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Abstract: Glabridin is a prenylated isoflavan from the roots of Glycyrrhiza glabra Linne and has posed great impact on the areas of
drug development and medicine, due to various biological properties such as anti-inflammation, anti-oxidation, anti-tumor, anti-
microorganism, bone protection, cardiovascular protection, neuroprotection, hepatoprotection, anti-obesity, and anti-diabetes. Many
signaling pathways, including NF-kB, MAPK, Wnt/B-catenin, ERa/SRC-1, PI3K/AKT, and AMPK, have been implicated in the
regulatory activities of glabridin. Interestingly, glabridin has been considered as an inhibitor of tyrosinase, P-glycoprotein (P-gp), and
CYP2EI and an activator of peroxisome proliferator-activated receptor y (PPARy), although their molecular regulating mechanisms
still need further investigation. However, poor water solubility and low bioavailability have greatly limited the clinical applications of
glabridin. Hopefully, several effective strategies, such as nanoemulsions, microneedles, and smartPearls formulation, have been
developed for improvement.
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Introduction
Glycyrrhiza glabra Linne (common name: licorice) is widely used worldwide as one of herbal medicines, treating
various diseases and benefiting our health. The genus Glycyrrhiza contains about 30 species, including Glycyrrhiza
glabra L., Glycyrrhiza uralensis Fisch., and Glycyrrhiza inflata Bat. Of which, Glycyrrhiza inflata Bat. is only found in
China." The main bioactive constituents of Glycyrrhiza plants involve flavonoids and triterpenoid saponins. Many
flavonoids, including liquiritin, glycyrrhizic acid, glabridin, liquiritigenin, and isoliquiritigenin have been identified as
bioactive compounds in treating diseases.” Particularly, a crude drug containing at least 0.5% liquiritin and 2.0%
glycyrrhizic acid is standardized in quality control in the Pharmacopoeia of the People’s Republic of China. These
effective compounds have triggered great scientific interest and shown medicinal potentials. Recently, the pharmacolo-
gical properties of liquiritin,® glycyrrhizic acid,” and liquiritigenin/isoliquiritigenin® have been comprehensively dis-
cussed. The phytochemical characterization of glabridin, including the occurrence and biosynthesis, extraction and
isolation methods, chemical synthesis, and analytical quantitation, have been reviewed in 2013.° Both the Glycyrrhiza
glabra L. root extract and glabridin have posed great impact on medicinal, dietary supplements, food, and cosmetic
markets. In this article, we mainly updated the pharmacological properties of glabridin.

Glabridin (4-[(3R)-8,8-dimethyl-3,4-dihydro-2H-pyrano[2,3-f]chromen-3-yl]benzene-1,3-diol, C50H»(04) (Figure 1),
a natural occurring prenylated isoflavan, accounting for 0.08-0.35% of the roots’ dry weight in Glycyrrhiza glabra L.
Another study shows that glabridin presents about 20% of the extract of Glycyrrhiza glabra L.® The structural stability of
glabridin can be influenced by temperature, illumination, humidity, pH, solvent, and oxidant. Of which, illumination can

be the main factor to promote the degradation of glabridin. Glabridin may be degraded at room temperature, and it should
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be kept under a dry, dark, and low oxygen condition.® Structure-activity relationship research indicates that the two
phenol hydroxyl groups (C2’ and C4’) in the B ring are important for inactivating cytochromes P450 enzymes (CYPs)
and triggering pharmacological activity. However, these two hydroxyl groups are the accessible sites for glucuronidation,
which is associated with elimination processes in vivo.” The hydroxyl group at C4* position may block the glucuronida-
tion reaction at C2’ site.'"” The importance of hydroxyl groups at C2’ and C4’ positions has been displayed,'®'" and
several synthetic derivatives of glabridin have been designed, particularly those for anti-obesity activity'' and tyrosinase

inhibitors.'? Various biological activities of glabridin have been reported, and they are including anti-inflammation,'*'*

anti-oxidation,'>'®  anti-tumor,'""'® anti—microorganism,w bone protection,20 cardiovascular protection,21
hepatoprotection,”” neuroprotection, anti-obesity,”* and anti-diabetes.”> In this article, we will mainly discuss the

health-benefiting effects of glabridin in these fields.

Anti-Inflammation

Glabridin has been reported to be one of the active ingredients in Schengen Mixture, which is a traditional Chinese
medicine for treating inflammatory diseases. The virtual docking study finds that glabridin may interact with PTGS2
(cyclooxygenase-2, COX-2) protein. This is verified by a surface plasmon resonance (SPR) assay, and the dissociation
rate constant (K4) of 44.5 uM indicates strong binding affinity'* (Table 1). In both murine macrophages J774A.1 and
human neutrophil HL-60 cells, glabridin can significantly inhibit the expression of COX downstream factors prostaglan-
din E; (PGE;) (ICso = 11 puM) and thromboxane B, (TXB,) (IC5o = 11.3 uM) and lipoxygenase (LOX) downstream
factor leukotriene B, (LTBy4) (ICso = 5.3 pM).%® In lipopolysaccharide (LPS)-treated RAW264.7 cells, glabridin at the
dose of 10 pg/mL decreases 33% of the nitric oxide (NO) level and inhibits interleukin 1p (IL-1B) production with an
ICsq value of 30.8 uM. However, glabridin does not produce any inhibitory effects on IL-6 expression at all the tested

/
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Figure | The chemical structure of glabridin.
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Table | The Biological Effects of Glabridin in Different Models
Category Models Biological Effects Ref.
Anti- J774A.1 and HL-60 (exposing to 0.62, 1.25, 2.5, 5, | Inhibits the expression of PGE, (ICso = |1 uM), TXB; (ICso = I1.3 pM), and LTB4 [26]
inflammation and 10 pg/mL glabridin) (ICs0 = 5.3 uM)
Male Wistar rats receive 30 mg/kg glabridin by Inhibits the activity of p38MPAK/ERK signaling [28]
intraperitoneal injection
J774A.1 cells were treated with 0.62, 1.25, 2.5, 5, Decreases 33% of the NO level and inhibits IL-IB production with an ICs value of [27]
and 10 pg/mL glabridin 30.8 uM
LPS-treated RAW?264.7 cells were exposed to 0.3, | Inhibits the activity of NF-kB signaling [29]
1, 3, and 10 uM glabridin
LPS-treated THP-I cells were exposed to 100 nM | Suppresses iNOS expression and nitrotyrosine formation [31]
glabridin
LPS-treated HaCat cells were exposed to 5 and 10 | Decreases the activity of TLR4/MyD88/NF-«kB signaling [32]
UM glabridin
Inhibits INOS/NO, p65, IL-6, and IL-1f expression and decreases IL-17A, IL-22, and [33]
IL-23 expression
LPS-treated DCs were exposed to 5, 10, 15, and Inhibits NF-kB and MAPK signaling pathways [36]
20 pM glabridin
Anti-oxidation MPMs, J-774A.1 (20 uM glabridin) Inhibits 80% of cell-based LDL oxidation, 60% of superoxide release, and P47 [39]
translocation
Male ApoEfl* mice receive 40 mg/kg/day glabridin | Increases GSH accumulation and reduce lipid peroxides production [40]
in the drinking water for 2 months
High glucose-treated THP-1 cells were exposed to | Increases the expression of CAT, PON2, and Mn-SOD [41]
100 nM glabridin
Docking Interacts with rePONI and prevents from LA-OOH-induced oxidation [43]
Male SD rats with MCAO receive 5 and 25 mg/kg | Ameliorates the focal infarct volume, histopathological changes, and cell apoptosis [44]
glabridin by intraperitoneal injection for 7 days
NHK cells were exposed to |5 pM glabridin Prevents against UVB-induced DNA damage and cell apoptosis [45]
Fluorescence quenching Inhibits tyrosinase activity with an ICs value of 0.43 uM [46]
Anti-tumor MDA-MB-231, Hs578T and Hepatocarcinoma were | Induces miR-148a gene demethylation and its expression, inhibits the expression of [47]
exposed to |0 uM glabridin SMAD?2, and attenuates the CSC-like properties
MDA-MB-231 and Hs578T cells were exposed to | Down regulates miR-148/Wnt/B-catenin activity and its downstream factor VEGF [50]
10 and 20 uM glabridin expression
SK-BR-3 cells were exposed to 10, 50, and 100 utM | Increases the protein expression of c-PARP, cleaved-caspase-3, caspase-8, and [51]
glabridin caspase-9; decreases p-ERK /2, p-AKT, p-EGFR, and cyclin DI expression
Ishikawa cells were exposed to 10 uM glabridin Promotes estrogen responsive genes expression [52]
Ishikawa cells were exposed to 100 pM, | nM, 10 | Increases ERa-SRC-|-co-activator signaling [53]
nM, 100 nM, | pM, and 10 pM glabridin
Ishikawa cells were exposed to | pM glabridin Modulates the expression ESRI and Bcl-2 [54]
SCC-9 cells were exposed to 20, 40, and 80 uM Inhibits cell proliferation, causes cell cycle arrest, and increases the activity of p38 [55]
glabridin MAPK and JNK1/2 signaling
(Continued)
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Table 1 (Continued).

Category Models Biological Effects Ref.
MN-45 cells were exposed to a combination of 0.1 | Inhibits cell survival, proliferation, and invasion [56]
mM 5-FU and 25 uM glabridin
A549 (1, 2.5, 5, and 7.5uM glabridin), MDA-MB Inhibits cell migration, invasion, and angiogenesis. Increases avp3 integrin [57,58]
-231 (2.5, 5, 7.5, and 10 uM glabridin) degradation, decreases FAK and Src interaction, and reduces AKT and RhoA
activation
HepG2 cells were exposed to 15, 30, and 45 uM | Down regulates the expression of cyclinD3, CDK2, and CDK4 and inhibits Braf/ [59]
glabridin MEK signaling
Huh7 cells were exposed to 25, 50, and 100 uM Activates the expression of p38 MAPK and JNK/2 signaling [60]
glabridin
MG63 and HOS cells were exposed to 5, 10, and | Decreases the expression of MMP-2 and MMP-9, and induce cell cycle arrest [63]
25 uM glabridin
Anti- Docking Inhibits Mpro with the binding affinity of —8.1 kcal/mol [19]
microorganism
Binds to 3CLpro with a binding energy of —8.25 kcal/mol by forming hydrogen [65]
bonds with Glul66, Argl88, and Gly143
Vero E6 were exposed to 3.1, 6.2, 12.5, 25, and 50 Protects against SARS CoV-2 with an ICsq value of 2.5 uM [138]
uM glabridin
Docking Inhibits NS3 protease with binding affinity of —7.4 kcal/mol [67]
S. aureus were treated with 1/4 MIC, I/2MIC, and | Increases the productions of ROS, NO, and MDA and decreases the expression of [69]
MIC of glabridin (MIC=12.5 pg/mL) SOD
MRSA 4423 were treated with /16, 1/8, 1/4, and | Down regulates the expression of cell surface proteins [70]
1/2MIC of glabridin
MRSA 4427 were treated with IMIC of glabridin Increases ROS production and induces oxidative stress [139]
E. faecalis At the dose of 25 ng/mL, it is active for |1.2% killing [71]
Combination of glabridin (25 pug/mL) with nisin (12.5 pg/mL) produces 61.4% killing [72]
Hs;Ra, H3;Rv Inhibits with a MIC value of 29.16 pg/mL [73]
C. albicans Inhibits ATCC 28366 and LAM-| with MIC values of 6.25 ug/mL and 12.5 pg/mL, [76]
respectively.
Promotes MCAI and NUCI expression, increases apoptosis [77]
C. glabrata Decreases the MIC values against fluconazole-resistant (MICso = 8 pg/mL), [80]
promotes apoptosis, and induces the expression of MCAI and NUCI
F. graminearum Inhibits the mycelial growth and conidial germination with ECsq values of [84]
110.70 mg/L and 40.47 mg/L, respectively.
E. tenella Inhibits the replication of by 75%, 50%, and 30% at the doses of 21.43 pg/mL, [86]
5.28ug/mL, and 0.96pug/mL, respectively.
Bone RAW?264.7 cells were exposed to |, 2, and 5 uM Increases the activity of TRAF6, GAB2, ERK2, JNKI, and MKK7, enhances the [87]
protection glabridin expression of c-FOS and NFATcl, and elevates the productions of MMP-9,
cathepsin K, CAll, TCIRGI, OSTMI, and CLCN7.
C2CI2 cells were exposed to 10 uM glabridin Abolishes dexamethasone-stimulated protein degradation [88]
L6 myotubes were exposed to 3, 10, and 30 uM Stimulates AMPK-dependent GLUT4 translocation [89]
glabridin
(Continued)
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Table | (Continued).
Category Models Biological Effects Ref.
MC3T3-El cells were exposed to 0.01, 0.1, and | Inhibits MG-induced cytotoxicity and cell death [90]
UM glabridin
MC3T3-El cells were exposed to 5 pM glabridin Ameliorates dRib-induced oxidative damage and increases ALP, OPN, OPG, OC, [91]
and BMPs expression by up regulating the expression of PI3K/AKT2 signaling
pathway
MSCs were exposed to |, 10, and 50 uM glabridin | Increases the expression of Oct4, DIx5, Runx5, Osteocalcin, and Osteopontin [96]
Cardiovascular Male New Zealand Rabbits receive 2 mg/kg Down regulation of MLCK/phosphorylated MLC system through MAPK signaling [21]
protection glabridin by oral catheter for 6 weeks
ECV-304 cells were exposed to 30 and 3000 nM Increases DNA synthesis, exhibits a bi-phasic effect on the proliferation of VSMC [100]
glabridin
Colonic macrophages from DOX-treated male Prevents against DOX-induced dysbiosis by modulating LPS/NF-kB and butyrate- [1o1]
C57BL/6 mice were exposed to |15 and 30 uM STAT6 signaling
glabridin
Hepato- Male Swiss Mice receive 1040 mg/kg glabridin Increases NRF2 expression, decreases NF-«B signaling [22]
protection intraperitoneally
Male Wistar rats receive diets supplemented with | Decreases STZ-induced collagen fiber deposition, ameliorates microvascular [103]
glabridin (40 mg/kg) for 8 weeks abnormality and liver fibrosis
HepG2 were exposed to 20 and 100 pM glabridin | Interacts with the LBD of PPARy (ECso = 6115 nM) [104]
Docking Acts as an inhibitor and binds to CYP2EI with -CDOCKER interaction energy of [106]
—84.44 kcal/mol
Neuro- LPS-treated BV-2 cells were exposed to 0.3, I, 3, | Decreases the productions of IL-1B, TNFao, and NO by down regulating the activity [23]
protection and 10 pM glabridin of NF-xB signaling and AP-1
Male Kunming mice receive |, 2, and 4 mg/kg orally | Improves memory, reduces the brain cholinesterase activity [110]
Electrophysiology Potentiates GABA ol 3(1-3)y2 receptor activity, decreases the ECs, values of the [113]
receptor for GABA by about 2 folds
Anti-obesity 3T3-LI cells were treated with 25 and 50 pM Inhibits adipogenesis by decreasing the expression of C/EBPa and PPARy [24]
glabridin
3T3-LI cells were treated with 5, 10, and 20 uM Inhibits the generation of ROS, PGE2, PLA2, COX-I, and intracellular Ca®* [122]
glabridin concentrations, increases the expression of insulin receptor substrate | and Glut4
Anti-diabetes Male SD rats receive 50 mg/kg glabridin by Increases the productions of Scr, BUN, UREA, KIM-I, NGAL, and TIMP-I [127]
intraperitoneal injection for 28 days
High glucose-treated NRK-52E cells were exposed | Suppresses ferroptosis by suppressing oxidative stress and decreasing VEGF, p-AKT, [127]
to glabridin and p-ERK1/2 expression

concentrations.”” In LPS-induced rat acute respiratory distress syndrome, glabridin significantly suppresses the expres-
sion of tumor necrosis factor a (TNFa) and IL-18, decreases the production of malondialdehyde (MDA), NO, and SPA,
and inhibits the activity of p38MPAK/ERK signaling pathways*® (Table 1).

Glabridin has been reported to attenuate the degradation of IkBs, inhibit the nuclear translocation of p65, reduce the
DNA binding and transcriptional activity of NF-kB/Rel (Figure 2), and decrease the expression of inducible nitric oxide
synthase (iNOS) and the generation of reactive oxygen species (ROS) in LPS-stimulated RAW264.7 cells. Additionally,
glabridin also exhibits protective activity against the enhanced production of plasma NADPH oxidase (NOX) and TNFa
in LPS-treated mice.?’ Inflammation may evidently induce metabolic changes. LPS can significantly alter the profiles of
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Figure 2 Glabridin inhibits the activity of NF-kB and MAPK signaling pathways. Stimulated by LPS, TLRs may transduce the signals into the intracellular pathways by
recruitment of many factors, such as MyD88. Activated TRAFé6 can trigger the phosphorylation of p38 MAPK and JNK. In addition, TRAF6 also activates IKKs and then
activates NF-«xB by degrading lkBs. Activated NF-kB enter the nucleus to transcriptionally regulate the expression of target genes, including pro-inflammatory cytokines. P38
MAPK and JNK are also involved in mediating the expression of pro-inflammatory cytokines. Glabridin exhibits the inhibitory activity on LPS/TLR4/MyD88/NF-kB signaling.
Glabridin also attenuates the expression of MAPK signaling pathway.

W

the amino acid, energy, and lipid metabolism in RAW264.7 cells. Interestingly, glabridin may reverse the detrimental
changes induced by LPS partially.*® In LPS-stimulated THP-1 monocytes, glabridin can decrease the chronic glucose
stress-induced iNOS expression and nitrotyrosine formation. Similar protective activities of glabridin are also observed in
the offspring of saturated fatty acid-fed mice mothers, which have developed metabolic dysregulation, including
hyperglycemia, inflammation, and oxidative stress®' (Table 1).

Atopic dermatitis is a hereditary allergic skin disease, characterized by chronic inflammation, IgE-stimulated
hyperreactivity, and epidermal barrier damage. Glabridin has been shown the protective activity against LPS-induced
pathological changes in atopic dermatitis by decreasing the activity of TLR4/MyD88/NF-kB signaling pathway in HaCat
cells and in mice*® (Figure 2). Psoriasis, a chronic inflammatory and autoimmune-regulated skin disease, is featured by
epidermal hyperplasis and inflammation cell infiltration. In imiquimod-induced mice model, glabridin can decrease the
PASI scores, improve histopathological changes, and down regulate the expression of p65, IL-6, IL-1B, IL-17A, 1L-22,
and IL-23. In HaCaT cells, glabridin also inhibits LPS-induced iNOS/NO, p65, IL-6, and IL-1p expression and decreases
TNFa-stimulated IL-17A, IL-22, and IL-23 expression®> (Table 1).

In dextran sulphate sodium (DSS)-stimulated rat ulcerative colitis, glabridin can effectively alleviate ulceration and
inflammatory cell infiltrations, decrease the productions of TNFa, myeloperoxidase (MPO), and NO/iNOS, and increase
the concentrations of anti-inflammatory factor cAMP.** Consistently, glabridin has been shown to ameliorate the
disruption of the colonic architecture and the productions of inflammatory mediators, including NO and PGE,, in DSS-
induced mice colitis.*> Dendritic cells (DCs) play an important role in the innate and adaptive immune activities.
Maturation-promoting stimuli, such as inflammatory cytokines and LPS, have been associated with the enhancement of
adhesion and co-stimulatory factors expression. Glabridin can decrease the expression of pro-inflammatory cytokines and

20 https: Drug Design, Development and Therapy 2023:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Zhang et al

increase antigen capture ability in LPS- or zymosan-induced DCs. The protective activity of glabridin might be
associated with inhibition of NF-xB and MAPK signaling pathways36 (Figure 2) (Table 1).

Anti-Oxidation

Oxidative stress has been considered as a contributor to the oxidation of low-density lipoprotein (LDL), and oxidized LDL
promotes foam cell formation and induces damage in the blood vessel wall. A random and double-blind study has been
conducted and found the inhibitory effects of glabridin against LDL oxidation, contributing to its health-benefiting
property.®” The protective activity of glabridin against LDL oxidation has been previously reviewed in 2015.°® At the
dose of 30 uM, glabridin inhibits the generation of 7-hydroxycholesterol, 7-ketocholesterol, and 5,6-epoxycholesterol within
6 h of AAPH-induced LDL oxidation by 55%, 80%, and 40%, respectively, and within 6 h of Cu®"-induced LDL oxidation
by 73%, 94%, and 52%, respectively.'® In both mouse peritoneal macrophages (MPMs) and J-774A.1 macrophage-like cells,
glabridin can be accumulated up to 1.5 pg/mg of cell protein within 2-h incubation, and this may lead to inhibition of 80%
cell-based LDL oxidation. In addition, glabridin also inhibits the release of superoxide by 60% in CuSO4-treated MPMs and
the translocation of P-47, a cytosolic component of NADPH oxidase to the plasma membrane® (Table 1).

Cardiovascular diseases may be exacerbated by oxidative stress. Cell-regulated oxidation of LDL and the content of
macrophage glutathione (GSH) exhibits an inverse correlation. Glabridin has been shown to increase the accumulation of
GSH and reduce lipid peroxides production in ApoE~”~ mice, protecting against atherosclerosis.*’ Glabridin,
a phytoestrogen, substitutes estradiol enhancement of anti-oxidant enzymes under a condition of high glucose, which
down regulates the expression of catalase (CAT) and paraoxonase 2 (PON2). Glabridin may exhibit as a potential anti-
atherogenic candidate to increase the expression of CAT, PON2, and Mn-SOD.*' Further study shows that glabridin up
regulates the expression of PON2 mRNA and protein in hyperglycemia mice. The fluorescence quenching assays indicate
that glabridin can directly interact with PON2 with a binding constant of 7.61x10°> M™" and a free binding energy of
—33.55 KJ/mol. In addition, glabridin protects PON2 against CuSO,-induced oxidation.*> PON1, a Ca*'-dependent
enzyme binding to high-density lipoprotein (HDL), has been demonstrated to play an important role in the anti-
atherogenic activity of HDL. The activity of recombinant PON1 (rePON1) may be blocked by linoleic acid hydroper-
oxide (LA-OOH) through oxidation of Cys284 thiol in rePON1. Glabridin has been shown to interact with rePONI1 by
forming hydrogen bonds with Lys338 or Val336 (a calculated binding energy of —9.5 kcal/mol), preventing from LA-
OOH-induced oxidation** (Table 1). Probably, the interaction between rePON1 or PON2 and glabridin may be a novel
mechanism of glabridin in regulating oxidative stress.

Cerebral injury induced by ischemia is often associated with oxidative stress. In a rat model of middle cerebral artery
occlusion (MCAO), glabridin has been shown to ameliorate the focal infarct volume, histopathological changes, and cell
apoptosis with a possible molecular mechanism of decreasing the production of MDA and increasing the generation of
SOD and GSH. In staurosporine-treated rat cortical neurons, glabridin can suppress the expression of Bax and caspase-3,
enhance the expression of Bcl-2, and subsequently inhibit cell apoptosis** (Table 1).

Ultraviolet B (UVB) has been shown to induce chromosome alterations and DNA damage with a possible mechanism
of causing oxidative stress, leading to skin cell cycle arrest and apoptosis. Glabridin has been reported to prevent against
UVB-induced DNA damage and cell apoptosis in normal human keratinocytes (NHK) by decreasing the productions of
ROS directly and indirectly.*> Glabridin can inhibit the activity of tyrosinase reversibly with an ICs, value of 0.43 uM. In
addition, glabridin can directly interact with tyrosinase through a fluorescence quenching assay and be considered as an
inhibitor of tyrosinase. However, the docking study shows that glabridin does not bind to the active cavity of tyrosinase
directly. In zebrafish, glabridin exhibits no effects on the synthesis of melanin®*® (Table 1).

Anti-Tumor

The anti-tumor effects of glabridin have been explored. Glabridin has been shown to reduce the cell viability of SKNMC,
A2780, and H1299 cell lines with ICsy values of 10 uM, 12 puM, and 38 pM, respectively. Intrinsic mitochondrial
apoptosis pathway is involved in the mechanism of glabridin in producing cytotoxicity to SKNMC and H1299 cells. The
mechanism of glabridin in promoting cell apoptosis for A2780 cells is extrinsic. In addition, glabridin may also potentiate
the cytotoxic activity of doxorubicin to H1299 cells.'® The cancer stem cells (CSCs) are considered as the main
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contributor to cancer metastasis and recurrence, and management of CSCs can be a potential therapeutic strategy. In
MDA-MB-231 and Hs578T cell lines, glabridin induces the demethylation of miR-148a gene and increases its expres-
sion, which inhibits the expression of SMAD2. In mice xenograft model, glabridin ameliorates breast cancer develop-
ment, mesenchymal characteristics, and CSC-like properties*’ (Table 1). Similarly, glabridin also attenuates the CSC-like
properties in hepatocellular carcinoma HepG2, Huh-7, and MHCC97H cells by mediating the expression of miR-148a/
SMAD2 signaling.* Multidrug resistance (MDR) has become an impediment to chemotherapeutic management of
cancers. Glabridin has been potentially indicated as a substrate of P-gp with a strong binding affinity and competitively
inhibits its activity. In breast cancer MDA-MB-231/MDRI1 cells, glabridin can greatly decrease the half maximal
inhibitory concentration of DOX and paclitaxel and promote cell apoptosis.*’

Wnt/B-catenin signaling and its downstream factor vascular endothelial growth factor (VEGF) play an important role
in tumor development. Targeting Wnt/B-catenin-regulated VEGF expression has become a therapeutic target. Glabridin
may ameliorate angiogenesis by down regulating the activity of miR-148/Wnt/B-catenin signaling, followed by decreased
expression of VEGF in MDA-MB-231 and Hs-578T cells®® (Figure 3). In breast cancer SK-BR-3 cells, glabridin has
been exhibited the inhibitory activity against cellular viability, as indicated by increased protein expression of c-PARP,

Figure 3 Glabridin ameliorates the activity of Wnt/B-catenin signaling. Binding of Wnt protein to Frizzled may activate Wnt/B-catenin signaling by recruiting Axin, CK1, Dvl,
and GSK-3p. However, SFRPs can negatively regulate Wnt/B-catenin signaling by abolishing Whts, forming inactive complexes with Frizzled receptors. Activation of Wnt/B-
catenin signaling induces inactivation of GSK-3f, stability of B-catenin, and nuclear translocation of B-catenin, which binds to TCF4 and LEF-I and promotes the
transcriptional expression of target genes, such as MMPs, c-Myc, and Cyclin D1. Glabridin exhibits inhibitory activity against B-catenin-mediated target genes expression.
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cleaved-caspase-3, caspase-8, and caspase-9. The molecular mechanism might be associated with down regulation of
p-ERK1/2, p-AKT, p-EGFR, and cyclin D1 expression by glabridin, which attenuates oxidative stress and increases cell
apoptosis in breast cancer’' (Table 1). In glabridin-treated Ishikawa cells, DNA microarray analysis has been explored
for the expression of estrogen responsive genes. Glabridin at the dose of 10 uM can activate both the genomic and non-
genomic estrogen pathways. Interestingly, combination of 178-E, with glabridin may be a suitable and effective strategy
for an estrogen replacement, which can be used for treatment of diseases in reproductive, cardiovascular, and circulatory
systems.>”> However, glabridin at the dose of more than 10 uM exhibits cytotoxicity in Ishikawa cells. ERa-SRC-1-co-
activator signaling pathway has been involved in the regulation of glabridin in estrogenic activity.> Consistently,
combination of tamoxifen (1x107> M) with glabridin (1x107® M) exhibits estrogenic effects and inhibits cell growth
in Ishikawa and MCF-7 cells by modulating the expression ESR1 and Bcl-2. Interestingly, the reduction of cell
proliferation is not related to the regulatory activity of Bcl-2>* (Table 1).

In human oral cancer SCC-9 and SAS cells, glabridin has been shown to inhibit cell proliferation, cause cell cycle
arrest at sub-G1 phase, decrease the expression of caspase-3, caspase-8, caspase-9, and poly (ADP-ribose) polymerase
cleavage, and increase the activity of p38 MAPK and JNK1/2 signaling pathways.>> In gastric cancer MN-45 cells,
glabridin alone or in combination with 5-fluorouracil (5-FU) has been demonstrated to inhibit cell survival, proliferation,
and invasion, as indicated by increased expression of N-cadherin, Bax, caspase-3, caspase-8, and caspase-9 and
decreased expression of p16, E-cadherin, and Bcl-2.>® In both human non-small cell lung cancer A549 cells and MDA-
MB-231 cells, glabridin has been exhibited the inhibitory activity against cell migration, invasion, and angiogenesis by
increasing the proteosome degradation of avp3 integrin, decreasing the interaction between FAK and Src, and reducing
the activation of AKT and RhoA and the phosphorylation of myosin light chain®’->® (Table 1).

In hepatoma carcinoma HepG2 cells, glabridin has been shown to suppress cell proliferation and cause cell cycle
arrest in G1 by down regulating the expression of cyclinD3, CDK2, and CDK4. The possible underlying mechanism
might be the inhibitory activity of glabridin against Braf/MEK signaling.>® Similarly, glabridin can inhibit cell prolifera-
tion and induce cell apoptosis dose-dependently by activating the expression of p38 MAPK and JNK1/2 signaling
pathways in Huh7 cells.®® Another study shows that glabridin can significantly ameliorate the capacity of migration and
invasion in Huh7 and Sk-Hep-1 cell lines by decreasing the phosphorylation levels of ERK1/2 and JNK1/2. Furthermore,
glabridin may down regulate the expression of matrix metalloprotein-9 (MMP-9) and up regulating the expression of
TIMP1 by affecting the activity of transcriptional factors NF-kB and AP-1.°' Spleen tyrosine kinase (SYK), a non-
receptor protein-tyrosine kinase, mediates immunological receptor-regulated signaling and plays an important role in
tumor growth and metastasis. Glabridin has been considered as a potential ligand of SYK with a fitting score of —8.2
kcal/mol using capecitabine as a control (—6.5 kcal/mol).®

Osteosarcoma, a common bone malignancy, is primarily found in children and adolescents with poor prognosis due to
high activity in metastasis. Glabridin has been demonstrated to inhibit the migration and invasion, decrease the
expression of MMP-2 and MMP-9, and induce cell cycle arrest at G2 phase in MG63 and HOS cell lines.
Mechanistically, glabridin can decrease the phosphorylation levels of p38 MAPK and JNK, block the interaction between
cAMP-response element binding protein (CREB) and AP-1, and inhibit the binding of CREB and AP-1 to DNA®
(Table 1). Acute myeloid leukemia (AML) has been considered as a cancer of blood cells and characterized by rapid
growth of white blood cells abnormally. Glabridin may inhibit cell proliferation of various AML cell lines (HL-60, MV4-
11, U937, and THP-1). In HL-60 cells, glabridin induces the expression of caspase-3, caspase-8, caspase-9, and PARP
cleavage by increasing the phosphorylation levels of p38 MAPK and JNK1/2.°

Anti-Microorganism

The main protease (Mpro, also known as 3CLpro) of SARS-CoV-2 has become one of the most potential targets for
developing new drugs. Screening study has investigated that glabridin shows strong inhibitory activity against Mpro and
exhibits great binding affinity of —8.1 kcal/mol by noncovalently interacting with His41 and Met49."> Another study
reports that glabridin docks with 3CLpro of COVID-19 with estimated free binding energy of —8.25 kcal/mol by forming
hydrogen bonds with Glu166, Argl88, and Gly143.°° (Table 1) Furthermore, glabridin stabilizes the active cavity of
Mpro by forming hydrogen bonds with His41 and Glul66 and alkyl and Pi-alkyl interaction with Cys145 and Pro168. In
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the ADMET prediction, glabridin exhibits a good human intestinal absorption score and is a non-inhibitor and substrate
of P-glycoprotein.®® Dengue virus, a mosquito-borne flavivirus, may cause dengue fever or dengue shock syndrome,
which might be associated with the encoding of NS3 protease. Screening study has shown that glabridin can be
a potential inhibitor against NS3 protease with binding affinity of —7.4 kcal/mol®” (Table 1). Sodium taurocholate co-
transporting polypeptide (NTCP) has been considered as the receptor for hepatitis B virus (HBV) infection. Glabridin has
been screened to be an inhibitor of HBV infection by inducing caveolar endocytosis and decreasing the expression of
NTCP in primary human hepatocytes.®®

Glabridin has been reported to inhibit the growth of multidrug resistant Staphylococcus aureus in vitro by increasing
the productions of ROS, NO, and MDA and decreasing the expression of SOD. In addition, glabridin also exhibits anti-
oxidative stress activity at lower concentrations (ie, lower than 1/2 MIC).%® (Table 1) Furthermore, glabridin also inhibits
the biofilm formation of S. aureus (MRSA 4423) by down regulating the expression of cell surface proteins, including
fibronectin binding proteins (FnbA and FnbB), serine-aspartate repeat-containing protein D, and immunoglobulin-
binding protein G, and up regulating the expression of translation elongation factors (EF-Tu and EF-G), chaperone
protein, GAPDH, and pyruvate kinase.”” Enterococcus faecalis is an anaerobic Gram-positive bacterium with high
resistance to various anti-microbial agents. Glabridin (25 pug/mL) is active to kill 11.2% E. faecalis embedded in
a biofilm. In addition, glabridin has been shown to synergy with chlorhexidine against E. faecalis. No cytotoxicity to
gingival fibroblasts for glabridin (up to 50 pg/mL) by 2-h exposure is found”' (Table 1). Interestingly, glabridin at the
dose of 6.25 pg/mL does not produce any effect on the biofilm formation by E. faecalis. However, the combination of
glabridin (25 pg/mL) with nisin (12.5 pg/mL) produces 61.4% killing of a pre-formed E. faecalis after a 30-min contact.
The possible molecular mechanism might be associated with the attenuation of NF-«kB signaling by glabridin.”> Another
study shows that glabridin exhibits anti-microbial activity against both Gram-positive and Gram-negative bacteria.
Glabridin has been shown to be active against both Mycobacterium tuberculosis H3;Ra and H3;Rv strains with a MIC
value of 29.16 pg/mL.” Streptococcus mutans is considered as the most important cariogenic bacterium. Glabridin has
shown anti-bacterial activity against S. mutans, as indicated by reduced biofilm viability, decreased dextran production,
attenuated adherence, and reduced acid production. Importantly, glabridin does not exhibit toxicity to oral
keratinocytes.”*

Glabridin has demonstrated anti-fungal activity with a MIC value of 0.0156 mg/mL against filamentous fungi
Microsporum gypseum, a MIC value of 0.125 mg/mL against Trichophyton rubrum and Histoplasma capsulatum, and
a MIC value of 0.25 mg/mL against Aspergillus niger, Aspergillus flavus, and Sporothrix schenckii.”® Similarly, glabridin
has been shown the anti-fungal activity against Candida albicans ATCC 28366 and C. albicans LAM-1 with MIC values
of 6.25 pg/mL and 12.5 pg/mL, respectively. The growth of ATCC 28366 strain is blocked by combination of nystatin
(0.25 pg/mL) with glabridin (1.25 pg/mL). However, no synergistic actions on the fungicidal activity have been found.’®
Interestingly, overexpression of two apoptotic genes MCA1 and NUCI1 and increased apoptosis in glabridin-treated
C. albicans are observed’’ (Table 1). Moreover, glabridin promotes apoptosis in C. albicans by triggering the expression
of apoptosis inducing factor (AIF), which is caspase-independent.”® Combined with fluconazole, glabridin exhibits strong
synergistic activities against drug-resistant C. albicans, C. neoformans, and C. tropicalis. The molecular mechanism in
synergistic antifungal of glabridin and fluconazole is associated with induction of cell envelope impairment, which is
indicated by decreased sizes of cells and increased permeability of cell membranes.”®

C. glabrata also attracts a great attention. Glabridin significantly decreases the MIC values against fluconazole-
resistant (MICso = 8pug/mL) but not fluconazole-SDD C. glabrata and promotes apoptosis by inducing the expression of
MCAI1 and NUCI® (Table 1). Azole-resistant Aspergillus fumigatus has become a major medical concern. The
inhibitory activity of glabridin against 4. fumigatus with a MICsy value of 16 pg/mL. In addition, combination of
glabridin with voriconazole (VRC) may exhibit synergistic effects with FICI range values of 0.15-0.5 against both VRC-
resistant and VRC-sensitive 4. fumigatus.®' Consistently, glabridin has been reported to inhibit the proliferation, biofilm
formation, and adhesive capacity of A. fumigatus. In A. fumigatus-infected mice, glabridin decreases inflammatory
responses, reduces the amount of A. fumigatus, and ameliorates neutrophil infiltration in cornea.®

In another study, it has been shown that glabridin exhibits fungicidal activity against Sclerotinia sclerotiorum with an
ECs value of 6.78 pug/mL with possible mechanisms involving accumulation of ROS, loss of mitochondrial membrane
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potential, and destruction of cell membrane.®® Glabridin also displays fungicidal effects against Fusarium graminearum.
Specifically, glabridin inhibits the mycelial growth and conidial germination of F. graminearum with ECs, values of
110.70 mg/L and 40.47 mg/L, respectively. The possible mechanism might be associated with the inhibitory activity
against the expression of ergosterol biosynthesis-associated proteins and the integrity of cellular membranes, which may
lead to dysfunctions of transmembrane transport, disorder of intracellular substances and energy metabolism, and
initiation of cell death® (Table 1).

Natural compounds are the potential candidates for development of new drugs against malaria. Glabridin, a main
active ingredient from Glycyrrhiza glabra, has been demonstrated to inhibit the growth of Plasmodium falciparum with
an ICsy value of 23.9 puM. Glabridin blocks the activity of PfLDH by interacting with NADH binding site, induces
oxidative stress, and promotes mitochondrial apoptosis in parasites.®> Eimeria tenella is often found in the cecal
coccidiosis in poultry, associating with hemorrhagic diarrhea and high mortality. Glabridin has been screened to inhibit
the replication of E. ftenella by 75%, 50%, and 30% at the doses of 21.43 pg/mL, 5.28ug/mL, and 0.96pg/mL,
respectively. At the dose of 21.43 pg/mL, glabridin significantly augments the expression of stress-induced factors
NADPH and EtPP5 in E. tenella sporozoites®® (Table 1).

Bone Protection

The homeostasis of bone amount is maintained by a balance of osteoblast-mediated bone formation and osteoclast-
regulated bone resorption. Excessive bone resorption is associated with bone loss and subsequent development of
osteoporosis (Figure 4). Nuclear factor-kB ligand (RANKL) may promote osteoclastogenesis in RAW264.7 cells by
up regulating the activity of TRAF6, GAB2, ERK2, JNK1, and MKK7 signaling pathways, increasing the expression of
c-FOS and NFATcl, and elevating the productions of MMP-9, cathepsin K, CAIIl, TCIRG1, OSTMI1, and CLCN7
(Figure 5). However, these RANKL-induced pathological disorders can be effectively blocked by glabridin.*” In C2C12
myotubes, glabridin can abolish dexamethasone-stimulated protein degradation by directly interacting with glucocorti-
coid receptor, blocking its nuclear translocation, and down regulating the expression of ubiquitin ligases MuRR1 and
Cbl-b. Additionally, glabridin also inhibits dexamethasone-induced FOXO3a phosphorylation in vitro and in vivo®®
(Table 1).

Metabolic disorders induce imbalance of glucose metabolism, including suppression of GLUT4-mediated glucose
uptake. Glabridin has been demonstrated to increase glucose uptake by stimulating AMPK-dependent GLUT4 transloca-
tion to the plasma membrane in mice skeletal muscle L6 myotubes, leading to increased glucose uptake but decreased
glycogen production and increased lactic acid generation. These effects cannot be blocked by PI3K or AKT inhibitors®
(Figures 4 and 5). Methylglyoxal (MG) is produced by glycolytic pathway to interact with protein and form glycation end
products (AGEs), which play an important role in the pathological development of bone and cartilage diseases by
enhancing ROS production and increasing the levels of inflammatory cytokines. Glabridin may inhibit MG-induced
cytotoxicity and cell death in MC3T3-El cells. The molecular mechanism might be associated with the regulatory

RANKL AMPK

N |——Glabridin—— M
v U

Bone Bone
resorption formation

Bone homeostasis

Figure 4 Glabridin maintains the balance of bone metabolism. RANKL stimulates inflammatory responses, promotes osteoclastogenesis and osteoclasts proliferation, and
induces bone resorption. Activation of AMPK increases GLUT4-mediated glucose uptake, enhances osteoblasts metabolism and proliferation, and promotes bone formation.
Glabridin inhibits RANKL-mediated bone resorption and induces AMPK-regulated bone formation.
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Figure 5 The various pharmacological effects of glabridin are discussed. These effects include anti-inflammation, anti-oxidation, anti-tumor, anti-microorganism, bone
protection, cardiovascular protection, hepatoprotection, and neuroprotection. Particularly, NF-kB signaling-mediated inflammatory responses and oxidative stress are
involved in many diseases, and glabridin may suppress inflammation and oxidative stress and exhibit benefiting effects in different human systems.

activity of glabridin in oxidative stress and inflammatory responses through NRF2/HO-1 and NF-kB pathways,
respectively.”® 2-deoxy-D-ribose (dRib) can promote the generation of ROS, decrease the levels of SOD and glutathione
peroxidase 4 (GPX4), induce mitochondrial dysfunctions and apoptosis in MC3T3-E1 cells. The anti-oxidant N-acetyl-
L-cysteine can effectively reverse the pathological damage induced by oxidative stress. Glabridin also ameliorates dRib-
induced oxidative damage and increases the expression of ALP, OPN, OPG, OC, and BMPs by up regulating the
expression of PI3K/AKT?2 signaling pathway in MC3T3-E1 cells’' (Table 1). Antimycin A is an inhibitor of complex IIT
in the respiratory chain. In antimycin A-treated MC3T3-El cells, glabridin exhibits cytoprotective activity against
mitochondrial dysfunction, inhibiting mitochondria-mediated cell death. In addition, glabridin also restores antimycin
A-inactivated PI3K and CREB signaling pathways.””

Estrogen plays an important role in maintenance of bone and cartilage, and estrogen deficiency is closely associated
with the development of osteoporosis and osteoarthritis. The protective activity of the extract of Glycyrrhiza glabra
L. against osteoporosis by an estrogen receptor (ER)-mediated mechanism has been demonstrated.?® Prenylated flavo-
noids are reported to modulate the activity of ERs, particularly enhancement of their affinity to ERa. Glabridin has
similar chemical structure and lipophilicity to estradiol (E;). Creatine kinase (CK) activity has been considered as
a convenient marker of estrogen responses. Glabridin exhibits beneficial effects by increasing CK specific activity in both
diaphyseal bone and epiphyseal cartilage in rats’ (Figure 5). However, a study shows that glabridin is absence of
estrogenic activity towards both ERa and ER at the dose range of 110”7 to 1x10~* M, while it shows toxicity at the
dose of more than 1x10™* M. On the contrary, glabridin exhibits antagonistic activity against E2-activated ERa
selectively by 80% at the dose of 1x107° M.**

Mesenchymal stem cells (MSCs) have been considered as a promising candidate for therapeutic management of many
intractable diseases. Unfortunately, MSCs often lose stemness by initiating cellular senescence when they are cultured
in vitro. Glabridin has been demonstrated to maintain the efficacy of MSCs in the stemness and differentiation, as shown
by increased expression of Oct4, DIx5, Runx5, Osteocalcin, and Osteopontin’ (Figure 5). Glabridin increases ALP
activity, collagen content, and osteocalcin secretion and inhibits TNFa (1x10'° M)-induced production of PGE, and NO
and apoptosis in MC3T3-E1 cells’® (Table 1).

Osteoarthritis (OA), a chronic degenerative bone disease, is characterized by poor self-repair capacity of cartilage.
The pathological development of OA can be accelerated by oxidative stress. In human OA chondrocytes, glabridin has
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been shown to increase the expression of Collagen II, aggrecan, SOX9, and proteoglycan 4 (PRG4). The molecular
mechanism of glabridin in protecting OA cartilage against damage might be associated with attenuation of oxidative

stress, promotion of mTOR-mediated autophagy, and reduction of chondrocytes apoptosis.”’

Cardiovascular Protection

Maintenance of structural integrity and barrier functions in vascular endothelial cells contributes to cardiovascular
homeostasis. High fat diet-induced hyperlipidemia can cause endothelial dysfunctions and increased permeability.
Glabridin has been shown to ameliorate endothelial dysfunctions (Figure 5), as indicated by decreased total cholesterol
and triglycerides and improved morphological structure of the arterial wall. The possible mechanism might be associated
with the down regulation of myosin light chain kinase (MLCK)/phosphorylated MLC system by glabridin through
MAPK signaling pathway>' (Table 1). It has been demonstrated that glabridin can trigger vasorelaxation by opening K*
channels, particularly BKc,, in a reconstructed artery (Figure 5). However, employment of the phosphodiesterase (PDE)
inhibitor may increase the concentration of cellular cGMP and block the effects of glabridin on vasorelaxation.”®
Consistently, glabridin exhibits vasorelaxant effects by increasing the activities of cGMP and protein kinase G (PKG)
signaling pathways in phenylephrine-pretreated isolated human saphenous vein homogenates. However, glabridin does
not alter the production of NO.%

Estrogen plays protective activity in vascular tissues. It has been demonstrated that glabridin, similar to E,, increases
DNA synthesis in human ECV-304 cells and exhibits a biphasic effect on the proliferation of VSMC. In vivo study shows
that glabridin produces the specific activity of CK in the aorta and in the heart left ventricle.'® Clinical use of
doxorubicin (DOX) for managing cancers is often associated with cardiotoxicity in a dose-dependent manner.
Glabridin has been found to prevent against DOX-induced dysbiosis of gut microbiota and cardiotoxicity by modulating
LPS/NF-kB and butyrate-STAT6 signaling pathways'®' (Table 1) (Figure 5). Transthyretin (TTR) amyloid fibrils have
been implicated in patients with familial amyloid cardiomyopathy and amyloidotic polyneuropathy. Glabridin has been
screened to interact with TTR by forming a hydrogen bond with Lys15 and a CH-n bond with Alal08, stabilizing the
dimer-dimer interface of TTR and inhibiting TTR fibrillization.'*

Hepatoprotection
The hepatoprotective activity of glabridin has been explored. Glabridin has been demonstrated to effectively reverse
methotrexate-induced pathological changes and biochemical parameters in the liver by increasing the expression of
NRF2 and decreasing the activity of NF-kB signaling.”? Chronic hyperglycemia can be associated with the disturbance of
extracellular matrix (ECM) morphology and biochemistry, causing loss of functions in organs. Liver fibrosis is
contributed by substantial alterations in the composition and amount of ECM. Glabridin has been reported to decrease
streptozotocin-induced collagen fiber deposition and ameliorate microvascular abnormality and liver fibrosis in rats.'®
Peroxisome proliferator-activated receptor y (PPARy), a ligand-activated nuclear receptor, can directly regulate the
expression of target genes (Figure 5). In HepG2 cells, glabridin has been identified as an activator of PPARy through
HPLC fractionation and mass spectroscopy. Glabridin interacts with the ligand binding domain (LBD) of PPARYy with an
ECso value of 6115 nM and T0070907, an antagonist of PPARy-LBD, inhibits the glabridin responses for full length
PPARy receptor with an ICso value of 20 uM.'® (Table 1) Methotrexate (MTX), the first-line drugs for therapeutic
management of rheumatoid arthritis, has been associated with severe side effects, such as hepatotoxicity. Combination of
MTX with glabridin can significantly improve the radiological and histopathological changes, augmenting the therapeutic
effects of MTX. Importantly, glabridin can prevent MTX-induced alterations in levels of serum glutamic pyruvic
transaminase (SGPT), serum glutamic oxaloacetic transaminase (SGOT), MDA, and GSH by inhibiting the expression
of NF-«kB and enhancing the activity of NRF2 pathway in the hepatic tissues.'®

Cytochromes P450 (CYP) is a collection of metabolic enzymes available for most drugs. CYP2E1, an enzyme with
low activity under physiological conditions, regulates many drugs’ metabolism and benefits our body by mediating
oxidative responses. Higher activity of CYP2E1 often causes excessive ROS production, causing liver damage. Glabridin
has been identified as a potential inhibitor of CYP2EI by directing interacting with the active site of CYP2E1 with -
CDOCKER interaction energy of —84.44 kcal/mol (Figure 5). In human liver microsomes in vitro, glabridin exhibits
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greater inhibitory activity against CYP2E1 enzyme (ICso = 6.2 uM) than fisetin, epicatechin, nobiletin, and chrysin'®®
(Table 1). Conversion of paracetamol (PCM) to N-acetyl-p-benzoquinone imine by CYP2E!1 can lead to liver toxicity. In
PCM-stimulated mice liver injury model, glabridin has been shown to improve the serum biochemical parameters and
oxidative stress markers. In addition, glabridin also attenuates the activity of NF-kB signaling pathway in liver tissues.'"’”
The protecting activity of glabridin against liver damage might be associated with inhibition of CYP2E1 and suppression
of oxidative stress and NF-kB pathway. Another study shows that glabridin has been screened to inhibit against CYP3A4
competitively.'”® It is consistent that glabridin inactivates CYP3A4 in a time-, concentration, and NADPH-dependent
manner, accompanied by a loss of the heme moiety. Furthermore, this inactivation is irreversible and demonstrated by an
assay of extensive dialysis. Glabridin also inhibits the activities of CYP2B6. However, interaction between glabridin and
CYP2B6 does not result in a modification of the heme moiety. HPLC analysis indicates that incubations with glabridin
and NADPH do not lead to the destruction of the heme moiety. The activity of CYP2C9 can be competitively blocked by
glabridin'® (Figure 5). More investigation of glabridin in interacting with CYPs is still needed, due to its wide
application as a supplementary agent in foods and medicines. Particularly, those cases in which irreversible inactivation
of target enzymes may occur should be prevented.

Neuroprotection

Inflammation has been involved in the pathological development of many neurodegeneration diseases, such as
Parkinson’s diseases (PD), Alzheimer’s diseases (AD), and multiple sclerosis. Microglia is considered as the major
cell responsible for inflammation, which is mediating neuronal toxicity. In LPS-treated BV-2 cells, glabridin has been
demonstrated to decrease the productions of IL-18, TNFa, and NO by down regulating the activity of NF-kB signaling
and AP-1.%* (Figure 5) Impaired cognitive functions may be developed in patients with Alzheimer patients. Cognitive
dysfunctions can be related to impaired cholinergic activity. Increased acetylcholine levels are associated with decreased
cholinesterase activity, improving the memory in mice. In scopolamine-induced mice, glabridin has been shown to
19 (Table 1). Consistently, glabridin at the

doses of more than 25 mg/kg may prevent against the deleterious damages of hyperglycemia on learning and memory,
111

improve memory and reduce the brain cholinesterase activity dose-dependently

while glabridin at the dose of 5 mg/kg does not produce any effects.

Glabridin has been demonstrated sedative and anxiolytic effects by potentiating GABA-mediated responses. At the
dose of 1x107'? M, glabridin increases GABA-stimulated currents by about 140%. In contrast, glabridin enhances the
currents by about 580% at the dose of 3x107° M. The explanation might be associated with two different regulating sites
in GABA4 receptor for glabridin: one with low affinity with high potency and a second with high affinity but low
potency.''? Further study shows that glabridin significantly potentiates the activity of GABA A alB(1-3)y2 receptor and
decreases the ECsq values of the receptor for GABA by about 12 folds. In addition, mutation of N265 in the B2 subunit
may almost abolish the potentiating activity of glabridin''® (Table 1).

Glabridin has been considered as a substrate of P-glycoprotein (P-gp), and the presence of P-gp limits the brain
penetration and distribution of glabridin. In the primary rat brain microvascular endothelial cells, the efflux of glabridin
has been found to be facilitated from the abluminal to the luminal side. These actions can be attenuated by co-treatment
with a P-gp inhibitor verapamil. In vivo study, the concentration of glabridin in rat brain is about 27% of the plasma
level, which may enhance up to 44% by co-treating with verapamil. In mdrla knockout mice, the AUC of glabridin can
be 6 times higher than that in the wild-type mice.''* 5-HT; receptor acts as the only ionotropic channel within the 5-HT
receptor family and is associated with the development of nausea and vomiting. Glabridin has been demonstrated to
competitively antagonize 5-HT; receptor with an inhibiting rate of 64.7% (2.5 uM 5-HT) and 17.3% (30 uM 5-HT),
respectively. The ICs, value of glabridin for inhibiting 5-HT5 receptor is 14.4 uM.'"3

Anti-Obesity

Metabolic syndrome is associated with abdominal obesity, dyslipidemia, diabetes, and hypertension. Obesity can be
contributed by imbalance between energy intake and expenditure. The adipose tissue is the form for storing excess
energy. During adipogenesis, CCAAT enhancer binding protein o (C/EBPa) and PPARY, the two master mediators, have
been known to regulate the expression of adipogenic biomarkers and lipid-associated metabolism enzymes, such as LPL.
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Up regulation of adipogenic biomarkers is related to enhanced uptake of glucose and fatty acids and increased production
of TG hydrolysis and lipogenesis.''® The flavonoids from Glycyrrhiza glabra L. exhibit benefiting effects and reduce
inflammatory and oxidative stress by suppressing the expression of PPARa and SREBP-1c.'"” Treatment with different
concentrations of the extract of Glycyrrhiza glabra L., the rat serum levels of cholesterol, LDL, and TG are decreased
and the levels of HDL are increased.''® Glabridin has been shown to inhibit adipogenesis in 3T3-L1 cells, and glabridin-
rich extract of Glycyrrhiza glabra L. also exhibits inhibitory activity against adipogenesis by decreasing the expression of
C/EBPa and PPARY, suppressing the activity of lipoprotein lipase, glucose uptake, and PGE2, and inhibiting energy
metabolism, leading to amelioration of high-fat diet (HFD)-induced hepatic steatosis** (Table 1).

AMP-activated protein kinase (AMPK), a master in energy sensation, mediates the energy homeostasis in the whole
body. The acetone extract of Glycyrrhiza glabra L. has been shown the inhibitory activity against the adipogenesis of
3T3-L1 cells by inducing the phosphorylation of AMPK, as indicated that 3T3-L1 cells are arrested in the phase of G1
and the expression of cyclins and cyclin-associated kinase is inhibited in the stage of mitotic clonal expansion (MCE). In
addition, the expression of lipid metabolic factors (such as UCP1 and leptin) is increased by the acetone extract of
Glycyrrhiza glabra L., and the expression of SREBP1, FAS, SCD, C/EBPa, and PPARYy is decreased.''® Consistently,
combination of Glycyrrhiza glabra L. extracts with Panax ginseng saponin fractions may reduce lipid accumulation, lipid
composition, and adipose tissue size by activating AMPK signaling pathway and decreasing adipocyte transcriptional
factors expression in 3T3-El cells.'*° Activation of AMPK often leads to lipid dissipation by increasing fatty acid
oxidation, leading to reduction of adipose tissue mass and adipocyte hypertrophy. Glabridin may activate AMPK
expression and then enhance the oxidation of fatty acid by down regulating the gene expression involved in lipid
metabolism, such as SREBP-1c¢, FAS, ACC, and SCD-1 and increasing the biological functions of mitochondria.'?! It has
been demonstrated that the adipose tissue can be negatively affected by 2,3,7,8-tetrachlorodibenzo-p- dioxin (TCDD),
which stimulates the generation of ROS, PGE2, PLA2, COX-1, and intracellular Ca”" concentrations, decreases the
expression of insulin receptor substrate 1 and Glut4, and attenuates the expression of PPARy and CEBPa in 3T3-L1 cells.
These TCDD-induced pathological changes can be effectively ameliorated by glabridin'?* (Table 1).

Anti-Diabetes
Inflammatory responses have been implicated in the pathogenesis of many diseases, including diabetes. It has been
reported that the intestinal inflammation can exacerbate the progression of diabetes. The hypoglycemic effects of the
extract of Glycyrrhiza glabra L. in type Il diabetes (T2DM) mice have been shown, as indicated by decreased fasting
blood glucose, improved insulin resistance, and decreased serum lipid. Particularly, the extract of Glycyrrhiza glabra
L. can reshape the gut microbiota and ameliorate colonic inflammation by suppressing the activity of TLR4/NF-«xB
signaling pathway.'**> Consistently, the extract of Glycyrrhiza uralensis has been demonstrated to protect high glucose-
induced renal damage by suppressing the expression of TGF-f1/Smad/STAT3 signaling pathways in HK2 cells and high
fructose-induced T2DM in Apoeem'/Narl/Narl mice.'** The anti-hyperglycemic potential of Glycyrrhiza glabra L. has
been supported in the streptozotocin (STZ)-induced rat diabetes.'?> Supplementation of functional foods to our daily
diets may produce the benefiting effects and the reduction of metabolic risks. Bread infused with functional herbs, such
as Glycyrrhiza glabra L., has been reported to decrease the glycaemic index.'?®

The hypoglycemic effects of glabridin in streptozotocin (STZ)-induced diabetic mice have been demonstrated in
a dose-dependent manner with a possible mechanism of anti-oxidative stress.”> A network pharmacology approach has
been conducted to investigate the bioactive ingredients of Glycyrrhiza glabra L. against diabetic nephropathy (DN).
Glabridin has been screened to improve the renal pathological changes and biological functions, as indicated by increased
productions of Scr, BUN, UREA, KIM-1, NGAL, and TIMP-1 in rats. In high glucose-treated NRK-52E cells, glabridin
suppresses ferroptosis by increasing the activity of SOD and GSH and decreasing the production of MDA and iron
concentration. Down regulation of VEGEF, p-AKT, and p-ERK1/2 expression is involved in the protective activity of
glabridin against DN'?7 (Table 1).
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Miscellaneous Section

The prevalence of early age-related macular degeneration (AMD) increases with age. Pathologically, clinic AMD can be
classified into dry and wet types. No effective treatments are available for dry AMD. In sodium iodate (NalO3)-treated
human retinal pigment epithelial cells (ARPE-19), glabridin ameliorates oxidative and cell apoptosis by decreasing the
activity of p38 MAPK and ERK1/2 signaling pathways. In NalO3-treated mice, glabridin inhibits retinal degeneration
and reduces deposit formation, preventing retinal damage.'*® In ovalbumin (OVA)-induced mice asthma, glabridin may
greatly improve pulmonary function parameters, including peak inspiratory flow, peak expiratory flow, tidal volume,
expiratory volume, the frequency of breathing, and enhanced pause values. Importantly, glabridin can effectively
decrease the levels of OVA-induced immunoglobulin E (IgE) in mice.'*” Glabridin has been shown to ameliorate fatigue
in mice, as indicated by increased exhaustive exercise time, delayed elevation of blood lactic acid, and increased storage
of liver and muscle glycogen."*® Areca nut chewing may cause chronic inflammation, myofibroblasts activation, and
pathological fibrosis development, leading to formation of oral submucous fibrosis (OSF). Glabridin can be an effector to
intervene and ameliorate myofibroblast activities, as demonstrated by reduction of collagen gel contractility, migration,
invasion, and wound healing activity. Attenuation of TGFB/Smad2 signaling pathway is involved in the protective
activity of glabridin against OSF."*! In a mouse glomerular disease model (Masugi-nephritis), glabridin at the dose of
30 mg/kg for 10 days has been shown the protective activity, as found by decreased urinary protein excretion. However,

the molecular mechanism of glabridin against nephritis might not be associated with the radical scavenging.'

Toxicology and Clinical Applications

Glabridin is one of the active constituents of Glycyrrhiza glabra L. and becomes a marker compound for evaluating the
characteristics of Glycyrrhiza glabra L. The safety of flavonoid oil (LFO) from Glycyrrhiza glabra L. has been assessed
and indicated that LFO at the dose of up to 1200 mg/day is safe without any obvious hematological or related
biochemical changes in healthy subjects. In addition, a single-dose study in male subjects with 1200 mg/day of LFO
shows that the pharmacokinetic parameters of glabridin involve a Cy,,,x value of 2.65 ng/mL, Tp,.x of 6.0 h, and 7/, of 10
h."*? It has been demonstrated that LFO may have abdominal fat-lowing and hypoglycemic activities by possibly
regulating the expression of PPARy in obese diabetic KK-AY mice.'** This notion has been re-confirmed by an
in vivo study in C57BL/6J mice with a period of 16 weeks. LFO consumption decreases high fat diet-induced abdominal
adipose tissue mass and body weight (by 18.8%) without any obvious toxicity. A DNA microarray analysis shows that
LFO may inhibit the synthesis and stimulate the catabolism of fatty acid in the liver.'*> LFO has become a commercial
product named as Glavonoid, which has been approved as a novel food ingredient by the European Food Safety
Authority.

Traditional Chinese medicine formulas, such as Jinhua Qinggan granule, Lianhua Qingwen capsule/granule,
Xuebijing injection, Qingfei Paidu decoction, HuaShiBaiDu formula, and XuanFeiBaiDu granule, and their active
ingredient glabridin have been analyzed to reduce the expression of angiotensin-converting enzyme 2 (ACE2) for
therapeutic management of COVID-19."*® The extract of Glycyrrhiza glabra L. has been considered to mitigate
COVID-19, and the biological guided isolation of active constituents from the root of Glycyrrhiza glabra L. against
factor Xa (FXa) has been investigated. Glabridin is selective as the effective compound to inhibit FXa selectively with an
ICso value of 35.3 uM."*” Glabridin shows protective activity against SARS CoV-2 with an ICs, value of 2.5 pM.'*
Clinically, S. aureus has been developed to acquire multidrug resistance, and it has become a critical pathogen in hospital
and community infections. Glabridin also inhibits the growth of S. aureus (MRSA 4427) by increasing the production of
ROS. Combination of glabridin with norfloxacin can synergistically increase oxidative stress, which affects the integrity
of macromolecules and distorts cell morphology of S. aureus.'*® Pseudomonas aeruginosa has been considered as the
multidrug resistant strains in the lung infection. Glabridin is one of the active ingredients from the extract of Glycyrrhiza
glabra, which may be effective against P aeruginosa-caused lung infection.'*°

Chronic acquired hypermelanosis (melasma) leads to hyperpigmented macules, which might be associated with
dysregulation of tyrosinase activity. Forty adult Caucasian women with epidermal melasma have been involved for
a clinical trial that includes a non-prescription proprietary gel formulation containing glabridin for 6 months by twice/day
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topical administration. This formulation has been suggested to be safe and effective in the improvement of the cosmetic
appearance of epidermal melasma in Caucasian women.'*' To enhance the skin permeability without irritation, partially
myristoylated chitosan pyrrolidone carboxylate (PMCP) has been employed to prepared for glabridin/PMCP-polymeric
micelles, which increase the absorbance of glabridin by penetrating the skin for 4 times and the inhibition of
melanogenesis.'** Similarly, glabridin prepare with nanoemulsion formulation of eutectic mixture shows higher trans-
dermal penetration (28.26 pg/cm?) than that with drug-loaded eutectic mixture (9.94 pg/cm?) or the drug solution

formation (3.82 pg/cm?).'*?

Future Perspectives

GutGard, a flavonoid-rich extract of Glycyrrhiza glabra, has been demonstrated to exhibit anti-ulcer activity against
Helicobacter pylori by inhibiting the activity of DNA gyrase and dihydrofolate reductase with ICs, values of 4.40 pg/mL
and 3.33 pg/mL, respectively. Glabridin is the main ingredient in GutGard responsible for anti-Helicobacter pylori
activity with a MIC value of 12.5 pg/mL.'** Biofilms have been considered as a serious issue due to their ability of
resistance to anti-microbial agents. To eradicate the biofilms, the ethanol extracts (ETEX) of 155 different foodstuffs
containing medicinal plants are screened. The ETEX of licorice exhibit the biofilm eradication effects against S. mutans,
S. aureus, and Porphyromonas gingivalis. Glabridin (25-50 pg/mL) has been demonstrated to exhibit the greatest
potential in the biofilm eradication activity. Combined with e-poly- -lysine, glabridin exhibits a broad activity in biofilm
eradication in various bacteria, including Gram-negative bacteria Escherichia coli and Pseudomonas aeruginosa.'* The
protective effects of glabridin have been demonstrated. However, most of these studies are still at the stage of screening
and verification. How glabridin influences the metabolism of these potential microorganisms and affects their fates are
still needed to be clearly elucidated.

The clinical effects of traditional Chinese medicines (TCM) are increasingly recognized, and their bioactive founda-
tions are those effective compounds. Glabridin can act as the effective compound to be involved in some complexes or
formulations, which are potentially used or developed for clinic management of some diseases. More importantly,
combination of glabridin with other drugs in treating some diseases, such as melanin-associated or P-gp-related diseases,
may be an effective strategy. The synergistic effects of glabridin provide a platform in therapeutic management of
diseases. Interestingly, glabridin may augment the therapeutic effects of some drugs and ameliorate the potential adverse
effects. The interactions between glabridin and other drugs still need to be further investigation, and their pharmacolo-
gical effects should be further explored. Additionally, the underlying mechanisms of glabridin in regulating the potential
pharmacological or physiopathological effects are still unclear. Many studies are at the initial steps to confirm the specific
effects of natural compounds, such as glabridin, without or partially exploring their regulating signaling pathways.

The biological effects of flavonoids in vivo are not limited to anti-oxidant activity, due to their poor water solubility,
low bioavailability, and vulnerable metabolism. The beneficial effects of flavonoids might be associated with
a mechanism that is not necessarily related to their anti-oxidant activity. Probably, flavonoid can directly bind to the
key proteins or enzymes that are implicated in the cellular signaling. More importantly, these effective flavonoids, such as
glabridin, can be the lead compounds for further development. Chemical modifications designed by structure-activity
relationship have been introduced to improve the capability of target-specificity and the activity of biological actions.
Some formulations and preparations of glabridin have been improved by the pharmaceutical methods and chemical
approaches. For example, microneedles, liposome, and smartPearls formulation are available for glabridin to enhance the
bioavailability. More efforts are still needed.

Conclusion

Glabridin, a natural prenylated isoflavan, isolated from Glycyrrhiza glabra L., which contains many effective com-
pounds, such as liquiritin, glycyrrhizic acid, glabridin, liquiritigenin, and isoliquiritigenin, has various pharmacological
activities. In this article, we comprehensively discuss the biological activities of glabridin in anti-inflammation, anti-
oxidation, anti-tumor, anti-microorganism, bone protection, cardiovascular protection, neuroprotection, hepatoprotection,
anti-obesity, and anti-diabetes. Specifically, the anti-inflammatory and anti-cancer activity of glabridin might be asso-
ciated with inhibition of NF-kB and MAPK signaling pathways. Glabridin may suppress LDL oxidation, increase PON2
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expression, and decrease ROS generation. The protective activity of glabridin against microorganism has been demon-
strated. However, the potential molecular mechanism still needs more investigation. The estrogen-like effects of glabridin
benefit bone metabolism and maintain bone homeostasis by activating ER signaling. The estrogen-like effects of
glabridin also contribute to cardiovascular protection. Glabridin may specifically inhibit CYP2E1 and ameliorate liver
injury. More importantly, glabridin can be an inhibitor of tyrosinase and P-gp. However, the potential molecular
mechanisms of glabridin in regulating pharmacological activities are still unclear.
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