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Insulin resistance is a significant metabolic dysfunction that contributes to the pathogenesis 
of type 2 diabetes mellitus (T2DM). As interest grows in functional foods for chronic 
disease management, seeds of various plants, such as Linum usitatissimum (flaxseed), Salvia 
hispanica (chia), Cucurbita pepo (pumpkin), Cannabis sativa (hemp), and Sesamum indicum 
(Sesame) have gained prominence due to their rich profile of bioactive compounds. These 
seeds contain polyunsaturated fatty acids (PUFAs), dietary fibre, lignans, polyphenols, and 
key micronutrients that act synergistically to enhance insulin sensitivity. The mechanisms by 
which these components exert their effects include modulation of insulin signaling pathways, 
activation of AMP-activated protein kinase (AMPK), enhancement of adiponectin secretion, 
and improvement of gut microbiota composition. For instance, chia and pumpkin seed 
extracts have shown reductions in serum glucose and hemoglobin A1C (HbA1c) in diabetic 
rodent models. Though little evidence from both animal and human studies suggests that 
some seed extracts and oils can lower blood glucose, reduce insulin resistance, and improve 
lipid profiles. This review summarises the mechanistic insights, preclinical and clinical 
evidence, and functional food applications of these seeds, while highlighting current research 
gaps. Incorporating functional seeds into dietary interventions may offer a sustainable 
and accessible approach for managing insulin resistance and preventing T2DM. Despite 
promising findings, more robust and long-term human clinical trials are required to validate 
these effects and establish standardized dosages.
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A B S T R A C T

Introduction
The incidence of diabetes has been increasing worldwide, 
contributing to approximately 425 million cases, more 
commonly among people between the ages of 20–79 years 
(1). Meanwhile, the World Health Organization (WHO) 
predicted a further increase in the number of people with 
diabetes, possibly reaching 463 million by 2030 (1,2). This 
is attributable to risk factors such as being overweight or 
obese, elevated blood pressure and glucose levels, age, 

high-fat and high-sugar diets, an inactive lifestyle, and 
urbanization (3,4). Obesity is the major risk factor, playing 
a significant role in increasing the risk of type 2 diabetes 
(T2D) and insulin resistance (IR) (5). Insulin sensitivity 
refers to the body’s effectiveness in responding to insulin, 
a hormone critical for glucose regulation. Impaired insulin 
sensitivity, or insulin resistance, is a characteristic of type 
2 diabetes mellitus (T2DM) and metabolic syndrome 
(6). Although there is a lot of evidence on the existing 
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association between obesity and insulin resistance, several 
studies have reported the possibility of the development 
of T2D and IR even among healthy non-obese individuals 
(7). Similarly, insulin resistance in non-obese subjects 
is linked to several factors, namely genetics, lifestyle, 
metabolic anomalies in glucose and lipid metabolism as 
well as inflammatory pathways (6). Thus, any preventive 
strategies of T2DM are focused mainly on adjusting 
individuals’ lifestyles, specifically physical activity and 
food choices, whether a person is already obese or not. 

Currently, pharmacological solutions to T2DM rely 
largely on metformin, pioglitazone, sulfonylureas, and 
thiazolidinediones (8). These medications have, however, 
been reported to have adverse reactions, including 
hypoglycemia, lactic acidosis, peripheral oedema, severe 
hepatotoxicity, and gastrointestinal complications due to 
prolonged administration (8). Thus, there is a need for 
alternative hypoglycemic agents with minimal adverse 
effects. 

Functional foods, defined by the Functional Food 
Centre (FFC) as foods that provide health benefits beyond 
basic nutrition, are being increasingly explored for their 
therapeutic potential in addressing metabolic disorders, 
particularly T2DM (9,10). Extensive research indicates 
that regularly incorporating functional foods, such as 
legumes, spices, and whole grains, in appropriate amounts 
can help reduce the risk of complications associated with 
T2D (11-14). Recent studies have shown that combining 
functional foods can accelerate recovery, improve 
overall treatment effectiveness, and reduce endothelial 
dysfunction and microvascular complications associated 
with diabetes, offering promising and affordable strategies 
for diabetes management (11). Functional foods provide 
health benefits through their rich content of bioactive 
compounds, including omega-3 fatty acids, antioxidants, 
probiotics, prebiotics, and phytochemicals (15,16). 
Antioxidants abundant in fruits, vegetables, and whole 
grains help the body neutralize damaging free radicals, 
thereby mitigating oxidative stress and reducing the risk 
of chronic diseases (T2DM, cancers, and heart diseases) 
(17). Among functional foods, seeds stand out as nutrient-
dense, plant-based options with a unique combination 
of bioactive compounds (18). Flaxseed, chia, pumpkin, 
hemp, and sesame seeds are among the top five common 
functional seeds (18,19). These five seeds were selected 
because they represent some of the most widely consumed 
and researched functional seeds globally. They are not 
only easily accessible and incorporated into a range of 
traditional and modern diets, but they also contain diverse 
bioactive compounds that have been consistently linked 
with metabolic health. Importantly, insulin resistance 
is not only a precursor to T2DM but also underlies 
a wide range of metabolic complications, including 
cardiovascular disease, non-alcoholic fatty liver disease 
(20,21), polycystic ovary syndrome (22), and cognitive 

decline (21,22). The bioactive components of functional 
seeds may therefore play both therapeutic and preventive 
roles. Through their antioxidant, anti-inflammatory, 
and lipid-modulating effects, these compounds have the 
potential to reduce the onset and progression of such 
comorbidities, highlighting the importance of functional 
seeds as a preventive dietary strategy. Their prominence 
in functional food formulations, coupled with a growing 
body of experimental and clinical evidence supporting 
their roles in glycemic regulation, makes them particularly 
relevant candidates for a focused synthesis on insulin 
sensitivity. 

While several reviews have explored the general health 
benefits of functional seeds, few have focused specifically 
on their mechanistic roles in insulin resistance. This 
mini-review provides a comparative synthesis of bioactive 
components across flaxseed, chia, pumpkin, hemp, and 
sesame, linking each to specific molecular pathways, 
including AMP-activated protein kinase (AMPK) 
activation, peroxisome proliferator-activated receptor 
(PPAR) modulation, and gut microbiota regulation. By 
integrating recent animal and clinical data, this paper 
highlights translational opportunities for developing 
seed-based interventions in metabolic disorders. 

Overview of the functional seeds
Linum usitatissimum is commonly referred to as flaxseed 
when used for human consumption and as linseed when 
used for industrial purposes (23). Flaxseed comes from 
a blue-flowering annual herb of the Linaceae family, 
typically growing between 12 and 40 inches tall. The plant 
features a slender, fibrous stem and striking blue flowers, 
approximately 3 cm in diameter. The seeds themselves are 
flat, oval-shaped with pointed ends, and have a smooth, 
glossy surface. Their colour ranges from dark brown to 
yellow, and they have a crispy, chewy texture with a mild, 
nutty flavour (23). The potential health benefits of flaxseed 
and its oil are attributed to their rich content of bioactive 
compounds and elements such as linolenic acid, linoleic 
acid, lignans, cyclic peptides, polysaccharides, alkaloids, 
cyanogenic glycosides, and cadmium (23).

Chia seeds are edible seeds derived from Salvia hispanica, 
a plant species in the mint family (Lamiaceae) (24). These 
seeds are oval-shaped, predominantly grey in colour with 
black and white speckles, and measure approximately 
2 millimetres (0.08 inches) in width (25,26). It is native 
to Mexico, northern regions, and Guatemala (27). Salvia 
hispanica L. belongs to the Labiatae family and is an 
annual flowering plant (28). Historically consumed as a 
food source, chia seeds are typically cultivated in mixtures 
containing both white and black varieties (29). Presently, 
black chia seeds, distinguished by their spiral and striped 
patterns, are more commonly grown (30). Chia seeds 
are particularly rich in dietary fibre (about 34–40 g/100 
g), omega-3 fatty acids (especially alpha-linolenic acid 
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[ALA]), and plant-based proteins (approximately 16–24%) 
(31). They also contain beneficial antioxidants, phenolic 
compounds (like quercetin and caffeic acid), and essential 
minerals such as calcium, magnesium, phosphorus, and 
manganese (31,32). Additionally, chia seeds provide B 
vitamins (e.g., niacin and folic acid) and vitamin E (32,33). 
This nutrient composition contributes to their functional 
benefits in supporting cardiovascular health, glycemic 
control, digestive function, and antioxidant defence (25). 

Pumpkin seeds (Cucurbita pepo L) are flat, oval-shaped 
seeds typically green in colour once the white outer hull 
is removed (34,35). They are native to the Americas and 
have been consumed both as food and medicine for 
centuries. Nutritionally, pumpkin seeds are rich in protein 
(approximately 30%), healthy fats including linoleic and 
oleic acids, and micronutrients such as magnesium, zinc, 
and iron (34). They also contain bioactive compounds 
such as phytosterols, flavonoids, and phenolic acids, which 
contribute to their antioxidant and anti-inflammatory 
properties (35). These attributes make pumpkin seeds 
an important functional food, with growing evidence 
supporting their role in cardiometabolic health and 
glycemic regulation.

Hemp seeds are small, oval-shaped seeds derived from 
Cannabis sativa L., and unlike other parts of the plant, 
they are non-psychoactive. They are highly nutritious, 
containing about 25–30% protein with a complete amino 
acid profile, and an optimal ratio of omega-6 to omega-3 
fatty acids (approximately 3:1) (36). In addition, hemp 
seeds are rich in dietary fibre, vitamin E, and essential 
minerals such as magnesium, phosphorus, potassium, 
and zinc (36). Bioactive peptides, polyphenols, and 
phytosterols further contribute to their antioxidant, anti-
inflammatory, and cardiometabolic benefits (19). Due to 
this unique nutrient profile, hemp seeds are increasingly 
recognized as a functional food capable of supporting 
metabolic health and insulin sensitivity (36).

Sesame seeds are tiny, flat, and oval-shaped seeds that 
come in white, brown, yellow, or black varieties. They have 
been cultivated for thousands of years and are valued both 
as food and medicine across many cultures. Nutritionally, 
sesame seeds are abundant in healthy fats, high-quality 
protein, dietary fibre, and minerals such as calcium, iron, 
and zinc (37). Their bioactive profile is dominated by 
lignans, particularly sesamin and sesamolin, which exhibit 
strong antioxidant, lipid-lowering, and anti-inflammatory 
properties (19,37). Sesame seeds also contain tocopherols 
and phytosterols that contribute to their health-promoting 
effects (38). Increasing evidence suggests that sesame seed 
consumption supports glucose regulation, improves lipid 
metabolism, and may help counteract insulin resistance, 
making it a valuable contributor to functional seed-based 
strategies for maintaining metabolic health (39,40).

Despite the growing interest in these functional seeds, 
several challenges limit their clinical translation. The 

nutrient composition of seeds is highly variable, depending 
on genetic, agronomic, and processing factors, which 
complicates standardization in research and practice (41). 
In addition, many of the bioactive compounds present 
in seeds, such as polyphenols and lignans, exhibit poor 
bioavailability, raising questions about their effective 
physiological concentrations in humans (42). Most 
available evidence is derived from preclinical studies, 
while human trials remain limited in number, scale, and 
duration. Addressing these gaps is critical to advancing 
seeds from promising dietary adjuncts to evidence-based 
interventions for insulin resistance. 

Bioactive components of functional seeds
Preparation and isolation methods
The health benefits of seeds are closely influenced by 
the methods used for their preparation and extraction of 
bioactive constituents. Common techniques include cold-
pressing to obtain oils rich in polyunsaturated fatty acids 
(PUFAs), as well as aqueous and alcoholic extractions 
to isolate polyphenols and lignans, and enzymatic or 
fermentation-based methods to enhance the release of 
bioactive peptides (43,44). These approaches not only 
improve yield but also affect the stability, bioavailability, 
and physiological potency of the isolated compounds (43). 

Omega-3 and omega-6 fatty acids
Seeds are rich in health-promoting unsaturated 
fats, particularly PUFAs and, to a lesser extent, 
monounsaturated fatty acids (MUFAs) (18,19). Flaxseeds 
and chia seeds are notable for their high content of ALA, 
an essential omega-3 fatty acid (45). These fatty acids have 
been shown to positively influence lipid metabolism by 
lowering total cholesterol, reducing triglyceride levels, 
and improving the ratio of HDL to LDL cholesterol 
(46). Moreover, PUFAs play a vital role in maintaining 
membrane fluidity, which supports the optimal function 
of insulin receptors, ion channels, and membrane-bound 
enzymes (47). Enhanced membrane dynamics are essential 
for cell signalling and systemic metabolic regulation. The 
regular consumption of ALA-rich seeds may reduce the 
risk of cardiovascular disease, improve insulin sensitivity, 
and modulate inflammatory pathways (45). Flaxseed and 
chia are among the richest plant sources of ALA (48), an 
omega-3 fatty acid known to enhance insulin sensitivity by 
modulating lipid metabolism and reducing inflammation 
(19). Similarly, chia seeds are a rich plant-based source 
of omega-3 fatty acids, mainly ALA, and offer a healthy 
ratio of omega-3 to omega-6 fats (29). These seeds are 
associated with several potential health benefits, such as 
aiding digestion and contributing to weight management 
(48). The overall impact of omega-6 fatty acids on T2DM 
may depend on their ratio to omega-3 intake, emphasizing 
the need for balanced dietary strategies (49). Hemp seeds 
offer a balanced omega-6 to omega-3 ratio, making it an 
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excellent seed oil for maintaining metabolic health.

Lignans and phytosterols
Phytoestrogens are a group of naturally occurring 
compounds derived from plants (50). They are widely 
distributed in nature and can be found in foods such 
as vegetables, grains, nuts, olive oil, legumes, cereals, 
and leaves, as well as in wood pulp (50). Common 
dietary phytosterols include sitosterol, stigmasterol, 
and campesterol, which exist in free form or bound 
as esters with fatty or cinnamic acids, or as glycosides 
that are broken down by pancreatic enzymes (1). These 
compounds have garnered increasing attention for their 
potential to improve overall health and metabolic function. 
Due to their structural resemblance to estrogen, they have 
been widely studied for their diverse therapeutic effects, 
including lipid-lowering, anti-inflammatory, antioxidant, 
antiproliferative, and blood sugar-regulating properties 
(1). A growing body of research suggests that phytosterols 
and diets rich in them may help regulate glucose and lipid 
metabolism, as well as reduce insulin resistance (50). For 
example, a study reported that a daily dose of 2 g decreases 
cholesterol absorption by 30–40% and LDL cholesterol 
by 10% on average (50). Flaxseed is particularly rich in 
lignans such as secoisolariciresinol diglucoside (SDG), 
which exhibit antioxidant and estrogenic properties (51). 
These compounds may improve insulin action and reduce 
oxidative stress. Sesame seeds contain sesamin, another 
lignan with lipid-lowering and anti-inflammatory effects 
(52).

Dietary fibre
Many edible seeds are excellent sources of dietary fibre, 
including both soluble and insoluble fractions (19). Seeds 
like chia and flaxseeds form viscous gels when hydrated, 
which can slow gastric emptying, enhance satiety, and 
contribute to glycemic control (18,29). More importantly, 
the fibre content in these seeds acts as a prebiotic substrate 
for beneficial gut microbiota. Fermentation of these 
fibres in the colon leads to the production of short-chain 
fatty acids (SCFAs), including acetate, propionate, and 
butyrate. SCFAs help regulate inflammation, improve gut 
barrier function, and stimulate the secretion of glucagon-
like peptide-1 (GLP-1), a hormone involved in appetite 
regulation and glucose homeostasis (53,54). Thus, seed-
derived fibre not only improves digestive health but also 
influences metabolic processes beyond the gut.

Polyphenols and antioxidants
Seeds contain a diverse array of polyphenolic compounds 
and flavonoids, including catechins, quercetin, ellagic acid, 
and lignans (55). For instance, flaxseeds are especially rich 
in lignans, while pumpkin seeds contain quercetin and 
phenolic acids that contribute to their functional profile 

(56). Sesame seeds also provide lignans such as sesamin, 
and chia seeds contain caffeic and rosmarinic acids. These 
compounds, along with antioxidant vitamins such as 
vitamin E, have been linked to protective effects against 
oxidative stress and chronic inflammation. Their presence 
highlights the potential of functional seeds to provide 
bioactive compounds that impact metabolic health.

Mechanisms of action
Insulin signalling
Phytosterols, such as β-sitosterol, stigmasterol, and 
campesterol, play a central role in modulating insulin 
signaling (57). These plant-derived sterols enhance 
the expression and activation of insulin receptors 
(IR), initiating a cascade that involves insulin receptor 
substrate-1 (IRS-1), phosphoinositide 3-kinase (PI3K), 
and protein kinase B (Akt) (1,57). The activation of this 
signalling pathway promotes the translocation of glucose 
transporter type 4 (GLUT4) to the plasma membrane, 
thereby facilitating glucose uptake into insulin-sensitive 
tissues, such as skeletal muscle and adipose tissue (1). 
This mechanism underlies the improvement in glycemic 
control and the reversal of insulin resistance observed 
in both in vivo and in vitro models supplemented with 
phytosterols (58). 

AMPK activation
Lignans found in seeds enhance insulin sensitivity by 
activating the AMPK pathway (55). AMPK is a key energy 
sensor that regulates cellular metabolism. Activation 
of AMPK by lignans stimulates GLUT4 expression and 
translocation, increases fatty acid oxidation, and improves 
mitochondrial efficiency. These metabolic improvements 
collectively enhance glucose uptake and utilization, 
reducing insulin resistance at the cellular level. Certain 
seed components, such as ALA and polyphenols, have also 
been shown to activate AMPK pathways (55). 

PPAR/Adiponectin and lipid metabolism
Seeds influence the peroxisome proliferator-activated 
receptor gamma (PPARγ) pathway, which regulates lipid 
storage and insulin signalling (59). Enhanced adiponectin 
levels, associated with seed intake, further contribute to 
improved glucose metabolism (55). Phytosterols also 
influence lipid metabolism in a manner that supports 
insulin sensitivity. These compounds reduce hepatic 
lipid accumulation by downregulating the expression 
of lipogenic genes, including sterol regulatory element-
binding protein-1c (SREBP-1c) (1). By lowering lipid 
levels and altering the composition of circulating lipids, 
phytosterols prevent ectopic fat deposition in the liver and 
skeletal muscle, which are key sites of insulin action (1). 
Improved lipid profiles are associated with better insulin 
sensitivity and a reduced risk of metabolic syndrome (60).
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Gut microbiota modulation
Fibre and polyphenols in seeds act locally in the gut as 
prebiotics, influencing the composition and activity 
of the gut microbiota (61). These shifts in microbial 
ecology promote the production of SCFAs, improve gut 
barrier function, and lower systemic endotoxemia (62). 
These changes are increasingly recognized as important 
contributors to improved insulin sensitivity and metabolic 
homeostasis, demonstrating the integrative role of lignans 
in modulating host-microbe interactions for better 
glucose regulation (61).

Anti-inflammatory and antioxidant effects
The bioactive compounds present in seeds exert significant 
effects on inflammatory and oxidative stress pathways that 
contribute to insulin resistance (63). Lignans, omega-3 
fatty acids, and phenolic compounds suppress pro-
inflammatory cytokines such as tumour necrosis factor-
alpha (TNF-α), interleukin-6 (IL-6), largely through 
inhibition of the nuclear factor kappa B (NF-κB) signalling 
cascade (64). Antioxidant constituents, including vitamin 
E and flavonoids, neutralize reactive oxygen species 
(ROS), thereby preventing oxidative damage to insulin 
signalling proteins and cellular structures (63). The anti-
inflammatory and antioxidant actions help restore insulin 
sensitivity and protect tissues from chronic metabolic 
stress and degeneration (5). Furthermore, phytosterols act 
as scavengers of ROS, thereby protecting insulin receptors 
and related intracellular molecules from oxidative 
degradation (1). This preservation of redox balance 
enhances cellular insulin responsiveness and mitigates 
the metabolic dysfunction associated with hyperglycemia 
(65). These compounds downregulate key inflammatory 
cytokines, including TNF-α, IL-6, and resistin, which 
are known to impair insulin receptor function and 
downstream signalling (64). In animal models of 
insulin resistance, β-sitosterol has been shown to inhibit 
inflammatory pathways, including the c-Jun N-terminal 

kinase (JNK), inhibitor of nuclear factor kappa-B kinase 
(IKK), and NF-κB (57). By suppressing these pathways, 
phytosterols reduce chronic inflammation in adipose 
tissue and other metabolic organs, thereby restoring 
insulin responsiveness (57). 

In addition to these effects, seed-derived polyphenols 
and lignans influence apoptotic signalling, regulating Bcl-
2 family proteins and caspase activity (66). This confers 
cytoprotective benefits, preserving β-cell survival and 
mitochondrial integrity under conditions of metabolic 
stress (66). By acting at the intersection of inflammatory, 
oxidative, and apoptotic pathways, seed bioactives 
provide multilayered protection that supports insulin 
responsiveness and metabolic homeostasis.

Figure 1 summarises the major mechanisms through 
which seed-derived bioactive compounds modulate 
insulin resistance. These compounds act at multiple 
levels, enhancing insulin signalling, activating AMPK, 
modulating gut microbiota, improving lipid metabolism, 
suppressing inflammation and oxidative stress, and 
protecting β-cells, ultimately converging to improve 
insulin sensitivity and delay the onset of T2DM. 

Evidence from animal and human studies
A synthesis of experimental studies highlights the 
insulin-sensitizing potential of various functional seeds, 
particularly chia, pumpkin, and flaxseeds (Table 1). 
Among these, chia seeds emerge as the most extensively 
researched, supported by at least four independent rat 
model studies examining different extracts, bioactive 
compounds, and metabolic outcomes. The wide range 
of chia seed studies may be attributed to their rich and 
diverse composition, including ALA, fibre, antioxidants 
(such as quercetin, caffeic acid, and rosmarinic acid), and 
sterols, which collectively influence multiple metabolic 
pathways. In streptozotocin-induced diabetic rats, 100 
mg/kg of chia seed aqueous extract administered for 15 
days significantly enhanced glucose metabolism and 

Figure 1. Summary of mechanisms and pathways of seed-derived bioactive compounds in managing insulin resistance. PUFAs: Polyunsaturated fatty acids; 
MUFAs: Monounsaturated fatty acids; SCFAs: Short-chain fatty acids; AMPK: Adenosine monophosphate-activated protein kinase; GLUT 4: Glucose Transporter 
4; ROS: Reactive oxygen species; T2DM: Type 2 diabetes mellitus; PPARy: Peroxisome proliferator-activated receptor gamma. 
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insulin production, suggesting its capacity to restore 
pancreatic function and glycemic control (26). Another 
study using black chia extract rich in linoleic acid and 
quercetin showed reductions in serum glucose, HbA1c, 
HOMA-IR, and LDL-c, while simultaneously increasing 
insulin levels and the QUICKI index, a marker of insulin 
sensitivity (67). Additional investigations using chia 
seed fibre and antioxidant extracts further confirmed 
their hypoglycemic effects, demonstrating significant 
reductions in blood glucose levels in both moderate and 
high dosages (27).

Beyond chia and flaxseed, pumpkin has been extensively 
studied in animal models for its anti-hyperglycemic 
potential. In alloxan- and streptozotocin-induced diabetic 
rats, pumpkin seed and fruit extracts significantly lowered 
fasting blood glucose, improved insulin production, 
and reduced postprandial glycemic excursions (34). 
Protein-bound polysaccharides (PBPP) demonstrated 
dose-dependent effects, while pumpkin polysaccharide 
hydrolysates (PPe-H) not only improved glucose control 
but also reduced oxidative stress and enhanced GLP-1 
secretion (34). Pumpkin seed oil also showed promising 
results in alloxan-induced diabetic rats (68). Its flavonoid-
rich profile contributed to significant reductions in blood 
glucose, cholesterol, and triglyceride levels, indicating its 
potential in lipid and glycemic regulation. These findings 
suggest that pumpkin exerts multifaceted benefits through 
both pancreatic and extra-pancreatic pathways, although 
confirmation in well-designed clinical trials remains 
limited. 

One study demonstrated a similar capacity for flaxseed 
in reducing blood glucose levels, primarily through its 
abundant SDG content, a lignan known for its antioxidant 
and insulin-enhancing properties (69). Notably, as 

reported in an updated systematic review by Kavyani et al 
in 2023, some human clinical trials report no significant 
improvement in HbA1c or fasting glucose with flaxseed 
supplementation, highlighting variability in human 
outcomes and the need for larger, well-controlled trials 
(70).

Across all seed types, the most common mechanism 
reported was enhancement of glucose uptake and insulin 
production, typically mediated through modulation of 
insulin signalling pathways and activation of AMPK 
(Table 1). Several studies also observed anti-inflammatory 
and antioxidant effects, supporting improved β-cell 
function and reduced insulin resistance. These findings 
consistently emphasize that the bioactive components 
in seeds, particularly polyphenols, omega-3 fatty acids, 
lignans, and dietary fibre, target inflammatory pathways, 
oxidative stress, and metabolic enzyme regulation to 
restore insulin sensitivity.

While animal studies dominate the literature, human 
clinical data remain limited and often inconclusive, 
with small sample sizes and short intervention periods 
restricting interpretation.

Applications and functional food innovations
Functional seeds are increasingly being used in the 
development of health-promoting foods (34). Examples 
include seed-enriched breads, snack bars, seed butters, 
and dairy alternatives (71,72). These formulations offer a 
convenient way to incorporate bioactive compounds into 
daily diets. Ground or cold-pressed forms may enhance 
bioavailability. Flaxseeds are commonly incorporated 
into foods such as breads, cereals, and smoothies, and 
are also found in dietary supplements because of their 
reputed health-promoting effects, particularly for heart 

Table 1. Evidence of studies on the hypoglycaemic and insulin-sensitizing effects of seeds

Seed Bioactive compounds Dose Model Extract Mechanism Reference

Chia
Caffeic acid, chlorogenic 
acid, carotenoids, sterols, 
gallic acid, rosmarinic acid

100 mg/kg
for 15 days

Streptozotocin-
induced
diabetic rat

Seed aqueous
extract

↑Blood glucose
metabolism and insulin
production

(26)

Pumpkin Flavonoids 3%
Alloxan-induced 
diabetic rats

Oil extract
↓Serum glucose, cholesterol, 
and triglyceride 

(68)

Black Chia
Linoleic acid, quercetin

1 ml (20%, w/w) Diabetic, male rats Seed extract

↓Serum glucose
↓HbA1c
↓HOMA-IR
↓Serum LDL-c
↑insulin level
↑QUICKI

(67)

Chia Antioxidants
 4.5 mg/kgBW and 
13.5 mg/kgBW

Male Wistar Rats Seed extract ↓Blood sugar (27)

Chia seeds Fibre 1.5 g Rats Seed extract ↓Blood glucose (69)

Flaxseeds SDG 1.5 g Rats Seed extract ↓Blood glucose (69)

HbA1c: Haemoglobin A1c; HOMA: Homeostatic model assessment of insulin resistance; QUICKI: Quantitative insulin sensitivity check index; SDG: Secoisolariciresinol 
diglucoside.
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health and inflammation reduction (73). Chia seeds are 
used in a variety of forms in the food industry, including 
whole, ground, and roasted (74). Their adaptability allows 
them to be mixed into a range of meals, including yogurts, 
salads, and baked items, to enhance nutritional quality 
(74). Oil extracted from chia seeds is also commonly 
used in food products. In 2017, the European Food Safety 
Authority (EFSA) introduced regulations outlining the 
acceptable levels of chia seed inclusion in different dietary 
items (75). According to these guidelines, chia seed 
content should not exceed 5% in bread, 10% in breakfast 
cereals, baked goods, and fruit and seed mixtures, 1% in 
fruit pastes, 1.3 g per 100 g or 4.3 g per 330 g in yogurt, 
15 grams of whole or ground seeds in vegetable and fruit 
juices or drinks, and 5% in ready-to-eat foods, as reported 
by Turck and colleagues in 2019 (75). Recognized as a 
health-promoting food, chia seeds are widely available in 
packaged form and are sold in different quantities. Chia 
seeds can be added to a broad range of food products, 
including juices, yogurt, cakes, cookies, pasta, baked 
goods, ice cream, desserts, breakfast cereals, and even 
processed meats such as sausages and hams, to enhance 
their nutritional profile (74). Food-grade chia seed oil is 
also available commercially and can be used in various 
applications such as sandwiches, salads, cottage cheese, 
and spreads (74). Furthermore, due to their high water-
binding capacity, chia seeds can serve as a natural substitute 
for eggs or oils in baked goods (74). In addition to chia 
and flaxseed-based formulations, pumpkin powders and 
extracts have been incorporated into functional food 
products, with studies indicating their ability to enhance 
insulin secretion and protect against renal complications 
associated with diabetes (34). The potential for developing 
pumpkin seed-enriched foods or supplements highlights 
their value as a cost-effective dietary adjunct for glycemic 
management.

Challenges and future perspectives
Although growing evidence supports the role of 
functional seeds in improving insulin sensitivity, several 
challenges hinder their clinical application. Variability 
in nutrient composition due to genetic, agronomic, and 
processing factors complicates standardization, while 
poor bioavailability of certain compounds, such as lignans 
and polyphenols, raises concerns about achieving effective 
physiological concentrations in humans. In addition, 
the lack of well-designed, long-term clinical trials limits 
the strength of current evidence, particularly regarding 
optimal dosage and formulation.

Another important gap is the limited number of in 
vitro studies that systematically investigate the biological 
activities of seed-derived compounds. Dose-dependent 
studies in adipocytes, hepatocytes, and pancreatic β-cell 
models are needed to clarify mechanistic pathways, 
establish efficacy thresholds, and identify potential 

toxicities. Such work will provide a stronger foundation 
for translational studies and inform safe clinical 
application. Addressing these gaps through integrated 
in vitro, preclinical, and clinical research will be critical 
for advancing functional seeds from promising dietary 
adjuncts to evidence-based interventions for insulin 
resistance and related metabolic disorders.

Conclusion
Functional seeds present a compelling, food-based 
solution for enhancing insulin sensitivity and managing 
T2DM. Their rich array of bioactive compounds, 
including PUFAs, lignans, fibre, and antioxidants, 
supports multiple metabolic pathways involved in glucose 
regulation. Preclinical studies confirm their potential in 
improving insulin signalling, modulating gut microbiota, 
reducing inflammation, and enhancing lipid profiles. 
Despite promising findings, more robust human clinical 
trials are needed to establish standardized dosages 
and formulations. As part of a holistic dietary strategy, 
functional seeds offer a safe, cost-effective, and accessible 
adjunct to conventional therapies for insulin resistance 
and T2DM prevention.

Declaration of AI-assisted Tools in the Writing Procedure
To improve the readability and language of this manuscript, 
the author used ChatGPT (OpenAI, San Francisco, USA) 
and Grammarly for grammar refinement and phrasing. 
These tools were applied solely for language editing. 

Conflict of interests
The author declares no conflict of interest.

Funding/Support
No external funding was received for this work.

References
1.	 Prasad M, Jayaraman S, Eladl MA, El-Sherbiny M, 

Abdelrahman MAE, Veeraraghavan VP, et al. A 
comprehensive review on therapeutic perspectives 
of phytosterols in insulin resistance: a mechanistic 
approach. Molecules. 2022;27(5):1595. doi:10.3390/
molecules27051595. 

2.	 Rehman A, Saeed A, Kanwal R, Ahmad S, Changazi SH. 
Therapeutic effect of sunflower seeds and flax seeds 
on diabetes. Cureus. 2021;13(8):e17256. doi:10.7759/
cureus.17256. 

3.	 Almuraikhy S, Doudin A, Domling A, Althani AA, Elrayess 
MA. Molecular regulators of exercise-mediated insulin 
sensitivity in non-obese individuals. J Cell Mol Med. 
2024;28(1):e18015. doi:10.1111/jcmm.18015. 

4.	 Manavi SP, Amiri T, Mozafaryan MJ. Narrative review role 
of flavonoids in diabetes. J Rev Med Sci. 2021;1(3):114. 
doi:10.22034/jrms.2021.366879.1016. 

5.	 Jakubiak GK, Osadnik K, Lejawa M, Osadnik T, Goławski 
M, Lewandowski P, et al. “Obesity and insulin resistance” is 
the component of the metabolic syndrome most strongly 

http://www.herbmedpharmacol.com


Journal of Herbmed Pharmacology, Volume 15, Number 3, July 2026            http://www.herbmedpharmacol.com300 

Ndlovu

associated with oxidative stress. Antioxidants (Basel). 
2022;11(1):79. doi:10.3390/antiox11010079. 

6.	 Zhao X, An X, Yang C, Sun W, Ji H, Lian F. The crucial 
role and mechanism of insulin resistance in metabolic 
disease. Front Endocrinol (Lausanne). 2023;14:1149239. 
doi:10.3389/fendo.2023.1149239. 

7.	 Cai XT, Zhu Q, Liu SS, Wang MR, Wu T, Hong J, et al. 
Associations between the metabolic score for insulin 
resistance index and the risk of type 2 diabetes mellitus 
among non-obese adults: insights from a population-based 
cohort study. Int J Gen Med. 2021;14:7729-40. doi:10.2147/
IJGM.S336990. 

8.	 Gao Y, Wu Y, Tie F, Wang H. Stilbenoids from fenugreek 
seeds alleviate insulin resistance by regulating the PI3K/
AKT/mTOR signaling pathway in a type 2 diabetes zebrafish 
model. Heliyon. 2024;10(13):e32007. doi:10.1016/j.
heliyon.2024.e32007. 

9.	 Kumar H, Dhalaria R, Guleria S, Sharma R, Cimler R, 
Dhanjal DS, et al. Advances in the concept of functional 
foods and feeds: applications of cinnamon and turmeric as 
functional enrichment ingredients. Crit Rev Food Sci Nutr. 
2025;65(6):1144-62. doi:10.1080/10408398.2023.2289645. 

10.	 Obayomi VO, Olaniran FO, Owa SO. Unveiling the role of 
functional foods with emphasis on prebiotics and probiotics 
in human health: a review. J Funct Foods. 2024;119:106337. 
doi:10.1016/j.jff.2024.106337. 

11.	 Nair A, Anish RJ, Moorthy SN. A review on the role of 
functional foods and derivatives for diabetes management. 
J Food Sci Technol. 2025;62(5):799-809. doi:10.1007/
s13197-025-06234-x. 

12.	 Salvia MG, Quatromoni PA. Behavioral approaches to 
nutrition and eating patterns for managing type 2 diabetes: 
a review. Am J Med Open. 2023;9:100034. doi:10.1016/j.
ajmo.2023.100034. 

13.	 Muzaffar H, Wani IA, Punoo HA. Dietary modifications 
and medicinal plant-based foods: a comprehensive review 
of their role in managing diabetes mellitus. Curr Food 
Sci Technol Rep. 2025;3(1):12. doi:10.1007/s43555-025-
00056-w. 

14.	 Petroni ML, Brodosi L, Marchignoli F, Sasdelli AS, Caraceni 
P, Marchesini G, et al. Nutrition in patients with type 2 
diabetes: present knowledge and remaining challenges. 
Nutrients. 2021;13(8):2748. doi:10.3390/nu13082748. 

15.	 Awuchi CG, Okpala COR. Natural nutraceuticals, especially 
functional foods, their major bioactive components, 
formulation, and health benefits for disease prevention: 
an overview. J Food Bioact. 2022;19:97-123. doi:10.31665/
JFB.2022.18317. 

16.	 Soumya NPP, Mini S, Sivan SK, Mondal S. Bioactive 
compounds in functional food and their role as therapeutics. 
Bioact Compd Health Dis. 2021;4(3):24-39. doi:10.31989/
bchd.v4i3.786. 

17.	 Saini T, Sharma S, Dash KK, Sandhu R, Dadwal V, Shams 
R, et al. Role of bioactive phytochemicals in plant seeds and 
leaves for diabetes control and prevention: a comprehensive 
review. Phytochem Rev. 2025;24:5083-108. doi:10.1007/
s11101-025-10065-1. 

18.	 Kakkar S, Tandon R, Tandon N. The rising status of edible 
seeds in lifestyle related diseases: a review. Food Chem. 
2023;405:134220. doi:10.1016/j.foodchem.2022.134220. 

19.	 Alasalvar C, Chang SK, Bolling B, Oh WY, Shahidi F. 

Specialty seeds: nutrients, bioactives, bioavailability, and 
health benefits: a comprehensive review. Compr Rev Food 
Sci Food Saf. 2021;20(3):2382-427. doi:10.1111/1541-
4337.12749. 

20.	 Tsuchiya K. Cardiovascular complications in insulin 
resistance and endocrine diseases. Endocr J. 2023;70(3):249-
57. doi:10.1507/endocrj.EJ22-0457. 

21.	 Karamanakos G, Kokkinos A, Dalamaga M, Liatis S. 
Highlighting the role of obesity and insulin resistance 
in type 1 diabetes and its associated cardiometabolic 
complications. Curr Obes Rep. 2022;11(3):180-202. 
doi:10.1007/s13679-022-00477-x. 

22.	 Hu R, Nong W, Huo P, Hu L, Jiang W, Yang Z, et al. 
Dendrobium nobile-derived polysaccharides stimulate the 
glycolytic pathway by activating SIRT2 to regulate insulin 
resistance in polycystic ovary syndrome granulosa cells. 
Int J Biol Macromol. 2024;278(Pt 2):134780. doi:10.1016/j.
ijbiomac.2024.134780. 

23.	 MS M, Naik RS, AP A, M P. Flax seeds (Linum 
usitatissimum): nutritional composition and health benefits. 
IP J Nutr Metab Health Sci. 2020;3(2):35-40. doi:10.18231/j.
ijnmhs.2020.008. 

24.	 de Falco B, Amato M, Lanzotti V. Chia seeds products: an 
overview. Phytochem Rev. 2017;16(6):745-88. doi:10.1007/
s11101-017-9511-7. 

25.	 Khalid W, Arshad MS, Aziz A, Rahim MA, Qaisrani TB, 
Afzal F, et al. Chia seeds (Salvia hispanica L.): a therapeutic 
weapon in metabolic disorders. Food Sci Nutr. 2023;11(1):3-
16. doi:10.1002/fsn3.3035. 

26.	 Kulczyński B, Kobus-Cisowska J, Taczanowski M, Kmiecik 
D, Gramza-Michałowska A. The chemical composition and 
nutritional value of chia seeds—current state of knowledge. 
Nutrients. 2019;11(6):1242. doi:10.3390/nu11061242. 

27.	 Adityas Trisnadi R, Wara Kushartanti B, Laksmi Ambardini 
R, Hardianto D, Sutapa P, Karakauki M, et al. The effect 
Salvia hispanica L seed extract on blood sugar levels in rats 
with moderate physical activity. Retos. 2023;51:117-123. 
doi:10.47197/retos.v51.99236. 

28.	 Madaan R, Bala R, Zandu SK, Singh I. Formulation and 
characterization of fast dissolving tablets using Salvia 
hispanica (chia seed) mucilage as superdisintegrant. Acta 
Pharm Sci. 2020;58(1):69-82. doi:10.23893/1307-2080.
APS.05805. 

29.	 Zare T, Fournier-Level A, Ebert B, Roessner U. Chia (Salvia 
hispanica L.), a functional ‘superfood’: new insights into its 
botanical, genetic and nutraceutical characteristics. Ann 
Bot. 2024;134(5):725-46. doi:10.1093/aob/mcae123. 

30.	 Chen J, Wang H. A systematical review of processing 
characteristics of chia seed: changes in physicochemical 
properties and structure. Food Biosci. 2024;59:103813. 
doi:10.1016/j.fbio.2024.103813. 

31.	 Din Z ud, Alam M, Ullah H, Shi D, Xu B, Li H, et al. 
Nutritional, phytochemical and therapeutic potential of chia 
seed (Salvia hispanica L.). A mini-review. Food Hydrocoll 
Health. 2021;1:100010. doi:10.1016/j.fhfh.2021.100010. 

32.	 Gebremeskal YH, Nadtochii LA, Natalia BE, Mensah EO, 
Kazydub NG, Soliman TN, et al. Comparative analysis of the 
nutritional composition, phytochemicals, and antioxidant 
activity of chia seeds, flax seeds, and psyllium husk. Food 
Biosci. 2024;61:104889. doi:10.1016/j.fbio.2024.104889. 

33.	 Balakrishnan G, Garg S, Ramesh B, Rajendran EGMG, 

http://www.herbmedpharmacol.com


      Journal of Herbmed Pharmacology, Volume 15, Number 3, July 2026http://www.herbmedpharmacol.com 301

Bioactive seeds for insulin resistance

Rathnakumar K. A comprehensive review of phenolic 
compounds in chia seeds and their applications in the 
food industry. Plant Foods Hum Nutr. 2025;80(1):46. 
doi:10.1007/s11130-024-01248-w. 

34.	 Singh A, Kumar V. Pumpkin seeds as nutraceutical and 
functional food ingredient for future: a review. Grain Oil 
Sci Technol. 2024;7:12-29. doi:10.1016/j.gaost.2023.12.002. 

35.	 Batool M, Ranjha MMAN, Roobab U, Manzoor MF, Farooq 
U, Nadeem HR, et al. Nutritional value, phytochemical 
potential, and therapeutic benefits of pumpkin (Cucurbita 
sp.). Plants (Basel). 2022;11(11):1394. doi:10.3390/
plants11111394. 

36.	 Tănase Apetroaei V, Pricop EM, Istrati DI, Vizireanu 
C. Hemp seeds (Cannabis sativa L.) as a valuable 
source of natural ingredients for functional foods—a 
review. Molecules. 2024;29(9):2097. doi:10.3390/
molecules29092097. 

37.	 Mostashari P, Mousavi Khaneghah A. Sesame seeds: 
a nutrient-rich superfood. Foods. 2024;13(8):1153. 
doi:10.3390/foods13081153. 

38.	 Pathak N, Rai AK, Kumari R, Bhat KV. Value addition 
in sesame: a perspective on bioactive components for 
enhancing utility and profitability. Pharmacogn Rev. 2014; 
8(16):147-55. doi:10.4103/0973-7847.134249. 

39.	 Yargholi A, Najafi MH, Zareian MA, Hawkins J, Shirbeigi L, 
Ayati MH. The effects of sesame consumption on glycemic 
control in adults: a systematic review and meta-analysis of 
randomized clinical trial. Evid Based Complement Alternat 
Med. 2021;2021:2873534. doi:10.1155/2021/2873534. 

40.	 Jafari A. From seed to solution: expert insights on sesame’s 
role in diabetes and beyond. J Diabetes Clin Res. 2025; 
7(1):52-59. doi:10.33696/diabetes.6.071. 

41.	 Rubiales D, Jimenez-Lopez JC. Editorial: biological and 
genetic basis of agronomical and seed quality traits in 
legumes. Front Plant Sci. 2022;13:1009980. doi:10.3389/
fpls.2022.1009980. 

42.	 Aatif M. Current understanding of polyphenols to enhance 
bioavailability for better therapies. Biomedicines. 2023; 
11(7):2078. doi:10.3390/biomedicines11072078. 

43.	 Fatima A, Singh P, Pandey VK, Singh R, Rustagi S. Exploring 
the significance of protein concentrate: a review on sources, 
extraction methods, and applications. Food Chem Adv. 
2024;5:100771. doi:10.1016/j.focha.2024.100771. 

44.	 Ghenabzia I, Hemmami H, Amor I Ben, Zeghoud S, Seghir 
B Ben, Hammoudi R. Different methods of extraction of 
bioactive compounds and their effect on biological activity: 
a review. Int J Sec Metab. 2023;10(4):469-94. doi:10.21448/
ijsm.1225936. 

45.	 Wardha AS, Kariyawasam KMGMM. Development of 
omega-3 alpha-linolenic acid (ALA)-rich peanut based 
butter using plant seeds: integration of flax, chia, and sesame 
seeds and assessment of its physicochemical and functional 
characteristics. Trop Agric Res Ext. 2024;27(4):236-43. 
doi:10.4038/tare.v27i4.5724. 

46.	 Gogna S, Kaur J, Sharma K, Bhadariya V, Singh J, Kumar V, 
et al. A systematic review on the role of alpha linolenic acid 
(ALA) in combating non-communicable diseases (NCDs). 
Nutr Food Sci. 2023;53(12):221-33. doi:10.1108/NFS-01-
2022-0023. 

47.	 Das UN. “Cell membrane theory of senescence” and 
the role of bioactive lipids in aging, and aging associated 

diseases and their therapeutic implications. Biomolecules. 
2021;11(2):241. doi:10.3390/biom11020241. 

48.	 Nazir S, Dhull SB, Sharma V. Extraction and characterization 
of omega fatty acids (as fixed oil) from various plants seeds 
(flaxseeds, chia seeds, chilli seeds, basil seeds, quince seeds). 
J Food Meas Charact. 2025;19(3):2063-76. doi:10.1007/
s11694-025-03100-4. 

49.	 Xu R, Molenaar AJ, Chen Z, Yuan Y. Mode and mechanism 
of action of omega-3 and omega-6 unsaturated fatty acids in 
chronic diseases. Nutrients. 2025;17(9):1540. doi:10.3390/
nu17091540. 

50.	 Valitova JN, Sulkarnayeva AG, Minibayeva FV. Plant 
sterols: diversity, biosynthesis, and physiological functions. 
Biochemistry (Mosc). 2016;81(8):819-34. doi:10.1134/
S0006297916080046. 

51.	 Bayar I, Akkoc S. A mini review on components of 
flax seed and their effects on breast cancer. J Agric Sci 
(Tarim Bilimleri Derg). 2024;30(2):205-15. doi:10.15832/
ankutbd.1349777. 

52.	 Abdulkhaleq SL. The impact of sesame seeds on human 
health. Pak J Life Soc Sci. 2024;22(1):4487-4502. 
doi:10.57239/PJLSS. 

53.	 Zietek T, Rath E. Inflammation meets metabolic disease: 
gut feeling mediated by GLP-1. Front Immunol. 2016;7:154. 
doi:10.3389/fimmu.2016.00154. 

54.	 Abdalqadir N, Adeli K. GLP-1 and GLP-2 orchestrate 
intestine integrity, gut microbiota, and immune system 
crosstalk. Microorganisms. 2022;10(10):2061. doi:10.3390/
microorganisms10102061. 

55.	 Sławińska N, Olas B. Selected seeds as sources of bioactive 
compounds with diverse biological activities. Nutrients. 
2023;15(1):187. doi:10.3390/nu15010187. 

56.	 Huang X, Wang N, Ma Y, Liu X, Guo H, Song L, et al. 
Flaxseed polyphenols: effects of varieties on its composition 
and antioxidant capacity. Food Chem X. 2024;23:101597. 
doi:10.1016/j.fochx.2024.101597. 

57.	 Babu S, Jayaraman S. An update on β-sitosterol: a 
potential herbal nutraceutical for diabetic management. 
Biomed Pharmacother. 2020;131:110702. doi:10.1016/j.
biopha.2020.110702. 

58.	 Prasad S, Sung B, Aggarwal BB. Age-associated chronic 
diseases require age-old medicine: role of chronic 
inflammation. Prev Med. 2012;54 Suppl:S29-37. 
doi:10.1016/j.ypmed.2011.11.011. 

59.	 Hao K, Wang J, Yu H, Chen L, Zeng W, Wang Z, et al. 
Peroxisome proliferator-activated receptor γ regulates 
lipid metabolism in sheep trophoblast cells through 
mTOR pathway-mediated autophagy. PPAR Res. 2023; 
2023:6422804. doi:10.1155/2023/6422804. 

60.	 Chen X, Gu J, Huang Y. High dietary intake of unsaturated 
fatty acids is associated with improved insulin resistance – 
a cross-sectional study based on the NHANES database. 
Lipids Health Dis. 2023;22(1):216. doi:10.1186/s12944-
023-01982-1. 

61.	 Cheng B, Feng H, Li C, Jia F, Zhang X. The mutual effect of 
dietary fiber and polyphenol on gut microbiota: implications 
for the metabolic and microbial modulation and associated 
health benefits. Carbohydr Polym. 2025;358:123541. 
doi:10.1016/j.carbpol.2025.123541. 

62.	 Rodríguez-Daza MC, Pulido-Mateos EC, Lupien-Meilleur 
J, Guyonnet D, Desjardins Y, Roy D. Polyphenol-mediated 

http://www.herbmedpharmacol.com


Journal of Herbmed Pharmacology, Volume 15, Number 3, July 2026            http://www.herbmedpharmacol.com302 

Ndlovu

gut microbiota modulation: toward prebiotics and further. 
Front Nutr. 2021;8:689456. doi:10.3389/fnut.2021.689456. 

63.	 Dey S, Dutta U. Antidiabetic efficacy and antioxidant 
potential of Tinospora cordifolia and Moringa oleifera 
against streptozotocin-induced type 2 diabetes in Wistar 
rats. J Herbmed Pharmacol. 2026;15(2):268-283. doi: 
10.34172/jhp.2026.53506.

64.	 Tantipaiboonwong P, Chaiwangyen W, Suttajit M, Kangwan 
N, Kaowinn S, Khanaree C, et al. Molecular mechanism of 
antioxidant and anti-inflammatory effects of omega-3 fatty 
acids in perilla seed oil and rosmarinic acid rich fraction 
extracted from perilla seed meal on TNF-α induced A549 
lung adenocarcinoma cells. Molecules. 2021;26(22):6757. 
doi:10.3390/molecules26226757. 

65.	 Wilkinson MS, Rollin TA, Kuriakose M, Haggerty-Goede 
RAL, Miller DM, Dunham-Snary KJ. Redox homeostasis in 
metabolic syndrome and type II diabetes: role of skeletal 
muscle and impact of gold-standard treatments. Int J Mol 
Sci. 2025;26(21):10370. doi:10.3390/ijms262110370. 

66.	 Chimento A, De Luca A, D’Amico M, De Amicis F, Pezzi 
V. The involvement of natural polyphenols in molecular 
mechanisms inducing apoptosis in tumor cells: a promising 
adjuvant in cancer therapy. Int J Mol Sci. 2023;24(2):1680. 
doi:10.3390/ijms24021680. 

67.	 Mohamed HS, El-Sayed Kholief T, Mohamed RW, El-
Rhman AA. The modulatory effects of black chia (Salvia 
hispanica) and garden cress (Lepidium sativum) seeds 
on Nε-CML formation in streptozotocin-injected rats. J 
Herbmed Pharmacol. 2023;12(2):250-61. doi:10.34172/
jhp.2023.27. 

68.	 Mostafa Abozid M. Pumpkin and sunflower seeds attenuate 
hyperglycemia and protect liver in alloxan-induced diabetic 
rats. Res J Pharm Biol Chem Sci. 2015;6(5):1269. 

69.	 Aslam S. Therapeutic effects of flax seeds (Linum 
usitatissimum) and chia seeds (Salvia hispanica) against 
hyperglycemia. Pure Appl Biol. 2022;11(3). doi:10.19045/
bspab.2022.110021. 

70.	 Kavyani Z, Pourfarziani P, Mohamad Jafari Kakhki A, 
Sedgh Ahrabi S, Hossein Moridpour A, Mollaghasemi N, 
et al. The effect of flaxseed supplementation on glycemic 
control in adults: an updated systematic review and meta-
analysis of randomized controlled trials. J Funct Foods. 
2023;110:105816. doi:10.1016/j.jff.2023.105816. 

71.	 Singh A, Kumari A, Chauhan AK. Formulation and 
evaluation of novel functional snack bar with amaranth, 
rolled oat, and unripened banana peel powder. J Food Sci 
Technol. 2022;59(9):3511-21. doi:10.1007/s13197-021-
05344-6. 

72.	 Habiba U, Robin MA, Hasan MM, Toma MA, Akhter D, 
Mazumder MAR. Nutritional, textural, and sensory quality 
of bars enriched with banana flour and pumpkin seed flour. 
Foods Raw Mater. 2021;9(2):282-9. doi:10.21603/2308-
4057-2021-2-282-289. 

73.	 Nowak W, Jeziorek M. The role of flaxseed in improving 
human health. Healthcare (Basel). 2023;11(3):395. 
doi:10.3390/healthcare11030395. 

74.	 Motyka S, Skała E, Ekiert H, Szopa A. Health-promoting 
approaches of the use of chia seeds. J Funct Foods. 2023; 
103:105480. doi:10.1016/j.jff.2023.105480. 

75.	 Turck D, Bohn T, Castenmiller J, De Henauw S, Hirsch-
Ernst KI, Maciuk A, et al. Safety of the extension of use of 
partially defatted chia seed (Salvia hispanica L.) powder 
with a high fibre content as a novel food pursuant to 
Regulation (EU) 2015/2283. EFSA J. 2023;21(4):e07904. 
doi:10.2903/j.efsa.2023.7904.

Copyright © 2026 The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution 
License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited.

http://www.herbmedpharmacol.com
http://creativecommons.org/licenses/by/4.0

