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ARTICLE INFO ABSTRACT

Keywords: Flavonoids are a highly abundant class of secondary metabolites present in plants. Isoflavonoids,
Glyceollins in particular, are primarily synthesized in leguminous plants within the subfamily Papilionoideae.
Isoflavonoids

Numerous reports have established the favorable role of isoflavonoids in preventing a range of
human diseases. Among the isoflavonoid components, glyceollins are synthesized specifically in
soybean plants and have displayed promising effects in mitigating the occurrence and progression
of breast and ovarian cancers as well as other diseases. Consequently, glyceollins have become a
sought-after natural component for promoting women’s health. In recent years, extensive
research has focused on investigating the molecular mechanism underlying the preventative
properties of glyceollins against various diseases. Substantial progress has also been made toward
elucidating the biosynthetic pathway of glyceollins and exploring potential regulatory factors.
Herein, we provide a review of the research conducted on glyceollins since their discovery five
decades ago (1972-2023). We summarize their pharmacological effects, biosynthetic pathways,
and advancements in chemical synthesis to enhance our understanding of the molecular mech-
anisms of their function and the genes involved in their biosynthetic pathway. Such knowledge
may facilitate improved glyceollin synthesis and the creation of health products based on
glyceollins.

Soybean
Breast cancer
Angiogenesis
Biosynthesis

1. Introduction

Isoflavonoids, a unique class of plant secondary metabolites, possess a wide range of biological functions in both plant defense
against pathogens [1] and improvement of human health [2]. Plant species that contain flavonoids are present in almost all families of
the plant kingdom [3], but isoflavonoids are predominantly synthesized in species in the subfamily Papilionoideae of Fabaceae,
distinguishing them from other subclasses of flavonoids [4]. Isoflavonoids can be divided into several groups based on their structural
skeletons, including isoflavone, isoflavanone, isoflavanonol, isoflavan, isoflav-3-ene, isoflavan-4-ol, rotenoid or pterocarpan (Fig. 1),
with isoflavones being the most abundant [5]. However, the types and quantities of isoflavonoids can vary greatly among different
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plant species.

Soybean, which is a member of the subfamily Papilionoideae, is one of the most important crop plants in the world for protein and
oil production, and is known for its high content of isoflavonoids [6]. Daidzin and genistin are the primary isoflavonoids found in
soybean seeds [7], making it a prominent source of these compounds in people’s diets, particularly in East Asian countries [8]. Even
within the Fabaceae family, soybean contains a relatively high amount of isoflavonoids and is easily accessible for natural isoflavonoid
production.

Apart from daidzein and genistein, glyceollins, a class of pterocarpan derivatives from daidzein, are synthesized only when
germinated soybean seeds are stimulated by pathogens [9]. The first glyceollin chemical structure was discovered in soybean in 1972,
but was initially misidentified as hydroxyphaseollin [10]. The other two main isomers were identified four years later [11], and were
eventually named glyceollins in 1978 [12]. At least six natural glyceollins have now been identified, and they are believed to inhibit
the growth of fungi in plants, serving as soybean phytoalexins [13]. Additionally, their effective antiestrogenic roles in animals have
attracted special attention in medicine [14]. Consequently, a plethora of preclinical research has been conducted on the medicinal
roles of glyceollins, and their recent advances in human health have been summarized in several reviews [15-19].

As a primary phytoalexin in soybeans, glyceollins are not produced under normal conditions. They are only synthesized when
soybean tissues are infected by fungi or exposed to other elicitors [20,21]. Despite the limited production of glyceollins in soybeans,
their potential as estrogen receptor (ER)-independent inhibitors for several cancers has generated significant interest. Some chemists
have attempted to develop chemical synthesis methods for glyceollin production, achieving yields at the multigram level [22].
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Fig. 1. The structures of isoflavonoids and glyceollins.
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However, complex synthetic pathways, environmental pollution, and high manufacturing cost associated with chemical synthesis
remain unresolved issues, leading researchers to explore alternative methods for glyceollin production. Recent developments in the
field of biosynthesis have provided new possibilities for large-scale production of glyceollins [23,24].

This review provides an overview of the current knowledge on the pharmacological effects of glyceollins and related mechanisms,
with a focus on their target genes and pathways, including ER and some other newly identified proteins. The de novo biosynthetic
pathway of glyceollins in soybeans and related transcription regulation factors are also summarized and reviewed. Additionally, all
reported elicitors that stimulate glyceollin synthesis are listed, and the advances in chemical synthesis and possible glyceollin pro-
duction by microorganisms are discussed.

2. Glyceollins play various medicinal roles through multiple signaling pathways
2.1. ER signaling pathway

Isoflavonoids are compounds that have been found to have estrogen-mimicking properties since the 1950s [25,26]. However, it was
not until the identification of two estrogen receptors, ERa and ERp, that more detailed research on their mechanisms of action was
carried out [27,28]. Many studies have evaluated the binding affinity of various isoflavonoids to these two receptors [29-32]. While
many isoflavonoids were found to have ER binding activity, their affinity was much lower than that of the natural estrogen estradiol.

Both ERa and ERf in humans are expressed in multiple tissues, but with different patterns (the expression data from genes with IDs
of 2099 and 2100 were in the NCBI database). For example, the gene ESR1 (encoding ERa) is expressed at much higher levels in the
endometrium than in all other tissues, and is also expressed at relatively high levels in the liver, ovary, prostate, and fat. In contrast, the
gene ESR2 (encoding ERp) is expressed highest in the testis and has relatively high expression in the adrenal, ovary, fat, and lymph
node tissues (Fig. 2a) [33]. Additionally, ERa and ERf respond differently to various estrogens or ER inhibitors [34]. These differences
make the ER pathway complex and influenced by multiple factors.

Defects in ER signaling can lead to many diseases, including breast cancer [35], ovarian cancer [36], prostatic cancer [37], lung
cancer [38], liver cancer [39], cardiovascular disease [40], metabolic syndrome [41], neurodegeneration [42], inflammation [43],
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Fig. 2. The relationship between estrogen receptors and glyceollins. (a) The expression levels of both estrogen receptor alpha (ESR1) and estrogen
receptor beta (ESR2) in different human tissues. (b) The overlapped diseases caused by estrogen receptor defect and prevented by glyceollins.
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and osteoporosis [44]. Detailed mechanisms of ER signaling can be found in various reviews [45,46].

Glyceollins, a group of pterocarpan-type isoflavonoids, have been shown to exhibit binding affinity to ERs [47-49]. Compared to
other isoflavonoids, such as daidzein and genistein, their competitive binding affinity for ERs was significantly lower. However,
glyceollin I demonstrated superior affinity to ERa when compared to ERp [47,49]. Additionally, glyceollin I exhibited a much higher
absorption rate than daidzein or genistein [50].

These ER-binding isoflavonoids are typically classified into two groups: agonists or antagonists. ER bound to glyceollin I inhibits the
gene expression dependent on two known estrogen response element (ERE) sequences, indicating that glyceollin I is a specific ER
antagonist [49]. Among the three main glyceollins, glyceollin I demonstrated higher ER-binding activity than glyceollin II or III and
was considered the primary active molecule in the glyceollin mixture [51]. Glyceollins have demonstrated remarkable antiestrogenic
properties, while their precursor daidzein exhibits the opposite effect [47]. The antiestrogenic effects of glyceollins may be attributed
to their prenylated structure. Some evidence suggests that prenylated isoflavonoids more frequently function as antagonists, while
non-prenylated isoflavonoids prefer to act as agonists [52]. The known health benefits of glyceollins include the prevention and
intervention of breast cancer, ovarian cancer, prostate cancer [53-55], cardiovascular disease [56], regulation of glucose metabolism
[571, treatment of osteoporosis [58], and improvement of skin pigmentation [59], among others. Notably, many diseases prevented by
glyceollins overlap with those caused by ER defects (Fig. 2b). Therefore, it is believed that glyceollins exert important medicinal
functions through the ER signaling pathway. Further investigations into the detailed mechanisms of these functions have revealed that
the ER is a key target of glyceollins.

Breast cancer is a prevalent malignancy affecting women globally and poses a significant threat to their health. It is categorized into
three subtypes: estrogen/progesterone receptor-positive, HER2-positive, or triple-negative [60]. The majority, approximately 70 %, of
breast cancer patients fall under the first subtype, and endocrine therapy serves as the standard treatment approach [61]. Furthermore,
approximately 50 % of ovarian cancers can also be managed with endocrine therapy [62]. Endocrine therapy comprises two oral
medications: the ER inhibitor [63] or estrogen-synthesis inhibitor [64]. However, prolonged use of these inhibitors may lead to drug
resistance [65]. Hence, the discovery of potent and safer ER inhibitors is crucial for the prevention and treatment of breast cancer.
Despite having ER-binding activity, most isoflavonoids, including daidzein and genistein, may act as negative regulators for
ER-positive breast cancer [66]. Consequently, mixed soybean isoflavonoids should be cautiously considered for breast cancer patients.
Current evidence suggests that ERa plays a significant role in breast cancer proliferation compared to ERf [67,68]. Glyceollins, as rare
products with higher affinity to ERa than ERf, show specific antiestrogenic activity and are among the most promising natural
products for intervention in breast or ovarian cancer. Currently, most research on the function of glyceollins revolves around breast or
ovarian cancer and is dependent on the ER pathway.

The MCF-7 cell line is a widely utilized ER-positive breast cancer cell line whose proliferation is dependent on ER. Administration of
exogenous estradiol significantly increases the proliferation of these cells, but glyceollin supplementation has been shown to effec-
tively reduce the proliferation induced by estradiol [47]. When these cells were transplanted into ovariectomized (ovx) mice, exog-
enous estradiol was found to increase the growth of tumor tissue, while glyceollin-feeding significantly inhibited tumor growth. The
changes in the expression of the progesterone receptor (PgR) protein, a key target of ER, confirmed that glyceollins inhibit the growth
of breast cancer cells via the ER pathway [48,51,54]. Glyceollins have also been shown to have antagonistic effects on the increase in
uterus weight and volume induced by estradiol in mice. Similarly, in postmenopausal female monkeys, glyceollins inhibited the effect
of estradiol by decreasing the expression of the PgR gene, which in turn increased the proliferation of mammary duct cells [69].
Furthermore, glyceollins have been shown to inhibit the growth of explanted ovarian BG-1 cells induced by estradiol [51,54]. In
addition to breast and ovarian cancer cell proliferation, glyceollins also inhibit the proliferation of human prostate cancer cells LNCaP
through the ER pathway [55]. A cluster of noncoding RNAs was activated and promoted the expression of ESR1 in LTED breast cancer
cells, and glyceollins could inhibit the expression of these noncoding RNAs [70]. Glyceollin I has been shown to significantly inhibit the
expression of BCL2 but increase the expression of NGFR in MCF-7 cells [48]. Moreover, explanted MCF-7 cells in mice also expressed
lower levels of BAG1, TFF1, BCL2, CCND1, and RAC2 after glyceollin treatment, revealing its ability to promote cell apoptosis [51].
However, whether the expression of these genesis ER-dependent or ER-independent has yet to be determined. In addition to the in-
hibition of ER-dependent breast and ovarian cancer cell proliferation, glyceollins also promote ER-dependent osteogenesis [58]. A
large-scale molecular docking analysis predicted that glyceollin III could bind to sex hormone-binding globulin, which is essential for
estrogen transport in blood vessels [71]. This result suggests that glyceollin I is not the only effective product in the glyceollin mixture.

2.2. ER-independent signaling pathways in breast cancer

Letrozole, the most commonly used estrogen synthesis inhibitor, has been found to reduce ER-dependent cancer cell proliferation.
In contrast, letrozole-resistant breast cancer cells, specifically LTLT-Ca cells, express higher levels of ZEB1 and EGFR, but lower levels
of ESR1 and TFF1 than letrozole-sensitive AC-1 cells. This suggests that the resistant cell line has obtained the ability to proliferate
independently of ER signaling. However, glyceollin treatment was still effective in decreasing the proliferation of LTLT-Ca cells.
Glyceollin not only decreased the expression of ZEBI and EGFR, but also further decreased the expression of ESR1 and TFF1, indicating
that the regulatory effect of glyceollins is both dependent and independent of ER signaling. Moreover, glyceollins were able to reverse
the epithelial to mesenchymal transition (EMT) process, possibly through a significant increase in the E-cadherin level and a decrease
in the N-cadherin level. These results were further confirmed in LTLT-Ca explanted tumor tissue in mice [72]. Molecular docking
analysis predicts that glyceollins can bind to TGFBR1 and TGFBR2, which are two receptors of TGFp, a key protein in EMT [73].

In the letrozole-resistant breast cancer cell line T47DaromLR, the levels of HER2, EGFR, and MAPK were higher than those in the
letrozole-sensitive cell line T47Darom. However, glyceollin treatment was found to inhibit the proliferation of resistant cells without
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changing the levels of HER2 and MAPK. Glyceollins inhibited the cell entry into G2 phase and accelerated apoptosis [74]. Molecular
docking analysis further suggests that glyceollins can bind to the aryl hydrocarbon receptor (AhR). Subsequent experiments in
triple-negative breast cancer MDA-MB-231 cells confirmed that glyceollins activate the gene expression of AhR target genes, such as
CYP1A1 and CYPIBI1, while decreasing the cell migration ability. Meanwhile, the expression of N-cadherin (CDH2) and CCL2
decreased, but the expression of PDLIM4 increased after glyceollin treatment [75].

2.3. HIF-1a and VEGF signaling pathways

Glyceollins have been found to inhibit the proliferation of endothelial progenitor cells (EPCs), which are capable of differentiating
into mature endothelial cells for neovascularization. Additionally, glyceollins inhibit the expression of SDF-1a, which is known to play
a crucial role in the migration of endothelial progenitor cells. In mixed cultures of EPCs and human umbilical vein endothelial cells,
glyceollin treatment resulted in a decrease in the number of tube structures similar to vessels. Furthermore, glyceollin treatment
resulted in a decrease in the transcription levels of SDF-1, CXCR4, ANG-1, TIE-2, and eNOS, as well as a decrease in the phosphorylation
levels of eNOS, Akt, and ERK induced by SDF-1a or VEGF. In experiments with mice, glyceollin administration led to a decrease in the
proliferation of lung cancer LLC cells that had been transplanted, a reduction in vessel density, and a decrease in the number of EPCs
when compared to controls [76,77]. In vitro and in vivo experiments have both confirmed the efficacy of glyceollins in inhibiting
angiogenesis. The proliferation and migration of human umbilical vein endothelial cells can be induced by VEGF or bFGF, but gly-
ceollins have been found to reduce the VEGF-induced phosphorylation of VEGFR2 and bFGF-induced phosphorylation of bFGFR1, as
well as the phosphorylation of ERK, JNK, p38 MAPK, Akt and FAK [77]. Hypoxia-induced gastric cancer MKNI cells have shown
increased expression of VEGF, CA9 and ALDOC, but glyceollins have been found to inhibit this increase. Additionally, glyceollins have
been found to decrease the protein level of HIF-1a, without changing its transcription level. The inhibition of HIF-1a by glyceollins has
been found to be independent of the p53 and IGF-1 pathways but rather occurs through a decrease in HIF-1a synthesis via the
PI3K-Akt-mTOR pathway. Furthermore, glyceollins have been found to decrease the phosphorylation levels of mTOR, p70S6K and Akt,
while a PI3K inhibitor can reverse the glyceollin-induced inhibition of HIF-1a protein synthesis. In addition, the results from molecular
docking analysis indicated that glyceollins had a high affinity for HSP90, which is known to interact with HIF-1a to prevent its sta-
bilization. Experimental findings confirmed that glyceollins blocked the interaction between HSP90 and HIF-1q, leading to the in-
hibition of the growth of lung cancer LLC cells implanted in mice. Furthermore, glyceollins reduced the phosphorylation level of mTOR
and Akt, resulting in a lower vessel density in tumor tissue [78]. Similarly, the phosphorylation levels of p70S6K, pS6, eIlF4, and eEF2K
in MCF-7 or T47D breast cancer cells were also reduced after glyceollin treatment [79]. Moreover, in arterial smooth muscle cells, the
induction of proliferation by PDGF-BB was attenuated with glyceollin treatment, which led to lower levels of CDK2 and cyclin E. The
treatment also increased the levels of p27 and p53 and decreased the phosphorylation levels of PDGFR-B, PLCg1, Akt, and ERK, which
were induced by PDGF-BB. Additionally, glyceollin treatment inhibited the increased level of ROS induced by PDGF-BB and decreased
the synthesis of actin filaments, which facilitated cell migration. Overall, glyceollins exhibited an antagonistic effect in this regard
[801.

2.4. AMPK and insulin signaling pathways

An in vitro study revealed the inhibitory effect of glyceollin I on the activity of ACAT-1 and ACAT-2, which are both cholesterol
synthetases in humans [81]. This implies that glyceollin may play a potential role in lipid metabolism. Treatment with glyceollin
increased the glucose uptake ability of adipocytes differentiated from 3T3-L1 fibroblasts in an insulin-dependent manner [82,83].
PPAR-y can enhance cells’ insulin sensitivity to increase insulin-dependent glucose uptake and triacylglycerol storage. However,
glyceollin treatment did not increase the activity of PPAR-y or the level of triacylglycerol, suggesting that glyceollin’s effect is inde-
pendent of PPAR-y. The synthesis of insulin in insulinoma Miné cells was stimulated by glyceollins only under high glucose conditions,
and this induction was not affected by palmitate, an insulin synthesis inhibitor. Additionally, glyceollins inhibited the apoptosis
induced by palmitate, possibly by decreasing the expression of endoplasmic reticulum stress response genes such as XBP-1, ATF-4,
ATF-6, and CHOP. The level of GLP-1 was increased in the enteroendocrine cell line NCI-H716 under high glucose conditions, and
glyceollin treatment further increased its level [83].

Glyceollins increased insulin content and decreased free fatty acid levels in the serum of a type II diabetic mouse model, along with
an increase in the number of pancreatic 8 cells. In mouse liver, glyceollin feeding increased triglyceride and glycogen content, as well
as the phosphorylation levels of Akt, AMPK, and ACC, but decreased PEPCK expression [57]. The fasting blood glucose level of
ZDSD/Pco rats significantly decreased and adipocytes expressed higher levels of GLUT1 and GLUT4 after glyceollin feeding [82].
Glyceollin feeding reduced blood glucose levels and insulin content in C57BL/KsJ-db/db mice and increased high-density lipoprotein
cholesterol content. In skeletal muscle cells, the phosphorylation level of JNK decreased, but AMPK, ACC, and Akt phosphorylation
increased after glyceollin treatment. In rat L6 myotube cells, glucose uptake and fatty acid oxidation increased after glyceollin
treatment, in a AMPK phosphorylation-dependent manner. Glyceollins restored endoplasmic reticulum stress-induced AMPK, ACC,
and IRS-1 phosphorylation inhibition and improved glucose uptake ability. The knockout of CaMKK or addition of PI3K or CaMKK
inhibitor could dismiss glyceollin’s role in blood glucose regulation [84].

A high-fat diet caused an increase in low-density lipoprotein (LDL), very low-density lipoprotein (VLDL), and total cholesterol in
the serum, as well as cholesterol accumulation in the liver of Golden Syrian hamsters. However, glyceollin feeding reversed the process
and inhibited the expression of LPL [85]. Molecular docking analysis predicted that glyceollin II could bind to LXRa and LXRp. Genes
related to the LXR pathway, including ABCG1 and APOA1, also showed increased expression. Furthermore, glyceollins increased the
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expression of genes involved in cholesterol homeostasis, including c-FOS, IGF1, ABCA1, ABCA2, RUNX2, and OPN [58].
2.5. Toll-like receptor and HM GBI signaling pathways

After lipopolysaccharide (LPS) induction, the level of HMGB1 in human umbilical vein endothelial cells significantly increased,
along with TLR2 and TLR4. HMGB1 reduced the phosphorylation level of MAPK p38, while increasing the content of ICAM-1, VCAM-1
and E-selectin, thus promoting leukocyte migration to the site of inflammation. Moreover, HMGB1 elevated the levels of TNFa and IL-6
cytokines, and NF-kB and ERK proteins. Similar results were observed in a CLP-induced sepsis mouse model. However, glyceollin
treatment in human umbilical vein endothelial cells or CLP-induced mice led to a lower level of HMGB1, restored the changes caused
by increased HMGBI1, and ultimately improved the survival rate of mice [86].

In mice feda high-fat diet, the expression levels of TLR3 and TLR4 in the spleen were increased, which further elevated the NF-xB
level and ultimately led to increased levels of IL-17 and TNFq, along with a reduction in naive T cells. However, glyceollins were found
to counteract the effects induced by a high-fat diet. Molecular docking analysis predicted that glyceollins could bind directly to TLR3
and TLR4, thereby preventing the inflammatory response through the Toll-like receptor signaling pathway [87].

2.6. Nrf2 and NF-xB signaling pathways

Glyceollin treatment in mouse hepatoma cells Hepalclc7 or BPRcl increased the ratio of Nrf2 translocation into the nucleus,
resulting in the activation of gene transcription dependent on the promoter ARE element. Additionally, the protein level and activity of
NQO1, HO-1, and GR increased as well. Molecular docking analysis predicted that glyceollin I could bind to Keap1, which interacted
with Nrf2, blocking its translocation to the cell nucleus. Furthermore, glyceollins increased the phosphorylation level of Akt, but a PI3K
inhibitor abolished glyceollin-induced Nrf2 translocation and downstream gene expression [88-90]. After glyceollin treatment, these
cells’ extracellular glutathione levels increased. Glyceollins also increased the levels of QR and yGCS but decreased HIF-1a levels [88].
Glyceollins increased the ROS level and promoted cell apoptosis. Using NAC, an antioxidant, to eliminate ROS could decrease
glyceollin-induced apoptosis. Glyceollin increased the levels of caspase-3 and cytochrome C while decreasing BCL2 levels. Addi-
tionally, glyceollin decreased cyclin D, cyclin E, CDK2, and CDK4 levels, increased CIP1 and KIP1 levels, and resulted in G1 arrest [89].
In addition, 7,12-dimethylbenz(a)anthracene (DMBA) increased the tumor occurrence and death rate of C57BL/6J female mice. It
increased the expression of MUC1, and increased the levels of the phase I detoxifying enzymes CYP1A1 and CYP1B1, but inhibited the
phase II detoxifying pathway by blocking Nrf2 translocation and increasing Keapl expression. Glyceollin feeding efficiently reduced
DMBA-induced changes and recovered multiple parameters involved in oxidative stress and hepatic injury in serum [91]. Glutamine
induced excitotoxicity in primary cortical neuron cells in C57BL/6 mice and inhibited the proliferation HT22 of hippocampal neuronal
cells. Glyceollins could dismiss the damaging role of glutamine by interacting with the Nrf2 protein. ERK or JNK inhibitors could
eliminate the function of glyceollins, but p38 or PI3K inhibitors could not. Glyceollins can decrease the level of ROS through the ERK or
JNK pathway. Glyceollins significantly increased the levels of Nrf2 and HO-1 through the ERK- and JNK-dependent pathways.
Scopolamine reduced the learning and memory ability of mice, and glyceollins could restore these abilities by interacting with Nrf2
[92]. Glyceollin feeding increased the tumor size and volume of colorectal cancer HCT116 cells explanted in mice. The function of
glyceollins in tumor growth was p53 dependent, and the proliferation of p53-deleted HCT116 cells was not influenced by glyceollins.
Glyceollins increased the levels of Nrf2, HO-1, and NQO1 in p53-wild type cells but did not change their expression in p53-deleted cells
[93]. Glyceollins have been demonstrated to exhibit inhibitory effects on LPS-induced IL-6 and COX-2 elevation in mouse macrophage
RAW264.7. Additionally, LPS induction was shown to increase the production of NO, but this effect was reversed by glyceollin
treatment. In addition, glyceollins were found to increase HO-1 expression. LPS exposure resulted in an increase in the content and
phosphorylation level of the NF-kB p65 subunit, but this response was attenuated by glyceollin treatment [94,95]. Glyceollins were
also found to repress LPS-induced cytokines IL-16, IL-18, and TNFq, and to inhibit the phosphorylation level of IKK and downstream
IKB, while promoting the production of anti-inflammatory cytokines such as IL-10 [94]. In a mouse model of ulcerative colitis induced
by dextran sulfate sodium (DSS), epithelial damage occurred, accompanied by an increase in the serum levels of TNFa and IL6, as well
as NO. Furthermore, the NF-kB p65 subunit and iNOS also increased. However, glyceollins were able to attenuate the DSS-induced
inflammatory response and lipid peroxidation [96].

2.7. Melanogenesis pathway

The addition of a-MSH protein was found to promote the production of melanin in B16 melanoma cells. However, the use of
glyceollin treatment could restore melanin levels to those seen in a-MSH nontreated conditions. Both in vitro and in vivo studies have
shown that glyceollins can inhibit the activity of tyrosinase. At high concentrations, glyceollins can decrease the levels of TRP1 and
MITF, as well as cAMP independent of forskolin stimulation [59]. In addition, glyceollins can also reduce the accumulation of melanin
in zebrafish embryos by reducing tyrosinase activity. Glyceollin treatment has been found to reduce the expression of SCF and SOX10,
decrease downstream c-kit and p44/42 ERK phosphorylation, and to downregulate the cAMP level [97].

2.8. RhoA pathway

Sodium fluoride (NaF) has been found to induce vasoconstriction in rats. However, glyceollin treatment has been shown to reduce
NaF-induced vasoconstriction. This effect is attributed to the inhibitory action of glyceollins on the phosphorylation level of MLC20
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protein, which is a known biomarker of vasoconstriction. Furthermore, glyceollins have been found to suppress the expression of RhoA
and downstream MYPT1 phosphorylation [56].

2.9. Multiple omics analysis

It is widely acknowledged that the effects of glyceollins in cells are diverse and intricate, and transcriptome and proteome results
have led to a comprehensive understanding of cell signaling changes after glyceollin treatment. In female nude mice, glyceollins have
been shown to inhibit the proliferation of triple-negative breast cancer cells, MDA-MB-231 or MDA-MB-468, independent of the ER
pathway. Microarray analysis revealed that glyceollin treatment caused a decrease in the expression of many cancer-promoting
microRNAs, whereas the expression of several cancer-inhibiting microRNAs increased. Additionally, the proteomic results demon-
strated that glyceollin led to an increase in NME1 and a decrease in vimentin, both of which resulted in a lower risk of cancer cell
migration [98]. The effect of glyceollins on the mammary gland was evaluated in postmenopausal cynomolgus monkeys, and showed a
significant decrease in the levels of LDL, VLDL, and total cholesterol in serum after glyceollin feeding. Transcriptome analysis showed
significant changes in the expression of many genes involved in fatty acid metabolism, particularly in the triglyceride synthetic
pathway. The genes involved in the PPAR pathway, including ADIPOQ, DGAT2, GPD1, GYS1, LEP, LPIN1, PLIN, and PPARy, were

PPP1R12A

PDLIM4

Fig. 3. The interaction network of proteins regulated by glyceollins.
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significantly upregulated [99]. Transcriptome analysis of ovx CFW mouse brain tissue with glyceollin treatment revealed more than
200 differentially expressed genes involving the cranial nerve. Similar results were obtained from transcriptome analysis of the other
samples [100,101]. Glyceollins were shown to inhibit the proliferation of both ER-positive and ER-negative breast cancer cells, and
transcriptome analysis indicated that glyceollin treatment decreased the expression of genes involved in the cell cycle. Both
ER-dependent and ER-independent pathways were enriched, with the FOXM1-related pathway involving most ER-dependent genes
and the HIF-1a-related pathway involving most ER-independent genes [53].

For an easier and better understanding of the signaling pathways involved in glyceollin function and their potential crosstalk
described above, we presented a complete interaction network of all related proteins in this section by database STRING [102] (Fig. 3
and Supplementary file 1), and listed all the molecular pathways and pharmacological activities of glyceollins in Table 1.

3. De novo biosynthetic pathways of glyceollins in soybean

To provide a more detailed overview of the glyceollin synthetic pathway in soybean, we divided the complex pathways into four
modules (Fig. 4). The first module involves the synthetic pathway of liquiritigenin, which is a shared route from flavonoids to iso-
flavonoids [103]. As a type of isoflavonoid, glyceollin synthesis shares this module with some other isoflavonoids. This module
comprises six enzyme-dependent synthesis steps, which are presented in Fig. 4 and Table 2. The pathway starts with phenylalanine,
and the first enzyme involved is phenylalanine ammonia lyase. In soybean, there are eight candidate genes that encode this enzyme,
but only one of the encoded proteins has confirmed enzymatic activity [104]. This enzyme catalyzes the generation of trans-cinnamate
(trans-cinnamic acid). The second enzyme is a trans-cinnamate 4-monooxygenase, which catalyzes the conversion of trans-cinnamate
to p-coumaric acid. This enzyme belongs to the cytochrome P450 gene family and 73A subfamily, and the reaction is
NADPH-dependent [105]. In soybean, there are three candidate genes that encode this enzyme, but to date, none of the proteins
encoded by these genes have confirmed enzymatic activity. The third enzyme is a 4-coumarate-CoA ligase, which catalyzes the
conversion of p-coumaric acid to p-coumaroyl-CoA. The reaction is ATP-dependent and requires CoA supplementation. There are
possibly up to twenty-two candidate genes in soybean that encode this enzyme, and the enzymatic activity and substrate specificity of
four gene-encoded proteins were identified by recombinant expression in Escherichia coli (E. coli) [106]. The fourth enzyme is a
chalcone synthase, and in soybean, there are thirteen candidate genes that encode this protein, with two genes likely participating in
isoflavonoid synthesis [107]. However, none of the encoded proteins have confirmed enzymatic activity. This reaction in this step
requires the participation of three malonyl-CoAs. The fifth enzyme is a chalcone reductase, and in soybean, there are eight candidate
genes that encode this enzyme, and the enzymatic activity of proteins encoded by three of the eight genes has been confirmed by
recombinant expression in E. coli [108]. This reaction is also NADPH dependent. As the product from the fourth step is quickly
transformed and difficult to identify, some references combine the fourth and fifth steps into a single step. The sixth enzyme is a
chalcone isomerase, which catalyzes the production of liquiritigenin. In soybean, there are four candidate genes that encode this
enzyme, and the enzymatic activity of three gene-encoded proteins was confirmed by recombinant expression in yeast [109]. This
module is common in most plants, and the genes responsible for these steps in Arabidopsis thaliana were also identified [110-113]. The
pathway information was reviewed in previous reviews [114-116], and is not further discussed in this paper.

The second module pertains to the pathway from liquiritigenin to daidzein, which serves as the unique substrate for glyceollin
production. This pathway involves two enzymatic reactions. The initial enzyme is a 2-hydroxyisoflavanone synthase, also known as IFS
or 2-HIS, which belongs to the 93C subfamily of the cytochrome P450 gene family. In soybean, there are two candidate genes
responsible for encoding this protein, with the enzymatic activity of one gene-encoded protein already confirmed through recombinant
insect cell expression [117]. This reaction is NADPH dependent. The subsequent enzyme is a 2-hydroxyisoflavanone dehydratase, also
referred to as HID or HIDH. In soybean, there are five candidate genes responsible for encoding this protein, with the enzymatic
activity of one gene-encoded protein already confirmed [118]. Daidzein is one of the primary isoflavonoids found in soybean, and is
typically stored in seeds in glycoside forms [119]. Additionally, daidzein can be converted into other isoflavonoids such as vestitone.
Therefore, all methods that increase the daidzein content or reduce the proportion of daidzein in the bypass pathway can theoretically
enhance the final glyceollin yield. Recently, daidzein was successfully synthesized in budding yeast through the transformation and
reconstruction of some Arabidopsis and soybean isoflavonoid pathway genes [120], providing an excellent foundation for further
glyceollin biosynthesis.

Table 1

The diseases prevented by glyceollins and related signaling pathways.
Diseases Signaling pathways
Breast cancer Estrogen-receptor dependent and independent pathways
Ovarian cancer Estrogen-receptor pathway
Prostatic cancer Estrogen-receptor pathway
Lung cancer HIF-1a and VEGF signaling pathways
Cardiovascular disease RhoA pathway
Metabolic syndrome AMPK and insulin signaling pathways
Neurodegeneration Nrf2 and NF-xB signaling pathways
Osteoporosis Estrogen-receptor pathway
Inflammation Toll-like receptor and HMGB1 signaling pathways
Skin pigmentation Melanogenesis pathway
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Fig. 4. The biosynthetic pathway of glyceollins in soybean.

unidentified

The third and fourth modules are specific to the production of glyceollins and are also the least understood. The third module
comprises a pathway for the synthesis of 3,6,9-trihydroxypterocarpan, which is a common process for all types of glyceollins. This
pathway is composed of five steps. The first step involves catalyzing daidzein to 2'-hydroxydaidzein by an isoflavone 2-hydroxylase,
which belongs to the cytochrome P450 family and 81E subfamily. This reaction is NADPH dependent. Soybean has eleven candidate
genes that encode this enzyme, and recombinant E. coli expression confirmed the enzymatic activities of three encoded proteins. All
three proteins showed high catalytic activity for converting daidzein to 2"-hydroxydaidzein. Additionally, they also displayed weaker



Z. Yue et al. Heliyon 9 (2023) 21874

Table 2
The candidate genes of soybean involved in glyceollin synthesis.

Gene Candidate gene ID

name

PAL 100302735; 100,811,101; 100,788,438; 100,787,902; 100,818,777; 100,803,857; 100,801,470; 100,787,872

C4H 100,499,623; 100,818,985; 100,812,188

4CL 548,034; 547,492; 547,930; 547,944; 100,819,192; 100,810,418; 100,811,418; 100,814,237; 100,779,668; 100,780,741; 100,790,396;
100,811,344; 100,783,104; 100,796,728; 100,775,413; 100,804,808; 100,808,944; 100,797,843; 100,777,435; 100,784,234; 100,804,044;
100,801,143

CHS 100,782,897; 100,170,701; 100,775,264; 114,827,817; 732,575; 106,799,718; 100,791,524; 100,779,649; 100,785,554; 100,809,433;
100,790,997; 100,788,048; 114,827,817

CHR 100,820,161; 100,800,931; 547,911; 100,194,415; 100,788,544; 100,790,074; 100,787,305; 100,786,750

CHI 547,602; 100,037,455; 732,546; 732,545

IFS 606,705; 100,037,450

HID 547,489; 100,785,409; 100,814,777, 100,813,532; 100,795,872

CYPS1E 100,789,410; 100,807,819; 100,801,092; 100,797,371; 100,812,102; 100,798,269; 100,790,507; 100,784,650; 100,811,727; 100,784,120;
100,804,509

IFR 100,786,578; 100,775,382; 100,780,465

VR-like 100,194,416; 100,793,687; 547,660; 100,794,209; 102,659,875; 547,570; 100,796,029; 100,786,878; 548,087; 732,626; 100,778,253;

PTS 100,500,621; 100,817,155; 100,817,686; 100,500,576; 100,790,549;

100,816,095; 100,816,618; 100,500,048; 100,789,492; 100,306,267
100,775,617; 100,798,988; 100,808,529; 100,781,542

CYP93A 100,776,878; 100,808,223; 100,797,067; 100,815,706; 100,779,342;
100,805,931; 100,807,524; 100,811,919;

G4DT 100,301,896; 100,786,739; 100,787,246; 100,787,771; 100,777,408;
100,809,827; 100,786,181; 100,778,084,

G2DT 100,812,378; 100,777,517

The genes in bold represented that the enzymatic activity of their encoded proteins was identified.

activity toward genistein and formononetin [121]. The homologous gene for this enzyme in licorice (GeCYP81E1, NCBI accession:
AB001379.1) was also cloned and identified, and the enzymatic activity was confirmed by recombinant yeast microsomes. The re-
combinant enzyme could convert not only daidzein but also genistein and formononetin to their corresponding 2'-hydroxy forms, but
the transformation rates varied [122]. The homologous gene in alfalfa (MtCYP81E7, NCBI accession: 25493449) encoded a protein
with weak catalytic activity to convert daidzein to 2-hydroxydaidzein, but it most frequently utilized formononetin as the substrate
[123]. This suggests that the protein isoflavone 2-hydroxylase in different species have substrate preferences, and the proteins in
soybean tend to use daidzein for glyceollin production. The second step involves transforming 2"-hydroxydaidzein to 2"-hydroxy-2,
3-dihydrodaidzein by a reductase called IFR or HDR, and this reaction also requires NADPH. The enzyme in soybean has been purified
and identified, and it can catalyze 2-hydroxydaidzein in vitro with high activity. It also utilizes the substrates 2-hydroxyformononetin
or 2-hydroxygenistein, but with relatively lower activity [124]. There are three possible genes that could encode this protein, and the
function of one gene was elucidated by overexpressing it in soybean. In the seeds of transgenic soybeans, the content of glyceollins
increased, and that of daidzein decreased, while genistein and glycitein contents were not changed. The expression of this gene was
induced by some stress factors and several associated hormones. However, the enzymatic function of soybean has yet to be determined
[125]. A candidate gene found in the QTL of soybean isoflavone content suggests its vital role in isoflavone synthesis [126]. Reduced
expression of IFR in Phaseolus vulgaris resulted in decreased shoot and root growth, as well as an impact on nodulation [127]. The
crystal structure of its homologous protein in alfalfa was determined, providing a foundation to comprehend its catalytic mechanism
[128]. The first knowledge gap in the pathway is in the third step, which likely catalyzes 2"-hydroxy-2,3-dihydrodaidzein from the
isoflavanone structure to the isoflavanol structure, by an unidentified reductase enzyme. There is currently no report about this gene or
its functional description. Nevertheless, a similar pathway involved in the transformation of vestitone to medicarpin may offer clues to
discover the candidate genes of the third step. The catalytic process from vestitone to 7,2"-dihydroxy-4'-methoxy-isoflavanol is similar
to the third step, both converting 2-hydroxyisoflavanone to 2-hydroxyisoflavanol (Fig. 4). Vestitone’s catalysis is dependent on an
enzyme called VR, and it is probable that 2"-hydroxy-2,3-dihydrodaidzein transformation depends on an enzyme with a highly ho-
mologous protein sequence. The vestitone reductase gene in alfalfa was cloned, and its function was confirmed by recombinant
expression in E. coli [129]. The protein’s crystal structure was also determined [130]. The putative vestitone reductase gene in soybean
was cloned, but its functions were not confirmed [131]. Through a homogenous gene search, eleven candidate genes were found, but
the enzymatic activity of the gene-encoded proteins has yet to be determined. In the fourth step, the product from the third step is
catalyzed by a pterocarpan synthase, producing 3,9-dihydroxypterocarpan. The protein in soybean was purified, and its function was
confirmed [132]. In that study, it was found that 3,9-dihydroxypterocarpan can be directly produced by pterocarpan synthase from
2'-hydroxy-2,3-dihydrodaidzein. Meanwhile, the enzyme showed equal efficiency for vestitone catalysis. It was likely that the study
used crude enzyme extracts. However, later enzymatic activity tests of pterocarpan synthase of licorice, soybean, or Lotus japonicus by
expression in E. coli exhibited preference for various substrates [133]. It is plausible that multiple gene paralogs were present and
exhibited a preference for converting various substrate types. Moreover, the expression of this gene is significantly upregulated in
response to elicitors. In soybean, fourteen candidate genes were anticipated to encode pterocarpan synthase, but the enzymatic activity
for only one protein was confirmed [133]. The fifth step involves an enzymatic reaction from 3,9-dihydroxypterocarpan to glycinol,
catalyzed by a cytochrome P450 monooxygenase. The protein belongs to the CYP450 gene family and 93A subfamily, and its
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enzymatic activity also requires NADPH. The activity of this enzyme was first identified in 1984, but at that time, the protein was not
purified, and its sequence was not determined [134]. In soybean, nine candidate genes were predicted to encode this enzyme, and the
enzymatic activity of the CYP93A1 gene was identified in soybean by recombinant expression in budding yeast, and demonstrated to
catalyze the substrate 3,9-dihydroxypterocarpan to glycinol [135]. Similarly, this expression of this gene is also regulated by some
elicitors or stress-associated hormones.

The last module comprises two branched parts that are responsible for the production of different types of glyceollins. For branch I,
glyceollin I is synthesized, while for branch II, glyceollins II and III are synthesized. There are six known types of glyceollins, but
glyceollins I, II, and III account for the majority of glyceollins [136]. In the first step of both branches, a dimethylallyl is introduced to
the C-2 or C-4 position of glycinol by the paralogous dimethylallyl transferases (G4DT or G2DT). For branch I, in the first step, a
dimethylallyl is added to the C-4 position of glycinol, forming the product of 4-glyceollidin. Eight candidate genes were identified in
soybean to encode this protein, and the function of one gene-encoded protein was identified using recombinant yeast microsomes
[137]. For branch II, the first step involves the catalysis of glycinol into glyceocarpin by the addition of a dimethylallyl to the C-2
position of glycinol. The gene encoding this protein was cloned, and its function was identified by a yeast expression system [138]. The
paralogous proteins responsible for two different types of catalysis are from the genes generated by a whole-genome duplication event.
Furthermore, a new G2DT gene was identified by an in vitro enzyme assay [139]. The second step for both branches includes the
process of cyclization of dimethylallyl. This is the second knowledge gap in the glyceollin synthetic pathway. The current literature
suggests that the enzyme responsible for this step is a cytochrome P450 monooxygenase. The enzyme’s function is confirmed by
microsomes from soybean cell cultures, which can use both 4-glyceollidin and glyceocarpin as substrates to synthesize all three types of
glyceollins [140]. As none of the genes encoding this enzyme protein have yet been cloned and identified, it is difficult to determine
whether the enzyme is encoded by a single gene or by several paralogous genes. The expression of the protein also requires induction
by pathogen elicitors, similar to some other enzymes in this pathway. The eight cytochrome P450 genes corresponding to Y92437
(CYP73A11), Y10489 (CYP71A9), Y10490 (CYP71D9), Y10491 (CYP82A2), Y10492 (CYP93A3), Y10493 (CYP71DS8), Y10982
(CYP82A3), and Y10983 (CYP82A4) were identified to be induced by elicitors [141]. The publication of numerous soybean tran-
scriptomes induced by pathogens has provided additional insight that could help us complete the knowledge gap in the final step of the
pathway [142,143]. Our laboratory has undertaken gene mining of the glyceollin synthetic pathway through transcriptome analysis

Table 3

The list of elicitors that can stimulate the synthesis of glyceollins.
Elicitor types Reference No.
Fungi
Phytophthora megasperma var. sojae 143
Saccharomyces cerevisiae 145
Sclerotinia sclerotiorum 151
Rhizoctonia sclerotica 154
Rhizoctonia Solani 157
Aspergillus 160
Trichoderma reesei (NRRL 3653 strains) 162
Rhizopus 165
Bacteria
Pseudomonas glycinea 148
Rhizobium japonicum (61-A-24 strain) 152
Animals
Meloidogyne incognita 149
Polysaccharides or oligosaccharides
Glucan from P. megasperma or S. cerevisiae 147
Laminarin 155
Polytran 155
Oligogalacturonic acid 158
Phytohormones
Gibberellic acid 156
pH value
pH 3.0 164
Herbicides
Lactofen 161
Metallic elements
HgCl, 146
Cdcl, 146
AgNO; 146
CuSO4 146
K5Cr,07 146
Light regulation
254 nm ultraviolet light 150
Chemicals
Triton X-100 146
Nonidet P-40 146
Hydrogen peroxide 159
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and has discovered that the gene expression of CYP71D8s and CYP82As is consistently upregulated in soybean plants challenged by
pathogen infections (unpublished data). Consequently, we posited that these cytochrome P450 genes most likely encode the ultimate
protein enzyme of the aforementioned pathway.

4. Elicitors and transcription factors that regulate glyceollin biosynthesis

Ever since the discovery of glyceollins, scientists have been relentlessly searching for a means to enhance their concentration in
soybean. On the one hand, numerous exogenous elicitors have been identified to effectively increase glyceollins content, including
various kinds of fungi and bacteria, diverse polysaccharides or oligosaccharides, several kinds of hormones, acidic growth medium,
herbicides, metallic elements, light regulation, and wound treatment. These elicitors are outlined in Table 3. Notably, groundbreaking
work was conducted in 1978. The accumulation of glyceollins was first identified to be induced by Phytophthora megasperma var. sojae
[144]. It was discovered that the mycelial walls of this fungus could cause the accumulation of glyceollins without causing any damage
to soybeans. Certain components produced by P. megasperma were shown to act as elicitors to activate the accumulation of glyceollins
[145]. The existence of glyceollin elicitors was further validated by the activation of glyceollin accumulation through extracts from
nonpathogenic Saccharomyces cerevisiae [146]. The accumulation of glyceollins was observed to be induced by a variety of biotic and
abiotic components. Chemical components, including HgCl,, CdCly, AgNOs, CuSO4, K2Cry07, Triton X-100, and Nonidet P-40, as well
as the biotic components of the P. megasperma cell wall, extracellular metabolites, and cytoplasmic supernatant, could effectively
induce the accumulation of glyceollins. Moreover, glyceollin accumulation mainly depends on an increase in synthesis induced by
biotic components or a decrease in degradation induced by abiotic components. After induction by these factors, the content of
glyceollins could reach approximately 0.4-2.0 mg [147]. Glucan from P. megasperma or S. cerevisiae has been shown to be an elicitor in
activating glyceollin synthesis [148], while the cell wall and cytoplasmic extracts of soybean itself are not capable of activating
glyceollin synthesis [147]. This suggests that fungus-specific cell wall polysaccharides are active components that stimulate glyceollin
synthesis. Additionally, bacteria such as Pseudomonas glycinea can also activate glyceollin synthesis, and specific elicitor components
have been detected from the cell envelope of this bacterium [149]. Inoculation with Meloidogyne incognita stimulated the synthesis of
glyceollin in the root system [150]. Additionally, exposure to UV light at 254 nm with an intensity of 8 x 10% Jm 2 was found to
activate glyceollin synthesis [151]. The presence of ascospores and mycelium of Sclerotinia sclerotiorum was also observed to induce the
synthesis of glyceollins [152]. Infection with Rhizobium japonicum (61-A-24 strain) resulted in a significant increase in glyceollin
synthesis in the root system [153]. Furthermore, a single mechanical injury was also found to trigger glyceollin synthesis [154]. The
secretion of oxalic acid by Rhizoctonia sclerotica was identified as another activator of glyceollin synthesis [155]. In comparison to
glucan, laminarin and polytran have demonstrated a better ability to activate glyceollin synthesis in soybeans [156]. It was discovered
that the application of gibberellic acid alone to soybeans is sufficient to induce glyceollin synthesis [157]. Infection with Rhizoctonia
solani was also observed to induce glyceollin accumulation in soybeans, whereas the endophytic fungus Glomus mosseae could not
[158]. Furthermore, oligogalacturonic acid has also been found to induce the synthesis of glyceollins [159]. The synthesis of gly-
ceollins was also observed to be induced by treatment with hydrogen peroxide [160]. Treatment of soybean cotyledons by four
different Aspergillus species was also found to stimulate glyceollin synthesis [161]. The herbicide lactofen was also discovered to be a
potent inducer of glyceollin synthesis [162]. Among eight different fungal strains evaluated for their ability to activate glyceollin
synthesis, it was observed that the NRRL 3653 strain of Trichoderma reesei was able to cause glyceollin accumulation in soybean
cotyledons to reach 3.763 mg/g [163]. Evaluation of the synthesis ability of 60 different soybean varieties under various conditions
revealed that treatment with Aspergillus sojae resulted in the highest yield of glyceollin, exceeding 8 mg/g [164]. Under acidic con-
ditions (pH 3.0), glyceollin synthesis was effectively promoted [165]. Soybean pretreated with reactive oxygen species and then
infected with Rhizopus were found to obtain higher yields of glyceollin compared to Rhizopus treatment alone [166].

In addition to enhancing the synthesis level of glyceollins through exogenous treatment, genetic factors governing glyceollin
synthesis have been identified. Evaluation of 60 soybean cultivars suggests that the content of glyceollins is not correlated with that of
daidzein [164]. Engineering the expression of soybean transcription factors is a more modern approach for improving glyceollin
concentrations in soybean. Thus, it is important to identify transcription factors that specifically regulate the pathway of glyceollin
synthesis. The GmNAC42-1 gene was the first identified transcription factor that promote glyceollin synthesis in soybean [167]. Then,
the transcription factors GmMYB29A1 and GmMYB29A2 have been identified as the key transcriptional regulators for the glyceollin
synthetic pathway genes. Overexpression of GmMYB29A2 promoted the expression of GmMYB29A1 and GmNAC42-1, and increased
the glyceollins’ contents [168]. However, either individual or co-overexpression of GmMYB29A2 and GmNAC42-1 was insufficient to
activate the glyceollin accumulation when the elicitors were absent [167-169]. A third transcription factor GmHSF6-1 was also
identified to promote glyceollin accumulation, and it still could not activate glyceollin synthesis alone in the absence of elicitors [169].
Metabolite-based genome-wide association methods have also led to the identification of some promising candidate transcription
factors implicated in glyceollin synthesis, whereas their functions were not identified [170]. It suggested that a complex transcription
factor network for biosynthesis regulation of glyceollin and other phytoalexins may exist, and its recent advance was reviewed by
Ahmed and Kovinich [171].

5. Chemical synthesis of glyceollins
In 2008, the chemical synthesis of glyceollin I was first achieved using a 15-step methodology, with a yield of approximately 3.4 %
[172]. Subsequently, in 2011, a successful 14-step route for glyceollin I synthesis was established, with a yield of 1.5 % [173]. In the

same year, an 11-step synthetic pathway for glyceollin I was introduced, yielding approximately 12 % [22]. Later, the synthesis steps
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were further optimized through shortening [174]. In 2015, a new 12-step synthesis method was employed to synthesize glyceollin II
with a yield of approximately 7 % [175]. In a recent report, an eight-step method for the synthesis of glyceollin I and II from the
substrate (2,4-dimethoxyphenyl) acetic acid was established, with transformation rates reaching 15 % and 4.9 %, respectively [176].
Following acid and heat treatment, glyceollins can be transformed into their dehydroxylated forms, which are more stable and exhibit
specific antagonistic effects on ERa. These compounds may be more effective drugs for the prevention of breast cancer [177].

6. Future development of glyceollins

After more than half a century of relentless pursuit, scientists have made significant strides in unraveling the effects of glyceollins,
particularly their impact on diseases such as breast cancer, which heavily rely on the estrogen receptor pathway. Nonetheless, the full
extent of the pharmacological effects exerted by glyceollins remains elusive. Current investigations suggest the existence of several
independent action pathways for glyceollins, although only the estrogen receptor pathway has been understood relatively well. The
inhibitory effects of glyceollins on certain tumor types, independent of the estrogen receptor pathway, are remarkably compelling, thus
accentuating their medicinal value. Notably, glyceollins have demonstrated promising preventive effects against the triple-negative
subtype of breast cancer, notorious for its propensity for recurrence and therapeutic resistance. However, the underlying mecha-
nisms through which glyceollins operate independently of the estrogen receptor pathway are yet to be fully elucidated. In leveraging
molecular docking technology, several novel putative target proteins that may interact with glyceollins have been identified, yet these
potential bindings have not been experimentally validated. By substantiating these prospective targets of glyceollins, our under-
standing of their mode of action will be significantly enhanced. Concurrently, this endeavor will facilitate the determination of
whether the multifaceted effects of glyceollins stem from a singular signaling pathway or divergent pathways in various diseases.
Moreover, research on unexplored pathways governing the actions of glyceollins, such as the melanogenesis pathway, remains limited,
necessitating an evaluation of whether glyceollins exhibit advantages over other compounds in these contexts. Should superior effects
be observed, further investigations should be pursued.

Considering the favorable outcomes associated with glyceollins in multiple diseases, it becomes increasingly imperative to study
their production to ensure an ample supply. Currently, the complete biosynthesis pathway of glyceollins remains largely uncharted,
thereby impeding the genetic regulation of glyceollin production. Consequently, the identification of unknown genes within the
glyceollin synthesis pathway is urgently needed. The wealth of available transcriptome data presents a valuable resource for identi-
fying these candidate genes, and it is anticipated that the biosynthesis pathway will be completely understood in the coming years.
Building upon this foundation, two viable approaches for enhancing current glyceollin production have emerged through genetic
manipulation methods and synthetic biology techniques. The first approach involves modifying the expression of transcription factor
genes that regulate the production of glyceollins in soybean, transitioning from elicitor-induced expression to constitutive expression.
Substituting the promoters of these genes with constitutive counterparts is a viable option, yet the expression of a least one unidentified
negative transcription regulator must be removed. Furthermore, exploring homologous genes in wild soybeans to determine their
potential for higher enzymatic activity could boost synthesis efficiency. Consequently, elevated glyceollins and a more feasible pro-
duction method can be achieved while circumventing the need for additional elicitor-induced processes. The second approach entails
heterologous expression of genes involved in the glyceollin biosynthesis pathway within engineered microbial strains, thereby
enabling the direct microbial fermentation of glyceollins. Both approaches may promise convenient, efficient, and cost-effective
glyceollin production. Notably, the heterologous biosynthesis pathway for daidzein, the precursor of glyceollin, has already been
achieved in Saccharomyces cerevisiae, significantly simplifying the challenge of microbial heterologous synthesis of glyceollins.
Adequate supply of glyceollins is necessary for future clinical trials and development of specific semi-synthetic glyceollin derivatives.
Thus, a stable technological process for large-scale glyceollin production must be established.

Since the glyceollins are soybean-derived molecules, they are promising with safety. However, as a kind of phytoalexins, glyceollins
may be toxic for human at certain concentrations, and their safety should be determined. Especially, the safety of long-term glyceollin
exposure is critical for glyceollins’ application in health products and medicines. The fermented soybean products are abundant in
glyceollins, with a long history as food. Before large-scale glyceollin production is achieved, glyceollin-included soybean products
could be used for clinical trials on preventing breast cancer and some other related diseases.

It is anticipated that future research on glyceollins will continue to focus on unraveling their mechanisms of anticancer activity and
metabolic regulation, with particular emphasis on exploring the biosynthesis of glyceollins as a burgeoning area of interest, sup-
planting chemical synthesis as a preferred avenue of exploration.

7. Conclusions

Glyceollins, a class of phytoalexins present in soybeans, have been demonstrated to possess remarkable efficacy in combating a
range of ailments, particularly breast cancer and its recurrence. The manifold therapeutic benefits of glyceollins have stimulated the
development of a plethora of health and medicinal products incorporating these phytochemicals. Notwithstanding the comprehensive
understanding of the biosynthetic pathway of glyceollins, the specific genetic determinants responsible for their complete biosynthesis
remain elusive. Consequently, it is of paramount importance to unravel these aspects and fill the knowledge gap in the synthetic
pathway. With the emergence of innovative synthetic biology techniques, it is conceivable that an optimized cellular factory for the
biosynthesis of glyceollins can be established, predicated on the elucidation of the entire biosynthetic pathway. Such a paradigm shift
in production would confer enhanced reliability, efficiency, and sustainability to glyceollin synthesis, culminating in a significant
upsurge in their therapeutic applications.
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