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ABSTRACT: Daidzein (DDZ) is a well-known nutraceutical supplement
belonging to the class of isoflavones. It is isolated from various sources such
as alfalfa, soybean, and red clover. It demonstrates a broad array of /m
pharmacological/beneficial properties such as cardiovascular exercise,
cholesterol reduction, and anticancer, antifibrotic, and antidiabetic effects, i N
which make it effective in treating a wide range of diseases. Its structure and
operation are the same as those of human estrogens, which are important in \”/
preventing osteoporosis, cancer, and postmenopausal diseases. It is thus a W&
promising candidate for development as a phytopharmaceutical. Addressing

safety, efficacy, and physicochemical properties are the primary prerequisites.

DDZ is already ingested every day in varying amounts, so there should not

be a significant safety risk; however, each indication requires a different dose e || i
to be determined. Some clinical trials are already being conducted globally to

confirm its safety, efficacy, and therapeutic potential. Furthermore, as a result of its therapeutic influence on health, in order to
establish intellectual property, patents are utilized. In light of the vast potential of eugenol, this review presents a detailed data
collection on DDZ to substantiate the claim to develop it in the therapeutic category.
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1. INTRODUCTION

In recent times, natural remedies have been considered as an
important kind of approach for cures. Historically, medicinal
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General structure of isoflavones(Aglycon)

Figure 1. Daidzein chemical structure.

plants have been utilized to both treat and stave off various
illnesses. Natural products have been used for the treatment of
different ailments since prehistoric times. According to a fossil
study, the first or oldest evidence of the usage of plants as
medicines dates back about 60 000 years." This offers a fresh
perspective on how the knowledge of traditional medicinal
plants is operating and how it might be applied to treat
emerging and lifestyle disorders. However, there is growing
support for incorporating traditional herbal medicine knowl-
edge into the investigation of new therapeutic agents. Various
computational methods for bioprospecting in the postgenomic

© 2023 The Authors. Published by
American Chemical Society

7 ACS Publications

era can be used to investigate the rich medicinal plant history.”
While many new medications have been created over the past
S0 years utilizing high-throughput screening techniques and
combinatorial chemistry, natural products and the chemicals
produced from them have remained crucial elements in
pharmacopoeias. Only a small number of the estimated
250 000—500 000 plant species currently in existence have
been studied scientifically for bioactivities.” Therefore, there is
a lot of potential for new scientific discoveries to come from
plants and other natural products, which may be used to learn
a lot about unique chemical structures and their innovative
modes of action in the context of developing new drugs.” The
three main factors driving this trend away from synthetic
contemporary pharmaceuticals and toward a wider usage of
nutraceuticals are (1) cost effectiveness, (2) safety, and (3)
accessibility.”
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Figure 2. Market surveillance of daidzein by region. North America
has the highest proportion (35%), followed by Asia Pacific, Europe,
and the Middle East; the lowest contribution (5%) is by Africa.
https://www.datalabforecast.com/industry-report/386257-daidzein-
market/.

Phytoestrogens are phenolic plant compounds that are
nonsteroidal and naturally occur and, by virtue of their size and
molecular makeup, mirror the steroid estrogens produced by
vertebrates. They fall into two categories: flavonoids and
nonflavonoids. Isoflavones, coumestans, and prenylflavonoids
are examples of flavonoids, whereas lignans are examples of
nonflavonoids.® Isoflavone phytoestrogens include genistein,
daidzein (DDZ), glycitein, biochanin A, and formononetin.
Humans primarily obtain isoflavones through their diets from
soy and soy products, which are primarily composed of DDZ
and genistein. They have estrogenic and/or antiestrogenic
effects when ingested. Red clover’s methoxylated isoflavone
formononetin is successfully transformed into DDZ in the
human gastrointestinal tract; it serves as an indirect source of
DDZ. Red clover extract based phytoestrogen dietary supple-
ments are becoming more and more well-liked as an alternative
therapy for the management of menopausal symptoms.
Isoflavones are thought to be chemoprotective and can be
used as an alternative therapy for a variety of hormonal
illnesses, including menopausal symptoms, cardiovascular
diseases, osteoporosis, and numerous cancer types, including
breast and prostate cancers” DDZ (a phytoestrogen that
belongs to the category of nonsteroidal estrogens), a
nutraceutical ingredient so far, belongs to chemical class of
isoflavones. It is a multitargeted herbal moiety that is used to
address the challenges of a number of ailments, including
osteoporosis, cancer, and inflammation, with antihemolytic,
antioxidant, and anti-inflammatory effects. It has also
protective properties against some illnesses like diseases of
the cardiovascular system, diabetes, osteoporosis, and malig-
nancy of the breast; these are connected by which estrogen
control is regulated. Other biological functions not related to
the ER (estrogen receptor) include safeguarding the skin and
nerves, anti-inflammatory effect, anticancer function, and
inhibition of oxidative damage. These positive outcomes are
mostly attributable to immunological reaction modulation,
oxygen free radical scavenging, proliferation inhibition, and
other factors.” DDZ has a chemical structure (as shown in
Figure 1) similar to that of mammalian estrogens and acts in
two directions by either replacing or influencing the ER
complex, estrogen receptor, and the hormone estrogen. It can
be found in foods produced from soy, such as textured soy

protein, soy flour, and soy protein isolates, as well as tofu,
tempeh, and miso. Additionally, in supplementary flours made
from wheat, rice and maize are fortified with soy flour.”

This review article is an attempt to bring DDZ to the
forefront through the study of how its pharmacological
properties have been used to treat a variety of ailments and
how it has been incorporated into health supplements. The
global market capitalization of DDZ reflects its importance as a
multitargeted drug with numerous patents and clinical trials.

The enhancement of characteristics like quality, depend-
ability, end-user requests, and applications has led to a
significant segmentation of the DDZ market. The DDZ
market research includes general success criteria, restrictions,
and in-depth illumination of significant information on recent
and upcoming examples that may affect development. In-depth
analysis of current advancements, factors, and establishments is
provided in the DDZ market research.

North America, Europe, the Middle East, Africa, Southeast
Asia, and South America are among the major geographical
areas that were examined. Figure 2 reveals that, according to
the output capacity, utilization percentage, market base, supply
and demand situation, profit income margin, and other factors,
the top players in the DDZ market are projected to have a
global presence.

2. SOURCES OF DDZ

Red clover (Trifolium pratense), soybean (Glycine max),
lucerne (Medicago sativa), kadzu (Pueraria radix), and red

Trifolium pratense

[ > Glycine max

Medicago sativa <:l

Lens esculenta

Pueraria radix

Figure 3. Biological sources of DDZ which include red clover
(Trifolium pratense), soybean (Glycine max), lucerne (Medicago
sativa), kudzu (Pueraria radix), and red lentils (Lens esculenta).

Table 1. Contents of DDZ in Various Plants

species daidzein (mg/kg dry wt)
Glycine max 37.6
Pisum sativum 0.4
Phaseolus vulgaris 232
Phaseolus lunatus 0.3
Vigna agnularis 4.6
Vigna radiata 0.3
Vicia faba 5.0

lentils (Lens esculenta) and other legumes (Leguminosae) are
among the plants that contain DDZ primarily in the form of
glucosides (as depicted in Figure 3). The most plentiful
sources of DDZ among them are thought to be soybeans and

https://doi.org/10.1021/acsomega.3c03741
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Figure 4. A seven-step biosynthesis pathway of DDZ which starts in the
liquiritigenin in the presence of glucosyl transferase.

presence of phenylalanine as it acts as a precursor. DDZ is formed from

° The amount of total

products made from soybeans.’
isoflavones in soybean varies based on the variety of soybean,
the geographical distribution, and the harvesting year. Owing
to fermentation’s active increase in the concentration of
aglycones, the quantity range of DDZ in the soured soybean
type is larger than that in nonfermented soybeans."'

It has been shown that several microorganisms, including
Bacillus species, Rhizopus species, and Aspergillus species,
participate in the fermentation process by a glycosylating
isoflavone. Another well-known traditional Chinese medicine
that is frequently taken as dietary supplements is kudzu root
(Pueraria radix), which has been found to contain DDZ in
both its glycoside and aglycone forms.'” Various plant species
have varied amounts of daidzein, expressed in milligrams per
kilogram of dry weight. The amount of daidzein in Glycine
max, also referred to as soybeans, is relatively high at 37.6 mg/
kg (Table 1). Garden peas, or Pisum sativum, have 0.4 mg/kg
daidzein, which is a lesser concentration. Common beans, or
Phaseolus vulgaris, have a moderate 232 mg/kg daidzein
concentration. Lima beans (Phaseolus lunatus) and mung beans
(Vigna radiata) have a lower daidzein concentration of 0.3 mg/
kg. Adzuki beans, or Vigna angulariz, and fava beans, or Vicia
faba, contain 4.6 and 5.0 mg/kg daidzein, respectively."

322

3. BIOSYNTHESIS PATHWAY OF DDZ

The biosynthesis pathway of DDZ is a seven-step enzyme
mediated and irreversible chain of reactions as depicted in
Figure 4. It starts with the precursor L-phenylalanine, which on
going through nonoxidative deamination via the enzyme
phenylalanine ammonia lyase, converted to cinnamic acid
The next step is the conversion of cinnamic acid to p-
coumarate, which is accomplished by the action of the enzyme
cinnamic acid 4-hydrolase (C4H). The third step involves the
transformation by the enzyme 4-coumarate:CoA ligase (p-
coumaroyl-CoA; 4CL).

The formation of chalcone in the next step is aided by the
enzyme chalcone synthase (CHS), which on reduction by
chalcone reductase (CHR) generates isoliquiritigenin. The
penultimate step is the isomerization of isoliquiritigenin to
liquiritigenin with the help of the enzyme chalcone isomerase
(CHI). The concluding step is the formation of DDZ, which
involves the transfer of the glucosyl group and is accompanied
by the enzyme glucosyl transferase (GT).'*

4. PHYSICOCHEMICAL PROPERTIES OF DDZ

Daidzein with the molecular formula C;sH;(O, has a melting
point of 320 °C and boiling point of 512—513 °C at 760
mmHg. Moreover, its partition coefficient as reported by Vegas
Software is 3.16. Additionally, its maximum absorption

73 https://doi.org/10.1021/acsomega.3c03741
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Table 2. Various Physicochemical Properties of Daidzein g
(European Commission for Safety Assessment)”

17
18
19

0

property value
molecular formula CisH,00,
melting point 315-323 °C
boiling point (760.00 mmHg) §12.00—513.00 °C
flash point 201 °C
UV/visible light absorption 250 nm
spectrum, A,
organoleptic properties pale yellow or fine off-white solid or
(color, odor, taste if relevant) diluted alcohol prisms
partition coefficient (Log PO/W) 3.16"
solubility
pH 6 buffer 18.76 + 0.33 nmol/mL
pH 10.8 buffer 1875 + 292.01 nmol/mL
soybean oil 10.88 + 2.73 nmol/mL
molecular weight (daidzein) 254.24 g/mol
empirical formula CisH,00,
CAS Number 486-66-8
EC Number 207-635-4

“https://health.ec.europa.eu/system/files/2022-10/sccs_o_263.pdf.
bCalculated by Vega Software.

wavelength is 250 nm. A detailed description of its chemical
and physical properties is given in Table 2 (https://health.ec.
europa.eu/system/ﬁles/2022—10/sccs_o_263.pdf).

5. METHOD OF ANALYSIS FOR DDZ

Daidzein has been analyzed using different analytical methods,
such as high-performance liquid chromatography (HPLC),
Raman spectroscopy, FTIR spectroscopy, and polarimetry.14
Daidzein and genistein analysis requires a more effective,
precise, and easy procedure in the preparation of a soybean
sample. Gradient elution systems have been utilized extensively
in research; however, the isocratic method can improve this
approach.'® Some of the methods are briefly described in
Table 3.

5.1. Impact of Physiochemical Properties on For-
mulation Development. As daidzein falls under Biopharma-
ceutics Classification System (BSC) class IV compounds, it is
extremely clear that it has low solubility and penetrability,
particularly through skin, which prevents the medicine from
expressing its full therapeutic potential.”’ To make the use of
daidzein easier, scientists have developed many dosage forms,
such as gels, complex formations, polymer formations,
cocrystallization, etc. In a study by Qiu et al,, it was discovered
that daidzein preparations in solutions are more stable than
those in solids.”> Since phenolic groups are naturally weakly
acidic, they make it challenging to combine bases and salt at
physiological pH.>> This can be avoided by forming hydrogen
bonds with complementary groups, such as those found in
daidzein, during the cocrystallization process, which will
increase solubility. The solution to entering the skin and
treating conditions that resemble melanoma is to use
nanobased gels.24 Additionally, efforts have been made to
create daidzein-loaded poly(lactide-co-glycolide) nanoparticles

details of the experiment
radioimmunoassay were achieved after the removal of human sera using diethyl ether. Mean and peak basal serum levels of free DDZ were recorded through this experiment. It implies that the initial DDZ

unconjugated serial tests were made feasible by plasma as well as the initial phytoestrogen immunoassay in bodily fluids from humans.
DDZ and genistein were discovered and extracted under the following conditions: static and dynamic extraction for 15 min at 60 °C, 380 bar of pressure, and 10% acetonitrile addition. It was found that, in

concentrations (methanol, ethanol, and acetonitrile). The extraction conditions were 50—70 °C, 176—380 bar, and a modifier of 0, S, or 10 mol % cosolvents dissolved in water. The greatest concentrations of
comparison to supercritical extraction, the amounts of DDZ and genistein produced using solid—liquid extraction were higher by 86 and 63%, respectively.

Genistein (25.86 mg L™! + 0.66 SD) and DDZ (8.25 mg L™" + 1.13 SD) were found in commercial soy milk samples when isoflavones were tested. Genistein concentrations in soy milk were greater than DDZ

20 mmol/L Na,HPO,, a hydrodynamic injection lasting 3 s at 30 mbar, and UV detection at 254 nm were experimental parameters for the CE separation procedure. According to the findings, all three
concentrations. On the basis of the major isoflavone concentration of soy milk, the study’s findings can be used to estimate how much soy milk each individual can consume.

substances may be examined within 10 min with a linearity of 0.5—50 g/mL.
21.7%, respectively, and it had a sensitivity of 0.4 pg/tube based on the sample’s concentration of DDZ and the technique (direct or extraction). Only 8% of the DDZ levels obtained by direct

An ideal environment for supercritical fluid extraction (SFE) was discovered. A solid—liquid extraction method using an aqueous methanol solution was tested at various temperatures, pressures, and cosolvent

DDZ (15.2 min) and genistein, two isoflavonoids, were entirely separated by the HPLC technique (17.3 min). First, genistein and DDZ concentrations in the analyzed milk prepared from soy were calculated.
Based on polyclonal antibodies against DDZ-4'-O-(carboxymethyl)ether-BSA, radioimmunoassay was used. The assay’s intra- and interassay coefficients of variation varied from 4.1 to 11.5% and from 5.6 to

Once the antioxidant butylated hydroxytoluene hydrolyzed the acid, the isoflavones from a coffee sample were extracted as well as purified using ether (BHT). An applied voltage of 25 kV, a buffer solution of

For DDZ, formononetin, and genistein, 0.134, 0.0642, and 0.0825 g/mL were the limits of detection, respectively.

Table 3. Analysis and Extraction of Daidzein by Various Analytical Techniques

) A g
utilizing structural and crystal engineering to increase its ) g 5.
solubility and stability,”> particularly when taken orally. E ﬂé% g “SE
Theophylline and cyclodextrin have also been used to make 2 »5 g Sz
a number of complexes compatible with daidzein,”" improving % g é £ £%
solubility, but these methods restrict the use of daidzein to 3 T = E
32274 https://doi.org/10.1021/acsomega.3c03741
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food and functional products as they require large amounts of
reagents and are labor-intensive to carry out.

5.2. Side Effects of Daidzein. The natural substance
daidzein, which is present in some plants, especially soybeans,
may cause a variety of adverse reactions, including bloating,
colitis, constipation, diarrhea, sleeplessness, itching, nausea,
skin rash, and changed thyroid hormone levels. Bloating, a
sensation of fullness and discomfort in the abdomen, can occur
in some people, while colitis, an inflammation of the colon that
can result in diarrhea and abdominal pain, can happen to other
people. In addition to diarrhea and constipation, irregular
bowel movements might also happen. Another negative effect
is insomnia, which is the inability to fall or stay asleep. Aside
from skin rash and nausea, some people who consume daidzein
may also feel itching and itchiness. Daidzein has also been
linked to altered thyroid hormone levels.*®

6. PHARMACODYNAMIC AND PHARMACOKINETICS
(ADME) PROPERTIES OF DDZ AND ITS METABOLIC
CHARACTERISTICS

DDZ is mostly present in soy and many unfermented foods,
where it can also be found in the forms of acetyl glycoside and

_» Produced as a result of
breakdown by colonic
bacteria

O-desmethylangolensin

em
moaoD“‘Dl
vy ©

intermediate product of

EQUOLand O-DMA Produced in Intestine

Figure S. Three metabolites of DDZ. Equol is formed in the intestine,
O-desmethylangolensin is formed in the colon, and an intermediate
product, dihyrodaidzein, is formed in the intestine.

aglycone. The glycoside conjugate’” of DDZ must first, by
glucosidases in the small intestine, be converted into the
aglycone form in order to be absorbed in the gut. Human gut
bacteria either absorb or break down the aglycone form into a
variety of metabolites, such as dihydrodaidzein, equol, and O-
desmethylangolensin (O-DMA; a metabolite with no or little
estrogenic activity). The structures of these metabolites are
shown in Figure S. Studies on DDZ distribution, bioavail-
ability, absorption, and excretion, however, are still few; there
are a number of procedures, including reduction, methylation,
and demethylation. There are two processes: hydroxylation
and C-ring cleava§e that are involved in this intestinal
biotransformation.”® DDZ is a physiologically inert component
of plants that is present in the form of glycosides (also known
as DDZ) and is unaltered during various food preparation
processes.

The bioconversion of DDZ involves the gut bacteria in a
significant way. Following ingestion, the small intestine’s

lactase enzymes, certain strains of Bifidobacterium and
Lactobacillus, hydrolyze the glycosidic bond of DDZ. This
results in the synthesis of the bioactive aglycone moiety, DDZ.
Following glycosylation, a number of bacterial varieties
prevalent in the gut of human proceed to demethylate and
reduce DDZ to produce its variations.”” According to certain
reports, DDZ is hydrogenated into dihydrodaidzein (DHD) by
the microorganisms Clostridium sp. TM-40 and Coprobacillus
sp- MRG1. Using a two-step process and the reductive cleavage
of a heterocyclic ring, DHD can be further metabolized to
produce DMA and equol.*’

Colonic bacteria further metabolize DDZ to create equol or
O-desmethylangolensin through a process that produces the
intermediate dihydrodaidzein. Equol is an estrogen that is not
a steroid and that is only produced in the intestine by bacteria
that are metabolizing the soy isoflavone DDZ. These
metabolites can then move to the liver for further
metabolization. Finally, bacterial enzymes in the colon
deconjugate both the DDZ and biliary byproducts that are
not absorbed before they are either reabsorbed or metabo-
lized.”'

The small intestine is the site where DDZ is absorbed, as
evidenced by the emergence of a modest peak in plasma
roughly 1 h after consumption.”” After 5—8 h, a bigger peak
results from the colon’s absorption and recycling of the
conjugates. It is interesting to note that most DDZ in plasma is
found conjugated, with a very tiny amount in aglycone form.*?
A clinical investigation revealed that eating DDZ in the
glucoside form leads to higher bioavailability than doing so in
the aglycone form, in contrast to earlier research that had
revealed the opposite. The effect of additional isoflavones on
their metabolic process may be responsible for these
contentious outcomes. Despite these investigations, it seems
that DDZ reaches the peak plasma concentration 7 h after it is
ingested, which is thought to be related to the absorption
process. A study revealed that practically all DDZ is quickly
absorbed and digested because there is little excretion in stools
or urine; however, up to 30% of DDZ intake can be retrieved
in urine.** During a 24 h incubation, it has been demonstrated
that a mouse colon derived anaerobic bacterium (Mt1B8)
converts roughly 80% of DDZ to equol. The upper small
intestine uses passive diffusion to absorb the aglycone molecule
from the digestive tract. When compared to persons who
consume nonfermented soybean, people who eat fermented
soy products may absorb isoflavones more readily. This may be
because fermented foods have probiotic benefits that may
increase the population of gut bacteria.’®

When soy milk containing glucoside conjugates is ingested,
DDZ absorption is significantly 2 h faster than when solid soy
meals are consumed. Another study discovered that insoluble
fiber, including inulin, may boost the absorption of DDZ in
part by stimulating bacterial growth. Studying the possible
advantages of DDZ, however, requires taking into account a
crucial component of its metabolism. The correlation between
plasma levels and poor concentration prevents the various
tissues from really receiving it. In fact, how much isoflavones
and their derivatives are present in human tissues is not always
known and can vary greatly.”’ For instance, equol levels in
human glandular tissue range from 456 to 559 nmol/kg and
those in breast adipose tissue range from 22 to 36 nmol/kg.*®

Human serum proteins can be nonspecifically bound by
DDZ. It has been found to be present in plasma in a very low
concentration which accounts for only 12%. It has been
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Figure 6. Proposed molecular basis for daidzein and protective effects against faulty glucose metabolism.

proposed that only the unbound fraction, which is free to
interact with the target receptor, may be capable of producing
biological effects that are particular to the target.”” DDZ is also
thought to be present in a variety of tissues, including the
placenta, kidney, liver, muscle, and mammary gland. In the
brain, within the first hour of dosing, a discernible
concentration of DDZ was discovered. Finally, DDZ
absorption, bioavailability, and metabolism may be influenced
by a number of variables, including age, dietary habits, and the
gut bacterial community.*®

7. PHARMACOLOGICAL ACTION OF DDZ IN
DIFFERENT DISEASES

Consuming isoflavones may boost one’s health and minimize
the symptoms of menopause as well as the risk of a number of
age-related illnesses, including heart disease, fragile bone
condition, and cancers.”” Supplementing with DDZ has been
shown to have significant impacts, to decrease insulin
resistance and inflammation, and in changes in lipid profiles
within plasma, dyslipidemia, and other issues linked to
obesity."*!

Anti-inflammatory, cardioprotective, neuroprotective, and
antiaging actions are further noteworthy effects. The following
describes the function of DDZ in the human body and its
specific mode of action for various conditions in Table 4.

7.1. Anticancer Activity of DDZ. 7.1.1. Breast Cancer.
Soy’s effect on the development of breast cancer has been
extensively studied. According to a meta-analysis, isoflavone
supplementation may be beneficial for those with ER-negative
breast cancer and may be linked to a lower incidence of the
disease.”” DDZ supplementation is often linked with reduction

32281

TNF alpha

PRO-INFLAMMATORY GENES
INCLUDING CxCLI2, Cel2, IL6

MACROPHAGE ADIPOCYTE

ANTI-INFLAMMATORY RESPONSE

Figure 7. Anti-inflammatory activity of DDZ in coculture of
adipocytes and macrophages. In adipocytes DDZ causes increased
activity of PPARy and adiponectin gene expression, while in
macrophage it causes downregulation of NF B, JNK, PARP 1 and
AP-1, thus decreasing the activity of pro-inflammatory cell and
resulting in anti-inflammatory activity.

in relapse of breast cancer in postmenopausal women. A lesser
expression of HER2/neu and proliferating cell nuclear antigen
(PCNA) in tumors has also been linked to soy consumption
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(DDZ), which is directly linked to a more proliferative,
malignant tumor phenotype.

DDZ is essential for controlling breast cancer cells
encroaching brought on by tumor necrosis factor (TNF).
The molecular foundation of this has been explained by two
different signaling routes, one of which is the signaling network
of nuclear factor kappa B (NF-kB). DDZ treatment decreased
breast cancer cells releasing uPA after TNF-induced NF-B and
AP-1 blocked the MDA-MB-231 breast cancer cell line, which
prevented the spread of the disease. DDZ blocked the Hh/Glil
signaling pathway, which prevented TNF from inducing MMP-
9 activity and expression. DDZ also inhibits the proliferation of
breast cancer cells by causing cell cycle arrest in the G1 and
G2/M phases as well as the activation of death.*®

DDZ increased the production of intracellular reactive
oxygen species (ROS), which altered the transmembrane
potential of the mitochondria and caused the release of
cytochrome c¢. The discharge of cytochrome ¢ was boosted
because of the upregulation of the proapoptotic protein Bax
and the antiapoptotic protein Bcl-2. These substances
eventually caused cell death by increasing caspase-9 and
caspase-7 activities.””

7.1.2. Prostate Cancer. DDZ described antiproliferative
properties in three prostate cancer cell lines (LNCaP, DU 145,
and PC-3), triggering GO/G1 phase cell cycle halt and
inhibiting blood vessel formation via altering the transcription
of genes and its expression in the route linked to cyclin-
dependent kinase.”” A few of these genes are involved in the
expression of angiogenesis genes and the pathway for sensing
DNA damage; when these pathways are inhibited, the growth
factors EGF and IGF are decreased, which slows the growth of
tumors. Prostate cancer growth is androgen-dependent in
LNCaP and prostate cancer cells. A newly discovered gene
called prostate androgen-regulated transcript-1 (PART-1)
responds to androgens and may be used as a biomarker for
prostate cancer. Dihydrotestosterone (DHT)-induced PART-1
expression was dose dependently decreased by DDZ,
indicating a potential antiandrogenic effect of DDZ. The
relationship between the expansion of prostate tumors and the
suppression of PART-1 expression has been the subject of
several in vivo studies. DDZ has the ability to induce tumor
necrosis factor related apoptosis-inducing ligand (TRAIL)
mediated apoptotic death exclusively in tumor cells.”"

The endogenous anticancer drug TRAIL causes LNCaP
cells’ mitochondrial membrane potential to be disrupted,
which encourages apoptosis. In general, DDZ indicates
contributing to both the prevention and treatment of prostate
cancer.”

7.1.3. DDZ Role in Other Types of Cancer. At different
doses, DDZ exhibited a biphasic activity in human colon
cancer cells, which is helpful in the treatment of colon cancer.
Cell cycle capture in the GO/Gl phase and caspase-3-
dependent apoptosis had little effect on differentiation but
had tumor-suppressive effects in LoVo cells. DDZ was found
to have no effect on healthy human hepatocytes, according to
research using liver cancer SK-HEP-1 cells as a cell model.
However, liver cancer cell proliferation was found to be
inhibited by DDZs. The ability of DDZ to trigger apoptosis
was associated with regulation of the Bcl-2 family via the
mitochondrial pathway. In several types of murine and human
neuroblastoma cell lines, DDZ still exhibits anticancer
properties by inhibiting cell growth, stopping the cell cycle
in the G2/M phase, and inducing cell death.

Although DDZ has no effect on COX-2 expression, its
biotransformation makes it a possible chemopreventive agent
for skin cancer.”

By increasing cell apoptosis, the compound DDZ conjugated
to N-t-Boc-hexylenediamine (cD-tboc) possesses antibodies
against both thyroid and epithelial ovarian carcinomas.

7.2. DDZ Role in Osteoporosis. In contrast to other
isoflavones, DDZ is special in that it may be used to treat
osteoporosis. DDZ can also impede the absorption of bone. A
study about cultivation of osteoblasts from young female pigs’
long bones showed that DDZ at a modest dose (1 nM)
accelerated mineralization, increased ALP activity, and
promoted osteoblast growth via the ER route. Additionally,
the presence of ER was shown by an increase in the synthesis
RANK ligand osteoprotegerin (OPG) which is RANK-L and
runx2/Cbfal, all of which are implicated in osteoclastogenesis.
As a result, DDZ is essential for osteoblast development and
function. DDZ also prevented osteoclast development and
activation primarily by triggering caspase-3 to cause osteoclast
progenitor death.”

Numerous DDZ analogues were shown to have antiosteo-
porosis effects by encouraging ER for separate development of
stromal stem cells obtained from adipose tissue (ASCs) and
mesenchymal stem cells (BMSCs) from bone marrow. For
instance, the methoxy-DDZ isoformonetin decreased bone loss
by preventing osteoblasts from death.”

7.3. Antidiabetic Activity. One of the most bioactive soy
phytoestrogen ingredients, DDZ, has antidiabetic properties.
Experiments both in vivo and in vitro have shown that DDZ
has antihyperglycemic activity. DDZ increased glucose uptake
by encouraging AMPK activation to enhance in a type 2
diabetic cell model; L6 myotubes, muscle cells’ PM, were
translocated by glucose transporter 4. (The DDZ effect in the
metabolism of glucose is depicted in Figure 6.) This resulted in
glucose homeostasis that was insulin independent. In in vivo
studies using db/db and KK-Ay mice as animal models for type
2 diabetes,”® DDZ was seen to control elevated blood sugar
levels to demonstrate its antihyperglycemic action. DDZ has
been shown to protect against type 2 diabetes and has the
potential to be developed into an effective therapeutic
phytochemical for the treatment of diabetes.

DDZ has been seen to control elevated glucose levels in
blood to demonstrate its action against hyperglycemia.””

Type 2 diabetes and DDZ have also been connected by
adjusting the related enzyme activity; cholesterol and glucose
metabolism in the liver are regulated. DDZ also decreased the
increase in postprandial blood sugar levels by preventing
glucosidase and amylase from digesting carbohydrates.”

7.4. Anti-inflammatory Activity. Treatment with DDZ is
often shown to reduce the activation of many mediators of
inflammation associated with various diseases such as insulin
resistance, type 2 diabetes, and heart related disease. DDZ
enhanced PPAR and adiponectin gene expression and
adipogenic differentiation while downregulating expression
and secretion of the MCP-1 gene.”

Macrophage cells treated with palmitate and DDZ treatment
resulted in a significant increase in PPAR transcriptional
activity as well as a reduction in JNK phosphorylation,
followed by a decrease in Ccl2 and IL6 mRNA levels.
Additionally, DDZ supplementation in the coculture system of
adipocytes and macrophages lowered pro-inflammatory
cytokine gene expression while increasing adiponectin gene
expression through increasing PPAR transcriptional activity.'*’
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Table 6. continued

details of invention

title of patent

patent number
CN-113201137-B

inventor(s)

ZhiKe Hou, Jun Wei, Qi Kun, Li

no.

The invention discloses a DDZ sol—gel surface molecularly imprinted polymer and a preparation method of

its precursor. The method has the advantage of high adsorption selectivity on DDZ.

DDZ sol—gel surface molecularly imprinted polymer and

40

preparation method thereof
Method for synthesizing DDZ

(China)
CN-112812089-A

Meng, Yuan Hui, Li Yincheng
‘Wang Weichen, Zhang Wei, Yao

acetophenone as a raw material. The method operates at low temperature, generates high yield, and

The invention discloses a method for synthesizing DDZ using boron trifluoride as a catalyst and
maintains purity.

(China)

Fawei, Ma Jianmin

41

The invention relates to the technical field of soybean flavone molecular distillation extraction and discloses

Novel DDZ molecular distillation extraction device

CN-213285743-U

Miao Shiwei, Liu Xinmin

)

a novel soybean flavone molecular distillation extraction device.

(China)
CN-112111545-A

The invention discloses 6’-O-succinyl-DDZ from a biological method and its application preparing nerve
ingredient and has the characteristic of a strong neuroprotective effect.

protection medicaments and health care products wherein 6’-O-succinyl-DDZ is taken as an active

6’-0-Succinyl DDZ derived from biological method and
application thereof in preparing neuroprotective drugs
and health products

(China)

Zijing, Zhang Sen, Duan Jin’Ao

Huang Zizheng, Liu Jiaqi, Yu
44 Chu Meijie

Huang Zhiheng, Zhang Enze,

43

The invention discloses a DDZ molecular imprinting electrochemical sensor and two preparation methods

DDZ molecular imprinting electrochemical sensor and

CN-111257382-A

for it using DDZ as the template molecule and dopamine hydrochloride; in the other one DDZ is used as

the imprinted polymer of an O composite nanoporous material.

preparation method thereof

(China)

The invention relates to a low cost, fast, and high yield method for purifying DDZ, in particular to a method

Method for purifying DDZ in radix Puerariae

CN-111217787-A

Li Ning, Hu Honglai, Deng

45

for extracting and purifying a high-content and high-quality DDZ product from kudzu vine root.

(China)

Shangyong, Wang Qiangang

The adipocytes and macrophages cocultured in a system are
shown in Figure 7.

DDZ’s anti-inflammatory properties have also been inves-
tigated using murine MLE-12 epithelial cells treated with
TNFc. According to the findings, the administration of DDZ
dramatically reduced TNF’s ability to promote NF-xB
transcriptional activity, Cxcl2 expression and activity, and
protein PARylation. Results from experiments with the NF-xB-
Luc reporter plasmid and PARP1 ex{)ression plasmid revealed
DDZ’s anti-inflammatory properties. ot

7.5. Aging and Cognitive Activities. Soy supplementa-
tion (DDZ) in postmenopausal women shows positive results
for muscle strength. Studies have shown that supplementation
with isoflavones, specifically daidzein, help toward better
cognitive health.” The capacity of DDZ as a skin barrier, the
capacity of DDZ in order to promote penetration through the
skin, and the fact that DDZ exhibited nonionized forms,
compared to ionized forms, cause higher skin layering.'"” By
use of the transdermal route, DDZ absorption was only mildly
effective, but repeated transdermal administration of DDZ
might increase its concentration in plasma despite the fact that
aglycone combination and PEG400 can improve skin
penetration.103

7.6. DDZ as an Antioxidant. DDZ’s antioxidant activity
makes it good for animal health. DDZ reduced a result of lipid
peroxidation, which is higher MDA levels, in streptozotocin-
induced diabetic rats and boosted the suppressed action of
SOD to reduce oxidative stress, including the avoidance of
vascular damage. In a dose-dependent way, DDZ exerted its
therapeutic effect by returning the regular AOE and AE
concentrations.'”* Compared to DDZ alone, certain of its
metabolites, O-DMA with equol, for example, demonstrated
higher antioxidant capacities in vitro. These compounds did
this by enhancing catalase and SOD activity and expression.
Two other DDZ metabolites, 3’-OH-DDZ and 6-OH-DDZ,
were similarly more efficient than DDZ.'*

7.7. Role of DDZ in Cardiovascular Diseases. DDZ is a
potential therapy option for illnesses. It works by primarily
controlling the metabolism of lipids in the blood, reducing high
blood pressure readings, enhancing the capacity for antiox-
idants, and attenuating the dysfunction of endothelial cells. Use
of DDZ for 6 months dramatically reduced triglyceride levels
(TG).106

Glucose and other lipids were unaffected, although the
concentration that is connected to the ESR-Rsal genotype was
impacted. Another effect of DDZ was to downregulate an
independent CVD risk factor. Additionally, DDZ and its
metabolite equol were discovered to significantly reduce
hypertension through regulating vascular modulating humoral
systems, renal function, and the balance between vasodilators
and vasoconstrictors to control smooth muscle tone function,
which decreases blood pressure as a result. But DDZ’s ability
to lower blood pressure has only been proven in animal models

thus far, and human clinical trials are still required to confirm
.. 38,107
it

8. CLINICAL TRIAL STUDIES

DDZ has been studied clinically in different countries for
various ailments such as hypertension, postmenopausal
symptoms, type 2 diabetes, prostate cancer, etc. Some of the
trials are approved or completed while others are pending. The
investigation of the impact of phytoestrogens on serum lipids
in postmenopausal women is one such study in Serbia. In the

https://doi.org/10.1021/acsomega.3c03741
ACS Omega 2023, 8, 32271-32293
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Table 7. continued

amt of
daidzein/serving unit

website

manufacturer/distributor

recommended daily dose

net content

200.0 g or 7.05 oz

product

no.

https://www.sourcenaturals.com/

Source Naturals, U.S.

19 mg

1 teaspoon (2.5 g) twice daily

Source Naturals Genistein Soy Supplement

Powder

https://www.sourcenaturals.com/

2-3 tablets 6.7 mg Source Naturals, U.S.

2—3 tablets
2—3 tablets

4 capsules

30 tablets
60 tablets

Source Naturals Menopause Multiple

28

https://www.sourcenaturals.com/

Source Naturals, U.S.

6.7 mg

Source Naturals Menopause Multiple

29
30
31

https://www.sourcenaturals.com/

Source Naturals, U.S.

17 mg
30.0 mg

120 tablets

Source Naturals Menopause Multiple

https://www.procapslabs.com/

ProCaps Laboratories,

240 capsules

ProCaps Laboratories Bone & Body Factors

u.s.

Total Nutrition, Inc., U.S. https://tnvitamins.com/

650.0 mg

1 capsule

180.0 capsules

tnvitamins Soy Isoflavones, 650 mg

32
“These products are available in capsule and tablet form, and the majority of these supplement/botanicals/nutraceutical product are manufactured in the United States.

United States, a phase 3 trial of soy isoflavones with
menopausal hot flashes is completed. In China, a trial was
conducted and completed on a sample size of 400 that
attempted to know the effects of DDZ on serum lipid profiles
in hypercholesterolemia patients with different equol metab-
olism phenotypes. In the neurological disorder segment,
research at the University of Wisconsin—Madison in the
United States was successful in determining the potential
benefits DDZ imparts for therapy of Alzheimer’s disease. A
combinatorial examination was performed and concluded in
New Zealand to unleash the effect of soy isoflavones with
different green kiwifruit on hormonal levels, bone turnover,
and fecal microflora in menopausal women. An analysis to
study the impact of soy isoflavone on endothelial function and
its ability to lower oxidative stress was carried out and finished
in Indonesia for a sample size of 200. Various documented
clinical trials to date have been listed in Table S.

9. PATENT REPOSITORY ON DDZ

The pharmacological benefits and other useful characteristics
of DDZ have captivated scientists across the globe to conduct
exhaustive research and studies, and in doing so they were
successful in establishing numerous intellectual property rights
in the shape of patents for several ailments like osteoporosis,
skin treatment, etc. Table 6 outlines the information about
some of the patents with their application numbers and
invention details in various countries, with China having the
most patents on DDZ.

10. COMMERCIAL PRODUCTS OF DDZ

DDZ is present in significant quantities in a variety of dietary
supplements, bodybuilding drinks, sports drinks, newborn
formulas, etc. Therefore, there are different types of products
by manufacturers that are available in the global market. Most
of the products are solid like capsules and tablets. The quantity
of DDZ varies in different product units with the most
recommended daily dose of one to two capsules. The data of
various commercial products listed in Table 7 have been
collected from the Dietary Supplement Label Database
(DSLD; https://dsld.od.nih.gov/).

11. CONCLUSION

Recent years have seen a significant increase in the amount of
research done on DDZ. In this review, the pharmacological
characteristics of DDZ have been noted. Its outcomes include
anticancer, anticardiovascular illnesses, antiosteoporosis, anti-
diabetes, anti-inflammation, antioxidant, antiaging, neuro-
protective, and other effects. From many past years, traditional
hormone replacement therapy has been utilized clinically to
improve menopause symptoms; however, problems such as
mammary cancer have restricted its use in therapeutic settings.
It was established that DDZ has a structure identical to that of
estrogen and is sensitive for the estrogen receptor. It is
currently being utilized extensively for treatment of a variety of
ailments, and there is optimism regarding the expansion of its
therapeutic applications in the near future. The mechanisms of
action are still not completely known, and its poor
bioavailability considerably restricts the applications for
which it can be used. Additionally, there have been reports
of DDZ possibly causing certain unwanted side effects.
Therefore, it is essential to further explain the mechanisms at

https://doi.org/10.1021/acsomega.3c03741
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play, in order to lessen the adverse effects associated with its
usage.

Some biotransformation or synthetic analogues of DDZ,
such as isoformonetin and 7,3',4-THIF, may be more
beneficial to health and/or less hazardous. Although certain
bioactive analogues of DDZ with beneficial effects on human
health have been discovered, many more possible metabolites
remain unknown. Therefore, it is vital to discover new
beneficial chemicals based on the DDZ structure. Furthermore,
it is of the utmost importance to improve the absorption and
bioavailability of DDZ. This may be accomplished either by
modifying the drug in accordance with its physicochemical
features and pharmacokinetic factors or by selecting the most
appropriate route of administration. Therefore, additional
research must be conducted on DDZ before it may be
extensively advocated for its therapeutic usage.
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