



A Review Article 
Phytoestrogens from Clinical Nutritional and Food Sciences Prospective
Abstract 

Phytoestrogens are a group of plant-derived chemical compounds produced naturally by a number of edible plants. Phytoestrogens are substances with large pharmacological and nutritional effects that are still unused widely and properly. Phytoestrogens mimic the effects of human's estrogen. Phytoestrogens can act as both agonists and antagonists of estrogen receptors, depending on the endogenous estrogen levels and type of receptor. Phytoestrogens found in foods such as flaxseeds, soybeans, and sesame seeds.  Phytoestrogens have been shown to have various health effects, including potential benefits for bone density, cardiovascular health, and menopausal symptoms. Literatures suggest that phytoestrogens may have therapeutic applications in managing conditions such as rheumatoid arthritis, osteoporosis, and certain types of cancer. However, their effects can vary depending on factors such as duration of consumption, dosage, and individual differences in metabolism. The key point of this review is to enhance the importance of the analysis of the effect of phytoestrogens on the human body. This review also will shade the light on the chemistry, classification, biosynthesis, and potential health effects of phytoestrogens, as well as their possible therapeutic applications and food analytical techniques for detection.
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Introduction and historical background 
Phytoestrogens are plant‐derived dietary compounds, found in several foods, mainly in flaxseeds and soy. In 1940, adverse effects on fertility were observed in sheep that had been grazing on phytoestrogens-rich plants in Western Australia.  It has been hypothesized that plants use phytoestrogens as part of their natural defense to control female fertility to prevent overpopulation by herbivore animals. In the early 1980s, it became clear that phytoestrogens could produce biological effects in humans. Estrogen is a hormone that plays essential effects in the women reproductive system.  It also participates in several processes in both males and females. Phytoestrogens are plants natural none-steroidal polyphenolic substances that imitate the estrogens' actions.   Phytoestrogens have an immediate effect after consumption through food. Accordingly, phytoestrogens are able to exert estrogen-like effect due to their chemical structure that similar to 17-β-estradiol. [1-4]
Phytoestrogens are not nutrients 

Due to the absence of deficiency syndromes that accompany a lack of phytoestrogens in the diet, and their none-participation in any biological functions, phytoestrogens cannot be deemed nutrients. They have (anti)-estrogenically affect in the body. Accordingly, phytoestrogens are classified as dietary supplement as benign and natural substitutes for estrogen replacement therapy. [5, 6]
Biosynthesis of phytoestrogens

Phytoestrogens are produced in plants as a defense mechanism against environmental stressors such as pathogens, dehydration, and UV radiation. Their biosynthesis involves the phenylpropanoid pathway, starting with phenylalanine and utilizing key enzymes included:
L-phenylalanine ammonia-lyase, Chalcone synthase (CHS), Chalcone reductase (CHR), and Chalcone isomerase (CHI.) All these enzymes play a essential role in the formation of phytoestrogens. [6,7]
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Figure (1): Biosynthesis of phytoestrogens
Classification of phytoestrogens

Phytoestrogens are naturally occurring plant compounds with structural and functional similarity to mammalian estrogens, and they are broadly classified into four main groups: isoflavones, lignans, coumestans, and stilbenes. Isoflavones, found abundantly in soybeans, chickpeas, and other legumes, include genistein, daidzein, and glycitein. They are represented the most biologically active phytoestrogens due to their strong binding with estrogen receptors. Lignans are present in sesame seeds, flaxseeds, whole grains, and berries; after ingestion, they are metabolized by gut microbiota into enterodiol and enterolactone, which exert weak estrogenic effects. Coumestans, such as coumestrol, occur in sprouting legumes like clover, alfalfa, and soy sprouts, and though less commonly consumed, they display potent estrogenic activity. Stilbenes, represented by resveratrol in grapes, red wine, and peanuts, exhibit not only estrogenic but also significant antioxidant properties. This classification highlights the diverse chemical structures and dietary sources of phytoestrogens, underlining their potential role in human health and disease prevention. [7-9]
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 Figure (2): Classification of phytoestrogens
Chemistry of phytoestrogens

Chemically, phytoestrogens are non-steroidal phenolic structures of plant origin. 

 Isoflavonoids
Genistein and daidzein are the main isoflavones. Genistein was initially extracted from the Genista tinctoria plant. It is found in the Fabaceae family. Coumestans, make distinct subclass of isoflavonoids, feature a unique oxygen-containing ring system and exhibit various pharmacological properties. Key coumestans include psoralidin, wedelolactone, coumestrol, and glycyrol. [10-11]
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Figure (3): Chemical structures of coumestans and isoflavonoids.

Flavonoids

Flavonoids are polyphenols.  They are synthesized only in plants such as ginger roots and tea. They are chemically hydroxylated phenolic compounds. They are more than 8000 flavonoid structures compounds that have been identified within the plant kingdom. [12]
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Figure (4): Chemical structures of flavonoids.

Stilbenes

Stilbenes consist of two benzene rings connected by an ethylene bridge. They are categorized into oligomeric and monomeric forms. A prominent stilbene derivative is resveratrol, existing in Trans and cis isomers. Resveratrol and other stilbenes, like piceatannol, are found in various plants, including Vitis vinifera (grapes), and passion fruit seeds (rich in piceatannol) that contain high levels of E-resveratrol. [11-13]
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Figure (5): Chemical structures of stilbenes.

Lignans

Lignans play a role in plant cell wall construction through lignin production. Lignans are composed of a dibenzylbutane skeleton. Studies on flaxseed lignans concluded specific stereochemistry, with matairesinol and secoisolariciresinol predominantly existing as one enantiomer. Lignans are not only found in plants but also in animal and human biological fluids such as blood, bile, and urine. [13-14]
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Figure (6): Chemical structures of lignans.

Other classes of phytoestrogens

In addition to mentioned phytoestrogens, several compounds that found in the plant kingdom and have estrogenic effects. Ginseng, a traditional remedy, contains compounds like saponins and triterpenoids, including ginsenosides Rb1 and Rg1. They exhibit estrogenic effects. However, these ginsenosides do not directly interact with estrogen receptors. They have alternative mechanisms for their estrogenic activity. [6, 11-14]
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Figure (7): Chemical structures of Ginsenoside Rg1.

Phytoestrogens consumption 

Phytoestrogen intake from diet varies across European regions. Northern Europe has a higher intake with around 0.76 mg/day. In the UK subjects are having a notably higher amount (4.04 mg/day). On the other hand, the Mediterranean diet, rich in fruits, and vegetables, have a lower isoflavone intake but a higher lignan intake, making lignans the primary phytoestrogen contributors in dietary pattern in this region.[15, 16] Table (1)  summarizes  the results obtained in five large epidemiological studies on the dietary intakes of isoflavones and lignans in various countries. It is expressed as mean ± SD by mg/day per person. [15, 16]
Table (1): Isoflavone and lignan intakes in various countries.

	Countries
	Isoflavones
	Lignans

	 (Greece, Spain, Italy, and Southern France)
	0.46 ± 0.05
	1.02 ± 0.01

	 (Northern France, Germany, the Netherlands, Denmark, Sweden, Norway)
	0.76 ± 0.03
	1.26 ± 0.01

	United Kingdom 
	2.34 ± 0.16
	1.60 ± 0.04

	China 
	40.8 ± 28.7 (women)
36.2 ± 24.4 (men)
	Not determined

	Japan (range) 
	20.8–46.2
	Not determined


Sources of phytoestrogens [17-19]
Table (2) The highest and most important sources of phytoestrogens in the diet.

	Phytoestrogens food sources
	Total phytoestrogens content (μg/100g)

	Flax seed
	379380

	Soy beans
	103920

	Soy nuts
	68730.8

	Tofu
	27150.1

	Soy yogurt
	10275

	Soy protein powder
	8840.7

	Sesame seed
	8008.1

	Flax bread
	7540

	Multigrain bread
	4798.7

	Soy milk
	2957.2

	Hummus
	993

	Garlic
	603.6

	Mung bean sprouts
	495.1

	Dried apricots
	444.5

	Alfalfa sprouts
	441.4

	Pistachios
	382.5

	Dried dates
	329.5

	Sunflower seed
	216

	Chestnuts
	210.2

	Olive oil
	180.7

	Almonds
	131.1

	Cashews
	121.9


Intestinal Absorption and Metabolism of Phytoestrogens
Phytoestrogens are usually ingested as inactive glycoside conjugates. Their metabolic pathway includes hydrolysis, transformation, conjugation, circulation, and enterohepatic circulation. Intestinal beta-glucosidase partially hydrolyzes the glycoside conjugates, while colonic flora completes the analysis, forming aglycones. Colonic microflora transfers aglycones into secondary metabolites and bacterial end-products. As a conjugation process; primary and secondary metabolites undergo glucuronidation or sulfation in the intestine and liver. Within the circulation system, conjugated metabolites enter the bloodstream, reach target tissues, and are excreted in urine or bile. Within the enterohepatic circulation; some metabolites may be reabsorbed or excreted in feces. Urinary dosage of phytoestrogen metabolites are used to determine their actual absorption, and bioavailability. It varies depending on intestinal flora. [20, 21]
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Figure (8): Absorption, metabolism, and excretion of phytoestrogens [10].

Mechanism of Action of Phytoestrogens
Estrogen receptors 

Phytoestrogens bind with estrogen receptors (ERs) as weak agonists, with a much lower binding ability than 17-β-estradiol. However, their high concentrations in the blood help them to act as both antagonists and agonists. Their biological activity is influenced by type of ER receptor (ERα or ERβ), and endogenous estrogen levels. Phytoestrogens' effects are influenced by modulation of membrane regulatory proteins, including heterotrimeric G proteins.  ERα and ERβ (Estrogen Receptor beta have different affinities for various phytoestrogens.  For example within Isoflavones, genistein has higher affinity for ERβ than ERα, daidzein has similar affinity for both ERα and ERβ, however slightly higher for ERβ, and glycitein prefer binding to ERβ.  In Lignans; enterolactone: has higher affinity for ERβ than ERα, while enterodiol has similar affinity for both ERα and ERβ.  Among coumestans, coumestrol has high affinity for both ERα and ERβ, with some literatures stating a slightly higher affinity for ERα Finally, stilbenes; resveratrol binds similarly to both ERα and ERβ, however, its metabolites may have different affinities. The different affinities of phytoestrogens for ERα and ERβ influence their biological effects, potential benefits and risks. [6, 22. 23]
Other possible modes of action
Some research concluded other possible modes of action of phytoestrogens. This includes, for example, the effects of genistein due to activation of AMP‐activated protein kinase (EC number 2.7.11.31) in cells exposed to genistein in vitro. This mode of action mainly contributes to the possible effects of phytoestrogens on metabolic syndrome, obesity, and type II diabetes.   Another mode of action includes the induction of antioxidant response. It leads to increased cellular defense against the toxicity. This mode of action may be related to protection against oxidative stress in cardiovascular disease and cancers induction. [24]
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Figure (9): Phytoestrogens mode of action 
Phytoestrogens and their therapeutic and health effects

Phytoestrogen effects on the immune system

Literature review suggests phytoestrogens, like genistein, can affect inflammation and immune responses. Studies have shown that genistein has suppressive effect on antigen-specific immune responses and lymphocyte proliferation. Also, soy milk consumption's impact on inflammatory markers, gut microbiota, and disease severity in ulcerative colitis patients. These results highlight phytoestrogens' potential therapeutic effects in managing inflammatory conditions. 
Phytoestrogens effects on SARS-CoV-2

Studies suggest that phytoestrogens may play a crucial role in stabilizing the renin-angiotensin-aldosterone system, through reducing the spread and replication of the coronavirus within the body. Further clinical research is recommended to confirm these findings. [6, 25]
Phytoestrogens effects on Rheumatoid arthritis 

Phytoestrogens may reduce inflammation of rheumatoid arthritis by suppressing NF-κB activity. The NF-κB signaling pathway involves: polyubiquitination of IκB proteins, phosphorylation of the iκbα/nf-κb complex, translocation of nf-κb, and release of inflammatory cytokines. Through inhibiting NF-κB, phytoestrogens may reduce inflammation and potentially minimise symptoms. [26]
Phytoestrogen effects on osteoporosis

Phytoestrogens may have bone-protective effects, potentially benefiting skeletal health. Some phytoestrogens such as genistein, daidzein, coumestrol have bone-sparing effects in animal models. However, their efficacy depends on duration, dose, and animal model. Furthermore, equol production by intestinal flora may increase benefits from soy isoflavones. Phytoestrogens may reduce bone remodeling; prevent osteoclast differentiation, and potentially helping to prevent osteoporosis. [27]
Role of phytoestrogens in reproduction

Phytoestrogens stimulate ovarian progesterone production. Also, phytoestrogens affect on pituitary and hypothalamic activity. They have potential impact on animal sexual development. Phytoestrogens also have role in inhibition of cell proliferation and promotion of apoptosis. Phytoestrogens may relief from menopausal symptoms including vasomotor symptoms, vaginal atrophy.  [26-28]
Phytoestrogens effects on Thyroid iodide uptake and thyroid gland function

Phytoestrogens, partmainlyicularly soy isoflavones including daidzein and genistein, may impact thyroid function. They have role in inhibition of thyroid peroxidase (TPO), affecting T3 and T4 hormones synthesis. Moreover, they have potential interference with iodide uptake. Furthermore, they may have possible increased risk for individuals with iodine deficiency or subclinical hypothyroidism. However, phytoestrogens' clear and direct impact on thyroid disorders is still being researched. [6, 29]
Effects of phytoestrogens on cardiovascular disease
Phytoestrogens may have cardiovascular positive effects such as reduction in cardiovascular disease risk, possible benefits in postmenopausal women. Observations studies from Asian populations with high soy diets suggest this positive protection. However: evidence is still inconclusive and limited. Differences between estrogens and phytoestrogens effects on cardiovascular health require further study. [6, 30]
Effects of phytoestrogens on obesity, metabolic syndrome and type 2 diabetes

Phytoestrogens may have positive effects on metabolic health including reduced insulin levels and insulin resistance, improved glucose metabolism, as well as potential benefits for menopausal women, particularly with genistein. However, further studies are needed to determine the long-term effects on obesity, metabolic syndrome, and type 2 diabetes, as well as distinguish phytoestrogens' effects from other dietary components. [29, 30]
Phytoestrogens effects on cancer

Phytoestrogens' role in cancer prevention is complex and ongoing studies still continuous.  Phytoestrogens have potential benefits include inhibition of angiogenesis and metastasis, anticancer effects through cell cycle modulation and apoptosis, and reduced risk of breast, prostate, gastric, lung, and thyroid cancers. However, there are conflicting findings regarding adverse effects of equol, possible increased breast cancer risk in sensitive individuals, and uncertainty regarding phytoestrogens' impact on estrogen-sensitive breast cancer. Accordingly, further research needed to investigation effects of specific compounds such as genistein, daidzein, and lignans with specific consideration of cancer types and individual differences. [6, 31-33]
Effects of phytoestrogens on brain function

Phytoestrogens' impact on neurological health is also complex. Potential positive effects include neuroprotective effects through estrogen-like mechanisms, potential benefits for brain health, especially in aging populations, and ositive effects on cognition, particularly with soy isoflavones and lignans. Inconclusive findings include conflicting results from cell culture, animal, and human studies. Factors that influence outcomes include age, gender, ethnicity, duration of consumption and menopausal status. Importance of metabolic capacity and equol production should be kept in consideration. Further investigation regarding clarification of phytoestrogens' effects on neurological health in different populations, as well as exploration of potential therapeutic applications for neurodegenerative diseases and cognitive decline should be done. [6, 34-35]
Phytoestrogens effects on Parkinson's disease

Phytoestrogens may have neuroprotective role in Parkinson's disease (PD) throughout promoting neurite outgrowth and neuronal survival, enhancing differentiation through neurotrophic factors, and activating estrogen receptors (ERα, ERβ, and GPER). All these effects may mitigate PD's progression by affecting underlying mechanisms like neuro-inflammation, oxidative stress, and mitochondrial dysfunction. [34]
Phytoestrogens effects on Anxiety and affective disorders

Phytoestrogens may have mood-modulating effects and anxiolytic, mainly in women, by inhibiting aromatase and tyrosine kinase at varying concentrations, exhibiting estrogen-like effects at high concentrations, and interacting with estrogen receptors (ERs) These effects belong to phytoestrogens' potential therapeutic applications in affective disorders and managing anxiety [32, 35]
Phytoestrogens effects on hormonally dependent disease

Phytoestrogens may affect hormone regulation by binding to sex hormone-binding globulin (SHBG), modulating endogenous steroid hormone production and bioavailability, and inhibiting enzymes (17β hydroxysteroid oxidoreductases, 5α-reductases, and aromatase). These effects may lead to potential therapeutic applications in hormone-related conditions. [2, 6, 36] 

Other possible actions associated with phytoestrogens

Phytoestrogens have various molecular and cellular effects. Molecular effects include antioxidant responses through Nrf2/Keap1 signaling pathway, control of genes involved in substrate delivery (PPARδ), regulation of triglyceride levels and energy homeostasis (PPARα), and lipogenesis and lipid synthesis (PPARγ). Cellular effects include kinase inhibition, potentially impacting disease-related pathways, modulation of nuclear receptors (PPARS), and activation of adenosine monophosphate-triggered protein kinases (AMPK). Potential Applications of cellular and molecular effects include antioxidant and anti-tumor effects, cardiovascular disease prevention, and wound healing and tissue repair. However, Phytoestrogens' effects are influenced by factors such as specific receptor binding (e.g., ERβ) and gene polymorphisms. [36, 34]
Various techniques for phytoestrogen extraction 

Phytoestrogen extraction methods include Ultrasonication-assisted extraction (UAE), Enzyme-assisted extraction (EAE), Supercritical fluid extraction (SFE), Conventional solvent extraction (maceration or Soxhlet), Solid-phase extraction (SPE), Microwave-assisted extraction (MAE), and Pressurized liquid extraction (PLE). Each method has its unique characteristics: UAE uses high-frequency ultrasound waves to enhance solvent penetration, EAE uses enzymes to degrade plant cell walls, SFE utilizes carbon dioxide above its critical point for selective extraction, SPE involves selective adsorption and elution for purification, MAE employs microwave energy to accelerate extraction, PLE applies heat and pressure to enhance extraction efficiency. Extraction efficiency is affected by several factors such as solvent concentration and type, pressure, sample size, extraction time, temperature, and interfering compounds. [38]
Analytical Techniques for Phytoestrogens in Food Matrix
Various analytical methods are used for phytoestrogen quantification and detection in food. Chromatographic methods include Gas chromatography-mass spectrometry (GC-MS), and High-performance liquid chromatography (HPLC), and Capillary electrophoresis.  Spectroscopic Methods include UV-vis spectroscopy, MALDI-TOF-MS, and IR spectroscopy. Immunoassay Methods include Time-resolved fluoroimmuno-assay, Radioimmunoassay, and Enzyme-linked immunosorbent assay (ELISA). Finally, Hyphenated Techniques which include LC-MS/MS (liquid chromatography-tandem mass spectrometry), GC-MS/MS (gas chromatography-tandem mass spectrometry). These methods have varying degrees of selectivity, sensitivity, and accuracy for phytoestrogen detection in food samples. [39]
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Figure (10): Analysis of phytoestrogens in plant and food samples
UAE = ultrasonication-assisted extraction; MAE = microwave-assisted extraction; SFE = supercritical fluid extraction; PLE = pressurized liquid extraction; EAE = enzyme-assisted extraction; LC = liquid chromatography; GC = gas chromatography; MS = mass spectrometry; MS/MS = tandem mass spectrometry.
Conclusion 

Phytoestrogens are plant-derived compounds with estrogen-like activity that interact with estrogen receptors and other cellular pathways, influencing a wide range of physiological processes. They are present in foods such as soy, flaxseed, and legumes and are metabolized by gut microbiota into bioactive forms. Evidence suggests potential benefits for menopausal symptoms, bone health, cardiovascular function, metabolic disorders, hormone-dependent cancers, and neurological health, though results are often inconsistent. Further well-designed studies are needed to clarify their efficacy, safety, and clinical relevance in humans.
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