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“Nothing in life is to be feared, it is only to be understood. Now is the time to 

understand more, so that we may fear less.” 

 

Marie Curie 
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Abstract  

Aging is the predominant risk factor for most chronic diseases that limit health span. 

As the incidence and prevalence of several chronic diseases continue to rise, interventions to 

increase healthy life expectancy and to delay aging are necessary.  

Despite being very different, all chronic diseases have a pathophysiological mechanism 

in common – the occurrence of a low-grade chronic inflammation state – the occurrence of 

a low-grade chronic inflammation state, which contributes to their morbidity and mortality. 

This state is characterized by a low-grade persistent inflammatory response that frequently is 

not clinically evident, but can be detected by the presence of increased levels of cytokines, 

chemokines, prostaglandins, nitric oxide (NO), and other inflammatory mediators both in 

plasma and in tissues.  

The current available therapeutics for inflammatory age-related diseases are only 

capable of reducing the symptoms related to the disease, and do not alter its course. Efforts 

are being made to widen the benefit-to-risk window of anti-inflammatory therapy in chronic 

diseases, as researchers are seeking for new classes of drugs that may be capable to stop/retard 

the inflammatory process related to these diseases. 

Compounds of plant origin have traditionally been used against several pathologies and 

have recently emerged due to their diversity and large specter of benefits. Natural products 

have inspired many developments in medicinal chemistry, leading to advances in synthetic and 

semi-synthetic methodologies and to the possibility of making analogues of the original lead 

compounds, with improved pharmacological and/or pharmaceutical properties, based on 

Structure-Activity Relationship (SAR) studies. 

In this project, our main goal was to design and synthetize chemical derivatives of 

CIAD7, a natural compound with anti-inflammatory properties, and evaluate their anti-

inflammatory activity. Ten chemical derivatives of CIAD7 were synthesized, purified and their 

chemical structures confirmed. Four of the compounds obtained were then tested for anti-

inflammatory effects and cytotoxicity.  

For that, CIAD7 derivatives were evaluated for the capacity to inhibit IL-1β-induced 

NO production by the Griess assay, and also their effects on iNOS and pro-IL-1β protein 

levels by Western Blot. The anti-inflammatory properties of these compounds were studied 

in a mouse macrophage cell line (Raw 264.7) that was stimulated with lipopolysaccharide (LPS) 

of Gram-negative bacteria to induce the inflammatory response. 
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Viability assays showed that the chosen concentrations of the tested compounds were 

safe and did not present cytotoxic effects. In fact, none of the concentrations tested for all the 

evaluated compounds had cytotoxic effects in the presence of LPS. 

The obtained results confirmed that all the test compounds are able to reduce LPS-

induced iNOS protein levels and NO production in a concentration-dependent manner. 

Nonetheless, these compounds show significant differences in potency relative to their ability 

to inhibit NO production. GM23 was found to be the most potent (IC50= 436.5 µM), followed 

by its enantiomer, GM22 (IC50= 521.8 µM) and with much lower potencies, by GM16f1 (IC50= 

1010 µM) and GM2 (IC50= 1046 µM). 

This study paves the way for further in vitro studies aimed at fully understanding the 

anti-inflammatory effects of the tested compounds and the underlying mechanisms and 

determining whether the chemical modifications of CIAD7 introduced have any advantages 

over the parent compound.  

 

Keywords: Aging; Chronic inflammation; Chemical synthesis; Natural compounds; Anti-

inflammatory activity. 
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Resumo 

 O envelhecimento é o fator de risco predominante para a maioria das doenças crónicas 

que condicionam a esperança de vida com saúde.  Uma vez que a incidência e a prevalência de 

várias doenças crónicas continuam a aumentar, são necessárias intervenções que permitam 

aumentar a expectativa de vida saudável e retardar o envelhecimento. 

 Apesar de bastante diferentes, todas as doenças crónicas têm um mecanismo 

fisiopatológico em comum – a ocorrência de inflamação crónica de baixo grau que contribui 

para a morbilidade e mortalidade que lhes estão associadas. A inflamação crónica de baixo 

grau é uma resposta persistente, de baixa intensidade e clinicamente pouco evidente, mas que 

pode ser detetada pelo aumento dos níveis de citocinas, quimiocinas, prostaglandinas, óxido 

nítrico (NO), entre outros mediadores inflamatórios, tanto no plasma como nos tecidos.  

 As atuais terapias disponíveis para as doenças crónicas relacionadas com o 

envelhecimento são apenas sintomáticas, e não alteram o curso das mesmas. Têm sido feitos 

esforços para alargar a janela de benefício-risco das terapias anti-inflamatórias para as doenças 

crónicas, visto que a comunidade científica tem investigado novas classes de medicamentos 

que poderão ser capazes de travar/retardar os processos inflamatórios relacionados com estas 

doenças.  

 Os compostos de origem natural têm sido tradicionalmente utilizados em diversas 

patologias e reemergiram recentemente devido à sua diversidade e largo espetro de 

benefícios. Os produtos naturais têm sido uma fonte de inspiração no desenvolvimento da 

química medicinal, proporcionando avanços nas metodologias sintéticas e semi-sintéticas e a 

possibilidade de criar análogos de compostos lead, com melhores características 

farmacológicas e/ou farmacêuticas, com base em estudos de Relação Estrutura-Atividade 

(REA). 

 Neste projeto, o nosso principal objetivo focou-se no design e na síntese de derivados 

do CIAD7, um composto natural com propriedades anti-inflamatórias, e na avaliação da 

atividade anti-inflamatória dos mesmos. Foram sintetizados e purificados 10 derivados do 

CIAD7, posteriormente confirmando as suas estruturas químicas. Quatro dos compostos 

obtidos foram avaliados quanto à sua citotoxicidade e efeitos anti-inflamatórios. 

Para tal, os derivados do CIAD7 foram testados quanto à sua capacidade para inibir a 

produção de NO induzida pela IL-1β através do ensaio de Griess, e foram também avaliados 

os seus efeitos nos níveis de proteína de iNOS e IL-1β por Western Blot. Os efeitos anti-

inflamatórios destes compostos foram estudados numa linha celular de macrófagos murinos 
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(Raw 264.7) que foi estimulada com lipopolissacarídeo (LPS) de bactérias Gram-negativas para 

induzir uma resposta inflamatória. 

 Os ensaios de viabilidade mostraram que as concentrações selecionadas dos 

compostos testados não apresentaram efeitos citotóxicos. De facto, nenhuma das 

concentrações testadas apresentou efeitos citotóxicos na presença de LPS para todos os 

compostos avaliados.  

 Os resultados obtidos confirmaram que todos os compostos testados têm a 

capacidade de reduzir os níveis de iNOS e de produção de NO, induzidos pelo LPS, de uma 

forma dependente da concentração. No entanto, os compostos demonstraram diferenças 

significativas relativamente à sua potência para inibir a produção de NO. O composto GM23 

foi considerado o mais potente (IC50= 436,5 µM), seguido do seu enantiómero, GM22 (IC50= 

521,8 µM) e com potências bastante mais baixas, os compostos GM16f1 (IC50= 1010 µM) e 

GM2 (IC50= 1046 µM). 

 Este estudo abre portas para futuros estudos in vitro com o objetivo de compreender 

totalmente os efeitos anti-inflamatórios dos compostos testados e os mecanismos subjacentes, 

podendo assim determinar se as modificações químicas introduzidas na molécula do CIAD7 

têm alguma vantagem em relação ao composto original. 

 

Palavras-chave: Envelhecimento; Inflamação crónica, Síntese química; Compostos naturais; 

Atividade anti-inflamatória. 
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 1.1 Aging 

Aging is the predominant risk factor for most chronic diseases that limit health span. 

As the incidence and prevalence of several chronic diseases, such as Alzheimer’s disease (AD), 

Parkinson’s disease (PD), obesity, type 2 Diabetes Mellitus, chronic obstructive pulmonary 

disease (COPD), osteoarthritis (OA), several types of cancer, among many others, continue 

to rise, interventions to increase healthy life expectancy and to delay aging are needed (Barbé-

Tuana et al., 2020; Kennedy et al., 2014). 

The process of aging affects all cells, tissues, organs and individuals, leading to a 

diminished homeostasis and increased organ frailty, causing a reduction of the response to 

environmental stimuli which is generally associated with an increased predisposition to illness 

and death (Candore et al., 2010).  

 

1.2 Inflammation 

Despite being very different, all these diseases have something in common – the 

occurrence of a low-grade chronic inflammation state, which contributes to their morbidity 

and mortality. This state is characterized by a low-grade persistent inflammatory response that 

frequently is not clinically evident, but can be detected by the presence of increased levels of 

cytokines, chemokines, prostaglandins, nitric oxide (NO), and other inflammatory mediators 

both in plasma levels and in tissues (Mendes, Cruz and Gualillo, 2018).  

The reason why specific mechanisms of inflammation are connected with chronic 

diseases and why older people tend to have a proinflammatory state remains unclear, and this 

is why researchers have been targeting this area of studies. It is important to understand the 

interactions that occur between the several comorbidities and the decrease of longevity and 

physical and cognitive decline (Bektas et al., 2018). 

To fully understand the pathophysiology of inflammation, it is essential to know the 

cells that are involved in the inflammatory mechanisms and their functions. The immune 

system cells play an important role in the inflammatory process. When there is tissue damage, 

the cells release factors called Damage-associated Molecular Patterns (DAMPs) that trigger 

the inflammatory cascade, along with growth factors and chemokines, which attract 

neutrophils. These are followed by monocytes, lymphocytes – natural killer (NK) cells, T cells 

and B cells, and mast cells. Monocytes can differentiate into macrophages and dendritic cells 



2 

(DC) and are recruited via chemotaxis (Chen et al., 2018; Linthout, Van, Miteva and Tschöpe, 

2014). 

Among those cells, neutrophils act as a first-line defense are the most abundant type 

of leukocytes. They initiate the inflammatory response to engulf dead cells in order to promote 

tissue repair. However, persistent neutrophil infiltration or their delayed elimination 

exacerbates the tissue injury due to the release of inflammatory mediators, which is observed 

in chronic inflammatory responses (Germic et al., 2019; Linthout, Van, Miteva and Tschöpe, 

2014; Okeke and Uzonna, 2019). 

Monocytes circulate in the blood, bone marrow, and spleen and do not proliferate in 

a steady state. They are equipped with chemokine receptors and pathogen recognition 

receptors that mediate their migration from blood to tissues. Monocytes have the capacity to 

differentiate into DCs or macrophages during the inflammatory process (Geissmann et al., 

2010). One of the most important roles of macrophages is the maintenance of homeostasis 

via phagocytosis of foreign matter, apoptotic or necrotic cells. Phagocytosis is the main 

mechanism for engulfment and disposal of unwanted and potentially harmful materials out of 

the cell (Germic et al., 2019; Okeke and Uzonna, 2019). Macrophages also have the role of 

presenting antigens to T and B cells and secrete several cytokines (e.g., TNF-α, IL-1, IL-6, IL-

8, IL-12, etc.), which direct the responses of T and B cells (Cavaillon, 1994; Okeke and Uzonna, 

2019). Dendritic cells (DCs) are responsible for the first recognition of pathogens, antigen 

processing and regulation of T and B cells. They are equipped with high phagocytic activity 

when in its immature form and high cytokine producing capacity as mature cells (Fuentes et 

al., 2017; Geissmann et al., 2010). 

When these coordinated mechanisms fail, and inflammation cannot be suppressed 

properly, there is a progression to the chronic inflammatory state (Chen et al., 2018), 

associated with many diseases. 

 

1.3 NF-B 

It is crucial to mention the importance of the transcription factor, Nuclear Factor 

kappa-light-chain-enhancer of activated B cells (NF-B), in the pathophysiology of 

inflammation, as it is considered the master regulator of inflammation, playing a critical role in 

the control of cell death pathways and cell proliferation (Adli et al., 2010). 

NF-B promotes the transcription of several genes critical for inflammatory processes 

including cytokines and cytokine receptors, (IL-2, IL-2 receptor, IL-6, IL-8, TNF-α, TNF-β, GM-

CSF, etc.), acute phase reaction proteins, adhesion molecules, oncogenes, the major 
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histocompatibility complex (MHC) and proteases, among others. Indeed, the activation of NF-

B-dependent genes is a major culprit in the widespread systemic inflammatory process (Bours 

et al., 1994; Forman et al., 2016; Helenius, Kyrylenko and Salminen, 2001). 

NF-B is a pleiotropic transcription factor complex which controls the expression of 

numerous genes through binding to specific DNA sequences (named B sites) inside the gene’s 

promoters. The NF-B family of proteins is composed of two subfamilies: The “NF-B” 

proteins and the “Rel” proteins. All of these share a domain called the Rel homology domain 

(RHD) necessary for DNA-binding and dimerization (Bours et al., 1994; Gilmore, 2006).  

The NF-B transcription factor family can be divided into two subfamilies according to 

their function and structure. The NF-B subfamily is composed by p50 and p52 proteins and 

their precursors (p105 and p100, respectively). These two proteins don’t harbor any 

transactivation domains and they can bind DNA as homodimers, so they function as inhibitors 

of the NF-B-mediated transactivation. The Rel subfamily is formed by three proteins – RelA 

(or p65), RelB and c-Rel – which contain unrelated transactivation domains. RelA and c-Rel 

can bind DNA and transactivate as homodimers; however, the most potent NF-B complexes 

are composed of heterodimers containing one protein of each group (Bours et al., 1994). 

The active NF-B complex is either a homo or heterodimer composed of proteins 

from the NF-B/Rel family. The affinity of specific NF-B factors for different DNA B sites is 

determined by the different combinations of NF-B/Rel proteins in dimers (Budunova et al., 

1999; Gilmore, 2006).The activity of NF-B is regulated by the interaction with another family 

of proteins: the IB family. The three IB proteins (α, β and γ) have different affinities for 

individual NF-B dimers.  

In most cells, NF-B is present as a latent, inactive, IB-bound complex in the 

cytoplasm. Following the classic “canonical” signaling pathway, NF-B activation involves the 

activation of the IB kinase (IKK) complex, which consists of two catalytic kinase subunits – 

IKKα and/or IKKβ – and a scaffold/sensing protein named NF-B Essential Modulator 

(NEMO). Pro-inflammatory signals stimulate receptors belonging to the tumor necrosis factor 

receptor (TNF-R) or interleukin-1 (IL-1)/Toll-like receptor (TLR) superfamilies, which activate 

the IKK complex. Its activation leads to IB phosphorylation and subsequent ubiquitin-

dependent IB degradation by the 26S proteosome complex, which enables the NF-B dimers 

to enter the nucleus and activate genes with mainly pro-inflammatory and anti-apoptotic 

functions (Adli et al., 2010; Gilmore, 2006; Pasparakis, 2009). 
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Figure 1. Canonical NF-kB signaling pathway. NF-kB dimers such as p50/RelA are maintained in the cytoplasm 

by interaction with an independent IkB molecule (often IkBα). In many cases, the binding of a ligand to a cell 

surface receptor (e.g., TNF-R or TLR) recruits adaptors to the cytoplasmic domain of the receptor. In turn, these 

adaptors often recruit an IKK complex (containing the α and β catalytic subunits and two molecules of the 

regulatory scaffold NEMO) directly onto the cytoplasmic adaptors. This clustering of molecules at the receptor 

activates the IKK complex. IKK then phosphorylates IkB at two serine residues, which leads to its ubiquitination 

and degradation by the proteasome. NF-kB then enters the nucleus to turn on target genes.  

Adapted from Gilmore, 2006. 

1.4 iNOS  

One of the genes activated by the NF-Bs pathway is Nos2, which codes for the 

inducible Nitric Oxide Synthase (iNOS) enzyme. iNOS is responsible for the synthesis of NO 

and is implicated in the pathophysiology of several inflammatory diseases. NF-B has been 

shown to be a central target for stimuli that activate or inhibit iNOS expression (Oh et al., 

2008). NO has a very short half-life of only a few seconds, but it is a highly reactive molecule.

Alongside with its derivatives – nitrosyl cation (NO+), nitrosyl anion (NO-) and peroxynitrite 

(ONOO-) – they can cause the formation of new reactive nitrogen species (RNS) and react 

with cell proteins and impair cell function (Kielbik, Szulc-Kielbik e Klink, 2019; Król e Kepinska, 

2021). 

The iNOS monomer has three domains – the oxygenase domain, the reductase 

domain, and the calmodulin-binding domain. The first one is responsible for binding 

tetrahydrobiopterin (BH4), L-arginine (L-ARG) and protoporphyrin IX (HEME). The second 
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one consists of binding sites for flavin mononucleotide (FMN), flavin adenine dinucleotide 

(FAD) and nicotinamide adenine dinucleotide phosphate (NADPH), that play the role of 

functional groups, transporting electrons from NADPH to the oxygenase domain of the 

opposite subunit. The calmodulin (CaM) domain is noncovalently bound to the iNOS 

monomer (Kielbik, Szulc-Kielbik and Klink, 2019; Król and Kepinska, 2021).  

Unlike the constitutive NOS isoforms, iNOS doesn’t need an increase in the Ca 2+ 

levels to initiate its activity and can produce large and toxic amounts of NO during the course 

of inflammatory response, until the enzyme is degraded. It is activated by numerous stimuli, 

including inflammatory cytokines, like IFN- γ, TFN-α or IL-1β,  and microbial products, such 

as bacterial lipopolysaccharide (LPS) (Guzik e Korbut, 2003; Kleinert, Art and Pautz, 2010). 

Pro-inflammatory cytokines, such as TNF-α, IL-1β, IFN-γ, and LPS, first bind to 

receptors on the cell surface and activate kinases leading to phosphorylation of several 

intracellular proteins and subsequent activation of specific transcription factors, including NF-

B transcription factors. The active factors then translocate to the nucleus and bind to the 

promoter region of Nos2, inducing iNOS expression (Cinelli et al., 2020). IL-1β, TNF-α and 

oxidative stress induce NF-B activity and its translocation to the nucleus, subsequently 

inducing its binding to the promoter sequence (Kielbik, Szulc-Kielbik and Klink, 2019).  

As said before, TNF-α, IL-1β, IFN-γ, and LPS are the main inducers of iNOS expression. 

It is important to mention that a combination of these inducers is frequently required to 

generate synergistic effects most of the times to stimulate iNOS expression, especially in 

nonimmune cells (Cinelli et al., 2021; Kleinert, Art and Pautz, 2010).  

 

1.5 IL-1β 

IL-1β is another very important inflammatory cytokine. IL-1 is a central mediator of 

immunity and inflammation; there are two different genes, IL1A and IL1B, encoding IL-1α and 

IL-1β respectively. Each IL-1 binds to the same cell surface receptor, named IL-1 receptor type 

1 (IL-1RI), which is present on almost all cells. Once linked to its receptor, the cytokine 

triggers a cascade of inflammatory mediators, chemokines and other cytokines. In this project, 

I will give focus to IL-1β, which is produced by hematopoietic cells such as blood monocytes, 

tissue macrophages, skin dendritic cells, and brain microglia in response to toll-like receptors 

(TLR), activated complement components, other cytokines (e.g., TNF-α), and IL-1 itself 

(Dinarello, Simon and Meer, van der, 2012; Garlanda, Dinarello and Mantovani, 2013). 

IL-1β is not active by itself but can be activated when cleaved by caspase-1, an 

intracellular cysteine protease, converting the inactive precursor of IL-1β (pro-IL-1β) to the 
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active form and releasing it into the extracellular space. Caspase-1 also requires activation, 

which occurs following the assembly of a complex of intracellular proteins called the 

inflammasome. The key component of this complex is the protein-nucleotide-binding domain 

and leucine-rich repeat pyrin-containing protein-3 (NLRP3) (Dinarello, Simon and Meer, van 

der, 2012; Garlanda, Dinarello and Mantovani, 2013). 

Inflammasomes are cytosolic wheel-like complexes composed by the junction of 

NACHT, LRR and PYD domains-containing proteins (NLRP), the linker molecule apoptosis-

associated speck-like protein (ASC), and caspase-1. NLRP1 and NLRP3 are the ones with the 

capacity to translate a wide variety of danger signals into the caspase-1–dependent secretion 

of IL-1β. Furthermore, its release promotes the production and release of several 

inflammatory mediators and catabolic factors, such as iNOS, PGE2, TNF-α and matrix 

metalloproteinases (MMPs) (Anders, 2016; Fei et al., 2019). 

 

1.6 Limitations of the current therapies  

Nowadays, the available therapeutics for inflammatory age-related diseases are only 

capable of controlling the symptoms related to the disease, and do not alter its course. Efforts 

are being made to widen the benefit-to-risk window of anti-inflammatory therapy in chronic 

diseases, as researchers are seeking for new classes of drugs that may be capable to stop/retard 

the inflammatory stimulus related to these diseases (Tabas and Glass, 2013). 

Nonsteroidal anti-inflammatory drugs (NSAIDs) are probably the most popular option, 

as they have the capability to decrease pain and reduce inflammation.  Their general mode of 

action involves the inhibition of cyclooxygenase/prostaglandin-endoperoxide synthase (COX-

1 and COX-2), regulatory enzymes, involved in the biosynthesis of prostaglandins (PGs) which 

are strongly implicated in the pathophysiology of inflammation (Bindu, Mazumder and 

Bandyopadhyay, 2020). 

Unfortunately, NSAIDs can cause several complications when used for long periods of 

time.  They are known to pose a risk to the gastrointestinal (GI) system, particularly non-

selective NSAIDs, but now it is known that COX-2 inhibitors also increase the risk of upper 

GI problems. The development of gastric mucosal injury creates the major limitation to this 

drug class. Long-term use of NSAIDs severely increases the risk of occurring CV events, 

especially with COX-2 inhibitors. For individuals who present several risk factors of CV 

disease, short-term consumption of NSAIDs highly increases the risk of a CV occurrence. 

Other negative effects may also include nephrotoxicity and consequent chronic renal failure 
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and hepatotoxicity (Bindu, Mazumder and Bandyopadhyay, 2020; Cooper et al., 2019; 

Ohadoma, Akah and Michael, 2020). 

Corticosteroids (CTs) are another therapeutical option for inflammatory diseases. 

They are synthetic analogues of the natural steroid hormones produced by the adrenal cortex, 

so just like the natural hormones, these synthetic versions have glucocorticoid (GC) and/or 

mineralocorticoid properties (Liu et al., 2013).  

Like NSAIDs, GCs have a vast list of side effects when used for a long time. Patients 

who are subjected to long-term GC treatment may experience various systemic effects and 

these seem to be dose-dependent. Long-term GC therapy may cause disturbed wound healing, 

permanent striae, skin atrophy, myopathy, cataracts, glaucoma, psychiatric disturbances (or 

aggravation of pre-existing disturbances), induction or aggravation of pre-existing diabetes, 

adrenal insufficiency, hypogonadism, Cushing’s syndrome, peptic ulcers, upper gastrointestinal 

bleeding, pancreatitis, hypertension, dyslipidemia, reduced fibrinolytic potential, weight gain, 

HPA-axis suppression, higher risk of CV diseases, including hypertension, and increased risk 

of infection, among others (Adcock and Mumby, 2016; Barnes, 2006; Liu et al., 2013; Schäcke, 

Döcke and Asadullah, 2002). 

 

1.7 Products of natural sources 

Since the available therapeutics for the management of chronic inflammation are not 

very effective due to their mass list of side effects, the scientific community has been putting 

effort on finding new alternatives. Compounds of plant origin have traditionally been used 

against several pathologies and have recently emerged due to their diversity and large specter 

of benefits. World Health Organization (WHO) has estimated that in 1985, approximately 

65% of the world population depended on traditional plant-based medicines. Medicinal plants 

represent an important source of compounds and are cultivated worldwide to obtain useful 

substances in medicine and pharmacy (Cragg and Newman, 2013; Kang, 2021; Prasad, Sung 

and Aggarwal, 2012; Salmerón-Manzano, Garrido-Cardenas and Manzano-Agugliaro, 2020). 

 

1.8 Secondary metabolites 

Plants contain reservoirs of potential secondary metabolites (SMs) that are the major 

sources of drugs, which intensifies the interest of pharmaceutical industries in the search for 

substances obtained from plant sources. The principal objectives of the use of plants as 

therapeutic agents are the following: to isolate bioactive substances for direct use as drugs; to 

produce bioactive compounds of new or already known structures for semi-synthesis to 
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produce patentable entities of higher activity and/or lower toxicity; and to use the whole plant 

or parts of it as herbal remedies (Azab, Nassar and Azab, 2016). 

Primary metabolites (PMs) – nucleic acids, proteins, carbohydrates, fats and lipids – are 

found in all plants and have a crucial role in plant development, as they are involved in 

metabolic, nutritional and reproduction functions. SMs are not necessary for the plant to live, 

but play an important role in the interaction of the organism with its surroundings, ensuring 

the continued existence of the organism in its ecosystems. Formation of SMs is generally organ, 

tissue and cell specific and contributes for the species’ survival. SMs can be separated into four 

groups – Terpenoids, Polyketides, Phenypropanoids and Alkaloids – based on their 

biosynthesis origin. Alkaloids are nitrogenous organic molecules biosynthesized mainly from 

amino-acids, and many of the most important therapeutic agents are alkaloids (Pagare et al., 

2015).  

SMs have several functions. They constitute a mean for plants to defend themselves 

against biotic (bacteria, fungi, insects, animals, etc.) and abiotic (higher temperature and 

moisture, presence of heavy metals, UV radiation, etc.) stresses. Some SMs also serve as signal 

compounds to attract pollinating and seed-dispersing animals (Kinghorn, 2002; Pagare et al., 

2015; Wink, 2015). 

Biosynthesis of SMs starts from basic pathways, such as the glycolysis or shikimic acid 

pathways, and subsequently diversifies, depending on cell type, developmental stage and 

environmental conditions. SMs are widely distributed in different plants cells, tissues and 

organs. However, different cells, tissues and organs of medicinal plants may possess different 

medicinal properties at different developmental stages. Furthermore, plant growth and 

development are usually conditioned by different environmental changes. The adaptation of 

plant morphology, anatomy, and physiological functions to these changes may influence the 

accumulation of SMs. SM pathways and their regulation are susceptible to environmental 

variations because the expression of genes involved in SM pathways are altered by different 

stresses (Li et al., 2020). 

Synthesis and accumulation of SMs are controlled and influenced by the changing of 

biotic and abiotic environment. During their development, plants interact with the surrounding 

environment, coming in contact with different abiotic components like water, light, 

temperature, soil and chemicals. Negative abiotic factors, such as drought or flooding, 

extremes of light and temperature and the presence of poor soil or toxic chemicals generate 

stress and trigger variation in the biosynthesis of SMs (Li et al., 2020).  
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Research into natural products provides new lead compounds for the pharmaceutical 

industry. It is undeniable that natural products have been key sources of innovative therapeutic 

agents (Mathur and Hoskins, 2017). Natural products have inspired many developments in 

organic chemistry, leading to advances in synthetic and semi-synthetic methodologies and to 

the possibility of making analogues of the original lead compounds, with improved 

pharmacological and/or pharmaceutical properties (Harvey, 2008). These compounds can also 

serve as an inspiration, by providing insight into types of structural features that may prove 

valuable for drug candidates that, in this case, have been designed based on a natural product, 

but are not themselves synthesized from that natural compound (Wilson and Danishefsky, 

2006).  

Products of natural sources have molecular structures that range from very simple 

arrangements to extremely complex. However, with improvements in structure-activity 

studies, it has been possible to synthetize these compounds in the laboratory. Total synthetic 

approaches to natural compounds are getting more viable as a sourcing option and given 

sufficient resources, it will be possible to reduce the number of synthetic steps to the target 

molecule and improve the yield of each step (Beutler, 2009).  

During the early stages of the drug discovery process, scientists have to isolate and 

purify the lead compounds from their natural sources using various techniques, depending on 

the structural diversity, stability and quantity of the compound required. High throughput 

screening (HTS) has been used to screen the lead compounds against specific targets, and 

promising compounds for the specific targets are selected in cell-free assays and/or phenotypic 

or targeted cell-based assays (Henrich and Beutler, 2013). At this phase, many lead compounds 

are not selective enough for their target molecule. To improve their selectivity, scientists can 

modify the lead compound structures as per the expected structure-activity relationships. If 

the modifications increase the selectivity, the promising compounds can move to in vitro and 

in vivo testing. Further pharmacokinetic tests are also required to establish the mechanism by 

which the drug is absorbed, distributed, metabolized and excreted and, if these are favorable, 

the lead compounds may become potential drug candidates (Mathur and Hoskins, 2017). 

The plant extract must be fractionated to isolate and identify the active compound(s). 

After that, the compounds’ chemical structures can be elucidated using many techniques, but 

the principal one is Nuclear Magnetic Resonance (NMR). The ability of NMR to provide useful 

information from smaller amounts of compound has increased intensely in recent years in 

terms of sensitivity (Beutler, 2009). NMR experiments can be carried out under high pressure, 

at a wide range of temperatures and in various solvents, such as organic solvents (Li and Kang, 

2020). 

1.9 Drug discovery 
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Despite the all the valuable assets that natural products bring into the drug discovery 

process and their unique structural diversity, there are still several problems associated with 

them, such as low solubility, insufficient efficacy, undesirable toxicity, chemical instability, 

among others (Xiao, Morris-Natschke and Lee, 2016). Naturally active compounds are usually 

good leads but most of them can hardly satisfy the demands for druggability, so they are 

frequently optimized through structural modifications in order to achieve the final candidate 

(Chen et al., 2015). 

The optimization of natural lead structures must involve efforts on the following 

purposes: enhancing drug efficacy, increasing potency and selectivity, optimizing absorption, 

distribution, metabolism, excretion profiles (ADME), reducing toxicity and eliminating and/or 

reducing side effects. Natural lead optimization generally involves the initial establishment of 

structure-activity relationships (SAR) between the chemical structures of the compounds and 

their biological activities (Chen et al., 2015; Xiao, Morris-Natschke and Lee, 2016). 

The goal of developing SARs is to understand and reveal how properties relevant to 

the biological activity of the compounds are encoded within and determined by their chemical 

structures. Therefore, molecular alterations based on SAR can be established to ensure more 

rational optimization of the natural leads (McKinney et al., 2000; Xiao, Morris-Natschke and 

Lee, 2016). 

 

1.10 Compound modification strategies  

There are several possible modification strategies when it comes to the development 

of new drugs. In this project, I will briefly mention some of the most common strategies used 

and highlight their advantages.  

1.10.1 Manipulation of the molecular size and complexity 

When natural products present very large and complex structures with higher 

molecular weights (Yao et al., 2017), simplifying operations such as molecular dissection are 

generally carried out in order to eliminate structurally-unnecessary factors. In the case of 

compounds with fused rings, the scaffolds can be segmented into four quadrants to separately 

modify the structures/groups, always maintaining SAR. The usage of the principles of medicinal 

chemistry, such as bio-isosterism, chain-ring exchange, privileged structure and scaffold-

hopping, allows the achievement of new analogs with better properties (Guo, 2017). 

Small-size compounds have structural space to add atoms, groups or moieties. For 

example, introducing a hydrogen donor or acceptor group may increase the affinity to a certain 
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receptor, or adding solubilizing groups may raise the solubility or modulate the partition 

property to benefit or avoid crossing the blood brain barrier (BBB)(Guo, 2017). 

1.10.2 Improvement of chemical stability 

Chemical instability reduces the compound concentration and produces 

decomposition products that may be active. Oxygen, water, light, trace metals, and materials 

leached from plastic or glass containers can react with the compound. Structural modifications 

that can improve chemical stability depend mainly on the unstable functional groups that must 

be replaced, eliminated or modified (Chen et al., 2015).  

1.10.3 Improvement of plasma stability  

Compounds with certain functional groups can decompose in the bloodstream. 

Unstable compounds often have high clearance and a short half-life, leading to a poor 

pharmacological performance. The plasma stability can be increased by substituting an amide 

for an ester or eliminating a hydrolysable group (Chen et al., 2015).  

1.10.4 Increase of low solubility 

Low water solubility limits absorption depending on the route of administration, 

consequently affecting oral bioavailability. The absorption of drugs by passive diffusion depends 

on the concentration gradient between the intestinal lumen and the blood, which is a process 

influenced by solubility. Thus, it is important to find strategies to increase aqueous solubility 

without lowering hydrophobicity (Morimoto et al., 2021). Structural modifications that 

improve solubility normally include adding ionizable or polar groups, like adding a basic amine 

or a carboxylic acid (Chen et al., 2015). 

1.10.5 Improvement of metabolic stability 

Many natural compounds that are highly active in vitro may have limited activity in vivo 

due to their susceptibility to metabolism. Drug metabolism is divided into two phases – I and 

II. Phase I metabolism includes mainly reduction and oxidation reactions, while phase II 

metabolism contains reactions of glucuronidation and sulfation. These processes increase 

clearance, reduce exposure, and are a major cause of low bioavailability. Structural 

modifications that reduce compound binding or reactivity at the labile site will increase 

metabolic stability. For example, blocking the metabolic site by adding other blocking groups 
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or removing labile functional groups and replacing unstable groups may be good strategies to 

achieve stability (Chen et al., 2015; Yao et al., 2017). 

 

1.11 CIAD7 

CIAD7 is a small natural compound that has previously shown to have anti-

inflammatory properties. However, its high volatility and low molecular weight have a slight 

negative impact on its druggability. In order to improve CIAD7’s chemical profile and based 

on previous SAR studies, we decided to proceed with two different molecular modification 

approaches:  

a) Removing the double bond and adding a hydroxyl group or; 

b) Adding either a hydroxyl or an ether group, via an epoxide. 

Due to previous studies, we decided not to modify the ring structure, represented by 

R, because it is known that alterations in that part of the molecule may decrease or eliminate 

the compound’s pharmacological activity. With these modifications, we aimed to decrease 

CIAD7 volatility and increase its molecular weight as well. Further molecular alterations were 

made until we reached our final compounds, and some of them were evaluated biologically to 

better understand their anti-inflammatory characteristics, comparing to CIAD7. Both 

enantiomers of CIAD7 are represented below (Figures 2 and 3). 

 

Figure 3.  R-(-)-CIAD7 Figure 2. S-(+)-CIAD7 
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Due to the limitations of the available therapies for inflammatory diseases, which focus 

mainly on treating symptoms and not the cause of inflammation itself, it is crucial to find new 

medicines that may be capable of interfering with the mechanisms associated with inflammation 

more effectively. Medicinal plants offer a great variety of compounds that have shown anti-

inflammatory properties and several studies have been conducted to further understand their 

effects.  

Chemical alterations allow the obtention of compounds with improved 

pharmacokinetic and pharmacodynamic properties, which may improve their 

pharmacotherapeutic characteristics. CIAD7 is a natural compound that has previously shown 

anti-inflammatory properties. In this project, our main goal was to design and synthetize 

CIAD7 chemical derivatives through selected chemical modifications and evaluate their anti-

inflammatory activity. Ten chemical derivatives of CIAD7 were synthesized, purified and their 

chemical structures confirmed. The compounds obtained were then tested for anti-

inflammatory effects and cytotoxicity. For that, CIAD7 derivatives were evaluated for the 

capacity to inhibit IL-1β-induced NO production by the Griess assay, and also their effects on 

iNOS and pro-IL-1β protein levels by Western Blot. The anti-inflammatory properties of these 

compounds were studied in a mouse macrophage cell line (Raw 264.7) that was stimulated 

with lipopolysaccharide (LPS) of Gram-negative bacteria to induce the inflammatory response.  
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3.1 Semi-synthesis of CIAD7 derivatives 

3.1.1.1 Chromatography 

For the monitoring of the reactions by thin layer chromatography (TLC), we used silica 

plates 60 F254 with aluminum support. For column chromatography we used silica gel 60 (0.063-

0.200 mm) by Merck, Germany. 

 

3.1.1.2 Nuclear Magnetic Resonance (NMR) 

NMR spectrums were obtained through the Bruker Avance III spectrometer at 400 

MHz (H1) or 100 MHz (C13), and tetramethylsilane (TMS) was used as reference. Chemical 

shifts (δ) are reported in parts per million (ppm) and coupling constants (J) are reported in 

hertz (Hz). 

 

3.1.1.3 Infrared (IR) spectroscopy 

Infrared (IR) spectrums were recorded on a Fourier Transform spectrometer, Perkin 

Elmer Spectrum 400, using ATR. 

 

Most of the solvents and reagents are commercially available and used without further 

purification. Tetrahydrofuran (THF) was dried by refluxing over calcium hydride (CaH2) for 7 

h, distilled from CaH2 and stored in molecular sieves. Methanol (MeOH) and ethanol (EtOH) 

were distilled, and stored in activated molecular sieves for at least 24 h before being used.  

 

3.1.3.1 Hydration of (+)- and (-)-CIAD7 (GM1 and GM2) 

This experimental procedure was already well established at our laboratory. CIAD7 

(3.3 mmol) was added to 3.3 mL of 50% aqueous sulfuric acid (H2SO4) at 0 ºC (ice bath) and 

stirred for 24 h. After the 24 h period, 6 mL of petroleum ether 60-80 and a few drops of 

ethyl ether were added and the mixture was kept under agitation at 0 ºC for more 10 min. 

Then, the organic phase was removed and the aqueous phase was extracted for 24 h with 
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ethyl ether (3 x 6 mL). Organic phases were washed with brine (saturated aqueous sodium 

chloride, NaCl) and 10% aqueous sodium bicarbonate (NaHCO3), then dried with anhydrous 

sodium sulfate (Na2SO4) and evaporated under reduced pressure. The aqueous phase was 

extracted again with ethyl acetate for 24 h (3 x 10 mL) and the organic phase was managed as 

previously described. Both fractions were purified by flash chromatography (eluent petroleum 

ether:ethyl acetate 1:0 to 1:1). The obtained product was a viscous yellow liquid, in 0.72 mmol, 

22% yield, for GM1 and 0.69 mmol, 21% yield, for GM2. 

 

Analytical data of GM1: 

FT-IR (ATR): cm-1 = 3432 (O-H) 

1H NMR (400 MHz, CDCl3): δ = 1.23 (3H, s, -CH3); 1.24 (3H, s, -CH3) 

13C NMR (100 MHz, CDCl3): δ = 27.02 (-CH3); 27.31 (-CH3); 71.64 (-COH) 

 

3.1.3.2 Epoxidation of the double bond of CIAD7 – GM3 and GM4 

This procedure was adapted from (Eckrich et al., 1996). CIAD7 (3.3 mmol) was 

dissolved in 8 mL of ice-cold dichloromethane (CH2Cl2) and a solution of 75% meta-

chloroperoxybenzoic acid (m-CPBA) (0.85 g, 3.69 mmol) diluted in 4 mL of dichloromethane, 

were added dropwise for 10 min. The mixture was stirred at 0 ºC (ice bath) for 16 h 

(controlled by TLC). Once the reaction is over, the mixture was stirred with 1 mL of 10% 

aqueous Na2SO3 for 1 – 2 min, filtered and the solid residue was washed with several portions 

of dichloromethane. The organic phase was washed with 10% aqueous Na2CO3 (3 x 15 mL) 

and brine (15 mL), dried with anhydrous sodium sulfate, and the solvent evaporated under 

reduced pressure. The residue was further purified by flash chromatography (eluent 

petroleum ether:ethyl acetate 1:0 to 1:1), and the product was obtained as a viscous yellow 

liquid, in 2.17 mmol, 66% yield for GM3 and 1.95 mmol, 59% for GM4.  

 

Analytical data of GM3: 

FT-IR (ATR): cm-1 = 802; 829 (C-O) 

1H NMR (400 MHz, CDCl3): δ = 1.22 (3H, s, -CH3); 2.42 – 2.50 (2H, m, -CH2O) 

13C NMR (100 MHz, CDCl3): δ = 18.32 (-CH3); 52.37 (-CH2O); 57.78 (-C) 
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 3.1.3.3 Selective opening of the epoxide with MeOH – GM10f1, GM10f2, 

GM16f1 and GM16f2 

This procedure was adapted from (Leitão et al., 2008). To a solution of GM3 (1.0 mmol) 

in 5 mL of MeOH it is added 13 mg of hydrazine sulfate salt (NH2NH2.H2SO4). After the 

appropriate time under magnetic stirring at 50 ºC (until the reaction is completed as verified 

by TLC control), the reaction mixture is filtered (the catalyst is recovered) and the filtrate is 

concentrated under reduced pressure. The resulting residue is purified by flash 

chromatography (eluent petroleum ether:ethyl acetate 1:0 to 1:1), and the products were 

obtained as viscous yellow liquids, in 0.19 mmol, 19% yield for GM10f1 and 0.25 mmol, 25% 

for GM10f2. 

GM4 was submitted to the same procedure as GM3. The obtained products were also 

viscous yellow liquids, in 0.21 mmol, 21% yield for GM16f1 and 0.28 mmol, 28% for GM16f2. 

 

Analytical data of GM10f2: 

FT-IR (ATR): cm-1 = 3454 (O-H); 1061 (C-O) 

1H NMR (400 MHz, CDCl3): δ = 1.10 [1,11] (3H, s, -CH3); 3.22 [3.23] (3H, s, -OCH3); 

3.50 – 3.58 (2H, m, -CH2OH) 

13C NMR (100 MHz, CDCl3): δ = 16.55 [16.72] (-CH3); 49.49 [49.57] (-OCH3); 64.13 

[64.37] (-CH2OH); 77.70 [77.74] (-C) 

 

Analytical data of GM16f1: 

FT-IR (ATR): cm-1 = 3460 (O-H); 1107 (C-O) 

1H NMR (400 MHz, CDCl3): δ = 1.12 [1.13] (3H, s, -CH3); 3.36 [3,37] (3H, s, -OCH3); 

3.19 – 3.24 (2H, m, -CH2OH) 

13C NMR (100 MHz, CDCl3): δ = 20.83 [21.44] (-CH3); 59.39 [59.43] (-OCH3); 72.72 

[72.88] (-C); 78.13 [78.13] (-CH2OH) 

 

The values in square brackets represent each compound’s diastereoisomer.  

 

This procedure follows the same steps as the previous one, except for the use of 5 mL 

of EtOH instead of MeOH. 
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GM13f1 and GM13f2 were obtained from GM3, both resulting in viscous yellow liquids, 

in 0.08 mmol, 8% yield for GM13f1 and 0.11 mmol, 11% for GM13f2. GM17f1 and GM17f2 

were obtained from GM4, also resulting in viscous yellow liquids, in 0.10 mmol, 10% yield for 

GM17f1 and 0.15 mmol, 15% for GM17f2.  

 

Analytical data of GM17f2: 

FT-IR (ATR): cm-1 = 3459 (O-H); 1061 (C-O) 

1H NMR (400 MHz, CDCl3): δ = 1.11 [1.12] (3H, s, -CH3); 1.16 [1.17] (3H, t (J = 6.0 

Hz), -OCH2CH3); 3.38 – 3.44 (2H, m, -OCH2CH3); 3.53 [3.53] (2H, s, -CH2OH) 

13C NMR (100 MHz, CDCl3): δ = 15.75 [16.04] (-CH3CH2O); 17.10 [17.49] (-CH3); 

56.84 [56.92] (-OCH2CH3); 64.62 [64.99] (-CH2OH); 77.60 [77.60] (-C) 

The values in square brackets represent the compound’s diastereoisomer.  

 

3.1.3.5 Esterification of tertiary alcohols – GM22 and GM23 

This procedure was adapted from (Figueiredo et al., 2017). GM1 (0.59 mmol) was 

dissolved in 4 mL of dry tetrahydrofuran (THF). 0.4 mL of acetic anhydride (C4H6O3) and 75 

mg of 4-dimethylaminopyridine (DMAP) and stirred overnight at room temperature. The 

mixture was successively washed with 1M solution of acid chloride (HCl) and brine, dried with 

anhydrous sodium sulfate, evaporated under reduced pressure and purified by flash 

chromatography (eluent petroleum ether:ethyl acetate 1:0 to 1:1). GM23 consisted in a viscous 

yellow liquid, in 0.42 mmol, 71% yield. 

GM22 was obtained through the same method from GM2. The product also consisted 

in a viscous yellow liquid, in 0.20 mmol, 34% yield.  

 

Analytical data of GM22: 

FT-IR (ATR): cm-1 = 1727 (C=O) 

1H NMR (400 MHz, CDCl3): δ = 1.46 (6H, s, -CH3); 1.97 (3H, s, -OCOCH3) 

13C NMR (100 MHz, CDCl3): δ = 23.30 (-CH3); 23.46 (-CH3); 44.33 (-OCOCH3); 82.88 

(-C); 199.69 (-OCOCH3) 
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3.2 Pharmacological characterization of CIAD7 derivatives 

Raw 264.7 cells – a mouse macrophage cell line – were cultured in DMEM (Gibco, 

USA) supplemented with 10% non-inactivated fetal bovine serum (FBS; Gibco, USA), 100 U/mL 

penicillin (Sigma-Aldrich Co., St Louis, MO, USA) and 100 μg/mL streptomycin (Sigma-Aldrich 

Co.). Raw 264.7 cells were plated at a density of 3 x 105 cells/mL and left to stabilize for up to 

24 h.  

For cell treatments, the test compounds were dissolved in dimethyl sulfoxide (DMSO; 

Honeywell, Germany). LPS from Escherichia coli 026:B6 (Sigma-Aldrich Co.) was dissolved in 

phosphate-buffered saline (PBS). DMSO was used as a vehicle and added to the positive 

control (untreated cells + DMSO) as well as the LPS-treated cells to match the same 

concentration as in the cells treated with the test compounds. The final concentration of 

DMSO was 0.1% (v/v).  

The concentrations of the test compounds were selected based on non-cytotoxic 

concentrations of CIAD7 previously identified by other researchers from our group. Absence 

of cytotoxic effects of the test compounds in those concentrations was confirmed. Test 

compounds or DMSO were added to Raw 264.7 cells 1 h before the pro-inflammatory 

stimulus, 1 μg/mL LPS, and maintained for the rest of the experimental period (18 h) at 37 ºC.  

 

Resazurin is a redox dye used as an indicator of active metabolism with several 

applications, including cell viability, proliferation and toxicity studies. This assay is based on the 

intracellular reduction of resazurin – a non-fluorescent compound – to resorufin, a fluorescent 

and pink colored compound by mitochondrial or microsomal enzymes that use NADH or 

NADPH as electron sources. Only metabolically active cells can reduce resazurin, which 

means that fluorescence or absorbance intensity is directly proportional to the number of 

viable cells (Präbst et al., 2017). By comparing the result obtained in the test condition with 

that observed in the control, it is possible to determine whether the test condition affects cell 

viability and/or proliferation. According to the standard for cytotoxicity assessment, ISO 

10993-5, cell toxicity is defined as a decrease in metabolically active cells larger than 30% 

relative to the control condition. 
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The resazurin solution was added to each well to a final concentration of 50 μM, 90 

min before the end of the 18 h treatment. Then, absorbances at 570 nm and 620 nm (reference 

wavelength) were read in a Biotek Synergy HT plate reader (Biotek, Winooski, VT, USA). 

 

Cell cultures were washed with ice-cold PBS and lysed with ice-cold RIPA buffer [150 

mM sodium chloride (ThermoFisher Scientific), 50mMTris (ThermoFisher Scientific, pH 7.5), 

5mMethylene glycol-bis(2-aminoethylether)- N,N,N’,N’-tetraacetic acid (EGTA; Sigma-Aldrich 

Co.), 0.5% sodium deoxycholate (Sigma- Aldrich Co.), 0.1% sodium dodecyl sulfate (SDS; 

Sigma-Aldrich Co.), 1% Triton X-100 (Merck Millipore Ltd., Darmstadt, Germany)], 

supplemented with protease (Complete, Mini, Roche Diagnostics, Mannheim, Germany) and 

phosphatase (PhosSTOP, Roche Diagnostics, Mannheim, Germany) inhibitors, for 30 min. The 

lysates were then centrifuged at 14,000 rpm for 10 min at 4 ºC and the supernatants were 

stored at -20 ºC until use. Protein concentration in the extracts was determined with the 

bicinchoninic acid kit (Sigma-Aldrich Co.). 

 

NO production was measured based on the amount of nitrite accumulated in the 

culture supernatants using the Griess assay. It consists in a two-step diazotization reaction in 

which the NO derived nitrosating agent, dinitrogen trioxide (N2O3) generated from the acid-

catalyzed formation of nitrous acid from nitrite (or autoxidation of NO) reacts with 

sulfanilamide to produce a diazonium ion which is then coupled to N-(1-

napthyl)ethylenediamine to form a chromophoric azo product that absorbs strongly at 540 

nm (Bryan and Grisham, 2007). Equal volumes of culture supernatants and reagents [equal 

volumes of 1% (w/v) sulphanilamide in 5% (v/v) phosphoric acid and 0.1% (w/v) N-(1-napthtyl) 

ethylenediamine dihydrochloride were mixed and incubated for 10 min at room temperature 

and placed in the dark. The concentration of accumulated nitrite in the culture supernatants 

was calculated by interpolation of the absorbance of each sample, read in Biotek Synergy HT 

plate reader (Biotek) at 550 nm, in a standard curve of sodium nitrite. 

 

Total cell protein (25 µg) was denatured at 95 ºC in sample buffer (5% SDS, 0.125 M 

Tris–HCl, pH 6.8, 20% glycerol, 10% 2-mercaptoethanol and bromophenol blue) for 5 min and 

separated by SDS-PAGE under reducing conditions. Proteins were electrotransferred onto 
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PVDF membranes using a wet transfer system at 350mA for 210 min. After blocking with 5% 

nonfat dry milk in Tris-buffered saline TBS-Tween 20 (0.1%) for 2 h, membranes were probed 

overnight at 4 ºC with a rabbit monoclonal antibody, diluted at 1:1000, against Interleukin-1β 

(Abcam, Cambridge, UK) or with a mouse monoclonal anti-iNOS antibody (R&D Systems, 

Minneapolis, MN, USA), diluted at 1:500. Membranes were washed with TBS-Tween 20 and 

incubated with anti-rabbit or anti-mouse secondary antibodies, respectively, diluted at 1:5000 

(Santa Cruz Biotechnology, Dallas, TX, USA). β-Tubulin was detected with a mouse 

monoclonal antibody diluted at 1:20000 (Sigma-Aldrich Co.) and was used as loading control. 

Immune complexes were detected with Clarity Western ECL Substrate (Bio-Rad 

Laboratories, Inc.) using the imaging system ImageQuantTM LAS 500 (GE Healthcare). Image 

analysis was performed with TotalLab TL120 software (Nonlinear Dynamics Ltd., Newcastle 

upon Tyne, UK). 

 

Results are presented as means ± SEM. Statistical analysis was performed using 

GraphPad Prism version 8.0.2 (GraphPad Software, San Diego, CA, USA). Statistical 

significance was evaluated with one-way ANOVA with the Dunnet post-test for comparison 

of multiple conditions or with the t-test to compare two distinct conditions. The results were 

considered statistically significant at p<0.05.  
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4.1 Semi-synthesis of CIAD7 derivatives 

Alcohols formation by acid-catalyzed addition of water to alkenes is an essential 

reaction in organic chemistry and it can be regarded as involving a carbocation intermediate. 

The alkene is protonated and then reacts with water. This mechanism explains the formation 

of the more highly substituted alcohol from unsymmetrical alkenes, following the 

Markovnikov’s rule (Carey and Sundberg, 2007). 

Alkenes do not react with pure water, as water is not acidic enough to allow hydrogen 

to act as an electrophile to start a reaction. However, in the presence of a small amount of an 

acid, the reaction does occur, resulting in an alcohol. The most commonly used acid to catalyze 

this reaction is H2SO4 in an aqueous solution (Liu, Xin).  

Figures 4 and 5 represent the synthesis of GM1 and GM2, respectively, starting from 

CIAD7. 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

The original compound was mixed with an aqueous solution of H2SO4 in an ice bath 

for 24 h (TLC control). After extracting the final compound, it was purified by flash 

chromatography.  

Partial NMR spectra (1H, 13C and DEPT 135) are shown below in Figures 6 and 7. 

Figure 4. Synthesis of GM1 starting from R-(-)-CIAD7. 

Figure 5. Synthesis of GM2 starting from S-(+)-CIAD7. 
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Figure 6. Partial 1H NMR spectrum of GM1. 

 

Figure 7. Partial 1C NMR and DEPT 135 spectra of GM1. 
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We can assume that both 1H NMR and 13C NMR spectra of GM2 will be similar to 

those of GM1 since these two compounds are enantiomers. The corresponding nuclei in both 

enantiomeric environments have the same electronic surrounding, resulting in the same 

chemical shift.  

GM1 is characterized by the presence two signals that appear as a singlet (s) in 1H NMR 

spectrum, at δ 1.22 and 1.23 ppm. These signals correspond to the two methyl groups attached 

to the quaternary carbon (-CH3).  

In 13C NMR partial spectrum of GM1, we identified at δ 71.77 ppm the quaternary 

carbon of the alcohol group (-COH), and signals at δ 27.45 and 27.16 correspond to the two 

methyl groups (-CH3). 

The association of DEPT (Distortionless Enhancement by Polarization Transfer) 135 

with 13C NMR spectroscopy is a big advantage to spectra analysis, as it can fully separate the 

carbon signals. DEPT 135 allows the distinction between CH and CH3 from CH2 by the phase 

of the signals (Chamberlain, 2013). 

Partial FT-IR spectrum of GM1 is shown below in Figure 8.  

 
  

Figure 8. Partial FT-IR spectrum of GM1. 
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In the partial FT-IR spectrum, the band of the elongation of the O-H bond of the 

alcohol group is highlighted at 3424 cm-1.  

 

The conversion of alcohols to esters by O-acylation is a very important reaction in 

organic chemistry. Acyl halides and acid anhydrides react rapidly with most unhindered 

alcohols to generate esters in the presence of a catalyst. These two are very reactive acylating 

reagents because of a combination of the polar effect of the halogen or oxygen substituent, 

which enhances the reactivity of the carbonyl group, and the ease with which they can expel 

relatively good leaving groups (Carey and Sundberg, 2007). The catalyst that is often used is 

pyridine. However, DMAP has been recognized as a way more effective catalyst for the 

acylation of secondary or tertiary alcohols in the presence of acid anhydride, comparing to 

pyridine (Mandai et al., 2016).  

Figures 9 and 10 represent the synthesis of GM22 and GM23, starting from GM2 and 

GM1, respectively. 

 
 
 
 

 
  Figure 9. Synthesis of GM22 starting from GM2. 

Figure 10. Synthesis of GM23 starting from GM1. 
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This synthetic procedure was adapted from (Figueiredo et al., 2017). The substrate was 

dissolved in THF. Afterwards, the reagent (acid anhydride) and the catalyst (DMAP) were 

added into the mixture and it was kept stirring overnight at room temperature (TLC control). 

The final product was then purified by flash chromatography.  

Partial 1H NMR and complete 13C and DEPT 135 spectra are shown below in Figures 

11 and 12. We can assume that 1H NMR, 13C NMR and DEPT 135 spectra of GM23 will be 

similar to those of GM22 since these products are enantiomers, so both products will present 

specters with the same chemical shifts.  

 

 
  

Figure 11. Partial 1H NMR spectrum of GM22. 
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GM22 is characterized by the presence of a signal that appears as a singlet (s) in 1H 

NMR spectrum at δ 1.97 ppm. This signal corresponds to the 6 hydrogens of the 2 methyl 

groups (-CH3). These two methyl groups appear as a singlet in the 1H NMR spectrum because 

they present the same chemical environment. GM22 also is also characterized by the presence 

of another singlet (s) at δ 1.46 ppm, that corresponds to the methyl in the ester group (-

OCOCH3). 

 In 13C NMR and DEPT 135 partial spectra of GM22, we identified at δ 199.69 ppm the 

carbonyl carbon of the ester group of the compound (-OCOCH3). The signal at δ 44.33 ppm 

corresponds to the methyl group of the ester (-OCOCH3), and signals at δ 23.30 ppm and δ 

23.46 ppm correspond to the primary carbons of the two other methyl groups (-CH3).  

Partial FT-IR spectrum of GM22 is shown in Figure 13. 

 
 
 
 
 
  

Figure 12. 13C  NMR and DEPT 135 spectra of GM22. 
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In the partial FT-IR spectrum, the band of the elongation of the C=O bond of the 

carbonyl ester is represented at 1727 cm-1.  

Converting alkenes into epoxides is a very useful transformation in organic synthesis. 

Epoxides are extremely valuable synthetic intermediates due to the high reactivity of the 

strained oxirane ring. The selectivity of the epoxidation reactions can be controlled by 

choosing appropriate reagents. One of the most useful reagents to perform the epoxidation 

of several different compounds is m-CPBA. This electrophilic reagent leads to the epoxide in 

a stereospecific manner. The reaction is thought to proceed via a single step that involves the 

nucleophilic attack of the alkene π-electrons onto the peroxy acid. For the epoxidation of 

electron-poor alkenes, the use of a nucleophilic oxidant such as hydrogen peroxide (H2O2) in 

an alkaline solution is able to generate α,β-epoxyketones with good yield. On the other hand, 

peroxy acids work well with electron-rich alkenes (Garcia, 2005). 

The epoxidation of CIAD7 with m-CPBA is represented in Figures 14 and 15. GM3 

was synthetized using R-(-)-CIAD7 as substrate and GM4 was obtained using S-(+)-CIAD7. 

 
 

Figure 13. Partial FT-IR spectrum of GM22. 
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The synthetic procedure was adapted from (Eckrich et al., 1996). The substrate was 

dissolved in ice-cold CH2Cl2, and m-CPBA was added dropwise for 10 min. The reaction was 

performed at 0 ºC for 16 h (TLC control) and, after the work-up, the product obtained was 

purified via flash chromatography.  

Partial NMR spectra (1H, 13C and DEPT 135) are shown below in Figures 16 and 17. 

 

 

Figure 14. Synthesis of GM3 starting from R-(-)-CIAD7. 

Figure 16. Partial 1H NMR spectrum of GM3. 

Figure 15. Synthesis of GM4 starting from S-(+)-CIAD7. 
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The 1H NMR spectrum of GM3 shows a multiplet (m) at δ 2.42 – 2.50 ppm, that 

corresponds to the two hydrogens of the oxirane ring (-CH2O) and a singlet (s) at δ 1.22 ppm, 

that corresponds to the methyl group (-CH3). 

 In 13C NMR and DEPT 135 partial spectra of GM3, we noted at δ 57.78 ppm the 

quaternary carbon of the compound (-C). The signal at δ 52.37 ppm corresponds to the 

secondary carbon of the oxirane ring (-CH2O), and signal δ 18.32 ppm corresponds to the 

primary carbon of the methyl group (-CH3).  

Partial FT-IR spectra of GM3 is shown in Figure 18.  

 
  

Figure 17. Partial 13C NMR and DEPT 135 spectra of GM3. 
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In the partial FT-IR spectrum, the bands of the C-O bond elongation of the epoxide 

group are represented at 802 and 829 cm-1.  

Ring opening of epoxides with nucleophilic reagents is a powerful tool for the 

preparation of various 1,2-disubstituted products. A simple protocol for the synthesis of β-

alkoxy alcohols is the ring opening of epoxides with an appropriate alcohol under acidic or 

basic conditions (Leitão et al., 2008). 

Leitão et al., (2008) showed that NH2NH2.H2SO4 can be used as an efficient catalyst for 

the synthesis of β-alkoxy alcohols at room temperature. Based on this information, we 

synthetized 8 compounds and their respective diastereoisomers, using 2 different primary 

alcohols: MeOH and EtOH as nucleophilic agents and solvents (Figures 19 to 22).  

Figure 18. Partial FT-IR spectrum of GM23. 
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A. Nucleophilic ring-opening of epoxides in the presence of MeOH 

Figure 22. Synthesis of GM17f1 and GM17f2 starting from GM4. 

 
 
 

B. Nucleophilic ring-opening of epoxides in the presence of EtOH 

Figure 19. Synthesis of GM10f1 and GM10f2 starting from GM3. 

Figure 20. Synthesis of GM16f1 and GM16f2 starting from GM4. 

Figure 21. Synthesis of GM13f1 and GM13f2 starting from GM3. 
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GM3 (or GM4) was dissolved in MeOH or EtOH and NH2NH2.H2SO4 was added into 

the mixture. Initially, we performed the reactions at room temperature as described by Leitão 

et al., but without successful results. Therefore, we decided to perform the reactions under 

reflux. The final products were then purified by flash chromatography. 

Partial NMR spectra (1H, 13C and DEPT 135) allows us to affirm that for each reaction, 

the result is a mixture of two diastereoisomers (1:1). Figures 23 to 28 show the spectra of 

the different compounds mentioned above. 

 

Figure 23. Partial 1H NMR spectrum of GM16f1. 
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Again, since GM10f1 and GM16f1 are enantiomers, we assume that 1H NMR, 13C NMR 

and DEPT 135 spectra of GM16f1 are similar to those of GM10f1, hence why we do not 

present the spectra for GM10f1.  

GM16f1 is characterized by the presence of a signal that appears as a multiplet (m) in 

1H NMR spectrum, between δ 3.19 – 3.24 ppm. This signal represents 2 hydrogens of the 

methylene group (-CH2OH). At δ 3.36 [3.37] ppm, we identified a singlet signal that 

corresponds to the 3 hydrogens of the methoxy group (-OCH3) and at δ 1.12 [1.13] ppm 

there is a singlet that represents 3 hydrogens from the methyl group (-CH3). The values in 

square brackets represent GM16f1’s diastereoisomer.  

In 13C NMR partial spectrum of GM16f1, we identified at δ 78.13 [78.13] ppm the 

carbon that is bonded to the alcohol group (-CH2OH). At δ 72.72 [72.88] ppm, it is 

represented the quaternary carbon (-C) and at δ 59.39 [59.43] ppm we identified the carbon 

of the methoxy group (-OCH3). Lastly, the signal at δ 20.83 [21.44] ppm corresponds to the 

methyl group attached to the quaternary carbon (-CH3). Again, the values in square brackets 

represent GM16f1’s diastereoisomer.  

 
  

Figure 24. Partial 13C NMR and DEPT 135 spectra of GM16f1. 
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Figure 25. Partial 1H NMR spectrum of GM10f2. 

Figure 26. Partial 13C NMR and DEPT 135 spectra of GM10f2. 
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GM10f2 is characterized by the presence of a multiplet (m) signal in 1H NMR spectrum, 

between δ 3.50 – 3.58 ppm. This signal represents the 2 hydrogens of the methylene group (-

CH2OH). At δ 3.22 [3.23] ppm, we identified a singlet signal that corresponds to the 3 

hydrogens of the methyl group attached to another oxygen atom (-OCH3) and at δ 1.10 [1.11] 

ppm there is a singlet that represents 3 hydrogens from the methyl group bonded to the 

quaternary carbon (-CH3). The values in square brackets represent GM10f2’s diastereoisomer.  

In 13C NMR partial spectrum of GM10f2, we identified at δ 77.70 [77.74] ppm the 

quaternary carbon (-C). At δ 64.13 [64.37] ppm, it is represented the carbon attached to the 

alcohol group (-CH2OH) and at δ 49.49 [49.57] ppm we identified the carbon attached to the 

oxygen atom (-OCH3). Lastly, the signal at δ 16.55 [16.72] ppm corresponds to the methyl 

group attached to the quaternary carbon (-CH3). Again, the values in square brackets 

represent GM10f2’s diastereoisomer.  

 Since GM10f2 and GM16f2 are enantiomers, we assume that 1H NMR, 13C NMR and 

DEPT 135 spectra of GM10f2 are similar to those of GM16f2, that is why we do not present 

the spectra for GM16f2. 

 

Figure 27. Partial 1H NMR spectrum of GM17f2. 
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As GM13f2 and GM17f2 are enantiomers, again we assume that 1H-NMR, 13C-NMR 

and DEPT-135 spectra of GM13f2 have to be similar to those of GM17f2, that is why we do 

not present any spectra for GM13f2.  

GM17f2 is characterized by the presence of a singlet (s) signal in 1H NMR spectrum, at 

δ 3.53 [3.53] ppm. This signal represents the methylene of the alcohol group (-OCH2OH). 

Between δ 3.38 – 3.44 ppm, we identified a multiplet (m) signal that corresponds to the 2 

hydrogens of the ether group (-OCH2CH3) and at δ 1.16 [1.17] ppm there is a triplet (t) signal, 

J = 6.0 Hz, that represents 3 hydrogens from the methyl group (-OCH2CH3). The values in 

square brackets represent GM17f2’s diastereoisomer.  

In 13C NMR partial spectrum of GM17f2, we identified at δ 77.60 [77.60] ppm the 

quaternary carbon (-C). At δ 64.62 [64.99] ppm, it is represented the carbon attached to the 

hydroxyl group (-CH2OH) and at δ 56.84 [56.92] ppm the secondary carbon of the ethoxy 

group (-OCH2CH3). Lastly, the signal at δ 17.10 [17.49] ppm corresponds to the methyl group 

attached to the quaternary carbon (-CH3) and the signal at δ 15.75 [16.04] ppm represents 

the methyl group of the ethoxy (-OCH2CH3). Again, the values in square brackets represent 

GM17f2’s diastereoisomer.  

Figure 28. Partial 13C NMR and DEPT 135 spectra of GM17f2. 
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We could not present any spectra for GM13f1 and GM17f1 because both products 

presented considerable amounts of impurities after analyzing both 1H NMR and 13C NMR 

spectra.  

Partial FT-IR spectra for GM16f1, GM10f2 and GM17f2 are shown below in Figures 29, 

30 and 31. 

 

Figure 30. Partial FT-IR spectrum of GM10f2. 

Figure 29. Partial FT-IR spectrum of GM16f1. 
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In the partial FT-IR spectrum of GM16f1 (Figure 29), we can identify the band of the 

elongation of the O-H bond at 3460 cm-1 and the elongation bands for C-O bonds at 1107 cm-

1. Figure 30 corresponds the partial FT-IR spectrum of GM10f2, were the band at 3454 cm-1 

represents the elongation of the O-H bond and the band at 1061 cm-1 represents the 

elongation bands for the C-O bonds. Finally, in the partial FT-IR spectrum of GM17f2 (Figure 

31), we can observe the band of the elongation of the O-H bond at 3459 cm-1 and the band 

that corresponds to the elongation of the C-O bonds is at 1061 cm-1. 

 

Figure 31. Partial FT-IR spectrum of GM17f2. 
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4.2 Pharmacological characterization of CIAD7 derivatives 

4.2.1.1 Cell Viability of GM2-treated Raw 264.7 macrophages 

Several concentrations of GM2 were first evaluated for cytotoxicity, in the absence or 

presence of LPS, using the resazurin reduction assay, which indirectly evaluates cell viability 

(Figure 32). Cytotoxicity was defined according to the standard for cytotoxicity assessment, 

ISO 10993-5, as the highest concentration that did not decrease cell viability by more than 

30% relative to cells treated with LPS alone. Results in Fig. 32A show that in LPS-treated cells, 

none of the GM2 concentrations tested had cytotoxic effects. Although results for 

concentrations of 600, 900 and 1200 µM showed statistically significant increases in metabolic 

activity, the effect is very small and biologically irrelevant, probably due to increased 

mitochondrial activity. Fig. 32B represents cell viability results in cells treated with the vehicle 

alone. The highest GM2 concentration tested, 2400 µM, caused a statistically significant 

reduction of cell viability, but the remaining cell viability is still higher than 70%, thus above the 

limit for cytotoxicity defined in the standard for cytotoxicity assessment. Therefore, it can be 

concluded that in concentrations up to 2400 µM, GM2 has no cytotoxic effects in Raw 264.7 

macrophages (Fig. 32B).  

. A B 

Figure 32. Effect of GM2 on cell viability. Raw 264.7 macrophage cultures were treated with the vehicle (0.1% 

DMSO) or the indicated concentrations of GM2, for 1 h before addition of 1 µg/mL LPS for 18 h. Control cells 

(V) were treated with the vehicle alone (0.1% DMSO) for the same period (A). Raw 264.7 macrophage cultures 

were treated with 1200 or 2400 µM GM2 for 18 h in the absence of LPS; control cells (V) were treated with the 

vehicle alone (0,1% DMSO) for the same period (B). Each column represents the mean ± SEM of three 

independent experiments. *p<0.05. **p<0.01 relative to LPS-treated cells (V+LPS). The dotted line represents 

the 70% cell viability mark that is accepted according to ISO 10993-5, as the lower limit for absence of 

cytotoxicity.  
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4.2.1.2 GM2 reduces LPS-induced NO production in Raw 264.7 macrophages 

Since all the concentrations tested were found to be non-cytotoxic, they were all 

evaluated for the ability to inhibit LPS-induced NO production, which was assessed using the 

Griess assay (Figure 33). GM2 did not affect basal NO production when added to macrophage 

cultures in the absence of LPS (Fig. 33A). and it significantly reduced LPS-induced NO 

production in a concentration-dependent manner (Fig. 33B).  

 

 

 

To evaluate GM2 potency, the concentration required to inhibit NO production by 

50% (IC50) was determined mathematically, as shown in Figure 34.  

The IC50 value obtained for GM2 is 1046 µM.  

 

Figure 33. Effect of GM2 on NO production. Raw 264.7 cells were treated with 1200 or 2400 µM GM2 for 

18 h in the absence of LPS; control cells (V) were treated with the vehicle alone (0,1% DMSO) for 18 h (A). 

Raw 264.7 macrophage cultures were treated with 1200 or 2400 µM GM2 for 18 h in the absence of LPS; 

control cells (V) were treated with the vehicle alone (0,1% DMSO) for the same period of time (B). Each 

column represents the mean ± SEM of three independent experiments. *p<0.05, **p<0.01, ***p<0.001 and 

****p<0.0001 relative to LPS-treated cells (V+LPS). ##p < 0.01 relative to all the concentrations tested.  
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4.2.1.3 GM2 shows a tendency to inhibit LPS-induced iNOS expression on Raw 

264.7 macrophages 

To further confirm the anti-inflammatory properties of this compound, iNOS protein 

levels were evaluated by Western Blotting analysis. Treatment with 1 μg/mL LPS significantly 

increased iNOS protein levels in Raw 264.7 macrophages relative to cells treated with the 

vehicle alone (Figure 35). Treatment with GM2 decreased iNOS protein levels relative to cells 

treated with LPS alone, but the differences did not reach statistical significance, probably due 

to interassay variability and the small number of assays performed. However, at its highest 

concentration (2400 µM), GM2 completely prevented the increase in iNOS protein levels 

induced by LPS and the difference reached statistical significance. 

 

Figure 34. Concentration-response curve relative to inhibition of LPS-induced NO production by GM2 

in the conditions depicted in Figure 33. 

 

 

Figure 35. GM2 decreases LPS-induced iNOS protein levels in Raw 264.7 macrophages. Cells were treated with 

1 μg/mL LPS for 18 h, following pre-treatment with the vehicle (0.1% DMSO) or GM2 concentrations indicated 

in the figure. Control cells (V) were treated with vehicle alone (0,1% DMSO) in the absence of LPS. Each column 

represents the mean ± SEM of three independent experiments. **p<0.01 relative to LPS-treated cells. 
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4.2.1.4 GM2 does not affect LPS-induced pro-IL-1β levels in Raw 264.7 

macrophages 

To further confirm anti-inflammatory properties of GM2, we evaluated its effect on 

the protein levels of pro-IL-1β, the unprocessed form of IL-1β. The results in Figure 36 show 

that the highest concentration nearly doubled pro-IL-1β levels, while the other concentrations 

had no detectable effect. However, the result did not reach statistical significance, probably 

due to the small number of assays that we could perform and the variability among them. 

Therefore, further studies must be performed to clearly identify the effect of GM2 on pro-IL-

1β protein levels. 

4.2.2.1 Cell viability of GM16f1-treated Raw 264.7 macrophages 

Various concentrations of GM16f1 were evaluated for cytotoxicity, in the absence or 

presence of LPS, using the resazurin reduction assay, as shown in Figure 37. Again, cytotoxicity 

was defined according to the standard for cytotoxicity assessment, ISO 10993-5, as the highest 

concentration that did not decrease cell viability by more than 30% relative to cells treated 

with LPS alone. Results in Fig. 37A show that in LPS-treated cells, none of the GM16f1 

concentrations tested had cytotoxic effects. Although results for the concentration of 300 µM

have shown to be statistically significant, the difference relative to LPS-treated cells is very 

small and has no biological relevance. Fig. 37B represents cell viability results in cells treated 

Figure 36. GM2 does not affect LPS-induced pro-IL-1β protein levels in Raw 264.7 macrophages. Cells were 

treated with 1 μg/mL LPS for 18 h, following pre-treatment with the vehicle (0,1% DMSO) or the concentrations 

of GM2 indicated. Control cells (V) were treated with vehicle alone (0,1% DMSO) in the absence of LPS. Each 

column represents the mean ± SEM of three independent experiments.  
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with the vehicle alone. The highest GM16f1 concentration (2400 µM) was found to be 

cytotoxic in the absence of LPS, as it decreased cell viability by more than 30%, even if the 

results were not considered statistically significant. Nonetheless, since the effect disappears in 

the presence of LPS, this result was not taken in consideration in further experiments.

4.2.2.2 GM16f1 reduces LPS-induced NO production in Raw 264.7 

macrophages  

At non-cytotoxic concentrations as observed in Figure 38, GM16f1 did not affect basal 

NO production when added to macrophage cultures in the absence of LPS (Fig. 38A), and it 

had a statistically significant effect on LPS-induced NO production. Results show that GM16f1 

is able to reduce LPS-induced NO production in a concentration-dependent manner (Fig. 38B). 

Figure 37. Effect of GM16f1 on cell viability. Raw 264.7 macrophage cultures were treated with the vehicle 

(0,1% DMSO) or the concentrations of GM16f1 indicated, for 1 h, before addition of 1 µg/mL LPS for 18 h. 

Control cells (V) were treated with the vehicle alone (0.1% DMSO) for the same period (A). Raw 264.7 

macrophage cultures were treated with 1200 and 2400 µM C22 for 18 h in the absence of LPS; control cells (V) 

were treated with the vehicle alone (0,1% DMSO) for the same period (B). Each column represents the mean ± 

SEM of three independent experiments. **p<0.01 relative to LPS-treated cells (V+LPS). The dotted line 

represents the 70% cell viability mark that is accepted, according to ISO 10993-5, as the lower limit for absence 

of cytotoxicity.  
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To evaluate GM16f1 potency, the concentration required to inhibit NO production by 

50% (IC50) was determined as shown in Figure 39.  

The IC50 value obtained for GM16f1 is 1010 µM. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 38. Effect of GM16f1 on NO production. Raw 264.7 macrophage cultures were treated with 1200 

and 2400 µM GM16f1 for 18 h in the absence of LPS; control cells (V) were treated with the vehicle alone 

(0,1% DMSO) for the same period (A). Raw 264.7 macrophage cultures were treated with the vehicle (0.1% 

DMSO) or the concentrations of GM16f1 indicated, for 1 h before addition of 1 µg/mL LPS, for 18 h. Control 

cells (V) were treated with the vehicle alone (0.1% DMSO) for the same period (B). Each column represents 

the mean ± SEM. *p<0.05, **p<0.01 and ***p<0.001 relative to LPS-treated cells (V+LPS). ##p<0.01 relative 

to all the concentrations tested.  

 

Figure 39. Concentration-response curve relative to inhibition of LPS-induced NO production by 

GM16f1 in the conditions depicted in Figure 38. 
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4.2.2.3 GM16f1 inhibits LPS-induced iNOS expression in Raw 264.7 

macrophages 

To further confirm the anti-inflammatory properties of GM16f1, iNOS protein levels 

were evaluated by Western Blotting analysis. Treatment with 1 μg/mL LPS significantly 

increased iNOS protein levels in Raw 264.7 macrophages relative to cells treated with the 

vehicle alone (Figure 40). Treatment with GM16f1 decreased iNOS protein levels relative to 

cells treated with LPS alone, and the reduction reached statistical significance at the two 

highest concentrations (1200 and 2400 µM). 

 

 

 
 
 
 

4.2.2.4 Effect of GM16f1 on LPS-induced pro-IL-1β levels in Raw 264.7 

macrophages 

As for GM2, the effect of GM16f1 on the protein levels of pro-IL-1β was evaluated. 

The results in Figure 41 show that GM2 at concentrations of 900 and 1200 µM greatly 

increased pro-IL-1β levels, but the results did not reach statistical significance, probably due 

to the small number of assays that we could perform and the variability among them. However, 

the highest concentration, 2400 µM, caused a slight decreased of pro-IL-1β protein levels that

Figure 40. GM16f1 decreases LPS-induced iNOS protein levels in Raw 264.7 macrophages. Cells were 

treated with 1 μg/mL LPS for 18 h, following pre-treatment with vehicle (0.1% DMSO) or the GM16f1 

concentrations indicated. Control cells (V) were treated with vehicle alone (0,1% DMSO) in the absence 

of LPS. Each column represents the mean ± SEM of three independent experiments. *p<0.05 and **p<0.01 

relative to LPS-treated cells. 
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due to very little variability among assays, reached statistical significance. Further studies will 

be required to fully assess the effect of GM16f1 on pro-IL-1β levels.

4.2.3.1 Cell viability of GM22-treated Raw 264.7 macrophages  

At a concentration of 2400 µM, GM22 was not completely miscible with the aqueous 

medium, due to its lipophilicity. Thus, this concentration was not tested. Results in Fig. 42A 

show that in LPS-treated cells, none of the GM22 concentrations tested is cytotoxic. The 

concentration of 600 µM caused a small, but statistically significant increase in resazurin 

reduction that has no biological significance. Results in Fig. 42B show that the highest 

concentration, 1200 µM, was cytotoxic in the absence of LPS as it reduced cell viability by 

more than 30%. 

 

Figure 41. Effect of GM16f1 on LPS-induced pro-IL-1β protein levels in Raw 264.7 macrophages. Cells were 

treated with 1 μg/mL LPS for 18 h, following pre-treatment with vehicle (0.1% DMSO) or the concentrations 

of GM16f1 indicated. Control cells (V) were treated with vehicle alone (0.1% DMSO) in the absence of LPS. 

Each column represents the mean ± SEM of three independent experiments. *p<0.05 relative to LPS-treated 

cells. 
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4.2.3.2 GM22 reduces LPS-induced NO production in Raw 264.7 macrophages 

 GM22 did not affect basal NO production when added to macrophage cultures in 

the absence of LPS (Fig. 43A), and it had a statistically significant effect on LPS-induced NO 

production. Results show that GM22 is able to reduce LPS-induced NO production in a 

concentration-dependent manner (Fig. 43B). 

 
 
 
 
 
 
 

Figure 42. Effect of GM22 on cell viability. Raw 264.7 macrophage cultures were treated with vehicle (0.1% 

DMSO) or the concentrations of GM22 indicated, for 1 h before addition of 1 µg/mL LPS for 18 h. Control 

cells (V) were treated with the vehicle alone (0.1% DMSO) for the same period (A). Raw 264.7 macrophage 

cultures were treated with 1200 and 2400 µM of GM22 for 18 h in the absence of LPS; control cells (V) 

were treated with the vehicle alone (0,1% DMSO) for the same period (B). Each column represents the 

mean ± SEM. *p<0.05 relative to LPS-treated cells (V+LPS). The dotted line represents the 70% cell viability 

mark that is accepted, according to ISO 10993-5.  

 

 



50 

 
 
 
 
 
 
 
 

To evaluate the compound’s potency, the concentration required to inhibit NO 

production by 50% (IC50) was determined as shown in Figure 44.  

The IC50 value obtained for GM22 is 436.5 µM. 

 
 
 
 
 
 
 
  

Figure 44. Concentration-response curve relative to inhibition of LPS-induced NO production by GM22 in 

the conditions depicted in Figure 43. 

 

 

Figure 43. Effect of GM22 on NO production. Raw 264.7 macrophage cultures were treated with 1200 µM 

GM22 for 18 h in the absence of LPS; control cells (V) were treated with the vehicle alone (0,1% DMSO) for 

the same period (A). Raw 264.7 macrophage cultures were treated with the vehicle (0.1% DMSO) or the 

concentrations in the figure for 1 h before addition of 1 µg/mL LPS for 18 h. Control cells (V) were treated 

with the vehicle alone (0.1% DMSO) for the same period (B). Each column represents the mean ± SEM of 

three independent experiments. *p<0.05 and ***p<0.001 relative to LPS-treated cells (V+LPS). #p<0.05 relative 

to all the concentrations tested.  
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4.2.3.3 GM22 shows a tendency to inhibit LPS-induced iNOS expression on 

Raw 264.7 macrophages 

Treatment with GM22 clearly decreased iNOS protein levels relative to cells treated 

with LPS alone, reaching statistical significance with the two highest concentrations (900 and 

1200 µM). The concentrations of 300 and 600 µM probably did not reach statistical significance 

due to interassay variability and the small number of assays we could perform. 

 
 
 
 

4.2.3.4 Effect of GM22 on LPS-induced pro-IL-1β protein levels in Raw 264.7 

macrophages 

As with GM2 and GM16f1, GM22 at concentrations of 600, 900 and 1200 µM shows a 

tendency to increase LPS-induced pro-IL-1β protein levels, but the differences did not reach 

statistical significance. This is probably due to the small number of assays that we could 

perform and the variability among them.  

Figure 45. GM22 decreases LPS-induced iNOS protein levels in Raw 264.7 macrophages. Cells were 

treated with 1 μg/mL LPS for 18 h, following pre-treatment with the vehicle (0.1% DMSO) or GM22 

concentrations indicated in the figure. Control cells (V) were treated with vehicle alone (0,1% DMSO) in 

the absence of LPS. Each column represents the mean ± SEM of three independent experiments. *p<0.05 

and **p<0.01 relative to LPS-treated cells. 
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4.2.4.1 Cell viability of GM23-treated Raw 264.7 macrophages 

Results in Fig. 47A show that in LPS-treated cells, none of the GM23 concentrations 

tested had cytotoxic effects. Although results for the concentration of 300 µM are statistically 

significant, the increase is very small and has no biological significance. Figure 47B represents 

cell viability results in cells treated with the test compound or the vehicle alone, in the absence 

of LPS. In these conditions, both GM23 concentrations tested in these conditions, 1200 and 

2400 µM, reduced cell viability with statistical significance. However, only the concentration 

of 2400 µM can be considered cytotoxic, as it reduced cell viability by more than 30%. Since 

in the presence of LPS cell viability was not affected, this concentration was not excluded in 

subsequent experiments. 

Figure 46. Effect of GM22 on LPS-induced pro-IL-1β protein levels in Raw 264.7 macrophages. Cells were 

treated with 1 μg/mL LPS for 18 h, following pre-treatment with the vehicle or the concentrations of GM22 

indicated. Control cells (V) were treated with vehicle alone (0,1% DMSO) in the absence of LPS. Each column 

represents the mean ± SEM.  
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4.2.4.2 GM23 reduces LPS-induced NO production in Raw 264.7 macrophages 

GM23 did not affect basal NO production when added to macrophage cultures in the 

absence of LPS (Fig. 48A), and it had a statistically significant effect on LPS-induced NO 

production. Results show that all concentrations of GM23 tested were able to significantly 

reduce LPS-induced NO production (Fig. 48B).  

 

Figure 47. Effect of GM23 on cell viability. Raw 264.7 macrophage cultures were treated with the vehicle 

(0.1% DMSO) or the concentrations of GM23 indicated, for 1 h before addition of 1 µg/mL LPS for 18 h. 

Control cells (V) were treated with the vehicle alone (0.1% DMSO) for the same period (A). Raw 264.7 

macrophage cultures were treated with 1200 and 2400 µM GM23 for 18 h in the absence of LPS; control cells 

(V) were treated with the vehicle alone (0,1% DMSO) for the same period (B). Each column represents the 

mean ± SEM of four independent experiments. *p<0.05 relative to LPS-treated cells (V+LPS). The dotted line 

represents the 70% cell viability mark that is accepted, according to ISO 10993-5.  
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4.2.4.3 To evaluate GM23 potency, the concentration required to inhibit NO 

production by 50% (IC50) was determined as shown in Figure 49.  

The IC50 value obtained for GM23 is 521.8 µM. 

 
 
 
 
 

 
 
 

Figure 48. Effect of GM23 on NO production. Raw 264.7 macrophage cultures were treated with 1200 and 

2400 µM GM23 for 18 h in the absence of LPS; control cells (V) were treated with the vehicle alone (0,1% 

DMSO) for the same period (A). Raw 264.7 macrophage cultures were treated with the vehicle or the 

concentrations of GM23 indicated for 1 h before addition of 1 µg/mL LPS for 18 h. Control cells (V) were 

treated with the vehicle alone (0.1% DMSO) for the same period (B). Each column represents the mean ± 

SEM of four independent experiments. *p<0.05, **p<0.001, ***p<0.001 and ****p<0.0001 relative to LPS-

treated cells (V+LPS). ##p<0.01 relative to all the concentrations tested.  
 

 

 

Figure 49. Concentration-response curve relative to inhibition of LPS-induced NO production by GM23 in 

the conditions depicted in Figure 48. 
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4.2.4.3 GM23 inhibits LPS-induced iNOS expression in Raw 264.7 macrophages 

Treatment with concentrations of 600, 900, 1200 and 2400 µM decreased iNOS 

protein levels relative to cells treated with LPS alone with statistical significance (Fig. 50). 

 
 
 
 
 

 
 
 
 
 
 
 

 

4.2.4.4 GM23 decreases LPS-induced pro-IL-1β levels in Raw 264.7 

macrophages 

The results in Figure 21 show that concentrations of 600 and 1200 µM increased pro-

IL-1β protein levels, but the differences did not reach statistical significance. However, the 

highest concentration of GM23, 2400 µM, was able to reduce pro-IL-1β levels with statistical 

significance. 

 

Figure 50. GM23 decreases LPS-induced iNOS protein levels in Raw 264.7 macrophages. Cells were treated 

with 1 μg/mL LPS for 18 h, following pre-treatment with GM23 concentrations indicated in the figure or the 

vehicle. Control cells (V) were treated with vehicle alone (0,1% DMSO) in the absence of LPS. Each column 

represents the mean ± SEM of three independent experiments. *p<0.05, **p<0.01, ***p<0.001 and 

****p<0.0001 relative to LPS-treated cells. 
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Figure 51. GM23 decreases LPS-induced pro-IL-1β protein levels in Raw 264.7 macrophages. Cells were 

treated with 1 μg/mL LPS for 18 h, following pre-treatment with the concentrations indicated or the vehicle. 

Control cells (V) were treated with vehicle alone (0,1% DMSO) in the absence of LPS. Each column represents 

the mean ± SEM of three independent experiments. *p<0.05 relative to LPS-treated cells. 
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5.1 Semi-synthesis of CIAD7 derivatives 

The main goal of this project was to design and synthetize new CIAD7 derivatives 

based on previous SAR studies, to obtain new compounds with improved pharmacokinetic 

and pharmacological properties. We were not able to biologically evaluate all the synthetized 

compounds, but the ones we did study – GM2, GM16f1, GM22 and GM23 – reached 

interesting results, as we will discuss below.  

Some of the reactions resulted in products with an unsatisfactory yield, meaning that 

an optimization of the reaction processes may be needed to achieve better outcomes. 

However, we unfortunately did not have the time to optimize the experimental procedures.  

As previously explained, since most common protocols for the synthesis of β-alkoxy 

alcohols is the ring opening of epoxides with a suitable alcohol under strongly acidic or basic 

conditions it is possible to perform the reaction under mild catalytic conditions (Leitão et al., 

2008). Therefore, we performed the nucleophilic ring-opening of the epoxide of GM3 or GM4 

using MeOH and EtOH, obtaining 8 different products and their respective diastereoisomers. 

After analyzing all the compounds’ 1H NMR and 13C NMR spectra and the obtained yields for 

each reaction, we were able to conclude that the ring-opening of the epoxide with MeOH had 

a better outcome than with EtOH. The ring-opening of the epoxide in the presence of EtOH 

generated products with considerable amounts of impurities that were not eliminated after 

flash chromatography.  

One of the disadvantages of nucleophilic ring-opening of racemic epoxides with 

alcohols is that this procedure generates four products – two pairs of diastereoisomers – as 

the epoxide is obtained by a non-stereoselective method. We were able to separate the two 

different pairs of compounds (regioisomers), but we could not separate the diastereoisomers 

from each other. In order to obtain these compounds separately, instead of converting the 

alkene bond to an (racemic) epoxide using m-CPBA, we should use a stereoselective method 

of epoxidation. The Sharpless asymmetric epoxidation has been highlighted in the scientific 

community since it not only forms chiral epoxides in high yields and enantioselectivity, but 

also produces diastereo- and regioselective epoxidation of alkenes in the presence of multiple 

sterically-similar alkenes, which is classified as substrate-directed reaction (Sawano and 

Yamamoto, 2020). The Sharpless method stereoselectively converts a prochiral allylic alcohol 

to an epoxide using titanium isopropoxide [Ti(OiPr)4], t-butyl hydroperoxide (TBHP), and an 

appropriate chiral diethyl tartrate (DET). This protocol includes some advantages over 
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stoichiometric reactions, in particular the easier isolation of the products and enhanced yields 

(Heravi, Lashaki and Poorahmad, 2015).  

In general, we were able to modify CIAD7’s structure based on previous SAR studies, 

in order to create new compounds that were submitted to a biological evaluation to further 

understand if their pharmacological characteristics were improved relatively to CIAD7.  

 

5.2 Pharmacological characterization of the anti-inflammatory properties 

of CIAD7 derivatives 

As previously stated in this project, a low-grade chronic inflammation state is common 

to a wide range of aging-related diseases and the currently available therapies only allow the 

management of inflammation-related symptoms for relatively short periods. Therefore, several 

efforts are being made to find and study new compounds with potential anti-inflammatory 

properties without the side effects related to the currently available drugs.  

The main goal of this work was to study the anti-inflammatory properties of the synthetized 

compounds, by evaluating their capacity to inhibit NO production and decrease the protein 

levels of iNOS and pro-IL-1β. 

First, viability assays were performed in Raw 264.7 cells to understand if the chosen 

concentrations of the tested compounds were safe and did not present cytotoxic effects. In 

fact, none of the concentrations tested for all the evaluated compounds had cytotoxic effects 

in the presence of LPS. However, in the absence of LPS, GM16f1, GM22 and GM23 showed a 

reduction in cell viability. However, these results may not necessarily indicate that these 

compounds are toxic in the absence of LPS as it has a significant effect on cell proliferation 

(Shi et al., 2016).  To further understand if the observed effects represent a reduction in cell 

proliferation and not cell toxicity, there are several experiments that could be performed. 5-

bromo-2'-deoxyuridine (BrDU) or 5-ethynyl-2’-deoxyuridine (EdU) cytometry assays are two 

great examples of well-established cell proliferation studying methods. BrdU is a thymidine 

analog that can incorporate into newly replicated DNA of S-phase cells and it has a high labeling 

efficiency. Usually, BrdU incorporation into DNA is detected by anti-BrdU antibodies 

(Diermeier-Daucher et al., 2009; Yin et al., 2014). On the other hand, EdU is another thymidine 

analogue that is incorporated into actively dividing cells, but is not detected by antibodies. This 

assay is based on a copper-catalyzed reaction that adds a fluorescent azide to an alkyne group 

on the DNA incorporated EdU (“click” reaction) (Alvarez et al., 2020; O’Hara et al., 2019). 

With any of these methods, it would be possible to confirm if GM16f1, GM22 and GM23 have 

cytotoxic effects in the absence of LPS or if there is a decrease in cell proliferation, resulting 



59 

in a decrease in metabolic activity by the resazurin assay. Another way to prove this is by 

quantifying dead cells by the Annexin V affinity assay or the Calcein-AM assay.  Annexin V is a 

member of a family of calcium-dependent phospholipid binding proteins that binds to 

phosphatidylserine (PS), which is an integral component of the plasma membrane that is 

confined to the inner leaflet of the membrane in healthy cells. PS translocates to the outer 

leaflet of the plasma membrane during apoptosis. Staining cells simultaneously with annexin V 

labeled with the fluorochrome fluorescein isothiocyanate (FITC) and the non-vital dye 

propidium iodide (PI) allows the discrimination among healthy cells, early apoptotic cells and 

late apoptotic or necrotic cells (Kupcho et al., 2019; Marder et al., 2014). On the other hand, 

Calcein-AM is a non-fluorescent lipophilic ester that easily penetrates cellular membranes and 

is rapidly cleaved by unspecific cytosolic esterases. Live cells are distinguished by the presence 

of ubiquitous intracellular esterase activity, determined by enzyme conversion of the non-

fluorescent cell permeant calcein-AM to the intensely green fluorescent calcein. To distinguish 

live (brightly stained by calcein) from dead cells, a membrane impermeable DNA dye, such as 

Ethidium homodimer or Propidium Iodide, which stain nucleic acids. by intercalating between 

the base pairs, is used as it only enters cells with membrane damages, producing a bright red 

fluorescence in dead cells (Decherchi, Cochard and Gauthier, 1997; Tenopoulou et al., 2007). 

The obtained results confirmed that all the tested compounds are able to reduce LPS-induced 

iNOS protein levels and NO production in a concentration-dependent manner. Nonetheless, 

these compounds show significant differences in potency relative to their ability to inhibit NO 

production. GM23 was found to be the most potent (IC50= 436.5 µM), followed by its 

enantiomer, GM22 (IC50= 521.8 µM) and with much lower potencies, by GM16f1 (IC50= 1010 

µM) and GM2 (IC50= 1046 µM). Further studies, namely real time RT-PCR, would be important 

to elucidate whether the decrease in iNOS protein levels is due to inhibition of transcription 

or of the enzyme activity. 

On the other hand, the effect of the test compounds in pro-IL-1β protein levels is 

ambiguous and no solid conclusions can be made. Indeed, in general, none of the test 

compounds had a statistically significant effect in the levels of this protein, but most of them, 

in at least one of the concentrations tested, caused an increase of those levels, while at the 

highest concentration tested, GM16f1 and GM23 showed a significant reduction. Increasing 

the number of experiments would help in determining whether or not the increase is relevant, 

but other mechanisms may be involved. As mentioned in the Introduction, pro-IL-1β is cleaved 

by the pro-inflammatory protease, caspase-1. The activation of caspase-1 occurs via 

recruitment to the inflammasome, and after the processing of pro-IL-1β by caspase-1, mature 

IL-1β is secreted from the cell (Lopez-Castejon and Brough, 2011). At any given time, pro-IL-
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1β levels in the cell depend on the synthesis and secretion of mature IL-1β after its partial 

hydrolysis in the inflammasome. The increase in pro-IL-1 β levels can be due to inhibition of 

the inflammasome and consequent intracellular accumulation.  Another explanation could be 

increased IL-1β gene expression induced by the test compounds, but this is improbable 

because the highest concentration of two test compounds significantly decreased those levels, 

suggesting the opposite effect, that is, inhibition of IL-1β gene expression. To elucidate these 

questions, the effects of the test compounds in the activity and protein levels of caspase-1 

could be assessed, along with IL-1β mRNA levels which would show if and how the test 

compounds affect gene transcription. To further confirm potential inhibition of the 

inflammasome, the levels of secreted mature IL-1β could also be measured in culture 

supernatants. 

The small amounts of compounds that we obtained only allowed us to generally 

perform 3 assays per each experiment. The small number of assays that we could perform 

was one of the main limitations of this project. Furthermore, the variability among 

experiments, particularly in the IL-1β protein levels assessed by Western Blot, lead us to 

inconclusive results. Increasing the number of assays per experiment would give more robust 

results and would allow us to understand better how the compounds modulate IL-1β 

production.
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Through the course of this project, we were able to synthetize several CIAD7 

derivatives and evaluate the anti-inflammatory properties of GM2, GM16f1, GM22 and GM23 

in an in vitro model of inflammation. The obtained results lead us to conclude that these 

compounds, besides not having significant cytotoxic effects in concentrations up to 2400 µM, 

have indeed some anti-inflammatory properties, as they clearly reduced the levels of a major 

pro-inflammatory protein, iNOS, induced by LPS. Furthermore, although unclear, the results 

obtained for another important inflammatory mediator, IL-1β, suggest that these compounds 

may inhibit its gene expression, as well as its processing and secretion by inhibiting the 

inflammasome or, directly, caspase-1.  

This study paves the way for further in vitro studies aimed at fully understanding the 

anti-inflammatory effects of these compounds and the underlying mechanisms and determining 

whether the chemical modifications of CIAD7 introduced have any advantages over the parent 

compound.  
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