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Abstract

:

Isoflavones are phytoestrogens of plant origin, mostly found in the members of the Fabaceae family, that exert beneficial effects in various degenerative disorders. Having high similarity to 17-β-estradiol, isoflavones can bind estrogen receptors, scavenge reactive oxygen species, activate various cellular signal transduction pathways and modulate growth and transcription factors, activities of enzymes, cytokines, and genes regulating cell proliferation and apoptosis. Due to their pleiotropic activities isoflavones might be considered as a natural alternative for the treatment of estrogen decrease-related conditions during menopause. This review will focus on the effects of isoflavones on inflammation and chronic degenerative diseases including cancer, metabolic, cardiovascular, neurodegenerative diseases, rheumatoid arthritis and adverse postmenopausal symptoms.
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1. Introduction


Isoflavones are polyphenolic plant-derived compounds acting as phytoestrogens due to their structural similarity to 17-β-estradiol [1]. They are found as secondary plant metabolites in a conjugated form mainly in the members of the Fabaceae family, such as soybeans (Glycine max (L.) Merr.), red clover (Trifolium pratense L.), white clover (Trifolium repens L.), alfalfa (Medicago sativa L.), various lupin (Lupinus) species and beans (Phaseolus vulgaris L.). Depending on the endocrine levels of estrogen in an organism, isoflavones can act as estrogen agonists (at low concentrations) or antagonists (at high concentrations) [2,3,4]. Isoflavones can interact with both estrogen receptors α and β, with a much higher affinity for the latter [5], and mimic the action of estrogens on target organs, thereby exerting many health benefits when used in some hormone-dependent diseases [3,5,6,7,8].



Isoflavones can alleviate many pathological conditions including cancer, metabolic, cardiovascular, neurodegenerative diseases, rheumatoid arthritis and adverse menopause symptoms (Figure 1). Recently, various aspects of isoflavones have been overviewed in detail in the following reviews [3,9,10,11,12,13]. Two mechanisms are implicated to be responsible for the beneficial effects of isoflavones—the estrogen receptor-mediated signaling pathway [2,7,8] and the modulation of other intracellular signaling pathways, e.g., phospholipase C, protein tyrosine kinase and mitogen-activated protein kinase [3,7,14,15].




2. Chemical Properties and Bioavailability of Isoflavones


Isoflavones form a group of distinct secondary metabolites produced predominately in leguminous plants. These secondary metabolites are formed by symbiotic relationship with the Rhizobia bacteria and the defense responses of leguminous plant [16]. Isoflavones are synthesized as part of the phenylpropanoid pathway, the same biosynthetic pathway of flavonoid biosynthesis [17]. The structures of the main isoflavones are presented in Figure 2.



Isoflavones contain 12 different isoforms that are divided into four chemical forms (Figure 3 and Table 1): aglycones, 7-O-glucosides, 6″-O-acetyl-7-O-glucosides and 6″-O-malonyl-7-O-glucosides [18]. It is also possible for any conjugated isoflavone to generate the aglycone form by cleavage of the glycosidic bond.



Some glycosides, including malonyl- and acetyl-isoflavones, are particularly unstable (Table 1). The use of drastic temperatures, pressure conditions and long extraction times may cause the degradation of isoflavonoids conjugates, changing the isoflavone profile. In addition, chemical hydrolysis leads to a marked increase in the concentration of aglycones present in the sample at the expense of the glucosides and hence augment the available amount of aglycones to be extracted [19,20].



Isoflavones in glycoside form are poorly absorbed in the small intestine, due to their higher molecular weight and hydrophilicity. However, gut microflora plays an important role in the bioconversion of isoflavones. Bacteria, mainly Bifidobacterium and Lactobacillus strains present in the gastrointestinal tract hydrolyze isoflavones to their corresponding bioactive aglycone forms [21,22]. Once hydrolyzed, aglycone forms are absorbed in the upper gastrointestinal tract by a passive diffusion [21].



Genistein and daidzein (aglycones) can be produced from their glucosides or from the precursors biochanin A and formononetin by intestinal β-glucosidase, these compounds are extensively metabolized in the intestine and liver [23]. After ingestion and hydrolysis, aglycones are absorbed in the small intestine completely in part or further metabolized into other metabolites (sulfonic or glucuronic acid conjugates) during demethylation and reduction reactions [24,25]. Along with bacterial metabolism, isoflavones are metabolized by phase-I and II isoenzymes in liver. Aglycones daidzein and genistein undergo hydroxylation catalyzed by Phase-I enzymes (cyptochrome P450) and glycitein is metabolized to mono- or di-hydrozylated glycitein metabolites [26].



Nevertheless, pharmacokinetic studies confirm that healthy adults absorb isoflavones rapidly and efficiently. The average time to ingested aglycones reach peak plasma concentrations in about 4–7 h, which is delayed to 8–11 h for the corresponding β-glycosides. Despite the fast absorption, isoflavones or their metabolites are also rapidly excreted [21]. The metabolites of daidzein found in human urine after soy supplementation are equol, O-desmethylangolensin, dihydrodaidzein and 4′,7-dihydroxyisoflavan-4-ol. Genistein is metabolized to dihydrogenistein and 2′,4′,6′,4″-tetrahydroxy-α-methyldeoxybenzoin. While equol and O-desmethylangolensin are considered as end products of the metabolism of daidzein, the metabolism of genistein has been shown to proceed to 2-(4-hydroxyphenyl)-propanoic acid and trihydroxybenzene by C-ring fission. The glycitein is metabolized to dihydroglycitein, 2′,4′,4″-trihydroxy-5′-methoxy-α-methyldeoxybenzoin and 6′-methoxy-4′,7-dihydroxyisoflavan. These compounds levels found in urine samples are much lower than genistein and daidzein metabolites, but still suggests that glycitein is converted to reduced metabolites by gut microflora [25].



Across the results of different studies there remain some inconsistencies regarding the factors that affect isoflavone bioavailability in humans, mainly due to the use of different study designs and diverse food sources of isoflavones in intra- and inter-studies [27]. For example, it was reported that fermented soy foods may enhance the absorption of isoflavones among the people who consume fermented soybean compared to those consuming non fermented soybean. It was explained that probiotic effects of fermented foods may result in an increase in the gut bacterial population [22].



Although isoflavones are potential endocrine disrupters and become cytotoxic at high doses [28], at physiological concentrations they are safe to use, only mild adverse gastrointestinal effects have been reported [11].




3. The Effects of Isoflavones in Inflammation


Inflammation is a rapid biological response of body tissues to harmful stimuli it is also known to be involved in a lot of diseases: obesity, atherosclerosis, rheumatoid arthritis, and even cancer [29]. Inflammation increases the vascular permeability resulting in the leukocyte migration into the injured tissues. The inflammatory mediators like tumor necrosis factor (TNF)-α, interferon (IFN)-γ, interleukins (IL) as well as chemokines play an important role in inflammation [30]. Steroidal or non-steroidal anti-inflammatory drugs are currently used for the inflammation treatment, but occasionally these drugs are accompanied with side effects, and also, they are not considered as a good clinical choice for the treatment of the chronic inflammatory disorders [19].



In alternative medicine crude plant extracts are used for the treatment of a wide variety of disorders including acute and chronic inflammation [31]. Recent investigations have demonstrated that the active constituents of these extracts exhibit not only anticancer, antimicrobial, and antiviral effects but also anti-inflammatory activity both in vitro and in vivo [32,33,34].



It was speculated that isoflavones may act as anti-inflammatory agents because they can down-regulate cytokine-induced signal transduction [35] (Figure 4).



In a study by Chacko et al., it was reported that anti-inflammatory activity exerted by the isoflavone genistein involved inhibition of monocyte adhesion to cytokine-activated endothelial cells. This antiadhesive effect of genistein was dependent on the flow and was mediated via activation of peroxisome proliferator-activated receptor gamma (PPAR-γ) [33]. In recent years, an increasing number of investigations have consistently proven that isoflavones exhibit anti-inflammatory function [33]. The studies demonstrated that the specific isoflavones appeared to exhibit different effects on inflammatory processes. For example, IFN-γ induced signal transducer and activator of transcription 1 (STAT1) phosphorylation was reduced in human epithelial colorectal adenocarcinoma cells upon treatment with genistein [36]. Similarly, Jantaratnotai et al. concluded that genistein and daidzein possessed anti-inflammatory effects against lipopolysaccharide-activated microglia. These effects were mediated through inhibition of inducible nitric oxide synthase (iNOS) expression via the transcription factors, interferon regulatory factor-1 and phosphorylated STAT1 as well as a reduction in monocyte chemoattractant protein-1 (MCP-1) and IL-6 expression [37]. It was determined by Gredel et al. that isoflavone metabolites like equol can downregulate inflammatory cytokine production (IL-6, IL-8, TNF-α, IL-12) in several different immune cell subtypes [38].



In animal trials with isoflavones the potential therapeutic properties of isoflavones against D-galactosamine-induced inflammation and hepatotoxicity has been evaluated [39]. Isoflavones reduced the levels of nitric oxide (NO) and prostaglandin E2 (PGE2), and suppressed the production of D-galactosamine-induced proinflammatory cytokines, including TNF-α and IL-1β in male Wistar rats [39].



In human trials, 32 healthy and non-obese postmenopausal women without hormone therapy were randomly assigned to exercise and placebo or exercise and isoflavone supplementation (100 mg) groups [40]. Blood samples were analyzed for the lipid profile, interleukin-6, interleukin-8, superoxide dismutase, total antioxidant capacity, and thiobarbituric acid reactive substances. The results of the study showed that isoflavones did not promote additive or independent effects on the lipid profile and on inflammatory and oxidative stress markers in non-obese postmenopausal women, but the intake of the isoflavones was relatively low and the research was too short for detecting the effects of isoflavone supplementation associated with the combined exercise [40]. In other study, with obese and overweighed woman, where 34 were assigned to exercise and placebo or exercise and isoflavones groups, the results were more promising [41]. The results showed an increase in TNF-α, but isoflavones enhanced the beneficial effects of mixed-exercise training on body composition and C-reactive protein in overweight or obese postmenopausal women [41]. When the subjects received isoflavone-containing soy-based nutritional supplements (soy group) or isoflavone-free milk protein (control group) for 8 weeks, isoflavone-rich diet reduced the markers of inflammation (C-reactive protein, IL-6 and TNF-α) in the soy group [42].



Thus, isoflavones could act as anti-inflammatory agents in various in vitro and in vivo models of inflammation.




4. The Role of Isoflavones in Chronic Degenerative Diseases


Genistein, daidzein, and glycitein are the three most bioavailable isoflavones and there is a growing evidence in their protective effects in alleviating chronic-degenerative diseases [43]. The main molecular targets of isoflavones include caspases, B-cell lymphoma 2 (Bcl-2) protein, Bcl-2-associated X protein, nuclear factor-κB (NF-κB), various components of signal transduction pathways, e.g., phosphoinositide 3-kinase/Akt, extracellular signal-regulated kinase (ERK)1/2, mitogen-activated protein kinase (MAPK) and Wnt/β-catenin [44].



4.1. Effects of Isoflavones in Cancer


In the past two decades isoflavones have been intensively studied due to their potential beneficial effects in cancer. Isoflavones are antioxidants [45], estrogen agonists/antagonists [46,47], topoisomerase inhibitors [48] and inhibitors of tyrosine kinases [49]. It has now been well recognized that isoflavone could target multiple pathways to induce apoptotic cell death. Apoptosis is a programed cell death, which occurs in cells during development and normal cellular processes but is suppressed in cancer. Multiple signaling pathways are impaired in tumor cells, leading to uncontrolled cell proliferation and resistance to apoptosis [50]. Isoflavones can activate apoptosis and enhance the anti-tumor effects of chemotherapeutic agents [51]. Different studies demonstrated that isoflavones could be useful either alone or in combination with conventional therapeutics for the prevention of tumor progression and/or treatment of the most human malignancies [51,52]. Isoflavones have been shown to reduce the risk of hormone-dependent tumors due to their potential estrogen-antagonistic effects [53]. The effects of isoflavones have been studied in different cancer cell lines, animal models and humans during clinical trials. Several clinical trials have been conducted to investigate the toxicity and effects of isoflavones in healthy men and women and in patients with prostate, breast, ovarian and colon cancer [54].



Isoflavones can bind to estrogen receptors (ER) and it provoked concerns that their use may lead to the development of estrogen-sensitive malignancies, especially in women at high risk or with breast cancer [55]. However, in vitro studies have shown that the proliferation of breast cancer is dependent on increased α-ER activity, and β-ER appears to inhibit α-ER-induced cancer cell proliferation [55]. Isoflavone derivatives generally induce receptor-dependent transcription and the induction is stronger with β-ER than with α-ER. The interactions of isoflavones with ER have been confirmed by studies in various cancer cell lines [56,57]. Reiter et al. conducted in an vitro study showing antiproliferative effects of red clover isoflavone extract in different human cancer cell lines: colon, prostate, breast, cervix, liver, pancreas, stomach, and ovaries [58]. In this study, the decreased rather than increased cell proliferation has been observed in the ER-positive MCF-7 breast cancer cells that grow under pre- and post-menopausal conditions [58]. Therefore, these results indicate that isoflavones do not pose a health risk.



In human studies, research has shown that soy isoflavones can improve prognosis in breast cancer patients. Chi et al. conducted analysis which revealed that isoflavone consumption (from soy food) may be a potential treatment option for ER negative, ER positive/progesterone receptor positive, and postmenopausal patients [59]. The results of the investigation performed by Guha et al. demonstrated that breast cancer recurrence was reduced with increasing amounts of daidzein consumption in a prospective cohort study of postmenopausal women who were treated at some point with tamoxifen [60]. It also was determined that protective effects of soy were stronger in postmenopausal women compered to premenopausal women [60].



Thus, isoflavones might be considered as potential bioactive compounds in the alternative therapies for the treatment and prevention of the hormone-related cancers.




4.2. Effects of Isoflavones in Metabolic Diseases


Isoflavones upregulate fatty acid metabolism, insulin sensitivity and adipocyte differentiation whereas they suppress type II diabetes and obesity [61]. Furthermore, isoflavones can modulate inflammation and NAD+ metabolism via endocrine and paracrine signaling pathways [62].



Genistein activated insulin secretion in pancreatic islets of neonate and adult mice [63], cAMP production and protein kinase A in pancreatic islet’s cell linings [64]. Furthermore, genistein was capable to decrease blood glucose levels [65] and to impair insulin binding to its receptor [66]. Genistein directly suppressed the insulin-induced glucose passage in 3T3-L1 adipocytes [67]. Moreover, genistein diminished insulin levels, the insulin resistant index and serum glucose, simultaneously decreasing transforming growth factor beta (TGF-β) concentration in ovariectomized rats [68]. Genistein suppressed the cAMP-activated cortisol synthesis in adult adrenocortical cell line H295 [69]. Genistein decreased glucocorticoid-induced obesity marker leptin production, and ERK1/2 phosphorylation upregulated adiponectin production [70]. Genistein was capable to increase adiponectin production, but to decrease leptin production in human synovial fibroblasts [71]. Isoflavones exerted a beneficial effect on lipid and glucose metabolism by activating PPAR in obese rats with type II diabetes [72]. PPARγ activation is very important for the modulation of insulin sensitivity and blood glucose homeostasis [73]. Isoflavones could also activate receptors involved in fatty acid β-oxidation modulation—PPARα and PPARδ [74]. Daidzein and genistein suppressed gluconeogenic enzyme activity in the liver and activated glucose-6-phosphate dehydrogenase and the malic enzyme, thus increasing hepatic glycogen amount, lowering blood glucose concentration and inhibiting the hepatic fatty acid β-oxidation in non-obese diabetic mice [75,76]. Genistein was found to increase the activities of catalase, superoxide dismutase, and glutathione peroxidase in livers of streptozotocin-induced diabetic rodents thus stimulating insulin sensitivity [77,78].



Epidemiological studies have shown that the increased intake of dietary soy isoflavones decrease diabetes cases and augment tissue sensitivity to insulin [79]. Short-term isoflavone-rich soy protein supplementation (30 g/day) improved glycemic control, reduced insulin resistance and lowered low-density lipoprotein cholesterol in postmenopausal women with type 2 diabetes mellitus in a double-blind, placebo-controlled cross-over study [80]. Additionally, higher intake of soy was associated with a reduced risk of type 2 diabetes mellitus in a prospective, population-based study of middle-aged Chinese women [81]. Thus, isoflavones might be beneficial in reducing risk of and/or alleviating the metabolic diseases.




4.3. Effects of Isoflavones in Cardiovascular Diseases


Cardiovascular diseases: hypertension, dyslipidemia, coronary heart disease, and heart insufficiency are among the main causes of death in the world [82]. A soy-rich diet (at least 25 g of soy protein daily) has been shown to reduce the risk of cardiovascular diseases [83,84,85]. The beneficial activity of isoflavones for heart has been linked to their antioxidant, anti-inflammatory activities, enhanced vasodilation and inhibited platelet aggregation (Figure 5) thus preventing thrombosis and occlusion of blood vessels [12,86].



Nitric oxide produced by endothelial cells present in the inner surface of the blood vessels is a powerful vessel dilator, however this function is impaired under pathological conditions [87]. β-ER are present in the blood vessel endothelium and could be readily bind by isoflavones [88]. Isoflavones may upregulate endothelial nitric oxide synthase (eNOS) [89,90] and enhance NO production [91], thus reducing elevated blood pressure due to vasodilating activity [92]. 1–10 mM of genistein activated eNOS and increased NO production in human endothelial cells [93]. Genistein was also suggested to inhibit the NF-κB pathway [94]. Daidzein (40 mM) could suppress high-glucose–induced inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), and NF-κB expression in human endothelial cells, decreasing lipid peroxidation, reactive oxygen species (ROS) production and increasing NO levels [95]. The meta-analysis revealed that isoflavones could lower elevated blood pressure but had no effect on blood pressure under normal conditions [96]. Another meta-analysis demonstrated that isoflavones could increase flow-mediated dilation and improved endothelial function [97]. Isoflavones decreased systolic blood pressure thus protecting from cardiovascular disturbances [13,98,99]. Isoflavones might neutralize hydrogen peroxide in the cells due to their antioxidant activity thus modulating thromboxane production via the COX-1 pathway [100]. Isoflavones could also inhibit platelet-ADP collagen receptors, thus enhancing fibrinogen bin-ding to platelet surface receptors and leading to the decreased platelet aggregation and lowered probability of thrombosis [100,101,102].



Isoflavones-induced decrease in cholesterol could protect the endothelium of blood vessels [103]. Total decreases of 9.3% in total cholesterol, 12.9% in low-density lipoprotein and 10.5% in triglycerides have been reported in a meta-analysis of 38 research studies where on the average 50 g of soy protein was taken daily [104]. Similar decreases were observed in other studies demonstrating decreases in cholesterol, LDL and triglycerides [105,106,107,108,109]. However, the data are contradictory, and several meta-analysis studies reported no isoflavone-induced changes in serum lipid profile [84,110]. Thus, the beneficial effects of isoflavones in the cardiovascular system might be related to their ability to protect against LDL oxidation rather than to the direct modulation of their concentrations in the blood [111,112,113].



Thus, isoflavones are promising cardioprotective compounds although more detailed studies are required to clearly confirm their beneficial effects in humans.




4.4. Effects of Isoflavones in Neurodegenerative Diseases


Estrogen receptors have been found in the central nervous system, suggesting a role for estrogens in the functions of learning and/or memory. Consequently, isoflavones may exert beneficial effects on the cognitive function, because they structurally resemble 17β-estradiol [114]. In the study of White et al. it was reported that estrogen may play a role in repairing age-related brain tissue degradation, particularly in the structures linked to the memory and executive function such as the neocortex and hippocampus [115]. Pathological cognitive aging, such as Alzheimer’s disease share many risk factors with cardiovascular disease, probably allowing phytoestrogens to exert protection on the brain through these mechanisms [116].



Cognitive decline is related to the aging processes [117]. In women cognitive decline is linked to the loss of estrogen during and after the menopause [118] and its impaired modulation of cellular functions [119]. Estradiol activity is important in the formation of dendritic spines and synapses in brain [120]. The dietary intake of soy isoflavones have been shown to exert neuroprotective activity in mice [121] and rats [122,123], although supplementation with high doses (20 mg/day) were cytotoxic due to apoptotic activity and increased levels of the marker of neuronal damage—lactate dehydrogenase [124]. Genistein was neuroprotective and had less adverse effects compared to the synthetic estradiol in the cerebral cortex of elderly rats model [125]. Daidzein inhibited apoptosis and could reverse toxic effects of glutamate in neuronal cells acting via G protein-coupled estrogen receptor 1 (GPER-1) and ERα, whereas genistein had an influence on the development of hypothalamic neurons, by increased neuritic arborization through the ERα, ERβ and GPER1 in vitro [126]. Genistein could prevent inflammation and alleviate Alzheimer’s disease in preclinical models. Genistein increased expression levels of PPARγ thus preventing inflammation in cultured astrocytes [127]. Activated PPARγ decreased the expression levels of NF-κB [128]. The expression levels of pro-inflammatory cytokines such as iNOS, COX-2, TNF-α, IL-1β, IL-6 were decreased in astrocytic glial cells [127,129], in hippocampal neurons [130], in cortical neurons [131] treated with genistein in vitro. Thus, isoflavones could protect from neuronal inflammation.



Henderson et al. conducted double-blind soy isoflavones trial with 350 healthy postmenopausal women [132]. Women in the study received daily 25 g of isoflavone-rich soy protein (91 mg of aglycone weight of isoflavones: 52 mg of genistein, 36 mg of daidzein, and 3 mg glycitein) or milk protein matched placebo. After the study authors concluded that long-term dietary soy isoflavone supplementation in a dose comparable to that of traditional Asian diets has no effect on global cognition but may improve visual memory [132]. In another study, sixty-five men and women over the age of 60 were treated with 100 mg/day soy isoflavones, or matching placebo capsules for six months [133]. The study was conducted to examine the potential cognitive benefits of soy isoflavones in patients with Alzheimer’s disease (52.3% women, and 47.7% were apolipoprotein E ε4 positive). The study demonstrated that the treatment with soy isoflavones had no significant effects on the cognition in older men and women with Alzheimer’s disease [133]. The study of Kritz-Silverstein et al. with postmenopausal women showed more promising results [134]. The research was conducted for 6 months and it was double-blind, randomized and placebo-controlled. A total of 56 women were randomized into two groups (placebo group and active treatment group). Women randomized to the active treatment group (n = 27) took two pills per day, each containing 55 mg of soy-extracted isoflavones (110 mg total isoflavones per day). Women assigned to the placebo group (n = 26) took two identical-appearing pills per day containing inert ingredients. The results suggested, that isoflavone supplementation had a favorable effect on cognitive function, particularly verbal memory, in postmenopausal women [135].



However, despite that the neuroprotective effects of isoflavones have been observed in vitro in various cell cultures and in animal models, the results from the clinical trials in humans were contradictory [136] and more studies could be recommended to be able to draw the conclusion about the beneficial effects of isoflavones in neurodegenerative diseases [3]. Moreover, the use of high-throughput screening [137] and the computer-aided drug design [138] could also be valuable tools for the investigation of potential isoflavone-interacting proteins and their active sites. Furthermore, the recent discovery of the glymphatic system, which promotes the efficient elimination of soluble proteins and metabolites from the central nervous system [139,140] and has been suggested to have a role in neurodegenerative diseases [141], as well as the participation of water channel aquaporin 4 in the regulation of the glymphatic system [140,142] could be of interest as possible targets of isoflavones to be investigated in the future [143].




4.5. Effects of Isoflavones in Rheumatoid Arthritis


Rheumatoid arthritis is a chronic autoimmune disease usually diagnosed for people around 60 years old that affects more women than men [144]. Inflammation impairs flexible joints and tissues causing joint swelling, stiffness and pain during the development of the disease [145]. The cellular mechanisms involved in rheumatoid arthritis are linked to the function of monocytes, macrophages and T cells, the suppressed immune response being a marker of the disease progression [146]. The strategy used for the inflammation treatment usually involves the neutralization of pro-inflammatory cytokines [147]. Isoflavones have been shown to suppress inflammation via interaction with various molecular targets [12,24,86,148].



The studies of Verdrengh et al. revealed that subcutaneous injection of genistein (30 mg/kg body weight) suppressed the inflammation in collagen-induced arthritis model in rats modulating the functions of granulocytes, monocytes, and lymphocytes [35]. Furthermore, genistein exerted the anti-leptin activity inhibiting inflammation in rheumatic diseases model [149]. Additionally, the elevated levels of IL-1β or TNF-α-activated MMP-9 and MMP-2 in rheumatoid synoviocytes were significantly reduced by genistein treatment [150]. Moreover, genistein decreased a Th1-predominant immune response in collagen-induced rheumatoid arthritis model in rats via suppression of the secretion of interferon-gamma (IFN-α) and IL-4 [151]. In the study of Cheng et al., genistein suppressed IL-6-induced vascular endothelial growth factor (VEGF) expression and angiogenesis partially through the Janus kinase 2 (JAK2)/STAT3 pathway in rheumatoid arthritis model in MH7A cells in vitro [152]. 20 mg/kg genistein or daidzein gavaged to the female DBA1/J mice in collagen induced arthritis model exerted protective effects by increasing IgG glycosylation leading to amelioration of inflammation and inhibiting the NF-κB pathway and NFATc1/c-Fos thus decreasing the activity of osteoclasts [153]. In the study of Hu et al., 5 mg/kg of genistein was administered for 12 days to DBA/1 mice subjected to collagen-induced arthritis [154]. The results revealed that genistein suppressed the expressions of IL-1β, IL-6 and TNF-α in the serum and decreased VEGF expression, inhibited angiogenesis in the synovial tissue [154]. In an experimental model of collagen-induced rheumatoid arthritis in Wistar albino rats, a suspension of daidzein (20 mg/kg body weight) was orally administrated twice daily for 21 days, resulting in the decreased inflammatory markers and arthritis scoring [155].



Activation of osteoclasts and overexpression of cytokine-induced destructive enzymes of matrix metalloproteinase (MMP) family are linked to the collagen degradation and bone erosion which further causes joint destruction in rheumatoid arthritis [148,156]. A total of 50 μM genistein was able to decrease the expression of most of MMPs in MCF-7 and PC3 cells [157] and upregulate the expression of osteoprotegerin [158]. Furthermore, genistein (0.1 to 10 μM) suppressed osteoclastogenesis and activated apoptosis of mature osteoclasts in mouse marrow culture [159]. In addition, 10 μM of genistein could stimulate differentiation and mineralization of osteoblasts and activated protein synthesis in osteoblasts in vitro [160]. The effects of equol administration were investigated on the inflammatory response and bone erosion in mice with collagen-induced arthritis [161]. The results showed the decreased severity of arthritis symptoms [161].



Thus, the in vitro and animal studies of the effects of isoflavones in rheumatoid arthritis support these compounds as potential natural remedies that could be used as the complementary treatment in this disease.




4.6. Effects of Isoflavones in Other Degenerative Diseases


Osteoporosis is a degenerative skeletal disease characterized by deteriorating bone microarchitecture, low bone mineral density and greater bone resorption than bone formation [162]. Decreased estrogen levels in post-menopausal women are a critical risk factor for osteoporosis development among older female adults. However, it is well established in the literature that hormone replacement therapy significantly increases the risk of both fatal and non-fatal cardiovascular disease as well as breast cancer [163,164].



Atkinson et al. conducted randomized, double-blind, and placebo-controlled study, involving 205 women [165]. The results showed that women taking red clover isoflavonoids (43.5 mg/d) for 12 months had lower reductions in lumbar spine mineral content and bone density compared with the placebo-controlled group. An increase in the markers of bone formation was also observed [165]. In other randomized, double blind clinical trial with 46 postmenopausal women the effects of phytoestrogens on lipid and bone metabolism were observed [166]. Women received a randomized dose of isoflavonoids of 28.5, 57, or 85.5 mg/d for 6 weeks. After 6 weeks of isoflavone therapy, an increase in bone density was observed compared to the control. Subjects treated with 57 mg/d of isoflavones had an increase in bone density of 4.1%, those treated with 85.5 mg/d had a 3% increase in bone density, and those treated with 28.5 mg/d had a negligible change in bone density [166].



Isoflavones have been shown to reduce menopausal symptoms like hot flashes, and this effect is linked to the estrogenic activity of isoflavones. However, in the study of Nissan et al. it was discovered, that isoflavones can bind to µ- and δ-opiate receptors. This mechanism could help explain the positive effects of isoflavones on menopausal symptoms as the opioid system regulates temperature, mood and hormone levels [167].



Isoflavone daidzein has been shown to stimulate the hyaluronic acid production and to protect the skin from oxidative damages induced by ultraviolet radiation following topical application. Therefore, daidzein seems to be a promising agent for skin aging prevention, especially for postmenopausal women [168].



Thus, isoflavones might serve as natural remedies in alleviating menopause-related symptoms without the risk of side effects that are common during the use of synthetic estrogen as a hormone replacement therapy.





5. Conclusions and Future Perspectives


Isoflavones are potent phytoestrogens and antioxidants capable to protect cells and restore their normal functions in many pathological conditions. Isoflavones decrease inflammation, suppress oncogenic processes, and exert beneficial effects during aging and estrogen depletion. Although more human trials would be beneficial to support the use of isoflavones in alternative therapies, due to their pleiotropic activities isoflavones might be considered as natural alternatives protecting from the degenerative diseases.







Author Contributions


Conceptualization, J.B., J.A.K. and D.M.K.; Literature Review and Resources, J.B., J.A.K. and D.M.K.; Writing—Original Draft Preparation, J.B., J.A.K. and D.M.K.; Writing—Review and Editing, J.B., J.A.K. and D.M.K.; Visualization, J.B., J.A.K. and D.M.K.; Supervision, J.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors wish to thank Pharmaceutical and Health technology Open access center for the support of this study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Manach, C.; Scalbert, A.; Morand, C.; Rémésy, C.; Jiménez, L. Polyphenols: Food sources and bioavailability. Am. J. Clin. Nutr. 2004, 79, 727–747. [Google Scholar] [CrossRef] [PubMed]

	



Martin, P.M.; Horwitz, K.B.; Ryan, D.S.; McGuire, W.L. Phytoestrogen interaction with estrogen receptors in human breast cancer cells. Endocrinology 1978, 103, 1860–1867. [Google Scholar] [CrossRef] [PubMed]

	



Petrine, J.C.P.; Del Bianco-Borges, B. The influence of phytoestrogens on different physiological and pathological processes: An overview. Phytother. Res. 2021, 35, 180–197. [Google Scholar] [CrossRef] [PubMed]

	



Potter, J.D.; Steinmetz, K. Vegetables, fruit and phytoestrogens as preventive agents. IARC Sci. Publ. 1996, 139, 61–90. [Google Scholar]

	



Barnes, S.; Boersma, B.; Patel, R.; Kirk, M.; Darley-Usmar, V.M.; Kim, H.; Xu, J. Isoflavonoids and chronic disease: Mechanisms of action. Biofactors 2000, 12, 209–215. [Google Scholar] [CrossRef] [PubMed]

	



Davis, D.D.; Díaz-Cruz, E.S.; Landini, S.; Kim, Y.-W.; Brueggemeier, R.W. Evaluation of synthetic isoflavones on cell proliferation, estrogen receptor binding affinity, and apoptosis in human breast cancer cells. J. Steroid Biochem. Mol. Biol. 2008, 108, 23–31. [Google Scholar] [CrossRef] [PubMed]

	



Sirotkin, A.V.; Harrath, A.H. Phytoestrogens and their effects. Eur. J. Pharmacol. 2014, 741, 230–236. [Google Scholar] [CrossRef] [PubMed]

	



Wang, T.T.; Sathyamoorthy, N.; Phang, J.M. Molecular effects of genistein on estrogen receptor mediated pathways. Carcinogenesis 1996, 17, 271–275. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed, Q.U.; Ali, A.H.M.; Mukhtar, S.; Alsharif, M.A.; Parveen, H.; Sabere, A.S.M.; Nawi, M.S.M.; Khatib, A.; Siddiqui, M.J.; Umar, A.; et al. Medicinal potential of isoflavonoids: Polyphenols that may cure diabetes. Molecules 2020, 25, 5491. [Google Scholar] [CrossRef] [PubMed]

	



Chen, L.R.; Chen, K.H. Utilization of isoflavones in soybeans for women with menopausal syndrome: An overview. Int. J. Mol. Sci. 2021, 22, 5491. [Google Scholar] [CrossRef]

	



Gómez-Zorita, S.; González-Arceo, M.; Fernández-Quintela, A.; Eseberri, I.; Trepiana, J.; Portillo, M.P. Scientific Evidence Supporting the Beneficial Effects of Isoflavones on Human Health. Nutrients 2020, 12, 3853. [Google Scholar] [CrossRef] [PubMed]

	



Křížová, L.; Dadáková, K.; Kašparovská, J.; Kašparovský, T. Isoflavones. Molecules 2019, 24, 1076. [Google Scholar] [CrossRef] [PubMed]

	



Silva, H. The Vascular Effects of Isolated Isoflavones-A Focus on the Determinants of Blood Pressure Regulation. Biology 2021, 10, 49. [Google Scholar] [CrossRef] [PubMed]

	



Endoh, H.; Sasaki, H.; Maruyama, K.; Takeyama, K.; Waga, I.; Shimizu, T.; Kato, S.; Kawashima, H. Rapid activation of MAP kinase by estrogen in the bone cell line. Biochem. Biophys. Res. Commun. 1997, 235, 99–102. [Google Scholar] [CrossRef]

	



Kim, H.; Peterson, T.G.; Barnes, S. Mechanisms of action of the soy isoflavone genistein: Emerging role for its effects via transforming growth factor beta signaling pathways. Am. J. Clin. Nutr. 1998, 68, 1418s–1425s. [Google Scholar] [CrossRef]

	



Yu, O.; Jung, W.; Shi, J.; Croes, R.A.; Fader, G.M.; McGonigle, B.; Odell, J.T. Production of the Isoflavones Genistein and Daidzein in Non-Legume Dicot and Monocot Tissues. Plant Physiol. 2000, 124, 781–794. [Google Scholar] [CrossRef]

	



García-Calderón, M.; Pérez-Delgado, C.M.; Palove-Balang, P.; Betti, M.; Márquez, A.J. Flavonoids and Isoflavonoids Biosynthesis in the Model Legume Lotus japonicus; Connections to Nitrogen Metabolism and Photorespiration. Plants 2020, 9, 774. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Q.; Ge, X.; Tian, X.; Zhang, Y.; Zhang, J.; Zhang, P. Soy isoflavone: The multipurpose phytochemical (Review). Biomed. Rep. 2013, 1, 697–701. [Google Scholar] [CrossRef]

	



Barnes, S. The Biochemistry, Chemistry and Physiology of the Isoflavones in Soybeans and their Food Products. Lymphat. Res. Biol. 2010, 8, 89–98. [Google Scholar] [CrossRef]

	



Blicharski, T.; Oniszczuk, A. Extraction Methods for the Isolation of Isoflavonoids from Plant Material. Open Chem. 2017, 15, 34–45. [Google Scholar] [CrossRef]

	



Cederroth, C.R.; Zimmermann, C.; Nef, S. Soy, phytoestrogens and their impact on reproductive health. Mol. Cell. Endocrinol. 2012, 355, 192–200. [Google Scholar] [CrossRef]

	



Das, D.; Sarkar, S.; Bordoloi, J.; Wann, S.B.; Kalita, J.; Manna, P. Daidzein, its effects on impaired glucose and lipid metabolism and vascular inflammation associated with type 2 diabetes. Biofactors 2018, 44, 407–417. [Google Scholar] [CrossRef] [PubMed]

	



Ko, K.P. Isoflavones: Chemistry, analysis, functions and effects on health and cancer. Asian Pac. J. Cancer Prev. 2014, 15, 7001–7010. [Google Scholar] [CrossRef]

	



Yu, J.; Bi, X.; Yu, B.; Chen, D. Isoflavones: Anti-Inflammatory Benefit and Possible Caveats. Nutrients 2016, 8, 361. [Google Scholar] [CrossRef] [PubMed]

	



Heinonen, S.M.; Hoikkala, A.; Wähälä, K.; Adlercreutz, H. Metabolism of the soy isoflavones daidzein, genistein and glycitein in human subjects. Identification of new metabolites having an intact isoflavonoid skeleton. J. Steroid Biochem. Mol. Biol. 2003, 87, 285–299. [Google Scholar] [CrossRef] [PubMed]

	



Kulling, S.; Honig, D.; Metzler, M. Oxidative Metabolism of the Soy Isoflavones Daidzein and Genistein in Humans in Vitro and in Vivo. J. Agric. Food Chem. 2001, 49, 3024–3033. [Google Scholar] [CrossRef] [PubMed]

	



Sureda, A.; Sanches Silva, A.; Sánchez-Machado, D.I.; López-Cervantes, J.; Daglia, M.; Nabavi, S.F.; Nabavi, S.M. Hypotensive effects of genistein: From chemistry to medicine. Chem. Biol. Interact. 2017, 268, 37–46. [Google Scholar] [CrossRef]

	



Bultosa, G. Functional Foods: Overview. In Encyclopedia of Food Grains, 2nd ed.; Wrigley, C., Corke, H., Seetharaman, K., Faubion, J., Eds.; Academic Press: Oxford, UK, 2016; pp. 1–10. [Google Scholar]

	



García-Lafuente, A.; Guillamón, E.; Villares, A.; Rostagno, M.A.; Martínez, J.A. Flavonoids as anti-inflammatory agents: Implications in cancer and cardiovascular disease. Inflamm. Res. 2009, 58, 537–552. [Google Scholar] [CrossRef] [PubMed]

	



Sadeghalvad, M.; Mohammadi-Motlagh, H.-R.; Karaji, A.G.; Mostafaie, A. In vivo anti-inflammatory efficacy of the combined Bowman-Birk trypsin inhibitor and genistein isoflavone, two biological compounds from soybean. J. Biochem. Mol. Toxicol. 2019, 33, e22406. [Google Scholar] [CrossRef] [PubMed]

	



Fabricant, D.S.; Farnsworth, N.R. The value of plants used in traditional medicine for drug discovery. Environ. Health Perspect. 2001, 109 (Suppl. 1), 69–75. [Google Scholar] [PubMed]

	



Andres, A.; Donovan, S.M.; Kuhlenschmidt, M.S. Soy isoflavones and virus infections. J. Nutr. Biochem. 2009, 20, 563–569. [Google Scholar] [CrossRef] [PubMed]

	



Chacko, B.K.; Chandler, R.T.; Mundhekar, A.; Khoo, N.; Pruitt, H.M.; Kucik, D.F.; Parks, D.A.; Kevil, C.G.; Barnes, S.; Patel, R.P. Revealing anti-inflammatory mechanisms of soy isoflavones by flow: Modulation of leukocyte-endothelial cell interactions. Am. J. Physiol. Heart Circ. Physiol. 2005, 289, H908–H915. [Google Scholar] [CrossRef] [PubMed]

	



Tidke, S.; Mahajankat, A.; Devasurmutt, Y.; Devappa, R.; Vasist, K.S.; Kosturkova, G.; Gokare, R. Assessment of Anticancer, Anti-inflammatory and Antioxidant Properties of Isoflavones Present in Soybean. Res. J. Phytochem. 2018, 12, 35–42. [Google Scholar] [CrossRef]

	



Verdrengh, M.; Jonsson, I.M.; Holmdahl, R.; Tarkowski, A. Genistein as an anti-inflammatory agent. Inflamm. Res. 2003, 52, 341–346. [Google Scholar] [CrossRef]

	



Paradkar, P.N.; Blum, P.S.; Berhow, M.A.; Baumann, H.; Kuo, S.-M. Dietary isoflavones suppress endotoxin-induced inflammatory reaction in liver and intestine. Cancer Lett. 2004, 215, 21–28. [Google Scholar] [CrossRef] [PubMed]

	



Jantaratnotai, N.; Utaisincharoen, P.; Sanvarinda, P.; Thampithak, A.; Sanvarinda, Y. Phytoestrogens mediated anti-inflammatory effect through suppression of IRF-1 and pSTAT1 expressions in lipopolysaccharide-activated microglia. Int. Immunopharmacol. 2013, 17, 483–488. [Google Scholar] [CrossRef] [PubMed]

	



Gredel, S.; Grad, C.; Rechkemmer, G.; Watzl, B. Phytoestrogens and phytoestrogen metabolites differentially modulate immune parameters in human leukocytes. Food Chem. Toxicol. 2008, 46, 3691–3696. [Google Scholar] [CrossRef] [PubMed]

	



Ganai, A.A.; Khan, A.A.; Malik, Z.A.; Farooqi, H. Genistein modulates the expression of NF-κB and MAPK (p-38 and ERK1/2), thereby attenuating d-Galactosamine induced fulminant hepatic failure in Wistar rats. Toxicol. Appl. Pharmacol. 2015, 283, 139–146. [Google Scholar] [CrossRef]

	



Giolo, J.S.; Costa, J.G.; Da Cunha-Junior, J.P.; Pajuaba, A.C.A.M.; Taketomi, E.A.; De Souza, A.V.; Caixeta, D.C.; Peixoto, L.G.; De Oliveira, E.P.; Everman, S.; et al. The Effects of Isoflavone Supplementation Plus Combined Exercise on Lipid Levels, and Inflammatory and Oxidative Stress Markers in Postmenopausal Women. Nutrients 2018, 10, 424. [Google Scholar] [CrossRef]

	



Lebon, J.; Riesco, E.; Tessier, D.; Dionne, I.J. Additive effects of isoflavones and exercise training on inflammatory cytokines and body composition in overweight and obese postmenopausal women: A randomized controlled trial. Menopause 2014, 21, 869–875. [Google Scholar] [CrossRef]

	



Fanti, P.; Asmis, R.; Stephenson, T.J.; Sawaya, B.P.; Franke, A.A. Positive effect of dietary soy in ESRD patients with systemic inflammation—Correlation between blood levels of the soy isoflavones and the acute-phase reactants. Nephrol. Dial. Transplant. 2006, 21, 2239–2246. [Google Scholar] [CrossRef] [PubMed]

	



Vitale, D.C.; Piazza, C.; Melilli, B.; Drago, F.; Salomone, S. Isoflavones: Estrogenic activity, biological effect and bioavailability. Eur. J. Drug Metab. Pharmacokinet. 2013, 38, 15–25. [Google Scholar] [CrossRef] [PubMed]

	



Tuli, H.S.; Tuorkey, M.J.; Thakral, F.; Sak, K.; Kumar, M.; Sharma, A.K.; Sharma, U.; Jain, A.; Aggarwal, V.; Bishayee, A. Molecular Mechanisms of Action of Genistein in Cancer: Recent Advances. Front. Pharmacol. 2019, 10, 1336. [Google Scholar] [CrossRef]

	



Rüfer, C.E.; Kulling, S.E. Antioxidant Activity of Isoflavones and Their Major Metabolites Using Different in Vitro Assays. J. Agric. Food Chem. 2006, 54, 2926–2931. [Google Scholar] [CrossRef] [PubMed]

	



McCarty, M.F. Isoflavones made simple—Genistein’s agonist activity for the beta-type estrogen receptor mediates their health benefits. Med. Hypotheses 2006, 66, 1093–1114. [Google Scholar] [CrossRef] [PubMed]

	



Wood, C.E.; Register, T.C.; Franke, A.A.; Anthony, M.S.; Cline, J.M. Dietary soy isoflavones inhibit estrogen effects in the postmenopausal breast. Cancer Res. 2006, 66, 1241–1249. [Google Scholar] [CrossRef] [PubMed]

	



Jaiswal, N.; Akhtar, J.; Singh, S.P.; Badruddeen; Ahsan, F. An Overview on Genistein and its Various Formulations. Drug Res. 2019, 69, 305–313. [Google Scholar] [CrossRef] [PubMed]

	



Russo, M.; Russo, G.L.; Daglia, M.; Kasi, P.D.; Ravi, S.; Nabavi, S.F.; Nabavi, S.M. Understanding genistein in cancer: The “good” and the “bad” effects: A review. Food Chem. 2016, 196, 589–600. [Google Scholar] [CrossRef] [PubMed]

	



Meier, P.; Finch, A.; Evan, G. Apoptosis in development. Nature 2000, 407, 796–801. [Google Scholar] [CrossRef]

	



Li, Y.; Kong, D.; Bao, B.; Ahmad, A.; Sarkar, F.H. Induction of Cancer Cell Death by Isoflavone: The Role of Multiple Signaling Pathways. Nutrients 2011, 3, 877–896. [Google Scholar] [CrossRef]

	



Khazaei, M.; Pazhouhi, M. Antiproliferative Effect of Trifolium Pratens L. Extract in Human Breast Cancer Cells. Nutr. Cancer 2019, 71, 128–140. [Google Scholar] [CrossRef] [PubMed]

	



Myung, S.K.; Ju, W.; Choi, H.J.; Kim, S.C.; The Korean Meta-Analysis Study, G. Soy intake and risk of endocrine-related gynaecological cancer: A meta-analysis. BJOG Int. J. Obstet. Gynaecol. 2009, 116, 1697–1705. [Google Scholar] [CrossRef] [PubMed]

	



Torrens-Mas, M.; Roca, P. Phytoestrogens for Cancer Prevention and Treatment. Biology 2020, 9, 427. [Google Scholar] [CrossRef] [PubMed]

	



Chen, L.-R.; Ko, N.-Y.; Chen, K.-H. Isoflavone Supplements for Menopausal Women: A Systematic Review. Nutrients 2019, 11, 2649. [Google Scholar] [CrossRef] [PubMed]

	



Lecomte, S.; Demay, F.; Ferrière, F.; Pakdel, F. Phytochemicals Targeting Estrogen Receptors: Beneficial Rather Than Adverse Effects? Int. J. Mol. Sci. 2017, 18, 1381. [Google Scholar] [CrossRef]

	



Morito, K.; Hirose, T.; Kinjo, J.; Hirakawa, T.; Okawa, M.; Nohara, T.; Ogawa, S.; Inoue, S.; Muramatsu, M.; Masamune, Y. Interaction of Phytoestrogens with Estrogen Receptors α and β. Biol. Pharm. Bull. 2001, 24, 351–356. [Google Scholar] [CrossRef] [PubMed]

	



Reiter, E.; Gerster, P.; Jungbauer, A. Red clover and soy isoflavones—An in vitro safety assessment. Gynecol. Endocrinol. 2011, 27, 1037–1042. [Google Scholar] [CrossRef] [PubMed]

	



Chi, F.; Wu, R.; Zeng, Y.C.; Xing, R.; Liu, Y.; Xu, Z.G. Post-diagnosis soy food intake and breast cancer survival: A meta-analysis of cohort studies. Asian Pac. J. Cancer Prev. 2013, 14, 2407–2412. [Google Scholar] [CrossRef]

	



Guha, N.; Kwan, M.L.; Quesenberry, C.P.; Weltzien, E.K.; Castillo, A.L.; Caan, B.J. Soy isoflavones and risk of cancer recurrence in a cohort of breast cancer survivors: The Life After Cancer Epidemiology study. Breast Cancer Res. Treat. 2009, 118, 395–405. [Google Scholar] [CrossRef]

	



Szkudelska, K.; Nogowski, L. Genistein—A dietary compound inducing hormonal and metabolic changes. J. Steroid Biochem. Mol. Biol. 2007, 105, 37–45. [Google Scholar] [CrossRef]

	



Wannamethee, S.G.; Shaper, A.G.; Lennon, L.; Morris, R.W. Metabolic syndrome vs. Framingham Risk Score for prediction of coronary heart disease, stroke, and type 2 diabetes mellitus. Arch. Intern. Med. 2005, 165, 2644–2650. [Google Scholar] [CrossRef] [PubMed]

	



Jonas, J.C.; Plant, T.D.; Gilon, P.; Detimary, P.; Nenquin, M.; Henquin, J.C. Multiple effects and stimulation of insulin secretion by the tyrosine kinase inhibitor genistein in normal mouse islets. Br. J. Pharmacol. 1995, 114, 872–880. [Google Scholar] [CrossRef]

	



Liu, J.; Zheng, X.; Yin, F.; Hu, Y.; Guo, L.; Deng, X.; Chen, G.; Jiajia, J.; Zhang, H. Neurotrophic property of geniposide for inducing the neuronal differentiation of PC12 cells. Int. J. Dev. Neurosci. 2006, 24, 419–424. [Google Scholar] [CrossRef]

	



Ascencio, C.; Torres, N.; Isoard-Acosta, F.; Gómez-Pérez, F.J.; Hernández-Pando, R.; Tovar, A.R. Soy Protein Affects Serum Insulin and Hepatic SREBP-1 mRNA and Reduces Fatty Liver in Rats. J. Nutr. 2004, 134, 522–529. [Google Scholar] [CrossRef]

	



Nogowski, L.; Nowak, K.W.; Kaczmarek, P.; Maćkowiak, P. The influence of coumestrol, zearalenone, and genistein administration on insulin receptors and insulin secretion in ovariectomized rats. J. Recept. Signal Transduct. 2002, 22, 449–457. [Google Scholar] [CrossRef] [PubMed]

	



Bazuine, M.; van den Broek, P.J.; Maassen, J.A. Genistein directly inhibits GLUT4-mediated glucose uptake in 3T3-L1 adipocytes. Biochem. Biophys. Res. Commun. 2005, 326, 511–514. [Google Scholar] [CrossRef] [PubMed]

	



Choi, J.S.; Song, J. Effect of genistein on insulin resistance, renal lipid metabolism, and antioxidative activities in ovariectomized rats. Nutrition 2009, 25, 676–685. [Google Scholar] [CrossRef] [PubMed]

	



Mesiano, S.; Katz, S.L.; Lee, J.Y.; Jaffe, R.B. Phytoestrogens alter adrenocortical function: Genistein and daidzein suppress glucocorticoid and stimulate androgen production by cultured adrenal cortical cells. J. Clin. Endocrinol. Metab. 1999, 84, 2443–2448. [Google Scholar] [CrossRef]

	



Budak, E.; Fernández Sánchez, M.; Bellver, J.; Cerveró, A.; Simón, C.; Pellicer, A. Interactions of the hormones leptin, ghrelin, adiponectin, resistin, and PYY3-36 with the reproductive system. Fertil. Steril. 2006, 85, 1563–1581. [Google Scholar] [CrossRef] [PubMed]

	



Relic, B.; Zeddou, M.; Desoroux, A.; Beguin, Y.; de Seny, D.; Malaise, M.G. Genistein induces adipogenesis but inhibits leptin induction in human synovial fibroblasts. Lab. Investig. 2009, 89, 811–822. [Google Scholar] [CrossRef] [PubMed]

	



Ademiluyi, A.O.; Oboh, G. Soybean phenolic-rich extracts inhibit key-enzymes linked to type 2 diabetes (α-amylase and α-glucosidase) and hypertension (angiotensin I converting enzyme) in vitro. Exp. Toxicol. Pathol. 2013, 65, 305–309. [Google Scholar] [CrossRef] [PubMed]

	



Chiarelli, F.; Di Marzio, D. Peroxisome proliferator-activated receptor-gamma agonists and diabetes: Current evidence and future perspectives. Vasc. Health Risk Manag. 2008, 4, 297–304. [Google Scholar] [PubMed]

	



Patel, R.P.; Barnes, S. Isoflavones and PPAR Signaling: A Critical Target in Cardiovascular, Metastatic, and Metabolic Disease. PPAR Res. 2010, 2010, 153252. [Google Scholar] [CrossRef] [PubMed]

	



Zang, Y.; Igarashi, K.; Yu, C. Anti-obese and anti-diabetic effects of a mixture of daidzin and glycitin on C57BL/6J mice fed with a high-fat diet. Biosci. Biotechnol. Biochem. 2015, 79, 117–123. [Google Scholar] [CrossRef] [PubMed]

	



Choi, M.S.; Jung, U.J.; Yeo, J.; Kim, M.J.; Lee, M.K. Genistein and daidzein prevent diabetes onset by elevating insulin level and altering hepatic gluconeogenic and lipogenic enzyme activities in non-obese diabetic (NOD) mice. Diabetes Metab. Res. Rev. 2008, 24, 74–81. [Google Scholar] [CrossRef] [PubMed]

	



Fu, Z.; Liu, D. Long-term exposure to genistein improves insulin secretory function of pancreatic beta-cells. Eur. J. Pharmacol. 2009, 616, 321–327. [Google Scholar] [CrossRef] [PubMed]

	



Yang, R.; Jia, Q.; Mehmood, S.; Ma, S.; Liu, X. Genistein ameliorates inflammation and insulin resistance through mediation of gut microbiota composition in type 2 diabetic mice. Eur. J. Nutr. 2020, 60, 2155–2168. [Google Scholar] [CrossRef]

	



Kuryłowicz, A. The Role of Isoflavones in Type 2 Diabetes Prevention and Treatment-A Narrative Review. Int. J. Mol. Sci. 2020, 22, 218. [Google Scholar] [CrossRef]

	



Jayagopal, V.; Albertazzi, P.; Kilpatrick, E.S.; Howarth, E.M.; Jennings, P.E.; Hepburn, D.A.; Atkin, S.L. Beneficial effects of soy phytoestrogen intake in postmenopausal women with type 2 diabetes. Diabetes Care 2002, 25, 1709–1714. [Google Scholar] [CrossRef]

	



Villegas, R.; Gao, Y.T.; Yang, G.; Li, H.L.; Elasy, T.A.; Zheng, W.; Shu, X.O. Legume and soy food intake and the incidence of type 2 diabetes in the Shanghai Women’s Health Study. Am. J. Clin. Nutr. 2008, 87, 162–167. [Google Scholar] [CrossRef] [PubMed]

	



Liberale, L.; Ministrini, S.; Carbone, F.; Camici, G.G.; Montecucco, F. Cytokines as therapeutic targets for cardio-and cerebrovascular diseases. Basic Res. Cardiol. 2021, 116, 23. [Google Scholar] [CrossRef]

	



Rizzo, G.; Baroni, L. Soy, Soy Foods and Their Role in Vegetarian Diets. Nutrients 2018, 10, 43. [Google Scholar] [CrossRef] [PubMed]

	



Tokede, O.A.; Onabanjo, T.A.; Yansane, A.; Gaziano, J.M.; Djoussé, L. Soya products and serum lipids: A meta-analysis of randomised controlled trials. Br. J. Nutr. 2015, 114, 831–843. [Google Scholar] [CrossRef] [PubMed]

	



Moore, L.L. Functional foods and cardiovascular disease risk: Building the evidence base. Curr. Opin. Endocrinol. Diabetes Obes. 2011, 18, 332–335. [Google Scholar] [CrossRef] [PubMed]

	



Pabich, M.; Materska, M. Biological Effect of Soy Isoflavones in the Prevention of Civilization Diseases. Nutrients 2019, 11, 1660. [Google Scholar] [CrossRef] [PubMed]

	



Landmesser, U.; Hornig, B.; Drexler, H. Endothelial Function A Critical Determinant in Atherosclerosis? Circulation 2004, 109, II27–II33. [Google Scholar] [CrossRef]

	



Mäkelä, S.; Savolainen, H.; Aavik, E.; Myllärniemi, M.; Strauss, L.; Taskinen, E.; Gustafsson, J.-Å.; Häyry, P. Differentiation between vasculoprotective and uterotrophic effects of ligands with different binding affinities to estrogen receptors α and β. Proc. Natl. Acad. Sci. USA 1999, 96, 7077–7082. [Google Scholar] [CrossRef]

	



Martin, D.; Song, J.; Mark, C.; Eyster, K. Understanding the cardiovascular actions of soy isoflavones: Potential novel targets for antihypertensive drug development. Cardiovasc. Hematol. Disord. Drug Targets 2008, 8, 297–312. [Google Scholar] [CrossRef] [PubMed]

	



Mann, G.E.; Bonacasa, B.; Ishii, T.; Siow, R.C. Targeting the redox sensitive Nrf2-Keap1 defense pathway in cardiovascular disease: Protection afforded by dietary isoflavones. Curr. Opin. Pharmacol. 2009, 9, 139–145. [Google Scholar] [CrossRef] [PubMed]

	



Rimbach, G.; Boesch-Saadatmandi, C.; Frank, J.; Fuchs, D.; Wenzel, U.; Daniel, H.; Hall, W.L.; Weinberg, P.D. Dietary isoflavones in the prevention of cardiovascular disease—A molecular perspective. Food Chem. Toxicol. 2008, 46, 1308–1319. [Google Scholar] [CrossRef] [PubMed]

	



Richardson, S.I.; Steffen, L.M.; Swett, K.; Smith, C.; Burke, L.; Zhou, X.; Shikany, J.M.; Rodriguez, C.J. Dietary Total Isoflavone Intake Is Associated With Lower Systolic Blood Pressure: The Coronary Artery Risk Development in Young Adults (CARDIA) Study. J. Clin. Hypertens. 2016, 18, 778–783. [Google Scholar] [CrossRef]

	



Si, H.; Liu, D. Genistein, a soy phytoestrogen, upregulates the expression of human endothelial nitric oxide synthase and lowers blood pressure in spontaneously hypertensive rats. J. Nutr. 2008, 138, 297–304. [Google Scholar] [CrossRef]

	



Zhang, H.; Zhao, Z.; Pang, X.; Yang, J.; Yu, H.; Zhang, Y.; Zhou, H.; Zhao, J. Genistein Protects Against Ox-LDL-Induced Inflammation Through MicroRNA-155/SOCS1-Mediated Repression of NF-ĸB Signaling Pathway in HUVECs. Inflammation 2017, 40, 1450–1459. [Google Scholar] [CrossRef] [PubMed]

	



Park, M.H.; Ju, J.W.; Kim, M.; Han, J.S. The protective effect of daidzein on high glucose-induced oxidative stress in human umbilical vein endothelial cells. Z. Naturforsch. C J. Biosci. 2016, 71, 21–28. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.X.; Li, S.H.; Chen, J.Z.; Sun, K.; Wang, X.J.; Wang, X.G.; Hui, R.T. Effect of soy isoflavones on blood pressure: A meta-analysis of randomized controlled trials. Nutr. Metab. Cardiovasc. Dis. 2012, 22, 463–470. [Google Scholar] [CrossRef] [PubMed]

	



Beavers, D.P.; Beavers, K.M.; Miller, M.; Stamey, J.; Messina, M.J. Exposure to isoflavone-containing soy products and endothelial function: A Bayesian meta-analysis of randomized controlled trials. Nutr. Metab. Cardiovasc. Dis. 2012, 22, 182–191. [Google Scholar] [CrossRef] [PubMed]

	



Borghi, C.; Tsioufis, K.; Agabiti-Rosei, E.; Burnier, M.; Cicero, A.F.G.; Clement, D.; Coca, A.; Desideri, G.; Grassi, G.; Lovic, D.; et al. Nutraceuticals and blood pressure control: A European Society of Hypertension position document. J. Hypertens. 2020, 38, 799–812. [Google Scholar] [CrossRef] [PubMed]

	



Kou, T.; Wang, Q.; Cai, J.; Song, J.; Du, B.; Zhao, K.; Ma, Y.; Geng, B.; Zhang, Y.; Han, X.; et al. Effect of soybean protein on blood pressure in postmenopausal women: A meta-analysis of randomized controlled trials. Food Funct. 2017, 8, 2663–2671. [Google Scholar] [CrossRef]

	



Santhakumar, A.B.; Bulmer, A.C.; Singh, I. A review of the mechanisms and effectiveness of dietary polyphenols in reducing oxidative stress and thrombotic risk. J. Hum. Nutr. Diet. 2014, 27, 1–21. [Google Scholar] [CrossRef] [PubMed]

	



Saita, E.; Kondo, K.; Momiyama, Y. Anti-Inflammatory Diet for Atherosclerosis and Coronary Artery Disease: Antioxidant Foods. Clin. Med. Insights Cardiol. 2015, 8, 61–65. [Google Scholar] [CrossRef]

	



Cassidy, A.; de Pascual Teresa, S.; Rimbach, G. Molecular mechanisms by which dietary isoflavones potentially prevent atherosclerosis. Expert Rev. Mol. Med. 2003, 5, 1–15. [Google Scholar] [CrossRef] [PubMed]

	



Yamagata, K. Soy Isoflavones Inhibit Endothelial Cell Dysfunction and Prevent Cardiovascular Disease. J. Cardiovasc. Pharmacol. 2019, 74, 201–209. [Google Scholar] [CrossRef] [PubMed]

	



Anderson, J.W.; Johnstone, B.M.; Cook-Newell, M.E. Meta-analysis of the effects of soy protein intake on serum lipids. N. Engl. J. Med. 1995, 333, 276–282. [Google Scholar] [CrossRef] [PubMed]

	



Zhan, S.; Ho, S.C. Meta-analysis of the effects of soy protein containing isoflavones on the lipid profile. Am. J. Clin. Nutr. 2005, 81, 397–408. [Google Scholar] [CrossRef] [PubMed]

	



Zurbau, A.; Au-Yeung, F.; Blanco Mejia, S.; Khan, T.A.; Vuksan, V.; Jovanovski, E.; Leiter, L.A.; Kendall, C.W.C.; Jenkins, D.J.A.; Sievenpiper, J.L. Relation of Different Fruit and Vegetable Sources With Incident Cardiovascular Outcomes: A Systematic Review and Meta-Analysis of Prospective Cohort Studies. J. Am. Heart Assoc. 2020, 9, e017728. [Google Scholar] [CrossRef] [PubMed]

	



Blanco Mejia, S.; Messina, M.; Li, S.S.; Viguiliouk, E.; Chiavaroli, L.; Khan, T.A.; Srichaikul, K.; Mirrahimi, A.; Sievenpiper, J.L.; Kris-Etherton, P.; et al. A Meta-Analysis of 46 Studies Identified by the FDA Demonstrates that Soy Protein Decreases Circulating LDL and Total Cholesterol Concentrations in Adults. J. Nutr. 2019, 149, 968–981. [Google Scholar] [CrossRef] [PubMed]

	



Yan, Z.; Zhang, X.; Li, C.; Jiao, S.; Dong, W. Association between consumption of soy and risk of cardiovascular disease: A meta-analysis of observational studies. Eur. J. Prev. Cardiol. 2017, 24, 735–747. [Google Scholar] [CrossRef] [PubMed]

	



Luís, Â.; Domingues, F.; Pereira, L. Effects of red clover on perimenopausal and postmenopausal women’s blood lipid profile: A meta-analysis. Climacteric 2018, 21, 446–453. [Google Scholar] [CrossRef] [PubMed]

	



Sathyapalan, T.; Aye, M.; Rigby, A.S.; Thatcher, N.J.; Dargham, S.R.; Kilpatrick, E.S.; Atkin, S.L. Soy isoflavones improve cardiovascular disease risk markers in women during the early menopause. Nutr. Metab. Cardiovasc. Dis. 2018, 28, 691–697. [Google Scholar] [CrossRef]

	



Ramdath, D.D.; Padhi, E.M.; Sarfaraz, S.; Renwick, S.; Duncan, A.M. Beyond the Cholesterol-Lowering Effect of Soy Protein: A Review of the Effects of Dietary Soy and Its Constituents on Risk Factors for Cardiovascular Disease. Nutrients 2017, 9, 324. [Google Scholar] [CrossRef] [PubMed]

	



Cicero, A.F.G.; Colletti, A. Polyphenols Effect on Circulating Lipids and Lipoproteins: From Biochemistry to Clinical Evidence. Curr. Pharm. Des. 2018, 24, 178–190. [Google Scholar] [CrossRef] [PubMed]

	



Wenzel, U.; Fuchs, D.; Daniel, H. Protective effects of soy-isoflavones in cardiovascular disease. Identification of molecular targets. Hamostaseologie 2008, 28, 85–88. [Google Scholar]

	



Nakamoto, M.; Otsuka, R.; Nishita, Y.; Tange, C.; Tomida, M.; Kato, Y.; Imai, T.; Sakai, T.; Ando, F.; Shimokata, H. Soy food and isoflavone intake reduces the risk of cognitive impairment in elderly Japanese women. Eur. J. Clin. Nutr. 2018, 72, 1458–1462. [Google Scholar] [CrossRef]

	



White, L.R.; Petrovitch, H.; Ross, G.W.; Masaki, K.; Hardman, J.; Nelson, J.; Davis, D.; Markesbery, W. Brain Aging and Midlife Tofu Consumption. J. Am. Coll. Nutr. 2000, 19, 242–255. [Google Scholar] [CrossRef] [PubMed]

	



Hogervorst, E.; Kushandy, L.; Angrianni, W.; Yudarini; Sabarinah, S.; Ninuk, T.; Dewi, V.; Yesufu, A.; Sadjimim, T.; Kreager, P.; et al. Different forms of soy processing may determine the positive or negative impact on cognitive function of Indonesian elderly. In Hormones, Cognition and Dementia: State of The Art and Emergent Therapeutic Strategies; Cambridge University Press: Cambridge, UK, 2009; pp. 121–132. [Google Scholar]

	



Small, B.J.; Dixon, R.A.; McArdle, J.J. Tracking cognition-health changes from 55 to 95 years of age. J. Gerontol. B Psychol. Sci. Soc. Sci. 2011, 66 (Suppl. 1), i153–i161. [Google Scholar] [CrossRef] [PubMed]

	



Berent-Spillson, A.; Persad, C.C.; Love, T.; Sowers, M.; Randolph, J.F.; Zubieta, J.K.; Smith, Y.R. Hormonal environment affects cognition independent of age during the menopause transition. J. Clin. Endocrinol. Metab. 2012, 97, E1686–E1694. [Google Scholar] [CrossRef]

	



Daniel, J.M. Estrogens, estrogen receptors, and female cognitive aging: The impact of timing. Horm. Behav. 2013, 63, 231–237. [Google Scholar] [CrossRef] [PubMed]

	



Morrison, J.H.; Brinton, R.D.; Schmidt, P.J.; Gore, A.C. Estrogen, menopause, and the aging brain: How basic neuroscience can inform hormone therapy in women. J. Neurosci. 2006, 26, 10332–10348. [Google Scholar] [CrossRef]

	



Yao, J.; Zhao, L.; Mao, Z.; Chen, S.; Wong, K.C.; To, J.; Brinton, R.D. Potentiation of brain mitochondrial function by S-equol and R/S-equol estrogen receptor β-selective phytoSERM treatments. Brain Res. 2013, 1514, 128–141. [Google Scholar] [CrossRef] [PubMed]

	



Bagheri, M.; Roghani, M.; Joghataei, M.T.; Mohseni, S. Genistein inhibits aggregation of exogenous amyloid-beta₁₋₄₀ and alleviates astrogliosis in the hippocampus of rats. Brain Res. 2012, 1429, 145–154. [Google Scholar] [CrossRef]

	



Neese, S.L.; Korol, D.L.; Katzenellenbogen, J.A.; Schantz, S.L. Impact of estrogen receptor alpha and beta agonists on delayed alternation in middle-aged rats. Horm. Behav. 2010, 58, 878–890. [Google Scholar] [CrossRef]

	



Choi, E.J.; Lee, B.H. Evidence for genistein mediated cytotoxicity and apoptosis in rat brain. Life Sci. 2004, 75, 499–509. [Google Scholar] [CrossRef]

	



Morán, J.; Garrido, P.; Alonso, A.; Cabello, E.; González, C. 17β-Estradiol and genistein acute treatments improve some cerebral cortex homeostasis aspects deteriorated by aging in female rats. Exp. Gerontol. 2013, 48, 414–421. [Google Scholar] [CrossRef] [PubMed]

	



Marraudino, M.; Farinetti, A.; Arevalo, M.A.; Gotti, S.; Panzica, G.; Garcia-Segura, L.M. Sexually Dimorphic Effect of Genistein on Hypothalamic Neuronal Differentiation in Vitro. Int. J. Mol. Sci. 2019, 20, 2465. [Google Scholar] [CrossRef] [PubMed]

	



Valles, S.L.; Dolz-Gaiton, P.; Gambini, J.; Borras, C.; Lloret, A.; Pallardo, F.V.; Viña, J. Estradiol or genistein prevent Alzheimer’s disease-associated inflammation correlating with an increase PPAR gamma expression in cultured astrocytes. Brain Res. 2010, 1312, 138–144. [Google Scholar] [CrossRef] [PubMed]

	



Genolet, R.; Wahli, W.; Michalik, L. PPARs as drug targets to modulate inflammatory responses? Curr. Drug Targets Inflamm. Allergy 2004, 3, 361–375. [Google Scholar] [CrossRef] [PubMed]

	



Ariyani, W.; Miyazaki, W.; Amano, I.; Hanamura, K.; Shirao, T.; Koibuchi, N. Soy Isoflavones Accelerate Glial Cell Migration via GPER-Mediated Signal Transduction Pathway. Front. Endocrinol. 2020, 11, 554941. [Google Scholar] [CrossRef] [PubMed]

	



Liao, W.; Jin, G.; Zhao, M.; Yang, H. The effect of genistein on the content and activity of α- and β-secretase and protein kinase C in Aβ-injured hippocampal neurons. Basic Clin. Pharmacol. Toxicol. 2013, 112, 182–185. [Google Scholar] [CrossRef] [PubMed]

	



Occhiuto, F.; Zangla, G.; Samperi, S.; Palumbo, D.R.; Pino, A.; De Pasquale, R.; Circosta, C. The phytoestrogenic isoflavones from Trifolium pratense L. (Red clover) protects human cortical neurons from glutamate toxicity. Phytomedicine 2008, 15, 676–682. [Google Scholar] [CrossRef] [PubMed]

	



Henderson, V.W.; St. John, J.A.; Hodis, H.N.; Kono, N.; McCleary, C.A.; Franke, A.A.; Mack, W.J. Long-term soy isoflavone supplementation and cognition in women. Neurology 2012, 78, 1841. [Google Scholar] [CrossRef] [PubMed]

	



Gleason, C.E.; Fischer, B.L.; Dowling, N.M.; Setchell, K.D.; Atwood, C.S.; Carlsson, C.M.; Asthana, S. Cognitive Effects of Soy Isoflavones in Patients with Alzheimer’s Disease. J. Alzheimers Dis. 2015, 47, 1009–1019. [Google Scholar] [CrossRef]

	



Dominguez, L.J.; Barbagallo, M. Chapter 15—Dietary Strategies and Supplements for the Prevention of Cognitive Decline and Alzheimer’s Disease. In Omega Fatty Acids in Brain and Neurological Health, 2nd ed.; Watson, R.R., Preedy, V.R., Eds.; Academic Press: Cambridge, MA, USA, 2019; pp. 231–247. [Google Scholar]

	



Kritz-Silverstein, D.; Von Mühlen, D.; Barrett-Connor, E.; Bressel, M.A.B. Isoflavones and cognitive function in older women: The SOy and Postmenopausal Health In Aging (SOPHIA) Study. Menopause 2003, 10, 193–202. [Google Scholar] [CrossRef] [PubMed]

	



Soni, M.; Rahardjo, T.B.; Soekardi, R.; Sulistyowati, Y.; Lestariningsih; Yesufu-Udechuku, A.; Irsan, A.; Hogervorst, E. Phytoestrogens and cognitive function: A review. Maturitas 2014, 77, 209–220. [Google Scholar] [CrossRef]

	



Aldewachi, H.; Al-Zidan, R.N.; Conner, M.T.; Salman, M.M. High-Throughput Screening Platforms in the Discovery of Novel Drugs for Neurodegenerative Diseases. Bioengineering 2021, 8, 30. [Google Scholar] [CrossRef]

	



Salman, M.M.; Al-Obaidi, Z.; Kitchen, P.; Loreto, A.; Bill, R.M.; Wade-Martins, R. Advances in Applying Computer-Aided Drug Design for Neurodegenerative Diseases. Int. J. Mol. Sci. 2021, 22, 4688. [Google Scholar] [CrossRef] [PubMed]

	



Iliff, J.J.; Chen, M.J.; Plog, B.A.; Zeppenfeld, D.M.; Soltero, M.; Yang, L.; Singh, I.; Deane, R.; Nedergaard, M. Impairment of glymphatic pathway function promotes tau pathology after traumatic brain injury. J. Neurosci. 2014, 34, 16180–16193. [Google Scholar] [CrossRef]

	



Mestre, H.; Hablitz, L.M.; Xavier, A.L.; Feng, W.; Zou, W.; Pu, T.; Monai, H.; Murlidharan, G.; Castellanos Rivera, R.M.; Simon, M.J.; et al. Aquaporin-4-dependent glymphatic solute transport in the rodent brain. eLife 2018. [Google Scholar] [CrossRef] [PubMed]

	



Nedergaard, M.; Goldman, S.A. Glymphatic failure as a final common pathway to dementia. Science 2020, 370, 50–56. [Google Scholar] [CrossRef] [PubMed]

	



Salman, M.M.; Kitchen, P.; Woodroofe, M.N.; Brown, J.E.; Bill, R.M.; Conner, A.C.; Conner, M.T. Hypothermia increases aquaporin 4 (AQP4) plasma membrane abundance in human primary cortical astrocytes via a calcium/transient receptor potential vanilloid 4 (TRPV4)- and calmodulin-mediated mechanism. Eur. J. Neurosci. 2017, 46, 2542–2547. [Google Scholar] [CrossRef]

	



Tesse, A.; Grossini, E.; Tamma, G.; Brenner, C.; Portincasa, P.; Marinelli, R.A.; Calamita, G. Aquaporins as Targets of Dietary Bioactive Phytocompounds. Front. Mol. Biosci. 2018, 5, 30. [Google Scholar] [CrossRef]

	



Cush, J.J. Rheumatoid Arthritis: Early Diagnosis and Treatment. Med. Clin. N. Am. 2021, 105, 355–365. [Google Scholar] [CrossRef]

	



Birnbaum, H.; Shi, L.; Pike, C.; Kaufman, R.; Sun, P.; Cifaldi, M. Workplace impacts of anti-TNF therapies in rheumatoid arthritis: Review of the literature. Expert Opin. Pharmacother. 2009, 10, 255–269. [Google Scholar] [CrossRef] [PubMed]

	



Coutant, F.; Miossec, P. Evolving concepts of the pathogenesis of rheumatoid arthritis with focus on the early and late stages. Curr. Opin. Rheumatol. 2020, 32, 57–63. [Google Scholar] [CrossRef] [PubMed]

	



George, G.; Shyni, G.L.; Raghu, K.G. Current and novel therapeutic targets in the treatment of rheumatoid arthritis. Inflammopharmacology 2020, 28, 1457–1476. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Gang, D.; Yu, X.; Hu, Y.; Yue, Y.; Cheng, W.; Pan, X.; Zhang, P. Genistein: The potential for efficacy in rheumatoid arthritis. Clin. Rheumatol. 2013, 32, 535–540. [Google Scholar] [CrossRef] [PubMed]

	



Matarese, G.; Sanna, V.; Fontana, S.; Zappacosta, S. Leptin as a novel therapeutic target for immune intervention. Curr. Drug Targets Inflamm. Allergy 2002, 1, 13–22. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, R.; Pan, X.; Huang, Z.; Weber, G.F.; Zhang, G. Osteopontin enhances the expression and activity of MMP-2 via the SDF-1/CXCR4 axis in hepatocellular carcinoma cell lines. PLoS ONE 2011, 6, e23831. [Google Scholar] [CrossRef] [PubMed]

	



Wang, K.X.; Denhardt, D.T. Osteopontin: Role in immune regulation and stress responses. Cytokine Growth Factor Rev. 2008, 19, 333–345. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, W.X.; Huang, H.; Chen, J.H.; Zhang, T.T.; Zhu, G.Y.; Zheng, Z.T.; Lin, J.T.; Hu, Y.P.; Zhang, Y.; Bai, X.L.; et al. Genistein inhibits angiogenesis developed during rheumatoid arthritis through the IL-6/JAK2/STAT3/VEGF signalling pathway. J. Orthop. Translat. 2020, 22, 92–100. [Google Scholar] [CrossRef]

	



Du, N.; Song, L.; Li, Y.; Wang, T.; Fang, Q.; Ou, J.; Nandakumar, K.S. Phytoestrogens protect joints in collagen induced arthritis by increasing IgG glycosylation and reducing osteoclast activation. Int. Immunopharmacol. 2020, 83, 106387. [Google Scholar] [CrossRef]

	



Hu, Y.; Li, J.; Qin, L.; Cheng, W.; Lai, Y.; Yue, Y.; Ren, P.; Pan, X.; Zhang, P. Study in Treatment of Collagen-Induced Arthritis in DBA/1 Mice Model by Genistein. Curr. Pharm. Des. 2016, 22, 6975–6981. [Google Scholar] [CrossRef] [PubMed]

	



Ahmad, S.; Alam, K.; Hossain, M.M.; Fatima, M.; Firdaus, F.; Zafeer, M.F.; Arif, Z.; Ahmed, M.; Nafees, K.A. Anti-arthritogenic and cardioprotective action of hesperidin and daidzein in collagen-induced rheumatoid arthritis. Mol. Cell. Biochem. 2016, 423, 115–127. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.G.; Ruan, J.; Li, C.Y.; Wang, J.M.; Li, Y.; Zhai, W.T.; Zhang, W.; Ye, H.; Shen, N.H.; Lei, K.F.; et al. Connective tissue growth factor, a regulator related with 10-hydroxy-2-decenoic acid down-regulate MMPs in rheumatoid arthritis. Rheumatol. Int. 2012, 32, 2791–2799. [Google Scholar] [CrossRef]

	



Kousidou, O.C.; Mitropoulou, T.N.; Roussidis, A.E.; Kletsas, D.; Theocharis, A.D.; Karamanos, N.K. Genistein suppresses the invasive potential of human breast cancer cells through transcriptional regulation of metalloproteinases and their tissue inhibitors. Int. J. Oncol. 2005, 26, 1101–1109. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Che, M.; Bhagat, S.; Ellis, K.L.; Kucuk, O.; Doerge, D.R.; Abrams, J.; Cher, M.L.; Sarkar, F.H. Regulation of gene expression and inhibition of experimental prostate cancer bone metastasis by dietary genistein. Neoplasia 2004, 6, 354–363. [Google Scholar] [CrossRef] [PubMed]

	



Gao, Y.H.; Yamaguchi, M. Inhibitory effect of genistein on osteoclast-like cell formation in mouse marrow cultures. Biochem. Pharmacol. 1999, 58, 767–772. [Google Scholar] [CrossRef]

	



Sugimoto, E.; Yamaguchi, M. Anabolic effect of genistein in osteoblastic MC3T3-E1 cells. Int. J. Mol. Med. 2000, 5, 515–520. [Google Scholar] [CrossRef] [PubMed]

	



Lin, I.C.; Yamashita, S.; Murata, M.; Kumazoe, M.; Tachibana, H. Equol suppresses inflammatory response and bone erosion due to rheumatoid arthritis in mice. J. Nutr. Biochem. 2016, 32, 101–106. [Google Scholar] [CrossRef] [PubMed]

	



Tu, K.N.; Lie, J.D.; Wan, C.K.V.; Cameron, M.; Austel, A.G.; Nguyen, J.K.; Van, K.; Hyun, D. Osteoporosis: A Review of Treatment Options. Pharm. Ther. 2018, 43, 92–104. [Google Scholar]

	



Marini, H.; Minutoli, L.; Polito, F.; Bitto, A.; Altavilla, D.; Atteritano, M.; Gaudio, A.; Mazzaferro, S.; Frisina, A.; Frisina, N.; et al. Effects of the phytoestrogen genistein on bone metabolism in osteopenic postmenopausal women: A randomized trial. Ann. Intern. Med. 2007, 146, 839–847. [Google Scholar] [CrossRef] [PubMed]

	



Martin, L.J.; Minkin, S.; Boyd, N.F. Hormone therapy, mammographic density, and breast cancer risk. Maturitas 2009, 64, 20–26. [Google Scholar] [CrossRef] [PubMed]

	



Atkinson, C.; Compston, J.E.; Day, N.E.; Dowsett, M.; Bingham, S.A. The effects of phytoestrogen isoflavones on bone density in women: A double-blind, randomized, placebo-controlled trial. Am. J. Clin. Nutr. 2004, 79, 326–333. [Google Scholar] [CrossRef] [PubMed]

	



Clifton-Bligh, P.B.; Baber, R.J.; Fulcher, G.R.; Nery, M.L.; Moreton, T. The effect of isoflavones extracted from red clover (Rimostil) on lipid and bone metabolism. Menopause 2001, 8, 259–265. [Google Scholar] [CrossRef] [PubMed]

	



Nissan, H.P.; Lu, J.; Booth, N.L.; Yamamura, H.I.; Farnsworth, N.R.; Wang, Z.J. A red clover (Trifolium pratense) phase II clinical extract possesses opiate activity. J. Ethnopharmacol. 2007, 112, 207–210. [Google Scholar] [CrossRef] [PubMed]

	



Borghetti, G.S.; Pinto, A.P.; Lula, I.S.; Sinisterra, R.D.; Teixeira, H.F.; Bassani, V.L. Daidzein/cyclodextrin/hydrophilic polymer ternary systems. Drug Dev. Ind. Pharm. 2011, 37, 886–893. [Google Scholar] [CrossRef]








[image: Ijms 22 05656 g001 550] 





Figure 1. Biological activity of isoflavones. VEGF-vascular endothelial growth factor. 
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Figure 2. Main isoflavones and their structural similarity to 17β-estradiol. 
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Figure 3. Chemical structure of isoflavones from Fabaceae family plants (alfalfa, red clover and soy). 
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Figure 4. The effects of isoflavones in inflammation. TRAF2—tumor necrosis factor receptor associated factor-2, FADD—Fas-associated death domain protein, TRADD—TNFR1-associated death domain protein, IκB—inhibitory factor kappa B, IKK—IκB kinase, NF-κB—nuclear factor of kappa light polypeptide gene enhancer in B-cells, NO—nitric oxide, PLA2—phospholipase A2, LOX—lipoxygenase, COX-2—cyclooxygenase-2, iNOS—inducible nitric oxide synthase, IL—interleukin, TNF-α—tumor necrosis factor alpha. Green arrow—activation, up-regulation; red arrow—blocking, down-regulation. 
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Figure 5. The effects of isoflavones in cardiovascular diseases. ROS—reactive oxygen species, LDL—low density lipoprotein, NF-κB—nuclear factor kappa B, eNOS—endothelial nitric oxide synthase, NO—nitric oxide. 
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Table 1. Main isoflavone aglycones (genistein, daidzein, glycitein) and their isoforms.
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	Compound
	R1
	R2
	R3
	R4





	Genistein
	H
	H
	OH
	H



	Genistin
	C6O5H11
	H
	OH
	H



	Acetyl-genistin
	C6O5H11 + COCH3
	H
	OH
	H



	Malonyl-genistin
	C6O5H11 + COCH2COOH
	H
	OH
	H



	Daidzein
	H
	H
	H
	H



	Daidzin
	C6O5H11
	H
	H
	H



	Acetyl-daidzin
	C6O5H11 + COCH3
	H
	H
	H



	Malonyl-daidzin
	C6O5H11 + COCH2COOH
	H
	H
	H



	Glycitein
	H
	OCH3
	H
	H



	Glycitin
	C6O5H11
	OCH3
	H
	H



	Acetyl-glycitin
	C6O5H11 + COCH3
	OCH3
	H
	H



	Malonyl-glycitin
	C6O5H11 + COCH2COOH
	OCH3
	H
	H
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