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Background: In recent years, marine-based functional foods and combination therapy are receiving greater recognition for their roles in healthy lifestyle applications and are being investigated as viable and effective strategies for disease treatment or prevention.

Aim of the review: This review article presents and discusses the relevant scientific publications that have studied the synergistic and additive effects of natural marine bioactive compounds and extract combinations with anti-obesity, anti-inflammatory, antioxidant, and chemopreventive activities in the last two decades. The paper presents the mechanism of action and health benefits of developed combinations and discusses the limitation of the studies. Furthermore, it recommends alternatives and directions for future studies. Finally, it highlights the factors for developing novel combinations of marine bioactive compounds.

Key scientific concepts of review: Combination of marine bioactive compounds or extracts affords synergistic or additive effects by multiple means, such as multi-target effects, enhancing the bioavailability, boosting the bioactivity, and neutralizing adverse effects of compounds in the mixture. For the development of marine-based combinations, there are key points for consideration and issues to address: knowledge of the mechanism of action of individual compounds and their combinations, optimum ratio and dosing of compounds, and experimental models must all be taken into account. Strategies to increase the number and diversity of marine combinations, and further development of marine-based functional foods, are available. However, only a small number of natural marine bioactive combinations have been assessed, and most research has been focused on fish oil and carotenoid synergy. Therefore, more research and resources should be spent on developing novel marine bioactive combinations as functional foods and nutraceuticals.
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Introduction

Chronic non-communicable diseases, such as obesity, diabetes, arthritis, cancer, and cardiovascular diseases, are increasing worldwide. The increase is mainly linked to changes in dietary habits. Increased awareness of the link between food intake habits and health has led many people to seek functional food options in their meal plans. Functional foods are defined as foods with additional or improved benefits beyond the normal nutritional value. This additional value could reduce the risk of chronic diseases. Nutraceuticals may also be extracted from foods to develop capsules or tablets as accessible supplements to dietary intake. The food ingredient market is rapidly growing, and a new source of bioactive substances is needed for functional food industries (1, 2).

Marine microbiota and fauna are valuable sources of bioactive compounds for the food and pharmaceutical industries. Bioactive compounds can be isolated from macroalgae (seaweeds), microalgae, echinoderms, crustaceans (for example, crayfish, crab, shrimp, and lobster), cephalopods (such as squid, cuttlefish, and octopus), mollusks (including mussel, clam, oyster, scallop, abalone, snail, and conch) and fish (3). So far, more than 36,000 compounds have been isolated from marine micro-and macro-organisms. The most widely isolated and researched marine bioactive compounds include carbohydrates, pigments, polyphenols, peptides, proteins, essential fatty acids, vitamins, and minerals. Marine compounds have antioxidant, anti-thrombotic, anti-coagulant, anti-inflammatory, anti-proliferative, anti-hypertensive, anti-diabetic, and cardio-protective activity; therefore, they can be used as active ingredients in functional food, nutraceuticals, dietary supplements, prebiotics, and pharmaceuticals (3, 4). Significantly, such bioactive compounds can minimize chronic non-communicable disease risk by reducing the onset of inflammation and oxidation (5).

Natural foods typically have low concentrations of nutraceuticals. As a result, large quantities of food need to be ingested to achieve the desired results in the human body (6). However, excessive consumption of certain bioactive compounds might have toxic effects or interact with medications (7). Additionally, when functional food is taken orally, most bioactive compounds are affected by the conditions of the gastrointestinal system, such as pH, metabolic enzymes, or normal microbiota of the gastrointestinal tract, which can reduce or eliminate their effectiveness or bioavailability (8). These issues can be solved by the concept of combinations which forwards the premise that disease prevention and/or treatment activities resulting from the combined impact of various compounds (influencing multiple mechanisms of action) are more successful than those caused by an individual compound that participates in only a single molecular mechanism. In addition, combinations of bioactive compounds can reduce the toxicity and side effects of the individual compounds (6).

The number of publications on the combination of marine bioactive compounds has increased in the last decade. These combinations include two main categories: “bioactive compound-drug combinations” and “natural bioactive compound combinations.” Overall, 26 keyword combinations were used (a total of 4,384 articles were screened), and out of 4,384 articles, 29 articles were included in this manuscript. The rest of the articles were found by citations or by reading the suggested related articles. In the first category, marine bioactive compounds are combined with pharmaceuticals to support drug therapy (9). In contrast, in the second category, the combinations are composed of only naturally occurring bioactive compounds. Most studies focus on the first category. Although marine bioactive compounds have received high interest due to their therapeutic capability, studies on the second category remain sparse (Figure 1).
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FIGURE 1
 The number of publication featuring (A) “marine bioactive compounds” + “combination” in Scopus. (B) “marine bioactive compounds” + “combination” in PubMed. (C) “natural marine bioactive compounds” + “combination” in Scopus & PubMed & Google Scholar.


Over the last two decades, several review articles have investigated different combinations of phytochemicals and plant extracts on outcomes of disease prevention or treatment (10–17). To our knowledge, no review article has discussed and summarized the natural bioactive compound combinations. The main objective of this review article is to provide an overview of the scientific evidence published in the last two decades on the interaction effects of combinations of marine bioactive compounds and extracts on the treatment and prevention of various chronic non-communicable diseases. The studies related to bioactive compound-drug combinations and drug therapy are not included in this paper. The first part of this review canvasses the general mechanisms of interaction and the advantages of the combination strategy. The second part of the review discusses the health benefit of the combination of marine bioactive compounds and extracts for preventing or treating chronic diseases and elaborates on types and mechanisms of interaction. The final part of the review examines the factors for developing new combinations of marine bioactive compounds and the future research direction in the specialty.



Underlying mechanisms of interaction and assessing combination effects

The biological effects of bioactive compound mixtures can be higher or lower than the summative effects of each component. The interactions between multiple agents are classified as potentiation, addition, synergy, or antagonism. In potentiation interaction, the combination of the two active and non-active compounds has a more significant effect than that of the single active ingredient, where the involvement of the inactive compound improves the efficacy of the active compound (18). Some natural compounds may not possess specific effects themselves but increase the solubility, absorption, distribution, or metabolism inappropriate concentration of bioactive compounds in. Therefore, the combinations have beneficial effects by increasing the bioavailability of active compounds (16). If each component of the combination is active, it can produce an additive, synergistic or antagonistic effect. In additive interactions, the overall effect is equal to the sum efficacy of single components of the combination. If the combined effect is greater than adding individual compounds, the interaction is synergistic. However, if the combined effect is less than the addition of individual compounds, the interaction is considered antagonistic (18). A multitude of mechanisms can result in synergies, such as multi-target effects (pharmacodynamic synergism), modulation of drug transport, permeation, and bioavailability (pharmacokinetic synergism), and elimination of adverse effects of bioactive compounds (16).

The combination response observed in studies must be compared to an accepted reference model to determine the type of interaction. The most popular model is the combination index (CI) which is commonly used in both chemical- and cell-based studies. It was first established to evaluate the interactions between different drug combinations. Lately, CI has been used in food extracts and bioactive compound evaluation (17). The CI quantitatively calculates the combinatorial effect, and there is no limitation for the number of individual compounds in the combination. It is defined in the Equation as follows:
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d1 and d2 are the respective combination doses of drug one and drug two that produce an effect x, and Dx1 and Dx2 are the corresponding single doses for drug one and drug two that result in the same effect x. If the CI is < 1, the interaction is a synergistic effect, while CI values higher than 1 indicate antagonism. A CI value equal to 1 is an additive effect. Another reference model is isobologram or Isobole method. It is a graphical procedure that assists in representing the trends of combination responses. The type of interaction depends on the position of the dose of combination on the “iso-effect” linear line (Figure 2) (19). However, this method is rarely used to evaluate bioactive compound interactions (17). Besides the CI and Isobole, other methods can be used to evaluate the combined effects, such as curve-shift analysis and universal surface response analysis. These two methods yield a statistical estimate of differentiation between synergy, additivity, and antagonism. In general, all four mentioned methods provide complementary information (20). In some studies, the result of the interaction is determined as synergistic or additive, but no method has been used to analyze the interaction mode. In this review, these outcomes are referred to as potential synergy or additive.
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FIGURE 2
 Isobole method showing different types of combination effects (synergistic, antagonistic, and additive). Axes represent the concentration of the individual compounds, and the points represent the combination of concentrations of the two compounds required to reach a particular fixed effect.


The mechanism of combination is complex and cannot be easily predicted from the activity of each compound in the mixture; therefore, understanding the synergistic mechanism is vital in selecting combinations. Moreover, the combination mechanism depends on several different variables, such as concentration, ratio, orientation, reaction medium, nature of radical initiators, interfering substances, and the microenvironment (21). For example, an inappropriate concentration of bioactive compounds in a mixture may lower its biological effects. Sulfated polysaccharides extracted from Eisenia arborea and Solieria filiform showed in vitro antiviral activity on the measles virus and low cytotoxicity at inhibitory concentrations. When the synergistic effect of the two compounds was studied, the result showed that the synergistic effect of the combination was observed at low concentrations of extracts (96% inhibition with 0.0274 μg/mL and 0.011 μg/mL of E. arborea and S. filiformis sulfated polysaccharides, respectively.) in comparison to the higher individual extract effects (50% inhibition with 0.275 and 0.985 μg/mL of E. arborea and S. filiformis, respectively). Conversely, results showed an antagonism effect at high concentrations of extracts (22). Alongside the concentration, the proportion or ratio of individual compounds also plays an essential role in the synergistic activity of the mixture. Different ratios of bioactive compounds in combination can affect the synergistic interaction. For instance, Todorova et al. based on the CI calculation reported that the taxifolin/fucoidan combination at a ratio of 1:3 (CI 0.55) has a greater synergistic effect than the observed lower effect at a 3:1 ratio (CI 0.80) (23). Overall, the mechanism of synergy can be determined by increasing the bioavailability, enhancing the antioxidant activity, inhibiting lipid peroxidation, neutralization of adverse effects, and developing multi-target effects in different positions of a similar signaling cascade (Figure 3) (21).
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FIGURE 3
 Mechanism of synergism—improvement in antioxidant activity, bioavailability, and biological effects of compounds; reduction of the dosage of individual compounds; act on new targets or multiple targets, or multiple pathways; naturalization of the adverse effect of individual compounds.




Method

A literature search was conducted using the PubMed, Scopus, and Google Scholar databases, and the search terms “Marine Bioactive Compounds,” “Antioxidant Activity,” “Anti-Inflammatory Activity,” “Anticancer Activity,” “Synergistic Effect,” and “Additive Effect” were used. In this review, we focused on relevant articles and reviews on the health benefits of the combination of bioactive compounds and extracts from marine organisms for the prevention or treatment of chronic non-communicable diseases from 2000 to 2022. Studies on combinations of marine bioactive compounds with synthetic drugs and drug therapy are excluded. The results are presented and discussed in the following sections.



Benefits of the combination of marine compounds


Effects of bioactive compounds' interactions on anti-obesity activity

The prevalence of obesity has increased worldwide in the past few decades and is ascribed predominantly to poor eating habits. Many epidemiological studies show a decreased prevalence of obesity-related illnesses in those who consume seafood-rich diets, suggesting that marine foods have a positive effect against obesity. This disorder is not only limited to being overweight but can include comorbidities such as hyperlipidemia, cardiovascular diseases, type 2 diabetes, and non-alcoholic fatty liver (NAFLD). Many compounds have been extracted and tested on anti-obesity effects from marine organisms, mostly from algae. Additionally, the anti-obesity properties of lipids obtained from marine sources are well known (Table 1). Developing functional foods from marine bioactive compounds could be an opportunity for the food industry to prevent and/or treat obesity (32, 33).


TABLE 1 List of compounds isolated from marine sources with potential anti-obesity activity.
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Several studies have shown that the combination of marine bioactive compounds with anti-obesity activity has advantageous over individual compound via different additive or synergistic mechanisms (Table 4). There are several approaches to treat or prevent obesity including restricting glucose absorption, boosting body fat mobilization, increasing energy expenditure, reducing adipose tissue development, and blocking fat absorption (33). Therefore, one combinatorial mechanism is to target multiple pathways to enhance the response. In a study, Maeda and colleagues found that combining a bioactive compound with anti-obesity activities (fucoxanthin) and marine oil has an potential additive or beneficial anti-obesity effect. Fucoxanthin is a carotenoid found in edible brown seaweeds such as Undaria pinnatifida and Hizikia fusiformis. Fucoxanthin likely reduces the risk of obesity by lowering body fat in obese subjects (33). Fucoxanthin's mechanism of anti-obesity is currently ascribed to the up-regulation of mitochondrial uncoupling protein 1 (UCP1), which has a significant role in energy expenditure in white adipose tissue (34). Similar to fucoxanthin, fish oil can enhance energy expenditure by unregulated UCP1 expression in adipose tissue and significantly decrease weight gain and body fat (35). Fish oil also seems to stimulate lipid oxidation in healthy adults and limit triglyceride accumulation in adipose tissue through the regulation of fatty acid metabolism in the liver, and as a result, limit fat cell trophic growth (25, 26). The described activity from their combination is more effective for attenuating the weight gain of white adipose tissue than feeding with fucoxanthin alone in a diabetic/obese (KK-Ay) murine model. It has been suggested that the combination of fucoxanthin and fish oil can suppress the weight gain of white adipose tissue through multiple mechanisms. In other words, the individual compounds in the mixture might be able to attack different sites and/or different pathways associated with white adipose tissue maintenance (34). In another study, the authors further observed that the benefit of this combination could be due to another mechanism. For investigations depending on the oral administration of variables, the solubility of fucoxanthin is an essential factor to consider. The reason that fucoxanthin alone has lower anti-obesity activity compared to the mixture with fish oil could be due to the low solubility and oral bioavailability of the fucoxanthin. The authors suggested improving the oral bioavailability and absorption rate of fucoxanthin by first dissolving the carotenoid in fish oil or medium-chain triacylglycerols (MCT). As a result, Maeda et al. discerned that the anti-obesity activity of fucoxanthin with MCT was higher than fucoxanthin alone (36). The involvement of compounds that enhance the bioactive component solubility and stability is a significant type of synergism that is often undervalued (16).

In a similar study, lipids from U. pinnatifida (containing fucoxanthin) have anti-obesity activity both in vivo and in vitro, but due to low stability and bioavailability, Okada et al. (37) suggested developing a lipid delivery system in capsule form. The capsule was made of phospholipids derived from scallops (which also show anti-obesity activity). The results show that the combination of these bioactive lipids caused significant reductions in body weight and fat mass and has an additive effect compared to administering either lipid alone. The mechanism of reduction in the body weight might be due to the increases in the expression of UCP1 and UCP1 mRNA in epididymal fat tissue of diabetic/obese (KK-Ay) mice. The main reason behind the additive effect of the combination is that the scallop phospholipid increased the delivery and enhanced the stability and bioavailability of U. pinnatifida lipid in mice (38). Generally, in addition to pharmacodynamic synergy, several marine bioactive extracts may improve the solubility, absorption, distribution, or metabolism of active components with or without having particular pharmacological effects. The bioavailability of active components is increased as a result of these combined pharmacokinetic effects (16).

It is important to note that in the above-mentioned studies, the combined effects are not categorized as synergistic, however, but as “beneficial” or “additive” effects. Importantly, even the additive effect is not simply a summation of their constituents, and it requires the use of assessment models such as isobole or CI for calculating the interactions.

Mohamadi et al. (39) used the synergy assessment CI method to describe the type of combination effect occurring in their lipid accumulation study. Obesity is linked to an increased risk of NAFLD. The pathogenesis of NAFLD is due to several pathological events, such as insulin resistance, oxidative stress, apoptosis, and inflammation which enhance the fat accumulation in the liver. Therefore, using a combination of bioactive compounds targeting more than one pathological event may have higher efficacy for NAFLD therapy or prevention. The combination of polyunsaturated fatty acids (PUFAs) of fish oil and chicoric acid, consistent with this theory, reduced lipid accumulation in hepatic cells. Chicoric acid, a phenolic compound extracted from chicory leaves, has anti-oxidative and anti-inflammatory effects (40). PUFAs can suppress lipogenesis by targeting sterol regulatory element-binding protein-1 (SREBP-1), which is the main transcriptional regulator of lipid metabolism (41). As a result, the combination can have synergistic effects for NAFLD, associated with lipid accumulation and lipotoxicity. Based on Mohamedi et al. results, PUFAs and chicoric acid synergistically reduce lipid aggregation as observed by decreased oil red O staining and triglyceride levels in palmitate-induced hepatic HepG2 cells. The molecular mechanism of the synergy effect is the down-regulation of activated protein kinase (AMPK)-mediated (SREBP)-1/fatty acid synthase (FAS) and up-regulation of AMPK-mediated peroxisome proliferator-activated receptor α (PPARα)/uncoupling protein 2 (UCP2) signaling pathways (39).

Another additive or synergy mechanism could be considered to develop novel bioactive combinations is lowering the effective dose of agents to limit toxicity. Guo et al. (42) proved that the adverse effect of bioactive compounds, such as cytotoxicity and hemolytic activity, can be neutralized by using the desired bioactive compound in combination. Sea cucumber saponins (SCS) and eicosapentaenoic acid-enriched phospholipids (EPA-PL) are extracted from sea cucumber Pearsonothuria graeffei and Cucumaria frondosa, respectively. These two bioactive compounds could suppress lipogenesis, increase fatty acid oxidation, and lower lipid accumulation. However, the eicosapentaenoic acid is easily oxidized, and sea cucumber saponin has cytotoxic and hemolytic activities, which is recommended to use at a lower concentration. Guo et al. evaluated the synergistic impact of the combination at the ratio of 1:1 against orotic acid-induced NAFLD to minimize the side effects. According to their findings, the combination could significantly increase the expression of genes related to fatty acid β-oxidation, including peroxisome proliferator-activated receptor (PPARα), while significantly decreasing mRNA expression of genes involved in fatty acid biosynthesis, including fatty acid synthase (FAS), acetyl-CoA carboxylase (ACC), glucose-6-phosphate dehydrogenase (G6PDH), and malic enzyme. They made the conclusion that combining sea cucumber extracts had more protective benefits on NAFLD than using individual compounds alone (42). Although the authors described the interaction of the bioactive compounds as synergy, no proper synergistic assessment model has been used; therefore, the interpretation of this study may be questionable.

In conclusion, the solubility and stability of anti-obesity compounds of marine origin are the main drawbacks (43). Therefore, formulating combinations to address these concerns may be a useful strategy. Obesity is a complex, multifactorial disorder that can be treated or prevented by targeting multiple pathways; therefore, designing combinations that attack several molecular targets could be another advantageous strategy.



Effects of bioactive compounds' interactions on anti-inflammatory and antioxidant activities

Inflammation is a physiological response to foreign organisms or tissue injuries. During the inflammatory response, several inflammatory cells, including macrophages, neutrophils, and lymphocytes, are activated. As a result, these cells release chemical mediators such as vasoactive amines, peptides, eicosanoids, acute-phase proteins, and cytokines (Tumor Necrosis Factor (TNF)-α, Interferon-gamma (IFNγ), nitric oxide (NO), prostaglandin E2 (PGE2) Interleukin (IL)-6 and IL-1β, IL-2, IL-8, IL-12, IL-17) to mediate the inflammatory response (44). In addition, oxidative stress can cause inflammation by producing reactive oxygen species (ROS). Excessive ROS production has been reported to trigger the inflammatory process resulting in the synthesis and secretion of pro-inflammatory cytokines through the activation of nuclear factor-kappa B/active protein-1 (NF-κB/AP-1) complex (45). If the inflammation continues for extended periods without resolution, chronic inflammation may eventually result in the development of other diseases, such as chronic asthma, rheumatoid arthritis, multiple sclerosis, inflammatory bowel disease, psoriasis, and cancer (3). Therefore, it is vital to treat and minimize long-term, unresolved inflammation with the use of anti-inflammatory and antioxidant agents. Although a few synthetic anti-inflammatory medicines exist, with continuous use, they all seem to have adverse physiological impacts. Lately, there has been an increasingly positive trend in the intake of antioxidants or anti-inflammatory products made from natural bioactive components (45). A large number of natural products have been extracted from marine organisms with anti-inflammatory and antioxidant properties, such as carotenoids, fucoidans, phlorotannins, sesquiterpenoids, diterpenes, steroids, polysaccharides, alkaloids, proteins, PUFAs, and other promising bioactive compounds for further research (Table 2) (5, 58).


TABLE 2 List of selected compounds isolated from marine sources with potential anti-inflammatory and anti-oxidant activity.
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For example, fish oil has well-recognized anti-inflammatory properties due to the presence of omega-3 PUFAs, especially docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA). However, one of the disadvantages is the sensitivity of n-3 PUFAs to oxidation (59). Lipid hydroperoxides are formed during digestion as a result of the oxidation of fatty acids. The formation of lipid oxidation products during digestion can be inhibited by using natural antioxidants in combination with a lipid co-constituent (60). Alternatively, carotenoids (such as astaxanthin) are lipid-soluble natural pigments in seaweed that have antioxidant activity due to their ability to quench singlet oxygen and scavenge free radicals. Accordingly, the adverse effects of oxidative sensitivity of bioactive compounds or extracts may be reduced by combining them with natural antioxidants, promoting additive or synergistic effects. Several in vivo and in vitro studies have been published to date that document the advantages of combining marine-derived antioxidant astaxanthin with fish oil and which conclude that this combination strategy is successful in enhancing the stability and efficacy of fish oil (61–63).

Otton et al. examined the effect of daily ingestion of fish oil/astaxanthin in combination and as individual compounds on oxidative stress parameters and the functional properties of lymphocytes isolated from Wistar rat's lymph nodes. The effects have been reported as reduced intracellular calcium concentration, reduced T- and B-lymphocyte proliferative capacity, enhanced enzymatic antioxidant capacity, and decreased superoxide anion, hydrogen peroxide, and NO• production. Therefore, the combination of astaxanthin and fish oil may have a slightly beneficial effect in preventing oxidative stress induced by PUFAs (62). This combination has also been investigated in vivo by Barros et al. (61) and leads to a similar conclusion based on examining the effect on oxidative stress and functional indexes of rat-isolated neutrophils. The mixture of fish oil/astaxanthin induced hypolipidemic/hypocholesterolemic effects in plasma and improved the phagocytic activity of activated neutrophils compared to the added astaxanthin or fish oil alone. The combination enhances the immune response by improving the glutathione-based redox balance in rat plasma and neutrophils. However, the study concluded that the effects of this combination were summative rather than synergistic. These studies have shown that the combined effect might not serve to improve the efficacy of a given active compound but rather act to reduce the adverse effects that the active agent may cause (16).

The use of isolated bioactive components or extracts at concentrations greater than their physiological ones is a concern in most in vitro investigations. However, in vivo, bioactive compounds are found in plasma or tissues at lower levels. Another advantage of using marine antioxidant compounds in combination is that mixtures can significantly decrease the dose of each antioxidant needed to achieve an effect (16). Natural antioxidants alone usually are effective at considerably higher concentrations. Using appropriate combinations of different natural/synthetic antioxidants, which can function synergistically, can solve this issue. The mixture of antioxidants might increase the antioxidant activity and reduce the dose of a single natural antioxidant in higher concentrations (16). Todorova et al. evaluated the interactions between the natural antioxidants taxifolin (a flavonoid) and fucoidan. The ABTS radical cation decolorization assay was used to determine the antioxidant capacity of pure taxifolin, fucoidan and their combinations. The study aimed to minimize potential adverse effects from the overuse of a single antioxidant and to evaluate the synergistic activity of combinations by the use of this chemical method (23) (The advantages and disadvantages of using chemical-based methods are discussed in more detail in the discussion section). In this decolorization study, only one chemical method has been used to assess the antioxidant effect. The antioxidant activity involves a complex process that is regulated by numerous mechanisms. When assessing the antioxidant activity of individual substances or in combination, more than one test is required due to the complexity of the measured antioxidant's capacities. This fact is exemplified by Saw et al. who, besides utilizing only the chemical method, also confirmed the antioxidant activity of the tested combination by measuring glutathione levels and a total antioxidant power in vitro cell assay (63).

Several studies have investigated the interactions between marine extracts in terms of synergistic or additive anti-inflammatory activity. For example, phlorotannins of Ecklonia cava and sulfated polysaccharides and crude extracts of Sargassum horneri have anti-inflammatory effects under in vitro and in vivo conditions (64–66). Sanjeewa et al. suggest that the combination of E. cava and S. horneri extracts have higher anti-inflammatory activity than E. cava or S. horneri extracts alone. The 8:2 combination of E. cava : S. horneri extracts significantly inhibited the inflammatory mediators (iNOS, COX-2, IL-1β, IL-6, and TNF-α) in lipopolysaccharides-activated RAW 264.7 macrophage cells compared to the single extracts (66). In other words, this interaction can boost the mixture's activity compared to individual compounds. They concluded that the synergistic effect of the combination could be due to the different bioactive properties of active compounds present in the extracts. The studies that examine the interaction between marine extracts provide more insight into the combined effect of several kinds of bioactive compounds. However, they cannot establish the synergy of individual compounds. It is suggested to identify the active compounds in the extracts, and single compounds are tested solely and in combination.

Correspondingly, marine extracts with anti-inflammatory or antioxidant activity could also be a source of marine-based prebiotics to combine with probiotics for developing more effective dietary supplements. Such symbiotic combinations may have a greater effect on improving intestinal health and avoiding inflammation of the intestines. Gracilaria coronopifolia seaweed extract, as a prebiotic, was combined with several probiotics (Lactobacili and Bifidobacteria), and the synergistic efficacy of the mixture was evaluated by Li et al. using the intestinal Caco-2 cell line model. Based on the result of the study, the G. coronopifolia/probiotic mixture inhibits ROS production under oxidative stress, reduces the damage of cells with oxidative stress, and inhibits the inflammatory response in cells. In addition, the combination can protect, maintain, and improve the function of intestinal cells by inhibiting the production of inflammatory factor substances (interleukin 8, IL-8) (67).

In general, inflammation and oxidative stress, which results in the production of chemical mediators and reactive oxygen species (free radicals), are linked to several chronic illnesses, including cancer, cardiovascular disease, and type 2 diabetes mellitus; therefore, designing combinations including bioactive compounds with both anti-inflammatory and antioxidant activities can be a promising scheme in chronic disease treatment and prevention.



Effects of bioactive compounds' interactions on anticarcinogenic activity

Cancer development increases with age, and the beginning of cancer is often a slow process. Consuming functional food with anti-cancer properties is considered a chemo-preventative approach to offset or reduce the chance of cancer development (68). Chemo-preventative nutraceuticals inhibit the development of a healthy cell into a cancer cell by inducing antioxidant and anti-inflammatory activity, inactivation of phase I enzymes, and induction of phase II enzymes. Chemotherapeutic nutraceuticals, on the other hand, target cancer cells directly by inhibiting tumor growth (inhibiting cell proliferation, inducing cell differentiation, and apoptosis) or inhibiting tumor spread (inhibiting tumor invasion, anti-metastasis) (6).

Bioactive compounds such as polyphenols, polysaccharides, alkaloids, peptides, and terpenoids have been isolated from marine organisms and elicit anti-cancer activity in vitro and in vivo (Table 3). The main source of these isolated bioactive compounds is marine microbiota, including microalgae, fungi, seaweeds, mangroves, bacteria, cyanobacteria, and actinobacteria. The mechanism of action is mainly through inhibiting tumor growth via augmenting and supporting apoptosis, necrosis, and lysis of the tumor cells (82).


TABLE 3 List of selected marine bioactive compounds with anti-cancer activity.
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Marine bioactive compounds or extracts with antioxidant activity could be a decent candidate to prevent cancer development since many chronic diseases, including cancer, are caused by oxidative stress (63). Astaxanthin has antioxidant activity and inhibits oxidative damage, which could explain its chemo-preventative activity. Accordingly, Saw et al. suggested that a lower concentration of astaxanthin has potent antioxidant activity in conjunction with PUFAs (DHA or EPA) and demonstrates synergistic antioxidant effects. Inducing the nuclear factor erythroid 2-related factor 2/ antioxidant response elements (Nrf2/ARE) pathway in an in vitro HepG2-C8-ARE-luciferase cell line, beneficial synergism is aligned with the pathway which has the main role in the induction of antioxidant genes that protect against oxidative damage (63). As a result, the authors have suggested that this combination is a promising cancer chemoprevention strategy. In this study, the synergism has been confirmed by using CI method.

The mechanism of synergy in Saw et al. (63) study is to reduce the concentration of bioactive compounds in combination to produce better efficacy with less toxicity than individual compounds. However, cancer is a multi-targetable disease, and the combination of compounds that address many targets simultaneously can be a better approach to treat various types of cancer. Designing marine-based combinations that promote cell death, inhibit cell proliferation and invasion, and boost the immune system simultaneously are future possibilities. Moreover, high biological activity and the wide availability of these marine compounds are advantages that should be considered (83). Most studies focus on the synergistic effect of marine compounds in combination with existing anti-cancer drugs and enhancing drug therapy (84–86). Investigating the synergistic interaction between naturally occurring bioactive compounds or extracts with anti-cancer activity is highly recommended.




Discussion and future perspective

Several combinations of marine compounds and extracts have been studied, and their interaction mechanism has been discussed in this review. Of all mechanisms, enhancing the bioavailability and reducing adverse effects of active compounds are the most frequently reported. However, in the case of chronic non-communicable diseases that involve different pathogenesis pathways, the ideal combination may be applying compounds with non-overlapping activities to provide either additive or synergistic response on multiple molecular targets. Inflammation and oxidative stress are the two main aspects of chronic diseases. Therefore, combinations that target pathways in relation to these two aspects are considered useful approaches for therapy or prevention. Future research should concentrate on finding such combinations.

The diversity of the marine compounds or extracts examined in combinations should be increased. Most studies have focused on fish oil and carotenoids (mostly fucoidan, astaxanthin, and fucoxanthin) to develop novel combinations (Table 4). Future research should investigate the combinatorial effect of other promising marine bioactive compounds. In recent years, attention has been drawn to a greater extent to marine proteins and peptides. These bioactive compounds have a range of biological properties, including immunomodulating, neuroprotective, anti-diabetic, anti-cancer, antiviral, and anti-oxidative aspects (88, 89). Despite their significant bioactivity, there are several problems to use these compounds in functional foods and nutraceuticals, such as poor solubility, unfavorable taste, low bioavailability, and stability (1). Applying peptide or protein in combination with other bioactive compounds or extracts may be a solution to improving their water solubility, increasing their bioavailability, improving sensory properties, increasing their food matrix compatibility, improving their stability in the gastrointestinal tract, and protecting bioactive components from unfavorable food matrix environment.


TABLE 4 List of combination of marine bioactive compounds.

[image: Table 4]

Moreover, less attention has been paid to design combinations with anti-cancer activity. To our knowledge, unfortunately, no study has yet been published which investigates the synergistic effect of naturally occurring marine bioactive or marine extracts as chemotherapeutic or chemopreventive functional foods. This research gap should be filled by encouraging more studies to develop novel combinations with anti-cancer activities. The current repository of studies on the combination of phytochemicals with defined anti-cancer activity (which show promising results both in vitro and in vivo) may serve as guides to future investigations (12–15).

In addition, the combinatorial effects of marine bioactive components in the human body are currently lacking as a source of information. Most marine combination studies have been carried out as in vitro (cell culture assays, for example) or in vivo (animal) models; therefore offer limited information regarding the bioavailability and biotransformation of the components in the human body after consumption.

Synergistic, additive, or antagonistic factors of the interactions in combinations must be determined to avoid misconceptions in developed synergy. Some studies do not categorize the combinational interaction or distinguish between synergistic and additive effects. The synergistic and additive effects are two different interactions that should not be confused. Advantageously, the combined effect should be clearly and accurately defined. Consequently, to identify the combined effect and to facilitate the comparison of results between relevant research, it is recommended to use analytical methods such as Isobole analysis or CI (16).

Developing novel natural bioactive combinations is likely a complicated and time-consuming project. Several factors should be considered before planning the investigation. The first factor to consider is the knowledge of the mechanism of action of selected individual compounds and their combinations. Since the mode of action of a combination could be different from that of the same compounds acting individually, understanding the mechanism of synergistic effects of combinations is important for the future development of new marine bioactive combinations and functional food (16). For example, sulphated polysaccharides extracted from the seaweeds Ulva clathrate and Cladosiphon okamuranus (fucoidan) have antiviral properties against paramyxovirus infection. However, the combination has no clear synergistic advantage, and the U. clathrate extract antagonizes the effect of fucoidan on the viral attachment/entry in the mixture, probably because both act on the same target (90).

Selecting an appropriate model for testing the combined effect is the main step to obtaining relevant data for understanding the combination effects. The cell-free chemical model is not a convenient method to test the combinational effect. It mainly relies on the solvent (in which the compounds are dissolved for the experiment), the concentration and volume ratio of the individual compounds, and the estimation method for testing the combination effect. As a result, the data concluded from the chemical method may not be relevant to biological systems (e.g., cell culture, animals, and humans). Consequently, this may lead to incorrect conclusions and mislead the study (91). Improving overall conditions for the experimental context, in vivo animal models replicate the physiology of an entire organism. However, this type of model has several drawbacks. Inconsistency in model responses due to species variations, difficulties in interpreting results to humans, dealing with ethical issues, and the effort required to maintain an animal facility are prominent issues. Therefore, the advanced cell culture method, such as co-culture, can be an alternative method to animal testing. In this model, cell culture is conducted by using one or more cell lines in (co-) culture under two-dimensional (2D) settings. Co-culture can more closely resemble an in vivo model, allowing for the efficient and reproducible investigation of molecular mechanisms of combinations and uncovering multi-target mechanisms (92). For instance, co-culture models of immune and intestinal cells can be developed to study the anti-inflammatory/antioxidant activities of the food combination in relation to the compounds' absorbance and bioavailability after digestion in a cell model (93, 94). Due to technological advancements, three-dimensional (3D) cell culture has also been developed to imitate the complex composition of human tissue and organs. This model can be used for in-depth investigations of molecular mechanisms of combinational effects (95).



Conclusion

Marine functional foods and combination therapy have increasingly been recognized and studied as viable and successful approaches for treating or preventing chronic non-communicable diseases. Several combinations of marine-based bioactive compounds or extracts have been proven to possess synergistic or enhanced therapeutic effects, notably antioxidant, anti-inflammatory, anti-obesity, and chemo-preventative activities. The most often stated benefits of combinations involve increasing the bioavailability of compounds and minimizing their adverse side effects. The best combinatorial approach, however, should focus on targeting multiple pathways of chronic non-communicable diseases. In addition, there are many marine bioactive compounds with known biological properties, but only a few have been tested in combination. The limited research in the field of marine natural combinations provides an incredible opportunity for researchers to develop novel functional foods exhibiting higher efficacy within the context of disease prevention and treatment. However, for developing novel marine bioactive combinations, several factors should be considered to ensure confidence in the applicability of the tested combinations.
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Fucosylated chondroitin Acaudina molpadioides 3T3-L1 cells Enhanced expression of Wnt/B-catenin (29)
sulfate/Glycosaminoglycan related factors, as well as PPARy and SREBP1
expression
Astaxanthin/Carotenoid Haematococc-us Otsuka long evans tokushima Reduce visceral adipose tissue and ameliorate (30)
pluvialis fatty rat lipid profile
Siphonaxanthin/Carotenoid Green algae Codium Diet induced obese mice Decrease expression of lipogenesis-related 1)
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OPS/images/fnut-09-1047026-t002.jpg
Compound Marine source Experimental Mechanism of action References

name/class method

Lemnalol/Sesquiterpenoid Lemnalia cervicorni RAW?264.7 macrophages & Inhibition of INOS and COX-2 expression (46)
Carrageenan-activated rat
paws

Clovane compound Rumphella antipathies FMLP/CB-activated human Inhibition of superoxide anions generation 47)

1/Sesquiterpenoid neutrophils

8-hydroxybriaranes/ Sea whip Junceella RAW?264.7 macrophages Inhibition of COX-2 and iNOS release (48)

il

Diterpenoids Jragilis

Excavatolide B/Diterpene Briareum excavatum Carrageenan-activated rat Inhibition of iNOS expression (49)
paws

Lobocrasol A/Diterpene Lobophytum crassum HepG2 cells NE-kB activation (50)

Solomonsterol A/Steroid Theonella swinhoei Arthritis mice model Reduction in arthritic score (51)

(sterol)

Ergosta-7,22-dien-3- Marthasterias glacialis RAW264.7 macrophages Inhibition of iNOS protein level (52)

ol/Steroid

(sterol)

Steroid compound 5/Steroid Astropecten Mice bone marrow-derived 1L-12 p40, IL-6, and TNF-a production (53)

(sterol) polyacanthus dendritic cells

Sulfated Porphyra haitanensis Tropomyosin-induced mouse | Decrease in IgE level (54)

polysaccharides/Polysaccharide allergy model

Polysaccharides Digenea simplex Carrageenan-activated mouse Reduction of edema volume (52)
paws

Indole-4- Brown seaweed HepG2 cells Limiting expression of pro-inflammatory (55)

carboxaldehyde/Alkaloid Sargassum thunbergii genes

Lectin/Protein Caulerpa cupressoides Zymozan-activated rats Reduction of leukocyte counts and (56)

myeloperoxidase activity

Hexadecanoic acid/Fatty acid Octopus vulgaris ink RAW264.7 macrophages Increase secretion of main cytokines from (57)

1-(15- methyl-1- extracts JAK-STAT, PI3K-Akt, and IL-17 pathways

oxohexadecyl)-pyrrolidine /

Pyrrolidine

Inducible nitric oxide synthase (iNOS); Cyclooxygenase-2 (COX-2); Nuclear factor-kB (NE-kB); Interleukin (IL)-12 IL-12 pd0, IL-6, IL-17; Tumor necrosis factor a (TNFa); Immunoglobulin E (IgE);
Janus kinase (JAK)-signal transducer and activator of transcription (STAT); Phosphoinositide-3-kinaseprotein kinase B/Akt (PI3K-PKB/Akt).





OPS/images/fnut-09-1047026-g003.gif





OPS/images/fnut-09-1047026-i001.gif





OPS/images/math_1.gif





OPS/images/fnut-09-1047026-t003.jpg
Compound Marine source Experimental Mechanism of action References
name/class method
Fucoidan/Polysaccharides Sargassum hemiphyllum Lung tissue from mice Altered the expression patterns of (69)
Laminarin/Polysaccharides inflammatory cytokines, reducing radiation
pneumonitis and radiotherapy-induced lung
fibrosis
Laminaria digitata Human colon cancer cells Induces apoptosis & suppresses ErbB (70)
(HT-29) signaling pathway activation
Dieckol/Polyphenol Ecklonia cava HT1080 cells Downregulates FAK signaling pathway 1)
mediated by ROS
Diphlorethohydroxycarmalol/ | Eisenia bicyclis HL60 cells Induces apoptosis & reduces Bcl-2 expression (72)
Phlorotannin & depletes mitochondrial membrane
potential
HFGP/Glycoprotein Hizikia fusiformis HepG2 cells Induces apoptosis & upregulates expressions (73)
of Fas, Fas-associated death domain protein,
Bax, and Bad
SMMC-7721 cells Induces apoptosis via ROS-mediated (74)
mitochondrial pathway
Fucoxanthin/Carotenoid Brown algae Carcinogenic murine Exhibit chemopreventive potential by (75)
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Caspase-3/Caspase-9
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