipophilicity-cytotoxicity correlation was similar to that observed for differentiated 

SH-SY5Y cells, with the lipophilic derivatives (cLogP > 3) showing a slight increase in 

toxicity when compared to the other groups (Figure 6B). 
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Figure 6. Cytotoxicity screening in Caco-2 cells (A) Cytotoxic effects at 50 µM, (B) Relationship between 

lipophilicity and cytotoxicity. 
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The cytotoxic effects of tolcapone and lipophilic catechols (6-7) and 

nitrocatechols (10, 13 and 14) were much less pronounced than those observed for 

SH-SY5Y cells. The different behavior of the same compounds tested under the same 

conditions must therefore result from the difference between the cell lines. Indeed, 

Caco-2 cells express phase III efflux pumps29 and have a higher metabolic capacity 

than SH-S55Y cells,32 it was hypothesized that this mechanism may be behind the 

increased resistance of these cells towards nitrocatechols.  

In order to evaluate the influence of P450 metabolism and P-gp efflux on the 

toxicity of compounds 13-16, tolcapone and entacapone (50 µM), the effects of the 

selected compounds were evaluated after a 1h pre-incubation of the cells with a non-

selective P450 inhibitor (1-aminobenzotriazole, ABT, 100 µM) and a third-generation P-

gp inhibitor (zosuquidar, ZOS, 5 µM). The detailed results obtained in this study are 

included in the supplementary information (S1.3 Caco-2 cells) and the effects of 

tolcapone and compound 16 are shown in Figure 7. 

Generally, P450 inhibition with ABT 100 µM did not influence the effects of the 

test compounds under study on cell viability (S1.3 Caco-2 cells). P-gp inhibition with 

ZOS 5 µM also did not influence the cellular effects of compounds 13, 14,15 and 

entacapone (S1.3 Caco-2 cells). However, P-gp inhibition caused a significant 

decrease in cell viability in cells treated with tolcapone [% MTT reduction = 67.98 

(tolcapone) ± 6.71 vs 54.09 ± 9.08 (tolcapone + ZOS), p < 0.01]. 
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Figure 7. Effect of P450 and P-gp inhibition on the cytotoxicity of tolcapone and compound 16 in Caco-2 

cells.  

 

These results suggest that tolcapone may be a P-gp substrate, and this 

mechanism can be the reason behind the increased resistance of Caco-2 cells to 

tolcapone, when compared to undifferentiated SH-SY5Y cells. This hypothesis is in 

accordance with previous reports that tolcapone can be substrate of efflux 

transporters.33 ZOS treatment also influenced the effect of compound 16 [% MTT 

reduction = 100 ± 2.82 (CTRL) vs 84.61 ± 9.94 (16 + ZOS), p < 0.01], although the 
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difference was not significant when compared to cells treated with 16 (% MTT 

reduction = 93.02 ± 12.54). In this case, it is not straightforward to assume that 16 can 

be a P-gp substrate.  

 

Studies in primary rat hepatocytes 

 

Fresh primary rat hepatocytes provide a model of fully functional hepatocytes, 

although the results obtained may be biased by species differences in metabolism and 

cell biology. Nevertheless, as cellular models for liver toxicity studies, primary rat 

hepatocytes show a good compromise in terms of cell viability and handling, quality of 

the results and hepato-specific differentiation and function.34  

In order to address the hepatotoxicity of the test compounds and COMT 

inhibitors, cellular viability assays were run in primary rat hepatocytes. The results 

obtained for both viability endpoints are included in the supplementary information 

(S1.4 Primary rat hepatocytes). The treatments with all the compounds and COMT 

inhibitors at 1 µM and 10 µM did not induce any toxic effects under our experimental 

conditions (S1.4 Primary rat hepatocytes).  
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Figure 8. Cytotoxicity screening in primary rat hepatocytes (A) Cytotoxic effects at 50 µM, (B) Relationship 

between lipophilicity and cytotoxicity. 

 

 

In the 50 µM treatments, a significant loss of cell viability (MTT reduction < 85 

%) was observed for compounds 13 (% MTT reduction = 81.68±12.50, p < 0.001), 14 

(% MTT reduction = 80,920±12.84, p < 0.01), 15 (% MTT reduction = 74.03±10.62, p < 

0.001), 16 (% MTT reduction = 82.89±5.46, p < 0.01), 17 (% MTT reduction = 
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18.85±1.66, p < 0.001), 18 (% MTT reduction = 24.30±4.60, p < 0.001), entacapone (% 

MTT reduction = 51.17±18.87, p < 0.001), tolcapone (% MTT reduction = 9.10±3.26, p 

< 0.001) (Figure 8A). Tolcapone induced a massive loss on cell viability, which is in 

accordance with its hepatotoxic profile.3,5,6,8,14,15,16,17 Moreover, no correlation was 

established between lipophilicity and cytotoxicity (Figure 8B).  

The high metabolic capacity of primary rat hepatocytes may lead to 

bioactivation or detoxification processes, it was hypothesized that these processes 

could ultimately influence the test compound’s cytotoxic profile.  

In order to evaluate the influence of P450 metabolism, the effects of compounds 

13-16, tolcapone and entacapone at 50 µM were evaluated after pre-incubation of 

primary rat hepatocytes with ABT 100 µM, following the same conditions described for 

the assays in Caco-2 cells. The detailed results are included in the supplementary 

information (S1.4 Primary rat hepatocytes) and the effects of tolcapone and compound 

16 are shown in Figure 9. 
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Figure 9. Effect of P450 on the cytotoxicity of tolcapone and compound 16 in primary rat hepatocytes. 

 

Generally, P450 inhibition with ABT 100 µM did not influence the effects of the 

test compounds on cell viability (S1.4 Primary rat hepatocytes). No statistically 

significant differences were observed between the single treatments with the 

compounds and the cells pre-treated with ABT 100 µM (Figure 9).  

The absence of influence of P450 metabolism in nitrocatechol toxicity points 

towards a direct mitochondrial effect, which does not require previous metabolic 

bioactivation. These results are in accordance with the previous observation that the 

inhibition of the reductive pathway in primary rat hepatocytes did not prevent 

tolcapone-induced toxicity.14 
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Studies in HepG2 cells 

The mitochondrial toxicity of compounds 15-18, tolcapone and entacapone was 

evaluated using the Seahorse XF Extracellular Flux Analyzer technology. The HepG2 

cell line, a cellular model frequently used to study hepatotoxicity induced by 

mitochondrial dysfunction,35 was chosen for this assay. The cells were cultured either 

in high-glucose DMEM cell culture media or in oxidative phosphorylation-forcing media, 

in order to detect mitochondrial impairments induced by test compounds and COMT 

inhibitors, as previously described.36 After a 24 hour treatment with compounds 15-18, 

tolcapone and entacapone (10 and 50 µM), the cellular OCR and extracellular 

acidification rate were measured. Significant effects on the standard OCR were 

obtained for the 50 µM treatments in cells cultured in high-glucose DMEM (Figure 10).  

 

 

Figure 10. Mitochondrial parameters analyzed by Seahorse XF96 Extracellular Flux Analyzer. 

HepG2 cells, cultured in high-glucose media, were incubated with 50 μM concentration of the test 

compounds 15-18 and COMT inhibitors tolcapone and entacapone. 

 



CHAPTER 2 

201 

 

No toxic effects were observed for the 10 µM treatments in high-glucose DMEM 

and for the 10 and 50 µM treatments in cells cultured in oxidative phosphorylation-

forcing media. The results from the latter experiments are included in the 

supplementary information (S1.5 Cellular oxygen consumption measurements in 

HepG2 cells). 

According to the results in Figure 10, only tolcapone at 50 µM caused a 

significant decrease in the cellular maximum respiration and, consequently, a reduction 

in the spare respiratory capacity. These results are important as they suggest that, 

upon treatment with tolcapone, mitochondria will have a lower capacity to respond to 

second-hit stresses, which would require an up-regulation of mitochondrial function to 

restore normality. Although a statistical significance for other compounds was not 

observed, a general reduction in the maximal respiration and spare respiratory capacity 

was detected, except for compound 15. Moreover, the results obtained for compounds 

16-18 in all the evaluated mitochondrial parameters were similar to those obtained for 

entacapone. The results obtained in the screening for mitochondrial toxicity showed 

that compound 15 did not interfere with mitochondrial bioenergetics, and that the in 

vitro toxicological profile of compounds 16-18 is similar to entacapone, a non-

hepatotoxic drug. 

An interesting observation was that, as a general rule, a higher toxicity for the 

tested compounds regarding mitochondrial end-points was observed when HepG2 

cells were grown in high-glucose media, when comparing with the effects in the 

oxidative phosphorylation-forcing media. This difference in response vs cell culture 

media suggests that the tested compounds may more directly affect glycolysis than 

mitochondria. 

 

CONCLUSIONS 

 Overall, the results obtained showed that the test compounds 5-18 present a 

significantly decreased in vitro toxicity when compared to standard COMT inhibitor 

tolcapone. With the exception of undifferentiated SH-SY5Y cells, toxic effects for all the 

cellular models used were only observed at 50 µM. Undifferentiated SH-SY5Y cells 

were the most susceptible to the test compounds’ toxicity, and this effect increased 

with lipophilicity. Retinoic acid- and TPA-induced differentiation of SH-SY5Y cells into a 

neuronal phenotype increased the resistance of the cells to the same compounds. In 

both cases, the toxic effects were not mediated by overproduction of ROS/RNS. Caco-

2 cells and rat primary hepatocytes were increasingly more resistant to the test 

compounds’ toxicity, and this effect was independent from P-gp efflux and P450 
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metabolism. Tolcapone induced significant toxicity in all the cellular models, and may 

be a P-gp substrate in Caco-2 cells. Mitochondrial toxicity screening in HepG2 cells 

showed that compounds 15-18 at 50 µM did not significantly affect OCR 

measurements. Contrarily, tolcapone decreased the cellular maximum respiration and 

the spare respiratory capacity. Compound 15 showed the most favorable safety profile 

and compounds 16-18 showed an in vitro toxicological profile similar to non-

hepatotoxic entacapone. Finally, the increased toxicity in high glucose media 

suggested that the tested compounds may more directly affect glycolysis than 

mitochondria. 

 

EXPERIMENTAL 

Materials 

All reagents used were of analytical grade or of the highest grade available. Neutral red 

(NR) solution, (4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium (MTT) bromide, trypan 

blue solution [0.4 % (w/v)] and Dulbecco’s modified Eagle’s medium (DMEM) with 4.5 

g/L glucose were obtained from Sigma (St. Louis, MO, USA). Reagents used in cell 

culture, including nonessential amino acids (NEAA), heat inactivated fetal bovine 

serum (FBS), 0.05% trypsin/1 mM EDTA, antibiotic (10000 U/mL penicillin, 10000 

µg/mL streptomycin), phosphate-buffered saline solution (PBS) and Hank’s balanced 

salt solution (HBSS) were purchased from Gibco Laboratories (Lenexa, KS). 

Dimethylsulfoxide (DMSO), absolute ethanol and acetic acid were obtained from Merck 

(Darmstadt, Germany). 

Chemistry 

Compounds 6-18 were obtained using straightforward synthetic methodologies and 

were fully characterized by nuclear magnetic resonance spectroscopy and mass 

spectrometry. The full description of the synthetic methodologies used and 

spectroscopic data are described in Manuscript IV. 

Cell culture 

SH-SY5Y cells. SH-SY5Y cells (ATCC, Manassas, VA, USA), a neuroblastoma cell 

line, were routinely cultured in 75-cm2 flasks (Corning Costar, Corning, NY, USA) using 

DMEM with 4.5 g/L  glucose, supplemented with 10 % heat-inactivated FBS (v/v), 1 % 

NEAA (v/v), 100 U/mL penicillin, and 100 μg/mL streptomycin. Cells were maintained at 

37 °C in a humidified atmosphere of 95 % air/5 % CO2 and the medium was changed 

every 2 days. The cells used for all the experiments were taken between the 25th and 
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34th passages, in order to avoid phenotypic changes. Cultures were passaged weekly 

by trypsinization (0.05% trypsin/1 mM EDTA). For the experiments undifferentiated 

cells, SH-SY5Y cells were seeded onto 96-well plates (25000 cells/cm2) in complete 

cell culture medium, and cultured for 3 days at 37 °C. Three days after seeding, when 

confluence was reached, the cells were exposed to the test compounds (0, 1, and 50.0 

µM) in cell culture medium without FBS for 24 h. For the experiments with differentiated 

cells, SH-SY5Y cells were seeded onto 96-well plates (25000 cells/cm2) in complete 

cell culture medium with retinoic acid (100 µM) and incubated for 4 days at 37 °C and 

5%CO2. The media was then replaced with complete cell culture media with 12-O-

tetradecanoylphorbol-13-acetate (100 µM) and incubated for 4 days at 37 °C and 

5%CO2When confluency was reached, the cells were exposed the test compounds (0, 

1, and 50.0 µM) in cell culture medium without FBS for 24 h. Cytotoxicity was evaluated 

24 h after exposure, by the MTT reduction and by the NR uptake assays.  

Caco-2 cells. Caco-2 cells were routinely cultured in 75 cm2 flasks using DMEM with 

4,5 g/L glucose, supplemented with 10% heat inactivated FBS, 100 μM NEAA, 100 

U/mL penicillin, 100 μg/mL streptomycin, 2.5 μg/ml fungizone and 6 μg/mL transferrin. 

Cells were maintained in a 5% CO2–95% air atmosphere, at 37ºC, and the medium 

was changed every 2 days. Cultures were passaged weekly by trypsinization (0.25% 

trypsin/1 mM EDTA). The cells used in all the experiments were taken between the 58th 

and 63th passages. In all experiments, the cells were seeded onto 96-well plates 

(60000 cells/cm2) and used 3 days after seeding, when confluence was reached. The 

cells were exposed to the test compounds (0, 1, 10 and 50 µM) in cell culture medium 

without FBS for 24 h. At the selected time point, cytotoxicity was evaluated by the MTT 

reduction and by the NR uptake assays. 

HepG2 cells. HepG2 cells were routinely cultured in 75 cm2 flasks using DMEM with 

4.5 g/L glucose, supplemented with 6 mM of glutamine, 5 mM HEPES, 44 mM sodium 

bicarbonate, 1 mM sodium pyruvate, 10% FBS, 100 U/mL penicillin, 100 μg/mL 

streptomycin and 2.5 μg/ml Amphotericin B. For the experiments performed in oxidative 

phosphorylation-forcing media,35,36 HepG2 cells were previously adapted to this media. 

In this case, the media was composed by basal DMEM without glucose, supplemented 

with 10mM galactose, 6mM glutamine, 5mM HEPES, 44mM sodium bicarbonate, 1mM 

sodium pyruvate, 10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, 2.5 μg/ml 

Amphotericin B. The cells used in all the experiments were between the 20th and 30th 

passages. For the experiments with the Seahorse XF96 Extracellular Flux Analyzer 

cells were seeded in specific plates at a density of 20,000 cells/well and used 24hours 

after seeding. The cells were exposed to the test compounds (0, 10 and 50 µM) in cell 
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culture medium, for 24 h. These analysis were performed at MitoXT Services (Center 

for Neuroscience and Cell Biology, University of Coimbra, Portugal), according their 

standard protocols and by using a Seahorse XFe96 Extracellular Flux Analyzer 

(Seahorse Bioscience, Billerica, MA). 

Isolation and primary culture of rat hepatocytes. Rat hepatocytes were isolated 

from male Wistar Han rats (200 – 250 g) purchased from Charles-River Laboratories 

(Barcelona, Spain). All experiments were approved by the local Ethics Committee for 

the welfare of experimental animals and performed in accordance with national 

legislation. Surgical procedures were conducted under anesthesia by inhalation of 

isoflurane, in an isolated system, and carried out between 10.00 and 11.00 a.m. Cells 

were isolated through a collagenase perfusion. Briefly, a cannula was inserted in the 

hepatic portal vein, and the liver was perfused initially with Hank’s washing buffer 

containing BSA and the chelating agent EGTA, followed by a solution of collagenase 

supplemented by its co-factor calcium. The liver capsule was then gently disrupted in 

order to release isolated liver cells into a Krebs-Henseleit buffer. The cell suspension 

was subsequently purified through three cycles of low-speed centrifugations (300 rpm, 

for 2 min). The final suspension was then incubated with penicillin/streptomycin (500 

U/mL / 500 μg/mL), at 4ºC, for 30 min. Cell viability was estimated by the trypan blue 

exclusion test and was always higher than 80%. A suspension of 500.000 viable 

cells/mL was cultured in 96-well plates at approximately 100.000 cells/cm2, in William’s 

E medium, supplemented with 10% FBS (100 U/mL), penicillin/streptomycin (100 

µg/mL), insulin (5 μg/mL), dexamethasone (50 μM), gentamicin (100 μg/mL) and 

fungizone (2.5 μg/mL), and incubated overnight at 37˚C, with 5% CO2, to allow cell 

adhesion. Briefly, 24h after seeding at 100.000 cells/cm2 the cells were exposed to the 

test compounds (0, 1, 10 and 50 µM) in cell culture medium without FBS for 24 h. At 

the selected time point, cytotoxicity was evaluated by the MTT reduction and by the NR 

uptake assays. 

Co-incubations with ZOS and ABT. In order to study the influence of P450 and P-gp 

inhibition in the test compounds’ cytotoxicity, co-incubation experiments were 

performed in Caco-2 cells and primary rat hepatocytes. Cell culture and seeding was 

performed for both types of cells as described above. When confluency was reached, 

the cells were preincubated with ZOS (5 µM) or ABT (100 µM) in cell culture medium 

without FBS for 1h at 37˚C and 5%CO2 and then treated with the test compounds (final 

concentration: 50 µM). Within the same plate, parallel column wells were treated either 

with medium with vehicle, ZOS (5 µM), ABT (100 µM) or the test compound (50 µM). 
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The cells were then incubated for 24 h at 37˚C and 5%CO2, and cellular viability was 

determined by the MTT reduction and NR uptake assays. 

MTT reduction assay. The MTT reduction assay was used to measure mitochondrial 

dysfunction (decrease in mitochondrial dehydrogenase activity) in cells exposed to the 

test compounds. The signal generated is dependent on the degree of reduction of the 

MTT tetrazolium salt (water soluble) to MTT formazan (water insoluble) by cellular 

dehydrogenases within metabolically active cells. At the selected time point, the cell 

culture medium was removed, followed by the addition of fresh cell culture medium 

containing 0.5 mg/mL MTT and incubation at 37 °C in a humidified, 5% CO2 

atmosphere for 2 h. After this incubation period, the cell culture medium was removed 

and the formed formazan crystals dissolved in 100% DMSO. The absorbance was 

measured at 550 nm in a multi-well plate reader (BioTek Instruments, Vermont, USA). 

The percentage of MTT reduction relative to that of the control cells was used as the 

cytotoxicity measure [MTT reduction (% of control)]. 

Neutral red uptake assay. The NR uptake assay is based on the ability of viable cells 

to incorporate and bind the supravital dye neutral red in the lysosomes, thus providing 

a quantitative estimation of the number of viable cells in a culture. Twenty-four hours 

after exposure, the cell culture medium was removed and the cells incubated with 

neutral red (50 µg/mL in cell culture medium) at 37 °C, in a humidified, 5% CO2-95% air 

atmosphere, for 2 h. After this incubation period, the cell culture medium was removed, 

the dye absorbed only by viable cells extracted [with absolute ethyl alcohol /distilled 

water (1:1) containing 5% acetic acid], and the absorbance measured at 540 nm in a 

multi-well plate reader (BioTek Instruments, Vermont, USA). The percentage of NR 

uptake relative to that of the control cells was used as the cytotoxicity measure [NR 

uptake (% of control)]. 

Cellular ROS and RNS detection. DCFH-DA is a non-fluorescent compound that can 

pass through cell membranes. Once it is in the cytoplasm, esterases remove the 

acetate groups to produce DCFH which, because of its polarity, is not cell permeable. 

DCFH is easily oxidised to 2',7'-dichlorofluorescein (DCF) a highly fluorescent 

compound (excitation 485 nm: emission 530 nm).26 On the days of the experiment, the 

cells seeded at the appropriate density were pre-incubated with 100 µL of 10 µM 

DCFH-DA for 30 min. At the end of the incubation period, cells were washed twice with 

HBSS and added with 150 µL of the testing solutions. For each plate, blanks (vehicle 

and cell culture medium without the cells) and negative controls (cells treated with 

medium without test compounds) were run to measure background fluorescence and 
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basal ROS/RNS production, respectively. DCFH-DA fluorescence was measured at the 

selected time-point using a fluorescence plate reader (BioTek SynergyTM HT) set at 

485 nm excitation and 530 nm emission. 

Statistical analysis. For each assay, all experiments were performed in triplicate and 

the coefficient of variantion was always < 10%. The data obtained are expressed as 

mean ± standard deviation of at least four independent experiments. All statistical 

analysis was performed with GraphPad Prism 5.03 for Windows (GraphPad Software®, 

San Diego, CA, USA). For the experiments with SH-SY5Y, Caco-2 cells and rat 

primary hepatocytes, the normality of the data distribution was evaluated by the KS test 

and statistical comparison between groups was estimated using the parametric one-

way analysis of variance on ranks (ANOVA-1) followed by Bonferroni’s post hoc test. In 

all cases, p values lower than 0.05 were considered significant. For Extracellular Flux 

Analyzes, data were analyzed using the Graph Pad Prism software version 5.03 for 

Windows. The non-parametric Friedman's test following Dunn's post-test was used. 
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S1. Cytotoxicity assays 

 

The cells were exposed to compounds 5-18 and standard COMT inhibitors 

tolcapone and entacapone at three different concentrations (1, 10 and 50 µM) for a 

period of 24h and cellular viability was evaluated by the thiazolyl blue tetrazolium 

bromide (MTT) reduction assay and the neutral red (NR) uptake assay, compared to 

control untreated cells (% of control, n ≥ 4). 

In the co-incubation assays with 2-aminobenzatoriazole (ABT) and zosuquidar 

(ZOS) the cells were pre-incubated with ABT (100 µM) or ZOS (5 µM) for 1h at 37˚C 

and 5%CO2 and then treated with the test compounds (50 µM) for 24h. 

The results obtained for the assays in undifferentiated SH-SY5Y cells, 

differentiated SH-SY5Y cells, Caco-2 cells and primary rat hepatocytes are disclosed in 

the following sections (S1.1, S1.2,S1.3 and S1.4). 
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S1.1. Undifferentiated SH-SY5Y cells 

 

 MTT reduction (% of control) vs concentration (µM) 
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 NR uptake (% of control) vs concentration (µM) 
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S1.2. Differentiated SH-SY5Y cells 

 

 MTT reduction (% of control) vs concentration (µM) 
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 NR uptake (% of control) vs concentration (µM) 
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S1.3. Caco-2 cells 

 

 MTT reduction (% of control) vs concentration (µM) 
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 NR uptake (% of control) vs concentration (µM) 
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 Coincubations with 1-aminobenzotriazole (ABT) and zosuquidar (ZOS) 
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S1.4. Primary rat hepatocytes 

 

 MTT reduction (% of control) vs concentration (µM) 
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 NR uptake (% of control) vs concentration (µM) 
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 Coincubations with 1-aminobenzotriazole (ABT) 
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S1.5 Cellular oxygen consumption measurements in HepG2 cells 

Mitochondrial parameters analyzed by Seahorse XF96 Extracellular Flux Analyzer. 

HepG2 cells, cultured in high-glucose media or in oxidative phosphorylation-forcing 

media, were cultured with 10 or 50 μM of the test compounds, tolcapone and 

entacapone.  

 HepG2 cells cultured in high-glucose media with 10 μM concentration of the test 

compounds. 
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 HepG2 cells cultured in in oxidative phosphorylation-forcing media with 10 μM 

concentration of the test compounds. 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 2 

224 

 

 HepG2 cells cultured in in oxidative phosphorylation-forcing media with 50 μM 

concentration of the test compounds. 
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6.1. INTEGRATED DISCUSSION   

The work performed under the present Thesis envisaged the discovery of 

MTDD candidate(s) based on the HCA scaffold, with each section subordinated to the 

study of a particular biological activity. As a whole, the work is connected by a common 

thread, regarding the evaluation of relevant physicochemical properties, BBB 

permeability and pharmacological and toxicological aspects. The synthesis of HCA 

derivatives enclosed a biology-oriented approach and was guided by (bio)isosterism 

and structure-based design (Wetzel et al. 2011). Screening for antioxidant activity, 

enzymatic inhibition and BBB permeability were performed according to previously 

established and validated protocols. In vitro toxicologal studies were performed in 

different models, namely freshly isolated rat primary hepatocytes, human neublastoma 

SH-SY5Y cells and Caco-2 cells. When studying the potential for mitochondrial toxicity 

of nitrocatechol derivatives, HepG2 cells were used due to their increased susceptibility 

to drug-induced mitochondrial alterations (Kamalian et al. 2015). The use of different 

cellular models provided a broader spectrum of toxicological behavior and, given the 

specific features of each cell type in terms of metabolic activity and transport potential, 

enabled the study of the influence of toxicokinetic parameters on cytotoxicity. 

6.1.1. Why do we need MTDDs for ND? 

Currently approved drugs for the clinical management of ND allow symptomatic 

control and relief and improve patients’ quality of life, but inevitably fail to halt and 

reverse disease progression. In the case of PD and AD, the therapeutic approaches 

are based on single target drugs that interact with specific targets connected with the 

neurodegeneration cascade, cognitive decline and/or motor control (Craig et al. 2011, 

LeWitt 2015). The intricate network of regulatory mechanisms that trigger and sustain 

neurodegeneration remains largely elusive and, to date, no specific factor has yet been 

attributed to have a direct causal role in ND. Furthermore, the apparent mechanistic 

redundancy associated with neurodegeneration largely compromises the long term 

effectiveness of the treatment with single target drugs, which are doomed to 

uselessness past a certain threshold of disease progression (Hartman et al. 2001). In 

this sense, targeting multiple ND-associated targets with a single drug may yield 

improved effectiveness, providing better clinical results and paving the way towards the 

development of disease modifying drugs. Moreover, this approach may reduce the 

potential for drug-drug interactions by combining multiple pharmacological activities 

within the same drug (Anighoro et al. 2014). Although the development of MTDDs for 

ND is still in its infancy, the enormous potential of this approach has shifted the drug 
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discovery paradigm away from the initial “lock and key” model to a broader concept, 

encompassing pluripotent “masterkeys” that interact with multiple disease-relevant 

targets (Medina-Franco et al. 2013). However, as discussed by Merino et al., it is 

important to emphasize that there are different levels of polypharmacology (or 

promiscuity) that could lead to positive or negative effects (Merino et al. 2010). Such 

levels will largely depend on the dose of the drug. It might be that, at therapeutic doses, 

a drug has a positive clinical effect owing to its interaction with multiple targets. 

However, depending on the dose, interactions of the drug with antitargets may also 

lead to adverse effects (Merino et al. 2010). 

 

6.1.2. Fine-tuning the BBB permeability and antioxidant activity of HCAs 

The first step in drug development must comprise the selection of a scaffold 

with drug-like properties. Our previous experience with natural products and thorough 

knowledge of their chemistry and in vitro bioactivity directed our drug design strategy 

towards HCAs. Occurring as secondary metabolites in most plant families (El-Seedi et 

al. 2012), including many species that are consumed as foods or beverages, the HCAs 

can be considered a privileged structure in medicinal chemistry for the following 

reasons: a) high dietary exposure to HCAs with no described relevant toxicity in 

humans, b) chemical versatility and modifiability, allowing structural derivatization and 

SAR establishment, c) straightforward and cheap commercial availability and d) in vitro 

neuroprotection and epidemiological benefits in ND (El-Seedi et al. 2012). On the other 

hand, the chemical properties of HCAs decrease their drug-likeness, since its marked 

hydrophilicity significantly hinders bioavailability and interaction with intracellular targets 

(Benfeito et al. 2013). This is particularly relevant for ND, since the human brain is 

protected by highly specialized gatekeepers, mainly the BBB (Obermeier et al. 2013). 

Additionally, HCAs bioavailability is decreased by extensive phase I and II metabolism 

across the GIT and high plasma protein binding (El-Seedi et al. 2012), leaving low 

concentrations of free plasmatic HCA to effectively reach the CNS. In this sense, the 

modulation of the physicochemical properties of HCAs through structural modifications 

can be considered a valid approach to overcome the mentioned pharmacokinetic 

drawbacks and, particularly, to increase selectivity for ND-related macromolecular 

targets. 

The most widely recognized biological effect of HCAs is their potent antioxidant 

activity (El-Seedi et al. 2012). It has been previously reported that this activity is strictly 

related with structural features, namely the presence and number of phenolic functions 

(Wondrak et al. 2008, Benfeito et al. 2013).  
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The total antioxidant activity of naturally occurring HCAs, like caffeic 12 and 

ferulic acid 13 (Chapter 1, Figure 8), has been extensively studied and characterized in 

a variety of cell-free and cell-based models (Silva et al. 2000, Yeh et al. 2009, Garrido 

et al. 2012, Picone et al. 2013). Starting from this solid ground, we first directed our 

efforts towards studying the influence of chemical structure and physicochemical 

properties, like redox potential and lipophilicity, on antioxidant activity (Manuscripts I 

and II). Within this study, the first step was to evaluate which structural modifications 

allowed significant improvement of physicochemical properties without compromising 

the antioxidant activity of the parent compounds. To this end, structural modifications 

were introduced in the original scaffold (Figure 29).  

 

 

Figure 31. Drug design strategy to improve BBB permeability. 

 

Results showed an intricate relationship between chemical structure, 

physicochemical properties and antioxidant activity, which is in accordance with 

previously reported data (Roleira et al. 2010, Teixeira et al. 2013, Teixeira et al. 2013). 

Particularly, the lipophilicity of the antioxidant modulates its radical affinity in cell-free 

assays: lipophilic antioxidants displayed higher scavenging activity of peroxyl radicals 

(ROO•), while hydrophilic antioxidants showed higher affinity for hydrophilic radicals. 

Interestingly, and regarding cell-based assays, the results suggest an optimal 

lipophilicity range (as expressed by cLogD) for maximum cellular antioxidant activity. 

Hydrophilic compounds (cLogD < -2) are unable to enter the cell and are removed 

when media is discarded and compounds beyond the optimal lipophilicity (cLogD > 2) 

interact strongly with the membranes and are not able to scavenge intracellular 

radicals. Moreover, antioxidant activity was shown to correlate well with the oxidation 
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potential (as determined by the electrochemical anodic potential, Eap), a 

physicochemical property that translates the tendency of a compound to lose electrons 

or protons and suffer oxidation. Scavenging activity was higher for compounds with low 

Eap when measured in both DMSO and phosphate buffer (Manuscript I). This means 

that a higher tendency for losing electrons, and consequent increased susceptibility for 

oxidation, increases the radical-scavenging activity of a particular system. It was also 

shown that this process was influenced by the number of phenolic functions in the 

aromatic ring. Interestingly, the number of OH functions in the aromatic ring also 

influenced iron(II) chelation capacity and antioxidant activity, as determined by cell-

based neuroprotection assays with 6-OHDA in undifferentiated human neuroblastoma 

SH-SY5Y cells (Manuscript II). 

Lipophilicity had a chief influence on BBB permeability. Results obtained from in 

vitro BBB permeability assays showed a straightforward correlation between cLogP 

and experimental permeability (R2 = 0.8395), which translated the increased ease of 

diffusion across lipidic layers for lipophilic HCA derivatives. More importantly, the 

derivatization of the carboxylic acid function to esters and/or amides did not hinder the 

antioxidant activity of the parent compounds. These effects were observed both in cell-

free and cell-based assays (Manuscripts I and II). Contrarily, the introduction of simple 

or functionalized aromatic rings at C5 (Figure 29), while maintaining the free carboxylic 

acid, did not yield BBB permeable derivatives, although those bearing electron-

withdrawing substituents (F, Cl and NO2) showed improved Eap and scavenging of HO• 

generated in situ by Fenton reaction (unpublished data). 

From these initial endeavors (Manuscripts I and II), a significant improvement 

in the physicochemical properties towards more favorable in vitro pharmacokinetics 

was achieved, without compromising antioxidant activity.  These studies provided 

guidelines for the following projects, namely: a) catechol and/or pyrogallol moieties 

provide optimal cellular antioxidant activity and iron(II) chelation, b) derivatization at C5, 

Cα and the carboxylic acid function (Figure 29) enables BBB passive diffusion and 

does not compromise antioxidant activity and c) the existence of an optimal cLogP for 

cellular antioxidant activity should be taken into account.  

 

6.1.3. HCAs as a model for COX-2 inhibitors 

Recent reports have shown that COX-2-mediated neuroinflammation is 

instrumental for neurodegeneration (Teismann et al. 2003) and, as such, COX-2 

inhibition may be a valuable pharmacological tool for the clinical management of ND 
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(Figure 11). Moreover, COX-2 selectivity is associated with decreased risk of ulcer 

development and GIT toxicity, a common side effect of COX-1 inhibition.  

Since the chemical scaffolds under study display structural features also 

observed in previously described COX inhibitors, namely free carboxylic acids and α,β-

unsaturated carbonyl systems, the set of HCA ester and diethyl ester derivatives 

reported in Manuscript I was screened for in vitro COX inhibition in a human whole 

blood assay (Manuscript III). Generally, ethyl esters were more effective against COX-

1 and diethyl esters showed selectivity towards COX-2. The most active compound 

was caffeic acid diethyl ester (CA-DE, Figure 29) with 88.5 and 30.5% inhibition of 

COX-2 at 100 and 20 μM, respectively, while it was inactive against COX-1.  

 

 

Figure 32. Chemical structure of CA-DE. 

 

Molecular docking studies showed that CA-DE can establish 3 hydrogen bonds 

with the active site of COX-2 (4-OH…OH-Tyr355, 4-OH…NH-Arg120 and C=O…OH-

Tyr385), while it can only form the first two bonds with COX-1. Furthermore, the Val523 

residue in COX-2 provided a wide hydrophobic pocket for the accommodation of diethyl 

esters, further supporting COX-2 selectivity for these derivatives.  

COX-2 selectivity was reached with a simple esterification reaction of the free 

carboxylic acid moieties of the HCA analogue. This pharmacological property is 

imperative to lower the GIT ulcering risk associated with non-selective COX inhibition. 

Altogether, CA-DE combined in vitro antioxidant activity, iron chelation capacity 

(unpublished data) and selective COX-2 inhibition, thus providing a hit for multitarget 

strategy. On the other hand, the significant potential of CA-DE for in vivo esterase-

mediated cleavage of the diethyl ester moiety may yield the corresponding dicarboxylic 

acid which, in accordance with the established requirements of cLogP for BBB 

permeability (Manuscript II), has unfavorable odds of being an effective CNS drug 

candidate. Although this drawback shifted the course of the project towards other 

substitution patterns and ND-targets, it stresses the fact that drug selectivity can 

sometimes be easily reached with straightforward structural modifications. Moreover, 

and as a personal note, this strategy differs from the often complex chemistry behind 
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drug discovery programs, which frequently generates hits with potent subnanomolar 

activity but lacking basic yet essential properties, like solubility and selectivity. 

Overall, these results provided valuable data towards the development of 

selective COX-2 inhibitors and, in particular, CA-DE emerges as a hit for future 

optimization of MTDDs based on the HCA scaffold that interact selectively with COX-2. 

 

6.1.4. 5-Nitrocaffeic acid as a valid scaffold for MTDDs 

Motivated by a recent report on the in vitro inhibition of tau aggregation of 

currently marketed COMT inhibitors (Chapter 1, Table 1 and Figure 16) (Mohamed et 

al. 2013), a small library of 5-nitrocaffeic acid derivatives was also developed in the 

present project. Together with the previously described HCA library, the compounds 

were screened for the inhibition of COMT and tau aggregation (Manuscripts IV and V). 

Generally, results showed that the compounds bearing the 5-nitro substituent inhibited 

cerebral and peripheral COMT in the nanomolar range and also tau aggregation in the 

micromolar range, with a pharmacological profile similar to that observed for tolcapone 

and entacapone. Overall, derivatives lacking the 5-nitro substituent had no observable 

activity (Manuscripts IV and V), which stresses the utmost importance of the 

nitrocatechol scaffold as a pharmacophore for dual-acting COMT and tau aggregation 

inhibitors. 

Regarding COMT inhibition, the 5-nitrocaffeic acid derivatives were generally 

more effective against the cerebral isoform, which is due to its increased substrate and 

inhibitor affinity. Overall, the introduction bulky benzyl or phenethyl ester substituents 

decreased the potency towards the hepatic isoform and increase cerebral COMT 

inhibition. Contrarily, the introduction of α-nitrile substituents decreased activity for both 

isoforms, particularly for the cerebral isoform, which was restored by the introduction of 

benzyl or phenethyl esters. The isosteric substitution of the carboxylic ester for an 

amide function had no straightforward effect on bioactivity. Molecular docking studies 

showed that the main interactions with the enzymes’s active site were established with 

the nitrocatechol moiety, with the C1 side chain extending away from the active site. 

This particular binding mode is of the utmost importance, since it allows derivatization 

of the side chain towards improved BBB permeability without compromising COMT 

inhibition (Manuscript IV).  

In the case of tau aggregation inhibition, significant activity was observed when 

the screening was run at 50 µM (Manuscript V). The derivatization of the carboxylic 

acid with bulky groups improved anti-aggregating activity (phenethyl ester > benzyl 

ester) and, particularly, the introduction of a α-nitrile group yielded derivatives more 
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active than the standards tolcapone, entacapone and orange G (70% vs 50% 

aggregation inhibition). However, the isosteric substitution of the ester for a 

carboxamide function yielded the most promising results in the in vitro screening, with a 

remarkable tau aggregation inhibition (~ 90%) under the same experimental conditions. 

Bioactivity was significantly improved over the reference standards orange G, 

tolcapone and entacapone (~ 50% aggregation inhibition). Molecular docking studies 

showed that, due to its reduced rotation and flexibility, the presence of the amide 

function provided better conformational stability in the steric zipper assembly when 

compared to the ester derivatives. (Manuscript V). 

Moreover, nitrocatechol derivatives showed potent chelation of copper(II) at 

physiological pH (Manuscript V). This property can be of pharmacological interest for 

neuroprotective drugs, since copper(II) has been shown to coordinate with 

hyperphosphorylated tau and exacerbate  tau pathology within hippocampal neurons in 

animal models (Kitazawa et al. 2009, Martic et al. 2013). 

The data collected so far enabled the establishment of a preliminary SAR for 

COMT inhibition, tau aggregation inhibition and metal chelation (Figure 31): 

 

 

Figure 33. Preliminary SAR obtained from the in vitro screenings of the nitrocatechol library. 

 

The in vitro BBB permeability of the 5-nitrocatechol library was then evaluated 

using a high throughput PAMPA-BBB assay. Our screening yielded two BBB 

permeable compounds (NCABE, NCAPE) and two derivatives (CNCABE and 

CNCAPE) with the same permeability of tolcapone, a well-established BBB permeable 

drug with CNS activity (Assal et al. 1998) (Manuscript IV). Thus, at the present stage, 

the 5-nitrocatechol library yielded four potential BBB permeable MTDD candidates 

(Table 6).  
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Table 6. Chemical structures and bioactivity of NCABE, NCAPE, CNCABE and CNCAPE and 

reference standards tolcapone, entacapone and orange G. 

Entry Structure 

COMT 

IC50 (nM) 

tau aggr. 

Inhibition
a
 

(%) 

Cu(II) 

chelation 
Liver Brain 

NCABE 

 

51 1.85 45 Yes 

NCAPE 

 

118 4.95 55 Yes 

CNCABE 

 

134 4.95 71 Yes 

CNCAPE 

 

62 3.69 74 Yes 

Tolcapone - 30 0.91 65 n.d. 

Entacapone - 35 3.47 60 n.d. 

Orange G - n.d. n.d. 50 n.d. 

a
 tau aggregation inhibition; n.d.: not determined 

 

The drug-likeness of the compounds shown in Table 6 was used as a filter 

before toxicological evaluation. To this end, several physicochemical properties were 

determined using online freeware (ChemDraw® and Molinspiration Calculation 

Software®) including MW, cLogP and tPSA. The clogP value was in all cases lower 

than 5, which was in agreement with the general requirements for drug-likeness, and 

within the optimal range for orally administered drugs (clogP ~3). Additionally, the MW 

fell within the scope for optimal bioavailability (MW < 400 gmol-1). Although the 

estimated tPSA values were in the same range of those obtained for tolcapone and 

entacapone, these values were slightly above the upper limit for optimal oral 

bioavailability (90 Å2). Multivariant scoring functions that evaluate structural and 
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lipophilicity contributions for potency (LE, LLE and LELP) were also used to tighten and 

refine lead selection criteria. NCABE, CNCABE and CNCAPE complied with the 

recommended values for CNS drugs (LE > 0.40–0.45, LLE > 5 and 0 < LELP < 7.5) 

(Rankovic 2015) and were thus used for the evaluation of hepatoxicity in rat primary 

hepatocytes.  

 

6.1.5. Addressing the risk of nitrocatechol-induced hepatotoxicity: a 

structure-property-toxicity relationship 

Upon market introduction in 1998, cases of severe fulminant hepatitis following 

tolcapone treatment initiation were reported, with three resulting in a fatal outcome 

(Assal et al. 1998). The histological findings in liver specimens collected from the 

patients included severe hepatocellular insufficiency, histological evidence of massive 

hepatic necrosis, mitochondrial swelling, loss of cristae, and reduction of the matrix 

density and supported drug-related hepatotoxicity (Assal et al. 1998, Spahr et al. 

2000), which was in accordance with previous occasional elevation of hepatic 

aminotransferases in clinical trials (Rajput et al. 1997). 

Albeit the specific pathways underlying tolcapone-induced idiosyncratic 

hepatotoxicity are not known, several reports have suggested that it may involve the 

following mechanisms (Boelsterli et al. 2006): 

 Formation of reactive quinone-imines that interact with nucleophilic residues to 

form covalent adducts (Figure 16); 

 Redox cycling and oxidative stress; 

 Uncoupling of the mitochondrial respiratory chain and mitochondrial toxicity; 

The first mechanism requires reductive bioactivation of the 5-nitro group to the 

corresponding hydroxylamine or amine, and subsequent oxidation to reactive quinone-

imines (Figure 16). Among the specific enzymes that contribute to the nitroreductive 

pathway in humans are NADPH:cytochdrome P450 reductase (CYP reductase) and 

xanthine oxidase (Purohit and Basu 2000, Kim et al. 2004). In addition, aldehyde 

oxidase has been implicated in the reductive metabolism of aromatic nitrocompounds 

(Ueda, et al. 2005). Metabolic reduction can occur in the centrilobular zone of the liver, 

which due to its distance from the portal vascular supply is poorly oxygenated and 

prone to reductive metabolism (Jungermann et al 1996). This hypothesis is in 

accordance with the extensive centrilobular necrosis found in liver biopsies collected in 

the fulminant hepatitis patients (Assal et al. 1998, Spahr et al. 2000). Additionally, 

amine metabolites of tolcapone were detected in subjects treated with tolcapone 
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(compounds 28 and 29, Figure 17) (Jorga et al. 1999). In human hepatocytes, these 

metabolites were shown to undergo CYP 2E1 and CYP 1A2-catalized oxidation to the 

corresponding quinone-imines, which in turn formed adducts with GSH (compounds 30 

and 31, Figure 17) (Smith et al. 2003). It must be stressed however that, in the latter 

experiments, the cells were exposed directly to the amine metabolites (Smith et al., 

2003). 

The in vitro formation of tolcapone-GSH adducts stresses the potential reactivity 

of the quinone-imine metabolites and is an undeniable flag for hepatotoxicity risk. 

However, the reports regarding the in vitro formation of quinone-imine metabolites in 

different cellular models are controversial (Wikberg et al. 2003, Borroni et al. 2001). 

The high reactivity and instability of quinone-imines may not always allow their 

laboratorial detection, which may explain the different outcomes in the cited reports. 

The inhibition of the nitroreductive pathway with p-chloro mercury benzoate did not 

prevent tolcapone-induced toxicity in rat primary hepatocytes (Borroni et al. 2001), 

suggesting the existence of other cytotoxicity mechanisms unrelated with tolcapone 

bioactivation by nitroreduction. Moreover, tolcapone-induced toxicity was abolished 

when the exposure of the cells to tolcapone was run with culture medium 

supplemented with 1% bovine serum albumin. These results demonstrate that, under 

the described experimental conditions, the unbound fraction of tolcapone was 

responsible for the observed cytotoxicity (Borroni et al. 2001). 

The toxicological implications of the reductive metabolism are not limited to the 

potential formation of reactive intermediates. Nitroreduction occurs via formation of 

nitro anions and nitroso radicals which, in the presence of oxygen, can oxidize back to 

its nitro precursor with concomitant generation of O2
•− (Squella et al. 2005). Moreover, 

CYP reductase catalysis occurs at the expense of NADPH (Boelsterli et al. 2006). 

Upon tolcapone oral administration, this metabolic pathway may be induced and lead 

to O2
•− overproduction, NADPH depletion and formation of reactive quinone-imines, all 

of which contribute directly to redox cycling. The resulting oxidative stress can thus be 

a valid mechanism to explain the toxicity of tolcapone. Therefore, it could be 

hypothesized that tolcapone itself, or its metabolites, might generate RS capable of 

reacting with cellular components and potentially impairing cellular function. Under 

abnormal the conditions of ND, mainly those related with redox imbalance and 

mitochondrial dysfunction (Lin et al. 2004, Eckert et al. 2012, Moon et al. 2015), it 

cannot be excluded that these reactions may become toxicologically relevant. An 

increment in ROS production and GSH-tolcapone adducts was not detected after 

incubation of tolcapone with rat primary hepatocytes (Borroni et al. 2001). In this study, 

ROS formation was measured after a 30 minute exposure of the cells to tolcapone, 
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which may not be the appropriate time endpoint for a detectable increase in ROS. 

Moreover, the absence of GSH-adducts in rat primary hepatocytes does not 

necessarily imply that the reductive pathway does not occur in humans. Altogether, the 

data obtained so far does not discard the hypothesis of redox cycling and reactive 

metabolite formation as potential mechanisms of tolcapone-induced hepatotoxicity. 

Mitochondrial toxicity (mitotoxicity) has also been implicated in tolcapone-

induced hepatotoxicity. This has been inferred from ultrastructural changes detected in 

mitochondria (Assal et al. 1998, Spahr et al. 2000) and from evidence of functional 

changes in isolated mitochondria exposed to the drug in vitro. Indeed, tolcapone was 

shown to be a powerful uncoupler of the mitochondrial respiratory chain at low 

micromolar concentrations (Korlipara et al. 2004). These in vitro experiments were run 

in isolated mitochondria or hepatocytes in the absence of plasma proteins, which could 

greatly reduce the availability of the unbound drug and, thus, its potential mitotoxicity 

(Borroni et al. 2001). 

Overall, the in vitro toxicity screenings performed in primary rat hepatocytes 

indicate that the toxic effect of tolcapone do not seem to be caused by the formation of 

toxic metabolites, but rather to tolcapone itself. The concentrations of tolcapone that 

induced cytotoxicity were comparable to those shown to uncouple oxidative 

phosphorylation in isolated rat liver mitochondria. Thus, the acute toxicity observed for 

tolcapone in this in vitro model is hypothesized to be due to disruption of mitochondrial 

function (Borroni et al. 2001). On the other hand, the studies in human hepatocytes and 

PD patients treated with tolcapone point towards the potential influence of reductive 

metabolites and reactive quinone-imine metabolites in tolcapone-induced toxicity 

(Jorga et al. 1999, Wikberg et al. 2003, Smith et al. 2003). It is important to stress, 

however, that in the overwhelming majority of patients tolcapone does not induce liver 

damage. This suggests that genetic or acquired susceptibility factors and mitochondrial 

abnormalities must account for tolcapone idiosyncratic toxicity. However, such factors 

are completely unknown at this time. For instance, functional deficiencies in complex I 

activity have been repeatedly reported in PD patients (Fosslien 2001, DiMauro and 

Schon 2003). The hypothesis that this pathological background could potentiate the 

toxicity of an in vitro mitochondrial uncoupler like tolcapone should not be disregarded. 

The toxicological screenings performed for entacapone (Table 1, Figure 16) 

showed a distinct behavior and an improved safety window. The formation of 

entacapone reductive amine and acetamine metabolites was detected in rats but not in 

humans (Wikberg et al. 1993), and entacapone did not act as a mitochondrial 

uncoupler (Nissinen et al. 1997, Haasio et al. 2002). These findings suggest the 
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contribution of chemical structure and physicochemical properties as key determinants 

of hepatotoxicity. 

 

 

Nitrocatechols: protonophores, redox cyclers or both? 

Following the evaluation of the drug-like profile of the BBB permeable 

nitrocatechol derivatives, a preliminary toxicological screening of NCABE, CNCABE 

and CNCAPE, along with standard inhibitors tolcapone and entacapone, was run in 

freshly isolated rat primary hepatocytes (Manuscript IV). Although the results obtained 

may be biased due to species metabolic, fresh primary rat hepatocytes provide a 

model of fully functional hepatocytes. As a cellular model for hepatotoxicity studies, 

freshly isolated rat hepatocytes represent a good compromise in terms of cell 

availability and handling, quality of the results (experimental variability, dynamic range 

and reproducibility), and hepato-specific differentiation and functionality (Mueller et al. 

2015). The screening was performed at micromolar concentrations (1, 10 and 50 µM) 

higher than their nanomolar COMT IC50, to encompass the concentration range for 

effective tau aggregation inhibition. Cellular viability was determined by two methods: 

the MTT reduction assay, which estimates mitochondrial function, and the NR uptake 

assay, which is a direct measure of cellular viability. For both endpoints, CNCAPE did 

not induce any toxic effects. Furthermore, significant reductions in cellular viability (≤ 85 

% viability or ≥ 15 % of cell death) were only observed for NCABE (% MTT reduction = 

80.69 ± 10.90, p < 0.01) and CNCABE (% MTT reduction = 74.93 ± 10.62 p < 0.001) at 

the highest concentration (50 µM), with no significant decrease on NR uptake at all 

concentrations. These effects were mild when compared to those observed for 

entacapone (% MTT reduction = 51.17 ± 18.87, p < 0.001 and % NR uptake= 79.89 ± 

16.31, p < 0.01) and especially tolcapone, which induced a massive loss of cellular 

viability at the highest concentration (% MTT reduction = 9.096 ± 3.263, p < 0.001 and 

% NR uptake = 46.86 ± 8.639, p < 0.001). The fact that the most noticeable cytotoxic 

effect was observed in the MTT assay is in accordance with the hypothesis that 

tolcapone hinders mitochondrial function through uncoupling of the respiratory chain 

(Haasio et al. 2002). The mild to absent cytotoxicity of our compounds at high 

micromolar concentrations in rat primary hepatocytes and, mainly, the notoriously 

different toxicological behavior of tolcapone gave rise to the following enquiry: why do 

compounds bearing the same toxicophore (nitrocatechol moiety) have such different 

safety profiles?  
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To address this question, we first have to consider the structure itself. 

Nitrocatechols are archetypal protonophores, which means that are capable of moving 

protons across lipid bilayers. In mitochondria, protonophores lead to the accumulation 

of protons in the mitochondrial matrix, thus acting as uncoupling agents. The 

uncoupling activity of protonophores has been reported to generally increase with two 

physicochemical properties: lipophilicity and acidity (Naven et al. 2013). This 

background shows that the potential for mitotoxicity is influenced by the compounds’ 

physicochemical properties. Indeed, previous reports have raised the hypothesis that 

lipophilicity may be a key molecular descriptor of the toxicity risk of nitrocatechol-based 

COMT inhibitors (Kiss and Soares-da-Silva 2014). Another class of mitochondrial 

uncouplers are redox cyclers, which trigger mitotoxicity through localized 

overproduction of RS. Unlike protonophores, the mitotoxicity of redox cyclers was not 

dependent on lipophilicity and acidity (Naven et al. 2013). Overall, this preliminary 

analysis supports the contribution of chemical structure as a whole to the reactivity and 

toxicological potential of the nitrocatechol toxicophore. The rationale for this hypothesis 

is that the chemical structure is the driving force that defines physicochemical 

properties which, in turn, are key determinants of toxicokinetics and toxicodynamics. In 

this context, the study of the redox behavior, lipophilicity and acidity of the test 

compounds and their toxicological significance is of the utmost importance 

(Manuscripts IV and VI). 

Another important factor to be considered when addressing the toxicological 

behavior of nitrocatechols is the cellular model used for the toxicity screenings. The 

preliminary cytotoxicity screening was run in high metabolizing freshly isolated rat 

primary hepatocytes, but a different toxicological outcome may occur in different 

cellular models. Thus, the complete 5-nitrocatechol library and standard inhibitors 

tolcapone and entacapone were screened for its effects on cellular viability in other cell 

models: rat primary hepatocytes, undifferentiated and differentiated SH-SY5Y cells and 

Caco-2 cells. Interestingly, the results obtained in the toxicological screening showed 

that different cells have different susceptibility to nitrocatechol-induced toxicity 

(Manuscript VI).  

Differentiated and undifferentiated SH-SY5Y cells were the most susceptible to 

nitrocatechol-induced toxicity at 50 μM, but a significant divergence was observed 

between the two phenotypes. Firstly, differentiated cells were generally more resistant 

to nitrocatechol-induced cytotoxicity, which was particularly noticeable in the case of 

tolcapone (MTT reduction (% of control): differentiated cells = 53.30 ± 5.44 vs 

undifferentiated cells = 16.25 ± 2.33). Secondly, the influence of lipophilicity in the 

cytotoxic effects was much more pronounced in undifferentiated cells (R2 = 0.875) than 
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in differentiated cells (R2 = 0.631), which translates the increased resistance of 

differentiated phenotype for the most lipophilic compounds. Contrarily, Caco-2 cells 

and rat primary hepatocytes showed increased resistance to the compounds tested at 

the same concentrations (except for tolcapone), and no correlation with lipophilicity was 

observed (Manuscript VI).  

Since the culture conditions, incubation time, test compound concentration and 

viability endpoints were the same in all experiments, the difference in the toxicological 

behavior was attributed to the characteristics of each cell type. Although SH-SY5Y cells 

express P-gp and an array of metabolizing enzymes (Truckenmiller et al. 2001, Corich 

et al. 2009), their metabolic efficiency and transport capacity is low when compared to 

Caco-2 cells and primary rat hepatocytes (Pfrunder et al. 2003, Watanabe et al. 2005, 

Lake et al. 2009). A higher metabolic rate and transport capacity can promote 

detoxification and efflux mechanisms and could explain the increased resistance of 

Caco-2 cells and rat primary hepatocytes to the tested nitrocatechols. For instance, 

tolcapone induced only moderate toxicity in Caco-2 cells (% MTT reduction = 67.98 ± 

6.71, p < 0.001). It has been shown that glucuronidation and P450 metabolism can act 

as detoxifying mechanisms and reduce the intracellular concentration of tolcapone 

(Borroni et al. 2001). In contrast, lipophilic nitrocatechols diffuse rapidly into SH-SY5Y 

cells and, in the absence of detoxification processes and transporter-mediated efflux, 

act as protonophores and trigger mitototoxicity in a dose-dependent manner, which 

could explain the observed correlation between lipophilicity and cytotoxicity in the 

undifferentiated phenotype. Furthermore, the neuronal differentiation protocol with all-

trans-retinoic acid and 12-O-tetradecanoylphorbol-13-acetate applied for SH-SY5Y 

cells has been reported to induce a pattern shift in gene expression and increase the 

mitochondrial spare respiratory capacity (Truckenmiller et al. 2001, Xun et al. 2012), 

which could explain the increased resistance observed for the differentiated phenotype. 

These results are in accordance with recently published data regarding the increased 

resistance of differentiated SH-SY5Y cells to ellagic acid (Alfredsson et al. 2015). 

The influence of P450 metabolism and P-gp mediated efflux on the 

detoxification of nitrocatechols under study was evaluated in primary rat hepatocytes 

and Caco-2 cells by coincubation experiments with a non-selective P450 inhibitor [1-

aminobenzotriazole (ABT), 100 μM] and a third generation P-gp inhibitor [zosuquidar 

(ZOS), 5 μM]. Although P-gp inhibition with ZOS 5 μM increased the toxicity of 

tolcapone in Caco-2 cells [% MTT reduction (tolcapone) = 67.98 ± 6.71 vs (tolcapone + 

ZOS) = 54.09 ± 9.08], suggesting a possible efflux mechanism that confers resistance 

to tolcapone, the same effect was not observed for the other nitrocatechols. 

Coincubation experiments with the same inhibitors in rat primary hepatocytes yielded 
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no significant alterations on cellular viability for all tested compounds, including 

standard COMT inhibitors tolcapone and entacapone (Manuscript VI). The results 

obtained regarding the influence of P450 metabolism are in accordance with previous 

studies in rat primary hepatocytes (Borroni et al. 2001) and with the observation that 

the in vitro toxicity of tolcapone is triggered by the unmetabolized compound (Borroni et 

al. 2001). Although tolcapone induced significant toxicity in Caco-2 cells and primary 

rat hepatocytes, these cells have increased resistance against nitrocatechol-induced 

toxicity, which was unrelated with P450 metabolism, P-gp efflux and lipophilicity. 

Hence, the results gathered so far suggest that a protonophore toxicity mechanism 

could occur only in undifferentiated SH-SY5Y cells. 

On the other hand, the influence of acidity and its potential correlation with a 

protonophore mechanism of mitochondrial uncoupling was also studied. The acidity of 

the test compounds and standard COMT inhibitors was estimated by voltammetric 

experiments. Generally, the synthetic nitrocatechols had significantly higher pKa values 

(lower acidity) than the standard inhibitors. For instance, CNCAPE has an estimated 

pKa of 7, much higher than that obtained for tolcapone (pKa = 4) (Manuscript IV). 

Assuming a protonophore toxicity mechanism, the decrease in acidity may explain the 

decreased toxicity observed for these compounds in differentiated SH-SY5Y cells, 

Caco-2 cells and primary rat hepatocytes. 

Considering the presence of a catechol moiety in standard COMT inhibitors and 

the test compounds, a redox cycling mechanism should not be disregarded as a 

potential mechanism of cytoxicity. Catechols are often oxidized into the corresponding 

semi-quinones and quinones, which are highly reactive intermediates and form adducts 

with protein thiols and with GSH, leading to disrupted proteins and GSH depletion 

(O’Brien 1991, Elgawish et al. 2015). Redox cycling between catechols, semi-quinones 

and quinones also generates high amounts of RS, which can trigger lipid peroxidation, 

mitochondrial dysfunction and uncoupling of the respiratory chain (Boelsterli et al. 

2006, Naven et al. 2013). In order to characterize the potential for redox cycling, we 

performed voltammetric experiments to evaluate the electrochemical behavior of the 

nitrocatechols under study (Manuscript IV). The use of cyclic (CV) and differential 

pulse (DPV) voltammetry can provide valuable data regarding the mechanism and 

reversibility of the redox reactions. Our results showed that nitrocatechols behave 

differently from catechols in terms of both oxidation susceptibility and potential for o-

quinone formation. At physiological pH, unsubstituted catechols (e.g. CAPE 16, Figure 

8) present an anodic wave at Eap ~ + 0.200 V, and the presence of a peak in the 

cathodic sweep evidences that the oxidation mechanism involves the reversible 

formation of o-quinones via semi-quinone (Teixeira  et al. 2013). The electrochemical 
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behavior found for the nitrocatechol systems under study was different: nitrocatechols 

generally showed higher Eap values (Eap > 0.220 V) and the CV voltammograms display 

only one anodic peak without any distinct wave in the reverse sweep, which indicates 

the existence of an irreversible oxidation mechanism. Thus, the oxidation of 

nitrocatechols cannot mechanistically result in the formation of quinones (Manuscript 

IV). Furthermore, our results corroborate the data reported by Borroni et al., in which 

quinone metabolites were not detected for tolcapone and entacapone (Borroni et al. 

2001). This particular behavior may be related with the presence of the strong electron-

withdrawing 5-nitro group, which strongly affects the stability of the reactive 

intermediates formed during the oxidation of catecholic systems. 

Since the formation of quinones from the nitrocatechols under study is unlikely 

to occur, the redox cycling and RS overproduction hypothesis as a cause of 

mitochondrial dysfunction and electron transport chain uncoupling may be discarded. 

To test this hypothesis, the production of RS by compounds that induced toxicity in SH-

SY5Y cells at 50 µM (NCABE, NCAPE, CNCABE, CNCAPE and tolcapone) was 

evaluated after a 24h incubation of differentiated and undifferentiated cells with the 

selected compounds.  RS production was evaluated using 2’,7’-dichlorofluoroscein 

diacetate (DCFH-DA), and cellular viability was reevaluated for all treatments by the 

MTT reduction capacity assay (Manuscript VI). None of the compounds induced the 

production of ROS/RNS; in fact, the opposite outcome was observed in both cellular 

models (Manuscript IV). Since the decrease in ROS/RNS production was detected for 

all compounds regardless of their toxicity, it could be hypothesized that the compounds 

can scavenge intracellular ROS/RNS and, thus, lead to decrease DCFH-DA 

fluorescence. Considering the potent and widely recognized radical scavenging activity 

of caffeic acid 12 (Figure 8) (Touaibia et al. 2011, Teixeira et al. 2013, Silva et al. 2014) 

and tolcapone (Khromova et al. 1995, Borroni et al. 2001), the likelihood of the 

nitrocatechol derivatives under study exhibiting antioxidant properties should be 

considered as a valid hypothesis. Regarding the cytotoxicity mechanism, it is thus 

shown that cellular death is not induced by ROS/RNS overproduction and consequent 

oxidative damage. These results are in accordance with the observations made in rat 

primary hepatocytes regarding tolcapone-induced formation of ROS (Borroni et al. 

2001).  

We then focused on the study of the reductive behavior of the test compounds 

and standard inhibitors. From a chemical point of view, redox cycling can also occur if 

quinone-imine metabolites are formed, which would require previous metabolic 

reduction of the 5-nitro group to the corresponding amine (RNH2) or hydroxylamine 

(RNHOH), as previously discussed. Electrochemical experiments were thus performed 
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in order to study the reductive mechanism (Manuscript IV). A difference in the 

reductive behavior of the synthesized compounds and the standard inhibitors was 

observed: NCAPE, NCABE, CNCABE and CNCAPE were reduced to the 

hydroxylamine (peak I2, Figure 32) via formation of a nitro radical anion (RNO2
•−, peak 

I1, Figure 32) intermediate in a two-step reaction, while tolcapone and entacapone 

were directly reduced to the corresponding hydroxylamines. In the CV experiments, 

NCAPE, NCABE, CNCABE and CNCAPE showed an anodic peak corresponding to 

the oxidation of the hydroxylamine to the corresponding nitroso compound (RNO, peak 

I3, Figure 32), which was not observed for tolcapone and entacapone. Instead, several 

subtle reversible reduction peaks were observed for the standard COMT inhibitors. 

This behavior could point towards the in situ formation of reduced electroactive 

substances like azoxy (R-N=N+OR’) and azo (R-N=N-R’) derivatives, as well as 

nitrenium ions (+:NR2), which can be of toxicological significance. Indeed, these 

metabolites have been extensively reported as potential mutagens and carcinogens 

(Ben Mansour et al. 2007, Reynisson et al. 2008, Li et al. 2012, Galloway et al. 2013, 

Josephy et al. 2013, Chequer et al. 2015). 
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Figure 34. Cyclic voltammograms for 0.1 mM solutions of (▬) tolcapone, (▬) entacapone, (▬) 14 

and (▬) 16 in physiological pH 7.4 supporting electrolyte. Scan rate: 20 mV s
-1

. 

 

From a metabolic point of view, the reduction of nitroaromatics can occur in the 

centrilobular zone of the liver by cytochrome P450 (Jungermann et al. 1996), which is 

in accordance with the extensive centrilobular necrosis of the liver observed in the fatal 

cases of tolcapone-induced fulminant hepatitis (Assal et al 1998). Thus, toxic azoxy 

I1 
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and azo derivatives might be formed in situ only for tolcapone, which could explain its 

increased hepatotoxicity potential (Figure 33). On the other hand, N-hydroxylamines 

can also lead to the formation of nitrenium ions, either through spontaneous heterolytic 

cleavage of the N-O bond under acidic conditions (Klaassen 2008) or through 

degradation of its unstable phase II N-esters (e.g. N-acetates or N-sulfates) (Kato et al. 

1994, Wang et al. 2006) (Figure 35). Nitrenium ions are hard electrophiles that react 

readily with nucleophilic atoms in nucleic acids and, as such, can be of toxicological 

significance (Williams et al. 2000). Similar toxicological mechanisms have been 

previously described for phenacetin and clozapine (Williams et al. 2000, Klassen 

2008). 

 

 

Figure 35. Proposed toxicological mechanism for tolcapone. The instability of the hydroxylamine 

metabolite of tolcapone may promote the formation of toxic eletroactive species and, as such, potentiate 

the risk of hepatotoxicity. 

 

Contrarily, for NCABE, NCAPE, CNCABE and CNCAPE the hydroxylamine 

derivative seems more stable in the time-frame of the CV experiment and does not 

undergo further reductive processes. This means that, in this case, the hydroxylamine 

metabolite is mechanistically less expected to form reactive reductive azo and azoxy 

metabolites or undergo cleavage to form the reactive nitrenium ion. Thus, the rate of 

formation of reactive metabolites is hypothesized to be decreased for these derivatives, 

which could explain the reduced in vitro toxicity observed when compared to tolcapone 

(Manuscripts IV and VI). 
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From the data acquired so far, it could be hypothesized that the stability and 

reactivity of the hydroxylamine derivative formed by reductive metabolism could be a 

key determinant of the risk of hepatotoxicity. 

 

 

In vitro effects of nitrocatechols in mitochondrial bioenergetics 

 

The ability to predict mitotoxicity early in drug discovery and development 

enables the deselection of candidates with potential safety liabilities, allowing 

resources to be focused on safe compounds and lowering the odds of late drug attrition 

(Naven et al. 2013). This remark is particularly relevant in the case of nitrocatechols, 

mainly due to the severe outcomes observed upon market introduction of tolcapone 

(Assal et al. 1998, Spahr et al. 2000). Thus, the final parameter evaluated in the 

toxicological screening of the most promising nitrocatechol derivatives and standard 

inhibitors tolcapone and entacapone was the potential for mitochondrial toxicity. 

Furthermore, since ROS/RNS overproduction by oxidative metabolism of nitrocatechols 

was mechanistically proven unlikely, and the formation of reactive metabolites via 

reductive metabolism was highly dependent on the in vitro model used, mitotoxicity 

remains the most relevant mechanism behind tolcapone-induced hepatotoxicity 

(Borroni et al. 2001). 

Mitochondrial toxicity was evaluated in HepG2 cells using the Seahorse XF 

Extracellular Flux Analyzer technology. This method enables the measurement of 

oxygen consumption rate (OCR), an indicator of mitochondrial respiration. Cellular 

oxygen consumption cause rapid and easily measurable changes to the concentrations 

of dissolved oxygen, which are measured by solid state sensor probes above the cell 

monolayer. By directly measuring the OCR, this method evaluates the key parameters 

of mitochondrial function: basal respiration, ATP-linked respiration, proton leak, 

maximal respiration, spare respiratory capacity, and non-mitochondrial respiration. To 

this end, different modulators of cellular respiration that specifically target components 

of the electron transport chain (ETC) were used: oligomycin, an ATP synthase inhibitor, 

carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), an uncoupler of 

mitochondrial respiration and rotenone/antimycin A, inhibitors of NADH dehydrogenase 

(Complex I of the ETC). The compounds, oligomycin, FCCP, and a mix of rotenone 

and antimycin A, were serially injected to measure ATP-linked respiration, maximal 

respiration, and non-mitochondrial respiration, respectively. Proton leak and spare 

respiratory capacity are then calculated using basal respiration and these parameters 

(Figure 36). HepG2 cells were used in this assay due to their increased susceptibility to 
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drug-induced mitochondrial alterations (Hynes et al. 2013, Kamalian et al. 2015). The 

cells were cultured either in high-glucose media or in oxidative phosphorylation-forcing 

media, in order to detect mitochondrial impairments induced by tested compounds 

(Hynes et al. 2013). 

 

 

Figure 36. The fundamental parameters of mitochondrial function: basal respiration, ATP turnover, 

proton leak, maximal respiration and spare respiratory capacity. ATP: adenosine triphosphate, FCCP: 

carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone. 

 

Due to their favorable pharmacokinetic, pharmacological and toxicological 

profile, CNCABE and CNCAPE (Table 6) were selected for the evaluation of 

mitochondrial toxicity in HepG2 cells. In accordance, given the remarkable activity 

observed in the screening for tau aggregation inhibition, the corresponding amides 

CNCABA and CNCAPA (Table 7) were also studied in this assay. Although CNCABA 

and CNCAPA did not show favorable BBB permeability in the PAMPA assays 

(Manuscript IV), their inclusion in the current experiments reinforced the study of the 

potential influence of the carboxylic ester/carboxamide isosterism in mitochondrial 

toxicity. 

 In order to compare the toxicological profile and potential for mitotoxicity with 

the currently marketed drugs, standard COMT inhibitors tolcapone and entacapone 

were also studied under the same conditions.  

Accordingly, the cells were treated with CNCABE, CNCAPE, CNCABA, 

CNCAPA, tolcapone and entacapone (10 and 50 µM) for 24h and the cellular OCR and 

extracellular acidification rate were measured. 
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Table 6. Chemical structures and bioactivity of CNCABA and CNCAPA 

Entry Structure 

COMT 

IC50 (nM) 

tau aggr. 

Inhibition
a
 

(%) 

Cu(II) 

chelation 
Liver Brain 

CNCABA 

 

30 3.14 90.5 Yes 

CNCAPA 

 

55 5.56 89.2 Yes 

a
 tau aggregation inhibition 

 

Significant effects on the standard OCR were only observed for the 50 µM 

treatments in cells cultured in high-glucose medium (Figure 37). No toxic effects were 

observed for the all the 10 µM treatments in high-glucose medium and for the all the 10 

and 50 µM treatments in cells cultured in oxidative phosphorylation-forcing media 

(Manuscript VI). This difference in response vs cell culture media suggests that the 

tested compounds may have a more predominant effect over glycolysis. 

 

 

Figure 37. Mitochondrial parameters in HepG2 cells cultured in high-glucose media incubated with 

50 μM of the test compounds.  
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According to the results shown in Figure 37, only tolcapone at 50 µM caused a 

significant decrease in the cellular maximum respiration and, consequently, a reduction 

in the spare respiratory capacity. These results suggest that upon treatment with 

tolcapone mitochondria will have a lower capacity to respond to second-hit stresses, 

which would require an up-regulation of mitochondrial function to restore normality. 

Although a statistical significance was not observed for the remaining compounds, a 

reduction in the maximal respiration and spare respiratory capacity was generally 

observed, except for CNCABE.  

Interestingly, the results obtained for compounds CNCAPE, CNCABA and 

CNCAPA in all the evaluated mitochondrial parameters were generally similar to those 

observed for the non-hepatotoxic COMT inhibitor entacapone (Figure 37, Manuscript 

VI). Moreover, it must be stressed that CNCABE did not interfere with mitochondrial 

bioenergetics. Overall, the toxicological profile of CNCABE, CNCAPE, CNCABA, 

CNCAPA and entacapone was remarkably different from that observed for tolcapone, 

which was consistent with the previous reports of tolcapone-induced mitochondrial 

toxicity (Nissinen et al. 1997, Assal et al. 1998, Spahr et al. 2000, Borroni et al. 2001, 

Haasio et al. 2002, Korlipara et al. 2004). 

 

6.1.6. CNCAPE: a lead for MTDD candidates 

The gathered data obtained from the previously discussed pharmacological and 

toxicological screening assays provided a solid characterization of the bioactivity and 

toxicological profile of the developed HCA-based library. 

Overall, CNCAPE combines transition metal chelation, BBB permeability and 

potent inhibition of COMT activity and tau aggregation, along with a decreased risk of 

hepatotoxicity. Moreover, the toxicological profile obtained in the assays with HepG2 

cells was similar to that observed for the non-hepatotoxic standard COMT inhibitor 

entacapone. With the exception of SH-SY5Y cells, which showed increased 

susceptibility to the test compounds under study, the combined data from the 

toxicological studies suggests that the derivatization of the side chain generally does 

not lead to an increased risk of toxicity, since the majority of the in vitro models did not 

show a correlation between toxicity and lipophilicity. Moreover, the outstanding 

increase in TAI activity due to the simple bioisosteric substitution of the carboxylic ester 

in CNCAPE for a carboxamide in CNCAPA, without a significant loss in COMT 

inhibition and transition metal chelation, showed that this molecular framework has 

great potential for the development of potent MTDD candidates. In this sense, 
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CNCAPE can be viewed as a lead for future structural optimization and can ultimately 

lead to innovative MTDD candidates for ND. 

6.2. CONCLUSIONS 

 The experimental results obtained within the scope of this Thesis led the 

following conclusions: 

 A structurally diverse library of new compounds based on naturally-

occurring HCAs was successfully developed;  

 The chemical structure and physicochemical properties of the HCA-

based derivatives modulated their CNS bioavailability, pharmacological 

activity and toxicological profile; 

 The antioxidant activity was influenced by lipophilicity (determined by the 

cLogP) and the redox potential (determined by the Eap) in both cell-free 

and cell-based assays. In the latter experiments, the results pointed 

towards the existence of a lipophilicity cut-off for optimal cellular 

antioxidant activity; 

 The modulation of the chemical structure by derivatization at positions 

C5 and Cα and the carboxylic acid function improved in vitro BBB 

permeability without compromising the antioxidant activity of HCAs; 

 Diethyl ester derivatives of HCAs acted as selective COX-2 inhibitors 

and transition metal chelators at micromolar concentrations. Derivatives 

with decreased risk of GI side effects were obtained, providing valuable 

insight for the future development of COX-2 inhibitors based on the HCA 

scaffold; 

 The introduction of 5-nitro substituent in the HCA scaffold led to potent 

inhibitors of COMT activity and tau aggregation, with a pharmacological 

profile similar to that observed for standard inhibitors tolcapone and 

entacapone; 

 The introduction of α-nitrile groups and the derivatization of the 

carboxylic acid function with bulky benzyl and phenethyl esters did not 

lead to a loss of COMT inhibition and significantly improved improved 

TAI activity; 

 A remarkable increase in TAI activity was observed for the carboxamide 

derivatives CNCABA and CNCAPA, when compared the corresponding 

esters CNCABE and CNCAPE and reference standards tolcapone, 

entacapone and Orange G;  
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 The introduction of a less flexible amide bond favored conformational 

stability in the steric zipper assembly of tau hexapetide AcPHF6; 

 The introduction of bulky benzyl and phenethyl esters in the 5-nitro HCA 

derivatives significantly improved the in vitro BBB permeability and 

yielded four BBB permeable derivatives: NCABE, NCAPE, CNCABE 

and CNCAPE; 

 The 5-nitro HCA derivatives were less toxic than standard inhibitors 

tolcapone and entacapone when incubated for at 50 µM in rat primary 

hepatocytes; 

 Lipophilicity was a key descriptor of cytotoxicity in undifferentiated but 

not in retinoic acid- and TPA-induced differentiated SH-SY5Y cells; 

 The toxic effects observed for the 5-nitro HCA derivatives at 50 µM in 

SH-SY5Y cells, in both their differentiated and undifferentiated 

phenotypes, was not mediated by overproduction of ROS/RNS; 

 Caco-2 cells and rat primary hepatocytes generally showed increased 

resistance to the 5-nitro HCA derivatives; 

 Inhibition of P-gp efflux in Caco-2 cells resulted in an increase in the 

toxic effects of tolcapone, but the same outcome was not observed for 

the entacapone and the 5-nitro HCA derivatives; 

 The inhibition of P450 metabolism in Caco-2 cells and rat primary 

hepatocytes did not significantly influence the cellular effects of the 5-

nitro HCA derivatives, tolcapone and entacapone; 

 The electrochemical behavior of the 5-nitro HCA derivatives and 

standard COMT inhibitors tolcapone and entacapone did not point 

towards the formation of quinones. The oxidation mechanism observed 

for all the compounds was irreversible and distinct from the 

corresponding non-substituted catechols; 

 The 5-nitro HCA derivatives showed a reductive behavior distinct from 

the one observed for the standard COMT inhibitors, namely concerning 

the stability and reactivity of the corresponding hydroxylamine 

metabolite; 

 In the case of tolcapone, the N-hydroxylamine metabolite could lead to 

the formation of reactive derivatives (azo/azoxy derivatives and 

nitrenium ions). Thus, the stability of the N-hydroxylamine metabolite 

may be a key descriptor of the risk of hepatotoxicity; 
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 The mitochondrial toxicity profile observed for CNCAPE, CNCABA and 

CNCAPA was similar to that obtained for the non-hepatotoxic COMT 

inhibitor entacapone; 

 CNCABE did not cause any alteration in the measured mitochondrial 

parameters and showed a favorable safety profile and lower risk of 

mitotoxicity when compared to tolcapone and entacapone; 

 Tolcapone caused a significant reduction in maximal respiration, spare 

respiratory capacity and non-mitochondrial respiration; 

 Toxic effects were observed only in high-glucose media and not when 

cells were cultured in oxidative phosphorylation-forcing media. This 

suggests that the tested compounds may have a more predominant 

effect over glycolysis; 

 Due to its BBB permeability, transition metal chelation capacity, potent 

inhibition of COMT activity and tau aggregation, increased safety over 

tolcapone and straightforward potential for chemical modification, 

CNCAPE can be selected as a lead for future optimization and 

development of MTDD candidates for ND. 

 

Overall, the results obtained under the current Thesis endorse the chemical 

framework of HCAs as a valid scaffold for the development of potent, BBB permeable 

and safe MTDD candidates for ND. More importantly, these findings open a wide range 

of potential follow-up transdisciplinary projects, mainly regarding lead optimization and 

establishment of quantitative SAR, the detailed pharmacological characterization of the 

most promising  candidates and their metabolic study in liver S9 fractions, to evaluate 

the potential formation of reactive metabolites in vivo. 

The stimulating progress of the current project significantly contributed to the 

field of drug discovery and toxicology of CNS drugs, and may potentially lead to MTDD 

candidates for ND. 
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