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Abstract

:

Dictyotaceae algae have gained recognition as prolific producers of diterpenes, which are molecules with significant biotechnological potential. These diterpenes hold immense promise as potential active drug components, making the algae a compelling area of study. The present review aims to present the latest advancements in understanding the biopotential of Brazilian Dictyota and Canistrocarpus brown algae, shedding light on the remarkable diversity and the biological and pharmacological potential of the secondary metabolites they produce. A total of 78 articles featuring 26 distinct diterpenes are reported in this review, with their antiviral potential being the most highlighted biological activity. Despite considerable research on these algae and their diterpenes, significant knowledge gaps persist. Consequently, the present review is poised to serve as a pivotal resource for researchers who are actively engaged in the pursuit of active diterpenes beyond the immediate purview. Furthermore, it holds the potential to catalyze an increase in research endeavors centered around these algal species within the geographical confines of the Brazilian coastline. Also, it assumes a critical role in directing future scientific explorations toward a better comprehension of these compounds and their ecological implications.






Keywords:


macroalgae; diterpenes; marine natural products; Dictyotaceae; biological properties












1. Introduction


Brown algae belonging to the Phaeophyceae class within the division Ochrophyta are predominantly found in marine environments and are typically attached to substrates. These macroalgae are not only the largest but also the most abundant benthic organisms in existence. Notably, two families, namely Sargassaceae and Dictyotaceae, contribute significantly to the vast repertoire of secondary metabolites discovered from brown algae. In fact, approximately 65% of all known secondary metabolites derived from brown algae can be attributed to these families. Their remarkable production of bioactive compounds highlights the potential of brown algae as a valuable source for various applications in diverse fields [1]. The economic interest in studying the Phaeophyceae class stems from the substantial number of molecules that have been reported from the secondary metabolism of this group of algae. In fact, research has identified more than 1140 molecules originating from the secondary metabolism of Phaeophyceae [1,2,3]. This wealth of bioactive compounds holds significant potential for various applications and industries. Researchers and industries alike are motivated to explore the Phaeophyceae class further in order to unlock its economic benefits [1,2,3,4].



The family Dictyotaceae plays a crucial role in the composition of benthic communities found in temperate and tropical seas, including the Brazilian coastline. With its extensive coastal belt, Brazil boasts a diverse marine ecosystem that encompasses a wide range of species, including brown macroalgae. Among these, representatives of the Dictyotaceae family are prominent components, contributing to the richness and ecological balance of the Brazilian coast [5].



The family Dictyotaceae, order Dictyotales, class Phaeophyceae, is composed of three genera: Dictyota Lamouroux, Canistrocarpus De Paula et de Clerck and Rugulopteryx De Clerck et Coppejans [6]. About 80 species of the Dictyotacea family were described, with 14 species in Brazil, although there are apparently more cited names than are properly recognized since some of them may be synonymous with each other [1,4,6,7,8,9,10,11,12,13,14,15]. The following species as taxa of Dictyota and Canistrocarpus are currently accepted in Brazil: Dictyota bartayresiana J.V. Lamouroux, Dictyota ciliolata O.G. Sond. ex Kütz, Dictyota dolabellana J.C. De Paula, Yoneshigue- Valentin and V.L. Teixeira, Dictyota pfaffii Schnetter, Dictyota guineensis (Kütz.) P. Crouan and H. Crouan, Dictyota jamaicensis H. R. Taylor, Dictyota menstrualis (Hoyt) Schnetter, Hörnig and Weber-Peukert, Dictyota mertensii (Martius) Kützing, Dictyota pinnatifida Kützing, Dictyota pulchella Hörnig and Schnetter, Canistrocarpus cervicornis (Kützing) De Paula and De Clerck, Canistrocarpus crispatus (J.V. Lamouroux) De Paula and De Clerck, Dictyota caribaea Hörnig and Schnetter, Dictyota cuneata Dickie, Dictyota spiralis Montagne, Dictyota implexa (Desf.) J.V. Lamouroux and Dictyota crenulata J. Agardh [7].



The objective of this review is to present a state-of-the-art assessment of the marine natural products from Dictyota and Canistrocarpus brown algae found along the Brazilian coast. More specifically, the focus of this assessment lies in exploring the diterpene compounds present within these algae, encompassing molecules that have been meticulously identified and characterized due to their notable biological (ecological) and pharmacological activities. A review of the activity of these diterpenes of brown algae of the genera Dictyota and Canistrocarpus may help researchers in the search for active diterpenes elsewhere in the world and the expansion of studies of these algae on the Brazilian coast. By delving into the activity profiles of these diterpenes sourced from Dictyota and Canistrocarpus brown algae, this review aims to offer valuable insights to researchers, which could potentially guide their endeavors in locating active diterpenes within other regions worldwide. Furthermore, this analysis holds the potential to catalyze the expansion of research efforts centered around these algae along the Brazilian coastline. The significance of this lies in enhancing our understanding of the diverse array of active compounds and their potential applications, ultimately contributing to broader scientific knowledge and facilitating the exploration of novel avenues in the realm of algal research.



This study also emphasizes the value of marine biodiversity as a reservoir of potential natural compounds possessing pharmacological properties or biotechnological prospects, which could be harnessed for the advancement of novel drug development.




2. Methodology


In order to carry out the review of Brazilian literature centered on marine natural products (diterpenes), a comprehensive search strategy was meticulously crafted to identify pertinent studies. Electronic databases, including PubMed and ScienceDirect, were pored using keywords such as “diterpenes”, “Brazil,” and “brown algae”. This thorough search yielded a wealth of over 200 articles. Subsequently, the reviewers performed an initial screening of titles and abstracts, painstakingly aligning them with predefined inclusion and exclusion criteria. The inclusion criteria encompassed Brazilian studies pertaining to diterpenes sourced from brown algae, while the exclusion criteria centered on reports of diterpenes lacking proven biological or pharmacological activity. Following this rigorous process, a total of 59 articles were carefully singled out for further analysis. In addition, the authors crossed the results with the marine natural product physical database curated by Professor Valéria Laneuville Teixeira. This database provides intricate details about each isolated diterpene, including information about its structure, collection site, taxonomic identifier, and associated biological activity(s). The review encompassed a specific subset of the database, focusing on diterpenes isolated from the Brazilian coast, with an emphasis on those with reported bioactivity, totaling 26 distinct diterpenes. To provide literary support, an additional 19 published studies was carefully chosen due to their significance in relation to the subject matter.




3. Dictyotaceae Diterpene Production


Marine organisms possess unique characteristics that set them apart from their terrestrial counterparts, primarily due to the need to adapt to extreme environmental variations in their aquatic habitats. These distinct features encompass various aspects, including behavior, metabolism, adaptation strategies, and information transfer mechanisms. These differences play an important role in shaping the diverse metabolic capabilities observed in marine organisms [10].



Dictyotaceae algae are known to be producers of molecules with special biotechnological potential, the diterpenes. The production of these substances is directly associated with the physiological responses from the algae to environmental factors, whether biotic (competition, herbivory, and microorganisms) or abiotic (temperature, salinity, light, and nutrients) [16].



Dictyota and Canistrocarpus are chemically composed of diterpenes [13,17,18,19]. These algae families are divided into three groups (I, II, and III), based on the biogenetic route of the diterpenes [17,20,21]. According to this proposal, the production of diterpenes occurs from the precursor geranyl-geraniol (Figure 1). Group I consist of metabolite-producing algae from the genus Dictyota, wherein the first ring cyclization takes place between positions 1 and 10, yielding diterpenes with prenylated derivatives of known sesquiterpene skeletal structure—the predominant framework within the Dictyota genus. Group II encompasses algae with diterpenes undergoing cyclization between positions 1 and 11. Group III comprises algae with diterpenes undergoing cyclization between carbons 2 and 10 of the precursor or exhibiting an intermediate formation akin to group I diterpenes, resulting in the contraction of the 10-carbon ring to 9 carbons. This gives rise to diterpenes with a xeniane skeletal structure [18].



Examples of species producing diterpenes of group I and III are D. menstrualis, D. pinnatifida, D. crenulata, and D. ciliolata. The division of group II into IIa and IIb was proposed by Bemfica et al. [9]. This group of researchers suggested that the algae producing dolabellanes belong to group IIa, while the group of dolastanes and secodolastanes and without the presence of dolabellanes are the group known as IIb, being both from the genus Canistrocarpus [8].



The differentiation between groups IIa and IIb lies in several key factors, including the cyclization pattern, stereoisomerism, and the presence of unsaturations. These distinctions ultimately result in the formation of diterpenes with structurally diverse skeletons.



The cyclization pattern refers to the specific arrangement of carbon atoms within the diterpene molecule, forming ring structures. Group IIa and IIb diterpenes exhibit different cyclization patterns, leading to distinct molecular frameworks and shapes. It is noteworthy that groups I, II, and III have representatives on the Brazilian coast.



The chemistry of algal diterpenes has contributed to the establishment of boundaries between species. As the identification and characterization of diterpenes from algae progress, it has become evident that these compounds can aid in defining the separation limits between genera, species, and even varieties. This is particularly important because taxonomists often face challenges in accurately classifying and categorizing algae based solely on morphological characteristics.



By studying the chemical profiles of algal diterpenes, researchers have identified specific metabolites that are indicative of certain taxonomic groups. These metabolites can be used as valuable markers to distinguish and differentiate taxa. The presence or absence of specific diterpenes, as well as variations in their chemical structures, can provide insights into the taxonomic relationships among algae [23,24,25].



Indeed, the terpene group, including diterpenes found in algae, is recognized for its potential biological and pharmacological activities. Diterpenes of Brazilian brown macroalgae are promising candidates for active drug principles, since many of them have proven pharmacological action, such as antivirals [26,27,28], inhibition of ATPase [29], antitumor, antibacterial, and antifungal. In addition, they act in herbivory relations [30].




4. Biopharmacological Importance of Diterpenes Produced by Dictyota and Canistrocarpus Brown Algae


The diterpenes derived from brown algae belonging to the Dictyoteae tribe have been the subject of extensive chemical investigations. These studies have resulted in the isolation and identification of over 350 diterpenes. These diterpenes have been discovered across a wide range of more than 30 different skeletal classes, highlighting the structural diversity within this group of compounds. The exploration of brown algae diterpenes has been conducted in various species found in oceans worldwide. More specifically, these investigations have encompassed around 20 different species distributed throughout different oceanic regions [16]. These metabolites have demonstrated remarkable in vivo activity and have been shown to participate in various important biological processes, performing different and important functions in the marine environment.



In addition, several studies have demonstrated that these substances have a role in chemical defense systems against herbivorous beings, resistance to biological incrustation, and allelopathic activity [31,32,33,34,35,36,37,38,39,40,41,42,43,44]. Many articles on the biological activities of diterpenes produced by algae of the Dictyoteae tribe have already been published. These studies include those with antitumor, antibacterial, and antifungal substances [45,46,47].



While most studies involving the identification and isolation of diterpenes have traditionally focused on algae collected from their natural habitats, recent research has expanded to include the cultivation of seaweed in laboratory settings [48]. Laboratory-based studies have successfully led to the identification of diterpenes in D. menstrualis [49]. The findings from the study revealed that populations of D. menstrualis, collected from various locations and time periods and subjected to technical replication, were able to survive for a duration of 4 to 6 months under laboratory conditions. Moreover, this study represented the first instance of detection of these metabolites under laboratory conditions [49]. These discoveries suggest that D. menstrualis could serve as a focal species for sustaining algal biomass, potentially offering a promising and sustainable approach for diterpene extraction.



The isolation and characterization of these diterpenes from various species of brown algae highlight the rich chemical diversity present in Brazil’s coastal regions. The testing of these molecules for their biopotential, which refers to their biological and pharmacological activities, provides valuable insights into their potential applications in various fields, such as medicine, biotechnology, and natural product research.




5. Biopotential of Brazilian Brown Algae of Groups I and III


Dictyota menstrualis (Hoyt) Schnetter, Hörnig, and Weber-Peukert is a brown alga characterized by the production of diterpenes from groups I and III of the biogenetic pathways. It exhibits a widespread geographical distribution, with a particular emphasis on the Americas and Caribbean islands. Within this alga, various diterpenes have been isolated, chemically characterized, and extensively studied for their biological properties. Numerous diterpenes derived from D. menstrualis have been identified and analyzed. These studies have shed light on their chemical structures and provided insights into their potential biological activities. One notable finding is that D. menstrualis possesses secondary metabolites with anti-HIV (human immunodeficiency virus) and anti-HSV (herpes simplex virus) properties. These properties make the alga and its diterpenes particularly interesting in the context of antiviral research. The investigation of these metabolites has contributed to our understanding of their mechanisms of action and potential applications in the development of antiviral therapies [26,50].



D. menstrualis is a producer of pachydictyol A (1) and isopachydictyol A (2) (Figure 2), diterpene molecules that can be found in other species of algae of the genus Dictyota, belonging to groups I and III. Both molecules present antiplatelet and anticoagulant activities, and they still have an anti-leishmania effect [51,52].



In 2004, researchers discovered the anti-HIV activity of two diterpenes isolated from brown algae. The first diterpene is called 6-hydroxy-dichotoma-3,14-diene-1,17-dial (3) (Figure 3), while its acetylated form is known as 6-acetoxy-dichotoma-3,14-diene-1,17-dial (4) (Figure 3) [26]. A little later, it was observed that the non-acetylated form has a greater inhibitory effect on the HIV-1 reverse transcriptase [48]. Later, the anti-HSV-1 effect of this algae was studied in relation to the dichotomane isolated 6-hydroxy-dichotoma-3,14-diene-1,17-dial (3) [53].



A study focusing on evaluating the antiviral potential of metabolites derived from D. menstrualis against the Zika virus (ZIKV) assessed the ability of crude extracts, acetylated crude extracts, and their fractions to inhibit ZIKV replication. The study observed a strong synergistic effect when suboptimal dosages of ribavirin were combined with the metabolites. This combination resulted in complete inhibition of viral replication [53].



Apart from their anti-viral effects, methanolic extracts derived from D. menstrualis have demonstrated potent induction of apoptosis in human cervical adenocarcinoma cells. This finding suggests the presence of molecules within the extracts that have the potential to act as antitumor agents [54].



Dictyota mertensii (Martius) Kützing, a brown seaweed, has been reported to exclusively produce diterpenes from group I, specifically diterpenes with a guaiane prenylated skeleton. This indicates that the diterpenes isolated from D. mertensii possess a unique structural characteristic. Among the diterpenes isolated from D. mertensii, dictyol H (5) (Figure 4) has been studied for its anti-herbivory activity. This specific diterpene has demonstrated activity against herbivorous organisms, indicating its potential role in protecting the seaweed from grazing or feeding by marine herbivores [41]. In this same study, dictyol B acetate (6) (Figure 4) was isolated.



Furthermore, it was shown in a different study that the dichloromethane and methanolic extracts of D. mertensii exhibit leishmanicidal activity [55]. This suggests that these extracts contain at least one molecule and possibly a combination of molecules that contribute to this specific pharmacological effect. This finding indicates the presence of multiple diterpenes with potentially bioactive properties in this species.



Dictyota crenulata J. Agardh is a species that appears to have a limited distribution in the oceans, possibly confined to the Atlantic Ocean and the west coast of Central America. Despite its restricted range, this species serves as a remarkably rich source of diterpenes. A study conducted in Brazil focused on specimens collected at Praia dos Padres in Espírito Santo and identified eight diterpenes in the crude extract using 1H-NMR and GC-MS analysis: pachydictyol A (1), isopachydictyol A (2), dictyotadiol (7), dictyol C (8), dictyodial A (9), 4β-hydroxy-dictyodial-A (10), 4β-acetoxy-dictylodial-A (11), and acetoxycrenulidane (12) [19]. Figure 5 shows the structures of the diterpenes 7–12.



This same study showed that in this specimen the 4β-acetoxy-dictyodial A (11) was the major diterpene. The identification of these diterpenes provides valuable insights into the chemical composition and potential bioactivity of this algae.



Dictyota ciliolate O.G. Sond. Ex Kütz has been previously described [56] as a potential complex of algae together with D. crenulate. However, in Brazil, these two species of brown algae are recognized as distinct entities. Notably, a methanolic extract of D. ciliolata collected in Natal, Brazil, exhibited antitumor activity by inducing apoptosis in human adenocarcinoma cells [56]. In a study conducted on samples collected from Atol das Rocas, Salvador, and Angra dos Reis, several diterpenes were identified: dictyol B acetate (6), dictyol B (13) (Figure 6), dictyol C (8), dictyoxide (14) (Figure 6), isopachydictyol A (2), pachydictyol A (1), 4β-acetoxydictyodial A (11), and four crenulidane diterpenes [57].



The presence of these diterpenes highlights the chemical diversity within D. ciliolate. Each of these compounds has its own unique chemical structure and may exhibit different biological properties and potential pharmacological activities.



Dictyota guineensis (Kütz.) P. Crouan and H. Crouan is a brown alga that occurs in the Bahia littoral [58]. According to reports, the diterpenes produced by the metabolism of this alga, namely dictyoxide (14), dictyotadiol (7), pachydictyol A (1), and isopachydictyol A (2) are the same as those found in other species [59]. Therefore, they do not present a specific chemotaxonomic marker exclusive to D. guineensis. While these diterpenes may not serve as specific chemotaxonomic markers for D. guineensis, they contribute to the overall chemical profile and potential biological activities of the species. The identification and characterization of these diterpenes provide valuable insights into the secondary metabolites produced by D. guineensis and contribute to our understanding of the chemical ecology.



Dictyota caribaea Hörnig and Schnetter, another species within the genus Dictyota, has been found to contain diterpenes that are also found in other algae of the same genus. Specifically, the presence of dictyol B acetate (6), pachydictyol A (1), and isopachydictyol A (2) has been also reported in D. caribaea [60]. The identification of these diterpenes in D. caribaea highlights the chemical similarities and shared metabolites within the genus. While these compounds have been previously identified in other species of Dictyota, their presence in D. caribaea further contributes to our understanding of the chemical diversity within this group of brown algae.




6. Biopotential of Brazilian Brown Algae of Group II


Within group II diterpenes, two subgroups can be distinguished: IIa and Iib. Group Iia is characterized by the production of diterpenes with a dolabellane skeleton, while group Iib consists of diterpenes with dolastane and secodolastane skeletons. In Brazil, two main representatives of group Iia are Dictyota dolabellane De Paula, Yoneshigue-Valentin et Teixeira and Dictyota pfaffii Schnetter.



These species are known to produce diterpenes with the dolabellane skeleton. The dolabellane diterpenes are structurally distinct from other diterpenes and exhibit unique biological properties.



D. dolabellane is noteworthy as the first denticulate species in which a dolabellane diterpene was discovered. The identification of a dolabellane diterpene in this specific species marked an important milestone in the field of natural product research. The diterpene found in D. dolabellane, namely 4-hydroxy-7,8-epoxy-2-dolabellane, possesses a distinctive oxidative pattern rarely observed in algae [19,61].



Regarding D. pfaffii, studies conducted on this species have revealed its potential as a source of bioactive compounds with anti-viral properties. These investigations have focused on the identification and characterization of specific molecules present in the alga that exhibit inhibitory effects against HIV-1 and HSV-1 [26,53,62]. In a notable study, the anti-HSV-1 activity of both 10,18-diacetoxy-8-hydroxy-2,6-dolabelladiene (15) and 10-acetoxy-8,18-dihydroxy-2,6-dolabelladiene (16) was reported [26]. These compounds were isolated and characterized, as well as 8,10,18-trihydroxy-2,6-dolabelladiene or dolabelladienetriol, (17), from populations collected in Atol das Rocas. Figure 7 shows the structures of diterpenes 16, 17, and 18.



The isolated dolabelladiene was tested for anti-HIV activity, specifically targeting the reverse transcriptase enzyme of HIV-1. The study revealed promising results, indicating that the dolabelladiene exhibited an inhibitory effect against the activity of the reverse transcriptase of virus HIV-1 [63]. More recently, the diterpene dolabelladienetriol (18) has shown promising potential for the development of a new commercial drug to treat viral infections caused by HSV-1 [64].



The isolated dolabellane diterpene, specifically dolabelladienetriol (17), has shown promising results as a potential anti-viral template. Its effectiveness against viral infections, particularly HSV-1, suggests its potential for developing new antiviral drugs [53]. Also, the enantiomeric diterpenes (S)-10,18-diacetoxy-7-hydroxy-2,8(17)-dolabelladiene (18) and (R)-10,18-diacetoxy-7-hydroxy-2,8(17)-dolabelladiene (19) (Figure 8) exhibited potent anti-HIV-1 activities and low cytotoxic activity against tumor cells of MT-2 lymphocytes. These findings indicate that these diterpenes might be promising as anti-HIV-1 agents [65,66].



Another species producing group II diterpenes with proven antiviral activity is Canistrocarpus cervicornis (Kützing) De Paula and De Clerck, previously known as Dictyota cervicornis.



C. cervicornis is one of the species of brown algae most studied in Brazil as a seaweed-producing diterpene of group Iib [9]. The studies with this alga began with Kelecom and Teixeira in the 1980s, when the isolation and chemical characterization of dolastanes and secodolastanes of this species were first described [16]. This species has been of interest due to its reported antiviral activity [67,68,69].



The diterpenes produced by C. cervicornis have indeed shown diverse and promising bioactivities. Two dolastane-type diterpenes isolated from C. cervicornis demonstrated antiviral activity against HSV-1. The diterpenes 4-hydroxy-9,14-dihydroxydolasta-1(15),7-diene (20) and 4,7,14-trihydroxydolasta-1(15),8-diene (21) (Figure 9) exhibited inhibition of HSV-1 infection in Vero cells, suggesting their potential as antiviral drugs.



A dolastane diterpene exhibited activity against Leishmania amazonensis, the causative agent of leishmaniosis. The specific diterpene responsible for this activity was not mentioned, but its discovery suggests the potential of C. cervicornis as a source of natural compounds for the development of antileishmanial drugs.



Recently, several discoveries were made with diterpenes produced by the C. cervicornis species: two diterpenes of the dolastane type presented antiviral activity against HSV-1; a dolostane that presented activity against Leishmania amazonensis; another that neutralized the hemolytic and obstructive activities of the Lachesis muta venom and inhibited the activity of the Na+K+-ATPase enzyme; finally, two secodolastanes that neutralized the hemolytic, proteolytic, and obstructive activities of the Lachesis muta venom [28,70]. Two dolostanes, 4-hydroxy-9,14-dihydroxydolasta-1(15),7-diene (20) and 4,7,14-trihydroxydolasta-1(15),8-diene (21), were isolated, and both molecules inhibited HSV-1 infection in Vero cells [15], suggesting that such structures are promising as antiviral drugs.



Two diterpenes were isolated from C. cervicornis collected in Angra dos Reis: 4-acetoxy-9,14-dihydroxydolasta-1(15),7-diene (22) and 4α,7α-diacetoxy-14-hydroxydolasta-1(15),8-diene (23) (Figure 10) [29].



These diterpenes showed good activity in the inhibition of the Na+K+-ATPase enzyme. It was also observed that the structural differences between these two diterpenes altered the inhibitory and selective power in the enzyme in question, suggesting that perhaps they are interesting structures for thinking about models of new enzymatic inhibitors.



In relation to other biological and pharmacological activities, antifouling, herbivory protection, and the inhibition of developing zygotes were attributed to an isolated dolastane, 4α,7α-diacetoxy-14-hydroxydolasta-1(15),8-diene (23) [43,68,69]. Isolinearol (24) and linearol (25) also diterpenes isolated from C. cervicornis, exhibit antifouling activity and provide protection against herbivory. Furthermore, these compounds are recognized for their antiophidian properties [71] as well as the 4α-acetoxy-9β,14α-dihydroxydolasta-1(15),7-diene (22) [72]. Protection against herbivory appears to be an interesting feature and it has also been attributed to 4α-acetoxyamijidictyol (26) Figure 11 [73].



A study showed the antiproliferative effect of crude extracts of C. cervicornis against amastigote forms of Leishmania amazonensis [74], suggesting the potential of C. cervicornis as a source of natural compounds for the development of antileishmanial drugs. In the mentioned study, it was demonstrated that the diterpene 4α-acetoxy-9β,14α-dihydroxydolasta-1(15),7-diene (22), which was previously isolated in a different study, exhibited dose-dependent activity [29]. This means that the biological effects of the diterpene were observed to increase or decrease with varying concentrations of the compound. This dolastane promoted cytotoxicity with mitochondrial damage, suggesting that it is an interesting molecule for the development of a new drug to be used in the treatment of leishmaniosis. Moreover, this dolastane was reported as an antifouling agent [43]; the larvicidal action against Aedes aegypti for dichloromethane and methanolic extracts was also described [74,75].




7. Conclusions and Final Considerations


This literature review provides a comprehensive overview on Dictyota and Canistrocarpus diterpenes, shedding light on their notable accomplishments in showcasing biological or pharmacological activities. A particular emphasis is placed on the remarkable anti-viral properties exhibited by dolastanes sourced from C. cervicornis and dollabelanes originating from Dictyota pfaffi. Moreover, the review delves into the prospective antiviral capacities of specific algae extracts, with a significant focus on Dictyota menstrualis.



Despite the substantial body of scientific research dedicated to these algae, there persist considerable voids in our understanding. The synthesis of knowledge thus far has been instrumental in unraveling the potential of these compounds, yet notable gaps continue to exist, necessitating further exploration.



It is crucial to recognize the substantial pharmacological potential of these Brazilian algae populations. The diterpenes derived from these algae hold promise for various applications in the pharmaceutical and biotechnological industries. Their demonstrated biological activities, such as anti-viral, anti-tumor, and anti-inflammatory properties, underscore their potential therapeutic value.



In order to fully utilize the potential benefits of these algae and their bioactive compounds, future studies should prioritize sustainable exploitation practices. This involves developing methods to fully unlock the commercial and industrial opportunities offered by these valuable marine resources. To achieve this, there is a need for continued exploration of the chemical diversity present in these algae as well as the identification of novel compounds that may possess unique and valuable properties. Elucidating the mechanisms of action of these compounds is also essential for understanding their potential applications in various fields, such as medicine, agriculture, and biotechnology.







Author Contributions


A.D.N.P.G. conducted the literature review and wrote the manuscript. A.D.N.P.G. and V.L.T. contributed to critical reading of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


The authors thank CAPES for the A.D.N.P.G PhD fellowships and FAPERJ (SEI-260003/001188/2020 and E-26/201.006/2022) and CNPq (VLT—Grant 304338/2022-2) for their financial support.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


No new data were created or analyzed in this study. Data sharing is not applicable to this article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Carroll, A.R.; Copp, B.R.; Davis, R.A.; Keyzers, R.A.; Prinsep, M.R. Marine Natural Products. Nat. Prod. Rep. 2020, 37, 175–223. [Google Scholar] [CrossRef]

	



Carroll, A.R.; Copp, B.R.; Davis, R.A.; Keyzers, R.A.; Prinsep, M.R. Marine Natural Products. Nat. Prod. Rep. 2021, 38, 362–413. [Google Scholar] [CrossRef]

	



Blunt, J.W.; Carroll, A.R.; Copp, B.R.; Davis, R.A.; Keyzers, R.A.; Prinsep, M.R. Marine Natural Products. Nat. Prod. Rep. 2018, 35, 8–53. [Google Scholar] [CrossRef] [PubMed]

	



Vallim, M.A.; De Paula, J.C.; Pereira, R.C.; Teixeira, V.L. The Diterpenes from Dictyotacean Marine Brown Algae in the Tropical Atlantic American Region. Biochem. Syst. Ecol. 2005, 33, 1–16. [Google Scholar] [CrossRef]

	



De Clerck, O.; Leliaert, F.; Verbruggen, H.; Lane, C.E.; De Paula, J.C.; Payo, D.A.; Coppejans, E. A revised classification of the Dictyoteae (Dictyotales, Phaeophyceae) based on rbc L and 26S ribosomal dna sequence analyses 1. J. Phycol. 2006, 42, 1271–1288. [Google Scholar] [CrossRef]

	



Lopes Filho, E.A.P. Filogenia e Filogeografia de Espécies de Dictyota Lamouroux (Dictyotales phaeophyceae). Master’s Thesis, Universidade Federal do Estado do Rio de Janeiro, Rio de Janeiro, Brazil, 2018. [Google Scholar]

	



Teixeira, V.L. Produtos Naturais de Algas Marinhas Bentônicas. Rev. Virtual Química 2013, 5, 343–362. [Google Scholar]

	



Bemfica, R.; Cavalcanti, D.N.; Teixeira, V.L. Quimiotaxonomia de Dictyotales (Phaeophyta) 8: Nova Proposta Biogenética Para Os Diterpenos. In Proceedings of the Anais do IV Congresso Latinoamericano, II Reunido Ibero-Americana e VII Reunião Brasileira de Ficologia, Caxambu, Brazil, 28 July–3 August 1996; pp. 233–244. [Google Scholar]

	



Harvey, B.; Al-Janabi, B.; Broszeit, S.; Cioffi, R.; Kumar, A.; Aranguren-Gassis, M.; Bailey, A.; Green, L.; Gsottbauer, C.; Hall, E.; et al. Evolution of Marine Organisms under Climate Change at Different Levels of Biological Organisation. Water 2014, 6, 3545–3574. [Google Scholar] [CrossRef]

	



Silva dos Santos, F.; Neves, R.A.F.; Bernay, B.; Krepsky, N.; Teixeira, V.L.; Artigaud, S. The First Use of LC-MS/MS Proteomic Approach in the Brown Mussel Perna perna after Bacterial Challenge: Searching for Key Proteins on Immune Response. Fish Shellfish. Immunol. 2023, 134, 108622. [Google Scholar] [CrossRef]

	



Nunes Pinheiro, A.D.; Pereira Lopes-Filho, E.A.; De-Paula, J.C.; Pereira Netto, A.D.; Teixeira, V.L. Diterpenes from the Brown Alga Dictyota mertensii. Biochem. Syst. Ecol. 2019, 86, 103926. [Google Scholar] [CrossRef]

	



Reboleira, J.; Freitas, R.; Pinteus, S.; Silva, J.; Alves, C.; Pedrosa, R.; Bernardino, S. Brown Seaweeds. In Nonvitamin and Nonmineral Nutritional Supplements; Elsevier: Amsterdam, The Netherlands, 2019; pp. 171–176. [Google Scholar]

	



Blunt, J.W.; Copp, B.R.; Keyzers, R.A.; Munro, M.H.G.; Prinsep, M.R. Marine Natural Products. Nat. Prod. Rep. 2014, 31, 160. [Google Scholar] [CrossRef]

	



Vallim, M.A.; Barbosa, J.E.; Cavalcanti, D.N.; De-Paula, J.C.; da Silva, V.A.G.G.; Teixeira, V.L.; de Palmer Paixão, I.C.N. In Vitro Antiviral Activity of Diterpenes Isolated from the Brazilian Brown Alga Canistrocarpus cervicornis. J. Med. Plants Res. 2010, 4, 2379–2382. [Google Scholar]

	



Chen, J.; Li, H.; Zhao, Z.; Xia, X.; Li, B.; Zhang, J.; Yan, X. Diterpenes from the Marine Algae of the Genus Dictyota. Mar. Drugs 2018, 16, 159. [Google Scholar] [CrossRef] [PubMed]

	



Kelecom, A.; Teixeira, V.L. dolastane diterpenes from the marine brown alga Dictyota cervicornis. Phytochemistry 1988, 27, 2907–2909. [Google Scholar] [CrossRef]

	



Do, O.; Freitas, S.P.; Santos De Oliveira, A.; Campos De-Paula, J.; Crespo Pereira, R.; Cavalcanti, D.N.; Teixeira, V.L. Chemical Variation in the Diterpenes from the Brazilian Brown Alga Dictyota mertensii (Dictyotaceae, Phaeophyta). Nat. Prod. Commun. 2007, 2, 13–15. [Google Scholar]

	



De-Paula, J.C.; Bueno, L.B.; Cavalcanti, D.N.; Yoneshigue-Valentin, Y.; Teixeira, V.L. Diterpenes from the Brown Alga Dictyota Crenulata. Molecules 2008, 13, 1253–1262. [Google Scholar] [CrossRef] [PubMed]

	



Teixeira, V.L.; Kelecom, A. A chemotaxonomic study of diterpenes from marine brown algae of the genus Dictyota. Sci. Total Environ. 1988, 75, 271–283. [Google Scholar] [CrossRef]

	



Teixeira, V.L.; Da, S.A.; Almeida, S.; Kelecom, A. Chemosystematic and Biogeographic Studies of the Diterpenes from the Marine Brown Alga Dictyota dichotoma. Biochem. Syst. Ecol. 1990, 18, 87–92. [Google Scholar] [CrossRef]

	



Kelecom, A. Diterpenes of marine brown algae of the family Dictyotaceae: Their possible role as defense compounds and their use in chemotaxonomy. Sci. Total Environ. 1986, 58, 109–115. [Google Scholar] [CrossRef]

	



Tauwhare, S.E.K.; Newman, R.H.; Scheele, S.; Kanawa, R. TE Chemotaxonomy of Phormium Based on Sugar-residue Analyses of the Leaf Exudates. N. Z. J. Bot. 2006, 44, 129–133. [Google Scholar] [CrossRef]

	



Elshamy, A.I.; Mohamed, T.A.; Marzouk, M.M.; Hussien, T.A.; Umeyama, A.; Hegazy, M.E.F.; Efferth, T. Phytochemical Constituents and Chemosystematic Significance of Pulicaria jaubertii E.Gamal-Eldin (Asteraceae). Phytochem. Lett. 2018, 24, 105–109. [Google Scholar] [CrossRef]

	



McDougal, O.M.; Heenan, P.B.; Perry, N.B.; van Klink, J.W. Chemotaxonomy of Kōwhai: Leaf and Seed Flavonoids of New Zealand Sophora Species. N. Z. J. Bot. 2018, 56, 227–236. [Google Scholar] [CrossRef]

	



Barbosa, J.P.; Pereira, R.C.; Abrantes, J.L.; Cirne Dos Santos, C.C.; Rebello, M.A.; De Palmer Paixão Frugulhetti, I.C.; Teixeira, V.L. In Vitro Antiviral Diterpenes from the Brazilian Brown Alga Dictyota pfaffii. Planta Med. 2004, 70, 856–860. [Google Scholar] [CrossRef]

	



Abrantes, J.L.; Barbosa, J.; Cavalcanti, D.; Pereira, R.C.; Frederico Fontes, C.L.; Teixeira, V.L.; Moreno Souza, T.L.; Paixão, I.C.P. The Effects of the Diterpenes Isolated from the Brazilian Brown Algae Dictyota pfaffii and Dictyota menstrualis against the Herpes Simplex Type-1 Replicative Cycle. Planta Med. 2010, 76, 339–344. [Google Scholar] [CrossRef] [PubMed]

	



Garrido, V.; Teixeira, G.A.P.B.; Teixeira, V.L.; Ocampo, P.; Ferreira, W.J.; Cavalcanti, D.N.; Campos, S.M.N.; de Pedruzzi, M.M.B.; Olaya, P.; dos Santos, C.C.C.; et al. Evaluation of the Acute Toxicity of Dolabelladienotriol, a Potential Antiviral from the Brown Alga Dictyota pfaffii, in BALB/c Mice. Rev. Bras. Farm. 2011, 21, 209–215. [Google Scholar] [CrossRef]

	



Gomes Garcia, D.; Miguel Bianco, E.; da Conceição Batista dos Santos, M.; Crespo Pereira, R.; Velho de Castro Faria, M.; Laneuville Teixeira, V.; Burth, P. Inhibition of Mammal Na+K+-ATPase by Diterpenes Extracted from the Brazilian Brown Alga Dictyota cervicornis. Phytother. Res. 2009, 23, 943–947. [Google Scholar] [CrossRef] [PubMed]

	



Hay, M.; Fenical, W. Chemical Ecology and Marine Biodiversity: Insights and Products from the Sea. Oceanography 1996, 9, 10–20. [Google Scholar] [CrossRef]

	



Hay, M.E.; Fenical, W.; Gustafson, K. Chemical Defense against Diverse Coral-Reef Herbivores. Ecology 1987, 68, 1581–1591. [Google Scholar] [CrossRef]

	



Hay, M. Marine Plant-Herbivore Interactions: The Ecology of Chemical Defense. Annu. Rev. Ecol. Syst. 1988, 19, 111–145. [Google Scholar] [CrossRef]

	



Bolser, R.C.; Hay, M.E. Are Tropical Plants Better Defended? Palatability and Defenses of Temperate vs. Tropical Seaweeds. Ecology 1996, 77, 2269–2286. [Google Scholar] [CrossRef]

	



Cronin, G.; Paul, V.J.; Hay, M.E.; Fenical, W. Are Tropical Herbivores More Resistant Than Temperate Herbivores to Seaweed Chemical Defenses? Diterpenoid Metobolites from Dictyota acutiloba as Feeding Deterrents for Tropical Versus Temperate Fishes and Urchins. J. Chem. Ecol. 1997, 23, 289–302. [Google Scholar] [CrossRef]

	



Pereira, R.C.; Donato, R.; Teixeira, V.L.; Cavalcnti, D.N. Chemotaxis and Chemical Defenses in Seaweed Susceptibility to Herbivory. Rev. Bras. Biol. 2000, 60, 405–414. [Google Scholar] [CrossRef] [PubMed]

	



Amsler, C.D. induced defenses in macroalgae: The herbivore makes a difference. J. Phycol. 2001, 37, 353–356. [Google Scholar] [CrossRef]

	



Barbosa, J.P.; Teixeira, V.L.; Pereira, R.C. A Dolabellane Diterpene from the Brown Alga Dictyota Pfaffii as Chemical Defense against Herbivores. Bot. Mar. 2004, 47, 147–151. [Google Scholar] [CrossRef]

	



Macaya, E.C.; Rothäusler, E.; Thiel, M.; Molis, M.; Wahl, M. Induction of Defenses and Within-Alga Variation of Palatability in Two Brown Algae from the Northern-Central Coast of Chile: Effects of Mesograzers and UV Radiation. J. Exp. Mar. Biol. Ecol. 2005, 325, 214–227. [Google Scholar] [CrossRef]

	



Vallim, M.A.; Teixeira, V.L.; Pereira, R.C. Feeding-Deterrent Properties of Diterpenes of Dictyota Mertensii (Phaeophyceae, Dictyotales). Braz. J. Oceanogr. 2007, 55, 223–229. [Google Scholar] [CrossRef]

	



Wardana, A.P.; Aminah, N.S.; Rosyda, M.; Abdjan, M.I.; Kristanti, A.N.; Tun, K.N.W.; Choudhary, M.I.; Takaya, Y. Potential of Diterpene Compounds as Antivirals, a Review. Heliyon 2021, 7, e07777. [Google Scholar] [CrossRef]

	



Barbosa, J.P.; Fleury, B.G.; da Gama, B.A.P.; Teixeira, V.L.; Pereira, R.C. Natural Products as Antifoulants in the Brazilian Brown Alga Dictyota pfaffii (Phaeophyta, Dictyotales). Biochem. Syst. Ecol. 2007, 35, 549–553. [Google Scholar] [CrossRef]

	



Da Gama, B.A.P.; Carvalho, A.G.V.; Weidner, K.; Soares, A.R.; Coutinho, R.; Fleury, B.G.; Teixeira, V.L.; Pereira, R.C. Antifouling Activity of Natural Products from Brazilian Seaweeds. Botm 2008, 51, 191–201. [Google Scholar] [CrossRef]

	



Bianco, É.M.; Rogers, R.; Teixeira, V.L.; Pereira, R.C. Antifoulant Diterpenes Produced by the Brown Seaweed Canistrocarpus cervicornis. J. Appl. Phycol. 2009, 21, 341–346. [Google Scholar] [CrossRef]

	



De Paula, J.C.; Vallim, M.A.; Teixeira, V.L. What Are and Where Are the Bioactive Terpenoids Metabolites from Dictyotaceae (Phaeophyceae). Rev. Bras. Farm. 2011, 21, 216–228. [Google Scholar] [CrossRef]

	



Ishitsuka, M.O.; Kusumi, T.; Kakisawa, H. Antitumor Xenicane and Norxenicane Lactones from the Brown Alga Dictyota dichotoma. J. Org. Chem. 1988, 53, 5010–5013. [Google Scholar] [CrossRef]

	



Schlenk, D.; Gerwick, W.H. Dilophic Acid a Diterpenoid from the Tropical Brown Seaweed Dilophus guineensis. Phytochemistry 1987, 26, 1081–1084. [Google Scholar] [CrossRef]

	



Durán, R.; Zubía, E.; Ortega, M.J.; Salvá, J. New Diterpenoids from the Alga Dictyota Dichotoma. Tetrahedron 1997, 53, 8675–8688. [Google Scholar] [CrossRef]

	



Obando, J.M.C.; dos Santos, T.C.; Martins, R.C.C.; Teixeira, V.L.; Barbarino, E.; Cavalcanti, D.N. Current and Promising Applications of Seaweed Culture in Laboratory Conditions. Aquaculture 2022, 560, 738596. [Google Scholar] [CrossRef]

	



Obando, J.M.C.; dos Santos, T.C.; Bernardes, M.; Nascimento, N.; Villaça, R.C.; Teixeira, V.L.; Barbarino, E.; Cavalcanti, D.N. Chemical Variation and Analysis of Diterpenes from Seaweed Dictyota Menstrualis under Controlled Conditions. Algal. Res. 2022, 62, 102637. [Google Scholar] [CrossRef]

	



De Pereira, H.S.; Leão-Ferreira, L.R.; Moussatché, N.; Teixeira, V.L.; Cavalcanti, D.N.; da Costa, L.J.; Diaz, R.; Frugulhetti, I.C. Effects of Diterpenes Isolated from the Brazilian Marine Alga Dictyota menstrualis on HIV-1 Reverse Transcriptase. Planta Med. 2005, 71, 1019–1024. [Google Scholar] [CrossRef] [PubMed]

	



de Andrade Moura, L.; Marqui de Almeida, A.; Domingos, T.; Ortiz-Ramirez, F.; Cavalcanti, D.; Teixeira, V.; Fuly, A. Antiplatelet and Anticoagulant Effects of Diterpenes Isolated from the Marine Alga Dictyota menstrualis. Mar. Drugs 2014, 12, 2471–2484. [Google Scholar] [CrossRef] [PubMed]

	



Lira, M.L.F.; Lopes, R.; Gomes, A.P.; Barcellos, G.; Verícimo, M.; Osako, K.; Ortiz-Ramirez, F.A.; Ramos, C.J.B.; Cavalcanti, D.N.; Teixeira, V.L.; et al. Anti-Leishmanial Activity of Brazilian Green, Brown, and Red Algae. J. Appl. Phycol. 2016, 28, 591–598. [Google Scholar] [CrossRef]

	



Pereira, H.; Leaoferreira, L.; Moussatche, N.; Teixeira, V.; Cavalcanti, D.; Costa, L.; Diaz, R.; Frugulhetti, I. Antiviral Activity of Diterpenes Isolated from the Brazilian Marine Alga against Human Immunodeficiency Virus Type 1 (HIV-1). Antivir. Res. 2004, 64, 69–76. [Google Scholar]

	



Cirne-Santos, C.C.; de Barros, C.S.; Gomes, M.W.L.; Gomes, R.; Cavalcanti, D.N.; Obando, J.M.C.; Ramos, C.J.B.; Villaça, R.C.; Teixeira, V.L.; Paixão, I.C.N. de P. In Vitro Antiviral Activity Against Zika Virus from a Natural Product of the Brazilian Brown Seaweed Dictyota menstrualis. Nat. Prod. Commun. 2019, 14, 1934578X1985912. [Google Scholar]

	



Gomes, D.; Telles, C.; Costa, M.; Almeida-Lima, J.; Costa, L.; Keesen, T.; Rocha, H. Methanolic Extracts from Brown Seaweeds Dictyota cilliolata and Dictyota menstrualis Induce Apoptosis in Human Cervical Adenocarcinoma HeLa Cells. Molecules 2015, 20, 6573–6591. [Google Scholar] [CrossRef] [PubMed]

	



Aliança, A.; Anjos, K.; de Vasconcelos Reis, T.; Higino, T.; Brelaz-de-Castro, M.; Bianco, É.; de Figueiredo, R. The in Vitro Biological Activity of the Brazilian Brown Seaweed Dictyota mertensii against Leishmania amazonensis. Molecules 2014, 19, 14052–14065. [Google Scholar] [CrossRef] [PubMed]

	



De-Paula, J.C.; Lopes-Filho, E.A.P.; Salgueiro, F.; Yoneshigue-Valentin, Y.; Cavalcanti, D.N.; Villaça, R.C.; Teixeira, V.L. Diterpenes Content of the Brown Alga Dictyota cilliolata (Dictyotales, Phaeophyceae) and Recognition of a Brazilian Haplotype Based on Psb A Sequences. N. Z. J. Bot. 2018, 56, 415–429. [Google Scholar] [CrossRef]

	



Villaça, R.; Carvalhal Fonseca, A.; Jensen, V.K.; Knoppers, B. Species Composition and Distribution of Macroalgae on Atol Das Rocas, Brazil, SW Atlantic. Botm 2010, 53, 113–122. [Google Scholar] [CrossRef]

	



Campos De-Paula, J.; Cavalcanti, D.N.; Yoneshigue-Valentin, Y.; Teixeira, V.L. Diterpenes from Marine Brown Alga Dictyota guineensis (Dictyotaceae, Phaeophyceae). Braz. J. Pharmacogn. 2012, 22, 736–740. [Google Scholar] [CrossRef]

	



Simas, D.L.R.; Kaiser, C.R.; Gestinari, L.M.; Duarte, H.M.; de Paula, J.C.; Soares, A.R. Diterpenes from the Brown Seaweed Dictyota Caribaea (Dictyotaceae, Phaeophyceae): The Ecological and Taxonomic Significance. Biochem. Syst. Ecol. 2014, 52, 33–37. [Google Scholar] [CrossRef]

	



Campos De Paula, J.; Bomeny Bueno, L.; Christina de Palmer Paixão Frugulhetti, I.; Yoneshigue-Valentin, Y.; Laneuville Teixeira, V. Dictyota dolabellana sp. nov. (Dictyotaceae, Phaeophyceae) Based on Morphological and Chemical Data. Botm 2007, 50, 288–293. [Google Scholar] [CrossRef]

	



Pinto, A.M.V.; Leite, J.P.G.; Ferreira, W.J.; Cavalcanti, D.N.; Villaça, R.C.; Giongo, V.; Teixeira, V.L.; de Paixão, I.C.N.P. Marine Natural Seaweed Products as Potential Antiviral Drugs against Bovine Viral Diarrhea Virus. Braz. J. Pharmacogn. 2012, 22, 813–817. [Google Scholar] [CrossRef]

	



Cirne-Santos, C.C.; Souza, T.M.L.; Teixeira, V.L.; Fontes, C.F.L.; Rebello, M.A.; Castello-Branco, L.R.R.; Abreu, C.M.; Tanuri, A.; Frugulhetti, I.C.P.P.; Bou-Habib, D.C. The Dolabellane Diterpene Dolabelladienetriol Is a Typical Noncompetitive Inhibitor of HIV-1 Reverse Transcriptase Enzyme. Antivir. Res. 2008, 77, 64–71. [Google Scholar] [CrossRef]

	



Garrido, V.; Barros, C.; Melchiades, V.A.; Fonseca, R.R.; Pinheiro, S.; Ocampo, P.; Teixeira, V.L.; Cavalcanti, D.N.; Giongo, V.; Ratcliffe, N.A.; et al. Subchronic Toxicity and Anti-HSV-1 Activity in Experimental Animal of Dolabelladienetriol from the Seaweed, Dictyota pfaffii. Regul. Toxicol. Pharmacol. 2017, 86, 193–198. [Google Scholar] [CrossRef]

	



Pardo-Vargas, A.; Ramos, F.A.; Cirne-Santos, C.C.; Stephens, P.R.; Paixão, I.C.P.; Teixeira, V.L.; Castellanos, L. Semi-Synthesis of Oxygenated Dolabellane Diterpenes with Highly in Vitro Anti-HIV-1 Activity. Bioorg. Med. Chem. Lett. 2014, 24, 4381–4383. [Google Scholar] [CrossRef] [PubMed]

	



Pardo-Vargas, A.; Oliveira, I.D.B.; Stephens, P.R.S.; Cirne-Santos, C.C.; Paixão, I.C.N.D.P.; Ramos, F.A.; Jiménez, C.; Rodríguez, J.; Resende, J.A.L.C.; Teixeira, V.L.; et al. Dolabelladienols A-C, New Diterpenes Isolated from Brazilian Brown Alga Dictyota pfaffii. Mar. Drugs 2014, 12, 4247–4259. [Google Scholar] [CrossRef]

	



Cirne-Santos, C.C.; Teixeira, V.L.; Castello-Branco, L.R.; Frugulhetti, I.C.P.P.; Bou-Habib, D.C. Inhibition of HIV-1 Replication in Human Primary Cells by a Dolabellane Diterpene Isolated from the Marine Algae Dictyota pfaffii. Planta Med. 2006, 72, 295–299. [Google Scholar] [CrossRef] [PubMed]

	



Bianco, É.M.; Teixeira, V.L.; Pereira, R.C. Chemical Defenses of the Tropical Marine Seaweed Canistrocarpus cervicornis against Herbivory by Sea Urchin. Braz. J. Oceanogr. 2010, 58, 213–218. [Google Scholar] [CrossRef]

	



Ortiz-Ramírez, F.A.; Vallim, M.A.; Negrão Cavalcanti, D.; Laneuville Teixeira, V. Effects of the Secondary Metabolites from Canistrocarpus cervicornis (Dictyotales, Phaeophyceae) on Fertilization and Early Development of the Sea Urchin lytechinus Variegatus. Lat. Am. J. Aquat. Res. 2017, 41, 296–304. [Google Scholar] [CrossRef]

	



Domingos, T.; Vallim, M.; Cavalcanti, D.; Sanchez, E.; Teixeira, V.; Fuly, A. Effect of Diterpenes Isolated of the Marine Alga Canistrocarpus cervicornis against Some Toxic Effects of the Venom of the Bothrops Jararaca Snake. Molecules 2015, 20, 3515–3526. [Google Scholar] [CrossRef] [PubMed]

	



Domingos, T.F.S.; Vallim, M.A.; Carvalho, C.; Sanchez, E.F.; Teixeira, V.L.; Fuly, A.L. Anti-Snake Venom Effect of Secodolastane Diterpenes Isolated from Brazilian Marine Brown Alga Canistrocarpus cervicornis against Lachesis Muta Venom. Rev. Bras. Farmacogn. 2011, 21, 234–238. [Google Scholar] [CrossRef]

	



Moura, L.D.A.; Sanchez, E.F.; Bianco, É.M.; Pereira, R.C.; Teixeira, V.L.; Fuly, A.L. Antiophidian Properties of a Dolastane Diterpene Isolated from the Marine Brown Alga Canistrocarpus cervicornis. Biomed. Prev. Nut. 2011, 1, 61–66. [Google Scholar] [CrossRef]

	



Bianco, É.M.; Francisco, T.M.; Pinheiro, C.B.; Bagueira De Vasconcellos Azeredo, R.; Teixeira, V.L.; Pereira, R.C. 4α-Acetoxyamijidictyol—A New Antifeeding Dolastane Diterpene from the Brazilian Brown Alga Canistrocarpus cervicornis. Chem. Biodivers. 2015, 12, 1665–1677. [Google Scholar] [CrossRef]

	



Dos Santos, A.O.; Britta, E.A.; Bianco, E.M.; Ueda-Nakamura, T.; Filho, B.P.D.; Pereira, R.C.; Nakamura, C.V. 4-Acetoxydolastane Diterpene from the Brazilian Brown Alga Canistrocarpus cervicornis as Antileishmanial Agent. Mar. Drugs 2011, 9, 2369–2383. [Google Scholar] [CrossRef]

	



Bianco, E.M.; Pires, L.; Santos, G.K.N.; Dutra, K.A.; Reis, T.N.V.; Vasconcelos, E.R.T.P.P.; Cocentino, A.L.M.; Navarro, D.M.A.F. Larvicidal Activity of Seaweeds from Northeastern Brazil and of a Halogenated Sesquiterpene against the Dengue Mosquito (Aedes aegypti). Ind. Crops. Prod. 2013, 43, 270–275. [Google Scholar] [CrossRef]

	



Bianco, É.; de Oliveira, S.; Rigotto, C.; Tonini, M.; da Rosa Guimarães, T.; Bittencourt, F.; Gouvêa, L.; Aresi, C.; de Almeida, M.; Moritz, M.; et al. Anti-Infective Potential of Marine Invertebrates and Seaweeds from the Brazilian Coast. Molecules 2013, 18, 5761–5778. [Google Scholar] [CrossRef] [PubMed]








[image: Marinedrugs 21 00484 g001] 





Figure 1. Diterpene skeletons of groups I, II, and III, according to the biosynthetic pathway [9,17,20,21,22]. 
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Figure 2. Structures of pachydictyol A (1) and isopachydictyol A (2). 
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Figure 3. Structures of 6-hydroxy-dichotoma-3,14-diene-1,17-dial (3) and 6-acetoxy-dichotoma-3,14-diene-1,17-dial (4). 
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Figure 4. Structures of dictyol H (5) and dictyol B acetate (6). 
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Figure 5. Structures of dictyotadiol (7), dictyol C (8), dictyodial A (9), 4β-hydroxy-dictyodial-A (10), 4β-acetoxy-dictylodial-A (11), and acetoxycrenulidane (12). 
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