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Abstract 

Macroalgae are an inexhaustible source of natural products that display a variety of 
pharmacological and biological activities. Among marine algae, the genus Cystoseira has proven to 
produce a wide variety of secondary metabolites that could benefit human health. However, studies 
on the natural products of the species Cystoseira usneoides and their respective biological 
properties are scarce. Hence, in this thesis, the extract of the brown alga Cystoseira usneoides and 
the natural products isolated therefrom were tested for antioxidant, anticancer, and anti-
inflammatory activities.  

The extract of C. usneoides exhibited potent radical-scavenging and inhibited the 
proliferation of HT-29 cancer cells by inducing apoptotis and G2/M arrest of the cell cycle. The 
extract was also found to inhibit the production of TNF-α in LPS-stimulated THP-1 human 
macrophages.  

The chemical study of the extract yielded six known algal meroterpenoids (AMTs): 
usneoidone Z (1), 11-hydroxy-1´-O-methylamentadione (2), cystomexicone B (3), cystomexicone A 
(4), 6-cis-amentadione-1′-methyl ether (5), and amentadione-1′-methyl ether (6), together with six 
new compounds: cystodiones A-F (7-12). 

AMTs 1-10 showed radical-scavenging activity in the ABTS assay. The most active were 
compounds 5, 6, 7, and 8, which exhibited antioxidant capacity equal or superior to that of the 
Trolox standard.  

AMTs 1-8 displayed significant cytotoxic activity against HT-29 human colon cancer cells, 
whereas lower cytotoxicity was observed against non-tumor cells CCD 841 CoN. Flow cytometry 
analysis revealed that AMTs 2, 3, and 5 caused apoptosis in HT-29 cells and compounds 1, 2, 3, 4, 
5, and 7 induced cell cycle arrest in G2/M phase. Furthermore, AMTs 1-8 also inhibited the 
migration and invasion of colon cancer cells. Interestingly, exposure of HT-29 cells to different 
concentrations of AMTs 1-8 correlated with the down-regulation of p-ERK, p-JNK, and p-AKT 
pathways. Regarding to the anticancer effect of AMTs 1-8 against A549 human lung cancer cells, 
the cytotoxicity of all compounds was selective for A549 cells when compared to the non-tumor 
MRC-5 cells. Moreover, treatment of A549 cancer cells with AMTs 1-8 also led to cell cycle arrest 
in S and G2/M phases.  

In the in vitro anti-inflammatory assays, AMTs 1-8 showed significant activity as inhibitors 
of the production of the pro-inflammatory mediators TNF-α, IL-1β, IL-6, COX-2 and iNOS in LPS-
stimulated THP-1 human macrophages. The in vivo study clearly demonstrated that the compound 
11-hydroxy-1´-O-methylamentadione (AMT-E, 2) significantly ameliorated DSS colitis (seven 
days), including the reduction of weight loss, disease activity, macroscopic and microscopic colonic 
injury. The levels of TNF-α, IL-1β, IL-10, COX-2 and iNOS expression were also significantly 
decreased in AMT-E treated DSS colitis.  

Taken together, these findings strengthen the potential of the natural products isolated from 
C. usneoides as leads for novel antioxidant, anticancer, and anti-inflammatory agents. 

Keywords: Cystoseira usneoides; marine natural products; meroterpenes; biological activities; 
antioxidant; anticancer; anti-inflammatory; cytokines; DSS-colitis 
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1. General introduction 

1.1. Algae as source of natural products  

Algae are a heterogeneous group of photoautotrophic organisms that have 

chlorophyll a as main photosynthetic pigment and lack a covering of sterile cells around 

their reproductive cells (Lee, 2008; Barsanti and Gualtieri, 2006a). Algae usually occur in 

aquatic habitats including fresh, marine, or brackish waters, although they can also grow in 

almost every terrestrial environment. 

Algae can be divided into two main groups, prokaryotes and eukaryotes (Lee, 2008; 

Bold and Wynne, 1985). According to their morphological, physiological, and chemical 

differences, prokaryotic algae are classified into two divisions, Cyanophyta and 

Prochlorophyta, while the eukaryotic algae are classified into nine divisions: Glaucophyta, 

Rhodophyta, Heterokontophyta, Haptophyta, Cryptophyta, Dinophyta, Euglenophyta, 

Chlorarachniophyta, and Chlorophyta (Graham and Wilcox, 2000; Van Den Hoek et al., 

1995).  

Nonetheless, a common and useful classification considers two groups of algae 

depending on their size: unicellular microscopic algae or microalgae (Figure 1.1.A) and 

multicellular macroscopic algae or macroalgae (Figure 1.1.B). 

  
 

Figure 1.1. (A) Microalgae species from the Mediterranean coast of Morocco (photos by Applied 
Algology-Mycology research group).  (B) Macroalgae species during low tide at the Mediterranean 

coast of Morocco (photo by H. Zbakh). 

Macroalgae, commonly known as seaweeds, are thallophytes with a wide variety of 

life cycles, fertilization processes, and cell morphologies (Charrier et al., 2017). They can 

A)	 B)	
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be subdivided into green algae (Chlorophyta, Figure 1.2.A), red algae (Rhodophyta, Figure 

1.2.B), and brown algae (Phaeophyta, Figure 1.2.C), according to the occurrence of specific 

photosynthetic pigments and the evolution of chloroplasts (Bold and Wynne, 1985). In their 

natural environment, macroalgae grow attached to rock substrates (epilithic) and on mud or 

sand (epipelic), although some species can also grow on other algae or plants (epiphytic) or 

on animals (epizoic) (Barsanti and Gualtieri, 2006a). 

 
 

Figure 1.2. Green alga Ulva lactuca (A), red alga Asparagopsis armata (B), and brown alga 
Cystoseira tamariscifolia (C), during low tide at the Mediterranean coast of Morocco (photos by H. 

Zbakh). 

Since ancient times to nowadays seaweeds have been used for food, in traditional 

medicine, and for diverse consumer products, due to their low content in lipids and high 

concentration in vitamins, minerals, proteins, dietary fiber, and polysaccharides (Wells et 

al., 2017; Pereira 2012; Barsanti and Gualtieri 2006b). 
In addition, macroalgae biosynthetize an array of secondary metabolites or natural 

products (NPs), which have been shown to possess health-promoting effects, including 

antioxidative (Roohinejad et al., 2017; Sonani et al., 2017), anti-inflammatory (Fernando et 

al., 2016; Lee et al., 2013), antimicrobial (Roohinejad et al., 2017; Shannon et al., 2016), 

and anticancer properties (Ruan et al., 2018; Hussain et al., 2016). 

The systematic research on NPs from macroalgae started in the sixties of the XX 

century (Faulkner, 1984) and since then macroalgae have accounted for more than 3000 

NPs, which represents about 13% of the compounds reported from marine organisms 

(Blunt et al., 2015, Leal et al., 2013). In particular, the review due to Leal et al. (2013) 

shows that most of the seaweed-derived NPs have been isolated from Rhodophyta (53% of 

the total in the period 1965-2012), followed by Pheophyta (39%), and Chlorophyta (8%). 

Moreover, from a structural point of view, most of the NPs obtained from macroalgae are 
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terpenoids, which in the period 1965-1912 represented 59% of the isolated macroalgal 

metabolites (Leal et al., 2013). 

1.2. Terpenoids: biosynthesis and classification 

Terpenoids are a large and structurally diverse group of NPs derived from five-

carbon (C5) isoprenoid units joined in a head to tail fashion (Dewick, 2002). The 

biochemically active isoprenoid units are isopentenyl diphosphate (IPP) and dimethylallyl 

diphosphate (DMAPP) (Figure 1.3). Based on the number of isoprenoid units that are 

combined, the terpenoids are classified into monoterpenes (2xC5), sesquiterpenes (3xC5), 

diterpenes (4xC5), sesterterpenes (5xC5), triterpenes (6xC5) and tetraterpenes (8xC5). 

Two biogenetic pathways have been described for the biosynthesis of the C5 

isoprenoid units, the mevalonate pathway, and the mevalonate-independent pathway via 

deoxyxylulose phosphate (Dewick, 2002).  

In the mevalonate pathway, which operates in eucaryotes, archaebacteria, and 

cytosols of higher plants (Kuzuyama et al., 2002), three molecules of acetyl-Coenzyme A 

condense successively to form mevalonic acid (Figure1.3). 

The nonmevalonate pathway, more recently discovered, is used by many eubacteria, 

green algae, and the chloroplasts of higher plants (Kuzuyama et al., 2002). The first step in 

this pathway is the formation of 1-deoxy-D-xylulose 5-phosphate (DXP) by the 

condensation of pyruvate and D-glyceraldehyde 3-phosphate, catalyzed by DXP synthase 

(Figure 1.3). 

Combination of one IPP molecule with one DMAPP molecule leads to geranyl 

diphosphate (GPP), which is the precursor of the monoterpenes (Figure 1.3). Successive 

addition of one IPP unit leads to farnesyl diphosphate (FPP), geranylgeranyl diphosphate 

(GGPP), and geranylfarnesyl diphosphate (GFPP), which are the precursors of the sesqui-, 

di-, and sesterterpenes, respectively. The link tail to tail of two FPP molecules yields 

squalene, precursor of the triterpenes, and the link tail to tail of two GGPP molecules yields 

phytoene, precursor of the carotenoids. 

An extraordinary variety of terpenoids arise from the precursors above mentioned 

through multistep sequences of transformations, which include the loss of the diphosphate 
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group, the introduction of a variety of functional groups (alcohol, ketone, carboxylic groups, 

etc) and very often cyclization reactions, although the C5 units are recognized in the carbon 

skeleton of the final terpenoid. In many instances rearrangement reactions also occur, 

leading to carbon skeletons where all the C5 units cannot be recognized or even some 

carbons have been lost. 

 
Figure 1.3. Biosynthesis of terpenoids and carotenoids. 
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On the other hand, there are many NPs of mixed biogenesis, which combine a 

terpenoid moiety with a portion derived through another biosynthetic route, such as the 

acetate or the shikimate pathways; these metabolites are usually referred as meroterpenoids 

(Dewick, 2002). 

Some examples of algal terpenoids possessing a regular isoprenoid carbon skeleton 

are shown in Figure 1.4-A. In these compounds the C5 isoprenoid units can be easily 

recognized. An example of a terpenoid with a rearranged skeleton where all the C5 units 

cannot be identified is shown in Figure 1.4-B. An example of a meroterpene consisting of a 

diterpenoid chain linked to an aromatic ring derived through the shikimate pathway is 

shown in Figure 1.4-C. 

	
Figure 1.4. Examples of algal terpenoids: (A) three terpenoids with regular isoprenoid carbon 

skeleton (the C5 isoprenoid units of the skeleton are depicted in red); (B) a diterpenoid with 
rearranged carbon skeleton; (C) a meroterpenoid.  

1.3. Antioxidant, antitumor, and anti-inflammatory properties of terpenoids and 
meroterpenoids isolated from macroalgae 

The evidences accumulated along the last two decades suggest that continued 

oxidative stress and oxidative damage can lead to chronic inflammation, which in turn is 

associated with increased risk of cancer development (Reuter et al., 2010; Federico et al., 

2007). 
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Oxidative stress is involved in the activation of multiple transcription factors, which 

lead to the differential expression of over 500 different genes, including those of growth 

factors, cytokines, chemokines, cell cycle regulatory molecules, and anti-inflammatory 

molecules (Imbesi et al., 2013; Reuter et al., 2010). These mediator players activate 

complex mechanisms and signalling pathways that characterise inflammation (Imbesi et al., 

2013; Federico et al., 2007; Reuter et al., 2010).  
Chronic inflammation contributes to tumour development at all three phases: 

initiation, promotion, and progression (Gonda et al., 2009). Thus, inflammatory cells 

liberate a number of reactive oxygen species leading to DNA damage and reducing DNA 

repair. On the other hand, inflammation also favors carcinogenesis by further recruiting 

inflammatory cells to the site of damage and activating and producing many mediators, 

including transcription factors (NF-κB, STAT-3, and HIF-1), chemokines (MCP-1, IL-8, 

CXC chemokine receptor), and cytokines (TNF-!, IL-6, IL-10, TGF-!). These promoters 

influence the whole tumour and impact on the different stages of tumorigenesis such as 

initiation, promotion, and progression, as well as on the angiogenesis (Landskron et al., 

2014; Multhoff et al., 2012; Reuter et al., 2010; Coussens and Werb, 2002). Therefore, 

discovering natural drugs that target redox-sensitive pathways, and transcription factors 

offers great promise for cancer prevention and therapy.  

In this context, bioactive terpenoids from marine algae could be used as scaffolds in 

the design of novel compounds for pharmacological purposes. Herein, we provide a 

comprehensive overview of the terpenoids and meroterpenoids with antioxidant, antitumor, 

and anti-inflammatory activities that have been described from macroalgae during the last 

twelve years (2007-2018). 

1.3.1. Antioxidant properties of terpenoids and meroterpenoids isolated from macroalgae 

Oxidative stress is defined as an imbalance between the production and 

accumulation of oxygen reactive species (ROS) in cells and tissues and the ability of a 

biological system to detoxify these reactive products (Pizzino et al., 2017). ROS are 

products of the normal cellular metabolism (Birben, et al., 2012) and play important 

physiological roles, especially in the maintenance of cell homeostasis and in the regulation 

of functions such as proliferation, signal transduction, gene expression, and activation of 
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receptors (Dröge, 2002). However, when the production of ROS exceeds the cellular 

protective mechanisms (oxidative stress) the excessive ROS levels can cause damage to 

DNA, lipids, and proteins (Wu et al., 2013). 

The cellular antioxidant defense mechanisms include enzymatic (enzymes that 

reduce lipid peroxidation) and non-enzymatic pathways (e.g. glutation, L-arginine, 

coenzyme Q) (Kumar and Pandey, 2015; López-Alarcón and Denicola, 2013). In addition 

to these endogenous antioxidants, a variety of exogenous antioxidants can be obtained 

through the diet and nutritional supplements (e.g. vitamins C and E, flavonoids, 

carotenoids) (Pizzino et al., 2017; Nimse and Palb, 2015).  

It has been noted that although marine macroalgae are exposed to intense light and 

oxygen concentrations they do no show oxidative damages in their structural components, 

suggesting the presence of metabolites with antioxidative defense functions (Jiménez-

Escrig et al., 2001). In this line, the extracts from a great variety of macroalgae and some 

pure compounds have been shown to possess significant antioxidant properties in different 

assays (Balboa et al., 2013; Farvin and Jacobsen, 2013). Herein we present the terpenoids 

and meroterpenoids with antioxidant activity described from macroalgae during the last 

twelve years (2007-2018). 

Most of the algal NPs with antioxidant properties are meroterpenoids containing a 

phenolic ring and have been isolated from brown algae. Thus, sargahydroquinoic acid (St-

1), sargaquinoic acid (St-2), sargachromenol (St-3) and sargathunbergol (St-4) (Figure 1.5) 

from Sargassum thunbergii showed the capacity to scavenge the DPPH free radical with 

ED50 values in the range 20-38 µg/mL, which were similar to those of the reference 

compounds BHT (42 µg/mL) and α-tocopherol (23 µg/mL) (Seo et al., 2007). 

Figure 1.5. Antioxidant meroterpenoids from the brown alga Sargassum thunbergii. 
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The chemical study of S. siliquastrum led to the isolation of twenty meroterpenoids 

most of which showed radical scavenging activity in the DPPH assay (EC50 values in the 

range 0.10-23.23 µg/mL) (Jung et al., 2008). The more active compounds were the known 

compounds sargahydroquinoic acid (St-1, Figure 1.5), isonahocol D1 (Ss-1) and isonahocol 

D2 (Ss-2) (Figure 1.6), together with the new compounds Ss-3, Ss-4, Ss-5, Ss-6, and Ss-7 

(Figure 1.6), that showed ED50 values in the range 0.10-0.33 µg/mL. Another study of this 

species yielded the new chromene mojabanchromanol (Ss-8, Figure 1.6), which at 500 

µg/mL caused 84.08% decrease of TBARS formation and 96.07% radical elimination in the 

DPPH assay (Cho et al., 2008). 

 
Figure 1.6. Antioxidant meroterpenoids from the brown algae	Sargassum siliquastrum (Ss-

1 to Ss-14) and Stypopodium zonale (Ss-15). 
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A third report on S. siliquastrum described six chromanols, the known 

sargachromanols D (Ss-9), E (Ss-10), and K (Ss-11) and the new Ss-12, Ss-13, and Ss-14 

(Figure 1.6) whose antioxidant effects were evaluated in different assays (Lee and Seo 

2011). At 5 µg/mL all the compounds decreased by more than 67.2% the intracellular 

generation of ROS in HT1080 cells and increased the intracellular level of glutathione. The 

most active was sargachromanol E (Ss-10), which caused 87.2% decrease of ROS levels. In 

addition, at 50 µg/mL all the compounds inhibited the lipid peroxidation, in particular the 

new compounds Ss-12 and Ss-13, which caused 43.2 and 38.9% inhibition, respectively. 

The related compound sargaol (Ss-15, Figure 1.6), isolated from Stypopodium zonale, was 

also described to scavenge 86% of the DPPH radical at 50 µg/mL (Penicooke et al., 2013). 

The meroterpenes cystoazorol A (Cab-1) and cystoazorol B (Cab-2) (Figure 1.7), 

isolated from Cystoseira abies-marina, were described to cause 29% and 30% scavenging 

of the DPPH radical at 500 µg/mL, respectively; these are values rather lower than those 

observed for the reference compounds quercetin and trolox (78% and 75 % scavenging, 

respectively) at the same concentration (Gouveia et al., 2013b). 

 
Figure 1.7. Antioxidant meroterpenoids isolated from the brown alga 

Cystoseira abies-marina. 

After a screening of the extracts of thirteen species of algae from the Aegean Sea 

using chemiluminescence (CL) and DPPH assays, the extract of the brown alga Taonia 

atomaria showed the highest levels of antioxidant activity (Nahas et al., 2007). The 

isolation guided by radical scavenging activity led to the obtention of six polycyclic 

meroditerpenes active in the CL and DPPH assays. The highest levels of activity were 

observed for taondiol (Ta-1) and isoepitaondiol (Ta-2) (Figure 1.8), which were more 

active than the reference compounds trolox and ascorbic acid. 
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Figure 1.8. Antioxidant meroditerpenoids isolated from the brown alga Taonia atomaria. 

A few terpenoids lacking a phenolic ring have ben reported to possess antioxidant 

activity, such as the diterpenes amijiol acetate (Dd-1) and amijiol-7,10-diacetate (Dd-2) 

(Figure 1.9) isolated from Dictyota dichotoma (Ayyad et al., 2011). These compounds, at 

100 µM, caused 83.35 and 80.24% inhibition of the ABTS radical, respectively, while 

another seven diterpenes isolated in the same study were less active. 

 
Figure 1.9. Antioxidant diterpenoids isolated from the brown alga Dictyota dichotoma. 

 The only example of antioxidant meroterpenoids from red algae has been found in 

the arylterpenoids isolated from Hypnea musciformis (Chakraborty et al., 2016). Among 

the isolated compounds, Hm-1 (Figure 1.10) showed IC50 = 25.05 µM in the DPPH assay 

and IC50 = 350.7 µM  in the Fe2+ ion chelating activity assay, which were similar to those 

shown by gallic acid (IC50 32.3 µM and 646.6 µM, respectively).  

 
Figure 1.10. Antioxidant arylterpenoid isolated from the red alga Hypnea musciformis. 
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1.3.2. Antitumor properties of terpenoids and meroterpenoids isolated from macroalgae 

Cancer is a worldwide leading cause of mortality (Torre et al., 2015). In spite of the 

therapeutic progresses achieved during the last decades, the fail of various types of 

chemotherapies, mainly because of side effects or drugs resistance, evidence the need and 

importance of the research for new molecules with anticancer activity, more effective and 

with smaller adverse effects. NPs have great potential in cancer therapy (Cragg and Pezzuto, 

2015; Cragg et al., 2009) as demonstrates the fact that 77% of the anti-cancer drugs 

(excluding biologicals and vaccines) developed from 1930 to 2014 are derived from NPs 

(Newman and Cragg, 2016). Therefore, the search for novel therapeutic agents from NPs 

that target specific, novel, or so far not investigated molecular signaling pathways, in order 

to arrest the growth and metastasis of tumors, continues to be an active research area 

(Harvey et al., 2015). Although historically plant-derived compounds have played a 

prominent role in the discovery and development of anticancer drugs (Seca and Pinto, 

2018), more recently marine NPs have also led to new anticancer drugs and several 

compounds are currently in clinical trials (Ruiz-Torres et al., 2017; Newman and Cragg, 

2014).  

Marine macroalgae have been shown to contain a variety of compounds with 

interesting antitumor properties, including polysaccharides, polyphenols, and small 

molecules such as terpenoids and steroids, among others (Murphy et al., 2014). Herein we 

present the structures and antitumor properties of the terpenoids and meroterpenoids 

reported from macroalgae during the last twelve years (2007-2018). The data are organized 

by class of algae, and within each class, by type of terpenoid, from mono- to triterpenes.  

Green algae 

During the last years only two sesquiterpenes from green algae, caulerpenyne (Cp-

1) from Caulerpa taxifolia and Uf-1 from Ulva fasciata (Figure 1.11), have been studied 

for their antitumor properties. In particular, research on the mechanism of action of 

caulerpenyne (Cp-1), which is cytotoxic for several cancer cell lines and inhibits the 

polymerization of tubulin, have shown that Cp-1 neither interact to colchicine, taxol, and 

vinka-alkaloid binding domain, not bind covalently to tubulin (Bourdron et al., 2009).  
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Figure 1.11. Cytotoxic terpenoids isolated from the green algae Caulerpa taxifolia (Ct-1), Ulva 
fasciata (Uf-1), and Tydemania expeditionis (Te-1 – Te-4) and cytotoxic derivatives prepared from 

Te-3 (Te-3a, Te-3b, Te-3c). 

More recently, the novel guaiane sesquiterpene Uf-1 has shown cytotoxic activity 

against triple-negative breast cancer (TNBC) cell line MDA MB-231 with IC50 =17.35 µM 

at 24h of treatment (Lakshmi et al., 2018). More advanced studies showed that Uf-1 was 

capable of inducing apoptosis and cell cycle arrest in G1 phase, via regulation of 

EGFR/PI3K/Akt pathway, in human TNBC cells (Lakshmi et al., 2018).  

On the other hand, four triterpenoid disulfates, one of lanostane-type (Te-1) and 

three of cycloartane type (Te-2, Te-3 and Te-4) isolated from Tydemania expeditionis, 

along with the monosulfated derivatives Te-3a and Te-3b, and the desulfated Te-3c 

prepared from Te-3 (Figure 1.11), were tested against a panel of 12 tumor cell lines 

including breast (BT-549, DU4475, MDA-MB-468, MDA-MB-231), colon (HCT116), 

lung (NCI-H446, SHP-77), prostate (PC-3, LnCaP-FGC, Du145), ovarian (A2780/DDPS), 

and leukemia (CCRF-CEM) cancer cell lines. Compounds Te-1, Te-2, Te-3, and Te-4 

displayed antitumor effects with mean IC50 values ranging from 31 to 38 µM, while the 

derivatives Te-3a, Te-3b and Te-3c were more active with IC50 values from 6.0 to 11 µM 

(Jiang et al., 2008).  
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Red algae 

Several species of red algae of the genus Plocamium, Laurencia, Sphaerococcus, 

and Callophycus have been source of a variety of terpenoids with interesting antitumor 

properties.  

Thus, the studies of three Plocamium species from the South African coasts have 

led to the isolation of several polyhalogenated monoterpenes cytotoxic against WHCO1 

esophageal cancer cell line (Antunes et al., 2011; Mann et al., 2007). The highest activity 

levels were observed for Pcr-1 (Figure 1.12) (IC50 = 7.5 µM), isolated from Plocamium 

corallorhiza (Mann et al., 2007), and for Ps-1, Ps-2, Ps-3, Ps-4, Ps-5, and Ps-6 (Figure 

1.12) (IC50 = 6.6–9.9 µM), isolated from P. suhrii, which were more active than the known 

anticancer drug cisplatin (IC50 = 13 µM) (Antunes et al., 2011). However, the 

monoterpenoids isolated from P. cornutum were less active and only compounds Pco-1, 

Pco-2, Pco-3 (Figure 1.12) displayed IC50 values lower than 50 µM (17.8, 47.3, and 40.2 

µM, respectively) (Antunes et al., 2011).  

Figure 1.12. Cytotoxic monoterpenoids from the red algae Plocamium corallorhiza (Pcr-1), P. 
suhrii (Ps-1 – Ps-7),	P. cornutum (Pco-1 – Pco-3), P. cartilagineum (Pca-1 ‒ Pca-3), and 

Pterocladiella capillacea (Ptc-1). 

Later, the monoterpene Pca-1, isolated from P. cartilagineum, together with Pca-2, 

Ps-4 and Pco-1, obtained by synthesis, were assayed against a panel of 9 cancer cell lines, 

including colon (H116), lung (H125), breast (MCF-7, MDA-MB-231), prostate (LNCap), 
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ovary (OVC-5), glioblastoma (U251N), pancreas (PANC-1), and liver (HepG2) tumors, 

and showed mean IC50 values of 1.3, 15, 3.6, and 1.3 µg/mL, respectively (Vogel et al., 

2014). More recently, the species P. cartilagineum has also yielded the monoterpene Pca-3, 

whose configuration at C-3 and C-4 has not been assigned. This compound was cytotoxic 

against the NCI-H460 tumor cell line with IC50= 4 µg/mL (Sabry et al., 2017).  

On the other hand, a chemical report on the red macroalga Pterocladiella capillacea 

described the new halogenated monoterpene mertensene (Ptc-1, Figure 1.12), which 

exhibited antiproliferative activity against the human colorectal adenocarcinoma cell lines 

HT29 and LS174 with IC50 of 56.50 µg/mL and 49.77 µg/mL, respectively. The compound 

Ptc-1 induced G2/M cell cycle arrest in HT29 cells through a negative modulation of 

phosphorylated forms of p53, retinoblastoma protein (Rb), cdc2, and chkp2, and also 

reduced the expression level of cyclin-dependent kinases CDK2 and CDK4. Moreover, the 

cytotoxicity of Ptc-1 was associated with the induction of cell apoptosis via modulation of 

ERK-1/-2, AKT and NF-κB pathways (Tarhouni-Jabberi et al., 2017). 

Red algae of the genus Laurencia have been a prolific source of bioactive sesqui-, 

di-, and triterpenoids. Among the sesquiterpenes, the new aromatic derivatives Lmi-1 and 

Lmi-2, along with the known metabolites dibromophenol (Lmi-3), (+)-α-

isobromocuparene (Lmi-4) and (-)-α-bromocuparene (Lmi-5) (Figure 1.13), isolated from 

Laurencia microcladia, exhibited weak inhibitory effect against the human cancer cell lines 

HT-29, MCF7, PC3, HeLa, and A431 with IC50 values in the range 75.2-287.3 µM (Kladi 

et al., 2007). On the other hand, the chamigrane-type sesquiterpene elatol (Lmi-6) (Figure 

1.13) also obtained from L. microcladia was reported to show significant cytotoxic activity 

against the murine cell lines B16F10 (melanoma) and L929 (fibroblast), and against the 

human tumor cell lines MCF7 (breast), DU145 (prostate), and A549 (lung), with IC50 

values between 1.1 and 10.1 µM (Campos et al., 2012). Further studies showed that elatol 

(Lmi-6) exhibited cytotoxicity against murine melanoma B16F10 cells (IC50 10.1 µM) by 

promoting the activation of the apoptotic process and inducing cell cycle arrest in the G1/S 

phase, via the reduction of cyclin-D1, cyclin-E, cyclin-A, cdk-4, cdk-2, and pRb expression. 

In an in vivo experiment, treatments of C57Bl6 mice bearing B16F10 cells with elatol 

(Lmi-6) at 3, 10, and 30-mg/kg p.o. caused 50.4, 41.3, and 61.2% reduction of tumor 
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volume, respectively. Higher reductions of 51.8, 61.4, and 71,4% were observed in 1, 3, 

and 10 mg/kg i.p.-treated mice, respectively, while cisplatin at 4 mg/kg (i.p.) caused 85% 

reduction of tumor growth (Campos et al., 2012).  

Figure 1.13. Cytotoxic sesquiterpenes from the red algae Laurencia microcladia (Lmi-1 –Lmi-6), 
L. tristicha (Lt-1), L. catarinensis (Lc-1  ̶  Lc-6), L. obtusa (Lo-1 – Lo-5), L. okamurai (Lok-1, 

Lok-2) and L. pacifica (Lp-1, Lp-2). 

Among the nineteen sesquiterpenoids isolated from Laurencia tristicha, the new 

compound debromoepiaplysinol (Lt-1, Figure 1.13) showed selective cytotoxicity against 

the HeLa cell line with IC50 of 15.5 µM (Sun et al., 2007).  

The in vitro cytotoxicity of seven new and seven known halogenated 

sesquiterpenoids isolated from Laurencia catarinensis was evaluated against the human 

tumor cell lines HT-29 (colon carcinoma), MCF7 (breast carcinoma), and A431 
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(epidermoid carcinoma) (Lhullier et al., 2010). The compounds (5S)-5-acetoxycaespitol 

(Lc-1), caespitol (Lc-2), acetylcaespitol (Lc-3), deoxycaespitol (Lc-4), deoxyisocaespitol 

(Lc-5), and caespitenone (Lc-6) (Figure 1.13) showed cytotoxicity against all the tested 

cells with IC50 values in the range 7.6-31.7 µM. The most active compound was Lc-2 with 

IC50 = 7.6, 9.7, and 10.2 µM for HT29, MCF7, and A431 cells, respectively (Lhullier et al., 

2010). 

A chemical study of the red alga Laurencia obtusa led to the isolation of three 

laurene-type sesquiterpenes among which 8,11-dihydro-12-hydroxyisolaurene (Lo-1) and 

isolaureldehyde (Lo-2) (Figure 1.13) showed in vitro antitumor activity in the Ehrlich 

ascites assay. Although Lo-1 and Lo-2 were reported to cause 79.9% and 83.2% cytotoxic 

activity, the concentration of compounds that cause those effects was not reported (Alarif et 

al., 2012). The related sesquiterpene alcohols, laur-2-ene-3,12-diol (Lo-3), and cuparene-

3,12-diol (Lo-4) (Figure 1.13), isolated from the same macroalga, were tested against KB, 

HepG2, and MCF-7 human tumor cell lines. The compound	 Lo-3 showed cytotoxicity 

towards KB and MCF-7 cells, with IC50 values of 0.171 and 0.184 µM respectively, while 

Lo-4 was only active against KB cell line with IC50 of 0.213 µM (Angawi et al., 2014). 

More recently L. obtusa has also yielded the trinor-sesquiterene teuhetenone (Lo-5, Figure 

1.13), which showed higher cytotoxic activity towards MCF-7 cells (IC50 = 22 µM) than 

the reference compound cisplatin (IC50 = 59 µM) (Alarif et al., 2016). 

Another two laurane-type sesquiterpenes, the new 3β-hydroperoxyaplysin (Lok-1) 

and the known 3β-hydroxyaplysin (Lok-2) (Figure 1.13), isolated from Laurencia 

okamurai, showed moderate cytotoxic activity against A-549 cell line with IC50 values of 

35.3 and 15.4 µM, respectively (Yu et al., 2014). 

The sesquiterpenes isoaplysin (Lp-1), and debromoaplysinol (Lp-2) (Figure 1.13), 

isolated from Laurencia pacifica, showed cytotoxicity against a panel of cancer-derived 

cell lines of human colon (HT29), glioblastoma (U87, SJ-G2), breast (MCF-7), ovarian 

(A2780), lung (H460), skin (A431), prostate (Du145), neuroblastoma (BE2-C), and 

pancreas (MIA), and also of murine glioblastoma (SMA), with average GI50 values of 23 

and 14 µM, respectively (Zaleta-Pinet et al., 2014). The higher levels of cytotoxicity were 

observed against Du145 cells (GI50 = 12 and 6.8 µM, respectively). In addition, both 
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compounds were less cytotoxic against normal breast cells MCF10A (GI50 = 46 and 28 µM, 

respectively). 

Algae of the genus Laurencia have also yielded several cytotoxic diterpenes. Thus, 

the compound kahukuen-10-ol (Lo-6) (Figure 1.14), isolated from L. obtusa, exhibited high 

cytotoxic activity against KB, HepG2, and MCF-7 cell lines with IC50 values of 0.1, 0.057 

and 0.054 µM, respectively, comparable to those of the reference compound 5-fluorouracil 

(Angawi et al., 2014).  

Figure 1.14. Cytotoxic diterpenoids isolated from the red algae Laurencia obtusa (Lo-6) and 
L. filiformis (Lf-1 and Lf-2). 

 On the other hand, two rare bromoditerpenes, parguerenes I (Lf-1) and II (Lf-2) 

isolated from the macroalga L. filiformis (Figure 1.14) have been described to exert 

inhibitory effects on the ABC transporter P-glycoprotein (P-gp) (Huang et al., 2013). The 

compounds Lf-1 and Lf-2 were non-cytotoxic, dose-dependent inhibitors of P-gp mediated 

drug efflux, and caused reversal of P-gp mediated vinblastine, doxorubicin, and paclitaxel 

resistence. The inhibitory properties span both to P-gp and multidrug resistant protein 1 

(MRP1), but do not extend to breast cancer resistance protein (BCRP). Moreover, 

parguerene II (Lf-2) (10 µM) was more potent than the reference compound verapamil (30 

µM). 

Several chemical investigations of the red alga Sphaerococcus coronopifolius have 

led to the isolation of an array of brominated diterpenes.	The study of S. cororonopifolius 

from the Greek coasts yielded sixteen diterpenes that were tested against four human 

apoptosis-resistant (U373, A549, SKMEL-28, OE21) and two human apoptosis-sensitive 

(PC-3, LoVo) cancer cell lines (Smyrniotopoulos et al., 2010). The compounds exhibited 

different levels of growth inhibitory activity with IC50 values in the range 2.8-97 µM. The 
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more potent compounds were sphaerococcenol A (Sc-1) (IC50 2.8-5.2 µM), 12S-

hydroxybromosphaerol (Sc-2) (IC50 9-22 µM), and 14R-hydroxy-13,14-

dihydrosphaerococcenol A (Sc-3) (IC50 5.3-21 µM) (Figure 1.15).  

	
Figure 1.15. Antitumor diterpenoids isolated from the red alga  

Sphaerococcus coronopifolius (Sc-1 – Sc-9).	

A reinvestigation of this species yielded another three new diterpenoids, 

spirosphaerol (Sc-4), anthrasphaerol (Sc-5) and corfusphaeroxide (Sc-6) (Figure 1.15) that 

were evaluated against one murine (B16F10) and five human cancer cell lines (A549, 

Hs683, U373, MCF-7, and SKMEL28) (Smyrniotopoulos et al., 2015). The three 

compounds displayed moderate antitumor activity against the cell lines B16F10, A549, 

Hs683, and MCF-7, (IC50 46 to 93 µM), and Sc-6 showed also slight effect against U373 

and SKMEL28. In the same line, the study on S. coronopifolius from the Portuguese coasts 

yielded the new sphaerodactylomelol (Sc-7), along with the four already reported sphaerane 

bromoditerpenes sphaerococenol (Sc-1), 12S-hydroxybromosphareol (Sc-2), 12R-

hydroxybromosphareol (Sc-8), and bromosphareol (Sc-9) (Figure 1.15) (Rodrigues et al., 
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2015). All compounds were reported to possess anti-proliferative activity on human 

hepatocellular cancer cell line Hep2G, at sub-toxic concentrations, with IC50 values in the 

range 42.9-291.4 µM. The highest activity was exhibited by Sc-1 (IC50 = 42.9 µM). 

Another interesting group of bioactive NPs from red algae are the meroditerpenes 

isolated from Callophycus serratus. The callophycoic acids A (Cs-1), B (Cs-2), C (Cs-3), 

and D (Cs-4) (Figure 1.16a) were reported to exhibit modest anticancer activity against a 

panel of eleven human tumor cell lines including breast, colon, lung, prostate and ovarian 

cancer cells, with IC50 values in the range 20.6-24.5 µM (Lane et al., 2007). 

Figure 1.16a. Cytotoxic meroditerpenes isolated from the red alga Callophycus serratus. 

Later, another seven metabolites isolated from the same species, the 

bromophycolides, J (Cs-5), K (Cs-6), and M-Q (Cs-7 ‒ Cs-11) (Figure 1.16b), were shown 

to be cytotoxic toward a panel of twelve cell lines with mean IC50 values in the range 2.0-

31 µM (Lane et al., 2009). The most potent compound was bromophycolide Q (Cs-11) 

(mean IC50 2.0 µM) while bromophycolide N (Cs-8) displayed some selectivity towards the 

breast tumor cell line DU4475 (mean IC50 = 8.6 µM, IC50 against DU4475 = 2.0 µM). The 

bromophycolides R (Cs-12), S (Cs-13), T (Cs-14), and U (Cs-15) (Figure 1.16b) were less 

active with mean IC50 values of 16-24 µM (Lin et al., 2010). The last study of this species 

has yieled another eight halogenated meroditerpenes, among which the known 

bromophycolides A (Cs-14) and T (Cs-15) and the new iodocallophycol E (Cs-16) (Figure 

1.16b) showed moderate cytotoxicity against the human leukemia HL-60 cell line, with 

IC50 values of 6.2, 6.0, and 5.1 µM (Woolner et al., 2018). 
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Figure 1.16b. Cytotoxic meroditerpenes isolated from the red alga Callophycus serratus. 

An unidentified species of the genus Callophycus yielded the new bromophycoic 

acids A (Csp-1), B (Csp-2), C (Csp-3) D (Csp-4) and E (Csp-5) (Figure 1.17) that were 

active against a panel of fourteen tumor cell lines including breast, colon, lung, prostate, 

and ovarian cancer cells, with average IC50 values in the range 6.8-36 µM (Teasdale et al., 

2012). Bromophycoic acid D (Csp-4) was the only compound to exhibit an average 
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cytotoxity in the low micromolar range (average IC50 6.8 µM) and proved to be most active 

against the human ovarian teratocarcinoma PA-1, with IC50 = 2.0 µM. 

Figure 1.17. Cytotoxic meroditerpenes isolated from the red alga Callophycus sp. 

All the triterpenes with cytotoxic properties isolated from red algae have been 

obtained from species of the genus Laurencia. Laurenmariannol (Lm-1) and (21α)-21-

hydroxythyrsiferol (Lm-2) (Figure 1.18) are polyether triterpenoids isolated from L. 

mariannensis that have exhibited cytotoxcity against P-388 tumor cells with IC50 values of 

0.6 and 6.6 µg/mL, respectively, while the positive control etoposide had IC50 = 0.30 

µg/mL (Ji et al., 2008).  

A series of three reports focused on Laurencia viridis have also described the 

isolation of squalene-derived polyethers. In particular, the new compounds 15-

dehydroxythyrsenol A (Lv-1), prethyrsenol A (Lv-2), 13-hydroxyprethyrsenol A (Lv-3), 

together with the known dehydrothyrsiferol (Lv-4), and the derivatives Lv-4a, Lv-4b, Lv-

4c, and Lv-4d, prepared from Lv-4 (Figure 1.18), showed cytotoxic effects against Jurkat 

(T-cell acute leukaemia), MM144 (multiple myeloma), HeLa (epitheloid cervix carcinoma), 

and CADO-ES-1 (Ewing’s sarcoma) cell lines (IC50 values in the range 3.10-35.5 µM) 

(Cen-Pacheco et al., 2011a). The Jurkat leukaemic cells were the more sensitive (IC50 = 4.6- 

13.5 µM) although the highest effectiveness was exhibited by Lv-3 against CADO-ES-1 

cell line (IC50 3.10 µM). Moreover, the cell cycle analysis performed with Lv-4 and Lv-4a 

showed that both compounds induced apoptosis in Jurkat cells. The related triterpenoids 

iubol (Lv-5), 22-hydroxy-15(28)-dehydrovenustatriol (Lv-6), 1,2-dehydropseudo-

dehydrothyrsiferol (Lv-7), and secodehydrothyrsiferol (Lv-8) (Figure 1.18) also displayed 
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Figure 1.18. Cytotoxic triterpenoids isolated from the red algae Laurencia mariannensis (Lm-1, 
Lm-2), L. viridis (Lv-1 – Lv-10) and L. catarinensis (Lc-7) together with the antitumor derivatives 

Lv-4a, Lv-4b, Lv-4c, and Lv-4d prepared from Lv-4. 
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significant cytotoxic activity against the same panel of cancer cell lines (IC50 = 2.0-30.0 

µM) (Cen-Pacheco et al., 2011b). The highest inhibitory activity was observed for Lv-5, 

Lv-6, and Lv-8 against the Jurkat leukemic cells, with IC50 values of 3.5, 2.0, and 2.5 µM, 

respectively. In addition, secodehydrothyrsiferol (Lv-8)	 at	 20 µM induced apoptosis, as 

inferred from the appearance of a sub-G1/G0 subpopulation in cell cycle analysis (Cen-

Pacheco et al., 2011b). The last report of this series on L. viridis described two new 

triterpenoids, saiyacenols A (Lv-9) and B (Lv-10) (Figure 1.18), that inhibited the 

proliferation of the same four cell lines with IC50 values in the range 2.7-27.5 µM. Again, 

the highest effect was observed against Jurkat cells and it was caused by compound Lv-10 

(IC50 2.7 µM) (Cen-Pacheco et al., 2012). 

	 On the other hand, studies on the mechanism of action of the cytotoxic triterpene 

thyrsiferol (Lc-7, Figure 1.18), obtained from Laurencia catarinensis, showed that Lc-7 at 

3µM caused 66% inibition of the hypoxia-inducible factor-1 (HIF-1) activation in T47D 

human breast cancer cells (Mahdi et al., 2011). Moreover, thyrsiferol suppressed 

mitocondrial respiration by selectively inhibiting ETC complex I (IC50 3 µM).	

Brown algae 

A few studies have investigated the antitumor potential of terpenoids and 

meroterpenoids isolated from brown macroalgae. The new bis-prenylated quinone Pc-1 

(Figure 1.19) isolated from Perithalia capillaris showed potent antiproliferative activity 

against HL60 cells with IC50 = 0.34 µM (Sansom et al., 2007), while the phenol Pc-2 and 

the new chromane Pc-3 were less active (IC50 = 2.7 and 5.6 µM, respectively).  The 

compounds Pc-1 and Pc-2 were later isolated from Sporochnus comosus together with four 

new bis-prenylated phenols, comosusols A (Sco-1), B (Sco-2), C (Sco-3), and D (Sco-4), 

and the bis-prenylated cyclohexenone comosone A (Sco-5) (Figure 1.19). All these 

compounds showed cytotoxic activity against the human tumor cell lines MCF-7 (breast), 

SF-268 (CNS), H460 (lung), and HT-29 (colon) with GI50 values ranging from 5 to 59 µM 

(Ovenden et al., 2011). The most active was comosusol B (Sco-2) with IC50 values of 5, 6, 

6, and 6 µM, respectively. 
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Figure 1.19. Antitumor bis-prenylated compounds isolated from the brown algae Perithalia 
capillaris (Pc-1 – Pc-3) and Sporochnus comosus (Pc-1, Pc-2, Sco-1 – Sco-5). 

The meroditerpenoids sargaquinoic acid (St-1), sargahydroquinoic acid (St-2), and 

sargaquinone (St-3) (Figure 1.20), isolated from the seaweed Sargassum fallax, proved to 

have moderate antitumor activity against P388 murine leukaemia cell line (IC50 = 17, 14 

and 32 µM, respectively) (Reddy and Urban 2009).  

The antitumor activity of the chromane sargachromanol E (Ss-10) (Figure 1.20) 

isolated from Sargassum siliquastrum was investigated against the HL-60 cell line (Heo et 

al., 2011). The meroditerpene Ss-10 inhibited tumor cell proliferation (68.9% at 25 µM) 

and induced apoptosis by mechanisms involving the downregulation of Bcl-xL, 

upregulation of Bax, activation of caspase-3, and cleavage of poly-ADP-ribose-polymerase 

(PARP). Another chemical investigation of S. siliquastrum yielded the known 

meroterpenoid sargachromanol J (Ss-16), and the new sargachromanols Q (Ss-17) and R 

(Ss-18) (Figure 1.20), which were described to inhibit the proliferation of a panel of human 

cancer cell lines including AGS (gastric adenocarcinoma), HT-29 (colon adenocarcinoma), 

HT-1080 (fibrosarcoma), and MCF-7 (breast adenocarcinoma) (Lee et al., 2014). 

Sargachromanol R (Ss-18) displayed the strongest activity against AGS, HT-29, and HT-

1080 cell lines with IC50 values of 6.5, 3.4, and 13.9 µg/mL, respectively. Sargachromanol 

J (Ss-16) was active againts the four cells (IC50 27.8-31.3 µg/mL) and sargachromanol Q 

(Ss-17) was only active against AGS (IC50 42.8 µg/mL). 
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Figure 1.20. Cytotoxic meroterpenoids isolated from the brown algae Sargassum fallax (St-1, St-2, 
and St-3), S. siliquastrum (Ss-10, Ss-16, Ss-17, and Ss-18) and S. macrocarpum (Sm-1). 

The meroterpenoid tuberatolide B (Sm-1), isolated from Sargassum macrocarpum, 

has been shown to inhibit tumor growth on breast, lung, colon, prostate, and cervical cancer 

cells by inducing apoptosis (Choi et al., 2017). Tuberatolide B (Sm-1)	 enhanced DNA 

damage by inducing γH2AX foci formation and the phosphorylation of DNA damage-

related proteins such as Chk2 and H2AX. Furthermore, Sm-1	selectively inhibited STAT3 

activation, which resulted in a reduction in cyclin D1, MMP-9, survivin, VEGF, and IL-6. 

The activity of six meroditerpenoids isolated from Stypopodium flabelliforme, 

epitaondiol (Sf-1), epitaondiol diacetate (Sf-2), epitaondiol monoacetate (Sf-3), stypotriol 

triacetate (Sf-4), 14-ketostypodiol diacetate (Sf-5), and stypodiol (Sf-6) (Figure 1.21) as 

inhibitors of cell proliferation was investigated against a panel of human (Caco-2 and SH-

SY5Y), and non-human (RBL-2H3 and RAW.267) cancer cell lines, as well as against the 

non-cancer cells V79 (Pereira et al., 2011). Overall, all compounds showed significant 

activity against the tested cancer cell lines. The compounds Sf-1, Sf-3 and Sf-4 displayed 

nearly 100% inhibition of RAW.267 cells at all the tested concentrations (12.5, 25, 50 µM 

for Sf-1 and Sf-4; 6.25, 12.5 and 25 µM for Sf-3). The cells SH-SY5Y were the most 

susceptible and except for Sf-2 all compounds caused nearly 100% inhibition of SH-SY5Y 
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at the highest tested dose (50 µM). For Caco-2 and RBL-2H3 cell lines, all meroterpenes 

showed a concentration-dependent inhibitory effect, with Sf-1, Sf-3, and Sf-4 being the 

most actives. On the other hand, Sf-2, Sf-5, and Sf-6 had no effect on the non-cancer cell 

line.  

A related compound, zonaquinone acetate (Sz-1) isolated from Stypopodium zonale 

(Figure 24) was described to inhibit the proliferation of MCF-7 (breast) and HT-29 (colon) 

cancer cell lines with IC50 values of 20.4 µM and 17.7 µM respectively, which were 

comparable to the values shown by the standard drugs tamoxifen (17.3 µM for MCF-7) and 

fluorouracil (29.3 µM for HT-29) (Penicooke et al., 2013); however, no activity was 

observed against HepG2 cells. 

	  
Figure 1.21. Cytotoxic terpenoids isolated from the brown algae Stypopodium flabelliforme (Sf-1 – 

Sf-6) and Stypopodium zonale (Sz-1). 

 The new meroditerpene cystoazorol A (Cab-1), along with the new 

meronorsesquiterpenes cystoazorones A (Cab-2) and B (Cab-3) (Figure 1.22), were 

isolated from Cystoseira abies-marina and tested for their cytotoxicity toward tumor 

(HeLa) and non-tumor (Vero) cell lines (Gouveia et al., 2013b). The most active compound 

was cystoazorol A (Cab-1), with IC50 values of 10.2 µg/mL against cells in lag phase and 

2.8 µg/mL against cells in log phase. The compound was less cytotoxic against non-tumor 

cells, displaying selectivity index (SI = IC50Vero/ IC50HeLa) of 1.64 and 2.46 for cells in 
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lag and log phases, respectively, which are superior to those shown by taxol (1.5 and 0.5, 

respectively). Cystoazorones Cab-2 and Cab-3 were also cytotoxic (IC50 of 14.3-32.0 

µg/mL) against HeLa, but less selective. 

More recently, the compound Ct-1 (Figure 1.22), a derivative of the 

meroditerpenoid cystoketal isolated from	Cystoseira tamariscifolia, was shown to display a 

significant inhibition of HepG2 cells (IC50 14.77 µg/ml), and less activity towards the non-

tumor S17 cells (IC50 48.46 µg/ml, SI = 3.28) (Vizetto-Duarte et al., 2016). 

Figure 1.22. Cytotoxic meroterpenoids from the brown algae  
Cystoseira abies-marina (Cab-1 – Cab-3) and C. tamariscifolia (Ct-1). 

Among the NPs isolated from Homoeostrichus formosana, the known compound 

methylfarnesylquinone (Hf-1) together with the new chromene derivative Hf-2 and its 

acetyl derivative Hf-2a (Figure 1.23),	displayed moderate to weak cytotoxicity on HepG2 

(liver), A549 (lung) and MDA-MB-231 (breast) cancer cell lines, with IC50 values ranging 

from 20.2 to 43.1 µM (Fang et al., 2015).		

Figure 1.23. Cytotoxic meroterpenoids isolated from the brown alga Homoeostrichus formosana. 
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Brown algae belonging to the family Dictyotaceae represent a rich source of 

biologically active terpenoids. The new compound 8α,11-dihydroxypachydictyol A (Dsp-

1), isolated from an unidentified species of the genus Dictyota (Figure 1.24) showed 

cytotoxicity against the lung cancer cell line NCI-H187 (IC50 5 µg/ml) and moderate 

activity against KB oral carcinoma cell (IC50 14.1 µg/ml) (Jongaramruong and Kongkam 

2007). The related compound pachydictyol A (Dd-1), isolated from Dictyota dichotoma, 

(Figure 1.24), exhibited cytotoxicity against a panel of 12 human tumor cell lines with a 

mean IC50 of 23.6 µM (Abou-El-Wafa et al., 2013). 

 
Figure 1.24. Cytotoxic diterpenoids isolated from the brown algae Dictyota sp. (Dsp-1) and 

Dictyota dichotoma (Dd-1). 

A chemical study of Stoechospermum marginatum led to the isolation of ten 

terpenoids that were used to synthetize seven derivatives. The compounds were assayed 

against the cancer cell lines U937 (histocytic lymphoma), THP-1 (acute monocytic 

leukemia), COLO205 (colon adenocarcinoma), B16F10 (mouse melanocarcinoma), and 

HL60 (promyelocytic leukemia). Although many compounds were active against most of 

the cell lines, the highest levels of cytotoxicity were described for the natural spatane 

diterpenoid Sma-1, and the semi synthetic derivatives Sma-1a, Sma-2a, and Sma-3a 

(Figure 1.25). These exibited cytotoxic activity against U937 cells with IC50 values of 5.60, 

8.80, 7.52, and 9.58 µg/mL, respectively, and against B16F10 with IC50 values of 3.45, 

4.11, 3.62 and 3.28 µg/mL, respectively, which are comparable to those of the standard 

drug etoposide (IC50 = 2.27 and 4.12 µg/mL against U937 and B16F10, respectively) 

(Chinnababu et al., 2015). The apoptotic mechanism of the compound Sma-1 was 

investigated on B16F10 cancer cells, and the results indicated that Sma-1 induced intrinsic 

mitochondrial apoptosis pathway by generating ROS and deregulating the PI3K/Akt 

pathway (Velatooru et al., 2016). In addition, the in vivo antitumor activity of Sma-1 was 
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investigated in C57BL/6 mice bearing B16F10 melanoma. At doses of 4, 10, and 15 mg/ kg 

(i.p.), the compound Sma-1 caused an effective inhibition of tumor volume (up to 70 %) in 

a dose dependent manner without apparent toxic effects. 

Figure 1.25. Cytotoxic diterpenoids isolated from the brown alga Stoechospermum marginatum 
(Sma-1, Sma-1a, Sma-2a, and Sma-3a). 

1.3.3. Anti-inflammatory properties of terpenoids and meroterpenoids isolated from 
macroalgae  

Inflammation is a natural defense mechanism against exogenous and endogenous 

noxious stimuli (Okin et al., 2012). The purpose of inflammation is to protect the area of 

injury or infection by eliminating the injurious agent and removing the damaged tissue 

components (Khanna et al., 2014). During the process of inflammation, different cell types 

are recruited, including macrophages, which are involved in the production of various pro- 

and anti-inflammatory mediators such as the cytokines (tumor necrosis factor TNF-α and 

interleukins), the enzymes cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase 

(iNOS), nitric oxide (NO), the prostaglandins and leukotrienes (Duque and Descoteaux 

2014). Thus, the inhibition of the pro-inflammatory mediators produced by macrophages is 

believed to be crucial for managing inflammatory diseases. Moreover, the expression of 

most of the pro-inflammatory cytokines is controlled through the activation of NF-κB; this 

is a key regulator of immune system and inflammatory response (Biswas, 2016), and 

therefore an important target for the discovery of anti-inflammatory compounds. 

Many investigations have been focused on the identification of anti-inflammatory 

agents from natural sources, mainly terrestrial plants, using a variety of in vitro and in vivo 

assays (Azab et al., 2016). These studies have also shown that many NPs with anti-

inflammatory effects, including terpenoids, target and modulate the NF-κB signaling 

pathway (Salminen et al., 2008; Folmer et al., 2008).  
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Macroalgae have been shown to possess different types of compounds with anti-

inflammatory potential, such as polyphenols, sulfated polysaccharides, terpenoids, and fatty 

acids (Fernando et al., 2016; Jaswir and Monsur 2011; Park et al., 2011). Herein we present 

the data reported during the last twelve years (2007-2018) on the terpenoids and 

meroterpenoids from macroalgae with anti-inflammatory properties, organized by class of 

algae and type of terpenoids.  

Red algae 

Among the five sesquiterpenoids isolated from Laurencia dendroidea, the new 

chamigrane-type sesquiterpenes debromoelatol (Ld-1) and obtusane (Ld-2), and the known 

compound Ld-3 (Figure 1.26) inhibited the release of the inflammatory mediator NO in 

LPS-stimulated RAW 264.7 macrophages (Machado et al., 2014). Debromoelatol Ld-2 

(IC50 44.9 µM) was more active than the reference compound LNMNA (L-

monomethylarginine, IC50 = 71.3 µM), while the IC50 values of Ld-1 and Ld-3 (69.1 µM 

and 74.6 µM, respectively) were similar to that of LNMMA. In addition, Ld-1 also caused 

moderate inhibition of the TNF-α levels (IC50 133.8 µM). 

Figure 1.26. Anti-inflammatory sesquiterpenoids isolated from the algae Laurencia dendroidea 
(Ld-1  ̶  Ld-3), L. snackeyi (Ls-1  ̶ Ls-4), and L. tristicha (Lt-1 ̶  Lt-4). 
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 The sesquiterpene 5β-hydroxypalisadin B (Ls-1), along with another three 

compounds, palisadin (Ls-2), palisol (Ls-3), and pacifigorgiol (Ls-4) (Figure 1.26) isolated 

from the red alga Laurencia snackeyi also showed in vitro inhibition of the NO production 

in LPS-stimulated RAW 264.7 cells (Wijesinghe et al., 2014a). The most active compound 

was Ls-1, which caused 90% inhibition at 50 µM (IC50=17.56 µM). This compound also 

decreased the LPS-induced release of prostaglandin E2 (PGE2, 37.4% inhibition at 50 µM), 

markedly suppressed the iNOS and COX-2 expression at 25-50 µM, and diminished the 

production of the pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 (38%, 52%, and 

30%, respectively, at 20 µM). Furthermore, the compound Ls-1 was tested for its anti-

inflammatory effect on zebrafish embryo in an in vivo model (Wijesinghe et al., 2014b). At 

concentrations in the range 0.25-1 µg/mL the compound showed protective effect against 

stress-induced ROS formation and effectively inhibited the LPS-induced nitric oxide (NO) 

production in zebrafish embryos. Moreover, all the protective effects observed for Ls-1 

were comparable to those caused by the reference compound dexamethasone (0.5 µg/mL).  

The chemical investigation of Laurencia tristicha led to the isolation of eighteen 

metabolites among which the new chamigrane sesquiterpene Lt-2 and the two known 

chamigranes Lt-3 and L-4 (Figure 1.26) caused at 20 µM significant inhibition of elastase 

release (33%, 60%, and 69%, respectively) (Chen et al., 2016). In addition, Lt-2 and Lt-3 

at 20 µM significantly inhibited the N-formylmethionyl-leucyl-phenylalanine /cytochalasin 

B (fMLP/CB)-induced superoxide anion (O2
−•) secretion (32% and 48%, respectively).  

Only one diterpene with anti-inflammatory properties has been described from red 

algae in the last years, neorogioltriol (Lg-1) (Figure 1.27) (Chatter et al., 2011).  

 
Figure 1.27. Anti-inflammatory diterpene from the red alga Laurencia glandulifera. 
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Neorogioltriol (Lg-1) was isolated from Laurencia glandulifera and showed anti-

inflammatory effects in vivo and in vitro. In the carregeenan-induced rat edema model, the 

administration of 1 mg/kg of Lg-1 produced about 28% reduction of edema after the first 

hour and a maximum redution of 58% after three hours. In vitro assays showed that Lg-1 at 

concentrations of 0.125 to 62.5 µM inhibited the production of TNF-α in LPS-stimulated 

RAW264.7 cells. Lg-1 also decreased the release of NO and the expression of COX-2, 

although the anti-inflammatory effects decreased and even were lost at concentrations 

higher than 25 µM. Lg-1 was also shown to inhibit the NF-κB activation, and the loss of 

anti-inflammatory efficacy at high doses was sugested to be  independent of NF-κB 

inhibition.  

Brown algae 

The new bis-prenylated quinone Pc-1 and the known bis-prenylated phenol Pc-2 

(Figure 1.28) isolated from Perithalia capillaris were described to inhibit the superoxide 

production by human neutrophils with IC50 values of 2.1 µM and 29 µM, respectively 

(Sansom et al., 2007). 

Figure 1.28. Anti-inflammatory meroterpenoids isolated from the brown algae Perithalia capillaris 
(Pc-1, Pc-2), Homoeostrichus formosana (Hf-1), Sargassum siliquastrum (St-2 and Ss-19) and 

Sargassum micracanthum (St-3). 
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The related compound methylfarnesylquinone (Hf-1) isolated from the brown alga 

Homoeostrichus formosana (Figure 1.28), was found to inhibit the production of 

FMLP/CB-induced superoxide anion (IC50 0.22 µg/mL) and the elastase release (IC50 0.48 

µg/mL) in human neutrophils (Fang et al., 2015).  

On the other hand, sargaquinoic acid (St-2) (Figure 1.28) isolated from Sargassum 

siliquastrum was described to inhibit in a dose dependent manner (6.5, 12.5, 25 µM) the 

production of NO and, at 25 µM, the expression of iNOS in LPS-stimulated RAW264.7 

macrophages (Kang et al., 2013). In addition, sargaquinoic acid (St-2) inhibited the 

degradation of IκB and the subsequent nuclear translocation of NF-κB, and also influenced 

the LPS-stimuated phosphorylation of JNK 1/2 MAPK.  

Similar results have been described for the meroterpenoids sargachromanol G (Ss-

19) and sargachromenol (St-3) (Figure 1.28), isolated from Sargassum siliquastrum and S. 

micracanthum, respectively. Both compounds were shown to inhibit in a dose dependent 

manner (10, 20, and 40 µM for Ss-19 and 12.5, 25, 50, 100 µM for St-3) the production of 

various inflammatory mediators including, NO, iNOS, PGE 2, and COX-2 in LPS-

stimulated RAW 264.7 cells (Yoon et al., 2012; Yang et al., 2013). Sargachromanol G (Ss-

19) was also demonstrated to inhibit the pro-inflammatory cytokines TNF-α, IL-1β, and IL-

6 (Yoon et al., 2012). The anti-inflammatory properties of Ss-19 and St-3 were mediated 

through the inhibition of NF-κB (Yoon et al., 2012, Yang et al., 2013). For Ss-19, the 

down-regulation of MAPK (ERK1/2, JNK, and p38) signalling pathway was also 

demonstrated (Yoon et al., 2012). 

 Finally, two studies on the bioactive metabolites of Dictyota plectens led to the 

identification of four anti-inflammatory diterpenoids: dictyol E (Dp-1), 4β-

hydroxydictyodial A (Dp-2), 4-hydroxydictyolactone (Dp-3), and 4α-hydroxypachylactone 

(Dp-4) (Figure 1.29) (Zhao et al., 2015; Cheng et al., 2014). At 10 µM, these compounds 

caused 90%, 86%, 76% and 53.2% inhibition, respectively, of LPS-induced NO production 

in mouse peritoneal macrophages (PEMФ). 
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Figure 1.29. Anti-inflammatory diterpenoids isolated from the brown alga Dictyota plectens. 

1.4. Algae of the genus Cystoseira 

Cystoseira C. Agargh is a polyphyletic genus of marine algae of the Sargassaceae 

family, which currently encompasses 46 species worldwide distributed through subtropical 

waters (Guiry, 2019). Most of the species live in the Mediterranean Sea and the 

northeastern Atlantic coasts, from Cape Verde to the British Islands (Draisma et al., 2010; 

Amico, 1995).  

The chemical research of algae of the genus Cystoseira, which was especially 

intense during the period between 1980 and 1995, has led to the isolation and structural 

characterization of an array of novel NPs of meroterpenoid type (Gouveia et al., 2013a; 

Amico et al., 1995; Valls and Piovetti, 1995).  

Despite the high number and structural variety of the meroterpenoids obtained from 

Cystoseira algae, the biological properties of these metabolites have been scarcely 

explored. This can be in part explained because at the years when most the compounds 

were isolated there were not bioactivity assays easily accessible. Nonetheless, a few 

meroterpenoids from algae of the genus Cystoseira have been shown to possess in vitro 

cytotoxic activity, either by using the fertilized sea-urchin eggs assay (Mesguiche et al., 

1997; Fadli et al., 1991; Francisco et al., 1986) or by using tumor cell lines (Gouveia et al., 

2013a; Norte et al., 1993; Urones et al., 1992a; Urones et al., 1992b). Another few 

compounds have also been shown to possess antimicrobial (Bennamara et al., 1999; Amico 

et al., 1988), antiviral (Urones et al., 1992a and 1992b), or antioxidant (Fisch et al., 2003; 

Foti et al., 1994) activities. These data suggest that the meroterpenoids produced by 

Cystoseira algae possess a great biomedical potential that remains almost unexplored.  
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The coasts of the Gibraltar Strait harbour several species of algae of the genus 

Cystoseira, among which C. usneoides (Figure 1.30) is one of the most abundant species.  

 

Figure 1.30. Brown alga Cystoseira usneoides. 

 A survey of the literature revealed that the only data on the NPs of the species C. 

usneoides were published in 1992 and refer to a study of specimens collected at the 

Portuguese coasts, near Sesimbra (Setubal district, Lisbon area) (Urones et al., 1992a, 

1992b). The chemical study of those specimens yielded four meroditerpenoids which 

exhibited cytotoxicity against several tumor cell lines (P388, A-549, HeLa, B16 or L-1210) 

and activity in preliminary antiviral assays. 

The alga C. usneoides that grows in the Gibraltar Strait could be expected to contain 

the same four meroterpenoids above mentioned, although it should not be descarded the 

possible presence of other related compounds, due to intraspecific variations in the natural 

product profile of the alga, and of minor metabolites not previously isolated. Therefore, the 

alga C. usenoides from the Gibraltar Strait could be an interesting source of NPs of 

meroterpenoid type for performing more advanced studies on the antitumor activity of this 

class of algal metabolites and for investigating their antioxidant and anti-inflammatory 

properties, which remain almost unexplored. Moreover, the study of these properties could 

contribute to the understanding of both the relationship between the three processes 

oxidative stress/inflammation/cancer, and the benefice of the pharmacological control of 

the oxidative stress and the inflammatory processes to reduce cancer development. 
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2. Objectives 

While acute inflammatory response has therapeutic benefits, chronic inflammation 

is associated with multitude of diseases. In this line, several epidemiological, pre-clinical, 

and clinical studies over the last years have established the close relationship between the 

process of chronic inflammation and cancer.  

The search for lead compounds from natural resources continues to be an important 

strategy for the discovery and development of new drugs. The marine environment is a rich 

source of functional compounds and promising bioactive molecules for a wide range of 

applications, including not only new therapeutics, but also cosmetics, and biotechnology. 

Among marine organisms, macroalgae have proven to be a valuable source of structurally 

diverse compounds exhibiting a variety of biological activities, including antioxidant, 

antitumor, and anti-inflammatory properties. Therefore, the search for novel therapeutic 

agents from macroalgae has aroused great interest among scientific groups and 

pharmaceutical industrialists. In this context, brown algae of the genus Cystoseira are 

characterized by containing a variety of natural products of the class of the meroterpenoids 

(AMTs) whose pharmacological potential has been scarcely explored.  

This thesis is aimed to study the antioxidant, anticancer, and anti-inflammatory 

activities of the AMTs produced by the brown alga Cystoseira usneoides, by using in vitro 

and in vivo assays of inflammation and cancer. 

This main objective comprises the following specific objectives: 

1. To extract specimens of the brown alga C. usneoides collected in the Moroccan 

coasts of the Gibraltar Strait and to evaluate the antioxidant, anticancer, and anti-

inflammatory activities of the extract. 

2. To isolate the natural products of the class of AMTs from the algal extract. 

3. To evaluate the antioxidant properties of the isolated AMTs by using radical 

scavenging assays. 
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4. To study the anticancer properties of the AMTs using several approaches, including 

the analysis of cytotoxic effects on selected cancer cell lines, apoptosis, cell cycle 

analysis, and cell migration and invasion abilities. 

5. To investigate the anticancer mechanisms through the study of ERK 1/2, JNK, and 

AKT signaling pathways. 

6. To determine the in vitro anti-inflammatory properties of the isolated AMTs 

through the analysis of the levels of pro-inflammatory cytokines (TNF-α, IL-1ß and 

IL-6) and to determine the effect of these AMTs on important molecular targets for 

the prevention of inflammatory diseases, including COX-2 and iNOS expressions. 

7. To investigate the in vivo anti-inflammatory effects of selected bioactive AMTs in 

an animal model of acute intestinal inflammation by dextran sodium sulphate 

(DSS)-induced colitis. 
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3. Preliminary biological evaluation of the extract of Cystoseira usneoides 

In order to achieve the first objective of this thesis, the first part of the research was 

focused on the evaluation of the biological properties of the extract obtained from 

specimens of the brown alga Cystoseira usneoides, in particular its antioxidant, anticancer, 

and anti-inflammatory properties.   

Abstract: The aim of this study was to evaluate the antioxidant, antitumor, and anti-

inflammatory properties of the acetone/methanol extract of the marine alga Cystoseira 

usneoides collected in the Gibraltar Strait. The extract was tested by the ABTS+• radical 

scavenging assay to assess its antioxidant activity. The anticancer effect of the extract on 

human colon cancer cells HT-29 was investigated via cell viability, apoptosis assay, and 

cell cycle analysis. The anti-inflammatory activity was investigated by TNF-α inhibition 

assay in LPS-stimulated THP-1 differentiated macrophages from monocytic cell line. We 

found that the acetone/methanol extract of C. usneoides showed significant radical-

scavenging activity (IC50 = 94.05 µg/mL). The extract of C. usneoides also inhibited the 

growth of HT-29 cells in a dose- and time-dependent manner (IC50 = 25.28 µg/mL at 72 h). 

Moreover, after treatment of HT-29 cells with the extract, the apoptotic rate was 

significantly increased, and a time- and concentration-dependent G2/M arrest of the cell 

cycle was induced. Finally, the production of TNF-α by THP-1 culture treated with LPS 

was found to be significantly inhibited by C. usneoides extract. These results support the 

significant pharmacological potential of the macroalga C. usneoides. 

3.1. Introduction 

Seaweeds are a potential renewable marine resource for obtaining compounds with 

interesting biomedical properties and functional ingredients to improve human health 

(Wells et al., 2017, Murphy et al., 2014). In this regard, the screening of the biological 

properties of extracts from marine algae is a common approach to detect the presence of 

bioactive compounds and to select the most interesting species for further studies or 

developments (Vizetto-Duarte et al., 2016; Nahas et al., 2007). 
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It is well recognized that antioxidants may have positive effects on human health, 

since they can protect the human body against reactive oxygen species (ROS) damage. 

ROS cause oxidative damage to lipids, proteins, and DNA, eventually leading to several 

human diseases including cancer (Caputo et al., 2012; Halliwell, 2007). Cancer constitutes 

a main cause of mortality in the world, according to the World Health Organization (WHO, 

2018), with colon cancer being one of the most malignant types of neoplasia (Shen et al., 

2019). Furthermore, chronic inflammation predisposes tissues to various types of cancer 

and the development of powerful anti-inflammatory agents may play a role in cancer 

prevention or treatment (Todoric et al., 2016). Besides, the inhibition of inflammatory 

mediators produced by macrophages is believed to be crucial for managing inflammatory 

diseases (Dinarello, 2010). 

In this context, research efforts on the biological properties of algal extracts have 

experienced great increase in recent years and have revealed the promising potential of an 

array of algal species to provide bioactive compounds with various activities, including 

antioxidant (Agregán et al., 2018; Namvar et al., 2018; Neethu et al., 2017), anticancer 

(Alves et al., 2018; Namvar et al., 2018; Neethu et al., 2017) and anti-inflammatory 

properties (Song et al., 2018; Shih et al., 2017). 

The present study was aimed to assess the antioxidative, anticancer, and anti-

inflammatory capabilities of the extract of the brown alga Cystoseira usneoides settled 

along the Mediterranean coasts of Morocco. Herein, we describe the radical scavenging 

activity of the acetone/methanol extract of C. usneoides, its cytotoxicity against HT29 

colon cancer cells and its effects on cell cycle, as well as its inhibitory activity on the 

production of the proinflammatory cytokine TNF-α in THP-1 macrophages.  

3.2. Material and Methods 

3.2.1. Chemicals 

Ethanol, acetone, and methanol were obtained from Merck (Darmstadt, Germany). 

2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), 6-

hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) and propidium iodide were 

purchased from Sigma Chemical Co. (St. Louis, MO, USA). Potassium persulfate was 
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procured from Fluka Chemical Co. (Buchs, Swizerland) and sulforhodamine-B (SRB) was 

purchased from Sigma-Aldrich (Taufkirchen, Germany). The RNase A for cell cycle 

analysis was obtained from AppliChem and the Annexin-FITC kit for apoptosis from 

eBioscience. 

3.2.2. Collection of the alga 

Samples of Cystoseira usneoides (class Phaeophyceae, order Fucales, family 

Sargassaceae) were collected by hand (1−4 m depth) in the Mediterranean coast of 

Morocco, at the Gibraltar Strait (35°50′52.58′′ N, 5°33′39.04′′ W). Voucher specimens 

(HTET.Phyc 545) were deposited in the herbarium of the Laboratory of Applied Algology-

Mycology, Department of Biology, Faculty of Sciences at Abdelmalek Essaadi University, 

93002 Tetouan, Morocco. 

After collection, epiphytes were removed from the alga and the samples were rinsed 

with sterile seawater to remove associated debris and necrotic parts. In the laboratory, the 

samples were shade dried, cut into small pieces and powdered in a mixer grinder (IKA R 

A11 basic, Sigma-Aldrich). The obtained powder was cold-preserved (−12 °C). 

3.2.3. Extraction of the alga 

The powder of C. usneoides (150 g) previously prepared was extracted with 

acetone/methanol (1:1, 2L). After filtration, the solution was evaporated under reduced 

pressure to obtain an extract that was weighed (4.63 g) and stored in sealed vials in a 

freezer (-20 ºC) until being used.  

3.2.4. Antioxidant assay 

 The antioxidant activity of the extract was determined by using the ABTS+• free 

radical decolorization assay (Re et al., 1999). ABTS (2.9 mM) solution was mixed with 

potassium persulfate (final concentration of 0.98 mM) and kept overnight in dark for 

generation of the blue colored ABTS+• radical. The solution was then diluted with ethanol 

to obtain the absorbance of 0.7 ± 0.2 units at 734 nm. To determine the radical scavenging 

activity, 100 µL of ABTS+• solution was mixed with 90 µL of ethanol and 10 µL of 

different solutions of seaweed extract in ethanol (final concentrations of 3.125, 6.25, 12.5, 

25, 50, 100, 150 and 200 µg/mL). Controls were prepared by mixing 100 µL of ABTS+• 
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solution with 100 µL of ethanol. The absorbance, monitored for 6 min, was measured 

spectrophotometrically at 734 nm using a microtiter plate reader. Trolox (6-hydroxy-

2,5,7,8-tetramethylchroman-2-carboxylic acid) was used as standard. The percentage of 

inhibition of absorbance caused by each concentration of extract or Trolox was calculated 

using the following equation: % Inhibition = [(A0 – A1)/A0] × 100, where A0 expresses the 

absorbance of the control and A1 expresses the absorbance of the tested seaweed extract or 

Trolox.  

3.2.5. Anticancer assays  

Cell culture  

HT-29 human colon carcinoma cells were obtained from ATCC (American Type 

Culture Collection) and grown on McCoy’s medium supplemented with 10% heat-

inactivated fetal bovine serum (FBS), 100 U/mL penicillin and 100 µg/mL streptomycin. 

Cultures were maintained at 37°C in a 5% CO2 incubator.  

Sulforhodamine B assay 

Viability of HT-29 cells was determined by the SRB assay. The cells were seeded 

into 96 well plates in the growth medium at a concentration of 5000 cells/well. After 24 h 

of incubation, the cells were exposed to various concentrations of extract of C. usneoides 

dissolved in DMSO. The final concentrations were 0, 6.25, 12.5, 25, 50 and 100 µg/mL and 

less than 0.05 % of DMSO. The cells were then incubated for 48 h and 72 h. Afterwards, 

the cells were fixed with TCA by gently adding 50 µl TCA (50%) to each well for 1 h at 

4°C, and processed as described in the literature (Skehan et al., 1990). Results are 

expressed as % of cell viability vs control (time 0). 

Apoptosis detection by flow cytometry  

The percentage of apoptotic cells was determined by flow cytometry using an 

Annexin V-FITC Apoptosis Detection Kit (eBiosciences). In brief, HT-29 cells were 

seeded in 6-well plates (1x106 cells	/well) and incubated for 24 h before treatment with 0, 

30 and 60 µg/mL of algal extract. After being incubated for 24 h, cells were harvested by 

trypsinization and rinsed with cold PBS twice. After centrifugation (4 ̊C, 1500 rpm) for 5 

min, cells were suspended in 195 µL of 1×Annexin buffer and then treated with 5 µL of 
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Annexin V-FITC and 10 µL of propidium iodide for 10 min at room temperature in the 

dark. To this mixture 200 µL of 1×Annexin buffer were added before analysis using 

Bekhman Coulter FC500 flow cytometer. 10,000 cellular events in each sample were 

analyzed using DML program. 

Cell cycle analysis 

HT-29 cells were seeded in 6-well plates (1x106 cells per well) and incubated for 24 

h. After addition of various doses of the extract dissolved in DMSO (final concentrations of 

0, 30 and 60 µg/mL and less than 0.05 % of DMSO), the cells were incubated for 24 h. 

Cells were harvested after trypsinization and washed once with PBS. Then, the cells were 

centrifuged at 1500 rpm for 5 min (25ºC), the pellet was fixed with 1 mL of ice-cold 70% 

ethanol, and the samples stored at -4ºC overnight. The cells were then washed with PBS 

and incubated in the darkness with PBS containing 5 mg/mL of RNase A for 48 h at 4°C. 

Subsequently, 50 µL of 0.1 mg/mL of propidium iodide was added to the cells and they 

were incubated for 1 h at 4°C. The relative DNA content per cell was analyzed using a 

Bekhman Coulter FC500 flow cytometer. The data acquisition was performed with the 

DML program. The analysis of the acquired data was performed with the CXP cytometer. 

3.2.6. Anti-inflammatory assay 

Cell culture 

The THP-1 human monocytic leukemia cell line was obtained from the American 

Type Culture Collection (TIB-202, ATCC, USA) and cultured in RPMI 1640 medium 

containing 10% heat-inactivated fetal bovine serum, 100 U/mL penicillin, and 100 µg/ mL 

streptomycin in a humidified atmosphere containing 5% CO2 at 37 °C.  

Cell viability Assay 

The viability of THP-1 cells was measured by the SRB assay. The cells were seeded 

into 96-well plates in the growth medium at a density of 1 × 104 cells per well, and 

differentiation into macrophages was induced by 0.2 µM phorbol myristate acetate (PMA). 

Three days after differentiation into macrophages, the cells were treated with various 

concentrations of algal extract in fresh medium and incubated for another 48 and 72 h. The 

cells were fixed with 50 µL of trichloroacetic acid (TCA, 50%) and processed as described 
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in the literature (Skehan et al., 1990). 

Determination of TNF-α production   

THP-1 cells were plated at a density of 3 × 105 cells/mL in 24-well plates and 

incubated with PMA (0.2 µM) for 72 h in a humidified atmosphere of 5% CO2 at 37°C. The 

macrophages were then treated with 10 µg/mL of the algal extract for 24 h (the viability of 

cells was greater than 95% throughout the experiment), then stimulated with 

lipopolysaccharide (LPS, 1 µg/mL) and incubated for another 24 h. Dexamethasone was 

used as positive reference compound. The levels of TNF-α in the cultured medium 

(supernatant) were measured with enzyme-linked immunosorbent assay (ELISA) kits 

(Diaclone GEN-PROBE) according to the manufacturer’s protocols. The absorbance was 

determined at 450 nm using a microplate reader. To calculate the concentration of 

cytokines, a standard curve was constructed using serial dilutions of cytokine standards 

provided with the kit. 

3.2.7. Statistical analysis 

The results were expressed as means ± standard deviations (S.D.). Differences 

between two groups were analyzed by the Student’s t-test. One-way analysis of variance 

(ANOVA) was used in multiple group comparisons. Difference with p < 0.05 (*), p < 0.01 

(**) or p < 0.001 (***) was considered statistically significant. 

3.3. Results and Discussion 

3.3.1. Antioxidant effects of the extract of C. usneoides 

The antioxidant capacity of the acetone/methanol extract of C. usneoides was 

determined by the ABTS+• radical cation decolorization assay. This is one of the most 

commonly employed methods for measuring antioxidant activity, which determines the 

radical scavenging activity of an extract, fraction or compound toward the radical cation 

ABTS+•. This method has been strongly recommended for analysing plant and algae 

extracts, because the maximum absorption of the radical cation at 734 nm prevents the 

color interference usually found when working with plant extracts (Awika et al., 2003).  
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The extract of C. usneoides was assayed at concentrations between 3.125 and 200 

µg/mL, causing decreases of the absorbance of the ABTS+• solution between 6.67 and 

60.55%, which were lower than the decreases caused by the reference compound Trolox® 

(between 23 and 97.78% at concentrations between 3.125 and 25 µg/mL) (Figure 3.1). The 

reaction of the extract with the radical ABTS+• was dose-dependent, and the concentration 

that caused 50% decrease of the absorbance (IC50) was 94.05 ± 6.3 µg/mL. The Trolox 

standard was more active, showing IC50 = 7.36 ± 0.6 µg/mL. 
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Figure 3.1. Effect of the extract of C. usneoides at different concentrations (3.125 – 200 µg/mL) on 

the ABTS+• radical compared to Trolox. 

The antioxidant activity measured for our acetone/methanol extract of C. usneoides 

is much higher than that reported in the same assay for the extracts of this species collected 

in the Portuguese coasts (Vizetto-Duarte et al., 2016) (Table 3.1). In that study, the hexane, 

diethyl ether, ethyl acetate, and methanol extracts obtained by sequential extraction of 

lyophilised samples of C. usneoides were tested in the ABTS assay, and only the hexane 

and the diethyl ether extracts displayed significant radical-scavenging activity. Moreover, 

the antioxidant activity of our extract of C. usneoides was also stronger than that reported 

for the extracts of C. humilis and C. tamariscifolia (Vizetto-Duarte et al- 2016) (Table 3.1). 

A number of recent reports, which are summarized in Table 3.2, have also described 

the antioxidant activities of extracts of C. usneoides and of other algae of the genus 

Cystoseira by using the DPPH assay (Tenorio-Rodriguez et al., 2017; Custodio et al., 2016; 
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Çelenk et al., 2016; Vizzeto-Duarte et al., 2016; Güner et al., 2015; Mhadhebi et al., 2014; 

Airanthi et al., 2011; Zubia et al., 2009). 

The significant antioxidant activity detected in our study of the acetone/methanol 

extract of C. usneoides reinforces the potential of this marine genus of brown algae as a 

new and alternative source of antioxidant components, which could be suitable for 

exploitation in the food and cosmetic sectors. 

Table 3.1. Antioxidant activity of extracts of algae of the genus Cystoseira in the ABTS assay. 

Species 
(collection coast) 

Solvent of 
extraction 

Radical scavenging activit in the 
ABTS assay Reference 

C. usneoides 
(Morocco) 

acetone/methanol IC50 = 94.05 µg/mL 
Control:Trolox, IC50 = 7.36µg/mL 

Present study 

C. usneoides 
(Portugal)) 

hexane 
diethyl ether 
ethyl acetate 
methanol  
  

IC50 = 5.54 mg/mL 
IC50 = 600 µg/mL 
IC50 > 10 mg/mL 
IC50 > 10 mg/mL 
Control: BHT, IC50 = 110 µg/mL 

Vizetto-Duarte et al., 
2016 

C. humilis 
(Portugal) 

hexane 
diethyl ether 
ethyl acetate 
methanol  
 

IC50 >10 mg/mL 
IC50 = 8.85 mg/mL 
IC50 = 9.25 mg/mL 
IC50 > 10 mg/mL 
Control: BHT, IC50 = 110 µg/mL 

Vizetto-Duarte et al., 
2016 

C. tamariscifolia 
(Portugal) 

hexane 
diethyl ether 
ethyl acetate 
methanol  
 

IC50 = 520 µg/mL 
IC50 = 470 µg/mL 
IC50 = 250 µg/mL 
IC50 = 2.93 mg/mL 
Control: BHT, IC50 = 110 µg/mL 

Vizetto-Duarte et al., 
2006 

Table 3.2. Antioxidant activity of extracts of algae of the genus Cystoseira in the DPPH assay 

Species 
(collection coast) 

Solvent of 
extraction 

Radical scavenging activity in the 
DPPH assay Reference 

C. baccata 
(Portugal) 

methanol 21.6% inhibition at 1 mg/mL 
90.4% inhibition at 10 mg/mL 

Custodio et al., 2016 

C. barbata  
(Turkey) 

methanol 58.22% inhibition at 1 mg/mL Çelenk et al., 2016 

C. compressa 
(Tunisia) 

water IC50 = 12 µg/mL 
Control: Trolox, IC50 = 90 µg/mL 

Mhadhebi et al., 2014 

C. compressa 
(Turkey) 

methanol 
chloroform 
hexane 

IC50 = 15.94 mg/mL 
IC50 = 7.46 mg/mL 
IC50 = 5.0 mg/mL 

Güner et al., 2015 

C. compressa 
(Turkey) 

methanol 65% inhibition at 1 mg/mL Çelenk et al., 2016 

C. crinita  
(Tunisia) 

water IC50 = 20 µg/mL 
Control: Trolox, IC50 = 90 µg/mL 

Mhadhebi et al., 2014 
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C. crinita 
(Turkey) 

methanol 79.3% inhibition at 1 mg/mL Çelenk et al., 2016 

C. hakodatensis 
(Japan) 

methanol 65.32 µg α- tocopherol equivalent 
per mg extract 

Airanthi et al., 2011 

C. humilis 
(Portugal) 

methanol 8.8 % inhibition at 1 mg/mL 
41.1 % inhibition at 10 mg/mL 

Custodio et al., 2016 

C. humilis 
(Portugal) 

hexane 
diethyl ether 
ethyl acetate 
metanol  
 

IC50 >10 mg/mL 
IC50 = 8.28 mg/mL 
IC50 = 5.04 mg/mL 
IC50 > 10 mg/mL 
Control: BHT, IC50 = 70 µg/mL 

Vizzeto-Duarte et al., 
2016 

C. nodicaulis 
(Portugal) 

methanol 39.6% inhibition at 1 mg/mL 
95.1 % inhibition at 10 mg/mL 

Custodio et al., 2016 

C. osmundacea 
(Baja California, 
Mexico) 

ethanol IC50 = 69 µg/mL Tenorio-Rodriguez et 
al., 2017 

C. sedoides 
(Tunisia) 

chloroform 
ethyl acetate 

IC50 = 120 µg/mL 
IC50 = 121 µg/mL 
Control: Trolox, IC50 = 90 µg/mL 

Mhadhebi et al., 2011 

C. sedoides 
(Tunisia) 
 

water IC50 = 75 mg/mL 
Control: Trolox, IC50 = 90 µg/mL 

Mhadhebi et al., 2014 

C. tamariscifolia 
(Brittany) 

dichloromethane/ 
methanol 

EC50 = 490 µg/mL 
Control compounds: 
BHA, EC50 = 40 µg/mL 
BHT, EC50 = 60 µg/mL 
Ascorbic acid,  EC50 = 60 µg/mL 
α-tocopherol, EC50 = 140 µg/mL 

Zubia et al., 2009 

C. tamariscifolia 
(Portugal) 

hexane 
diethyl ether 
ethyl acetate 
metanol  
 

IC50 = 630 µg/mL 
IC50 = 300 µg/mL 
IC50 = 170 µg/mL 
IC50 = 1.08 mg/mL 
Control: BHT, IC50 = 70 µg/mL 

Vizetto-Duarte et al., 
2016 

C. tamariscifolia 
(Portugal) 

methanol 92% inhibition at 1 mg/mL Custodio et al., 2016 

C. usneoides  
(Portugal) 

hexane 
diethyl ether 
ethyl acetate 
metanol  
 

IC50 = 4.37 mg/mL 
IC50 = 650 µg/mL 
IC50 = 7.73 mg/mL 
IC50 = 7.16 mg/mL 
Control:BHT, IC50 = 70 µg/mL 

Vizetto-Duarte et al., 
2006 

C. usneoides  
(Portugal) 

methanol 37.1 % inhibition at 1 mg/mL 
 

Custodio et al., 2016 

3.3.2. Anticancer effects of the extract of C. usneoides  

Effect of the extract of C. usneoides on the viability of HT-29 cells 

The effect of the extract of C. usneoides (0, 6.25, 12.5, 25, 50 and 100 µg/mL) on 

the viability of HT-29 cells was determined by the SRB assay after 48 and 72 h of 

incubation (Figure 3.2). As shown in Figures 3.2a and 3.2b, the extract of C. usneoides 
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decreased cell viability in a dose- and time-dependent manner and the IC50 values were 

33.05 µg/mL and 25.28 µg/mL, after 48 and 72 h of incubation, respectively. 
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Figure 3.2. Effect of the acetone/methanol extract of C. usneoides on HT-29 cells proliferation. 

Cells were treated with different concentrations of extract (6.25, 12.5, 25, 50, and 100 µg/mL) for 
48 h (a) and 72 h (b). Cell viability was determined by SRB assay (n = 6). 

Induction of apoptosis in HT29 cells by treatment with the extract of C. usneoides  

In an attempt to explore the effects of the extract of C. usneoides on apoptosis, the 

HT-29 cells were treated with the extract and then analyzed by flow cytometry, using 

Annexin V-FITC as a marker of phosphatidylserine exposure and propidium iodide as a 

marker of dead cells. Figure 3.3 shows the results of the Annexin V-FITC binding and 

propidium iodide staining on HT-29 cells, after exposure for 24 h either to the extract (two 

different doses) or to curcumin as positive control.  

The treatment with the extract significantly increased the proportion of apoptotic 

cells. Thus, in the vehicle treated samples, 0.35 ± 0.01% of cells stained positive for 

Annexin V-FITC, while the treatment with the extract of C. usneoides at 30 µg/mL caused 

an increase up to 12.52 ± 3.12% of cells in late stage apoptosis and 5.32± 0.21% in early 

apoptosis (p<0.05). When HT-29 cells were treated with 60 µg/mL of extract for 24 h, the 

percentage of cells in late apoptosis was 17.71 ± 0.01%, although no significant difference 

with early stage apoptosis was observed. These results demonstrate the ability of the extract 

of C. usneoides to induce apoptosis, mainly late stage apoptosis in HT-29 cells.  



______________________________________________________3. Bioactivity of the extract of C. usneoides 

	59 

	

Curcumin (75 µg/mL)   

	

Negative control 

	

Extract (30 µg/mL)   

	

Extract (60 µg/mL)   

 
Figure 3.3. Effects of C. usneoides on the apoptosis of HT-29 cells. Cells were treated without and 
with different concentrations of C. usneoides extract (30 µg/mL and 60 µg/mL, for 24 h), then 
stained with annexin V-FITC, and evaluated by flow cytometry. Curcumin was used as positive 
reference compound at 75 µM. (E1: Necrotic, E2: Late apoptotic, E3: Live and E4: Early apoptotic). 

Effect of the extract of C. usneoides on cell cycle progression in HT-29 cells  

To investigate the possible mechanism(s) involved in the cytotoxic effect caused by 

the extract of C. usneoides on colon cancer cells HT-29, we examined whether such 

reduction was associated with cytostatic effects due to changes in cell cycle progression. 

Figure 3.4 shows the cell cycle distribution of HT-29 cells incubated for 24 h in the absence 

or in the presence of different concentrations of extract. In the absence of the extract, most 

HT-29 cells (about 70%) were in G0/G1 phase. However, after 24 h incubation with the 

algal extract (60 µg/mL) there was an increase in the percentage of cells in the G2/M phase, 

while the percentage of cells in the other phases decreased. These data markedly suggest 

that the extract of C. usneoides interferes with cell cycle progression. 

The present study has demonstrated for the first time that the extract of the alga C. 

usneoides inhibits the proliferation of colon cancer cells by arresting cell cycle progression 

at the G2/M phase and inducing apoptosis. As shown in Figure 3.2, the extract of C. 
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usneoides inhibited cell growth in a dose- and time-dependent manner and this inhibition 

seems to be associated with apoptosis (Fig. 3.3) and accumulation of cells at the G2/M 

region (Figure 3.4). 
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Figure 3.4. Effects of the extract of C. usneoides on HT-29 cell cycle distribution. Cells were 
incubated with or without extract for the indicated concentrations (30 and 60 µg/mL) for 24 h. Then, 
the cells were fixed and stained with propidium iodide to analyze DNA content by FAC Scan flow 
cytometer. Colchicine was used as positive reference compound at 0.2 µg/mL; (*p < 0.05, **p < 
0.01, ***p < 0.001). 

Previous reports have described the cytotoxicity of the hexane and the diethyl ether 

extracts of C. usneoides towards HepG2 cells (IC50 = 31.4 µg/mL and 52.0 µg/mL, 

respectively) (Vizetto-Duarte et al., 2016). In the present study, we have shown that the 

acetone/methanol extract of C. usneoides is cytotoxic for HT-29 cells with an IC50 of 25.28 

µg/mL against HT-29 cells. This activity is comparable to that reported for aqueous extracts 

of C. crinita, C. sedoides, and C. compressa against the colon cancer cells HCT-15 (IC50 = 

26.4, 10.5, 20.3 µg/mL, respectively) (Mhadhebi et al., 2014) and much better than those 

described for the hexane fraction of C. myrica against the colon cancer cells HT-29 and 

Caco-2 (IC50= 328.7 µg/mL and 254.92 µg/mL, respectively) (Khanavi et al., 2010) and for 
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the chloroform and the ethyl acetate fractions of C. sedoides against HCT-15 (IC50 = 250.6 

and 255.3 µg/mL, respectively) (Mhadhebi et al., 2011).  

Several recent researches have dealt with the anticancer properties of the extracts of 

other brown algae of the genus Cystoseira, showing that these extracts cause cell growth 

inhibition in various cancer cell lines. Thus, the dichloromethane/methanol extract of C. 

tamariscifolia from the Brittany coasts, at 100 µg/mL was effective inhibiting by 60-80% 

the viability of the tumor cell lines Daudi (lymphoma), Jurkat (leukemia), and K562 

(leukemia) (Zubia et al., 2009).  

Another in vitro study showed that the hexane fraction obtained from the methanol 

extract of C. myrica was cytotoxic for the human breast carcinoma cells T47D, T47D-T.R 

and MBA-MD468 with IC50= 99.9, 143.15 and 56.50 µg/mL, respectively (Khanavi et al., 

2010). Moreover, this fraction was described to induce apoptosis in T47D cells with a 

proportion of apoptotic cells of 2.71%. Similarly, the methanol extract of C. mediterranea 

was cytotoxic toward the breast cancer cells MCF-7, causing at 100 µg/mL 55% of cell 

growth inhibition (Taskin et al., 2010).  

The aqueous extracts and organic fractions derived from the methanol extracts of C. 

sedoides, C. compressa, and C. crinita have also shown antiproliferative properties against 

the cancer cell lines MCF-7 (IC50 from 17.9 to 130.0 µg/mL) and A-549 (IC50 from 33.0 to 

110.0 µg/mL) (Mhadhebi et al., 2011, 2012, and 2014) while the hexane extract of C. 

tamariscifolia has shown cytotoxic effects on HeLa, SH-SY5Y, AGS, HCT-15 and HepG2 

cells, being specially potent on these latter cells (IC50 = 2.31 µg/mL) through apoptosis 

induction (Vizetto-Duarte et al. 2016). A meroditerpene, demethoxy cystoketal chromane, 

was identified in the same study as the active compound in the extract of C. tamariscifolia.  

It is worth noting that along the studies on the antitumor potential of algae of the 

genus Cystoseira, a series of metabolites of the meroditerpene class have been isolated and 

identified as cytotoxic compounds in C. crinita (Fisch et al., 2003), C. myrica (Ayyad et al., 

2003) and C. usneoides (Urones et al., 1992). These data suggest that the meroterpenes 

could also be responsible for the anticancer activity observed for the extract of C. usneoides 

tested in our study.  
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3.3.3. Anti-inflammatory activity of the extract of C. usneoides 

The anti-inflammatory properties of the extract of C. usneoides was also 

investigated, in particular its activity as inhibitor of TNF-α. This is a potent pro-

inflammatory cytokine mainly produced by monocytes and macrophages in immunologic 

and inflammatory responses (Iqbal et al., 2013). Assays were performed on the human 

THP-1 macrophages using lipopolysaccharide (LPS) to stimulate the TNF-α production. In 

order to rule out cytotoxic effects, the extract of C. usneoides was tested at a maximal 

concentration of 10 µg/mL, which did not affect THP-1 cell viability. To test the effects of 

the extract on TNF-α production, THP-1 macrophages were pretreated with the extract, 

then stimulated with LPS and finally analyzed to quantify TNF-α. As shown in Figure 3.5, 

the TNF-α production in THP-1 cells was increased about 4-fold, up to 282.05 ng/mL after 

LPS-stimulation. The pretreatment of cells with the extract of C. usneoides at 10 µg/mL 

significantly inhibited the production of TNF-α by 43% upon comparison with LPS-

stimulated THP-1 control cells (Figure 3.5).   
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Figure 3.5. Effect of C. usneoides extract on TNF-α production in THP-1 macrophages stimulated 
with LPS. The cells were treated at concentration of 10 µg/mL for 24 h (the viability of cells was 
greater than 95% throughout the experiment), and then stimulated with LPS (1 µg/mL) for another 
24 h. TNF-α concentration in the supernatants was measured using the ELISA assay. 
Dexamethasone was used as positive reference compound at 1 µM. Data were analyzed by one-way 
ANOVA followed by Tukey test for comparison between groups, (++) p < 0.01 vs. control; **p < 
0.01, and ***p < 0.001 vs. LPS.	

Previous accounts on the anti-inflammatory properties of extracts of algae of the 

genus Cystoseira have focused only on the carrageenan-induced rat paw edema model. In 
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particular, the chloroform and the ethyl acetate fractions of C. sedoides or C. compressa 

produced, at doses of 25 and 50 mg/kg i.p., marked inhibitions of edema (63.7-78.3% after 

3h) when compared with the standard acetylsalicylic–lysine (ASL) (61.3-66.1% inhibition 

at 300 mg/kg i.p.) (Mhadhebi et al., 2011; Mhadhebi et al., 2012). A third report described 

the in vivo anti-inflammatory activity of the aqueous extracts of C. crinita, C. sedoides, and 

C. compressa, which at doses of 25 and 50 mg/kg i.p., exhibited significant anti-

inflammatory activity in a dose dependent manner (70.9-82.1% inhibition of edema after 

3h) upon comparison with the reference drugs ASL (61.2% at 300 mg/Kg) and 

dexamethasone (74.3% at 1 mg/kg) (Mhadhebi et al., 2014). 

Therefore, the present study is the first description of the activity of an extract of 

algae of the genus Cystoseira as inhibitor of the production of proinflammatory cytokines, 

and the results suggest that this class of marine algae is worth of exploring in the anti-

inflammatory area. 

3.4. Conclusion 

Marine algae have long been identified as valuable sources of metabolites with 

potent functional bioactivities. In this study, we have demonstrated that the extract of C. 

usneoides has a prominent radical-scavenging activity and an anti-proliferative effect on 

colon cancer cells by reducing cell viability through the apoptotic and cell cycle arrest 

pathways. Moreover, we have demonstrated for the first time that C. usneoides extract 

exhibits a significant activity as inhibitor of the production of the pro-inflammatory 

cytokine TNF-α in LPS-stimulated THP-1 human macrophages. The antioxidant activity 

together with the anticancer properties and the strong anti-inflammatory effects shown by 

the extract of C. usneoides make this alga an interesting candidate for further 

investigations. The prevalence of these properties in a single alga could be beneficial in 

terms of preventive and therapeutic purposes. 
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4. Chemical study of the brown alga Cystoseira usneoides and antioxidant 

activity of the isolated compounds 

The findings described in the previous chapter on the antioxidant, antitumor, and 

anti-inflammatory activities of the crude extract of C. usneoides prompted us to perform a 

chemical study of the extract, aimed to identify the natural products of the alga and to 

isolate enough amounts of the compounds for the evaluation of their bioactivity. The results 

obtained were included in the article published in The Journal of Natural Products 2013, 

76, 621-629. 

Abstract: The chemical study of the extract of the brown alga Cystoseira usneoides has led 

to the isolation of twelve meroterpenes (1-12), six of which are new compounds: 

cystodiones A-F (7-12). From a structural point of view the isolated meroterpenes were 

characterized by containing a 1´-O-methyltoluhydroquinone ring that bears at C-2′ a regular 

C20 or C14 terpenoid chain with two or three double bonds and several oxygenated 

functions. In the antioxidant assays all the tested meroterpenes, and in particular the 

compounds 6-cis-amentadione-1´-methyl ether (5), amentadione-1´-methyl ether (6), 

cystodione A (7) and cystodione B (8), exhibited strong radical scavenging activity. 

4.1. Introduction 

Brown algae of the genus Cystoseira are widely distributed along the Mediterranean 

and the northeastern Atlantic coasts (Draisma et al., 2010). This group of algae has been 

subject of numerous chemical studies that have led to the isolation of an array of natural 

products consisting of a terpenoid residue linked to the position C-2 of a 6-

methylhydroquinone ring (also known as toluhydroquinone or toluquinol ring) (Valls and 

Piovetti 1995; Amico et al., 1995; Gouveia et al., 2013a) (Figure 4.1).  

Compounds such as cystoazorol A (Gouveia et al., 2013b), 1′-demethylcystalgerone 

(Amico et al., 1984) and mediterraneol A (Francisco et al., 1986) are examples of 

meroterpenoids isolated from various algae of the genus Cystoseira (Figure 4.1).  
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Biosynthetically, the meroterpenoids of Cystoseira are likely derived from a 

tetraprenyltoluquinol precursor (Figure 4.1), which through functionalization and 

cyclization reactions at the terpenoid chain could give rise to great structural variety, 

ranging from compounds with a regular isoprenoid framework, either linear (e.g. 

cystoazorol A in Figure 4.1) or cyclic (e.g. 1′-demethylcystalgerone in Figure 4.1), to 

rearranged derivatives (e.g. mediterraneol A in Figure 4.1).  

Figure 4.1. Examples of meroterpenoids isolated from algae of the genus Cystoseira and a 
tetraprenyltoluquinol as potential biosynthetic precursor. 

The great number of phytochemical data obtained for algae of the genus Cystoseira 

early led to some chemotaxonomic conclusions (Valls and Piovetti 1995; Amico et al., 

1995). Moreover, the classifications based on chemical data were found to be closely 

similar to those based on morphological features. Thus, algae of the genus Cystoseira were 

classified into three main groups: the first one includes species that do not contain 

diterpenoids, the second is formed by the species which produce linear diterpenoids and the 

third group consists of the species that produce meroterpenoids (Valls and Piovetti, 1995). 

This latter group was further subdivided into three categories depending on the presence of 

carbocycles in the terpenoid moiety. The first category includes the species that produce 

meroditerpenoids with a regular chain (e.g. C. abies-marina in Figure 4.1), the second is 

formed by the species that produce meroterpenoids that contain a regular terpenoid moiety 



_____________________________________________________________4. Chemical study of C. usneoides 

	69 

displaying one or various carbocyles (e.g. C. algeriensis in Figure 4.1), and the third 

category includes the species that contain compounds with a rearranged terpenoid moiety 

(e.g. C. mediterranea in Figure 4.1).  

With regard to the species C. usneoides, in 1992 two reports described the isolation 

of four meroditerpenoids from specimens of this alga collected in the coasts of Sesimbra, 

Portugal (Urones et al., 1992a, 1992b). However, synthetic studies developed some years 

later demonstrated that the structures proposed for two of the compounds, usneoidones A 

and B, were incorrect (Danet et al., 2004). More recently, it has been suggested that the 

structures proposed for the other two isolated metabolites, usneoidols A and B, could also 

need to be revised (De los Reyes et al., 2016). 

Herein we describe the chemical study of the bioactive extract of C. usneoides 

collected in the Moroccan coasts of the Gibraltar Strait that has led to the isolation of 

twelve meroterpenoids, whose antioxidant properties have also been evaluated.  

4.2. Material and Methods 

4.2.1. Solvents and reagents 

Ethanol, acetone, and methanol were obtained from Merck (Darmstadt, Germany). 

CD3OD and CDCl3, 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium 

salt (ABTS), and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) were 

purchased from Sigma Chemical Co. (St. Louis, MO, USA). Potassium persulfate was 

procured from Fluka Chemical Co.  

4.2.2. Collection of the alga 

Samples of Cystoseira usneoides (class Phaeophyceae, order Fucales, family 

Sargassaceae) were collected by hand (1−4 m depth) in the Mediterranean coast of 

Morocco at the Gibraltar Strait (35°50′52.58′′ N, 5°33′39.04′′ W). Voucher specimens of 

the specie (HTET.Phyc 545) were deposited in the herbarium of the Laboratory of Applied 

Algology-Mycology, Department of Biology, Faculty of Sciences at Abdelmalek Essaadi 

University, 93002 Tetouan, Morocco. 

In the field, epiphytes were removed from the algae and the samples were rinsed 

with sterile seawater to remove associated debris and necrotic parts. In the laboratory, the 
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samples were shade dried, cut into small pieces and powdered in a mixer grinder (IKA R 

A11 basic, Sigma-Aldrich). The obtained powder was cold-preserved (−12 °C). 

4.2.3. Extraction and isolation of natural products 

The powder previously prepared of C. usneoides (150 g) was extracted with 

acetone/methanol (MeOH) (1:1, v/v, 400 mL) at room tª. The solution was filtered through 

paper and the residual solid material extracted five more times using the same procedure. 

The solutions were combined and the solvent evaporated at reduced pressure to yield a dark 

green oily extract (4.63 g).  

The compounds were isolated from the extract by using column chromatography 

(CC) performed on Merck silica gel 60 (70−230 mesh) and HPLC separations that were 

performed on a LaChrom-Hitachi apparatus equipped with LiChrospher Si-60 (Merck, 250 

× 10 mm, 10 µm) and Luna Si (2) (Phenomenex, 250 × 4.6 mm, 5 µm) columns, using an 

RI-71 differential refractometer or L-7400 UV detector (Merck) working at 254 nm. First 

the extract was subjected to CC eluting with n-hexane/diethyl ether (Et2O) mixtures of 

increasing polarity (from 90:10 to 30:70, v/v), then Et2O, CHCl3/MeOH mixtures (95:5 and 

80:20, v/v), and finally MeOH. The fractions eluted with n-hexane/Et2O (30:70, v/v) and 

Et2O were chromatographed over a silica gel column using n-hexane and n-hexane/ethyl 

acetate (EtOAc) mixtures (80:20 to 30:70, v/v) as eluents. Repeated HPLC separations of 

selected fractions using n-hexane/EtOAc (60:40, v/v) and n-hexane/isopropanol (90:10, 

v/v) yielded the compounds 4 (29.6 mg, 2.0 × 10−2 % dry wt), 3 (73.2 mg, 4.9 × 10−2 % 

dry wt), 11 (5.3 mg, 3.5 × 10−3 dry wt), 5 (86.6 mg, 5.8 × 10−2 % dry wt), and 6 (85.1 mg, 

5.7 × 10−2 % dry wt). The fraction eluted with CHCl3/MeOH (95:5) in the first column 

chromatography of the extract was further separated over a silica gel column using n-

hexane/EtOAc mixtures (from 50:50 to 15:85, v/v) as eluents. Repeated separations of 

selected fractions by normal-phase HPLC using n-hexane/EtOAc (50:50, v/v) and n-

hexane/isopropanol (90:10, v/v) as eluents afforded the compounds 1 (86.9 mg, 5.8 × 10−2 

% dry wt), 12 (3.5 mg, 2.3 × 10−3 % dry wt), 2 (88.7 mg, 5.9 × 10−2 % dry wt), 9 (2.9 mg, 

1.9 × 10−3 dry wt), 7 (29.5 mg, 2.0 × 10−2 % dry wt), 8 (16.7 mg, 1.1 × 10−2 % dry wt), 

10 (4.9 mg, 3.3 × 10−3 % dry wt), and additional amounts of 6 (46.1 mg, total yield 8.7 × 

10−2 % dry wt). 
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4.2.4. NMR and HRMS analysis  

1H and 13C NMR spectra were recorded on a Varian INOVA 600 or on an Agilent 

500 using CD3OD or CDCl3 as solvent. Chemical shifts were referenced using the 

corresponding solvent signals [δH 3.30 and δC 49.0 for CD3OD, δH 7.26 and δC 77.0 for 

CDCl3]. COSY, HSQC, HMBC, and NOESY experiments were performed using standard 

Varian pulse sequences. High-resolution mass spectra (HRMS) were obtained on a Waters 

SYNAPT G2 spectrometer. 

4.2.5. ABTS radical scavenging activity 

Antioxidant activity was determined by the ABTS (2,2′-azinobis(3-

ethylbenzothiazoline-6-sulfonic acid)) free radical decolorization assay developed by Re et 

al., 1999 with slight modifications. ABTS was dissolved in H2O to a 2.9 mM concentration. 

The ABTS•+ radical cation was produced by reacting the ABTS stock solution with 0.98 

mM potassium persulfate (final concentration) and allowing the mixture to stand in the dark 

at room temperature for 12− 18 h before use. For the study of the algal compounds the 

ABTS•+ solution was diluted with EtOH to an absorbance of 0.7 ± 0.02 at 734 nm. Trolox 

(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) was used as standard. After 

addition of 100 µL of ABTS•+ reagent to 90 µL of EtOH and 10 µL of the tested compound 

or Trolox standard (final concentration from 3.125 to 200 µM), the absorbance at 734 nm 

was taken 1 min after mixing and up to 6 min using a microtiter plate reader. Appropriate 

solvent blanks (controls) were run in each assay. All the determinations were carried out in 

triplicate. The percentage of inhibition of the absorbance was calculated by the following 

equation: % Inhibition = [(A0 − A1)/A0] × 100, where A0 expresses the absorbance of the 

control and A1 the absorbance of the tested compound. 

4.2.6. Statistical analysis 

The results were expressed as means ± standard deviations (S.D.). Differences 

between two groups were analyzed by the Student’s t-test. One-way analysis of variance 

(ANOVA) was used in multiple group comparisons. Difference with p < 0.05 (*), p < 0.01 

(**) or p < 0.001 (***) was considered statistically significant. 
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4.3. Results and Discussion 

4.3.1. Isolation and identification of the natural products of C. usneoides 

The separation of the acetone/methanol extract of C. usneoides by column 

chromatography (CC) over silica gel followed by repeated purification of selected fractions 

by CC and HPLC led to the isolation of twelve compounds. The analysis of each compound 

by spectroscopic techniques indicated that all the isolated metabolites were meroterpenoids 

and allowed to determining the chemical structures 1-12 shown in Figure 4.2. (De los 

Reyes et al., 2013). 

Figure 4.2. Chemical structures of the meroterpenoids 1-12 isolated from C. usneoides collected in 
the Moroccan coasts of the Gibraltar Strait. 



_____________________________________________________________4. Chemical study of C. usneoides 

	73 

From a structural point of view, all the isolated meroterpenoids consisted of a 

toluhydroquinone ring that possess O-methylated the phenolic group at C-1′ and bears at C-

2′ a terpenoid moiety. Two main groups of compounds were obtained: compounds 1, 2, 5, 

6, 7, 8, 11, and 12 which possessed a regular diterpenoid moiety (twenty carbon atoms) 

derived from four isoprenoid C5 units linked head to tail, and compounds 3, 4, 9, and 10, 

which contained a truncated isoprenoid chain of fourteen carbon atoms, where only two 

isoprenoid C5 unis can be recognized. This C14 chain likely arises from a 

tetraprenyltoluquinol precursor by oxidative cleavage of a carbon-carbon double bond at C-

11,C-12 of the diterpenoid chain.  

Whithin each group of meroterpenoids, the structural differences among the 

compounds were found in the terpenoid residue. Thus, compounds 1, 5, and 7 possess a 

diterpenoid chain, which differ by the location of double bonds and/or the presence  

hydroxy groups in the chain, and compound 11 is characterized by containing an unusual 

tetrahydrofuran-3-one ring. Compounds 2, 6, 8, and 12 differ from 1, 5, 7, and 11, 

respectively, by the configuration of the double bond at C-6,C-7.  

Within the meroterpenoids with the C14 chain, compounds 4 and 9 differ by the 

presence of a hydroxy group and the location of a double bon in the terpenoid chain and 

compounds 3 and 10 are the 6E isomers of 4 and 9, respectively. 

A survey of literature revealed that the isolated compound 1 was usneoidone Z, a 

meroditerpene previously reported from C. usneoides collected in the Portuguese coasts 

(Urones et al., 1992a),1 while compound 2 was identified as 11-hydroxy-1′-O-

methylamentadione, a meroterpene that has been previously cited as a metabolite of C. 

usneoides (Valls and Piovetti 1995). 

Compounds 3 and 4 were identified as cystomexicones B and A, respectively, 

previously described from C. abies-marina (Fernández et al., 1998).  

Compounds 5 and 6 were identified as 6-cis-amentadione-1′-methyl ether and 

amentadione-1′-methyl ether, respectively, two meroditerpenoids that had been previously 

																																																													
1	The structure assigned to usneoidone Z by Urones et al. (1992a) was not consistent with the spectroscopic 
data and was revised to 1 in De los Reyes et al., 2013.	
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reported from C. tamariscifolia (Amico et al. 1989).  

Compounds 7-12 resulted to be new meroterpenoids and were given the names 

cystodiones A-F. The structures of these new compounds were determined by spectroscopic 

means, mainly NMR and MS, in particular through the analysis of the 1H and 13C NMR 

spectra and the correlations observed in the two-dimensional NMR spectra. The NMR data 

of compounds 7-12 are listed in Tables 4.1 and 4.2. The molecular formulae obtained for 

each new compound by HRMS are shown in Table 4.3. 

 

Table 4.1. 13C NMR data of cystodiones A-F (7-12) in CD3OD. 

a At 150 MHz; b At 125 MHz; cValues may be interchanged 

 
Position 

7a 8a 9a 10a 11a 12b 

δC, type δC, type δC, type δC, type δC, type δC, type 
1 123.3, CH 123.3, CH 123.3, CH 123.3, CH 29.4, CH2 29.4, CH2 
2 137.7, CH 137.8, CH 137.7, CH 137.7, CH 129.5, CH 129.5, CH 
3 73.5, C 73.5, C 73.5, C 73.5, C 131.4, C 131.5, C 
4 56.2, CH2 56.4, CH2 56.2, CH2 56.4, CH2 56.2, CH2 56.2, CH2 
5 201.7, C 202.1, C 201.7, C 202.2 C 201.4, C 202.0, C 
6 126.4, CH 125.9, CH 126.8, CH 126.1, CH 124.4, CH 123.7, CH 
7 161.5, C 160.6, C 160.9, C 160.2, C 161.5, C 160.6, C 
8 34.6, CH2 42.1, CH2 33.8, CH2 41.2, CH2 34.6, CH2 42.0, CH2 
9 26.8, CH2 26.2, CH2 23.1, CH2 22.5, CH2 23.0, CH2 22.2, CH2 
10 34.2, CH2 33.7, CH2 43.7, CH2 43.2, CH2 36.2, CH2 35.8, CH2 
11 44.9, CH 45.0, CH 211.8, C 211.3, C 84.5, C 84.4, C 
12 206.9, C 206.7, C 29.7, CH3 29.8, CH3 219.5, C 219.5, C 
13 125.6, CH 125.6, CH 25.4, CH3 19.5, CH3 37.7, CH2 37.7, CH2 
14 155.2, CH 155.2, CH 28.7, CH3 28.7, CH3 81.1, CH 81.1, CH 
15 71.3, C 71.3, C   71.7, C 71.7, C 
16 29.3, CH3 29.3, CH3   25.8c, CH3 25.7c, CH3 
17 29.3, CH3 29.3, CH3   25.6c, CH3 25.6c, CH3 
18 17.0, CH3 17.1, CH3   22.3, CH3 22.4, CH3 
19 25.6, CH3 19.6, CH3   25.5, CH3 19.3, CH3 
20 28.6, CH3 28.6, CH3   16.6, CH3 16.6, CH3 
1’ 150.7, C 150.7, C 150.7, C 150.7, C 150.8, C 150.7, C 
2’ 131.9, C 131.9, C 131.9, C 131.9, C 135.6, C 135.6, C 
3’ 111.0, CH 111.0, CH 111.0, CH 111.0, CH 115.0, CH 114.9, CH 
4’ 154.4, C 154.4, C 154.3, C 154.3, C 154.3, C 154.3, C 
5’ 118.0, CH 118.0, CH 118.0, CH 118.0, CH 116.3, CH 116.3, CH 
6’ 133.1, C 133.1, C 133.1, C 133.1, C 132.7, C 132.7, C 
6’-CH3 16.2, CH3 16.2, CH3 16.1, CH3 16.1, CH3 16.4, CH3 16.4, CH3 
-OCH3 61.4, CH3 61.4, CH3 61.4, CH3 61.4, CH3 60.9, CH3 61.0, CH3 
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Table 4.2. 1H NMR data of cystodiones A-F (7-12) in CD3OD. 

a At 600 MHz; b At 500 MHz 

 
 
Position 

7a 8a 9a 10a 11a 12b 

δH, m 
(J in Hz) 

δH, m 
(J in Hz) 

δH, m 
(J in Hz) 

δH, m 
(J in Hz) 

δH, m 
(J in Hz) 

δH, m 
(J in Hz) 

1 6.76, d 
(16.1) 

6.76, d 
(16.1) 

6.76, 
d (16.1) 

6.77, d 
(16.2) 

3.33, d 
(7.4) 

3.33, d 
(7.0) 

2 6.29, d 
(16.1) 

6.30, d 
(16.1) 

6.29, d 
(16.1) 

6.30, d 
(16.2) 

5.42,  br t 
 (7.4) 

5.44, br t 
(7.3) 

3         
4 2.79, d 

(14.2) 
2.70, d 
(14.2) 

2.80, d 
(13.9) 
2.72, d 
(13.9) 

2.80, d 
(14.4) 
2.71, d 
(14.4) 

2.81, d 
(14.2) 
2.72, d 
(14.2) 

3.09, s 3.11, s 

5       
6 6.22, br s  6.20, br s  6.25, br s 6.21, br s 6.21, br s 6.21, br s 
7       
8 2.55, m 

2.51, m 
2.11, t 
(7.5) 
 

2.51, m 2.10, m 2.60, ddd 
(11.7, 9.1, 5.7) 
2.54, m 

2.15, t 
 (6.6) 
 

9 1.37, m 
 

1.38, m 
 

1.67, m 1.68, m 1.56, m 
1.48, m 

1.59, m 
1.49, m 

10 1.65, m 
1.33, m 

1.61, m 
1.30, m 

2.44, t (7.2) 2.43, t (7.2) 1.60, m 
1.46, m 

1.55, m 
1.40, m 

11 2.82, m 2.81, m     
12   2.07, s 2.08, s   
13 6.33, d 

 (15.8) 
6.34, d 
 (15.9) 

1.87, d 
(1.2) 

206, d 
(1.2) 

2.54, dd 
(18.2, 9.4) 
2.43, dd 
(18.2, 6.6) 

2.54, dd 
(18.3, 9.5) 
2.41, dd 
(18.3, 6.6) 

14 6.93, d 
(15.8) 

6.93, dd 
(15.9, 1.2) 

1.40, s 1.41, s 4.03, dd 
(9.4, 6.6) 

4.00, dd 
(9.5, 6.2) 

15       
16 1.31, s 1.32, s   1.12, s 1.12, s 
17 1.31, s 1.32, s   1.24, s 1.24, s 
18 1.02, d  

(6.8) 
1.04, d 
(7.0) 

  1.18, s 1.18, s 

19 1.85, d 
(1.0) 

2.05, d 
(1.1) 

  1.87, d 
(1.1) 

2.08, d 
(1.5) 

20 1.40, s 1.40, s   1.70, br s 1.71, br s 
1’       
2’       
3’ 6.69, d (2.9) 6.70, d (3.1) 6.69, d (2.9) 6.70, (2.9) 6.43, d (2.9) 6.43, d (2.6) 
4’       
5’ 6.50, d (2.9) 6.51, d (3.1) 6.50, d (2.9) 6.50, d (2.9) 6.44, d (2.9) 6.44, d (2.6) 
6’       
6’-CH3 2.18, s 2.18, s 2.18, s 2.18, s 2.19, s 2.19, s 
-OCH3 3.60, s 3.60, s 3.60, s 3.60, s 3.64, s 3.64, s 
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Table 4.3. HRMS data of cystodiones A-F (7-12) 
Compound Molecular formula Observed ion,a m/z Calculated 

7 C28H40O6 [M  ̶  H], 471.2758 For C28H39O6, 471.2747  

8 C28H40O6 [M  ̶  H], 471.2751 For C28H39O6, 471.2747 

9 C22H30O5 [M + Na], 397.1981 For C22H30O5Na, 397.1991 

10 C22H30O6 [M + Na], 397.1983 For C22H30O5Na, 397.1991 

11 C28H40O6 [M  ̶  H], 471.2751 For C28H39O6, 471.2747 

12 C28H40O6 [M + H], 473.2892 For C28H41O6, 473.2903 
a Ionization technique: ESI(-) for 7, 8,and 11; ESI(+) for 9 and 10; APCI for 12. 

4.3.2. Antioxidant activity of meroterpenoids isolated from C. usneoides 

The meroterpenoids 1−10 isolated from C. usneoides were tested for their 

antioxidant activity by using the ABTS assay, which determines the radical-scavenging 

activity of compounds toward the ABTS•+ radical cation (Re et al., 1999). In this method, 

the ABTS is chemically or enzymatically oxidized to its radical cation ABTS•+, which is 

intensely blue-green colored, and the antioxidant capacity of a compound is measured as its 

ability to reduce the color by reacting with the ABTS•+ radical (Figure. 4.3).  

 
Figure 4.3. Interconversion between the ABTS and its radical. 

The results are expressed relative to the activity of Trolox (Figure 4.4), a synthetic 

vitamin E analogue, measured under the same conditions.  

	
Figure 4.4. Chemical structure of Trolox®. 
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All the tested meroterpenoids exhibited strong radical-scavenging activity, as shown 

in Table 4.4.  

The most active compounds were 5, 6, 7, and 8, which showed an antioxidant 

capacity equal or slightly superior to that of the Trolox standard. Compounds 2 and 3 were 

also strongly active, showing a potency of 78% that of Trolox, while compounds 1, 4, 9, 

and 10 displayed an antioxidant activity about 50−60% that of Trolox. 

Table 4.4. Antioxidant activities of compounds 1−10 in the ABTS assay. 

Compound EC50 (µM)b TEc 

Troloxa 25.9±0.5 1 

1 43.1±3.1 0.60 

2 33.1±5.1 0.78 

3 33.3±2.3 0.78 

4 51.6±4.8 0.50 

5 26.3±2.3 0.98 

6 24.5±1.6 1.06 

7 22.5±2.1 1.15 

8 24.4±0.9 1.06 

9 55.9±9.9 0.46 

10 44.7±1.1 0.58 
aStandard compound: 6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid. 
bConcentration that caused a 50% reduction of the absorbance. 
Values are mean ± SD of three determinations. 
cTrolox equivalents: EC50(Trolox)/EC50(compound). 

From a structural point of view, except for compounds 7 and 8, the compounds 

possessing a 6E configuration (2, 3, 6, 10) were more active than the corresponding 6Z 

isomers (1, 4, 5, 9).  

On the other hand, compounds with a C20 side chain were in general more active 

than the corresponding analogues with a C14 side chain, as evidenced by the comparison of 

the activity of the meroditerpenes 5, 6, 7, and 8 with that of the short chain analogues 4, 3, 

9, and 10, respectively.  
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After an initial account on the properties of three Cystoseira-derived meroditerpenes 

as singlet oxygen and peroxyl radical scavengers (Foti et al., 1994), the antioxidant 

activities of a series of metabolites obtained from C. crinita have more recently been 

described (Fisch et al., 2003). The meroditerpenes of C. crinita were found to be less active 

than Trolox in the ABTS assay, with the most active compound displaying an antioxidant 

activity about 40% that of the Trolox standard. Our study of C. usneoides has allowed the 

identification of new members of this class of algal meroterpenoids provided of more 

potent antioxidative properties.  

4.4. Conclusion 

The chemical study herein described has shown than the brown alga C. usneoides 

contains a variety of meroterpenoids whose strcutures consist of a C20 or a C14 terpenoid 

moiety linked to an O-methyltoluhydroquinone. Six of the isolated meroterpenes are new 

natural products, the cystodiones A-F (7-12), while the compounds cystomexicone B (3), 

cystomexicone A (4), 6-cis-amentadione-1′-methyl ether (5), and amentadione-1′-methyl 

ether (6), are described for the first time in the species C. usneoides. In antioxidant assays 

the meroterpenes 5, 6, 7, and 8 show potent radical-scavenging properties, further 

supporting the potential of algae of the genus Cystoseira as source of new natural 

antioxidants. 
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5. Anticancer activities of meroterpenoids isolated from the brown alga 

Cystoseira usneoides against the human colon cancer cells HT-29 

For the pharmacological screening of the AMTs isolated from the bioactive extract of C. 

usneoides we started by studying the anticancer activity in cellular models of colon cancer, 

in which our research group has experience, completing the investigation with mechanistic 

studies. 

Abstract: The chemotherapy of different types of cancer, including colorectal cancers, 

remains disappointing at present. Unfortunately, most of current drugs are toxic and also 

attack healthy cells. Hence, the search for new anticancer agents, pharmacologically safe 

and effective, is needed. In the present study, we have investigated the anticancer effects of 

eight algal meroterpenoids (AMTs, 1-8) isolated from the brown seaweed Cystoseira 

usneoides and their underlying mechanisms of action using HT-29, a highly metastatic 

human colon cancer cell line. All the tested meroterpenoids inhibited the growth of HT-29 

malignant cells and were less toxic towards non-cancer colon cells, with the AMTs 1 and 5 

exhibiting selectivity indexes of 5.26 and 5.23, respectively. Treatment of HT-29 cells with 

the AMTs 1, 2, 3, 4, 5, and 7 induced cell cycle arrest in G2/M phase and, in some 

instances, apoptosis (compounds 2, 3, and 5). Compounds 1-8 also exhibited significant 

inhibitory effects on the migration and/or invasion of colon cancer cells. Mechanistic 

analysis demonstrated that the AMTs 1, 2, 5, 6, 7, and 8 reduced phosphorylation levels of 

extracellular signal-regulated kinase (ERK) and the AMTs 2, 3, 4, 5, 7, and 8 decreased 

phosphorylation of c-JUN N-terminal kinase (JNK). Moreover, the AMTs 1, 2, 3, 4, 7, and 

8 inhibited phosphorylation levels of protein kinase B (AKT) in colon carcinoma cells. 

These results provide new insights into the mechanisms and functions of the 

meroterpenoids of C. usneoides, which exhibit anticancer effect on HT-29 colon cancer 

cells by inducing cell cycle arrest and apoptosis via the down-regulation of ERK/JNK/AKT 

signaling pathways.  
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5.1. Introduction 

Colorectal cancer (CRC), also known as colon cancer or large bowel cancer, 

includes cancerous growths in the colon, rectum, anus, and appendix. CRC is the third most 

common type of cancer and the fourth leading cause of cancer-related death worldwide 

(Ferlay et al., 2015). Treatments such as surgical excision, chemotherapy using cytotoxic 

drugs, and radiotherapy constitute the major current therapeutic regimens for colon cancer 

(Kavousipour et al., 2017; Mayer, 2009). However, these therapeutic possibilities are only 

moderately successful for late-stage cancers and produce harmful side effects such as high 

toxicity or the increase of drug resistance and of the problems associated with metastasis. 

Therefore, novel therapeutic agents that target specific molecular signaling pathways in 

order to arrest CRC growth and metastasis are needed. 

Traditionally, the search for novel drugs has largely relied on natural products  

(NPs) (Cragg et al., 2013) and the identification of antitumor constituents from plants has 

been essential for advancing the chemotherapy of cancer (Atanasov 2015). During the last 

decades, the marine macro- and microorganisms have also been a rich and diversified 

source of biologically active molecules with a broad range of health beneficial effects, 

including anticancer properties (Ruiz-Torres et al. 2017, Newman and Cragg 2014). Thus, 

numerous effective anticancer compounds have been discovered from natural sources and 

about 80% of chemotherapeutic agents so far developed for the treatment of cancer are 

based on NPs (Newman and Cragg, 2016).  

Within the marine environment, macroalgae are a rich reservoir of structurally 

diverse secondary metabolites, mostly belonging to the class of the terpenoids (Leal et al., 

2013,). NPs of this class have exhibited a wide spectrum of antitumor activities (Huang et 

al., 2012) expressed by their capacity to regulate a variety of pathophysiological processes, 

such as proliferation, migration, invasion, apoptosis, and cell cycle in different types of 

tumor cells (Rocha et al., 2018; Lisiak et al., 2017). 

NPs of meroterpenoid type consisting of a terpenoid moiety attached to a 

toluquinone or a toluhydroquinone ring are widespread in brown algae of the family 

Sargassaceae (Sunasee and Davies-Coleman, 2012). In particular, algae of the genus 

Cystoseira have been the source of an array of meroditerpenoids (Gouveia et al., 2013a; 
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Amico, 1995; Valls and Piovetti, 1995). However, only a few of these compounds have 

been investigated for their biomedical properties, such as antioxidant, antibacterial or 

cytotoxic activities (Gouveia et al. 2013a). Regarding to the antitumor activity, the most 

recent reports have described the capacity of the meroterpenes cystoazorol A and 

cystoazorones A and B, isolated from Cystoseira abies-marina, to inhibit the growth of 

HeLa cells (Gouveia et al., 2013b) and the cytotoxicity of cystoketal, obtained from	
Cystoseira tamariscifolia, towards HepG2 cells (Vizetto-Duarte et al., 2016). 

As a part of our research on bioactive metabolites from macroalgae, we observed 

that the extract of the seaweed C.usneoides exhibited significant activity as growth inhibitor 

of the colon cancer cells HT-29. In the present study, we have investigated the antitumor 

properties of AMTs 1-8 isolated from the extract of C. usneoides (Figure 5.1).  

Figure 5.1. Chemical structures of AMTs 1-8 from C. usneoides subjected to anticancer studies. 

In particular, we have examined the effects of the eight AMTs on the viability, 

apoptosis, cell cycle, and motility of HT-29 colon cancer cells and we have investigated the 

underlying mechanism of action. We have found that several of the AMTs possess 
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selectivity for colon cancer cells HT-29, showing lower toxicity on the normal colon cells 

CCD 841 CoN. Moreover, in in vitro assays, several of the tested AMTs increased 

apoptosis of HT29 colon cancer cells, caused cell cycle arrest at G2/M phase, and/or 

suppressed migration and invasion, which were associated with down-regulation of the 

ERK, JNK, and AKT signaling pathways. These results suggest the therapeutic potential of 

the AMTs produced by the alga C. usneoides in colorectal cancer. 

5.2. Materials and methods 

5.2.1. Isolation and identification of the meroterpenoids 1-8 

The collection of the alga, the isolation, and the structural characterization of the 

AMTs were described in the previous chapter (De los Reyes et al., 2013). Briefly, shade-

dried samples of C. usneoides collected at the Gibraltar Strait were ground and extracted 

with acetone/methanol (MeOH). The resulting extract was subjected to column 

chromatography (CC) eluting with n-hexane/diethyl ether (Et2O) mixtures of increasing 

polarity, then Et2O, chloroform/MeOH mixtures, and finally MeOH. Repeated separation 

of selected fractions by CC and HPLC afforded the pure compounds 1-8, whose structures 

were determined by using NMR and MS.  

5.2.2. Reagents for bioactivity assays 

Sulforhodamine B (SRB), dimethylsulfoxide (DMSO), propidium iodide (PI) Tris-

base, acetic acid, trichloroacetic acid (TCA), and RNase A were purchased from Sigma-

Aldrich (Munich, Germany). Eagle's minimal essential medium (EMEM) and fetal bovine 

serum (FBS) were from GIBCO (USA). McCoy’s medium was from Sigma-Aldrich (Saint 

Louis, MO, USA). Phosphate buffer saline (PBS), streptomycine, penicillin, and trypsine-

EDTA were from PAA-Laboratories GmbH (Pasching, Austria). The Annexin V-FITC 

Apoptosis Detection Kit was purchased from eBiosciences Diagnostics (USA). Trevigen’s 

Cultrex® 96 Well Cell Invasion Assays was purchased from R&D Systems (Gymea, NSW, 

Australia). For western blotting, primary and HRP-conjugated secondary antibodies anti-

pERK1/2, anti-pJNK, and anti-pAKT were from Cell Signaling (Danvers, MA, USA), anti-
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β-actin from Santa Cruz Biotechnology (Dallas, TX, USA), and goat anti-mouse or -rabbit 

antibody from Dako Cytomation (Hamburg, Germany). 

5.2.3. Cell culture 

 HT-29 human colon carcinoma cells were obtained from the American Type 

Culture Collection (ATCC, USA). The cells were grown in McCoy’s medium 

supplemented with 10% FBS, 100U/mL penicillin, and 100 mg/mL streptomycin, and the 

culture was maintained in a humidified incubator at 37°C under an atmosphere of 5% CO2.  

 The normal human colonic epithelial cells CCD 841 CoN obtained from ATCC 

were grown in EMEM supplemented with 10% FBS, 100U/mL penicillin and 100 mg/mL 

streptomycin, and the culture was maintained in a humidified incubator at 37°C under an 

atmosphere of 5% CO2.  

5.2.4. Cell viability assay 

Cell viability was quantified using the Sulforhodamine B assay described by Skehan 

et al. (1990). Cells were plated with a density of 5x103 (HT-29) and 1x104 (CCD 841 CoN) 

cells/well and allowed to attach at 37 °C in an atmosphere with 5% CO2. After 24 h, the 

AMTs dissolved in DMSO were added to the cells (final concentrations of 10, 20, 30, and 

50 µg/mL and less than 0.05 % of DMSO) and the plates were incubated for 72 h. Then, the 

cells were fixed by adding 50 µL of TCA (50%) to each well and the plates were 

maintained for 1 h at 4°C. The plates were washed five times with deionized water, air-

dried, and stained for 30 min at room temperature with 100 µL of 0.4% (w/v) SRB prepared 

in 1% (v/v) acetic acid. The plates were rinsed quickly five times with 1% acetic acid to 

remove unbound dye, followed by air-drying. The bound dye was solubilized in 2 mM Tris 

base (100 µL/well) for 5 min. Optical densities were read on a microplate reader 

(Spectrophotometer LabsystemsMultiskan EX, λ 492 nm). Three independent assays were 

conducted, each one in duplicate. A standard curve was constructed for each experiment 

and used for converting the measured optical density values into numbers of viable 

cells/well. Cell survivals were expressed as percentage of viability (%) compared to the 

control and the half maximal inhibitory concentration (IC50) was calculated. The selectivity 

index (SI) of each compound was calculated as described in the literature (Ibacache et al., 
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2018): SI= IC50 value of the compound against a normal cell line/IC50 of the same 

compound against a cancer cell line. 

5.2.5. Flow cytometric analysis for apoptosis induction assay 

Quantitative assessment of apoptosis was performed by flow cytometry using an 

Annexin V-FITC Apoptosis Detection Kit (Vermes et al., 1995). Briefly, 1x106 HT-29 cells 

were seeded per well in 6-well plates and incubated for 24 h, followed by the addition of 

the AMTs dissolved in DMSO (final concentrations of 10, 20, and 30 µg/mL for 

compounds 1, 2, 5, 6, 7, and 8, and 30, 60, and 90 µg/ml for compounds 3 and 4, and less 

than 0.05 % DMSO) and incubation for 24 h. Curcumin (final concentrations of 50 and 75 

µM) was used as a positive control. The cells were then washed, harvested with trypsin, and 

centrifuged at 1,500 rpm (5 min, 25 ºC). The pellet was resuspended in 195 µL of 

1×Annexin buffer and then stained with 5 µL of Annexin V-FITC and 10 µL of PI for 10 

min at room temperature, in the dark. To this mixture 200 µL of 1×Annexin buffer were 

added before analysis using a Cytomics FC500 flow cytometer (Beckman Coulter, 

Indianapolis, IN, USA). 10,000 cellular events in each sample were analyzed using DML 

program.  

5.2.6. Cell cycle analysis by flow cytometry 

HT-29 cells (1x106 cells/well) were seeded in 6-well plates and incubated for 24 h, 

followed by treatment with AMTs dissolved in DMSO (final concentrations of 10, 20, and 

30 µg/mL for compounds 1, 2, 5, 6, 7, and 8, and 30, 60, and 90 µg/mL for compounds 3 

and 4, and always below 0.05 % DMSO) and 24 h of additional incubation (Nicoletti et al., 

1991). Colchicine (final concentration of 0.2 µg/mL) was used as a positive control. The 

cells were then washed, harvested with trypsin, and centrifuged at 1,500 rpm (5 min, 25 ºC). 

The resulting pellet was fixed with ice-cold 70% ethanol (1 mL/106 cells) and the samples 

were stored at -4 ºC overnight. After fixation, the cells were washed with PBS, stained with 

PBS containing 5 mg/mL of RNase A, and incubated for 48 h at 4 °C. Subsequently, 50 µL 

of 0.1 mg/mL of IP was added and incubated for 1 h at 4 °C. The relative DNA content per 

cell was analyzed using a Cytomics FC500 flow cytometer (Beckman Coulter, Indianapolis, 

IN, USA). The data acquisition was performed with the DML program (DML, USA) and 

the analysis of the acquired data with the CXP Software (USA).  
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5.2.7. Wound migration assay 

For cell migration assay, HT-29 cells were seeded in 6-well culture plates and 

allowed growing to 80–90% confluence for the experiment. After aspirating the medium, 

similar sized wounds were performed in the monolayer cells using a sterile micropipette tip. 

Wounded monolayer cells were washed three times with PBS to remove cell debris and 

then replaced with complete McCoy’s medium. HT-29 cells were treated with the AMTs 

(10 µg/mL for compounds 1, 2, 5, 6, 7, and 8, and 30 µg/mL for compounds 3 and 4) and 

incubated for 24h. For the image analysis of the effect of each treatment on cell migration, 

the wounded area was photographed immediately after scratching and after 24h. The level 

of cell migration was determined using NIH Image software (Image J 1.44g, Wayne 

Rasband, USA) and then expressed as a percentage of wound closure area using the 

equation: % of wound closure = [(At0h – At24h) / At0h] × 100%, where, At0h is the area of 

wound measured immediately after scratching and At24h is the area of wound measured 24 

h after scratching. 

5.2.8. Cell invasion assay 

The invasion activities were measured using Trevigen’s Cultrex® 96 Well Cell 

Invasion Assays, as previously described (Moghadamtousi et al., 2014). Briefly, about 50 

µL of basement membrane extract (BME, 1X) coat was added to each well. After 

incubation for 4 h at 37° in a 5% CO2 atmosphere, the HT-29 cells at 50,000 cells/50µL in 

serum free McCoy’s medium were added per well to the top chamber containing the tested 

compound (10 µg/mL for 1, 2, 5, 6, 7, and 8, and 30 µg/mL for compounds 3 and 4). About 

150 µL of McCoy’s medium were then added to the lower chamber containing 10% FBS 

and penicillin/streptomycin as chemoattractants. Cells were allowed to migrate to the lower 

chamber in a humidified atmosphere containing 5% CO2 at 37°C for 24 h. Afterwards, top 

and bottom chambers were aspirated and washed with washing buffer supplemented with 

the kit. About 100 µL of 1X Cell Dissociation Solution/Calcein-AM was added to each 

bottom chamber well and incubated for 1 h at 37 °C in CO2 incubator. The cells 

internalized calcein-AM and the intracellular esterases cleaved the AM moiety to generate 

free calcein. Fluorescence of the samples was determined at 485 nm excitation, 520 nm 

emission, using ELISA plate reader (BioTek Instruments, USA). The number of cells that 
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had invaded through the BME coat was calculated using a standard curve. Results were 

expressed as percentage of invasion (%) compared to the control. 

5.2.9. Preparation of cell lysates 

Cells were cultured to 80% confluence at 37 °C. After 24 h of treatment with the 

compounds (10 and 20 µg/mL for compounds 1, 2, 5, 6, 7, and 8, and 30 and 60 µg/mL for 

compounds 3 and 4), HT-29 cells were rinsed twice with ice-cold PBS, and then lysed 

immediately in lysis buffer (250 mM NaCl, 50 mM Tris (pH 7.5), 0.5 mM EDTA, 5 mM 

EGTA, 8 mM MgCl2, 1 mM PMSF, 0.01 mg/mL pepstatin A, 0.01 mg/mL leupeptin, 0.01 

mg/mL aprotinin, 1% Triton X-100). After centrifugation at 12,000 g for 3 min at 4 °C to 

separate the cellular debris, the supernatant was collected and stored at −80 °C until use. 

The protein concentrations were determined using Bio-Rad Protein Assay (BioRad, 

Richmond, CA, USA), according to the manufacturer’s instructions. 

5.2.10. Western blot analysis 

Equal protein content (50 µg) samples of cell lysates were separated on 10% SDS–

polyacrylamide gel and transferred to polyvinylidene difluoride membranes (Hybond-P, 

Amershan Biosciences, UK). The membranes were blocked with 5% (w/v) non-fat dry milk 

in Tris-buffered saline containing 0.1% Tween-20 buffer (pH 7.4) (TBST) for 1 h at room 

temperature and incubated with agitation with specific antibodies: anti-pERK1/2 (Cell 

Signaling; 1:1000), anti-pJNK (Cell Signaling; 1:1000), anti-pAKT (Cell Signaling; 

1:1000), anti-β-actin (Sigma-Aldrich; 1:500). Membranes were incubated overnight at 4 °C 

with gentle shaking. The secondary antibody was a peroxidase-conjugated goat anti-mouse 

or -rabbit antibody (1:10,000; Dako Cytomation, USA). After washing the membrane three 

times in TBST buffer (10 min), the signals were detected using an enhanced 

chemiluminescence light-detecting kit (Super-Signal West Pico Chemiluminescent 

Substrate, Pierce, IL, USA), according to the manufacturer’s instructions and exposed to an 

X-ray film (GE Healthcare Ltd., Amersham, UK). The protein band densities were 

analyzed and quantified with a Scientific Imaging Systems (Biophotonics Image J Analysis 

Software, USA). β-actin was used to confirm the equal loading and transfer of proteins. 
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5.2.11. Statistical analysis 

The results were expressed as means ± Standard Error (SE). Data were evaluated 

with GraphPad Prism® Version 5.00 software. Differences between two groups were 

analyzed by the Student’s t-test. Difference with P < 0.05 (*), P < 0.01 (**) or P < 0.001 

(***) were considered statistically significant. 

5.3. Results 

5.3.1. The AMTs 1-8 inhibit cell proliferation in human colon adenocarcinoma cells HT-
29 

The AMTs usneoidone Z (1), 11-hydroxy-1′-O-methylamentadione (2), 

cystomexicone B (3), cystomexicone A (4), 6-cis-amentadione-1′-methyl ether (5), 

amentadione-1′-methyl ether (6), cystodione A (7), and cystodione B (8) (Figure 5.1) 

isolated from the alga C. usneoides have been investigated for their anticancer activity.  

The ability of these compounds at different concentrations to inhibit the viability of 

cancer and non-cancer colon cells (HT-29 and CCD 841 CoN, respectively) was examined 

by the SRB assay. All compounds caused a dose-dependent decrease in cell survival for 

both, cancer and non-cancer cells, although at different extents (Figure 5.2).  

Usneoidone Z (1) and 6-cis-amentadione-1′-methyl ether (5) showed the strongest 

growth inhibitory activity against colon cancer cells HT-29 (IC50 8.81 and 7.83 µg/mL, 

respectively), while the effects of both compounds were much lower towards the normal 

colon cells CCD 841 CoN (IC50 46.41 and 40.97 µg/mL, respectively) (Table 5.1).  

The meroditerpenes 2, 6, 7, and 8 also induced strong decreases of the viability of 

HT-29 cells, greater than those observed for CCD 841 CoN cells (IC50, 9.14, 10.72, 14.00, 

and 9.14 µg/mL for HT-29 cells and IC50 21.41, 48.38, >50, and 31.88 µg/mL for CCD 841 

CoN cells, respectively).  

Compounds 3 and 4 were the less cytotoxic towards both, the tumor and the normal 

cells.  
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Figure 5.2. Effect of AMTs 1-8 at different concentrations on the viability of both HT-29 colon 
cancer cells and normal colonic epithelial cells CCD 841 CoN after 72 h of treatment. Results 
obtained by the SRB assay are reported as the percentage of viable cells (% cell viability). Data 
represent mean ± SE from three independent experiments. *p<0.05 and **p<0.01 compared with 
the untreated group. 
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Table. 5.1. IC50 values (µg/mL) obtained for AMTs 1-8 against the colon 
cancer cells HT-29 and the normal colon cells CCD 841 CoN after 72h of 
treatment (data are means ± SE of three experiments).	SI = IC50 value for 
normal cells/ IC50 value for cancer cells. 

Compound 
Cell lines Selectivity Index 

(SI)  CCD 841 CoN HT-29 
1 46.41±3.87 8.81±1.55 5.26 
2 21.41±2.50 9.14±0.23 2.34 
3 >50 34.34±1.81 >1.45 
4 61.86±2.37 36.86±2.86 1.68 
5 40.97±9.80 7.83±0.05 5.23 
6 48.38±3.84 10.72±0.27 4.51 
7 >50 14.00±1.33 >3.57 
8 31.88±7.51 9,08±1.04 3.51 

According to the literature, compounds with selectivity index (SI) values greater 

than 3 are considered highly selective (Bézivin et al., 2003), although other authors 

consider that compounds with a SI higher than or equal to 2.0 are also interesting (Suffness 

and Pezzuto, 1990). Treatments with the AMTs 1 and 5 afforded selectivity indexes higher 

that 5 (SI=5.26 and 5.23, respectively), indicating that these compounds are five times more 

toxic towards the cancer cells than towards the non-cancer cells (Table 5.1). The AMTs 6, 7, 

and 8 were also highly selective for cancer cells, affording SI higher than 3 (4.51, >3.57, 

and 3.51, respectively). However, the selectivity index observed for 2, 3, and 4 were more 

moderated (2.34, >1.45, and 1.68, respectively). 

5.3.2. The AMTs 11-hydroxy-1′-O-methylamentadione (2), cystomexicone B (3), and 6-
cis-amentadione-1′-methyl ether (5) induce apoptosis of HT-29 colon cancer cells 

Flow cytometry analysis by annexin V/PI staining was performed in order to 

investigate the induction of apoptosis in HT-29 cells by AMTs 1-8. Compounds 1, 2, 5, 6, 7, 

and 8 were tested at concentrations of 10, 20, and 30 µg/mL, and compounds 3 and 4 were 
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tested at 30, 60, and 90 µg/mL. The percentages of viable, early apoptotic, late apoptotic, 

and necrotic cells after 24 h of treatment with the AMTs 1-8 are shown in Figure 5.3.  

Significant differences were observed between control and treated cells. As shown 

in Figure 5.3A, after 24 h 89.34% of vehicle alone-treated HT-29 cells were viable 

(Annexin V-PI-), 0.18% were early apoptotic cells (Annexin V+PI-) and 0.22% were late 

apoptotic (Annexin V+PI+). In contrast, HT-29 cells treated for 24 h with cystomexicone B 

(3), showed a progressive induction of the apoptosis process, with a significant increase at 

the dose of 90 µg/mL, both in the early (4.47%) and in the late (52.12%) apoptotic cells 

(total percentage of apoptotic cells, 56.6%). The AMT 2 also caused significant, although 

more moderated, apoptotic effect (57.7% of viable cells, 1.94 % early apoptotic, and 

12.94 % late apoptotic). (Figure 5.3B). Compound 5 induced a percentage of apoptosis 

similar to 2, but the most prominent effect was necrosis (72.75%).  

In this line, although cell growth was not affected by the AMTs 1, 6, and 8 at 

concentrations up to 20 µg/mL, at the higher concentration of 30 µg/mL a strong necrotic 

effect was detected, with 31.22, 59.55 and 20.12 % of dead cells, respectively. After 24 h of 

treatment, the AMTs 4 and 7 did not induce neither apoptosis nor death of HT-29 cells.  

5.3.3. Effects of the meroterpenoids 1-8 on cell cycle arrest in HT-29 cells 

In an attempt to explore the effects of the AMTs 1-8 on the cell cycle progression of 

colon carcinoma cells HT-29, the cell cycle was analyzed by flow cytometry. The effects of 

increasing concentrations of usneoidone Z (1) on HT-29 cell progression through G0/G1-, 

S- and G2/M-phases are shown in Figure 5.4A. This compound was the most active among 

the tested AMTs and increasing concentrations (10, 20, 30 µg/mL) resulted both in a 

significant cell cycle arrest in the G2/M (p<0.01) and in the reduction of the number of 

cells in the G0/G1 phase (p<0.01).  

The accumulation of cells at the G2/M phase was also significant with the AMTs 2, 

3, 4, 5 and 7 (p<0.05) and it was correlated with a subsequent significant decrease of cells 

in the G0/G1-phase (Figure 5.4B). Compounds 6 and 8 showed the same tendency in cell 

cycle progression but the changes were no significant.  
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Figure 5.3. Apoptosis rates by flow cytometry of HT-29 colon cancer cells treated with the AMTs 
1-8 for 24 h. Negative control cells received no treatment. Positive control received 50 and 75 µM 
of curcumin. (A) Flow cytometry histograms show the percentage of HT-29 cells treated with 30, 
60, and 90 µg/mL of 3 undergoing early and late apoptosis. (B) Bar charts illustrate the percentage 
of viable, necrotic, early, and late apoptosis cells treated for 24 h with 30 µg/mL of 1, 2, 5, 6, 7 and 
8, and 90 µg/mL of 3 and 4. Data represent mean ± SE from three independent experiments. 
Significant differences from control group: *p<0.05, and **p<0.01.  

 

A)	

B)	

25,53±5,25 52,12±0,05**  

4,47±0,99* 

18,67±1,15 
4,61±0,27 

1,39±0,16  

9,05±0,2 
1,15±0,10 

0,51±0,11  

3 (60µg/ml) 3 (90µg/ml) 3 (30µg/ml) 

6,48±0,45 
67,9±1,91** 

2,34±0,36  

!

13,86±0,77 1,09±0,08 

0,8±0,15  

10,27±0,21 0,22±0,09  

0,18±0,04  

Curcumin (75 µM) Curcumin (50 µM) Control 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

Con
tro

l  

Curcu
min 1 2 3 4 5 6 7 8 

Pe
rc

en
ta

ge
 C

el
l P

op
ul

at
io

n 
(%

) 

Meroterpenoids 

Viable  

Necrosis 

Early apoptosis 

Late apoptosis 

**

*

*

**

**

* *



5. Anticancer activity of AMTs on HT-29 cells___________________________________________________ 

	 94 

 
Figure 5.4. Flow cytometry analysis of cell cycle arrest in colon cancer cells HT-29 treated for 24 h 
with the AMTs 1-8. Negative control cells received no treatment. Positive control received 0.2 
µg/mL of colchicine. (A) Flow cytometry histograms showing HT-29 cells treated with 10, 20, and 
30 µg/mL of compound 1. (B) Bar charts for HT-29 cells treated with 30 µg/mL of 1, 2, 5, 6, 7, and 
8, and 90 µg/mL of 3, and 4. Data represent mean ± SE from three independent experiments. 
Significant differences to control group: *p<0.05, and **p<0.01.  
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5.3.4. Effects of the AMTs 1-8 on the migration and invasion of HT-29 cells 

Cell migration is a measure of the metastatic potential of cancer cells. To examine 

whether the AMTs 1-8 had any inhibitory effect on cell migration process, HT-29 cells 

were incubated for 24 h in the absence or presence of the compounds (10 µg/mL) in a 

wound-healing assay (Figure 5.5).  

 
Figure 5.5. Effects of AMTs 1-8 on migration and invasion of HT-29 cells. (A) Seeded 

colon cancer cells in 6-well plates were wounded and imaged (0h). Untreated HT-29 cells and cells 
treated with compound 8 (10 µg/mL) were incubated for 24 h. (B) Bar charts show the percentage 
of migrated HT-29 cells after treatment for 24 h with 1, 2, 5, 6, 7, and 8 at 10 µg/mL and with 3 and 
4 at 30 µg/mL. (C) Anti-invasive activity of AMTs against HT-29 cells measured using a Cultrex 
assay kit. HT-29 cells were untreated or treated for 24 h with the AMTs (10 µg/mL for 1, 2, 5, 6, 7, 
and 8, and 30 µg/mL for 3, and 4). The data represent the means ± SE of three independent 
experiments. Significant differences to control group: *p<0.05 and **p<0.01. 
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According to the quantitative assessment, cystodione B (8) was the most active 

(Figure 5.5), causing at 10 µg/mL 59.1% inhibition of cell migration after 24 h (p<0.05). 

As shown in Figure 5.5B, HT-29 cell migration to the wounded area was also 

significantly inhibited by 28.42%, 36.19%, 45.26% and 30.72% (p<0.05) in the presence of 

10 µg/mL of compounds 1, 5, 6, and 7, respectively. However, compounds 2, 3, and 4 

showed no significant effects on cells migration. Overall, these data demonstrated that most 

of the merterpenoids of C. usneoides have significant inhibitory effects on the migration of 

HT-29 cells. 

Another important characteristic of metastasis is the invasive ability of cancer cells. 

To determine the inhibitory effect of the AMTs 1-8 on the invasion of HT-29 cells, we used 

Cultrex® 96 well basement membrane extract (BME) cell invasion assay kit. The range of 

inhibition caused by the AMTs at 10 µg/mL was 30-45% (Figure 5C) when cells were 

incubated for 24 h. Among the tested compounds, usneoidone Z (1), cystomexicone B (3), 

and cystodione B (8), were the most active inhibiting cell invasion by more than 40% 

(p<0.01 for compounds 1 and 8, and p<0.05 for compound 3). These results demonstrated 

that all the tested AMTs can directly inhibit the invasive potential of colon cancer cells, 

thus indicating the interesting anticancer potential of these NPs.   

5.3.5. The AMTs 1-8 inhibit phosphorylation of ERK, JNK and AKT 

Since the previous findings showed that the AMTs 1-8 significantly inhibit 

migration and/or invasion of HT-29 cells, the underlying mechanism was further 

investigated, in particular the cell signaling pathways. Various studies suggest that MAPKs 

(ERK 1/2, JNK 1/2, and p38) and AKT are important players in cancer cell migration and 

invasion (Chen et al., 2005; Turner et al., 2007). In view of this evidence, the effects of the 

AMTs 1-8 on the phosphorylation of ERK1/2, JNK, and AKT were examined on HT-29 

cells. The cancer cells were treated for 24 h with various concentrations of the AMTs and 

the phosphorylation of ERK1/2, JNK, and AKT were measured by western blot analysis.  

The compounds 1, 2, 5, 6, 7, and 8 significantly reduced the p-ERK1/2 (Figure 5.6) 

with the maximum inhibitory effect observed in cells treated with 5 and 8 at the highest 

concentration (20 µg/mL). 
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As shown in Figure 5.7, all the tested AMTs, except for the meroditerpenes 1 and 6, 

significantly inhibited phospho-JNK, and the compound that had the maximum inhibitory 

effect was 4 at the highest concentration (60 µg/mL).  

The data also showed that the expression of p-AKT protein was significantly 

downregulated in cells treated with 1, 2, 3, 4, 7, and 8 (Figure 5.8), and there was no 

significant reduction of p-AKT production on cells treated with the AMTs 5 and 6.  

Based on these results, the mechanism for the inhibition of the metastatic activity on 

HT29 cells caused by the AMTs 1-8 could be partly explained by inducing the suppressions 

of ERK1/2, JNK or AKT pathways. 

 
Figure 5.6. Effect of AMTs 1-8 on the activation of ERK by measuring the expression levels of the 
phosphorylated form (p-ERK) in HT-29 cells. The cells were treated for 24 h with the compounds (10 and 20 
µg/mL for 1, 2, 5, 6, 7, and 8; 30 and 60 µg/mL for 3, and 4). The levels of p-ERK were measured by western 
blot analysis and quantified with an Image J analysis software. The data shown are the means ± SE of three 
independent experiments. Significant differences from control group: *p<0.05, **p<0.01 and, ***p<0.001. 
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Figure 5.7. Effect of AMTs 1-8 on the activation of JNK by measuring expression levels of the 
phosphorylated form (p-JNK) in HT-29 cells. The cells were treated for 24 h with the compounds (10 and 20 
µg/mL for 1, 2, 5, 6, 7, and 8; 30 and 60 µg/mL for 3, and 4). The levels of p-JNK were measured by western 
blot analysis and quantified with an Image J analysis software. The data shown are the means ± SE of three 
independent experiments. Significant differences from control group: *p<0.05, **p<0.01, and ***p<0.001. 

 
Figure 5.8. Effect of AMTs 1-8 on the activation of AKT by measuring expression levels of the 
phosphorylated form (p-AKT) in HT-29 cells. The cells were treated for 24 h with the compounds (10 and 20 
µg/ml for 1, 2, 5, 6, 7 and 8, and 30 and 60 µg/mL for 3 and 4). The levels of p-AKT were measured by 
western blot analysis and quantified with an Image J analysis software. The data shown are the means ± SE of 
three independent experiments. Significant difference from control group, *p<0.05, **p<0.01 and 
***p<0.001. 
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5.4. Discussion 

In this study various assays were used to investigate the antitumor effects on human 

colon HT-29 cells caused by eight AMTs isolated from the bioactive extract of the alga C. 

usneoides. We first determined that the AMTs 1, 2, 5, 6, 7, and 8, exhibited growth 

inhibitory activity against HT-29 cells with IC50 values in the range 7.8 to 14.0 µg/mL 

while compounds 3 and 4 were less potent (IC50 = 36.9 and 34.3 µg/mL, respectively). 

Interestingly, all the AMTs showed IC50 values significantly higher against the non-cancer 

cells CCD 841 CoN, with selectivity index of 5.26 for compound 1 and 5.23 for 5. We have 

also investigated if the growth suppression induced by the AMTs 1-8 is mediated by 

apoptosis and cell cycle arrest. Our results showed that the compounds isolated from C. 

usneoides (except for 6 and 8) induced significant anticancer effects against HT-29 cells 

through G2/M cell progression arrest, although only compounds 2, 3 and 5 produced 

apoptosis of the colon cancer cells. Moreover, we have shown the significant inhibitory 

effects of most of the tested AMTs on migration and invasion of the human colon cancer 

HT-29 cell line.  

This is the first report on the antitumor activity of the AMTs 1-8 against colon 

cancer cells. Moreover, among the tested compounds, only there were previous antitumor 

data for usneoidone Z (1) (Urones et al. 1992). From the point of view of the structure-

activity relationships the results of growth inhibition of HT-29 cells evidence the higher 

activity of compounds displaying a terpenoid chain of twenty carbon atoms (1, 2, 5, 6, 7, 

and 8) upon comparison with those with a chain of fourteen carbon atoms (3 and 4). On the 

other hand, the similar IC50 values shown by compounds 1, 2, 5, 6, and 8 suggest that other 

structural features such as the configuration of the double bond at C-6, C-7 and the 

presence of an additional hydroxy group at C-3 or C-11, do not affect significantly to the 

growth inhibitory activity on HT-29 cells. 

There are few previous data on the growth inhibitory activity of AMTs against 

colon cancer cells HT-29. In particular, it has recently been reported that the AMTs 

sargachromanols J (Ss-16) and R (Ss-18) (Figure 5.9), from the alga Sargassum 

siliquastrum (Lee et al., 2014), and zonaquinone acetate (Sz-1) (Figure 5.9), from 

Stypopodium zonale (Penicooke et al., 2013), inhibited the growth of HT-29 cells with IC50 
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values of 29.3 µg/mL, 3.4 µg/mL, and 17.3 µM (7.8 µg/mL), respectively, which are 

comparable to those obtained in our study. 

 
Figure 5.9. Chemical structures of AMTs previously reported to possess antitumor activity against 

HT-29 cells (Lee et al., 2014, Penicooke et al., 2013). 

In our study, we were able to demonstrate that the antitumor activity of the 

meroterpene cystomexicone B (3) is exerted through induction of apoptosis. This finding 

was consistent with previous reports that demonstrated the apoptotic effects caused by 

various AMTs (Choi et al., 2017; Heo et al., 2011). In particular, the meroditerpene 

tuberatolide B (Sm-1) (Figure 5.10), isolated from the alga Sargassum macrocarpum (Choi 

et al., 2017), has been shown to inhibit the viability of various cancer cell lines, including 

breast cancer (MDA-MB-231), lung cancer (A549), and colon cancer (HCT116), by 

inducing apoptotic cell death, and sargachromanol E (Ss-10) (Figure 5.10), from 

Sargassum siliquastrum, has been reported to induce apoptosis in the colon cancer cell line 

HL-60 (Heo et al., 2011).  

	
Figure 5.10. Chemical structures of the AMTs tuberatolide B (Sm-1) and sargachromanol E (Ss-

10) previously reported to cause apoptosis in HCT-116 and HL-60 colon cancer cells, respectively 
(Choi et al., 2017; Heo et al., 2011).  
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On the other hand, in the last years a variety of algal terpenoids have been reported 

to induce apoptosis in several cancer cells, including HT-29 (Tarhouni-Jabberi et al., 2017), 

Jurkat leukemic cells (Cen-Pacheco et al., 2011), melanoma B16F10 cells (Velatooru et al., 

2016; Campos et al., 2012), and human TNBC cells (Lakshmi et al., 2018). 

Cancer is a complex pathology where the cells undergo different transformations, 

among which uncontrolled cell division stands out. Cell cycle deregulation is the hallmark 

of cancer progression and the control of the cell cycle helps to regulate cell growth. This is 

one of the most critical alterations during tumor progression and play an important role in 

apoptosis (Williams and Stoeber, 2012). The G2/M checkpoint is a known target for cell 

cycle inhibition (Dominguez-Brauer et al., 2015), which marks a barrier before entry into 

M phase (Palmer et Kaldis, 2016); in this way it is critical to prevent progression through 

mitosis when cells progress into G2 with an unrepaired DNA during the previous S or G1 

phases, or when they possess incompletely replicated chromatin from S phase (Yang, 2012). 

A consequence is that cells with DNA damage can initiate an apoptotic program, that leads 

to the phenotypic manifestation of mitotic failed during the metaphase (Castedo et al., 

2004). In this study, we have demonstrated that the growth inhibitory effect of the AMTs 1, 

2, 3, 4, 5, and 7 on HT-29 cancer cells is associated with a G2/M arrest and cell cycle 

progression. These results are in line with an earlier report that demonstrated that the algal 

halogenated monoterpene mertensene induced similar response with G2/M arrest from  HT-

29 cells (Tarhouni-Jabberi et al., 2017). However, other algal terpenes have been described 

to induce cell cycle arrest in G1 phase in different types of  cell lines (Lakshmi et al., 2018; 

Campos et al., 2012). 

Cancer metastasis is a leading cause of death in cancer patients. The migration and 

invasion of cancer cells allow them to detach from the primary tumor to the surrounding 

tissues and colonize the target organs (Hood and Cheresh, 2002). Interestingly, the present 

study has demonstrated that the treatment of cells with the AMTs 1-8 decreases migration 

and/or invasion of the colon cancer cells.  

MAPK signaling pathway that consists of extracellular signal-related kinase 1 and 2 

(ERK1/2), c-JUN N-terminal kinase/stress activated protein kinase (JNK/SAPK), and p38 

(Kajanne et al., 2007), is involved in cell survival, cell-cycle progression, programmed cell 
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death, and metastasis of cancer cells (Go et al., 2011). In colorectal carcinoma, the MAPK 

pathway is aberrantly activated (Shan et al, 2009) and, therefore, the inhibition of this 

pathway is a potential therapeutic approach (Go et al., 2011).  

It has been shown that the ERK promotes growth, differentiation, and proliferation 

of cancer cells (Jiang et al., 2018). It has also been reported that transient ERK activation 

might be linked to cellular proliferation while strong and persistent activation may lead to 

programmed cell death (Park et al., 2014). ERK promote either intrinsic or extrinsic 

apoptotic pathways by induction of mitochondrial cytochrome c release or caspase-8 

activation (Cagnol and Chambard, 2010). ERK pathway not only participates in the 

regulation of apoptosis, but also controls G2/M cell cycle phase. ERK has been reported to 

regulate cyclin B1 transcriptional induction and also controls the assembly of cyclin-CDK 

complex via the CDK translocation (Li et al., 2008; Abrieu et al., 1997), which play pivotal 

roles in regulating cell cycle progression. Moreover, ERK1/2 regulates focal adhesion and 

cytoskeletal reorganization via the phosphorylations of specific cytoskeletal and focal 

adhesion proteins, including paxillin, FAK, and myosin light chain kinase, which are 

crucial signalling components to control cell migration, invasion, and cell cycle progression 

(Wu et al., 2008; Kuphal, 2005). In this study, we have examined the effect of compounds 

1-8 on the ERK pathway. A decreased protein expression of phosphorylated ERK was 

observed in HT-29 cells treated with compounds 1, 2, 5, 6, 7, and 8, which support the 

crucial role of ERK in the regulation of proliferation, cycle progression, and metastasis 

processes in colon cancer cells. 

Activation of JNK has been involved in the regulation of various cellular processes, 

including cell survival, proliferation, differentiation, and cell death (Tournier, 2013). 

However, few papers have been published regarding to the potential role of JNK in the cell 

cycle. Mingo-Sion et al., 2004 reported that the induced G2/M arrest may be due to the 

inability of some cells to sustain p21Cip1/Waf1, a JNK substrate, in the absence of JNK 

activity. When p21Cip1/Waf1 expression is increased in response to DNA damage, cyclin 

B/Cdk1 kinase activity is inhibited causing G2/M phases arrest (Bates et al., 1998). In this 

study, we have found that compounds 2, 3, 4, 5, and 7 inhibit cell proliferation through 

inducing a G2/M phase arrest in HT-29 cells via JNK pathway. Regarding to programed 

cell death, JNK play an active role in the regulation of both the intrinsic and extrinsic 
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apoptotic pathways (Dhanasekaran and Reddy, 2017). These findings suggest that p-JNK 

may be involved in the activation of cell apoptosis after the treatment with compound 3.  

JNK plays also a crucial role in cell migration and invasion. The oncogenic 

functions of JNK are particularly based on its ability to phosphorylate c-Jun and to activate 

transcriptional factor Activator Protein-1 (AP-1). Matrix metalloproteinases (MMPs), a key 

role for degrading the basement membrane, have an AP-1 consensus sequence that 

regulates tumour progression by enhancing tumour-induced angiogenesis and destroying 

local tissue architecture and basement membranes to allow tumor invasion and metastasis 

(Cai et al., 2017). The AMTs showing anti-migration (5, 7, and 8) and anti-invasion (2, 3, 4, 

5, 7, and 8) activities also decreased phosphorylation of JNK in colon cancer cells. 

suggesting that these compounds may have efficacy in the prevention of the metastasis of 

colon cancer cells. 

Alteration of the PI-3K/AKT pathway has been detected during tumor formation in 

numerous cancers, including colorectal cancer (Jung et al., 2017). Many studies have 

reported that PI3K activation stimulates the downstream target AKT, which plays various 

and important roles in regulating cell proliferation, cell cycle, apoptosis, and cell invasion 

(Shant et al., 2009; Hollborn, 2007; Chang et al., 2003). AKT pathway has been shown to 

be involved in the cell cycle progression by down-regulating Cdk1 and Cyclin B1 

expression, both of which can ultimately lead to the arrest of G2/M transition (Hiraoka et 

al., 2016). On the other hand, AKT modulate apoptosis signaling by inducing expression of 

multiple pro-apoptotic members of the Bcl2-family of mitochondria-targeting proteins. 

These pro-apoptotic proteins translocate in the mitochondria leading to caspase activation 

thus leading to apoptosis (Agarwal et al., 2013). AKT is also known to regulate the 

expression of FAK (focal adhesion kinase) proteins mediating colorectal cancer metastasis. 

In response to extracellular pressure, AKT and FAK bind directly, thus phosphorylating 

AKT at three serine residues. The phosphorylation of the three serine residues consequently 

phosphorylate the tyrosine residue (Tyr397) thus activating it. It therefore induces cell 

adhesion by increasing the binding of integrins to matrix, which finally lead to increased 

metastasis (Wang and Basson, 2011). Hence, inhibiting AKT may be an important 

therapeutic target for regulating cell cycle progression, apoptosis, and preventing cancer 

metastasis. In the present study, we have found that the AMTs 1, 2, 3, 4, 7, and 8 reduce the 
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protein levels of p-AKT in HT-29 cells, indicating the role of these AMTs in the down-

regulation of proliferation, cell cycle, apoptosis, and metastasis in colon cancer cells 

through the regulation of MAPK and AKT pathways. These results are in line with a 

previous study where the algal halogenated monoterpene mertensene was shown to induce 

G2/M cell cycle arrest and apoptosis in human colon adenocarcinoma HT-29, through	 the 

modulation of ERK-1/-2 and AKT signaling (Tarhouni-Jabberi et al., 2017). Nonetheless, 

some studies on the mechanism of action of other algal terpenoids have also demonstrated 

the intervention of other signaling pathways. For example, the sesquiterpene guai-2-en-

10α-ol, from Ulva fasciata, was reported to induce apoptosis and cell cycle arrest in G1 

phase of triple-negative breast cancer (TNBC) cell line (MDA MB-231) via regulation of 

EGFR/PI3 K/Akt pathway (Lakshmi et al., 2018) and laurinterol, from Laurencia 

okamurae, showed anticancer activity against melanoma cells (B16F1) through the p53-

dependent pathway (Kim et al., 2008).  

5.5. Conclusion 

In summary, the present study demonstrates for the first time that various AMTs 

obtained from the alga C. usneoides inhibit in vitro the proliferation of colon cancer cells, 

while being significantly less cytotoxic against normal cells, induce cell cycle arrest, and 

decrease migration and invasion of HT-29 cells. Moreover, with cystomexicone B (3), 

apoptosis in HT-29 cells was detected. Our results provide proof that the tested AMTs 

promote strong anticancer effects through down-regulation of signaling pathways by ERK, 

JNK, and/or AKT. On the basis of the activity observed for the AMTs 1, 2, 5, 7 and 8 in 

most of the assays performed in this study, these AMTs could be promising as agents for 

the prevention and treatment of colon cancer, although the potential of these NPs to act as 

chemopreventive and therapeutic agents for colorectal carcinomas needs to be previously 

evaluated in animal models. 
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6. Meroterpenoids from the brown alga Cystoseira usneoides as potential 

anti-inflammatory and anticancer agents 

On the basis of the anti-inflammatory properties of the extract of C. usneoides, the 

pharmacological screening of the isolated AMTs was continued by testing in vitro the 

profile of anti-inflammatory activity in stimulated THP-1 human macrophages. Moreover, 

the promising anticancer activity observed for the AMTs against colon cancer cells 

encouraged us to perform further studies in new cell models, specifically in human lung 

adenocarcinoma A549 cells. Taken together, these results could evidence the potential 

preventive role of the AMTs in the chronic inflammation and tissue damage for cancer 

development, including lung cancer. 

Abstract: The anti-inflammatory and anticancer properties of eight meroterpenoids isolated 

from the brown seaweed Cystoseira usneoides have been evaluated. The algal 

meroterpenoids (AMTs) 1-8 were tested for their inhibitory effects on the production of the 

pro-inflammatory cytokines tumor necrosis factor (TNF-α), interleukin-6 (IL-6), and 

interleukin-1β (IL-1β), and the expression of cyclooxygenase-2 (COX-2) and inducible 

nitric oxide synthase (iNOS) in LPS-stimulated THP-1 human macrophages. The 

anticancer effects were assessed by cytotoxicity assays against human lung adenocarcinoma 

A549 cells and normal lung fibroblastic MRC-5 cells, together with flow cytometry 

analysis of the effects of these AMTs on different phases of the cell cycle. The AMTs 1-8 

significantly reduced the production of pro-inflammatory cytokines TNF-α, IL-6, and IL-

1β, and suppressed the COX-2 and iNOS expression in LPS-stimulated cells (p<0.05). The 

AMTs 1-8 displayed higher cytotoxic activities against A549 cancer cells than against 

MRC-5 normal lung cells. Cell cycle analyses indicated that most of the AMTs caused the 

arrest of A549 cells at the G2/M and S phases. The AMTs 2 and 5 stand out by combining 

significant anti-inflammatory and anticancer activities while 3 and 4 showed interesting 

selective anticancer effects. These findings suggest that the AMTs produced by C. 

usneoides may have therapeutic potential in inflammatory diseases and lung cancer. 
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6.1. Introduction 

Inflammation is a physiologic process in response to invading pathogens or 

endogenous signals such as tissue injury. It is initiated by migration of immune cells from 

blood vessels and release of mediators, followed by recruitment of inflammatory cells and 

secretion of increased amounts of cytokines and chemokines to eliminate invading 

pathogens and to repair damaged tissues (Pan et al., 2009; Medzhitov, 2008; Lu et al., 

2006).  

During the past decade, numerous epidemiological studies have consistently linked 

the immune system with tumorigenesis (Todoric et al., 2016). However, the role of 

inflammation in cancer is not new. Virchow in 1863 postulated that tumors arise in areas of 

chronic inflammation and that inflammation cells were present in the resected tumors 

(Bremnes et al., 2011; Balkwill and Mantovani 2001). These observations led him to 

hypothesize that inflammation is a predisposing factor of carcinogenesis (Lu et al., 2006; 

Balkwill and Mantovani, 2001). It is now becoming clear that the immune system 

contributes to all stages of tumorigenesis, from initiation to invasion and metastasis of 

tumors, by providing abundant molecules to the tumor microenvironment. These molecules 

include growth factors, cytokines, and chemokines that increase mutagenesis, promote 

unregulated cell proliferation, limit apoptosis, and favor angiogenesis, invasion, and 

metastasis (Conway et al., 2015; Ben-Baruch, 2006).  

Lung cancer causes 19% of all cancer deaths worldwide (Bray et al., 2018): it is the 

most commonly diagnosed cancer and the leading cause of cancer-related mortality both in 

males and females (Ma et al., 2016; Torre et al., 2015). The lung, as organ of the respiratory 

system exposed to the outer environment, is a place predisposed for infections and chronic 

inflammatory injuries (Cho et al., 2011; Engels, 2008). The chronic airway inflammation 

contributes to DNA damage, mutation, and pathological/molecular alterations in the 

bronchial epithelium and microenvironment, through the production of different cytokines, 

chemokines, and transcription factor networks, which increase lung tumor development and 

progression (Cho et al., 2011; Engels, 2008; Azad et al., 2008). Hence, a strategy for the 

prevention and treatment of lung cancer could involve the regulation of inflammatory 

molecules, including pro-inflammatory cytokines, and inflammatory enzymes, such as 

cyclooxygenase-2 (COX-2) and inducible nitric oxide synthetase (iNOS). 
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Brown algae are a promising group of seaweeds known to be a rich source of 

bioactive compounds (Hussain et al., 2014). Among brown algae, the genus Cystoseira, 

which currently encompasses about fifty species widespread along the northeastern Atlantic 

ocean and the Mediterranean Sea (Guiry, 2018), has been one of the most studied genera, 

from both chemical and biological points of view (Bruno de Sousa al., 2017). In particular, 

many algae of the genus Cystoseira have been described to contain a variety of natural 

products of the meroditerpene class (Gouveia et al 2013a; Amico et al. 1995; Valls and 

Piovetti, 1995) some of which have been shown to possess anticancer, antimicrobial, 

antioxidant or antileishmanial properties (Bruno de Sousa et al., 2017 ;, Vizetto-Duarte et 

al., 2016; Gouveia et al., 2013a 2013b).  

In the course of our research on bioactive metabolites from macroalgae, we 

addressed the study of the algal meroterpenoids (AMTs) 1-8 (Figure 6.1) isolated from the 

species C. usneoides (De los Reyes et al., 2013).  

	
Figure 6.1. Chemical structures of the meroterpenes from C. usneoides subjected to anti-
inflammatory and anticancer studies: usneoidone Z (1), 11-hydroxy-1′-O-methylamentadione (2), 
cystomexicone B (3), cystomexicone A (4), 6-cis-amentadione-1′-methyl ether (5), amentadione-1′-
methyl ether (6), cystodione A (7), and cystodione B (8).	
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As described in the previous chapter, the anticancer activity shown by the extract of 

C. usneoides against colon cancer cells HT-29 led us to study first the effects of the AMTs 1-

8 on HT-29 cells. The compounds exhibited anticancer activity on HT-29 by inducing cell 

cycle arrest and apoptosis via the down-regulation of ERK/JNK/AKT signaling pathways. 

On the other hand, the extract of C. usneoides had also shown promising anti-

inflammatory activity as inhibitor of the production of the pro-inflammatory cytokine TNF-

α. Thus, the first objective of the present study was to investigate the anti-inflammatory 

properties of the AMTs 1-8. Secondly, taking into account the relationship between cancer 

and inflammation, this study also aimed to investigate the effects of the AMTs 1-8 on other 

types of cancer closely related to inflammatory processes such as lung cancer. We believe 

that investigating both activities and identifying compounds provided of both properties, 

anti-inflammatory and anticancer, could contribute to the understanding the relationship 

between cancer and inflammation. 

Herein we demonstrate that the AMTs 1-8 exhibit anti-inflammatory activities 

through the inhibition of both the production of pro-inflammatory cytokines (TNF-α, IL-6, 

and IL-1β) and the protein expressions of COX-2 and iNOS in the LPS-stimulated THP-1 

human macrophages as well as that the AMTs 1-8 also possess selective anticancer activity 

against human lung cancer cells A549 by inducing cell cycle arrest. 

6.2. Material and Methods 

6.2.1. Isolation and characterization of meroterpenoids 1-8 

The collection of the alga samples, preparation of the extract, purification, and the 

structural characterization of the meroterpenoids 1-8 were described in the chemistry 

chapter (De los Reyes et al., 2013). Briefly, shade-dried samples of C. usneoides collected 

at the Gibraltar Strait were ground and extracted with acetone/methanol (MeOH). The 

resulting extract was subjected to column chromatography (CC) eluting with n-

hexane/diethyl ether (Et2O) mixtures of increasing polarity, then Et2O, chloroform/MeOH 

mixtures, and finally MeOH. Repeated separation of selected fractions by CC and HPLC 

afforded the pure compounds 1-8, whose structures were determined by NMR and MS. 
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6.2.2. Reagents for anti-inflammatory and anticancer assays 

Sulforhodamine B (SRB), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium 

bromide salt (MTT), dimethylsulfoxide (DMSO), Propidium Iodide (PI), Tris-base, acetic 

acid, trichloroacetic acid (TCA), and RNase were from Sigma-Aldrich (Munich, Germany); 

RPMI 1640 medium and fetal bovine serum (FBS) were from GIBCO (USA); phosphate 

buffer saline (PBS), streptomycine, penicillin, and trypsine-EDTA were from PAA 

(Laboratories GmbH, Austria). For western blotting, anti-COX-2 (Cayman, USA), anti-

iNOS (ENZO, USA), anti-rabbit IgG antibody (Dako Cytomation, USA), anti-β-actin 

(Santa Cruz Biotechnology, USA) were pruchased. 

6.2.3. Anti-inflammatory assays 

Cell Culture 

THP-1 human monocytic leukemia cell line was obtained from the American Type 

Culture Collection (TIB-202, ATCC, USA). The cells were cultured in RPMI 1640 medium 

containing 10% heat-inactivated FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin, 

at 37 °C in humidified air containing 5% CO2.  

Cell Viability Assay 

The viability of THP-1 cells was measured by the SRB assay (Skehan et al., 1990). 

The cells were seeded in 96-well plates with the growth medium at a density of 1×104 cells 

per well, and differentiation into macrophages was induced by 0.2 µM phorbol myristate 

acetate (PMA). Three days after differentiation into macrophages, the cells were treated 

with various concentrations (0, 3.125, 6.25, 12.5, 25, 50, 100 µg/mL) of the AMTs 1-8 in 

fresh medium and incubated for another 72 h. Then, the cells were fixed with 50 µL of 

trichloroacetic acid (TCA, 50%) and processed as described in the literature. 

Determination of Pro-inflammatory Cytokines Production 

THP-1 cells were plated at a density of 3×105 cells/mL in 24-well plates and 

incubated with PMA (0.2 µM) for 72 h in a humidified atmosphere of 5% CO2 at 37°C. The 

macrophages were pre-treated for 1 h with AMTs 1-8 (8 µg/mL for compounds 1, 2, 3, 4, 7, 

and 8, and 4 µg/mL for 5 and 6) and then stimulated with lipopolysaccharide (LPS, 1 
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µg/mL) for another 24 h. Dexamethasone (Dex) was used as positive reference compound 

at 1 µM. The viability of cells was greater than 95% throughout the experiment. The levels 

of TNF-α, IL-6, and IL-1ß in supernatants were measured with enzyme-linked immune-

sorbent assay (ELISA) kits (Diaclone GEN-PROBE) according to the manufacturer’s 

protocols. The absorbance was determined at 450 nm using a microplate reader. To 

calculate the concentration of cytokines, a standard curve was constructed using serial 

dilutions of cytokine standards provided with the kit. 

Western Blotting Analysis 

Western blotting was used to measure the protein levels of COX-2 and iNOS. THP-

1 macrophages were plated at a density of 1×106 cells/mL in 6-well plates, treated for 1 h 

with compounds 1-8 (8 µg/mL for compounds 1, 2, 3, 4, 7, and 8, and 4 µg/mL for 

compounds 5 and 6), and then stimulated with 1 µg/mL of LPS in medium at 37 °C. After 

24 h the cells were washed with ice-cold PBS, collected, suspended in the lysis buffer (250 

mM NaCl, 50 mM Tris (pH 7.5), 0.5 mM EDTA, 5 mM EGTA,	 8 mM MgCl2, 1 mM 

PMSF, 0.01 mg/mL pepstatin A, 0.01 mg/mL leupeptin, 0.01 mg/mL aprotinin, 1% Triton 

X-100) and centrifuged at 12,000g at 4 °C for 3 min to yield cell lysates. Protein 

concentration in cell lysates was determined by Bio-Rad Protein Assay (BioRad, Richmond 

CA, USA). Cytosolic proteins (50 µg) were separated with 10% SDS-polyacrylamide gel 

electrophoresis and transferred on PVDF membranes. The membranes were then blocked 

with 5% (w/v) non-fat dry milk in Tris-buffered saline containing 0.1% Tween-20 (pH 7.4) 

(TBST) buffer at room temperature for 1 h. The membranes were washed three times (10 

min) in TBST buffer and incubated with specific primary antibodies anti-COX-2 (1:3000) 

or anti-iNOS (1: 1000) diluted in 5% (w/v) non-fat dry milk in TBST buffer, at 4 °C 

overnight. Then, the membranes were incubated with peroxidase-conjugated bovine 

peroxidase-conjugated goat anti-rabbit IgG (1: 1000) for 1h at room temperature. To 

ascertain that blots were loaded with equal amounts of protein lysates, they were also 

incubated in the presence of the antibody against β-actin protein (1:10,000). After washing 

the membrane again with TBST buffer (10 min) three times, the antibody was visualized 

using an enhanced chemiluminescence light-detecting kit (Super-Signal West Pico 

Chemiluminescent Substrate, Pierce, IL, USA), according to the manufacturer’s 
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instructions and exposed to an X-ray film (GE Healthcare Ltd., Amersham, UK). The 

protein band densities were quantified using ImageJ v. 1.45 software (NIH, EEUU). 

6.2.4. Anticancer assays 

Cell line and cell culture  

The human fetal lung fibroblastic MRC-5 cell line and the human lung 

adenocarcinoma A549 cell line were obtained from European Collection of Cell Cultures 

and maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 2 

mM glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin and 10% FBS. Cell lines 

were cultured at 37º C in a humidified atmosphere containing 5% CO2. 

Cell proliferation assay 

Cell proliferation was evaluated by a modified MTT assay, which measures the 

mitochondrial dehydrogenase activity (Calderón-Montaño et al., 2018). A total of 5×103 

cells/well (MRC-5 cells) and 3×103 cells/well (A549 cells) were cultured in a 96-well plate 

for 24 h. Then, treatments were added to the cell culture. After 72 h of incubation, the 

medium was removed and 125 µL of MTT (1 mg/mL in medium) was added to each well 

and incubated for 4 h. Next, 80 µL of 20% sodium dodecyl sulphate (SDS) was added and 

incubated for 5 h at 37 ºC. The optical density of each well was measured at 540 nm 

(Synergy HT multiwell plate spectrophotometer reader, BioTek Instruments Inc., 

Winooski, VT, USA) to quantify cell viability. Cell survival (%) was expressed as 

percentage of viability compared to the control (non-treated cells). 

Cell cycle analysis 

For cell cycle analysis by flow cytometry, A549 cells were seeded at 1×106 

cells/well in 6-well plates and incubated for 24 h followed by treatment with the AMTs, at 

concentration of IC50 (Table 6.3), and further incubation for 24 h. Cells were harvested after 

trypsinization and washed once with PBS. Then, the cells were centrifuged at 1500 rpm for 

5 min (25 °C), the pellet was fixed with 1 mL of ice-cold 70% ethanol, and the samples 

were stored at −4 °C overnight. Then the cells were washed with PBS and incubated in the 

darkness with PBS containing 5 mg/mL of RNase A for 48 h at 4 °C. Subsequently, 50 µL 
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of 0.1 mg/mL of propidium iodide was added to the cells and were incubated for 1 h at 4°C. 

The relative DNA content per cell was analyzed using a Bekhman Coulter FC500 flow 

cytometer (Cytomics, MPL, USA). The data acquisition was performed with the DML 

program. The analysis of the acquired data was performed with the CXP cytometer. 

6.2.5. Statistical Analysis 

The results are presented as the mean ± Standard Error (SE) of at least three 

independent experiments. Data were evaluated with GraphPad Prism® Version 5.00 

software. Differences between two groups were analyzed by the Student’s t-test. Difference 

with P < 0.05 (*), P < 0.01 (**) or P < 0.001 (***) were considered statistically significant. 

6.3. Results 

The algal meroterpenoids (AMTs) usneoidone Z (1), 11-hydroxy-1’-O-

methylamentadione (2), cystomexicone B (3), cystomexicone A (4), 6-cis-amentadione-1′-

methyl ether (5), amentadione-1′-methyl ether (6), cystodione A (7), and cystodione B (8) 

(Figure 5.1) isolated from the alga C. usneoides have been investigated for their anti-

inflammatory and anticancer activities.  

6.3.1. Anti-inflammatory activity 

Effects of AMTs 1-8 on the viability of THP-1 cells 

The cytotoxic effect of AMTs 1-8 on LPS-stimulated THP-1 macrophages was 

determined at different concentrations and incubation times (0–100 µg/mL, 48 and 72 h) 

using the SRB assay. The results of this analysis demonstrated that none of the molecules 

affect cell viability at concentrations up to 10 µg/mL for AMTs 1, 2, 3, 4, 7, 8, and up to 6 

µg/mL for AMTs 5 and 6 (data not shown). Therefore, in order to rule out cytotoxic effects, 

compounds 1, 2, 3, 4, 7, and 8 were tested on THP-1 cells at maximum concentration of 8 

µg/mL while 5 and 6 were tested at maximum concentration of 4 µg/mL.  
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Effects of AMTs 1-8 on TNF-α, IL-6, and IL-1ß expression in LPS-stimulated THP-1 

macrophages 

To determine the effects of the AMTs 1-8 on the production of TNF-α, IL-6, and IL-

1ß, THP-1 macrophaghes were pretreated with the compounds and then stimulated with 

LPS, as the triggering factor to stimulate the cytokines production. The levels of 

proinflammatory cytokines in the cell supernatants were determined using the ELISA kits. 

Upon comparison with control cells, TNF-α, IL-6, and IL-1ß levels were 

significantly increased in LPS stimulated cells up to 282.06, 389.47 and 181.8 ng/mL, 

respectively (Table 6.1). However, LPS-stimulated THP-1 macrophages pre-treated with 

the AMTs 1-8 showed a significant reduction of the production of pro-inflammatory 

cytokines (Table 6.1, Figure 6.2).  

Table 6.1. Inhibitory effects of AMTs 1-8 on the production of TNF-α, IL-6, and IL-1ß in 
LPS-stimulated THP-1 macrophages. 

 
Cytokines production (ng/mL) 

 
TNF-α  IL-6 IL-1β  

Control 77.69±7.6 59.07±1.7 53.35±4.2 

Control + LPS 282.06±2.1
+++

 389.48±20.1
++

 181.81±9.6
+++

 

Dexamethasonea  55.58±6.9
***

 28.18±2.3
***

 105.94±5.7
**

 

AMTs:    

    1b 75.85±15.5
**

 112.16±16.1
***

 46.25±2.6
***

 

    2b 101.15±19.5
**

 74.75±14.4
***

 28.30±5.7
***

 

    3b  120.91±17.5
**

 120.04±2.7
**

 117.67±11.4
*
 

    4b  163.1±13.9
**

 221.97±8.1
**

 141.83±9.5 

    5c  125.96±7.3
***

 125.3±12.1
***

 25.46±2.4
***

 

    6c 161.48±10.6
**

 191.07±5
**

 70.78±3.4
**

 

    7b 159.86±7.8
**

 196.42±10.1
**

 100.26±7.5
**

 

    8b 133.82±24.1
**

 160.18±18
**

 100.73±7.5
*
 

a 1 µg/mL; b 8 µg/mL; c 4 µg/mL; Values are the mean ± SE of triplicate experiments; +++ p < 0.001 
vs Control; *p < 0.05, **p < 0.01, ***p < 0.001 vs Control+LPS. 
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Figure 6.2. AMTs 1-8 inhibit LPS-induced expression of TNF-α, IL-6, and IL-1β in THP-1 
macrophaghes (A, B and C) respectively. Cells were pretreated for 1 h with the AMTs (1, 2, 3, 4, 7 
and 8 at 8 µg/mL; 5 and 6 at 4 µg/mL), followed by 24 h treatment with LPS. TNF-α (A), IL-6 (B) 
and IL-1β (C) contents in the culture medium were determined by ELISA. Data are expressed as 
means ± SE from three independent experiments. Statistical significance is indicated (+++p < 0.001 
vs Control; *p < 0.05, **p < 0.01, ***p < 0.001 vs Control+LPS). 
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Regarding to TNF-α, although all compounds induced a significant reduction of the 

level of this cytokine in THP-1, the meroditerpenes 1 and 2, at 8 µg/mL, showed the higher 

suppressive effect causing 73% and 64% inhibition (Table 6.1 and Figure 6.2A). 

Compounds 3, 5, and 8 also induced more than 50% of inhibition (57%, 55%, and 52%, 

respectively), while compounds 4, 6, and 7 were less active, reducing the production of 

TNF-α by 42-43% (P<0,01). 

As shown in Table 6.1 and in Figure 6.2B, among the eight AMTs, compound 2 

markedly inhibited LPS-induced IL-6 production in THP-1 macrophages by 81% and 

compounds 1, 3, and 5 caused strong inhibitions of 71%, 69% and 67%, respectively.  

The treatment of cells with compounds 4, 6, 7, and 8 also significantly inhibited the 

production of IL-6 upon comparison with LPS-stimulated THP-1 control cells, although to 

a lesser extent (43%, 51%, 50% and 59%, respectively). 

With regard to IL-1ß production, the pretreatment of cells with the AMTs 1-8 

resulted in significant inhibition of this cytokine (Table 6.1 and Fig. 6.2C). The most 

marked effects were observed in the cells treated with compounds 2 (8 µg/mL) and 5 (4 

µg/mL), which blocked the effect of 1 µg/mL LPS by 84% and 86%, respectively. 

Moreover, pretreatment with the AMTs 1 (8 µg/mL) and 6 (4 µg/mL) also strongly 

inhibited LPS-induced IL-1ß production by 74% and 61%, respectively. The AMTs 3, 7, 

and 8 displayed inhibitory activity, causing IL-β decreases of 50%, 44%, and 35%, 

respectively. 

Effects of AMTs 1-8 on the expression of COX-2 and iNOS proteins in LPS-stimulated 
THP-1 cells  

COX-2 is the key enzyme regulating the production of prostaglandins, which are the 

central mediators of inflammation. On the other hand, iNOS enzyme represent an important 

molecular target closely involved in inflammatory responses. Thus, the effect of the AMTs 

1-8 on LPS-induced COX-2 and iNOS protein expression was investigated by western blot 

analysis. As shown in Figure 6.3 and in Table 6.2, the expression of COX-2 and iNOS 

proteins was markedly augmented upon LPS treatment in THP-1 macrophages.  

The pretreatment with the AMTs 2, 3, 4, 5, 6, and 7 significantly down-regulated 
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the expression of COX-2, while no significant effect was observed for compounds 1 and 8. 

The more active compounds were 3, 5, 6, and 7 which decreased COX-2 levels by 53, 53, 

64, and 58 % respectively. On the other hand, all AMTs 1-8 effectively suppressed LPS-

induced iNOS expression, decreasing iNOS levels in the range 40-54 %. 
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Figure 6.3. Effect of AMTs 1-8 on LPS-induced COX-2 and iNOS protein expression in THP-1 
macrophages. Cells were pretreated for 1 h with the AMTs (1, 2, 3, 4, 7 and 8 at 8 µg/mL; 5 and 6 at 
4 µg/mL) and then stimulated with LPS (1 µg/mL). Cytosolic lysates from 24 h-stimulated cells 
were separated on 10% SDS-PAGE. COX-2, iNOS, and β-actin were detected by western blot 
analysis. Data are expressed as means ± SE from three independent experiments. Statistical 
significance is indicated (+++ p < 0.001 and ++ p < 0.01 vs Control; *p < 0.05, **p < 0.01, ***p < 
0.001 vs Control+LPS). 
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Table 6.2. Inhibitory effects of AMTs 1-8 on the production of COX-2 
and iNOS in LPS-stimulated THP-1 macrophages. 

 Percentage of production 

 
COX-2 iNOS 

Control 34.26±7.7 35.95±2.29 

Control + LPS 100.00±0.2
+++

 100.00±7.04
++

 

AMTs:   

   1a 83.29±11.37 53.96±2.15
**

 

   2a 69.18±8.68
*
 46.06±1.68

**
 

   3a 46.65±11.3
*
 52.95±7.31

**
 

   4a 54.16±3.63
**

 45.07±6.37
**

 

   5b 46.48±4.46
**

 59.69±8.4
**

 

   6b 35.77±2.5
**

 57.12±6.3
**

 

   7a 41.98±0.61
**

 56.77±2.57
**

 

   8a 88.61±3.59 45.91±8.19
**

 
a8 µg/mL; b4 µg/mL. Values are the mean ± SE of triplicate experiments; 
+++ p < 0.001 vs Control; *p < 0.05, **p < 0.01, ***p < 0.001 vs Control+LPS. 

 

6.3.2. Anticancer activity 

Cytotoxic effects and selectivity of the AMTs 1-8 

The effects of the AMTs 1-8 on cell survival was investigated in the human lung 

cancer cell line A549. The results, shown in Figure 6.4, indicated that all the AMTs 

inhibited the A549 cell growth after 72-h incubation in a dose-dependent manner. The most 

active compounds were 1, 2, 5 and 6 with IC50 values of 8.68, 6.61, 4.56, and 6.19 µg/mL, 

respectively (Table 6.3).  

Since the AMTs 1-8 showed an interesting cytotoxic activity towards A549 cells, 

the compounds were similarly evaluated in a normal cell line (human fetal lung fibroblastic 

MRC-5 cells) to determine the selectivity index (SI).  
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Figure 6.4. Effects of different concentrations of AMTs 1-8 on the viability of human lung cancer 
cell line A549 and the human fetal lung fibroblastic MRC-5 cells, using MTT assay and after 72 h 
of treatment. Results are expressed as percentage of viable cells (% cell viability). Data are mean ± 
SE from three independent experiments. *p<0.05, **p<0.01 and  ***p<0.01 compared with the 
untreated group.  
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Table 6.3. IC50 values (µg/mL) of AMTs 1-8 against the normal lung cells 
MRC-5 and the lung cancer cells A549, after 72 h of treatment.	 

Compound 
Cell lines  Selectivity Index  

MRC-5 A549 SI 
1  10.64±0.50 08.68±0.15 1.22 
2 08.65±0.18 06.61±0.38 1.30 
3 51.91±2.76 24.42±1.71 2.12 
4 58.38±3.30 21.00±1.79 2.78 
5 08.39±0.14 04.56±0.21 1.83 
6 08.87±0.05 06.19±0.25 1.43 
7 14.46±1.14 09.31±0.33 1.55 
8 17.83±0.09 13,96±0.55 1.28 
SI = IC50 values for normal cells/ IC50 values for cancer cells. Data are 
means ± SE from three independent experiments.	

It has been reported that compounds with SI value higher or equal to 2.0 are 

potentially selective (Suffness and Pezzuto, 1990). According to the data in Table 6.3, all 

AMTs showed selective cytotoxicity against the cancer cells; especially compounds 3 and 

4 which at increasing concentrations maintained higher toxicity against A549 cancer cells 

than against MRC-5 non-malignant cells (Figure 6.4). It is worth noting that after treatment 

with 50 µg/mL of these two AMTs the cell viability was lower than 15% for cancer cells 

and higher than 55% for normal cells. On the other hand, 1 was the less selective 

compound; its SI was 1.22. 

  In view of the high incidence of harmful side effects induced by most existing 

anticancer drugs, the selective in vitro cytotoxicity exhibited by of 3 and 4 suggest that 

these compounds could be promising and interesting anticancer agents. 

Effects of AMTs 1-8 on A549 cell cycle progression  

We next investigated whether the treatment with AMTs 1-8 caused any cell cycle-

related event which inhibit the viability of A549 cell line. Thus, the cells were treated with 

the AMTs (at concentrations of IC50 (Table 6.3)) or with colchicine (at 0.2 µg/mL) for 24 h, 

and then subjected to flow cytometry analysis to evaluate the distribution of cells in the 
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different phases of the cell cycle (Figure 6.5).  

 

 

  Figure 6.5. Effects of AMTs 1-8 on cell cycle distribution of A549 cells. Cells were incubated 
with IC50 doses of AMTs for 24 h. (A) Cells were harvested to measure the cell cycle distribution 
by flow cytometry. (B) Quantitative analysis of cell cycle distribution after treatment with AMTs. 
Data represent mean ± SE from three independent experiments. **p<0.01 and  ***p<0.01 compared 
with the untreated group.  
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The results showed that most of the assayed AMTs induced a significant 

accumulation of cells at the G2/M phase (20-40%) and at the S phase (10-18%) of the cell 

cycle, with a parallel depletion of the percentage of cells in G0/G1 phase (49-65%)  (Figure 

6.5). The AMTs 1, 2, 7 and 8 were the most active and caused a remarkably increase of 

cells at G2/M phase (31.15, 31.62, 40.19, and 32.50%, p<0.01, respectively) compared with 

the control group (14.06 %) and at S phase (17.75, 17.90, 13.69, and 16.73%, p<0.01, 

respectively) compared with the control group (4.99 %). In parallel, a decrease of the 

population at G0/G1 phase was observed in the cells treated with these compounds (64.52, 

65.42, 49.3, and 61.3%, p<0.01, respectively) in comparison with the control group (71.4 

%). 

6.4. Discussion 

 As a part of our ongoing project aimed to evaluate the biomedical potential of 

marine natural products, in the present study we have demonstrated the in vitro anti-

inflammatory and anticancer activities of eight meroterpenoids (AMTs 1-8) isolated from 

the brown alga C. usneoides.  

 First we investigated the anti-inflammatory effects of the AMTs 1-8 and their 

molecular mechanisms in LPS-induced THP-1 macrophages. The production of pro-

inflammatory mediators including TNF-α,   IL-6, and IL-1β by macrophages exposed to 

endotoxins is well established (Li et al., 2016; Rios et al., 2016). TNF-α plays a major role 

in initiating and regulating the release of adhesion molecules and the expression of 

inflammatory mediators during inflammatory responses (McCoy et al., 2011). IL-6 is a 

multifunctional cytokine that plays a role in inflammatory responses through the 

stimulation of acute phase responses, hematopoiesis, and immune reactions (Tanaka et al., 

2014). Moreover, inhibition of IL-6 signaling has been successfully translated into the 

clinic as a powerful anti-inflammatory strategy (Baran et al., 2018). IL-1β is one of the 

most potent proinflammatory cytokines, which affects a large number of cellular responses 

and mediates inflammatory processes at local and systemic levels (Dinarello, 2018; 

Borthwick, 2016). These proinflammatory mediators can induce cell and tissue damage and 

also activate macrophages in various inflammation-associated diseases (Yoon et al., 2009). 



____________________________________________6. Anti-inflammatory/Anticancer activity on A549 cells 
	

 128 

The protein COX-2 is an important inflammatory enzyme responsible of the high 

prostaglandin levels widely observed in inflammatory pathology (Murakami and Ohigashi 

2007). The enzyme iNOS is greatly expressed in macrophages and its activation leads to 

organ destruction in some inflammatory and autoimmune diseases (Pansanit et al., 2013). 

Therefore, treatment aimed to suppressing proinflammatory cytokines and enzymes is 

regarded as an effective therapeutic strategy for the control of several disorders, including 

the inflammatory diseases. 

In this study, we found that the AMTs 1-8 significantly reduced the secretion of the 

proinflammatory cytokines TNF-α, IL-6, and IL-1β, as well as inhibited the protein 

expressions of COX-2 and iNOS in LPS-induced THP-1 macrophages. These findings are 

in line with other results from our group showing that other AMTs of C. usneoides reduce 

TNF-α expression in LPS-stimulated THP-1 cells (De los Reyes et al., 2016) and indicate 

that the meroterpenoids are responsable of the anti-inflammatory properties of the extract of 

the alga. Morevover, the results obtained for the AMTs 1-8 represent the first account on 

the activity of this class of meroterpenoids as inhibitors of the proinflammatory mediators 

IL-6, IL-1ß, COX-2 and iNOS. 

Overall, the AMTs 1 and 2 were the most potent inhibitors of the production of the 

three proinflammatory cytokines, causing decreases in the range 71-84% at 8 µg/mL. At 

this concentration, compound 2 also significantly inhibited COX-2 and iNOs. These 

inhibitory effects observed for compound 2 (11-hydroxy-1′-O-methylamentadione or AMT-

E) on THP-1 cells  are consistent with the in-vivo study described in the next chapter, 

which shows that compound 2 exerts intestinal anti-inflammatory activity in the colitis by 

down-regulating TNF-α, IL-1ß, and IL-10, as well as suppressing COX-2 and iNOS 

expression in the mouse colon tissue (Zbakh et al., 2016). 

Recent reports from other groups have also demonstrated the anti-inflammatory 

potential of a variety of algal terpenes and meroterpenes (Bruno de Sousa et al., 2017). A 

number of compounds have been assayed on LPS-stimulated RAW264.7 macrophages 

(Wijesinghe et al., 2014, Yoon et al. 2012, Chatter et al., 2011). Thus, the diterpenoid 

nerogioltriol (Lg-1) (Figure 6.6) from the alga Laurencia glandulifera was found to inhibit 

the activation of NF!B and the production of NO, TNF-!, and COX-2 (Chatter et al., 2011) 
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while the sesquiterpene 5β-hydroxypalisadin B (Ls-1) from L. snackeyi (Wijesinghe et al., 

2014) and the meroterpene sargachromanol G from Sargassum siliquastrum (Ss-19) (Yoon 

et al. 2012) were shown to inhibit the production of NO, TNF-!, IL-6, and IL-1β,  as well 

as reduce the COX-2 and iNOS expression in LPS-stimulated RAW264.7 macrophages. 

	
Figure 6.6. Chemical structres of algal terpenoids and AMTs which inhibit the production of 
proinflammatory mediators in LPS-stimulated RAW264.7 macrophages (Wijesinghe et al., 2014, 
Yoon et al. 2012, Chatter et al., 2011).   

Other terpenes from Dictyota plectens showed anti-inflammatory effects by 

inhibiting the LPS-induced NO production in mouse peritoneal macrophages (PEMΦ) 

(Zhao et al., 2015) and, more recently, several terpenes from the red alga L. tristicha and 

from the brown alga Homoeostrichus formosana, showed an interesting anti-inflammatory 

ability by inhibiting the FMLP/CB-induced generation of superoxide anion and elastase 

release in human neutrophils (Fang et al., 2015; Chen et al., 2016). The results obtained for 

the AMTs 1-8 are in line with the anti-inflammatory activities above described, and show 

that the terpenoids from C. usneoides have potent inhibitory effects on the LPS-induced 

production of TNF-!, IL-6, and IL-1β, and on COX-2 and iNOS expression. 

We next investigated the effects of the anti-inflammatory AMTs 1-8 on the viability 

of the lung cancer cells A549. It is well known that chronic inflammation is associated with 

several chronic diseases including cancer (Gupta et al., 2018; Makvandi et al., 2017). 

Cancer is the second leading cause of death worldwide, being lung cancer one of the most 

mortal cancer type (OMS). The metastatic cancer is an incurable disease for most patients 

because the current anticancer therapies lack of enough selective cytotoxicity to kill cancer 

cells without affecting healthy tissues (Siegel et al., 2018). Therefore, the development of 

new drugs with higher selectivity towards cancer cells is vital to advance towards the cure 

to this deadly disease. Nature, has provided useful anticancer drugs (e.g. the vinca alkaloids 
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and the diterpene paclitaxel) and is still a source of new agents (Martin-Cordero et al., 

2012). In this line, along the last decades, an array of new anticancer compounds have also 

been isolated from marine organisms (Ercolano et al., 2019). 

In this study, we have shown the anticancer activity of eight meroterpenoids 

obtained from the alga C. usneoides. In particular, we studied the cytotoxicity of the AMTs 

1-8 against lung cancer cells and lung normal cells. All AMTs significantly inhibited the 

growth of A549 cancer cells. Interestingly, the compounds exhibiting a chain of twenty 

carbon atoms (1, 2, 5-8) were more cytotoxic (IC50 ranging from 4.56 to 13.96 µg/mL) than 

those with a chain of fourteen carbon atoms (3 and 4), a characteristic that had also been 

previously observed in the assays against the colon cancer cells HT-29. Moreover, we 

found that the cancer cells were more sensitive to the cytotoxic effect of AMTs 1-8 than 

MRC-5 normal cells. Compounds 3 and 4 had the highest selectivity towards cancer cells, 

showing selective cytotoxic activity at several concentrations assayed (from 12 to 50 

µg/mL). 

Among algae-derived metabolites, a few terpenoids and meroterpenoids have also 

recently been reported to possess anticancer activity against lung cancer cells A549.  

	
Figure 6.7. Chemical structures of algal terpenoids and AMTs with anticancer activity against 
A549 cells (Yu et al., 2014; Tesdale et al., 2014; Campos et al., 2012; Smyrniotopoulos et al., 2010; 
Lane et al., 2009). 

Thus the sesquiterpenes elatol (Lmi-6) (Figure 6.7) from Laurencia microcladia 

together with 5β-hydroxyaplysin (Lok-2) and its hydroperoxy analogue from L. okamurai 

had cytotoxic effects towards A549 human cancer cell line (IC50 values of 4.8, 35.3 and 

15.4 µM, rspectively) (Campos et al., 2012; Yu et al., 2014) while the diterpenes 

sphaerococcenol A (Sc-1) and two related analogues from Sphaaerococcus coronopifolius 
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inhibited the growth of A549 cells with IC50 values of 3.7, 19.0 and 18.0 µM 

(Smyrniotopoulos et al., 2010). Likewise meroditerpenoids from algae of the genus 

Callophycus exhibited cytotoxicity towards several human cancer cell lines, including 

A549 cells, with the higher activity observed for bromophycolides M, N, O, P, Q (Cs-11) 

and bromophycoic acid D (mean IC50 values of 3.1, 8.6, 9.7, 7.9, 2.0, and 6.8 µM, 

respectively) (Lane et al. 2009; Tesdale et al., 2014). 

We have also demonstrated that most of the assayed AMTs suppress the 

proliferation of A549 by arresting cell cycle progression at the G2/M and S phases. The cell 

cycle checkpoints play a key role in the machinery that controls cell division by sensing 

defects occurring in vital processes, like DNA replication or chromosome segregation, 

inducing a cell cycle arrest till the repair of the detected defects (Malumbres 2012). The 

effect of algal terpenes on lung cancer and cell cycle distribution has been scarcely 

documented and less in A549 cells. Campos et al., 2012, demonstrated the anticancer 

properties of the sesquiterpene elatol (Lmi-6 in Figure 6.7), isolated from Laurencia 

microcladia, by inducing cell cycle arrest in the G1 and the sub-G1 phases in several 

human cancer cell lines, including A549 cell line. Our results suggest, for the first time, that 

the meroterpenoids 1-8 affect the molecular pathways that control the A549 cell cycle 

progression by arresting the cells at the G2/M and S checkpoints. 

6.5. Conclusion 

In summary, most of the AMTs 1-8 were active in the performed anti-inflammatory 

and anticancer assays. Compounds 2 and 5 stand out by combining significant anti-

inflammatory and anticancer properties while compounds 3 and 4 have an interesting 

anticancer profile because of their marked selective cytotoxicity. Literature offers strong 

evidence that chronic inflammation and tissue damage can cause cancer development 

including lung cancer (Conway et al., 2016). Hence, natural compounds that 

simultaneously possess anti-inflammatory and anticancer potentials are of great importance 

for cancer prevention and treatment. The anti-inflammatory and anticancer results above 

described for the AMTs 1-8 support the need to perform advanced biological activity 

studies with some selected AMTs in animal models of intestinal, lung, or skin inflammation 

and cancer.  
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7. The algal meroterpene 11-hydroxy-1′-O-methylamentadione 

ameloriates dextran sulfate sodium-induced colitis in mice 

In this doctoral thesis we thought it was appropriate to complete our experiments by 

proving the responses of a selected AMT in an acute animal model of intestinal 

inflammation; this trial could also serve for a preliminary assessment of the potential acute 

systemic toxicity of the AMTs. These results have been published in: Zbakh et al., Marine 

Drugs 2016, 14, article 149. 

Abstract: Inflammatory bowel disease (IBD) is a complex class of immune disorders. 

Unfortunately, a treatment for total remission has not yet been found, while the use of 

natural product-based therapies has emerged as a promising intervention. The present 

study was aimed to investigate the anti-inflammatory effects of the algal meroterpene 11-

hydroxy-1′-O-methylamentadione (2, also AMT-E) in a murine model of dextran sodium 

sulphate (DSS)-induced colitis. AMT-E was orally administered daily (1, 10, and 20 

mg/kg animal) to DSS treated mice (3% w/v) for 7 days. AMT-E prevented body weight 

loss and colon shortening and effectively attenuated the extent of the colonic damage. 

Similarly, AMT-E increased mucus production and reduced myeloperoxidase activity 

(marker for anti-inflammatory activity). Moreover, the algal meroterpene decreased the 

tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-10 levels, and caused a 

significant reduction of the expression of inducible nitric oxide synthase (iNOS) and 

cyclooxygenase-2 (COX-2). Our results demonstrate the protective effects of AMT-E on 

experimental colitis, provide an insight of the underlying mechanisms of this compound, 

and suggest that this class of marine natural products might be an interesting candidate for 

further studies on the prevention/treatment of IBD. 

7.1. Introduction 

Ulcerative colitis (UC) and Crohn’s disease (CD) are two typical forms of 

inflammatory intestinal disease belonging to inflammatory bowel disease (IBD) (Mulder et 

al., 2014), which affect millions of people worldwide and carry a widespread health hazard 
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in modern society (Loftus et al., 2002). IBD is characterized by chronic and recurrent 

inflammatory disorders of the gastrointestinal tract (Papadakis et Targan, 200). Despite 

many years of extensive research, the aetiology and pathogenesis of IBD is not completely 

understood. It probably involves a complex interaction of several factors, including genetic 

susceptibility, immune disorders, bacterial flora within the intestinal environment, and 

environmental factors (Kaser et al., 2010). Therefore, the development of new, effective, 

and well-tolerated drugs for IBD therapy is necessary. Various models of experimental IBD 

have been developed to investigate the pathogenesis of this disease and may be used to test 

innovative approaches for therapy (Neurath et al., 2012). Among these models, 

experimental colitis induced by dextran sulphate sodium (DSS) has been widely used 

because it affords a high degree of uniformity and reproducibility of most lesions in the 

distal colon, and after 7 days of DSS administration the intestinal immune system is 

activated to generate, in a coordinated form, pro-inflammatory/anti-inflammatory cytokines 

(Talero et al., 2015). The pro-inflammatory cytokines amplify the inflammatory response 

by activating a cascade of immune cells such as neutrophils and macrophages. Infiltration 

of neutrophils results in the production of large amounts of cytotoxic reactive oxygen 

species, nitrogen metabolites, and lytic enzymes, which lead to severe inflammatory tissue 

injury, including mucosal disruption and ulceration (Yan et al., 2009).  

Macroalgae produce a wide variety of bioactive compounds that offer great 

opportunities in the biomedical field (Hussain et al., 2016; Ioannou et Roussis, 2000; Smit, 

2004). Although most research on the pharmacological potential of algal natural products 

has focused on cytotoxic and antimicrobial activities (Hussain et al., 2016; Murphy et al., 

2014; Ioannou et Roussis, 2000), recent studies are also disclosing interesting properties of 

algae-derived extracts and natural products as anti-inflammatory agents (Dang et al., 2008; 

Na et al., 2005; Sansom et al., 2007; Tziveleka et al., 2005). Thus, we have recently 

described the in vitro anti-inflammatory activity of a series of meroterpenoids isolated from 

the brown alga Cystoseira usneoides (De los Reyes et al., 2016; De los Reyes et al., 2013). 

In particular, the meroditerpene 11-hydroxy-1′-O-methylamentadione (2 or AMT-E) 

(Figure 7.1), which is one of the major natural products of this alga, showed significant 

activity as an inhibitor of the production of the pro-inflammatory cytokine TNF-α in LPS-

stimulated THP-1 human macrophages (De los Reyes et al., 2013). 
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The promising in vitro activity exhibited by AMT-E led us to investigate the 

potential in vivo anti-inflammatory effect of this natural product on the experimental colitis 

induced by DSS. We have found that AMT-E exerts intestinal anti-inflammatory activity in 

the colitis by increasing mucus production, inhibiting neutrophil infiltration, down-

regulating TNF-α, IL-1β, and IL-10, as well as suppressing COX-2 and iNOS expression in 

the mouse colon tissue.  

 
Figure 7.1. Chemical structure of the meroditerpene 11-hydroxy-1′-O-

methylamentadione (AMT-E, 2). 

7.2. Materials and methods 

7.2.1. Experimental animals 

Seven-week-old female C57BL/6 mice weighing 18–20 g were purchased from 

Janvier Labs (France). Mice were housed on a regular 12 h light-dark cycle in a 

temperature (24–25 °C) and humidity (70%–75%) controlled room, and acclimated for 7 

days. They were allowed free access to a laboratory diet (Panlab, Barcelona, Spain) and 

water ad libitum. The care and use of the animals and experimental protocol were approved 

by the Guidelines for the Animal Ethics Committee of the University of Seville, and all 

experiments in this study were carried out in accordance with the recommendations of the 

European Union regarding animal experimentation (Directive of the European Council 

2010/63/EU).  

7.2.2. Isolation of 11-hydroxy-1′-O-methylamentadione (AMT-E) 

The meroditerpene AMT-E was isolated from the brown alga Cystoseira usneoides 

as previously described (De los Reyes et al., 2016). Briefly, the frozen alga was extracted 

with methanol, and after evaporation of the solution under reduced pressure, the aqueous 

residue was extracted with diethyl ether. The resulting extract was subjected to column 
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chromatography (CC) on silica gel eluted with a mixture of n-hexane/diethyl ether (50:50, 

v/v), diethyl ether, chloroform/methanol mixtures (90:10 and 80:20, v/v), and finally 

methanol. The fractions eluted with diethyl ether and chloroform/methanol (90:10, v/v) 

were further separated by CC using as eluents n-hexane/ethyl acetate mixtures (80:20 to 

30:70, v/v), ethyl acetate, and finally methanol. Selected fractions were subjected to 

repeated separations in normal phase HPLC using as eluent n-hexane/ethyl acetate (60:40, 

v/v) and in reversed phase HPLC using as eluent methanol/water (70:30, v/v). The isolated 

compound was identified from its 1H and 13C NMR spectra (De los Reyes et al., 2013).  

7.2.3. Induction of DSS colitis and treatments 

Experimental colitis was induced by giving mice drinking water ad libitum 

containing 3% (w/v) DSS for 7 days. Mice of each of the groups were monitored carefully 

every day to confirm that they consumed an approximately equal volume of DSS-

containing water. Animal body weights and water and food intake were recorded daily 

throughout all the experiments. On termination of the experiment on day eight, mice were 

killed by cervical dislocation. Colons were removed aseptically, slightly cleaned in 

physiological saline to remove faecal residues, weighed, and measured. Afterwards, the 

excised colons were cut longitudinally and small pieces from the middle to distal colon 

(areas of visible and inflammatory damage) were blotted dry, immediately frozen with 

liquid nitrogen, and stored at −80 °C until use.  

Mice were divided randomly into five groups (twelve animals per group): (i) Sham 

group, which received drinking water, without DSS, throughout the experimental period 

(Sham); (ii) control group of induced colitis by DSS (DSS), and (iii–v) DSS groups treated 

with the compound AMT-E once a day during the 7 days at the doses of 1, 10 and 20 mg/ 

kg body weight and named AMT-E (1), AMT-E (10) and AMT-E (20), respectively. AMT-

E was dissolved in vehicle consisting of 0.9% saline solution and 1% Tween-80 (Sigma-

Chemical Co., St. Louis, MO, USA) and was administered by oral gavage. Both Sham and 

DSS groups received equal vehicle (0.9% saline solution/1% Tween-80) on the same 

schedule as AMT-E. All efforts were made to minimize the animals suffering and to reduce 

the number of animals used. The doses of AMT-E were chosen on the basis of literature 

with marine meroterpenoids in animal models of inflammation (Ferrándiz et al., 1994; 
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Busserolles et al., 2005), including intestinal inflammation by DSS (Yamada et al., 2014), 

and also in a short-preliminary experiment in our lab to acquire safety and efficacy in the 

DSS model of colitis. Criteria about potential translation of results from animal to humans 

were considered (Reagan-Shaw et al., 2008).  

7.2.4. Histological studies 

For histological examination (4 animals per group), small sections (1 cm, 

approximately) from the middle to distal colon were excised and fixed in 4% 

paraformaldehyde in phosphate-buffered saline (PBS, pH 7.4), dehydrated by increasing 

concentrations of ethanol, and embedded in paraffin. Thereafter, sections of tissue were cut 

at 5 µm on a rotary microtome (Leica Microsystems, Wetzlar, Germany), mounted on clean 

glass slides and dried overnight at 37 °C. Sections were cleared, hydrated, and stained with 

haematoxylin and eosin, and Alcian blue for histological evaluation of colonic damage and 

mucus content, respectively, according to standard protocols; slides were coded to prevent 

observer bias during evaluation. All tissue sections were examined in an Olympus BH-2 

microscope (GMI, Minnesota, USA) for characterization of histopathology changes. The 

tissues were analysed by a blinded observer to establish a composite Histological Score as 

previously described (Talero et al., 2015), where researchers do not know the origin of the 

sample, except the coordinator. Criteria included mucosal architecture (0, absent; 1, mild; 

2, medium; 3, severe), cellular infiltration (0, none; 1, infiltrate around the crypt basis; 2, 

infiltrate reaching the muscularis mucosae; 3, infiltrate reaching the submucosa), and goblet 

cell depletion (0, absent; 1, present). The results were expressed as the average scores of the 

3 colonic sections. 

7.2.5. Myeloperoxidase activity assay 

Myeloperoxidase (MPO) is an enzyme found in neutrophils and, in much smaller 

quantities, in monocytes and macrophages. The MPO activity according to the method of 

Grisham et al., 1990 was used as a convenient and valuable tool for evaluating neutrophil 

infiltration in the colon tissue. The colonic tissue samples were thawed, weighed, and 

homogenized in 10 volumes of 50 mM PBS, pH 7.4. The homogenate was centrifuged at 

20,000× g for 20 min at 4 °C. The pellet was again homogenized in 10 volumes 50 mM 

PBS at pH 6.0, containing 0.5% hexadecyl trimethylammonium bromide (HETAB) and 10 
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mM EDTA. This homogenate was subjected to three cycles of freezing/thawing and a brief 

period of sonication. About 50 µL of homogenate sample was added to a 96-well 

microplate and incubated at 37 °C for 3 min with a mixture containing 0.067% O-

dianisidine dihydrochloride, 0.5% HETAB, and 0.3 mM hydrogen peroxide. The changes 

in absorbance at 655 nm were measured with a microplate reader (Labysistem Multiskan 

EX, Helsinki, Finland). One unit of MPO activity was defined as the amount of enzyme 

present that produced a change in absorbance of 1.0 U/min at 37 °C in the final reaction 

volume containing the acetate. The results were expressed as U/mg tissue. 

7.2.6. Cytokines assay 

Colonic samples for cytokine determinations (TNF-α, IL-1β, and IL-10) were 

weighed and homogenized at 4 °C after thawing, in a lysis buffer (1:5 w/v) containing PBS 

(pH 7.2), 1% bovine serum albumin (BSA), 0.01 mg/mL leupeptin, 0.01 mg/mL pepstatin, 

0.01 mg/mL aprotinin, and 1 mM phenylmethylsulfonyl fluoride (PMSF). Then, the tubes 

were centrifugated at 12,000× g for 10 min at 4 °C; the supernatants were frozen at −80 °C 

until assay. Cytokines levels in frozen colonic tissue biopsy samples were measured with a 

commercially available ELISA kit (Diaclone, Besançon, France) according to the 

manufacturer’s instructions and then were expressed as nanograms per milligram of tissue. 

7.2.7. Extraction of cytoplasmic proteins and western blot analysis 

Frozen colonic tissues were weighed and homogenized in ice-cold lysis buffer (50 

mM Tris HCl, pH 7.5, 8 mM MgCl2, 5 mM ethylene glycol bis (2-aminoethyl ether)-

N,N,N′N′-tetraacetic acid (EGTA), 0.5 mM EDTA, 0.01 mg/mL leupeptin, 0.01 mg/ml 

pepstatin, 0.01 mg/mL aprotinin, 1 mM PMSF, and 250 mM NaCl). Homogenates were 

incubated for 10 min on ice and centrifuged (12,000× g for 15 min at 4 °C), and the 

supernatants were collected and stored at −80°C. Protein concentration in the supernants 

was determined following colorimetric method of Bradford with gamma globulin as the 

standard (Bradford, 1976). Equal amounts of protein (50 µg) were then separated on 10% 

acrylamide gel by sodium dodecyl sulphate-polyacrylamide gel electrophoresis. In the next 

step, the proteins were electrophoretically transferred onto nitrocellulose membrane at 120 

mA for 90 min. The membranes were then blocked in PBS-Tween 20 containing 5% w/v 

defatted milk. Later, the membranes were incubated with specific primary antibodies, rabbit 
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anti-COX-2 and anti-iNOS  (Cayman Chemical, Ann Arbour, MI), at 4 °C overnight and 

1:1000 dilution.  To prove equal loading, the blots were analysed for β-actin expression 

using an anti-β-actin antibody (Sigma-Aldrich, St. Louis, MO, USA). Each membrane was 

washed three times for 15 min and incubated with the secondary horseradish peroxidase-

linked anti-rabbit (Pierce Chemical, Rockford, IL) for 60 min at room temperature. After 

washing the membranes again three times, the immunodetection was performed using an 

enhanced chemiluminescence light-detecting kit (Super-Signal West Pico 

Chemiluminescent Substrate, Pierce, IL, USA). Densitometric data were studied following 

normalization to the control (house-keeping gene). The signals were analysed and 

quantified with Scientific Imaging Systems (Biophotonics Image J Analysis Software). 

7.2.8. Statistical analysis 

All data are expressed as arithmetic means ± standard error of the mean (S.E.M.) 

Data were evaluated with GraphPad Prism® Version 5.00 software. The statistical 

significance of any difference in each parameter among the groups was evaluated by one-

way analysis of variance (ANOVA) followed by Tukey test. p values of <0.05 were 

considered statistically significant. In the experiment involving histology, the figures 

shown are representative of at least three experiments performed on different days.  

7.3. Results 

7.3.1. AMT-E treatment protects mice against DSS-induced acute colitis 

To determine the potential in vivo anti-inflammatory effect of AMT-E, we tested 

this compound using the DSS model of acute intestinal inflammation. It is worth noting that 

neither DSS nor the different AMT-E treatments caused changes in the relative weights and 

appearance of organs such as the liver, kidneys, and heart, which are highly susceptible to 

drug toxicity. However, as shown in Table 7.1, mice that were treated with DSS showed a 

marked colon shortening in relation to Sham animals (p < 0.001) (Table 7.1 and Figure 7.2. 

a,b). This effect is indicative of the presence of inflammation. AMT-E treatments modified 

this effect and the highest dose of the compound (20 mg/kg) was able to significantly 

prevent DSS-induced colon shortening (p < 0.01) (Table 7.1 and Figure 7.2e). Moreover, 

mice that were treated with DSS showed a progressive loss of body weight, with 
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fluctuations typical of this type of experiment, during the 7 days that the study lasted 

(Figure 7.2f). Mice treated with AMT-E were protected from this marked loss of body 

weight, with significant response from day three to the end, and for the three doses tested.  

 

Figure 7.2. 11-hydroxy-1′-O-methylamentadione (AMT-E) protect mice against dextran sodium 
sulphate (DSS)-induced colitis. (a–e) Representative macroscopic appearance of the colon in (a) 
Sham group (b) mice treated with DSS and (c–e) mice receiving DSS plus AMT-E (1, 10, and 20 
mg/kg p.o., respectively). (f) Change in bodyweight during the study. Data are expressed as the 
means ± SEM. Statistical significance between Sham and DSS groups was determined by Student’s 
t test. The statistical differences between DSS and treatments groups were determined by oneway 
ANOVA followed by Bonferroni post-hoc test. + p < 0.05 and ++ p < 0.01 vs. Sham group; * p < 
0.05, ** p < 0.01 and *** p < 0.001 vs. DSS group. 
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Table 7.1. Effects of AMT-E (1, 10, and 20 mg/kg p.o.) on colonic length in dextran sodium 
sulphate (DSS)-treated mice 

Treatments  
(n = 12) Sham a DSS b AMT-E c  

(1 mg/kg) 
AMT-E c  

(10 mg/kg) 
AMT-E c  

(20 mg/kg) 

Colonic 
length (cm) 7.93 ± 0.16 6.02 ± 0.12 +++ 6.19 ± 0.10 7.00 ± 0.14 7.03 ± 0.16 ** 

a Sham group, receiving vehicle; b Group treated with DSS (3%) in drinking water, for 7 
consecutive days; c Treated with DSS (3%) in drinking water and with AMT-E (1, 10, or 20 mg/kg, 
p.o.), for 7 consecutive days. Data are means ± S.E.M and were analysed by one-way ANOVA 
followed by Tukey test for comparison between groups. +++ p < 0.001 vs. Sham group; ** p < 0.01 
vs. DSS group. 

7.3.2. AMT-E alleviates microscopic colon damage and increases mucus production 

Histological examination and results from the histopathological score for all groups 

are shown in Figure 7.3 and Table 7.2. Colons from Sham mice revealed typical features of 

normal structure (Figure 7.3a). Consistent with the macroscopic changes, where DSS-

treated mice showed inflammation in the medial-distal area of the colon, this was also 

evident after the microscopic analysis involving all layers of the bowel wall (score 3.93 ± 

0.2, Table 7.2); extensive granulation tissue with the presence of a massive neutrophilic 

infiltration, fibroblasts and lymphocytes was also apparent, mainly in the mucosa and 

submucosa; necrosis of epithelium, distortion of crypts, and partial destruction of the 

glands were also detected (Figure 7.3c); Alcian blue staining, which detects acid mucin-

positive goblet cells, revealed remarkable mucin depletion in ulcerative areas of DSS-

treated animals (Figure 7.3d) compared with Sham mice (Figure 7.3b). By contrast, the 

histological sections of the AMT-E–treated animals (Figure 7.3e,g,i) showed an 

improvement in the microscopic features of colitis at all the doses used, evidenced by a 

preservation of the colonic mucosa structure and a reduction of inflammatory cells in the 

lamina propria when compared to DSS group. Moreover, Alcian blue-positive goblet cells 

were clearly observed in preserved regions of the mucosal layer in mice treated (Figure 

7.3f,h,j). This analysis provides a score of 2.34 ± 0.1, 2.12 ± 0.2, and 1.82 ± 0.2 for AMT-E 

doses of 1, 10, and 20 mg/kg respectively (p < 0.05 vs. DSS group; Table 7.2). 
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Figure 7.3. 11-hydroxy-1′-O-methylamentadione (AMT-E) administration attenuates 
microscopic colon damage induced by dextran sulfate sodium (DSS); this effect is 
detected in Haematoxylin/Eosin and also in Alcian Blue stain sections where positive 
goblet cells were more clearly observed in preserved regions of the mucosal layer in mice 
treated with different dose of AMT-E. Histological appearance of samples taken from 
middle to distal colon of mice: (a,b) Sham group; (c,d) DSS group; (e,f) DSS plus AMT-
E (1 mg/kg, p.o.); (g,h) DSS plus AMT-E (10 mg/kg, p.o.) and (i,j) DSS plus AMT-E (20 
mg/kg, p.o.). Original magnification X200. 
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Table 7.2. Effects of AMT-E on histological hcore in the dextran sodium  
sulphate (DSS) model 

Treatments Sham DSS AMT-E		
(1	mg/kg) 

AMT-E		
(10	mg/kg) 

AMT-E		
(20	mg/kg) 

Colitis	score 0 3.93	±	0.2	* 2.34	±	0.1	† 2.12	±	0.2	† 1.82	±	0.2	† 

The criteria used for the histopathological scoring and immunostaining evaluation of 
colonic mucosa are described in the Experimental Section. Data are expressed as the means 
± SEM. * p < 0.05 versus respective Sham group. † p < 0.05 versus DSS group. 

7.3.3. AMT-E attenuates MPO levels in DSS-induced colitis in mice 

The histopathology study indicated that a mechanism underlying the protective 

effects of AMT-E involved a reduced infiltration of inflammatory cells into the colonic 

mucosa. Thus, colon inflammation was quantitatively evaluated by MPO activity. As 

shown in Figure 7.4, DSS induced a significant increase in colon MPO activity from 0.07 ± 

0.003, a basal concentration, to 0.11 ± 0.006 U/mg tissue (p < 0.001 vs. Sham group) after 

7 days of DSS administration. The treatment with AMT-E at the doses of 10 and 20 mg/kg 

significantly suppressed the degree of polymorphonuclear neutrophil infiltration in colon 

tissue (0.09 ± 0.007 and 0.07 ± 0.0006 U/mg tissue, respectively, p < 0.01 vs. DSS group), 

Figure 7.4.  

 

Figure 7.4. 11-hydroxy-1′-O-methylamentadione (AMT-E) administration reduces leukocyte 
infiltration. Myeloperoxidase activity (MPO, U/mg tissue) was quantified in mice treated with DSS 
alone or mice receiving DSS plus AMT-E (1, 10, and 20 mg/kg, p.o.). The Sham group received 
vehicle in an equal volume. Data are expressed as the means ± SEM. Statistical significance 
between Sham and DSS groups was determined by Student’s t test. The statistical differences 
between DSS and AMT-E treated groups were determined by oneway ANOVA followed by 
Bonferroni post-hoc test. +++ p < 0.001 vs. Sham group. ** p < 0.01 vs. DSS group. 
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7.3.4. Effects of AMT-E on the production of cytokines in the colon of DSS-treated mice 

To investigate the influence of AMT-E on cytokines production, we measured the 

levels of pro-inflammatory (TNF-α and IL-1β) and anti-inflammatory (IL-10) cytokines in 

the colonic tissue from different treatment groups. As shown in Figure 7.5, the levels of 

TNF-α and IL-1β were increased in the colon tissues from DSS-treated mice compared to 

that in control animals. Furthermore, the administration of AMT-E at a dose of 20 mg/kg 

significantly reduced the levels of these cytokines by 60% (p < 0.01) and 67% (p < 0.001), 

respectively, with respect to DSS group (Figure 7.5a,b). As regards IL-10, this cytokine 

was up-regulated in DSS-treated mice compared with Sham group. Interestingly, 10 and 20 

mg/kg of AMT-E resulted in a significant decrease of IL-10 values compared with DSS 

group (Figure 7.5c). 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 7.5. Effects of 11-hydroxy-1’-O-methylamentadione (AMT-E) administration on cytokine 
levels of colonic tissue in DSS-induced colitis. (a) TNF-α levels (ng/mg tissue); (b) IL-β levels 
(ng/mg tissue), and (c) IL-10 levels (ng/mg tissue), were quantified in mice treated with DSS alone 
and in those receiving DSS plus AMT-E (1, 10, and 20 mg/kg, p.o.). The Sham group received 
vehicle in an equal volume. Data are expressed as the means ± SEM. Statistical significance 
between Sham and DSS groups was determined by Student’s t test. The statistical differences 
between DSS and AMT-E treated groups were determined by oneway ANOVA followed by 
Bonferroni post-hoc test. + p < 0.05 and ++ p < 0.01 vs. Sham. ** p < 0.01 and *** p < 0.001 vs. 
DSS group. 
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7.3.5. AMT-E downregulates the expression of COX-2 and iNOS in colonic mucosa 

The effect of AMT-E on the expression levels of COX-2 and iNOS in cytosolic 

extracts from colonic mucosa was evaluated by Western blot analysis. The expression of 

both proteins was significantly increased in the colon tissues from DSS-treated mice 

compared with those in control mice (p < 0.01). However, administration of AMT-E 

significantly reduced the DSS-induced expression of COX-2 and iNOS that were decreased 

to basal levels with different doses of AMT-E (Figure 7.6). 

 

Figure 7.6. 11-hydroxy-1’-O-methylamentadione (AMT-E) administration reduces colonic protein 
levels of COX-2 and iNOS enzymes in DSS-induced colitis. (a) Representative western blot 
analysis of COX-2 (n = 5) and iNOS (n = 4) proteins. (b) Densitometric data were studied following 
normalization to the control (housekeeping gene, β-Actin). Data are expressed as the means ± SEM. 
Statistical significance between Sham and DSS groups was determined by Student’s t test. The 
statistical differences between DSS and AMT-E treated groups were determined by oneway 
ANOVA followed by Bonferroni post-hoc test. ++ p < 0.01 vs. Sham group. * p < 0.05 and ** p < 
0.01 vs. DSS group. 

7.4. Discussion 

IBD is a group of inflammatory conditions of the gastrointestinal tract with the two 

major types including ulcerative colitis (UC) and Crohn’s disease (CD). The standard 

therapy for IBD includes mainly immunomodulatory agents, although their use entails 

severe side effects such as hormonal disturbance, peptic ulcer, liver dysfunction, and 

psychological problems (Baumgart et Sandborn, 2007). Therefore, the need for alternative 

therapeutic approaches is an emerging strategy.  



7. In vivo anti-inflammatory activity of AMT-E_________________________________________________________ 

	 152 

Algae have been used in traditional medicine to treat a variety of diseases (Tseng et 

Chang, 1984), including gastrointestinal disorders such as vomiting, haemorrhoids, and 

dyspepsia (Ko et al., 2014). Further, the protective effects of the alga Sargassum pallidum 

(Lee et al., 2010) and of the extracts of the alga Laminaria japonica (Ko et al., 2014) on 

IBD have recently been reported. In this context, the in vitro anti-inflammatory activity 

detected for the natural products isolated from the brown alga Cystoseira usneoides (De los 

Reyes et al., 2016; De los Reyes et al., 2013) prompted us to evaluate the possible 

beneficial effects of AMT-E, one of the major active meroterpenoids of the alga, in an 

experimental model of colitis. The results have demonstrated that the treatment with this 

compound protected mice from the severity of DSS-induced colitis.  

The DSS model mimics many of the features of human UC, such as diarrhoea, 

bloody faeces, body weight loss, mucosal ulceration, and shortening of colon length 

(Strober et al., 2002). In the current study, based in an induction of damage by DSS for 

seven days and finished on day eight, oral administration of AMT-E (1, 10, and 20 mg/kg) 

significantly suppressed DSS-induced colitis, preventing body weight loss, colon 

shortening, and the extent of intestinal inflammation, although we did not observe rectal 

bleeding in any group assayed, nor differences in diarrheal stool between groups that 

received DSS (control and treated). In addition, microscopic analysis of the colon 

confirmed data from the macroscopic study, reflecting attenuation of the mucosal 

disruption and oedema after treatment with AMT-E. The in vivo anti-inflammatory effects 

of a few marine meroterpenoids, including avarol, avarone, and a series of 

polyprenylhydroquinones, have been previously demonstrated by using the TPA-induced 

ear edema or the carrageenan-induced paw edema experimental models (Lucas et al., 2003; 

Terencio et al., 1998; Gil et al., 1995; Ferrándiz et al., 1994). More recently, the effects on 

experimental IBD have been described for bolinaquinone (Busserolles et al., 2005), a 

sesquiterpene quinone isolated from a sponge of the genus Dysidea, and zonarol (Yamada 

et al., 2014), a sesquiterpene hydroquinone isolated from the brown alga Dictyopteris 

undulata (Figure 7.7). In particular, zonarol has been described to protect mice against 

DSS-induced UC via the inhibition of both inflammation and apoptosis. In agreement with 

our findings, zonarol-treated mice (20 mg/kg/day) also exhibited significantly suppressed 

DSS-induced colon shortening (Yamada et al., 2014). On the other hand, bolinaquinone (20 
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mg/kg/day) was found to protect mice against trinitrobenzene sulphonic acid (TNBS)-

induced colonic inflammation (Busserolles et al., 2005).  

 
Figure 7.7. Chemical structures of marine meroterpenoids tested on inflammatory bowel 
disease (IBD) experimental models: bolinaquinone (BQ) (Busserolles et al., 2005) and 
zonarol (ZN) (Yamada et al., 2014) 

Intestinal goblet cells produce the intestinal mucus, formed mainly by mucus 

glycoproteins or mucins. The intestinal mucus layer completely fills the crypts and acts 

both as a lubricant and as a physical barrier that protect the intestinal epithelial layer from 

injurious luminal stimulants (Ermund et al., 2013). Altered goblet cell physiology is 

considered as a hallmark of IBD pathology (Kaser et al., 2014). Further, clinical trials have 

indicated that IBD patients have decreased numbers of goblet cells and reduced mucus 

thickness (Oehlers et al., 2012). The histological findings from our study revealed mucin-

depleted crypts in mice with DSS-induced colitis, as attested by the loss of Alcian blue-

stained goblet cells. Interestingly, treatments with AMT-E allows an accumulation of 

mucus inside goblet cells, which suggests a protective effect of this compound on the 

colonic epithelial damage that occurs in colitis. Our results are in line with those reported 

for bolinaquinone, which given at a dose of 20 mg/kg ameliorated the signs of TNBS-

induced colitis, as assessed by histological examination of the colon (Busserolles et al., 

2005). However, the sesquiterpene hydroquinone zonarol did not significantly affect the 

number or size of mucus-producing goblet cells, as confirmed by Alcian blue or PAS 

staining (Yamada et al., 2014).  

In IBD, the disruption of the epithelial barrier implies the deregulation of the innate 

immune system by commensal flora, but also defects in the adaptive immune system 

(Strober et al., 2002). One of the most prominent histological features observed in IBD is 
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neutrophil infiltration into the inflamed mucosa and subsequently into the intestinal lumen, 

resulting in the formation of the so-called crypt abscesses (Naito et al., 2007). During 

intestinal inflammation, neutrophils also contribute to the recruitment of other immune 

cells and facilitate mucosal healing by releasing inflammatory cytokines necessary for the 

resolution of inflammation (Soehnlein et Lindbom 2010]. In the present study, we have 

shown that MPO activity, an index of tissue-associated neutrophil accumulation, was 

significantly increased in the colonic mucosa after DSS administration. However, oral 

administration of AMT-E ameliorated polymorphonuclear infiltration into the colon, as 

evidenced by the suppression of colonic MPO activity as well as the improvement of 

histological features. These results suggest that inhibition of neutrophil accumulation by 

this meroterpene may be one of the protective mechanisms involved in reducing DSS-

induced colonic mucosal injury.  

To better understand the mechanism by which AMT-E ameliorates the DSS-induced 

colitis, we assessed the colonic production of the inflammatory cytokines TNF-α and IL-1β 

and the anti-inflammatory cytokine IL-10. Pro-inflammatory cytokines are known to play a 

pivotal role in the initiation and progression of the intestinal mucosa inflammation and 

immunity in IBD (Treiner, 2015). TNF-α may contribute to the induction of adhesion 

molecules and the expression of chemokines, resulting in an influx of inflammatory cells. 

Anti-TNF-α strategies are largely used in the clinical treatment of IBD (Scaldaferri et al., 

2010), and the emerging data indicate that early use of anti-TNF-α antibodies leads to better 

long-term outcome in IBD patients by preventing mucosal damage (Gisbert et Chaparro 

2015; Strober et al., 2002). The significance of increased IL-1β secretion in IBD has been 

also well-documented, and increased levels of IL-1β mRNA have been implicated in the 

production of many other inflammatory cytokines and also in the majority of IBD patients 

(Coccia et al., 2012; Häuser et al., 2011). In the present study, the administration of AMT-E 

potently down-regulated the expression of these pro-inflammatory cytokines. Our results on 

the anti-inflammatory capacity of AMT-E are related to previous findings for zonarol, 

which has also been shown to inhibit the production of the pro-inflammatory cytokine 

TNF-α in DSS mice (Yamada et al., 2014), and bolinaquinone, which was found to reduce 

the levels of IL-1β in the TNBS model of intestinal damage (Busserolles et al., 2005). 

Concerning IL-10, this cytokine is an essential immune component in the intestinal tract, 
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down-regulating the inflammatory process and helping to restore tissue homeostasis (Shah 

et al., 2012). In animal models, a paper by Kuhn et al., 1993 reported that IL-10-deficient 

mice developed chronic enterocolitis that can be prevented by administration of IL-10. Our 

group has also observed in this type of mice the spontaneous develop of chronic colitis and 

adenocarcinoma through a dysplasia sequence (Talero et al., 2016), and the reversal effects 

of experimental colitis by different treatments (Talero et al., 2008; Camacho-Barquero et 

al., 2007). In the present study, the levels of IL-10 in the colon were found to be 

significantly increased in DSS mice and reduced in animals with higher doses, comparable 

to sham. This response suggests that the lower presence of pro-inflammatory cytokines by 

treatment do not trigger IL-10 production, and confirms less inflammation and lower 

hyperactive immune response.  

Previous research on IBD has demonstrated that Th1/Th2 derived cytokines not 

only regulate their own synthesis, but also the expression of mediators and enzymes, 

including cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS) (Neurath, 

2012). COX-2 and iNOS enzymes represent important molecular targets in IBD prevention 

and treatment. In active inflammation, cell destruction and increased permeability allow 

bacteria to enter the lamina propria. Inflammatory cytokines and bacterial antigens induce 

and drive the transcription of both COX-2 and iNOS. These two pro-inflammatory enzymes 

are also up-regulated in experimental colitis (Talero et al., 2008) and in active human IBD 

(Cirillo et al., 2009). The expression and activity of these enzymes is associated with 

disease severity and involves them as potential anti-inflammatory drug targets. Our data 

clearly demonstrated that the colonic damage was associated with a higher expression of 

both COX-2 and iNOS proteins that were clearly reduced by AMT-E treatment. In line with 

our results, the marine meroterpenoid bolinaquinone has been reported to inhibit COX-2 

and iNOS expression (Busserolles et al., 2005), while zonarol has only been shown to 

decrease the levels of iNOS expression in mice with DSS-induced UC (Yamada et al., 

2014).  

7.5. Conclusion 

In summary, our results have demonstrated for the first time that AMT-E, a natural 

product isolated from the alga C. usneoides, is effective in the protection against 



7. In vivo anti-inflammatory activity of AMT-E_________________________________________________________ 

	 156 

experimental colitis. The beneficial effects are mainly associated with macroscopic and 

microscopic data, and also with the markers of inflammation studied. Future studies are 

ensured, depending on the availability of AMT-E, that will investigate deeper into the 

molecular mechanism by which AMT-E decreases intestinal inflammation as well as into 

the preventive ability of the compound in a nutraceutical approach, or the responses in 

chronic intestinal inflammation models. In any case, the set of effects allows us to assess 

the in vivo pharmacological properties of AMT-E, providing valuable information toward 

the development of new therapeutic molecules from macroalgae with potential benefits in 

inflammatory bowel disease. 
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8. Conclusions 

Marine algae produce a variety of secondary metabolites with novel structures that 

possess interesting biological properties for drug discovery purposes. In this regard, the 

primary objective of this thesis was to investigate the chemical and pharmaceutical 

properties of the brown alga Cystoseira usneoides, with attention focused on identifying 

compounds capable of targeting oxidative stress, cancer, and inflammation. The research 

performed has led us to the following conclusions:  

1. The acetone/methanol extract of the brown alga Cystoseira usneoides exhibits potent 

radical scavenging activity. The extract also inhibits the growth of HT-29 human colon 

cancer cells in dose- and time-dependent manners, causes apoptosis, and induces cell cycle 

arrest in G2/M phase. In addition, the extract shows significant activity as inhibitor of the 

production of the pro-inflammatory cytokine TNF-α, in LPS-stimulated THP-1 human 

macrophages.  

2. The chemical study of the alga Cystoseira usneoides has allowed the isolation of six known 

meroterpenoids: usneoidone Z (1), 11-hydroxy-1′-O-methylamentadione (2), 

cystomexicone B (3), cystomexicone A (4), 6-cis-amentadione-1′-methyl ether (5), and 

amentadione-1′-methyl ether (6), together with six new related compounds: cystodiones A 

(7), B (8), C (9), D (10), E (11), and F (12). 

3. The AMTs 1-10 display radical-scavenging activity in the ABTS assay; the more active 

compounds are 5, 6, 7, and 8 which show an antioxidant capacity equal or superior to that 

of the standard (Trolox).  

4. The AMTs 1-8 exhibit significant cytotoxic activity against human colon cancer cells (HT-

29) and lower cytotoxicity against non-malignant cells; compounds 1, 2, 5, 6, and 8 show 

the highest indexes of cytotoxic activity and selectivity. Treatment of HT-29 cells with the 

AMTs 2, 3, and 5 induce to apoptosis, and the compounds 1, 2, 3, 4, 5, and 7 arrest the cell 
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cycle in G2/M phase. In addition, the AMTs 1-8 produce inhibitory effects on the 

migration and invasion of such type of cells. 

5. The mechanistic analysis revealed that the anticancer effects of the AMTs 1-8 on human 

colon cancer cells occur through the down-regulation of p-ERK, p-JNK, and p-AKT 

signaling pathways. These results may provide novel clues as to how meroterpenes of 

Cystoseira usneoides play a role in the prevention/treatment of colon cancer. 

6. The in vitro anti-inflammatory assays showed that the AMTs 1-8 reduce the production of 

pro-inflammatory cytokines in stimulated human macrophages; the meroditerpenes 1 and 2 

display the higher inhibitory effect for TNF-α, IL-6, and IL-1β. In addition, compounds 2, 

3, 4, 5, 6, and 7 significantly down-regulate the expression of COX-2, and all compounds 

suppress the iNOS expression. 

7. The AMTs 1-8 display cytotoxic activity against human lung cancer cells (A549); the most 

active compounds are 1, 2, 5, and 6. Cell cycle analyses indicate that most of AMTs cause 

the arrest of A549 cells at the S and G2/M phases. 

8. The selected meroterpene 11-hydroxy-1′-O-methylamentadione (2, AMT-E) effectively 

ameliorates the dextran sulfate sodium-induced colitis parameters in mice, by increasing 

mucus production, inhibiting neutrophil infiltration, down-regulating TNF-�, IL-1�, and 

IL-10, as well as suppressing COX-2 and iNOS expression in the colon tissue. These 

findings provide valuable information toward the development of new molecules from 

macroalgae with potential therapeutic benefits in inflammatory bowel disease.  

Currently it is well established that oxidative stress, chronic inflammation, and cancer are 

closely related (Figure 8.1). Oxidative stress leads to DNA damage, mutagenesis, and 

destruction of diverse biological macromolecules. These changes may contribute to cancer 

through distinct mechanisms including inhibition of apoptosis, increase of cellular 

proliferation, angiogenesis, and disruption of DNA repair mechanism. Cancer cells and 
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inflammatory cells themselves liberate free radicals and a number of soluble mediators, 

including metabolites of arachidonic acid, cytokines, and chemokines, which leads to release 

and accumulation of reactive species. These, in turn, intensely recruit inflammatory cells in a 

vicious circle. Moreover, it is known that pathways that are regulated by ROS lead to the 

pathogenesis of cancer and inflammation, and include: modulation of numerous main 

molecular players such as prostaglandins and cytokines, various transcription factors, and 

kinase pathways including, NF-κB, MAPK and PI3K/Akt pathways, among others.  

   

Figure 8.1. Schematic representation indicating the interdependence between oxidative stress, 
inflammation, and cancer. The targets assayed with positive response after treatment with AMTs 1-8 

are colored in red. 
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The research conducted in this thesis has demonstrated that the meroterpenoids produced 

by the brown alga Cystoseira usneoides possess significant antioxidant, antitumor, and anti-

inflammatory properties (Figure 8.2).  

 
Figure 8.2. Biological properties identified in this thesis for the meroterpenoids  

of the alga C. usneoides. 

These results encourage the continuation of studies for the use of this seaweed as 

valuable source for generating new health products, such as functional ingredients, or for the 

pharmaceutical industries. Hopefully, the results herein described may provide inspiration for 

the development of novel drugs from marine macroalgae, which could be used in 

inflammation/cancer prevention and treatment. 
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