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ABSTRACT 

	Fucoxanthin from marine alga has beneficial used to alleviate hyperlipidemia due to high antioxidant capacity. The challenge to use this material due to unstable in harsh condition. In this review article will be describe fucoxanthin, extraction method in fucoxanthin, encapsulation method for fucoxanthin and the ability of fucoxanthin to alleviate hyperlipidemia. The article was used in this review from 2015-2023 that has been published in journal portal. The results of this review showed extraction method in fucoxanthin to increase yield content done at low temperature. Encapsulation technique used to stabilized this active material and can be used as targeted release component in gastrointestinal tract. Due to high content of antioxidant, fucoxanthin can be used to alleviate hyperlipidemia through metabolism pathway. 
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1. INTRODUCTION 

People lifestyles greatly affects the metabolic events that occur in the human body. Some types of unhealthy lifestyles lead to the emergence of various kinds of metabolic disorders in the body, one of which is fat metabolism disorders. Fat metabolism is a stage of fat digestion in the body to produce a certain amount of energy. Fat metabolism also plays an important role in the process of hormone secretion (Bahesti et al., 2020). The process of fat metabolism that does not run properly in the body can cause disorders and have a fatal impact on the human body (Bae et al., 2020).
	So far, people still utilize synthetic compounds in the form of drugs as a compound that plays a role in overcoming several types of diseases caused by fat metabolism disorders. The use of synthetic compounds is considered more efficient in overcoming metabolic disorders in fat because it can react quickly in reducing the level of fat in the body (Packard et al., 2020). However, what needs to be realized is that the use of synthetic drugs over a long period of time can cause other health problems. 
To overcome the health problems that may arise from some types of synthetic compounds, treatment with natural compounds is carried out. Some natural compounds can play a role in reducing fat levels in the body. The impact of treatment using natural compounds will be felt more slowly and takes a relatively longer time (Achour et al., 2023). However, treatment with natural compounds has a better health impact than treatment with drugs. 
	One type of natural compound that is useful in the treatment of fat metabolism disorders is fucoxanthin. Fucoxanthin is a type of carotenoid pigment found in brown seaweed. Seaweed must be extracted first to obtain fucoxanthin compounds. Fucoxanthin also has a disadvantage due to its low stability (Gholami et al., 2021). This review will discuss the extraction methods that can be done, encapsulation methods and the use of fucoxanthin in regulating lipid metabolism disorders in the body. 

2. FUCOXANTHIN

Fucoxanthin is a group of carotenoids derived from marine sources. It is a pigment produced through the process of photosynthesis (Khaw et al., 2022). Fucoxanthin is classified as a non-provitamin A carotenoid and comprises 40 organic carbon molecules, which are divided into two groups: xanthophylls (containing oxygen in their chemical structure) and carotenes (lacking oxygen in their chemical structure) (D’Orazio et al., 2012; Pereira et al., 2021). The chemical structure of fucoxanthin consists of an unusual allenic bond, a 5,6-monoepoxide, and nine conjugated double bonds. A distinctive feature of fucoxanthin is the presence of the allenic bond, which is not found in other carotenoid compounds (Bae et al., 2020). Fucoxanthin can form cis-isomeric structures through isomerization, a process influenced by conditions, medium, and the type of carotenoid. In its pure form, fucoxanthin exhibits three main peaks in the trans form along with two isomers (Sun et al., 2022). Naturally, fucoxanthin undergoes degradation at temperatures between 25°C and 60°C (Zhao et al., 2020).	Comment by jeevitha jayaraman: SENTENCE IS NOT COMPLETED.

4. SOURCE OF FUCOXANTHIN
Fucoxanthin is widely found in both microalgae and macroalgae, including Undaria pinnatifida, Laminaria japonica, Phaeodactylum tricornutum, Alaria crassifolia, Cladosiphon akamuranus, Cystoseira hakodatensis, Eisenia bicyclis, Fucus vesiculosus, Padina tetrastromatica, Petalonia binghamiae, Sargassum fulvellum, and Cylindrotheca closterium (Miyashita et al., 2020; Bayu et al., 2020; Mao et al., 2020). Several brown seaweeds with high fucoxanthin content that are utilized in the food industry include Saccharina spp., Fucus spp., Sargassum spp., Hijikia fusiformis, and Undaria pinnatifida (Bayu et al., 2020). Microalgae have been shown to contain fucoxanthin levels up to 100 times higher than macroalgae (Khaw et al., 2022). In industrial applications, the extraction of fucoxanthin from macroalgae is more challenging due to the lower concentration of fucoxanthin in macroalgal biomass. The fucoxanthin content in various plants varies widely, ranging from 17.2 mg to 72.0 mg per 100 g of dry weight (Miyashita et al., 2020).
Differences in fucoxanthin content across species are influenced by several factors, including species type, geographic location, season, temperature, salinity, and light intensity. One of the main factors affecting fucoxanthin levels is lipid content; higher lipid levels in seaweed are generally associated with higher fucoxanthin content. Fucoxanthin concentrations in seaweed tend to decrease during the summer but increase in the autumn, reaching peak levels in January (Heavisides et al., 2018; Marinho et al., 2019).	Comment by jeevitha jayaraman: CODE WHAT IS THE REASON

5. CHEMICAL COMPOSITION RELATED BENEFITS OF FUCOXANTHIN
Fucoxanthin is a carotenoid predominantly found in brown seaweeds, where it acts as a photosynthetic pigment along with chlorophyll a and c, and β-carotene (Lourenço-Lopes et al., 2021). With a molecular weight of 658.9 g/mol, fucoxanthin (C₄₂H₅₈O₆) is located in the photosynthetic organs of brown seaweeds and microalgae and plays a key role in photochemical processes (Murase et al., 2021; Terasaki et al., 2021). Fucoxanthin possesses a unique structure, including an allenic bond, conjugated carbonyl, 5,6-monoepoxide, and an acetyl group, as well as hydroxyl, carbonyl, and carboxyl groups, which contribute to its strong antioxidant capacity (Guvatova et al., 2020).
An allenic bond refers to a structure in which a carbon atom forms two double bonds with two adjacent carbon atoms. This unique structural feature of fucoxanthin contributes to various therapeutic effects, including antioxidant, anti-obesity, anti-diabetic, anti-cancer, anti-inflammatory, hepatoprotective, skin-protective, antiangiogenic, cerebrovascular, bone-protective, eye-protective, and cardiovascular-protective properties (Oliyaei et al., 2020). Several non-allenic carotenoids, including β-carotene 5,6-epoxide, lutein, and lutein epoxide, are known to lack the ability to suppress fat accumulation in adipose tissues or the liver, suggesting that the allenic bond in fucoxanthin and its derivatives may play a role in inhibiting fat deposition.
Fucoxanthin exhibits a wide range of beneficial biological activities, including hypolipidemic, anti-obesity, anti-diabetic, and anti-carcinogenic effects (Wang et al., 2020). These diverse bioactivities are largely attributed to its unique chemical structure, especially its conjugated system, which facilitates antioxidant activity (Bae et al., 2020). Various biological activities of fucoxanthin have been confirmed, including anti-tumor effects (Long et al., 2020; Méresse et al., 2020), antibacterial activity (Karpiński et al., 2021; Karpiński & Adamczak, 2019), anti-obesity effects (Guo et al., 2019), neuroprotection (Wu et al., 2021), and anti-inflammatory properties (Liu et al., 2020).
In addition to its diverse biological activities, fucoxanthin has been shown to reduce hepatic lipid levels by increasing docosahexaenoic acid (DHA) concentrations. It also improves lipid metabolism and glycemic status under obese conditions. Fucoxanthin has been found to alleviate hyperlipidemia in diabetic mice by modulating insulin receptor substrate 1 (IRS-1) and activating the AMP-activated protein kinase (AMPK) signaling pathway (Zhang et al., 2018).
Fucoxanthin also shows positive effects on weight reduction and lipid lowering. For example, Gille et al. (2019) reported that fucoxanthin-rich Trichochromophore extract could reduce the expression of genes involved in fatty acid oxidation in white adipocytes. Similarly, Sharma & Baskaran (2021) confirmed that adipocyte differentiation was suppressed through inhibition of the PI3K/MAPK signaling pathway. In line with this, Koo et al. (2019) observed that fucoxanthin upregulated uncoupling protein 1 (UCP1) in the liver and downregulated peroxisome proliferator-activated receptor gamma (PPARγ), thus demonstrating anti-obesity potential.
Upon consumption, fucoxanthin is primarily absorbed in the gastrointestinal tract as fucoxanthinol, a hydrolyzed metabolite, which enters the bloodstream via the lymphatic system in mammals. Part of the fucoxanthinol is further metabolized into amarouciaxanthin A in the liver. Fucoxanthin is generally metabolized into fucoxanthinol and amarouciaxanthin A (Hao et al., 2023).

6. EXTRACTION METHOD OF FUCOXANTHIN
There is a challenge in obtaining pure fucoxanthin from marine sources due to the presence of salts in the fucoxanthin matrix (Khaw et al., 2022). Several extraction methods for fucoxanthin include:
a. Maceration Extraction
Maceration is a conventional extraction method involving the soaking of seaweeds for a specific period to obtain fucoxanthin. Key factors to consider in fucoxanthin extraction using maceration are temperature, duration, and type of solvent used. Extraction time ranges from 15 minutes to 96 hours, with temperatures between 4°C and 65°C. Various solvents used include methanol, ethanol, ethyl acetate, acetone, water, hexane, chloroform, dichloromethane, heptane, and diethyl ether (Renhoran et al., 2017; Savira et al., 2021; Noviendri et al., 2023). Savira et al. (2021) reported that methanol is an effective solvent for fucoxanthin extraction, yielding 145.86 μg/g. Noviendri et al. (2023) found that extraction of Padina sp. using ethanol resulted in the highest fucoxanthin content of 133.31 ppm. Renhoran et al. (2017) showed that extraction using 96% ethanol at 18°C yielded 0.54%.
b. Vortex Assisted Extraction (VAE)
Vortex Assisted Extraction utilizes a vortex mixer to enhance the interaction between solvent and sample by creating rotational movement (Gholami et al., 2021). Nunes et al. (2019) reported that vortex-assisted solid-liquid microextraction (VASLME) with ethanol produced yields ranging from 10 to 853 μg/g.	Comment by jeevitha jayaraman: Provide some more information
c. Soxhlet Assisted Extraction (SAE)
Soxhlet Assisted Extraction uses a soxhlet apparatus. Temperature is a critical factor; higher extraction temperatures improve solvent efficiency in breaking the matrix, thus enhancing extraction efficiency (Alara et al., 2019). Raji et al. (2020) showed that Soxhlet extraction with ethyl acetate resulted in high fucoxanthin yields.
d. Enzyme Assisted Extraction
This method uses enzymes for extraction (Gligor et al., 2019; Zhang et al., 2020). The principle involves cellulose hydrolysis in the algal cell wall. Enzymatic extraction is considered a "green technology" due to its non-toxic waste production. It is also cost-effective, as the expense of enzymes corresponds to high yields. Shannon and Ghannam (2018) reported that extraction of Fucus vesiculosus using β-glucanase yielded 0.657 mg/g after 3.05 hours of incubation.
e. Microwave Assisted Extraction (MAE)
MAE utilizes microwave radiation for extraction (Bagade and Patil, 2021; Figueroa et al., 2021). Solvents used include ethanol and acetone, capable of yielding high amounts (Xiao et al., 2012). The extraction temperature remains moderate (around 50°C), preserving the matrix integrity. Lopes et al. (2023) reported a yield of 58.83 mg Fx/g E using MAE.
f. Ultrasound Assisted Extraction (UAE)
UAE employs ultrasound to create microscopic bubbles in the solvent. Bubble formation disrupts the microalgal cell wall, facilitating fucoxanthin extraction (Cikoš et al., 2023). Padina tetrastromatica extracted with 80% ethanol at 50°C for 30 minutes yielded 750 μg fucoxanthin (Raguraman et al., 2018). Oliyaei and Nasab (2021) reported that UAE with methanol on Cystoseira indica yielded 0.77 ± 0.05 mg/g. Extraction from Sargassum angustifolium with methanol and acetone yielded 0.70 ± 0.02 mg/g. A combination of sonication pre-treatment followed by UAE gave the highest yield of 0.79 ± 0.01 mg/g. Lopes et al. (2023) noted that UAE resulted in a total yield of 124.39 mg Fx/g.
g. Pressurized Liquid Extraction (PLE)
PLE utilizes high temperature and pressure with low solvent volumes and short extraction times (Archour et al., 2023). Subcritical solvents are used to shorten extraction time by heating and pressurizing them to their critical point (Guler et al., 2020). Derwenskus et al. (2020) reported that PLE at 100°C with ethanol yielded 16.2 ± 0.5 mg/g.
h. Solid Phase Extraction (SPE)
SPE uses a sorbent to isolate target compounds from complex mixtures (Chisvert et al., 2019). Sun et al. (2018) demonstrated that fucoxanthin recovery using SPE reached up to 70%.

7. ENCAPSULATION METHOD OF FUCOXANTHIN
Encapsulation is a method that provides physical protection to a target analyte, thereby enhancing its stability (Rezvankhah et al., 2020; Jafari et al., 2023). Fucoxanthin requires encapsulation due to its very low stability. The encapsulating materials used for fucoxanthin must be food-grade and non-toxic. Various substances suitable for fucoxanthin encapsulation include hydroxypropyl-β-cyclodextrin, maltodextrin, gum Arabic, whey protein isolate, isolated pea protein, and gelatin.
A study conducted by Oliyaei et al. (2020) demonstrated that encapsulating fucoxanthin with porous starch combined with halloysite nanotubes effectively enhanced the stability of fucoxanthin. This encapsulation method achieved an encapsulation efficiency (EE) of 94.05 ± 0.29%, indicating that porous starch and halloysite nanotubes are effective encapsulating agents. The encapsulated fucoxanthin exhibited good thermal stability and a sustained release profile, with release over 6 hours targeting specific sites. Another study by Oliyaei et al. (2020) reported that encapsulation using maltodextrin and gum Arabic resulted in a high EE of 96%. Moreover, this method maintained the stability of fucoxanthin throughout the entire storage period (4 weeks).
Zhao et al. (2022) reported that fucoxanthin encapsulated using skim milk powder (SMP) with zein nanoparticles as intermediate vectors exhibited an EE of 91% and good stability under UV light exposure. In simulated drug release studies across different gastrointestinal organs, approximately 6% of fucoxanthin was released in the duodenum, 13% in the jejunum, 32% in the ileum, and 42% in the colon. Another study by Li et al. (2022) indicated that protein-based encapsulation, using bovine serum albumin (BSA), significantly improved fucoxanthin stability. Encapsulation with BSA enhanced fucoxanthin’s absorption, accumulation, and antioxidant activity.

8. Hyperlipidemia
Indicators of lipid metabolism disorders in the body are often associated with elevated levels of low density lipoprotein (LDL)
a. Hypercholesterolemia
There are two types of hypercholesterolemia: familial and non-familial hypercholesterolemia. Familial hypercholesterolemia (FH) is a genetic disorder characterized by elevated levels of LDL in the body. FH is caused by mutations in the LDLR, APOB, and PCSK9 genes, which code for LDL receptors. This condition is incurable; however, the risk of LDL surges can be minimized. The global prevalence of FH is relatively high, with approximately 91% of cases reported from Europe, North America, East Asia, and Australia (Behesti et al., 2020). The prevalence of FH increases by 10-fold in patients with ischemic heart disease (IHD), 20-fold in patients with premature IHD, and 23-fold in those with hypercholesterolemia (Behesti et al., 2020). Diagnosis can be made in children aged 9–11 years with elevated LDL levels. If high LDL levels are detected in children under the age of 2, a family history of coronary artery disease (CAD) should be investigated among blood relatives (McGowan et al., 2019). Pharmacological treatment of FH includes the use of statins, ezetimibe, and monoclonal antibodies that inhibit PCSK9 circulation (Raal et al., 2020). Further research has explored lowering LDL levels through genetic intervention by inhibiting ANGPTL3 (a gene involved in triglyceride metabolism), which has been proven effective in reducing LDL levels (Steg et al., 2019).
Non-familial hypercholesterolemia refers to a condition in which cholesterol levels in the body increase due to dietary patterns and lifestyle habits. Consumption of foods high in cholesterol and fat can elevate the risk of hypercholesterolemia. Currently, the primary treatment for hypercholesterolemia involves statins as a therapy to lower LDL levels. Recent research indicates that statin therapy may be replaced by inclisiran, a drug that inhibits the synthesis of proprotein convertase subtilisin/kexin type 9 (PCSK9) (Khan et al., 2020).
b. Hypertriglyceridemia
Hypertriglyceridemia is a condition marked by elevated levels of very-low-density lipoprotein (VLDL) and other lipolytic products (Packard et al., 2020). Under normal conditions, triglyceride levels in the blood are below 100 mg/dL, while in pathological conditions, levels exceed 100 mg/dL. Increased body weight is associated with elevated triglyceride levels (Simha, 2020).
c. Cardiovascular Disorders (CVD)
The risk of developing cardiovascular disorders increases in correlation with elevated LDL levels in the body (Raal et al., 2020).

9. MECHANISM OF FUCOXANTHIN ALLEVIATE HYPERLIPIDEMIA
Fucoxanthin is a natural carotenoid pigment found in brown algae. It exhibits hypolipidemic and anti-obesity activities (Wang et al., 2020). Fucoxanthin has various biological activities due to its unique chemical structure, which contains a conjugated system that enables its antioxidant properties (Bae et al., 2020). Studies have demonstrated that fucoxanthin has potential in regulating lipid metabolism through several mechanisms, including:
1. Enhancement of Fat Oxidation
Fucoxanthin has been shown to increase the activity of enzymes involved in fat burning within mitochondria, thereby enhancing fatty acid oxidation and energy production. Mitochondria play a critical role in maintaining energy homeostasis and metabolism, including the generation of energy necessary for human physiology (Ramanathan et al., 2022). Mitochondrial dysfunction and increased oxidative stress are observed in patients with fatty liver disease, indicated by reduced respiratory chain activity and impaired β-oxidation in mitochondria (Li et al., 2019).
Fucoxanthin exhibits anti-obesity effects, particularly via thermogenic mechanisms through the upregulation of uncoupling protein 1 (UCP1) in mitochondria (Koo et al., 2019). UCP1 is a mitochondrial membrane protein responsible for thermogenic respiration and heat production in brown adipose tissue (BAT). Fucoxanthin induces UCP1 expression in abdominal white adipose tissue (WAT), initiating a process known as browning, whereby WAT transforms into BAT-like tissue. BAT dissipates energy via heat production, unlike WAT, which stores excess energy as triglycerides. The browning process thus promotes energy expenditure, reducing WAT volume and subsequent fat accumulation (Spagolla Napoleão Tavares et al., 2020).

2. Body Weight Regulation
Studies report an inverse relationship between plasma leptin levels and fucoxanthin intake. Leptin, predominantly secreted by adipose tissue, regulates body weight via lipid metabolism. Fucoxanthin administration has been shown to reduce leptin concentrations in adipocytes. Fucoxanthin-rich lipids also activate monocyte chemoattractant protein-1 (MCP-1) expression in high-fat diet (HFD)-induced obese mice. Oliyaei et al. (2023) reported significant weight reduction and fat accumulation inhibition in HFD mice treated with fucoxanthin at doses of 10 mg/kg and 50 mg/kg over 7 weeks. After 7 weeks, HFD mice weighed 327.5g, while fucoxanthin-treated mice weighed only 263.33g, indicating significant weight loss facilitated by fucoxanthin.
Moreover, fucoxanthin's anti-obesity effects are associated with inhibition of intercellular lipid accumulation via UCP1 expression, suppression of excessive TNF-α expression in obese WAT, and downregulation of iNOS and COX-2 mRNA expression in obese subjects. Fucoxanthin also modulates the expression of genes critical for fatty acid synthesis and oxidation, such as peroxisome proliferator-activated receptor alpha (PPARα), phosphorylated acetyl-CoA carboxylase (p-ACC), and carnitine palmitoyltransferase 1 (CPT-1) (Zhang et al., 2018). The anti-obesity effects of fucoxanthin reported by Grasa-López et al. (2018) also showed that fucoxanthin administration at 1 mg/kg/day reduced TG, TC, and LDL levels in diet-induced obese mice. Sharma & Baskaran (2021) revealed that fucoxanthin and fucoidan prevent excessive weight gain by upregulating Akt, UCP1, and downregulating PPAR-γ, which are key mechanisms for combating obesity.
3. Regulation of Antioxidant Response
Fucoxanthin’s hepatoprotective effects are linked to upregulation of antioxidant responses mediated by Nrf2, increased antioxidant enzyme activity, and overexpression of PPARα and CPT-1, along with reduced MDA levels. Obesity elevates MDA (a lipid peroxidation marker) while decreasing antioxidant enzyme levels, PPARα, and CPT-1 expression. PPARα and CPT-1 are associated with enhanced fatty acid oxidation under high-fat dietary conditions. PPARα overexpression stimulates fatty acid oxidation via CPT-1 expression. Fucoxanthin prevents hepatic lipid accumulation through the PPARα pathway and lipid droplet deposition. Furthermore, it suppresses lipid production by activating AMPK, thereby inhibiting ACC, SREBP-1c, and FAS gene expression, which reduces hepatic TG and fatty acid accumulation (Ye et al., 2022).
4. Lipid Metabolism Management
In addition to inducing thermogenesis via UCP1 activation, fucoxanthin modulates lipid metabolism and absorption by inhibiting lipogenesis and promoting lipolysis. This mechanism counteracts lipid metabolism disorders associated with non-alcoholic fatty liver disease (NAFLD). Fucoxanthin upregulates enzymes associated with lipolysis while downregulating those related to lipogenesis. In HFD-fed mice, fucoxanthin reduces hepatic lipid and plasma triacylglycerol levels, evidenced by increased excretion of undigested fecal lipids. It also reduces hepatic lipogenesis activity and enhances β-oxidation of fatty acids. Fucoxanthin increases the expression of other key proteins in lipid metabolism, such as AMP-activated protein kinase (AMPK) and acetyl-CoA carboxylase (ACC) in epididymal adipose tissue. Additionally, it induces β3-adrenergic receptors (β3Ad), thereby promoting lipolysis and thermogenesis (Winarto et al., 2023).
5. Regulation of AMPK Signaling Pathway
The AMPK signaling pathway regulates metabolic organs such as the liver, skeletal muscle, pancreas, and adipose tissue. AMPK modulates glucose transport and fatty acid oxidation in skeletal muscle, while enhancing fatty acid oxidation and suppressing cholesterol and triglyceride synthesis in the liver. Studies have shown that AMPK activation suppresses acetyl-CoA carboxylase, inhibiting fatty acid synthase and reducing hepatocellular lipid accumulation (Chang et al., 2018). Liver-specific AMPK activation has been reported to reduce hepatic steatosis, inflammation, and fibrosis in NAFLD patients. It also confers resistance to weight gain and reduces overall lipid accumulation in mice (Garcia et al., 2019). Fucoxanthin upregulates AMPK, thereby enhancing fatty acid oxidation and providing protection against NAFLD.
10. CONCLUSION
Based on findings from several studies conducted both in vitro and in vivo, fucoxanthin has demonstrated potential as a natural compound for managing lipid metabolism disorders. Fucoxanthin functions as an antioxidant, thereby reducing inflammatory responses in the body. Its administration as a treatment can improve lipid metabolism by regulating lipogenesis and lipolysis processes. Fucoxanthin is considered to have promising potential in the treatment of lipid metabolism disorders such as obesity, hypertension, fatty liver disease, and others, due to its effective mechanism of action. In the food industry, fucoxanthin can be applied through microencapsulation processes, allowing its incorporation as a supplement in various food products. Considering the characteristics of microencapsulated products and the physicochemical properties of fucoxanthin, suitable applications would be in food products that do not involve high-temperature processing, such as ice cream, milk, and other dairy products.
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