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Abstract
This review article focuses on the phlorotannins, a bioactive compound found in Brown seaweeds (Phaeophyceae) in managing diabetes. Phlorotannins are marine polyphenols that exert antidiabetic effects by inhibiting carbohydrate hydrolyzing enzymes, stimulating glucose transport, and enhancing insulin signaling pathways. In vitro studies demonstrate their capacity to decrease postprandial glucose spikes by inhibiting α-amylase and α-glucosidase. Further, in vivo experiments in diabetic animal models support their effectiveness in decreasing blood glucose, increasing insulin sensitivity, and shielding pancreatic β-cells, which are prone to oxidative damage. Initial clinical trials in human subjects also show encouraging results, such as better glycemic control and insulin secretion. However, despite promising preclinical data, clinical translation is primarily hindered by low systemic bioavailability, structural intricacies, and the requirement for well-defined extraction processes. Overcoming these challenges through sophisticated formulation processes and large-scale randomized controlled trials may open the door for phlorotannin-based antidiabetic drugs.
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1. Introduction
Marine macroalgae, particularly brown seaweeds (Phaeophyceae), are productive sources of bioactive compounds with various pharmacological applications (Lomartire & Goncalves, 2022; Negreanu-Pirjol et al., 2022). Among these, phlorotannins are a distinct class of marine polyphenols that have garnered significant attention due to their potent antioxidant, antimicrobial, anti-inflammatory and anticancer properties (Zheng et al., 2022). Recent studies further highlight their promising antidiabetic potential, positioning them as valuable candidates for the development of novel therapeutic agents (Lopes et al., 2016). Phlorotannins are oligomeric or polymeric polyphenols derived from phloroglucinol units, classified into fucols, fucophlorethols, eckols,  fuhalols, phlorethols, and carmalols based on their structural complexity. Their remarkable antioxidant properties stem from their ability to scavenge free radicals, chelate metal ions, and modulate oxidative stress pathways, contributing to a broad spectrum of pharmacological activities (Sanjeewa et al., 2016). Notably, their role in metabolic regulation has drawn increasing interest, particularly in relation to diabetes management.















Figure 1: Cellular Pathway of Phlorotannin Biosynthesis and Deposition in Brown Algae.
Diabetes mellitus, a global metabolic disorder characterized by chronic hyperglycemia and insulin dysfunction, continues to pose a major health challenge. Diabetes is commonly classified into two categories: type 2 diabetes, which is not insulin-dependent, and type 1 diabetes, which is insulin-dependent. Many diabetes cases (90–95%) are type 2 diabetes, which is a worldwide health pandemic brought on by rising obesity and ageing populations. High oxidative stress, inflammation, and malfunction of several organs, including the eyes, kidneys, nerves, heart, and blood vessels, are caused by chronic hyperglycemia of diabetes mellitus (ADA, 2014). Emerging evidence suggests that phlorotannins exert antidiabetic effects through multiple mechanisms, including the enhancement of insulin signalling, inhibition of carbohydrate-hydrolyzing enzymes, reduction of oxidative stress, and modulation of inflammatory pathways (Lee and Jeon, 2013; Raja et al., 2023). Additionally, their influence on gut microbiota composition may further contribute to improved glucose metabolism and metabolic health. Despite their therapeutic potential, challenges such as low bioavailability, structural complexity, and variability in extraction and purification methods limit the clinical application of phlorotannins (Gabbia & De Martin, 2020; Kumar et al., 2022). Advanced formulation strategies, including nanoencapsulation and biopolymer-based delivery systems, are being explored to enhance their bioavailability and therapeutic efficacy.
This review provides a comprehensive overview of the pharmacological properties of phlorotannins, with a particular focus on their antidiabetic potential. It explores their mechanisms of action, challenges in therapeutic application, and prospects in diabetes management. By addressing recent advancements in extraction, formulation, and targeted delivery strategies, this review aims to highlight the potential of phlorotannin-based therapeutics in developing natural alternatives for diabetes treatment.
2. Phlorotannins in Antidiabetic Preclinical And Clinical Studies
Two pharmacological strategies for managing hyperglycemia include intramuscular insulin injection and oral anti-diabetic medication treatment. Oral anti-diabetic medications fall into three categories such as insulin sensitizers (biguanides and thiazolidinediones), insulin secretagogues (sulfonylureas and rapid-acting insulin analogues), and β-glucosidase inhibitors. When monotherapy is insufficient, multiple combination therapy is required. The choice of monotherapy is based on the patients biochemical and clinical assessment, with medication dosages being titrated based on glycaemia response (Krentz and Bailey, 2005). The anti-diabetic medications that are now on the market have certain negative side effects, despite their clinical efficacy. These side effects can occasionally lead to therapeutic non-compliance and include weight gain, flatulence, hypoglycemia risk, and increased gastrointestinal issues. One of the main causes of sub-optimal management, for example, may be the estimated 36% to 93% of people with DMT2 who adhere to oral hypoglycemic medications (Sapkota et al., 2015). 
Numerous aquatic organisms have been studied to find novel bioactive compounds with potential anti-diabetic properties (Barde et al., 2015). Seaweeds are among the most significant living resources in this sector since consuming them decreases the risk of breast cancer, hyperglycemia, and cardiovascular disease. The scientific community has yet to fully explore the biological potential of seaweeds, despite their unique and structurally diversified bioactive compounds that do not often originate in terrestrial plants (Sharifuddin et al., 2015). Phlorotannins have long been recognized as potentially bioactive substances with possible therapeutic gains in a range of human disorders, in addition to their chemical, structural and biological roles in brown seaweeds. Among them, research has recently focused on these polyphenols’ potential to treat problems associated with diabetes mellitus and to delay the emergence and progression of the disease (Li et al., 2011).
3. In Vitro Studies
One of the primary treatment approaches for type 2 diabetes is the reduction of postprandial hyperglycemia (Hinnen, 2015). Inhibiting enzymes that hydrolyse carbohydrates, such as α-amylase and α-glucosidase, can lower postprandial hyperglycemia. Together, alpha-amylase and α-glucosidase function as key exo-acting glycoside hydrolase enzymes in the breakdown of carbohydrates, and they aid in the breakdown of starch in the human body. While α-glucosidase catalyses the last stage of starch and disaccharide digestion into glucose subunits, alpha-amylase breaks down the big insoluble starch by hydrolysing the alpha linkages. Consequently, the suppression of these enzymes reduces postprandial blood glucose levels, and these inhibitors of enzymes may be used as targets for the synthesis of anti-diabetic medications (Nair et al., 2013). The development of a treatment strategy to treat type 2 diabetes can also involve the inhibition of enzymes other than those that hydrolyse carbohydrates, such as protein tyrosine phosphatase 1B, angiotensin-converting enzymes, aldose reductase, and dipeptidyl peptidase-4 (Dey et al., 2014; Deacon, 2019). The objective of in vitro research on phlorotannins antidiabetic activity is to clarify how these compounds affect oxidative stress, insulin signalling, and glucose metabolism. These studies frequently entail analysing the compounds’ effects on glucose absorption in cell models as well as their capacity to inhibit important enzymes like alpha-amylase and alpha-glucosidase. Novel, natural approaches to managing diabetes may be proven achievable by understanding the molecular mechanisms by which phlorotannins exert their antidiabetic effects.
The study carried out by Erpel et al. (2023) focuses on α-glucosidase inhibitory action, a crucial antidiabetic mechanism, and investigates an effective purification method utilising macroporous resin to produce food-grade phlorotannin-rich extracts from Chilean brown seaweeds. Significant α-glucosidase inhibition was shown by the extracts; large molecular weight phlorotannins were the most efficient. This research highlights the potential use of these seaweed-derived compounds in development of natural anti-diabetic medications, offering a long-term approach to managing diabetes using functional foods or dietary supplements (Erpel et al., 2023). Phenolic extracts from the marine brown algae Padina tetrastromatica showed strong antidiabetic effects in the research conducted by Naveen et al. (2021). The extracts have shown inhibitory effects against α-amylase and α-glucosidase, with IC50 values of 47.2 ± 2.9 μg and 28.8 ± 2.3 μg, respectively. The research highlights the potential of phenolics from P. tetrastromatica as useful components in nutraceuticals intended to control diabetes (Naveen et al., 2021). The antidiabetic efficacy of Fucus vesiculosus extracts was examined in vitro by Catarino et al. (2019) who found that the extracts significantly inhibited important digestion enzymes. The enzymes α-glucosidase, α-amylase, and pancreatic lipase were all strongly inhibited by the crude extract and the ethyl acetate (EtOAc) fraction. The EtOAc fraction exhibited 250 times more potency than the crude extract’s 45 times higher inhibitory activity against α-glucosidase compared to acarbose, a common antidiabetic medication. These results imply that Fucus vesiculosus phlorotannins offer a great deal of promise for controlling blood sugar levels and preventing obesity and type 2 diabetes (Catarino et al., 2019). 
Ryu et al. (2018) examined the in vitro antidiabetic activity of phlorotannins isolated from Fucus vesiculosus by observing their inhibitory effects on the enzymes α-glucosidase, α-amylase, and pancreatic lipase. For α-glucosidase and α-amylase, the ethyl acetate fraction showed a considerable suppression with IC50 values of 0.82 µg/mL and 2.8 µg/mL, respectively. These findings point to a high potential for regulating calorie intake and blood glucose levels. Similarly, Ishophloroglucin A from Ishige okamurae had a strong antidiabetic effect as proved by its IC50 value of 54.97 µM for α-glucosidase, which was much lower than that of the reference chemical acarbose (IC50 1.05 mM) (Ryu et al., 2018). Studies accomplished by Kellogg et al. (2014) revealed a noteworthy inhibition of α-glucosidase and α-amylase enzymes in relation to the antidiabetic action of phlorotannins derived from Alaskan seaweed under in vitro conditions. Fucus distichus fractions were much more effective than acarbose medication, with IC50 values of 0.89 µg/mL for α-glucosidase and 13.9 µg/mL for α-amylase. Alaria marginata fractions also showed significant inhibition, with IC50 values for α-glucosidase and α-amylase being 15.66 µg/mL and 63.28 µg/mL, respectively. These findings show that the phlorotannins in these seaweeds can successfully control postprandial hyperglycemia, providing an alternative for the treatment of diabetes (Kellogg et al., 2014). Table 1 provides an overview of key in vitro studies assessing antidiabetic activity, including details on phlorotannins derived from seaweed and their reported effects.
A​‍​‌‍​‍‌​‍​‌‍​‍‌ vital comparison of the IC₅₀ values disclosed in the different reports reveals that the inhibitory potency of phlorotannins against α-amylase and α-glucosidase varies extensively. One example is the phlorotannin-rich extracts from Fucus vesiculosus which showed the IC₅₀ values for α-glucosidase as low as 0.82 µg/mL (Catarino et al., 2019), while the IC₅₀ values of species like Padina tetrastromatica were higher (28.8 µg/mL) (Naveen et al., 2021). The difference between these two extremes can be explained by the algal species, the extraction method (e.g., the use of ethyl acetate fractions usually resulting in more potent extracts), the structural complexity of the phlorotannins (in most cases, higher molecular weight polymers show stronger activity), and the purity of the isolated compounds. It is worth noting that some phlorotannin extracts in vitro demonstrate considerably higher potency than the standard drug acarbose, thus pointing out their potential as powerful natural enzyme inhibitors. Nevertheless, the in vitro efficacy to be delivered in vivo remains a challenge in terms of bioavailability and stability in physiological ​‍​‌‍​‍‌​‍​‌‍​‍‌systems.
4. In Vivo Studies
In rats with streptozotocin-induced diabetes, Gheda et al. (2023) investigated the strong antidiabetic benefits of phlorotannins produced from Sargassum linifolium. The treated group had increased antioxidant indicators (catalase and glutathione), normalised glucose and insulin levels, and improved enzymatic activity (glucosidase and alpha-amylase). Improved pancreatic islet size and decreased necrotic and fibrotic changes were seen in histological examination, indicating phlorotannins potential as a natural antidiabetic treatment (Gheda et al., 2023). Gheda et al. tested streptozotocin-induced diabetic rats and found that phenolic compounds isolated from Cystoseira compressa had considerable antidiabetic action. Serum glucose, liver malondialdehyde, α-amylase, and glucosidase activity were significantly lower in the treated rats. In contrast to the untreated diabetic group, there were improvements in AMPKα2 expression in skeletal muscle, hepatic glutathione levels, serum insulin, and total antioxidant capacity. Pancreatic β-cells showed less damage during histopathological examination, suggesting a protective effect. These results raise the possibility that C. compressa phlorotannins are a powerful antidiabetic (Gheda et al., 2021). The antidiabetic benefits of a marine algae phlorotannin called Octaphlorethol A (OPA) on type 2 diabetic mice are examined by Lee et al. (2016) in their study. According to the study, OPA reduces serum insulin levels, increases glucose tolerance, and considerably lowers blood glucose levels throughout fasting and postprandial periods.
The mechanism of action of OPA is to reduce hepatic gluconeogenesis by blocking phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase), while simultaneously activating AMP-activated protein kinase (AMPK) and upregulating the expression of glucose transporter 4 (GLUT4) in skeletal muscle. OPA may be a promising new antidiabetic drug, according to this study (Lee et al., 2016). Phlorotannins from brown algae (Padina pavonica, Sargassum polycystum, and Turbinaria ornata) were examined for their antidiabetic potential in vivo using Caenorhabditis worms that had been given an artificially generated hyperglycemia in research conducted by Shakambari et al. (2015) The extracts showed notable protective benefits against the production of advanced glycation end products (AGEs), which is a major contributing factor to issues related to diabetes. As evidence of their potential as therapeutic agents for the control of diabetes, the study revealed that brown algal extracts decreased AGE buildup in hyperglycemic C. elegans (Shakambari et al., 2015). 
Dieckol, a phlorotannin derived from brown seaweed Ecklonia cava, showed strong anti-diabetic benefits in the db/db mice model of type II diabetes in the research conducted by Kang MinCheol et al. (2013). Dieckol effectively lowered serum insulin and blood glucose levels were given for 14 days at dosages of 10 and 20 mg/kg. Furthermore, there was a noticeable decrease in body weight and an increase in the liver tissues’ antioxidant enzyme activity. These results point to dieckol potential for use as a treatment drug for type II diabetes by strengthening antioxidant defences and improving glucose metabolism (Kang MinCheol et al., 2013). Phlorethohydroxycarmalol (DPHC), which was extracted from the brown algae Ishige okamurae, was demonstrated to have strong in vivo antidiabetic action in research conducted by Heo et al. (2009). When given to mice with streptozotocin-induced diabetes, DPHC significantly reduced the activities of α-glucosidase and α-amylase, which led to a greater reduction in postprandial blood glucose levels than acarbose. For α-glucosidase and α-amylase, the IC50 values for DPHC were 0.16 mM and 0.53 mM, respectively. Moreover, a notable decrease in the area under the glucose response curve was seen with DPHC treatment, suggesting its potential as a strong natural antidiabetic drug (Heo et al., 2009). Table 1 provides an overview of key in vivo studies investigating the antidiabetic activity of phlorotannins derived from seaweed, along with the corresponding animal models used.



In​‍​‌‍​‍‌​‍​‌‍​‍‌ vivo experiments reveal that phlorotannins regulate blood glucose levels by various mechanisms such as: blocking digestive enzymes, stimulating AMPK, increasing GLUT4, inhibiting gluconeogenesis in the liver, and pancreatic β-cell protection. The consistency of outcomes in different animal models (streptozotocin-induced, db/db mice, C. elegans) is therefore, the main proof of their antidiabetic effectiveness. The difference in effective dosages is a good indication of the influence of compound purity and formulation on the effect (e.g., 10-20 mg/kg for dieckol vs. higher doses for crude extracts). Therefore, further studies should ensure the standardization of their parameters (e.g. dose per body weight, duration) so that they could be directly compared and human-equivalent doses could be better ​‍​‌‍​‍‌​‍​‌‍​‍‌predicted.
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  Table 1. Overview of invitro studies of antidiabetic activity.
	Phlorotannin
	Seaweed
	Anti-diabetic Activity
	Reference

	Phlorotannin-rich extract
	Lessonia spicata
Durvillaea incurvate
	α-Glucosidase inhibition
	Erpel et al., 2023

	Polyphenols
	Padina tetrastromatica
	α-Glucosidase inhibition
α-Amylase inhibition
	Naveen et al., 2021

	Phlorotannin-rich extract                     Fucols, Fucophlorethols
Fuhalols
	Fucus vesiculosus
	α-Glucosidase inhibition
α-Amylase inhibition                                           Pancreatic Lipase Inhibition
	Catarino et al., 2019

	Ishophloroglucin A
	Ishige okamurae
	α-Glucosidase inhibition
	Ryu et al., 2018

	8,8’-bieckol, 6,8’-bieckol
2-O-(2,4,6 trihydroxyphenyl)-6 6’-bieckol
	Ecklonia cava
	α-Glucosidase inhibition
	Park et al., 2018

	Phlorotannin-rich extract
	Alaria marginata
Fucus distichus
Saccharina groenlandica
Saccharina latissima
Pyropia fallax
Ulva lactuca
	α-Glucosidase inhibition
α-Amylase inhibition
	Kellogg et al., 2014

	Phlorotannin-rich extract
	Ascophyllum nodosum
	α-Glucosidase inhibition
α-Amylase inhibition
	Pantidos et al., 2014
Apostolidis and Lee, 2010

	Fucofuroeckol A
Dioxinodehydroeckol
	Eisenia bicyclis
	α-Glucosidase inhibition
α-Amylase inhibition
	Eom et al., 2012

	Phlorotannin-rich extract
	Fucus vesiculosus
	Inhibition of AGEs formation
	Liu and Gu, 2012

	Octaphlorethol A
	Ishige foliacea
	α-Glucosidase inhibition
iSerum insulin
iG6P expression
iPEPCK expression
hGlut4 translocation/expression
iGlucose-induced β-cells damage
hAMPK activation
hGlucose uptake
	Lee et al., 2013; Lee et al., 2012

	DDBT
	Sargassum patens
	α-Glucosidase inhibition
α-Amylase inhibition
	Kawamura-Konishi et al., 2012

	Eckol, Phloroglucinol
Dioxinodehydroeckol
Phlorofurofucoeckol-A 
Dieckol  7-phloroeckol
	Ecklonia stolonifera
Eisenia bicyclis
	α-Glucosidase inhibition
PTP1B inhibition
	Moon et al., 2011

	fucodiphloroethol G 
dieckol, 6,6-bieckol 
7-phloroeckol
Phlorofucofuroeckol A 
	Ecklonia cava
	α-Glucosidase inhibition
α-Amylase inhibition
	Lee et al., 2009

	Phloroglucinol Derivative
	Eisenia bicyclis
	α-Amylase inhibition
Inhibition of AGEs formation
	Okada et al., 2004


	


  Table 2. Overview of invivo studies of antidiabetic activity.
	Phlorotannin
	Seaweed
	Animal Model
	Reference

	Phlorotannin-rich extract
	Sargassum linifolium
	Streptozotocin-Induced
Diabetic Rats
	Gheda et al., 2023

	Phlorotannin-rich extract
	Cystoseira compressa
	Streptozotocin-Induced
Diabetic Rats
	Gheda et al., 2021

	Octaphlorethol A
	Ishige foliacea
	C57BL/KsJ-db/db mice
	Lee et al., 2016

	Phlorotannin-rich extract
	Padina pavonica
Sargassum polycystum
Turbinaria ornata
	Caenorhabditis elegans with induced hyperglycemia
	Shakambari et al., 2015

	Phlorofucofuroeckol A
	Ecklonia cava 
	Diabetic mice
	You et al., 2015

	Octaphlorethol A
	Ishige foliacea
	Streptozotocin-Induced
Diabetic Rats
	Lee et al., 2014

	Dieckol
	Ecklonia cava 
	Male C57BL/KsJ-db/db mice
	Kang MinCheol et al., 2013

	Dieckol
	Ecklonia cava 
	Male C57BL/KsJ-db/db (db/db) mice
	Lee et al., 2012

	Phlorotannin-rich extract
	Ascophyllum nodosum
Fucus vesiculosus
	Male Wistar rats
	Roy et al., 2011

	Dieckol
	Ecklonia cava 
	Streptozotocin-Induced
Diabetic Mice
	Lee et al., 2010

	Diphlorethohydroxycarmalol
	Ishige okamurae
	Male ICR mice
	Heo et al., 2009

	Phlorotannin-rich extract
	Ecklonia stolonifera
	Male KK-Ay mice
	Iwai, 2008



[bookmark: _Hlk215152271]5. Clinical trials
Phlorotannins are administered for the treatment of diabetes, which is characterized by hyperglycemia from either insulin shortage or resistance. Clinical trials have been essential in proving the safety and effectiveness of these treatments. Effective therapies are desperately needed since diabetes is becoming more commonplace worldwide. Phlorotannins have demonstrated promise in improving insulin sensitivity, lowering oxidative stress, and regulating glucose metabolism. The review emphasizes the clinical significance and potential applications of phlorotannins as natural therapy alternatives for diabetes by examining the design, techniques, and outcomes of these studies. Murray et al. (2018) conducted a placebo-controlled, double-blind and randomised crossover trial to assess the impact of a polyphenol-rich seaweed extract on postprandial glycaemic management in healthy adults. Thirty-eight participants received a placebo, a low dosage of the extract (500 mg), or a high dose (2000 mg) before a carbohydrate load. Comparing the findings related to the placebo, there was no significant reduction in postprandial insulin or glucose levels. However, Asian individuals continuously had greater insulin responses, indicating a possible higher risk of insulin resistance in this group (Murray et al., 2018). A​‍​‌‍​‍‌​‍​‌‍​‍‌ non-positive result for the trial can be explained by the different design aspects of the study. The crude extract was a variable source of phlorotannin with no information available on its bioavailability. The research focused on the effects in healthy, normoglycemic adults, whereas the most pronounced effects would probably be found in individuals with glucose dysregulation. The short, single-dose intervention with a capsule does not represent the polyphenol action in the whole food and thus, may not capture the benefits of longer use. Therefore, subsequent experiments should consider the use of standardized, bioavailable formulations, longer periods, and populations at risk to be able to measure the effect of phlorotannins ​‍​‌‍​‍‌​‍​‌‍​‍‌correctly.
Lee and Jeon (2015) studied the effect of a dieckol-rich extract (AG-dieckol) from Ecklonia cava on pre-diabetic people in a double-blind, randomised, placebo-controlled experiment. Eighty volunteers were given either AG-dieckol or a placebo during 12 weeks. In comparison to the placebo group, the AG-dieckol group exhibited significant reductions in postprandial glucose, insulin, and C-peptide levels. There were no severe side effects observed, and all safety measurements stayed within their regular standards. The results of this study reveal that AG-dieckol may be a useful natural therapy for diabetes by decreasing postprandial hyperglycemia and insulin resistance (Lee and Jeon, 2015). The​‍​‌‍​‍‌​‍​‌‍​‍‌ findings are encouraging, however, the research was carried out in a Korean pre-diabetic population only, hence the results may not be apply to different ethnic or diabetic groups. The extract, in fact, is a dieckol-rich phlorotannin mixture, but it still contains various phlorotannins and other compounds, so it is not that simple to identify which one has the effect. In addition, the postprandial glucose improved, but the changes in fasting glucose and HbA1c were not significant between groups, which suggests that the effect on glucose metabolism may be more acute and related to the meal. These issues highlight the necessity of conducting additional studies in diverse populations and using more purified compounds to establish effectiveness and understand the ​‍​‌‍​‍‌​‍​‌‍​‍‌mechanisms. Shin et al. studied the effects of Ecklonia cava polyphenols (ECP) on overweight Korean individuals in a 12-week randomised, double-blind clinical experiment. Three groups of ninety-seven individuals were assigned to low-dose (72 mg ECP/day), high-dose (144 mg ECP/day), and placebo groups. Moreover,​‍​‌‍​‍‌​‍​‌‍​‍‌ the time of intervention is short, thus, it does not tell much about the long-term sustainability of the advantages or the possible safety of a prolonged use. Although no considerable adverse effects have been reported, the study was not mainly designed to detect those issues that are rare and long-term. The principal reasons for the changes observed such as the modulation of adipogenesis or liver function are only theoretical since no biomarker analyses have been done to confirm the current pathways, e.g., antioxidant or anti-inflammatory activity. Besides, the placebo group also showed slight improvements in some parameters (e.g., body fat ratio), thus, lifestyle factors or Hawthorne effects may have influenced the results. Although ECP may be a safe and effective supplement to improve metabolic parameters in the short term, the next step would be to conduct studies with larger and more diverse groups of participants, longer durations, and mechanistic investigations to be able to locate firmly its role in clinical practice for the management of metabolic syndrome and cardiovascular ​‍​‌‍​‍‌​‍​‌‍​‍‌risk (Shin et al., 2012). 
The anti-diabetic benefits of brown seaweed (Ascophyllum nodosum and Fucus vesiculosus) on postchallenge plasma glucose and insulin levels in men and women were studied by Paradis et al. (2011) in a randomised crossover placebo-controlled experiment. Twenty-three people participated in the trial and took seaweed capsules before consuming carbohydrates. Comparing the insulin incremental area under the curve to a placebo, the results revealed a reduction of 12.1% and an increase of 7.9% in the Cederholm insulin sensitivity index. Significantly,​‍​‌‍​‍‌​‍​‌‍​‍‌ lowering of glucose level was not statistically significant in the primary analysis and this result was confounded by an unexpected and significant treatment-sequence interaction, which in turn suggested possible unmeasured confounding by diet or activity preceding the tests. The extract, however, was acutely well-tolerated, and the lack of gastrointestinal side effects typically associated with other α-glucosidase inhibitors is a good sign but needs to be confirmed in longer-term studies. Therefore, the results only provide evidence of a modulatory effect on insulin homeostasis and are not enough to support clinical recommendations. A study involving larger cohorts, chronic dosing, controlled pre-test conditions, and inclusion of prediabetic or diabetic populations is definitely needed to ascertain the therapeutic relevance and optimal dosing of brown seaweed extracts for glycemic ​‍​‌‍​‍‌​‍​‌‍​‍‌management (Paradis et al., 2011). The antidiabetic benefits of seaweed supplementation in individuals with type 2 diabetes mellitus were examined in a clinical trial by Kim et al. (2008). The‍‌‍‍‌‍‌‍‍‌ extraordinarily high daily amount of seaweed (48 g) was a significant factor in dramatically raising the total fiber intake (from ~12 g to ~30 g/day), thus it was not possible to figure out which benefits were responsible for the changes that glucose fasting and postprandial glucose reduction, triglycerides and HDL-C improvement, and antioxidant enzyme activities enhancement could be attributable to either unique bioactive compounds in seaweed or just the already known effects of a high-fiber diet. Additionally, the short duration of the trial offers no indication of long-term effectiveness, safety, or sustainability, and crucial clinical endpoints like HbA1c did not show significant changes. Moreover, the absence of blinding and lack of dietary control apart from fiber intake also cause that placebo effects and confounding lifestyle factors cannot be ruled out. Thus, the results being hypothesis-generating and consistent with the well-known benefits of dietary fiber, they do not provide enough evidence to support specific clinical recommendations for seaweed supplementation. More rigorous, larger, longer-term randomized controlled trials with correct placebos and mechanistic outcomes are required to confirm these initial results and determine whether seaweed has a role in diabetes ‍‌‍‍‌‍‌‍‍‌management (Kim et al., 2008).
6. Challenges in Phlorotannin Drug Development
6.1. Bioavailability and Stability
The term “bioavailability” describes how quickly, and efficiently bioactive compounds overcome many metabolic barriers to arrive at their specific area of action (receptors) and then activate corresponding biological reactions (Chiou et al., 2014). The primary method of polyphenol administration that has been studied is ingestion; hence, the bioavailability, absorption, and metabolism of phlorotannins will influence their biological activity (Catarino et al., 2017). It is widely believed that this class of compounds behaves similarly to plant polyphenols, which are better absorbed in the large intestine after undergoing an extensive change by enzymatic activity or colon microbial fermentation, even though not much data regarding the bioavailability of phlorotannins is available (Crozier et al., 2010; D’Archivio et al., 2010). Phlorotannins undergo extensive gastrointestinal changes, mainly in the large intestine where they are metabolised into smaller phenolic compounds, according to the research conducted by Corona et al. (2016). Numerous metabolites that indicate systemic absorption were found in the urine and plasma by the study. The function of colonic fermentation was highlighted by the fact that a significant amount of these metabolites was found in samples taken between 6 and 24 hours after consumption. Inter-individual heterogeneity in metabolite profiles was also noticed in the findings. According to the bioavailability assessment, phlorotannins are absorbed and metabolised, which may result in bioactivity. Specifically, a rise in the cytokine IL-8 may indicate anti-inflammatory benefits. This study is pioneering in demonstrating the metabolic fate and absorption of seaweed phlorotannins (Corona et al., 2016). Catarino et al (2021). studied the bioavailability of phlorotannins from Fucus vesiculosus. Phlorotannin stability decreased throughout the gastrointestinal system, according to the study, with a bioaccessibility index ranging from 2% to 14%. Despite this decrease, the phlorotannins significantly increased the quantity of short-chain fatty acids that support gut health, such as propionate and butyrate, and promoted the proliferation of Enterococcus spp., a kind of beneficial gut bacterium (Catarino et al., 2021). 
The bioavailability and bioactivity of brown seaweed phlorotannins were evaluated in a study by Corona et al. (2017) after simulated gastrointestinal digestion and colonic fermentation. The study focused on the high molecular weight (HMW) and low molecular weight (LMW) fractions of the phlorotannin-rich extract from Ascophyllum nodosum. The findings showed that the amounts of total polyphenol, phlorotannin, and antioxidant capacity were all considerably impacted by both fermentation and digesting. The HMW fraction’s promise for colon health was shown by the fact that it retained its anti-genotoxic activity and successfully stopped colon HT-29 cell proliferation despite these reductions (Corona et al., 2017). Bangoura and Hong studied the stability and bioavailability of phlorotannins in abalone that was given the seaweed Ecklonia stolonifera, which is high in phlorotannins. When abalone tissues are fed E. stolonifera, phenolic compounds including 7-phloroeckol and eckol accumulate in them. Measurable concentrations within the flesh of the abalone show bioavailability, whereas stable levels remain constant during the feeding period signifying stability. Enzymatic breakdown in abalone tissues, however, indicates a decrease in stability with time, with both chemicals degrading at rates of -0.05 mg/ml/hr (Bangoura and Hong, 2015). To enhance the therapeutic potential of phytotannins, future studies must concentrate on clarifying the processes behind their absorption, metabolism, and bioactivity. Discovering strategies to increase stability and bioavailability by innovative formulations or delivery methods may greatly increase the effectiveness of phlorotannins. Phlorotannins can potentially be used for health advantages in a specific way by investigating inter-individual heterogeneity in metabolism and response.
6.2. Toxicity and Safety
Phlorotannins are usually regarded as safe for consumption in terms of both toxicity and safety. The European Food Safety Agency (EFSA) and the Food and Drug Administration (FDA) have both classified phenolotannins as compounds that are Generally Regarded as Safe (GRAS). Phlorotannin-rich extracts from Ecklonia cava have been classified as “novel foods” in the European Union and are regarded safe to consume because of many studies that confirm their safety (FDA and GRN, 2017; EFSA et al., 2017). In several in vitro and in vivo conditions, studies have demonstrated their minimal toxicity. The safety profile, however, can change according on exposure time and dose. At higher dosages, several studies have noted moderate gastrointestinal problems. Phlorotannins are generally considered to be promising bioactive substances; nevertheless, further research is required to completely understand their long-term safety and possible disadvantages. The safety and possible negative effects of feeding phlorotannins on Litopenaeus vannamei were investigated by Wu et al. (2024) Phlorotannins were shown to be safe at doses up to 2.0 g kg1, showing no adverse effects on biological macromolecules or the histological integrity of the intestines and hepatopancreas of the prawn. Additionally, the study showed that phlorotannins decreased malondialdehyde levels, which suggests an inhibition in lipid peroxidation. Overall, the results indicate the possibility that phlorotannins can be added to feed safely, helping prawns develop, respond to an immunological stimulus, and have an antioxidant capacity without releasing reactive oxygen species (Wu et al., 2024). 
Phlorotannin-rich fractions from Sargassum tenerrimum showed no significant toxicity and are safe to use, according to research by Vijay et al. (2023). Evaluations of acute and subacute toxicity revealed no negative effects on the kidneys, liver, or other important organs. Phlorotannins are not harmful since hematological and biochemical indicators stay within normal levels. These results were confirmed by histopathological analyses, which revealed that treated rats had no pathological alterations. Phlorotannins from Sargassum tenerrimum are therefore thought to be safe for use in medicine, especially in the treatment of oxidative stress-related conditions like diabetes (Vijay et al., 2023). Using a variety of bioassays, Harwanto et al., investigated the toxicity of phloroglucinol and phlorotannins. The study shows that brine shrimp and zebrafish embryos are two model animals in which crude phlorotannins and phloroglucinol show negligible toxicity. The findings indicate that phlorotannins are generally safe to use, with no observable side effects at the studied dosages. Phlorotannins are promising alternatives for further research in pharmaceuticals and nutraceuticals due to their potential for safe human intake and therapeutic applications (Harwanto et al., 2022).
6.3. Regulatory Difficulties
The polyphenolic compounds known as phenols, which are mostly present in brown seaweeds, have gained a lot of research interest due to their possible health advantages, which include anti-inflammatory, anti-cancer, antioxidant, and antidiabetic effects. Phlorotannins have several obstacles in their commercial application and regulation, despite their potential bioactivities. The absence of standardised extraction and characterisation techniques is one of the main regulatory challenges associated with phlorotannins. Depending on the variety of algae, the geographical area, the season of the year, and the extraction techniques, phlorotannin quantities and composition might vary significantly. The development of standardised products with consistent bioactive characteristics is restricted by this diversity. It is challenging to determine phlorotannins and ensure their purity. Phlorotannins bioavailability is yet another important aspect of their pharmacological use. Because of their large molecular size and complicated structure, phlorotannins like many other polyphenols have low bioavailability, which may restrict absorption in the gastrointestinal system. This raises the question of how effective they are in vivo when compared to in vitro research. 
The bioavailability and pharmacokinetics of these substances have body absorbs, distributes, metabolise, and excretes. Any bioactive chemical must clear comprehensive safety and toxicological testing before it is authorised for use in pharmaceuticals, food, or nutraceuticals. Complete safety information for phlorotannins is yet unavailable. Even while research conducted on animals and in vitro suggests a variety of health advantages, these findings are not always immediately applicable to humans. Comprehensive toxicological examinations, including long-term, large-scale human trials, are required for an accurate evaluation of the safety of these compounds. To verify the safety of novel compounds, regulatory agencies such as the FDA and EFSA mandate lengthy clinical trials. Phlorotannins regulatory clearance is made difficult by the lack of such data. The way that phlorotannins are categorised in regulatory frameworks is another problem. Phlorotannins may be classified under several regulatory categories, each with specific restrictions, depending on its intended purpose, such as dietary supplements, food additives, or medicinal agents. For example, dietary supplements are governed in the US by the Dietary Supplement Health and Education Act (DSHEA), which has different requirements than those for medications or food additives. Managing various regulatory categories can be difficult, particularly if a compound has bioactive potential in multiple areas of application. In spite of these difficulties, phlorotannins represent a promising field for pharmaceutical research in the future due to their possible health advantages.
7. Future Perspective
Phlorotannins derived from brown seaweeds hold great potential as natural antidiabetic agents, but their successful development as therapeutic drugs requires overcoming several challenges. One of the key limitations is their poor bioavailability due to low solubility, instability in the gastrointestinal tract, and rapid metabolism. Advancements in drug delivery systems, such as nanoparticle-based formulations, liposomal encapsulation, and polymeric hydrogels, could improve their stability, absorption, and controlled release. Additionally, large-scale clinical trials with well-structured study designs, controlled dosing regimens, and long-term follow-ups are essential to establish their efficacy and safety in human populations. Standardization of extraction, purification, and quantification methods will also be critical to ensure reproducibility and regulatory approval.
Further research is needed to explore the precise molecular mechanisms of phlorotannins, particularly their interactions with gut microbiota, inflammatory pathways, and insulin signaling cascades. Investigating potential synergistic effects with existing antidiabetic drugs or other bioactive compounds could enhance therapeutic efficacy and minimize side effects. Sustainable production of phlorotannins through large-scale seaweed cultivation, metabolic engineering, and bioprocessing techniques will be crucial in ensuring consistent availability without overexploiting marine resources. Despite their natural origin, comprehensive toxicological and pharmacokinetic studies are necessary to assess their long-term safety, optimal dosage, and potential adverse effects.
8. Conclusion
Phlorotannins​‍​‌‍​‍‌​‍​‌‍​‍‌ isolated from brown seaweeds are an interesting group of natural, marine-derived antidiabetic agents as they provide mechanisms that could potentially improve hyperglycemia, insulin resistance, and complications associated with diabetes. Nevertheless, their use in clinics is still limited due to several issues such as low bioavailability, a lack of enough clinical studies, difficulties in production on a large scale, and complicated regulatory requirements. Realising their complete therapeutic potential will take a combination of pharmacology, marine biotechnology, and clinical research to come up with advanced formulations, confirm efficacy in large human trials, and maintain production quality. Although phlorotannins may be a new source of natural diabetes therapeutics, these problems need to be solved before they can be used safely and effectively in a clinical ​‍​‌‍​‍‌​‍​‌‍​‍‌setting.
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