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Editorial on the Research Topic
Flavonoids: From Biosynthesis and Metabolism to Health Benefits

Flavonoids are a wide class of polyphenols with multiple biological activities. Unfortunately, many
mechanisms of action that explain these activities are still unknown or there are insufficient data on
their pharmacokinetics (Figure 1). Moreover, there are even undiscovered aspects about flavonoid
biosynthesis. Expanding the knowledge on these topics will allow to regulate their biosynthesis,
discover efficient preventive/therapeutic flavonoids for patients with certain diseases or design
better clinical trials that help confirm their preventive/therapeutic usefulness. This Research Topic
shows recent studies advancing along these lines.

Regarding flavonoid biosynthesis, this Research Topic presents a study about the catechin
galloylation mechanism in tea plants. Serine carboxypeptidase-like acyltransferases (SCPL) are
involved in this mechanism, but their roles have not been clarified so far. In this Research Topic, the
tea genome-wide analysis of SCPL gene family is shown (Ahmad et al.), grouping several SCPLs into
class IA (enzymes with an acylation function). Three SCPL-IA enzymes (CsSCPL11-IA, CsSCPL13-
IA, CsSCPL14-TA) with galloylation activity toward catechins were assessed using recombinant
enzymes. The expression levels of these SCPL-IA genes coincided with the galloylated catechin
accumulation in tea plants, and their recombinant enzymes also displayed p-glucogallin:catechin
galloyl acyltransferase activity. For the first time, genes encoding glucogallin:catechin galloyl
acyltransferases with an active function in the galloylated catechin biosynthesis in tea plants
have been identified. These results will help to understand the biosynthesis of these galloylated
metabolites and the physiological roles of (-)-epicatechin-3-gallate, and (-)-epigallocatechin-3-
gallate in tea plants.

The Research Topic also gives information about anthocyanin content in fruits and their
biosynthesis regulation. Zeng et al. studied differences of sensory properties and proanthocyanidin
and anthocyanin contents, among other phenolics, in rabbiteye blueberry “Brightwell” (Vaccinium
ashei cv. “Brightwell”) fruits. This research showed that many blueberry sensory aspects
(bitterness, umami, and sweetness) were positively correlated with total flavonoid, total phenol,
proanthocyanidin, and anthocyanin contents. Blueberry plants grown at high altitude locations
presented a high content of these compounds along with high scores for sweetness. These results
suggested cultivating blueberry at high altitude may produce fruit that not only possess pronounced
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FIGURE 1 | Structures of flavonoids isolated in several plant species.
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beneficial compounds but also good taste. In another work,
Zhang B. et al. investigated the anthocyanin accumulation
regulation in apple peel. This study focused on microRNAs,
which participate in plant development by regulating gene
expression at the posttranscriptional level. This research
evidenced the increase expression level of the microRNA
mdm-miR828 in the late apple fruit coloration stage, not
in the rapid fruit coloration period, inhibiting anthocyanin
synthesis in apple. Thus, mdm-miR828 is involved in a feedback
regulatory mechanism associated with anthocyanin biosynthesis.
In addition, it was also detected that mdm-miR828 inhibits
anthocyanin accumulation in response to high temperature. Also,
Li et al. communicated a transcriptome and flavonoid metabolic
study in black and white fruits of Lycium ruthenicum Murray.
Seven transcription factors (tf) associated with anthocyanin
biosynthesis were identified. One of them, LrANIb, a basic helix-
loop-helix (bHLH) tf, showed the greatest correlations with
anthocyanin accumulation, with no expression in white fruits.
Moreover, a new activated anthocyanin MYB tf, LrAN2-like, was
identified. From these results, it was established that LrANI1b
and LrAN2-like can interact on anthocyanin accumulation in
these fruits. It explained the color differences of these fruits,
speculating that the white fruit phenotype is due to LrANIb
abnormal expression. Furthermore, it was studied how light
affects anthocyanin accumulation in Dendrobium candidum
Wall. ex Lindl. stems, used in traditional medicine and in
functional foods (Jia et al.). The results determined that strong

light increased anthocyanin content and the expression of genes
involved in anthocyanin biosynthesis, upregulating DcTTGI,
a WD40-repeat tf involved in the expression levels of some
key anthocyanin biosynthesis genes (DcCHS2, DcCHI, DcF3H,
and DcF3/H). It was also found that DcTTGI restored the
Arabidopsis ttgl-13 mutant phenotype, which is defect in seed
coat anthocyanin pigmentation, suggesting a similar function
as Arabidopsis TTGI. These results will help improve the
understanding of the light-induced anthocyanin synthesis and
accumulation mechanisms. Moreover, Lim et al. managed to find
out why some white-flowered chrysanthemum (Chrysanthemum
morifolium Ramat.) cultivars produce red rayflorets under
natural cultivation conditions, comparing the expression of
anthocyanin biosynthetic and tf genes between white ray florets
and those that turned red based on cultivation conditions.
Significant differences in the bHLH tf gene CmbHLH2 expression
were detected. CmbHLH2 generated two alternatively spliced
transcripts, CmbHLH2M! and CmbHLH25™. This second
transcript encoded a truncated protein CmbHLH25P°" that failed
to promote anthocyanin biosynthetic genes not being able to
interact with CmMYB6, whereas CmbHLH2F"! promoted it
when simultaneously expressed with CmMYB6. These results
represent an important advance to modulate anthocyanin
biosynthesis in chrysanthemum flowers.

Beyond anthocyanins, Sohn et al. provided an exhaustive
review on the metabolic engineering process of isoflavone
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biosynthetic genes in soybean. This study also included
a summary about functional roles and health benefits of
isoflavones, such as antiosteoporotic properties. In addition,
Zhang X. et al. provided remarkable information on the
biosynthesis of isoflavone glycosides. Aglycone isoflavones
have low water solubility, which limits their therapeutic use;
so that, the O-glycosylation of isoflavones, catalyzed by O-
glycosyltransferases (UGTs), would be a way to overcome this
problem. So far, studies on isoflavonoid O-UGTs were focused
on legumes, but this last study is centered on Iris domestica
(L.) Goldblatt et Mabberley, a non-legume rich in isoflavonoid
glycosides. A comparative transcriptome analysis was performed
using I. domestica seedlings treated with CuCl,. Eight new active
BcUGTs with broad substrate spectra were obtained. Real-time
quantitative PCR results indicated that the transcriptional levels
of BcUGTSs were induced by Cu?*. The different expression levels
of BcUGTs in this transcriptome analysis seems to denote that
BcUGTs play important roles in responses to abiotic stresses.

When it comes to the absorption, distribution, metabolism
and excretion of flavonoids, Sun et al. provided pharmacokinetic
information on pinostrobin, an aglycone flavanone found
in more than 10 families such as Pinaceae. After its oral
administration to male rats, concentrations of pinostrobin
and its metabolites in plasma, urine, feces, bile, and tissue
homogenates were determined by using ultra-high-performance
liquid chromatography coupled with mass spectrometry.
These results showed that it was mostly distributed in the
gastrointestinal tract, which would explain its antiulcer property.
Nevertheless, this compound was widely metabolized in vivo and
it was able to reach all the organs assessed. This study provided
a significant basis for further experiments on the potential
biological activity of this compounds.

Regarding  pharmacological activities, Lourenco et
al. identified a mechanism of action of quercetin 3-
O-a-L-arabinopyranosyl-(1—2)-O-a-L-rhamnopyranoside  as
anti-inflammatory compound, by a target in silico fishing
method. This study also explained the in vitro anti-inflammatory
activity of this flavonol and that of Bryophyllum pinnatum (Lam.)
Oken, a flavonol-rich plant commonly used in Madagascar to
treat inflammatory some processes. Thus, it was established
that this flavonol is a potent PDE4B blocker, highly selective to
this enzyme.

Concerning other flavonoid-related compounds activities, this
Research Topic also shows the role of xanthohumol (XN), a
hop prenylated chalcone, on a high-fat diet (Paraiso et al.). XN
supplementation resulted in amelioration of hepatic steatosis
and decreased bile acid (BA) concentrations in mice with liver
farnesoid X receptor (FXR) deficiency, reducing inflammation
and tissue damage. This effect was stronger in male mice.
XN induces the androstane, pregnane X and glucocorticoid
receptors gene expression in the liver of FXRMY—/~ mice.
These data indicated sex-dependent relationship between FXR,
lipids and BAs, and that XN improves high-fat diet-induced
dysfunctional lipid and BA metabolism via FXR-dependent
and independent signaling. Also, the Research Topic includes
a wide review recapitulating the mechanisms of action and
effects of hydroxysafflor Yellow A (HSYA), a quinochalcone
C-glycoside extracted from Carthamus tinctorius L. flowers,

on numerous cardio-cerebrovascular diseases (CCVDs) by
considering preclinical studies (Bai et al.). Authors emphasized
that, in the future, it will be necessary to perform high-quality
clinical trials to support the HSYA application for the control of
other CCVDs, and not only of acute ischemic stroke with blood
stasis syndrome as up to now.

This Research Topic also shows the mechanism of action
of the anticonvulsant glycoside flavone vitexin (apigenin-8-C-
glucoside), found at plants such as Passiflora incarnata L. This
compound seems to act mainly via modulation of GABAergic
neurotransmission, exhibiting selective protection against tonic-
clonic seizures triggered by GABA antagonist (Dias de Oliveira
et al.). In addition, experiments carried out in a mouse model
demonstrated that the aglycone isoflavone formononetin, the
main active component of Astragalus membranaceus, improves
diabetic renal fibrosis. It inhibited hyperglycemia-induced
superoxide overproduction by activating the nuclear factor E2-
related factor 2/antioxidant response element signaling pathway
and increasing sirtuin-1 protein levels in renal tissue (Zhuang
etal.).

Finally, Aneklaphakij et al. contributed with a valuable
review about the chemical diversity of seed (poly)phenols in
majorly consumed nut species coupled to insights into their
biological activities. Furthermore, these authors showed how
they used omics-based approaches on nut plant species,
presenting an example of the annotation of key genes
involved in (poly)phenolic biosynthesis in peanut using
comparative genomics.

We hope that the studies shown in this Research Topic
contribute to improving the knowledge about flavonoid
biosynthesis and their roles in plants, as well as enhancing its use
for the prevention/treatment of certain diseases.
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Natural products are considered an important source of bioactive compounds especially
in biodiversity-rich countries like Brazil. The identification of potential targets is crucial to
the development of drugs from natural sources. In this context, in silico methodologies,
such as inverse virtual screening (target fishing), are interesting tools as they are a rational
and direct method that reduces costs and experimental time. Among the species of
Brazilian biomes, Bryophyllum pinnatum (Lam.) Oken, native to Madagascar, is widely
used by the population to treat inflammation conditions. It has a remarkable presence of
flavonoids, including quercetin 3-O-a-L-arabinopyranosyl-(1—2)-O-a-L-
rhamnopyranoside (1), considered one of its major compounds. However, until now
there were no studies addressing its putative mechanism of action and explaining its
pharmacological action. The enzyme PDE4B, known as an antiinflammatory protein, was
indicated as a promising target by target fishing methods. This activity was confirmed by in
vitro enzymatic inhibition, and an expressive selectivity of PDE4B over PDE4A was
demonstrated. The interactions were investigated through molecular dynamics
simulations. The results were pioneering, representing an advance in the investigation
of the antiinflammatory action of B. pinnatum and confirm the potential of the flavonoid as
a chemical extract marker. Also, the flavonoid was shown to be a promising lead for the
design of other selective PDE4B blockers to treat inflammatory diseases.

Keywords: Bryophyllum pinnatum, natural products, PDE4, Flavonoid, inverse virtual screening, molecular dynamics
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INTRODUCTION

Historically, natural products and their derivatives have a
remarkable importance in the process of discovery and
development of new drugs, being responsible for several of the
recently approved new chemical entities (Patridge et al., 2016)
and for about 50% of all drugs approved in clinical use (Horbal
et al., 2018). The identification of the mechanism of action for
these natural products may be a great tool for modern drug
design (Xu et al, 2018). However, the search for targets still
follows the traditional methods with the execution of direct
biological analyses, contributing to the known challenges that
involve the process of drug discovery. In this sense, the
utilization of in silico techniques has been increasing over the
last decades (Freires et al., 2017). These methods are considered
rational, reduce costs, experimental time, and number of
biological models. It has been important in target identification
and discovery of novel potential drugs (Wadood et al., 2013).

Among the in silico methodologies, virtual screening (VS)
represents one of the biggest advances in drug design (Rodrigues
et al,, 2012). This method had become a primary component in
drug development, often combined with homology modeling,
QSAR studies, molecular dynamics simulations (Pérez et al,
2016) and in vitro assays (Espargar6 et al., 2017). The VS
approach, divided into structure and ligand-based, uses large
libraries with the objective to identify a compound that is capable
of binding to a molecular target, generally a protein or enzyme
(Rester, 2008). There are several successful studies that have
utilized VS to identify promising ligands and targets, including
researches involving secondary metabolites (Xu et al., 2018).
Among its advantages, the application of this tool in the target
identification of natural products can reduce the number of
biological assays and consequently, the amount of isolated
compounds used in this process.

The Brazilian biomes are considered a large source of
bioactive compounds, hosting 15%-20% of all global
biodiversity (Barreiro and Bolzani, 2009). Among the plants of
the Brazilian biomes, Bryophyllum pinnatum (Lam.) Oken (B.
pinnatum), native to Madagascar, is important in the therapeutic
context since it is widely used to treat inflammation conditions
(Panyaphu et al., 2011; Ezuruike and Prieto, 2014; Sreekeesoon
and Mahomoodally, 2014). Botanic synonyms as Bryophyllum
calycinum and Kalanchoe pinnata can be found (Fernandes et al.,
2019). This species is rich in phenolic compounds, particularly
flavonoids (Nascimento et al., 2015). One of its major
compounds is a glycosylated quercetin derivative identified as
quercetin 3-O-a-L-arabinopyranosyl-(1—2)-O-a-L-
rhamnopyranoside (1) (Figure 1) (Muzitano et al., 2006;
Fernandes et al., 2016).

This compound, first derivative isolated from B. pinnatum,
was found in higher proportions than the other secondary
metabolites by HPLC analysis of the extract. Interestingly,
previous studies had shown that the increase of compound 1,
caused by the different conditions, can be related to the
improvement of the effects, as antioxidant properties
(Nascimento et al., 2013). Other activities of compound 1 were
also been discussed (Muzitano et al., 2006; Sobreira et al., 2017).

] O
T

OH

OH

OH
OH

FIGURE 1 | Structure of compound 1.

In addition, the 3-O diglycosidic bond and the dimer rhamnose-
arabinose are not common structure features and this flavonoid
was described for few other species from different botanical
families, however not as their major compound (Fernandes
et al,, 2019). Therefore, the compound 1 may be considered a
promising chemical marker of the extract of B. pinnatum,
making it also important to the conduction of deeper studies
aiming to investigate its biological activities (dos Santos
Nascimento et al., 2018). However, it is unknown the
mechanism of action and/or some probable targets. In
addition, this information represents a crucial factor in the
discovery and development of new bioactive compounds based
on its structure (Xu et al., 2018).

Thus, the aim of this study was to investigate the potential
mechanism of action for compound 1 using in silico
methodologies, known as target fishing (TF), and molecular
dynamics simulations, combined with in vitro enzymatic
inhibition. This investigation can assist in the selection of
compound 1 as a possible chemical extract marker and also to
the discovery of this flavonoid as a potential lead compound.

MATERIALS AND METHODS

Plant Material

The leaves of B. pinnatum were collected in November 2016
from the Escola Agricola de Jundiai (EAJ-UFRN), Macaiba city,
Rio Grande do Norte state, Brazil, at the following coordinates: 5°
51’ 30” S and 5° 51" 30” W. A vouch specimen (UFC. n° 57335)
was deposited at the Herbario Prisco Bezerra (EAC) after its
botanic identification by Dr. Rubia Santos Fonseca. The plant
material collection was made under the approval of Brazilian
Authorization and Biodiversity Information System (SISBIO),
process number 35017. Furthermore, the research was registered
in the National System of Management of the Genetic Patrimony
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and Associated Traditional Knowledge-SISGEN under
number A7EA798.

Extraction and Isolation of Compound 1

The fresh leaves without stems (1.6 kg) were subjected to a turbo
extraction for 5 min in an industrial blender, using EtOH: H,O
(1:1, v/v) at a plant: solvent proportion of 1:1 (w/v).
Subsequently, the hydroethanolic extract (HE) was filtered and
the volume was concentrated by rotaevaporation (model v-700,
Buchi®). With the HE, a liquid-liquid extraction was made with
three solvents of different degrees of polarity. Through this
process, the dichloromethane (CH,Cl,), ethyl acetate (AcOEt),
and n-butanol (n-BuOH) fractions were obtained.

For the isolation of compound 1, the n-BuOH fraction (2 g)
was selected and submitted into a column chromatography
(silica gel 60) with gradient elution (30%-0% CH,Cly: 70%-
100% AcOEt and 95%-0% AcOEt: 5%-100% MeOH) resulting
in nine fractions (G1-G9). The fractions G3 (520.7 mg) and G4
(372.5 mg) were purified separately through a process of size-
exclusion column chromatography using Sephadex LH-20 as
stationary phase and MeOH as solvent. The process of
purification ended with five subfractions (F1-F5) for both
primary fractions, G3 and G4. Between them, the subfractions
F4 (from G3) and F5 (from G4) showed the same chemical
profile by TLC, characterized by the presence of just one yellow
band. These subfractions were reunited and submitted to a final
purification process through preparative high-performance
liquid chromatography (HPLC-UV) (Shimadzu®) using an
isocratic elution (80% Milli-Q water and 20% Acetonitrile), a
semipreparative column C18 Luna Phenomenex® (250 mm x 10
mm, 5 um), flow of 4 ml/min and analysis time of 25 min. All
fractions obtained during the entire purification process, were
monitored by thin layer chromatography (TLC) (Merk silica gel
60) and the bands were visualized by UV (254 and 365 nm).
After the purification, the isolation of compound 1 (34.8 mg) was
confirmed by UPLC-DAD system used was a Shimadzu Model
LC-20AD, with DAD detector SPD-M20A and software
LabSolutions. Then, a Phenomenex Kinetex RP-18 column
(150 mm x 4.6 mm, 2.6 um particle size) equipped with a
Phenomenex security guard column (4.0 mm X 2.0 mm i.d.) was
used. The eluents were: (A) trifluoroacetic acid (TFA) 0.3% and
(B) acetonitrile. The following gradient (v/v) was applied: 7%-
15% B, 0-3 min; 15%-20% B, 3-12 min; 20%-22% B, 12-30 min;
30 min total analysis time. Flow elution was 0.7 ml/min, and 12
ul of each sample was injected. The UV-DAD detector was
programmed to wavelength 200-500 nm and the
chromatograms were plotted at 254 and 340 nm. The samples
were resuspended in methanol: water, 1:1 (v/v) and the final
concentration was 2 mg/ml for the extracts. HPLC-grade
acetonitrile and trifluoracetic acid (TFA) were provided from J.
T. Baker (Brazil). Water was purified with a Milli-Q system
(Millipore). Samples and solvents were filtrated through a
membrane (pore-size 0.45 wm) and degassed. The analyses
were performed in triplicate. The UPLC-DAD analysis
confirmed a purity percentage of approximately 93%
(Figure S1, Supplementary Material). The detailed conditions

of all column chromatography are described in Table S1, in
Supplementary Material.

Structural Characterization of
Compound 1
Quercetin 3-O-q-L-arabinopyranosyl-(1—2)-O-¢o-L-
rhamnopyranoside (1): amorphous yellow solid; '"H NMR
(DMSO-dg, 500 MHz) 6 7.32 (1H, s, H-2"), 7.25 (1H, d, ] =
8.30 Hz, H-6’), 6.87 (1H, d, ] = 8.25 Hz, H-5"), 6.38 (1H, s, H-8),
6.18 (1H, s, H-6), 5.29 (1H, s, H-1”), 4.08 (1H, d, J = 7.15 Hz, H-
1), 4.00 (1H, s, H-2"), 3.21 (1H, d, J = 12.0 Hz, H-5), 3.12 (1H,
t,J=9.50 Hz, H-2""), 3.12 (1H, t, ] = 9.50 Hz, H-3"), 0.90 (1H, d,
J=6.10 Hz, H-6"); ">*C NMR (DMSO-dq, 125 MHz) § 177.92 (C,
C-4), 164.48 (C, C-7), 161.40 (C, C-9), 157.14 (C, C-5), 156.56
(C, C-2), 148.78 (C, C-4’), 145.38 (C, C-3)), 134.44 (C, C-3),
121.03 (CH, C-6), 120.61 (C, C-1°), 115.73 (CH, C-2), 115.54
(CH, C-5°), 106.5 (CH, C-1), 104.2 (C, C-10), 101.05 (CH, C-
17), 98.88 (CH, C-6), 93.84 (CH, C-8), 80.68 (CH, C-27), 72.56
(CH, C-47), 71.88 (CH, C-3"), 71.14 (CH, C-2""), 70.41 (CH, C-
3”), 70.41 (CH, C-57), 67.90 (CH, C-4), 65.93 (CH,, C-57),
17.56 (CH3, C-67).

The NMR spectra are described in Supplementary Material.

TF Strategies

The 3D structure model of compound 1 was built using the
program MarvinSketch 16.9.5 (ChemAxon Ltd.). The program
AutoDockVINA (Olson and Trott, 2010) was used to obtain the
required files for the inversed VS search. The target library used
for structure-based inverse VS was constructed from the RCSB
PDB Protein Data Bank (Bernstein et al., 1978) and was
comprised of more than 9,000 structures with bound ligands.
The TF was performed by molecular docking simulations using
AutoDockVINA (Olson and Trott, 2010) automated ad hoc by
shell scripting. The grid box used for the search was big enough
to contain roughly the binding site of the targets and the original
ligands were deleted before each simulation. The lowest free
energy from the empirical score was used to rank the results. The
best 25 results of each compound were selected for
manual evaluation.

For the search of targets for compound 1, it was necessary to
screen a simplified moiety (quercetin) as ligand due to the
exaggerated number of rotatable bonds present on this
flavonoid. The best 50 results were selected for visual
evaluation to ensure if the size of the active site of the targets
was sufficiently large to accommodate the glycosides bound to
compound 1 as a whole. The most promising targets were then
selected for the docking with the complete structure of the
glycosylated flavonoid.

The compound 1 was also submitted to a ligand-based VS
using the web tool SwissSimilarity (Zoete et al., 2016), developed
by SIBS Swiss Institute of Bioinformatics, to make a rapid ligand-
based VS of small to unprecedented ultralarge libraries of small
molecules, including the screening of drugs and bioactive and
commercial molecules. With this web tool, the prediction can be
carried out using six different approaches, such as 2D molecular
fingerprints and super positional and fast nonsuper positional
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3D similarity molecules (Zoete et al., 2016). In this study, the
combined method was selected for screening and the library of
bioactive ligands was used for comparison with the isolated
compound constructed from the RCSB PDB Protein Data
Bank server (Bernstein et al,, 1978). The results were filtered
with the aim to consider only similarity coefficients above 0.500
for each ligand of this work.

PDE4 Activity In Vitro Evaluation

Human PDE4A and PDE4B activities were measured using an
IMAP TR-FRET protocol (kit from Molecular Devices,
Sunnyvale, CA, USA) according to the instructions of the
manufacturer. Briefly, the enzymatic reactions were carried out
at room temperature in a 96-well black plate by co-incubating
100 nM FAM-cAMP (R7513), 10 uM putative inhibitory
compounds and 4 ng PDE4A or 10 ng PDE4B isoform
dissolved in assay buffer (R7364) for 1 h. The enzymes were
obtained from human recombinant sources (MDS PHARMA),
whereas the other reagents were purchased from Molecular
Devices. Fluorescence polarization intensity was measured at
485 nm excitation and 520 nm emission using a microplate
reader, SpectraMax M5 (Molecular Devices, Sunnyvale, CA,
USA). Roflumilast was dissolved in dimethyl sulfoxide
(DMSO) at a final concentration of 0.1%. The vehicle had no
significant effect on PDE4 activity in this condition.

Molecular Dynamics Simulations and
Binding-Free Energy Estimations

The simulations were performed using GROMACS simulation
version 5 (Van Der Spoel et al., 2005) and CHARMM force field
(Vanommeslaeghe et al, 2010). The solvent properties were
mimetic using TIP3P water model with a cubic box large
enough to allow a minimum of 1.0 nm space from the protein
to the box walls. The system charge was neutralized with the
addition of ions at the physiological concentration of 0.15 mM.
Geometry optimization of the solvated system was performed
using the steepest descent algorithm, followed by equilibration
simulations with nVT and nPT ensembles keeping the inhibitor
and the protein restrained. The temperature was kept at 300°K
coupling the system to a V-rescale thermostat (0.1 ps), while the
pressure was also kept constant at 1 bar using the Parinello-
Rahman coupling algorithm. With the exception of the octahedral
configuration structural metals, an unrestrained molecular
dynamics simulation was performed until RMSD stabilization.
The short range Columbic and Lennard-Jones interaction energies
between compound 1 and the surroundings were monitored
during the course of the productive simulation step.

To increase the study sample, the ligand binding poses for
both isoforms were made based on the previous data found in
RCSB PDB Protein Data Bank (Bernstein et al., 1978). The files
of all the crystals of PDE4A and PDE4B were used for the
alignment between each crystallized ligand and compound 1. All
binding poses resulting from the alignment were filtered to delete
the repetitions. To enable the direct comparison between the
results of the two isoforms, the exact same poses were used for
the molecular dynamics simulations on PDE4A and PDE4B.

After the stabilization of each position, the binding-free
energy values were calculated using g_mmpbsa package
(Kumari et al., 2014). Between the calculated energy
components, the Eypy was based on the L] and Coulomb
potential for each complex. The G Was calculated
according to the package and for the Gponpolars the solvent
accessible volume (SAV) was chosen as the type of nonpolar
solvation model. Considering the results of MM/PBSA, the
positions with the most promising binding-free energy were
selected to extend the time of simulation, until 14 ns, in order
to observe for a longer period the behavior of the complex. The
simulations followed the same parameters described above.

RESULTS AND DISCUSSION

Isolation and Structure Elucidation of
Compound 1

Compound 1 was obtained as an amorphous yellow solid and its
structure was elucidated by comparison of its observed and
reported physical data (Muzitano et al., 2006). 'H NMR, C
NMR, HSQC, and HMBC spectra are available as Figures S2-S5,
in the Supplementary Material. The "H NMR spectra showed
characteristic aglycone signals between 7.32 and 6.18 ppm. The
signals in the region of 6.20-6.40 ppm are related with the
hydrogens of ring A of the flavonoid. In relation to ring B, the
signals are compatible with an ortho coupling. Thus, the pattern
of signals and multiplicity observed are compatible with the
flavonoid quercetin (3,5,7,3’,4’-pentahydroxyflavonol). Also, the
spectra had demonstrated that the compound is O-glycosylated
at the position C-3 of the ring C.

In addition, the data of 'H and 'C NMR spectra suggested
the presence of two sugar units. In the "H NMR, the signal at 0.90
and 5.29 ppm suggested the presence of a unit of rhamnose. This
sugar unit was confirmed by '>C NMR spectra and also by the
both two-dimensional spectra. The other unit of sugar is
evidenced in the 'H NMR spectra at 3.10-4.15 ppm. This
signals suggested that the second sugar unit is an arabinose
attached to the rhamnose unit. In conclusion, it was possible to
confirm the compound 1 as quercetin 3-O-a-L-
arabinopyranosyl-(1—2)-O-o-L-rhamnopyranoside (Table 1).

TF Strategies

The filtered structure-based inverse VS results showed that
quercetin appears to be more interactive with proteins of
Homo sapiens (Table S2, Supplementary Material). In respect
to the therapeutic activities, it was notable the large number of
antiinflammatory and antiproliferative targets which can be
linked to the activities already reported in the literature for this
natural compound (Anand David et al., 2016).

Among the antiinflammatory targets indicated by TF of
quercetin, phosphodiesterase 4B (PDE4B) stood out due to its
reported action (Jin et al., 2012; Wittmann and Helliwell, 2013).
This result can be related to some studies that had evaluated the
PDE4B inhibitory capacity of secondary metabolites, including
quercetin (Ko et al., 2004; Townsend and Emala, 2013). PDE4
blocker activity was also described with inhibitors derivatives
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TABLE 1 | NMR spectroscopic data (500 MHz, DMSO-dg) for compound 1.

Position 8¢, type 8y, (J in H2)
2 156.56, C

3 134.44, C

4 177.92, C

5 157.14,C

6 98.88, CH 6.18, s

7 164.48, C

8 93.84, CH 6.38, s

9 161.40, C

10 104.02, C

1 120.61, C

2' 115.73, CH 7.32,s

3 145.38, C

4 148.78, C

5 115.54, CH 6.87, d (8.25)
6' 121.03, CH 7.25, d (8.30)
1”7 101.05, CH 529, s
2" 80.68, CH 4.00, s
3” 70.41, CH *

4" 72.56, CH *

5" 70.41, CH *

6" 17.56, CHg 0.90, d (6.10)
1 106.50, CH 4.08, d (7.15)
2 7114, CH 3.12, 1 (9.50)
3" 71.88, CH 3.12, 1 (9.50)
4 67.90, CH *

5" 65.93, CH, 3.21,d (12.0)

*Signs obscured by the water signal present in the DMSO-dg

from this flavonol (Chan et al., 2008), which makes PDE4B a
promising target for the study of molecules such as compound 1.

According to this fact, the PDE4B (PDB ID: 4MYQ) (Fox
et al., 2014) was highlighted in the ranking that was comprised of
the five best results of molecular docking simulations with the
complete structure of compound 1 (Table S3, Supplementary
Material). The simulation illustrated a good similarity with the
crystallized molecule and a favorable position of the flavonoid at
the binding site of the enzyme. The interactions demonstrated a
potential stable binding, indicating a hydrophobic interaction
between PHE 618 and the ring C of quercetin, an indirect
interaction with Mg*® through the water molecules and
hydrogen bonds with ASN 567 and TYR 405 (Figure S6A,
Supplementary Material). In addition, the 2D representation,
provided by the program LigPlot (Wallace et al., 1995), also
pointed hydrogen bonds between the amino acid residues HIS
406 and GLU 476 (Figure S6B, Supplementary Material).

Interestingly, another PDE enzyme was indicated as a possible
target for the interaction with the compound 1 (PDE10A2),
reinforcing the potential capacity of PDE inhibition by this
flavonoid (Table S3, Supplementary Material). The PDE10A2 is a
unique gene that encodes the PDE10 family and it is expressed mostly
in the brain (Keravis and Lugnier, 2012). Because of its restricted
distribution, most tests evaluated the use of its inhibitors for the
treatment of neurological diseases (Jorgensen et al., 2013). However, a
possible antiinflammatory action has been indicated by a recent study
that showed the capacity of small inhibitors to decrease the
production of nitrite in LPS-simulated cells (Garcia et al., 2017).

In contrast, the PDE4B inhibitors are widely known for their
antiinflammatory action. This enzyme is the major cAMP-

metabolizer found in cells of the inflammatory and immune
system (Spadaccini et al., 2017) and it is differentiated from the
other PDE4 isoforms by its high sensitivity towards the
inhibitors (Azam and Tripuraneni, 2014). Among the four
isoforms of phosphodiesterase 4 (A-D), PDE4B is believed to
play a central role in inflammation, being characterized as the
predominant subtype in monocytes and neutrophils (Azam and
Tripuraneni, 2014; Yang et al., 2017). Notably, PDE4B has been
reported as a pivotal target in the treatment of airway
inflammatory changes (Li et al., 2018). This activity is also
recognized in the use of the extract of B. pinnatum (Cruz
et al.,, 2011), reinforcing the interpretation that the
antiinflammatory action of the compound 1 may be a result, at
least in part, from the blockade of PDE4B.

The other TF methodology used in this work, the ligand-
based VS, also pointed out a target that belongs to the PDE
family, increasing the evidences of this possible action by the
compound 1. The cocrystallized ligand within the PDE5A1
enzyme (Ligand PDB ID: 7CA) (Wang et al, 2006) had a
similarity score of 0.952, being the only result that showed a
similarity score value above 0.5. However, although the targets
are both phosphodiesterase enzymes, their therapeutic actions
are different and as well as their binding site. The result of protein
sequence alignment between the PDE4B and PDE5A1 showed an
identity of 25.5% and the difference of their active sites was easily
noticed (Figure S7, Supplementary Material). Therefore, it is
probable that compound 1 would not have the same inhibition
capacity on PDE4B and PDE5AL.

The choice of the most promising target between the results of
both VS techniques was made from a compilation of the lower
energies derived from the scoring of docking simulations, the
most favorable interaction with the target and the main activity
of the extract of B. pinnatum. These findings add support to the
view that the most promising target for further analyses is indeed
the PDE4B enzyme.

PDE4 Activity In Vitro Evaluation

With the aim to investigate the PDE4B blocker capacity
appropriate for molecular docking simulations, the in vitro
evaluation was performed. We also tested the effect of
compound 1 on PDE4A to determine the selectivity of our
compound with the two PDE4 isoforms that are particularly
important to the antiinflammatory action regulation (Manning
et al., 1999).

The results of compound 1 were considered expressive
concerning both isoforms, but the effect upon PDE4B seemed
to be superior. It is important to highlight that the inhibition of
PDE4B was even better than the standard drug (roflumilast).
Furthermore, the results suggest a relative selectiveness between
the PDE4A and PDE4B (Table 2).

Although the PDE4 is widely studied, the application of
phosphodiesterase inhibitors in medicine is still compromised
by their side effects, which include nausea and emesis, meaning
that their use is limited (Spina, 2008). The exact mechanism that
explains their side effects is still unclear, but one of the most
accepted explanations involves the nonselective inhibitor effects
on the four PDE4 isoforms (Wang et al., 2007). The limitation
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TABLE 2 | Results of PDE4 in vitro inhibition.

PDE4A

Compound (10 uM) % Inhibition
Roflumilast 100 £ 9,58

Compound 1 49,8 + 7,66

PDE4B

Compound (10 uM) % Inhibition
Roflumilast 85,7 + 0,68

Compound 1 100+ 0

concerning selectivity is easily justified when the structures of the
PDE4 isoforms are analyzed. Their structures differ only in N-
terminal regions, reflecting the extreme conservation of amino
acid residues in their activity sites, particularly between PDE4B
and PDE4D (Cheung et al., 2007). In this way, the results showed
this flavonoid to be not just a potent PDE4B inhibitor but also a
promising compound for the design of other selective analogues.

Molecular Dynamics Simulations and
Binding-Free Energy Estimations

The close similarity between the binding sites of the two isoform
makes the elucidation of the selectivity a challenging task.
Therefore, there are some studies in literature that used
experimental tests trying to identify crucial differences between
these isoforms (Wang et al., 2007; Feng et al., 2018). However,
the reasons behind the PDE4 subfamily selective inhibition are
still unclear when it is based essentially on the binding sites of
these enzymes. In this context, the use of alternative methods,
such as in silico studies, can be a promising way to discover
different findings and hypotheses related to this issue. Between
them, the docking simulations, used in the VS study, have a
particular disadvantage due to their lock-key assumption (Mezei,
2003; Andrusier et al., 2008). In contrast, the molecular dynamics
simulation (MD) can theoretically predict the move of every
atom contained in the system over time, capturing important
findings related to the binding process (Hollingsworth and Dror,
2018). Because of this, MD was considered the most promising
method to come to a hypothesis that would attempt to explain
the selective inhibition demonstrated by compound 1

and, consequently, assist in the design of new selective
PDE4B inhibitors.

One of the most widely used parameters in MD simulations is
the root-mean-square deviation (RMSD). The RMSD reflects the
average displacement of the atoms and its use allows us to
determine the structural stabilization in the time scale of the
simulation period (Martinez, 2015; Sargsyan et al., 2017). Every
one of the five possible positions of the flavonoid was submitted
to a lower simulation time before the further analyzes aiming to
work with already optimized complexes. The RMSD of each
binding pose of the flavonoid on PDE4A (PDB ID: 2QYK)
(Wang et al, 2007) and PDE4B (PDB ID: 3057) (Mitchell
et al,, 2010) demonstrated a complete optimization of the
protein backbone before 5.0 ns, without a significant change of
conformation by this time. This fact indicates that the time of the
simulations was enough for the refinement of all the structures in
the period used. In addition, the high similarity of the RMSD
profile of each pose on both isoforms indicates another reflection
of their resemblance (Figure 2).

To determine the better positions of compound 1 at the
activity sites of both isoforms, a Molecular mechanics Poisson-
Boltzmann surface area method (MM/PBSA) was carried out.
This approach has been used in a lot of studies and can be
combined with MD simulations to give important entropic
contributions to the total binding energy (Homeyer and
Gohlke, 2012; Kumari et al., 2014; Genheden and Ryde, 2015).
It is important to emphasize the influence of the choice of
nonpolar models in the binding-free energy results. Among the
models, the solvent accessible surface area (SASA) is one of the
most widely implemented nonpolar types of modeling in the
MM/PBSA (Kumari et al., 2014). However, previous works have
shown the difficulties of this model in the discrimination of
conformational states in explicit solvent simulations, producing
bias (Wagoner and Baker, 2006). To overcome this issue, other
nonpolar solvent models were tested, such as the SAV and the
hybrid model (SASA-SAV) (Wagoner and Baker, 2006; Kumari
et al, 2014). In contrast with the SASA-only model, the data
results showed that the SAV-only model can reproduce the
explicit solvent nonpolar simulation with promising fidelity
(Wagoner and Baker, 2006). Therefore, the SAV-only model
was chosen for our analysis. Additionally, in MM/PBSA, the
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FIGURE 2 | Comparative root-mean-square deviation (RMSD) for all binding poses of compound 1 on PDE4A and PDE4B. Each pose is indicated by a different color.
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result of binding-free energy also takes into account the values of
electrostatic, Van der Walls and polar energies (Kumari et al.,
2014). These values were computed for every one of the five
binding poses for 1 on the two isoforms (Table 3).

The results demonstrated that, in the vast majority of the
poses, the flavonoid had a considerably better binding-free
energy value on the PDE4B isoform. These values reinforce the
hypothesis of a more favorable interaction in a molecular
scenario between the compound 1 and PDE4B and also
corroborates with the in vitro results. Among the binding
poses, the first and fifth ones stood out. The first pose, in
particular, had the most promising binding-free energy result
on the both PDE4A and PDE4B enzymes (-64.42 and -72.58
kcal mol, respectively) which shows it to be an interesting
binding position at the two activity sites. The fifth pose had a
very similar binding energy on PDE4B to the first one (-72.38
kcal mol™) and can be considered as a potential occupation
mode at the binding site of PDE4B as well.

Based on the results of MM/PBSA, the two most promising
positions were selected to extend the time of MD simulations in
order to analyze the complex behavior for a longer period. The
RMSD of the two different poses, as before, demonstrated a very
stable profile of optimization with a complete stabilization before

5.0 ns. Both pose conformations on PDE4A and PDE4B
remained stable after the extension of the simulation time
(Figure 3).

The output results after the extension of the MD time were
also analyzed based on the relevant features of the binding site of
each isoform. The structure of the activity site and the binding
position of cAMP in the PDE4 enzyme are essential to the
evaluation of the inhibitor action. The activity of PDE4 enzyme
depends on the recognition of the cAMP’s nucleotide followed by
its hydrolysis. Structurally, the x-ray crystallography of the PDE4
indicated the three most relevant pockets for the activity of this
enzyme (Spina, 2008). At the Q pocket, the cAMP is identified by
the formation of hydrogen bonds with the nucleotide adenosine
and, once it is recognized, the phosphate moiety complex with
the metals (Zn>*, Mg>") of the enzyme’s bivalent metal-binding
pocket (M pocket) promoting its hydrolysis (Houslay et al., 2005;
Spina, 2008). The third pocket (S pocket) has polar amino acid
residues and an interesting contact with the external solvent,
probably contributing to the stabilization of the inhibitor at the
binding site. In this context, the majority of PDE4 inhibitors
show a structure capable of occupying specifically the Q and M
pockets to prevent the entry and hydrolysis of cAMP (Houslay
et al., 2005).

TABLE 3 | Calculated values that contributed to binding-free energy from MM/PBSA®.

Pose AEvdw AEeIec AGpolar AGSAV AGbind
PDE4A 1 -51.73 £ 0.34 -8.20 £ 0.21 34.64 + 0.39 -39.10 £ 0.55 —64.42 + 0.65
2 -53.73 £ 0.58 0.14 £0.35 61.21+2.0 -38.52 + 1.03 -30.86 + 2.29
3 -45.93 + 0.53 -11.52 £ 0.43 63.60 + 3.52 -39.23 + 1.19 -32.96 + 2.59
4 -46.42 + 0.53 -11.09 + 0.49 35.08 £ 0.72 -34.59 + 0.82 -57.07 = 1.01
5 -41.88 £ 0.15 -7.20+£0.14 60.30 + 0.86 -31.35 £ 0.22 -20.12 £ 0.86
PDE4B 1 -65.80 + 0.44 -25.98 + 0.43 73.587 + 0.49 -54.40 £ 0.52 -72.58 £ 0.77
2 -48.77 £ 0.63 -8.23+0.34 37.30 + 0.41 -35.84 + 0.84 -55.60 = 1.19
3 -54.53 + 0.67 1.18 +£0.27 51.62 £ 0.70 -40.05 + 1.02 -41.84 £ 1.41
4 -54.40 £ 0.43 -6.44 + 0.35 53.79 £ 0.79 -45.27 £ 1.09 -52.27 £ 1.30
5 -56.63 £ 0.22 -21.89 £ 0.25 54.07 £ 0.28 -47.94 £ 0.25 -72.38 £ 0.35
a: All values, standard deviations and averages, are expressed in kcal mol’’.
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FIGURE 3 | Root-mean-square deviation (RMSD) of the two most interesting binding poses of compound 1 on PDE4A and PDE4B. Each pose is indicated by a
different color.
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Considering this structural information, the first position of
the flavonoid demonstrated considerable intermolecular
differences between its occupations at both of the binding sites
of the isoforms. On PDE4A, the compound 1 showed a very
stable position at the Q pocket with a double parallel w-stacking
interaction between the amino acid residues PHE 296 and PHE
265, and also the hydrogen bonds with the residues HIS 201 and
TYR 84. However, the compound clearly had an important
dislocation at the activity site and had no interactions with the
metals of the M pocket (Figure 4A). As already mentioned, the
interactions with the bivalent metals influence the inhibition of
PDE4 enzymes in a direct way (Houslay et al., 2005). Therefore,
the behavior of the best pose of the flavonoid indicated by MM/
PBSA on PDE4A represents a valid hypothesis for the lower
inhibition capacity of compound 1 on this isoform. In contrast,
the compound 1 at the activity site of PDE4B also demonstrated
the occupation of the Q pocket, showing one parallel mt-stacking
interaction with the amino acid residue PHE 296. Additionally,
there was an increase of hydrogen bonds between the glycosides
and the polar amino acid residues and an indirect interaction
with the metals through hydrogen bonds with the water
molecules (Figure 4B). This increase was clearly demonstrated
in the 2D representation of the intermolecular interactions of

compound 1 at both binding sites. It was detected the presence of
8 valid hydrogen bonds between the natural product and the
amino acid residues of PDE4B (Figure 4D) and only 2 valid
hydrogen bonds with the amino acid residues of PDE4A
(Figure 4C).

The fifth pose also demonstrated a promising result. This
binding position showed a large difference of the binding-free
energy of the flavonoid on PDE4A and PDE4B. However, in
particular, the results of MM/PBSA on PDE4B pointed to a very
similar binding-free energy in comparison with the first pose.
Interestingly, the analyses on both the binding sites
demonstrated that the most significant variation involved the
hydrophobic interactions with the amino acid residues of
phenylalanine present in the Q pocket. At the PDE4A, the
flavonoid exhibited a parallel mt-stacking interaction with PHE
297 (Figure 5A). In comparison, the compound 1 had a double
parallel m-stacking with PHE 296 and PHE 264 at the PDE4B
(Figure 5B). However, even with these similar interactions, the
results of binding-free energy clearly indicate disadvantages of
this pose at the PDE4A activity site. Analyzing the 2D
representations, it was possible to confirm the higher number
of hydrogen bonds between the compound 1 and the amino acid
residues of PDE4B (Figure 5D) in comparison with PDE4A
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FIGURE 4 | lllustration of interactions between compound 1 (orange) and the amino acid residues of PDE4A (A) and PDE4B (B) for the first pose. 2D representation
of the intermolecular interactions between the compound 1 and PDE4A (C) and PDE4B (D). The 2D diagrams was provided by the program LigPlot.
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(Figure 5C). This difference may be related with the better
interaction with PDE4B pointed by the favorable binding-free
energy value.

Another interesting fact involving these two potential binding
poses is the positional reflection between them. However, the
behaviors of the poses on PDE4A and PDE4B were substantially
different. In regard to the PDE4B isoform, both poses were stable
at the activity site. In the first pose the glycosides occupied the
polar region between the Q and M pockets and the fifth pose
demonstrated that the compound 1 was also exploring polar
interactions but at the hydrated S pocket. The same was not
observed in PDE4A. The difference in the binding-free energy
results of the first and fifth poses (—64.42 and —20.12 kcal mol ™',
respectively) was reflected in the interaction of these binding
positions in the two isoforms. The compilation results on
PDE4A, demonstrated that even the first pose which had the
most promising binding-free energy, showed major hindrances
in the occupation of the activity site.

The traditional binding pose observed for the known PDE4
inhibitors, including the Roflumilast, had demonstrated that the
most important occupation at the active site is with the amino
acids belonging to the Q and M pockets (Figure S8,
Supplementary Material). Especially three types of interaction
are crucial to the PDE4 inhibition: interactions with the metal
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FIGURE 5 | lllustration of interactions between compound 1 (blue) and the amino acid residues of PDE4A (A) and PDE4B (B) for the fifth pose. 2D representation of
the intermolecular interactions between the compound 1 and PDE4A (C) and PDE4B (D). The 2D diagrams was provided by the program LigPlot.

ions through structural water molecules, hydrogen bonds and
hydrophobic interactions with the amino acid residues at Q
pocket (Card et al., 2004). In this molecular scenario, compound
1 followed the traditional binding pose exhibited by most of the
PDE4 inhibitors and had a widespread occupation of the activity
site. However, the occupation in PDE4B was demonstrated to be
higher after the molecular dynamics simulations, suggesting a
formation of a stable system of hydrogen bonds and hydrophobic
interactions. Therefore, the small but significative differences
between the PDE4 subfamilies found in previous literature on
experimental tests (Wang et al., 2007; Feng et al., 2018), seems to
be crucial to the whole complex behavior simulated in silico.
Although compound 1 showed interesting in vitro and in
silico results, it is important to emphasizing that this compound
has disadvantages as a drug candidate. The enzyme lactase
phrorizin hydrolase, found in small intestine of mammalians,
is capable of hydrolyzing a range of flavonol and isoflavone
glycosides which difficult the abortion of these compounds as a
whole molecule (Day et al., 2000). Since the molecular dynamics
simulations had demonstrated the importance of the glyosidic
portion for the PDE4 blocker action and selectivity profile,
potential medications consisting only of compound 1 would
not be optimal for per oral, the most common type of
administration. However, it can be considered as a promising
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lead compound and the results of molecular dynamics
simulations may be used to design novel potential PDE4B
inhibitors based on the structure of compound 1. Aiming to
increase the synthetic accessibility of the designed compounds,
the glycosides may be replaced by another polar structure in
order to preserve the hydrogen bonds made in S pocket. In
contrast, quercetin aglycone appears to be essential for the
inhibition of the both isoforms and its replacement should be
made by other structure with high similarity.

CONCLUSION

Our studies showed that the employed TF methodologies were
efficient approaches to identify the alleged activities of natural
products, abruptly reducing the costs and numbers of biological
models. Based on the results, this approach proved to be an
interesting tool for the chemical and pharmacological
investigation of possible natural extract markers such as
compound 1. The flavonoid quercetin 3-O-o-L-
arabinopyranosyl-(1—2)-O-a-L-rhamnopyranoside, one of the
major compounds of B. pinnatum, had its antiinflammatory
activity explained by the inhibition of PDE4B. This action
confirmed by in vitro evaluation, indicates that compound 1 is
not just a potent PDE4 blocker, but also demonstrated it to be
highly selective to PDE4B. In addition, it was possible to explore
this inhibiting and selectivity action of compound 1 with
molecular dynamics simulations which shed light on the
atomic level inhibition properties of this compound. These
results show important progress in the investigation of the
antiinflammatory properties of B. pinnatum and reinforced the
possible choice of compound 1 as the extract chemical marker of
this plant. Finally, these highly expressive results show this
flavonoid to be an interesting prototype for the design of other
PDEA4B selective inhibitors.
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Tea (Camellia sinensis L.) leaves synthesize and concentrate a vast array of galloylated
catechins (e.g., EGCG and ECG) and non-galloylated catechins (e.g., EGC, catechin,
and epicatechin), together constituting 8%—-24% of the dry leaf mass. Galloylated
catechins account for a major portion of soluble catechins in tea leaves (up to 75%)
and make a major contribution to the astringency and bitter taste of the green tea,
and their pharmacological activity for human health. However, the catechin galloylation
mechanism in tea plants is largely unknown at molecular levels. Previous studies
indicated that glucosyltransferases and serine carboxypeptidase-like acyltransferases
(SCPL) might be involved in the process. However, details about the roles of SCPLs in
the biosynthesis of galloylated catechins remain to be elucidated. Here, we performed
the genome-wide identification of SCPL genes in the tea plant genome. Several
SCPLs were grouped into clade IA, which encompasses previously characterized
SCPL-IA enzymes with an acylation function. Twenty-eight tea genes in this clade
were differentially expressed in young leaves and vegetative buds. We characterized
three SCPL-IA enzymes (CsSCPL11-1A, CsSCPL13-IA, CsSCPL14-1A) with galloylation
activity toward epicatechins using recombinant enzymes. Not only the expression levels
of these SCPLIA genes coincide with the accumulation of galloylated catechins in
tea plants, but their recombinant enzymes also displayed B-glucogallin:catechin galloyl
acyltransferase activity. These findings provide the first insights into the identities of
genes encoding glucogallin:catechin galloyl acyltransferases with an active role in the
biosynthesis of galloylated catechins in tea plants.
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INTRODUCTION

Many plant metabolites, particularly specialized compounds,
are subject to various modifications, such as glycosylation,
malonylation, methylation, acylation, and prenylation (Bowles
etal., 2005; Kosma et al., 2012; Bontpart et al., 2015; Ahmad et al.,
2017). These modifications further diversify plant specialized
metabolites and generate modified bioactive molecules with
additional physicochemical properties, thereby creating new
biological properties that the original metabolites do not have
(Wang et al.,, 2019). Plant genomes evolved to owning a large
number of gene families encoding modifying enzymes in order
to adapt against adverse environments and survive frequent
attacks by pathogens and herbivores (Wilson et al., 2016).
Among these modifications, acylation is the most common and
important of the modifications on plant metabolites, including
phenolics, lipid barriers, sugars, and polyamines. The various
modes of acylations enable plants to gain many functions
in metabolic and physiological processes, as well as defense
responses against abiotic or biotic stresses (Bontpart et al., 2015;
Wilson et al., 2016).

Plant phenolics are ubiquitous specialized metabolites
that contain a phenolic ring with at least one hydroxyl
group (Bontpart et al., 2015). They are involved in growth,
development, and defense responses. As the most extensively
studied specialized metabolites in plants, their biosynthetic
pathways are well known and involve multiple modification
types, such as acylation, which culminates with the production
of a vast diversity of phenolic products. Moreover, due to
the high availability of simple phenolics in most plants, they
often are not only the acceptor molecules during acylation
but are also modified as energy-rich donors during other
types of metabolite modifications in plants (Bontpart et al.,
2015; Wilson et al., 2016). Two major acyltransferase families
that use phenolic compounds either as acceptor or donor
molecules have been described and characterized, each of
which uses a distinct type of acyl donor (Bontpart et al., 2015).
BAHD acyltransferases, named after the first four enzymes
biochemically characterized in the family (BEAT, AHCT,
HCBT, and DAT), have been extensively studied in a wide
range of plant specialized metabolism and are characterized
by using acyl-CoA thioesters as donor molecules (Schilmiller
et al., 2012; Bontpart et al., 2015; Wilson et al., 2016; Zhang
et al,, 2018). On the other hand, serine carboxypeptidase-like
(SCPL) acyltransferases use 1-O-B-glucose esters as acyl donors
to facilitate the transacylation reaction to a large variety of
phenolics, acids, saponins, and other compounds were only
discovered recently (Mugford and Milkowski, 2012).

SCPLs  revealed sequence homology to  serine
carboxypeptidases (Steffens, 2000; Milkowski and Strack,
2004; Bontpart et al, 2015). SCPLs can produce a variety
of phenolic compounds, such as B-1-cinnamoyl-D-glucose,
sinapoyl esters, and gallotannins (Wilson et al., 2016). However,
not a single gene coding for an SCPL was characterized until
the early 2000s (Lehfeldt et al, 2000; Li and Steffens, 2000).
SCPLs provide biological relevance to various compounds,
such as sinapoylglucose:malate sinapoyltransferase (Lehfeldt

et al, 2000), sinapoylglucose:choline sinapoyltransferase
(Shirley and Chapple, 2003), sinapoylglucose:sinapoylglucose
sinapoyltransferase (Fraser et al., 2007), sinapoylglucose:antho
cyanin sinapoyltransferase (Fraser et al.,, 2007) in Arabidopsis.
These enzymes use 1-O-sinapoyl-B-D-glucose to form
sinapoylmalate, sinapoylcholine (sinapine), 1,2-di-O-sinapoyl-
B-D-glucose, and sinapoylated anthocyanins, respectively.
Subsequently, two Brassica napus orthologs BnSCT1 and
BnSCT2 were also characterized (Milkowski and Strack,
2004; Weier et al., 2008). Gallic acid is a trihydroxybenzoic
acid that occurs in several dicot clades (Karas et al., 2017).
Galloylated flavon-3-ols play vital roles in protecting plant cell
membranes from oxidative damage (Saffari and Sadrzadeh,
2004). UDP-glucose:sinapic acid glucosyltransferase synthesizes
sinapoylglucose in the Brassicaceae (Milkowski and Strack,
2004) whereas three UGTs form hydroxycinnamoyl glucose
esters and P-glucogallin in grapevine (Khater et al, 2012),
which are used by several SCPLs. Three grapevine (Vitis
vinifera) glucosyltransferase genes VvgGTI1 to 3 were isolated
and characterized (Khater et al., 2012). A purified polypeptide
from tea leaves displaying epicatechin:1-O-galloyl-p-D-glucose
O-galloyltransferase activity was previously reported (Liu
et al,, 2012). Galloyl-glucose esters, such as galloyl 1-O-B-D-
glucose(p-glucogallin), is required to act as an acyl donor for
the galloylation of flavon-3-ols. p-Glucogallin was produced
from gallic acid by a UDP-glucosyltransferase in a crude protein
extract of tea plant (Camellia sinensis) leaves (Liu et al., 2012).
However, the gene encoding this enzyme is yet to be reported.
Catechins is the collective term for tea soluble flavan-3-ols,
including six major types, (—)-epicatechin (EC), (+)-catechin
(C), (—)-epigallocatechin (EGC), (+)-gallocatechin (GC),
(—)-epicatechin-3-gallate (ECG), and (—)-epigallocatechin-3-
gallate (EGCG) (Wei et al,, 2018; Zhao et al., 2020). Among
them, galloylated (e.g., EGCG and ECG) and non-galloylated
catechins (e.g., EGC, C, and EC) together constitute 8%-24%
of the dry leaf mass. As characteristic to teas, galloylated
catechins account for up to 75% of the total catechins and
make major contributions to the astringency and bitterness
tastes of the green tea and numerous pharmacological activities
for promoting human health (Zhao et al,, 2020). Despite of
their importance, the molecular and genetic bases of catechin
galloylation remain largely unexplored. In tea plant leaves, several
flavonoid 3’-hydroxylases and flavonoid 3',5'-hydroxylases are
two types of enzymes controlling the generation of EC and EGC,
respectively, two major non-galloylated catechins (Wei et al.,
2015). As precursors of galloylated flavan-3-ols and flavonols,
B-glucogallin or polygalloylated glucoses are ubiquitous in the
core eudicots (Moore et al., 2005; Liu et al., 2012; Wilson et al.,
2016; Ciarkowska et al, 2018). Several enzymatic activities
using B-glucogallin to synthesize gallotannins were observed
in oak (Quercus spp.) (Niemetz and Gross, 2005). Moreover,
B-glucogallin serves as a precursor for the biosynthesis of
galloylated catechins, and it could be acylated with galloyl
moieties in other species, such as tea plant, grapevine, and
persimmon (Diospyros kaki). B-Glucogallin is formed from
glucose and gallic acid in tea plants by the UDP-glucose:galloyl-
1-O-p-D-glucosyltransferase CsUGT84A22 (Liu et al, 2012;
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Cui et al,, 2016), which homologs were also identified in
pomegranate (Punica granatum) and Eucalyptus camaldulensis
(Ono et al.,, 2016; Tahara et al., 2018). B-Glucogallin is also
used for the biosynthesis of proanthocyanidins via SCPLs
VVGAT1 and VVGAT?2 in grapevine (Terrier et al., 2009; Carrier
et al., 2013; Koyama et al., 2014). Differential expression of the
DkSCPL1 and DkSCPL2 genes in persimmon was observed
in astringent versus non-astringent fruits (Ikegami et al,
2007; Akagi et al, 2009). In tea leaves, galloylated catechins
not only account for most soluble catechins, but are also
the prominent contributors to flavor, such as astringency
and bitterness, and have higher pharmacological activity for
human health than non-galloylated catechins (Ikegami et al.,
2007; Akagi et al., 2009; Hayashi et al., 2010; Wilson et al,,
2016). B-Glucogallin (B-G) serves not only as an acyl donor
in successive transacylation steps to yield hydrolysable tannins
(HTs), such as substituted di- through penta-galloylglucose
derivatives (Niemetz and Gross, 2005). These HTs may also be
used as acyl donors for the generation of galloylated catechins
(Bontpart etal., 2015; Wilson et al., 2016; Ciarkowska et al., 2018).
Assays with B-G:1,2,3,6-tetra-O-galloyl- and B-D-glucose-4-O-
galloyltransferase activities were also performed in pedunculate
oak (Quercus robur), although their coding gene is not cloned
(Grundhofer and Gross, 2001).

Similar to HTs, galloylated catechins can be hydrolyzed
to non-galloylated catechins and gallic acid by a galloylated
catechins hydrolase, which has been widely characterized in
bacteria at the catalytic as well as genetic levels (Niemetz and
Gross, 2005; de las Rivas et al., 2019). Interestingly, no 1,2,3,4,6-
pentagalloylglucose was identified in tea plants, suggesting that
the hydrolyase activity toward this compound is very active.
More than 30 gallic acid derivatives, including two types of
HTs (gallotannins and ellagitannins), as well as several types
of polygalloylated glucose (PGG), such as 1,6-digalloylglucose,
1,2,6-trigalloylglucose, 1-galloylglucose, 1,2-digalloylglucose,
6-galloylglucose,  2,6-digalloylglucose,  1,3-digalloylglucose,
1,2,3,4-tetragalloylglucose, and 1,4,6-trigalloylglucose have been
identified in tea plant leaves (Yang and Tomads-Barberdn, 2018;
Wei et al.,, 2019).

Here, we explored the tea genome and identified novel
putative SCPL genes involved in the generation of galloylated
catechins in the leaves. We further characterized three SCPL
enzymes, which produced in vitro galloylated catechins with
PGG as an acyl donor and catechins as acceptor substrates.
This study provides new insights into the understanding of
this important gene family involved in the modification of tea
catechins, which are of high relevance in the food chemistry and
pharmacological industries.

MATERIALS AND METHODS

Identification of SCPL Family Genes in

the Camellia sinensis Genome
BLASTP against the Camellia sinensis proteome dataset obtained
from the genome sequence (Wei et al., 2018; The Tea Plant

Information Archive - TPIA public database') was used
to search for SCPL-coding genes with characterized protein
sequences as queries. The SCP motif (PF00450), was searched
through Pfam in each retrieved sequence to confirm it as
a putative SCPL protein. Features of SCPL proteins, such
as the number of amino acid residues, gene architecture
(exon/intron arrangement) and start-to-end position of their
respective genes in the genome, were retrieved from the TPIA
annotation. Physical parameters of each gene product, such
as molecular weight (Mw) and isoelectric point (pI), were
calculated using the ExPASy tool Compute pI/Mw’ using
default parameters.

Chromosomal Position, Phylogeny, and
Gene Structure Analysis of SCPL Genes

PhenoGram Plot* used to create the image of scaffold
locations of SCPL genes using the information available at
the TPIA database. A phylogenetic analysis with functionally
characterized proteins from different species and all SCPL
proteins encoded in the C. sinensis genome was conducted
to explore the evolutionary relationships of this gene family.
An unrooted phylogenetic tree was constructed following
the Neighbor-Joining method involving 1,000 replicates with
the bootstrap test in MEGA 6.0 (Tamura et al, 2013).
The Gene Structure Display Server v.2.0 tool (Hu et al,
2015*) was used to determine the exon/intron structures of
the tea SCPL genes.

Calculation of K; and K Ratios and

Evolutionary Selection Analysis

Synonymous and non-synonymous substitution rates (K and
K,, respectively) of two closely related CsSCPL genes, along
with their K,/Kg ratios, were calculated online’ to evaluate
the selection mode of each CsSCPL paralogous gene pair
identified. Assumptions of negative, neutral, and positive
evolution were considered for ratios < 1, = 1, and > 1,
respectively. The evolutionary signals of positive sites were
determined with FEL, IFEL, REL and SLAC tests through
DATAMONKEY®. For the evolutionary selection analysis, the
phylogeny was reconstructed through the HyPhy program
with CsSCPL cDNA sequences as input and the Nei-Gojobori
method in MEGA 6. Maximum-likelihood based on the Kimura-
2 parameter model was used to infer the evolutionary gene
histories. The detection of episodic diversification of individual
coding sites was performed through different approaches.
Episodic diversifying selection and pervasive positive selection
were identified at the individual branch site level using
the Mixed-Effect Model of Evolution (MEME). The Markov
Chain Monte Carlo (MCMC) method was used in the Fast,
Unconstrained Bayesian Approximation analysis to ensure the

Uhttp://teaplant.org/
Zhttps://web.expasy.org/protparam/
Shttp://visualization.ritchielab.psu.edu/phenograms/plot
*http://gsds.cbi.pku.edu.cn
®http://services.cbu.uib.no/tools/kaks
Chttp://classic.datamonkey.org/
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strength over predefined sites via the approximate Bayesian
method (Murrell et al, 2012). The parameter o = p/a
was used in MEME to fit the data in the GTR nucleotide
model as initial values. The parameters B:f~ < o and B+
were used to measure the selection pressure, whereas p~,
Bt and o were used to estimate the variability of site-to-
site substitution rate. The Likelihood Ratio Test (LRT) based
on x? asymptotic distribution was considered significant at
p-value < 0.05.

Identification of Conserved Motifs and
Promoter Region Analysis

The analysis of conserved regions within CsSCPL family genes
was executed through MEME’, and their genomic assemblies
were screened through the Pfam database®. Regulatory elements
in the 1.5-Kb promoter region upstream of the start codon for
each CsSCPL gene were identified using the Plant cis-acting
Regulatory DNA Elements (PlantCARE) program’.

In silico Gene Expression Analysis

Public gene expression data of identified CsSCPL genes in seven
tissues (apical vegetative bud; young, middle and old leaves;
root; stem; and fruit: Supplementary Dataset S3) were retrieved
from the microarray-based transcriptome tea data for the cultivar
Shuchazao (Wei et al., 2018).

Plant Growth Conditions and Treatment

Experiments

Tea (Camellia sinensis var. sinensis cv. Shuchazao) seeds
germinated in vermiculite in a growth chamber at 22 + 2°C.
For the aluminum (AIPT) treatment, one-year cuttings
were hydroponically grown in Shigeki Konishi solution
(Supplementary Table S1) under acidic conditions (pH 5.0,
0.4 mM APPT: control) or AIPT exposure (pH 4.0, 2.5 mM
AP*) in a growth chamber set with light period 16 h/8 h
(light/dark) and temperature at 23°C. Root systems were
collected at 0 h, 12 h, 24 h, and 48 h (Wang et al., 2017) for
gene expression analysis. MeJA treatment experiments were
followed as described previously (Shi et al., 2015): detached
branches with tender tea shoots were sprayed with 100 WM
Methyl Jasmonate (MeJA) solution, while the controls were
treated with distilled water. Tea leaves were respectively
collected at 0 h, 12 h, 24 h, and 48 h. The polyethylene glycol
(PEG) and NaCl exposure experiments were performed as
previously (Zhang et al., 2017): 25% PEG or 200 mM NaCl
were used respectively to simulate plant drought- and salt-
stress conditions for 0 h, 24 h, 48 h, and 72 h. For the cold
treatments, tea plant leaves were collected during the cold
accumulation (CA) process. Control: 25°C; CA1.6 h: 10°C for
6 h; CAl.7days: from 10°C to 4°C for 6 days; CA2.7days: from
4°C to 0°C for 7 days; DA.7d: recover under 25°C to 20°C
for 7 days. For the shading treatment, tea plants cultivated in

“http://meme-suite.org/
Shttp://pfam.xfam.org/
“http://bioinformatics.psb.ugent.be/webtools/plantcare/html/

the 20-year-old tea garden in Anhui, where plants grow under
natural condition (full sun exposure) or 70%-90% shading
provided by a net cover. Buds were collected at 0 h, 4 h, 8 h,
2 days, 4 days, 8 days, and 14 days as previously reported
(Liu et al., 2018).

RNA-Seq Data Analysis, and Gene
Expression Analysis, and Validation With
qRT-PCR

Tea plant tissues were sampled, rinsed immediately, snap-frozen
in liquid Ny, and stored at —80°C for RNA extraction. Total
RNA was performed with RNA extraction kits (BIOTECH,
Beijing, China). The libraries were synthesized using Illumina
HiSeq2500 library prep kits according to the manufactures
protocol. RNA-Seq (PE150bp) sequencing was performed on
an Illumina HiSeq2500 platform. A total clean dataset of
about 6 Gb (Q30 > 80%) was obtained for each biological
sample for analysis according to the tea plant genome sequence
and annotation (Wei et al, 2018). Reads Per Kilobase of
transcript per Million mapped reads (RPKM) and read counts
were calculated using eXpress. The analysis of differential
gene expression followed the method previously published
(Ahmad et al., 2020).

Transcriptome data for the cv. Shuchazao were retrieved
from the tea information archive'®. Fragments per kilobase
of exon per million fragments (FPKM) values were used
to estimate gene expression in eight tea plant tissues (root,
stem, old leaf, mature leaf, young leaf, apical bud, flower
and fruit) and various treatments. The expression levels of
CsSCPLIA-AT genes were calculated using Logjo(FPKM).
The data were utilized to quantify the expression of
CsSCPL genes in the roots of hydroponically growing tea
cuttage seedlings in response to AT and MeJA stresses
(Supplementary Dataset S3). Mev4.9.0" was used to display
the expression data in heatmaps. Expression and metabolite
association analyses for CsSCPLIA genes potentially associated
with galloylated catechins biosynthesis were carried out
as in previous studies (Shi et al, 2015; Liu et al, 2018;
Wei et al., 2018).

Pearson correlation analysis on CsSCPL-I gene expression
and the contents of catechins from multiple tissue experimental
datasets. R package also was used to evaluate the correlation
between gene expression and metabolism and global gene
expression. The resulting heatmap was structured by pHeatmap
R package. Dark red means positive correlation values, and light
red means negative correlation. Transcriptome and metabolic
profiling data sets were from different tissues of tea plants
(Wei et al., 2018).

Based on their expression dynamics, five tea CsSCPL-I
genes [i.e., CsSCPL2-1 (TEA009664, NCBI Genbank accession
MK843824), CsSCPL5-1 (TEA034028; MK843825), CsSCPL11-I
(TEA023451; MK843826), CsSCPL13-1 (TEA034055;
MKB843827), and CsSCPLI4-I (TEA027270; MK843828)]

Ohttp://tpia.teaplant.org/
""https://sourceforge.net/projects/mev-tm4/
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were selected for validation of their stress responses in
different tissues via qRT-PCR. The gene-specific primers
used listed in Supplementary Dataset S4. An iQ5 Real-
Time PCR System (Bio-Rad) was used with 96-well plates
and 20-pL reaction volume. Each reaction consisted of
2.5 pL 2X Power SYBR Master Mix (Applied Biosystems),
1 pL primer mix (0.4 pL of 10 mM each primer + 0.2 pL
H;0), and 2 pL cDNA reaction diluted 1:30. The gene
expression was normalized using the housekeeping CsACTIN
(TEA002341) gene.

Cloning and Expression of CsSCPL
Recombinant Proteins and Enzyme

Activity Assay

The open reading frames (ORF) of the five CsSCPL-I genes listed
above were amplified with gene-specific primers. Amplification
was performed on a Mastercycler PCR equipment (Eppendorf)
using 0.5 L ExTaq DNA polymerase (Takara) and 2.0 pL
cDNA dilutions (1:30) as templates. The gel-purified PCR
products inserted into the pGEM-T easy vector (Promega),
cloned into E. coli, and confirmed by sequencing. For expression
of functional SCPL proteins, the truncated CsSCPLs, encoding
by the ORFs of CsSCPL11-IA and CsSCPL14-IA with a deletion
of the first 150 bp and an ATG codon insertion and full
length CsSCPL13-IA (Supplementary Figure S2B), were cloned
into pDONR221 (Invitrogen) followed by recombination into
pDEST17 with LR Recombinase (Invitrogen). The constructs
transferred into E. coli strain Rosetta for heterologous protein
induction. The single colony of confirmed construct taken and
overnight grown in 10 mL LB media with ampicillin (50 pg
mL~1) at 37°C. Bacterial cultures grown overnight were diluted
in 300 mL LB media (1:100) with ampicillin (50 pg mL™1)
and kept in a shaker at 37°C. When the ODggo reached
0.8 to 1.0, 0.2 mM isopropyl 1-B-D thiogalactoside (IPTG)
was added to the culture and kept at 25°C. After a 10-h
incubation period, the cultures were collected, centrifuged at
12,000 rpm for 30 min and re-suspended in 20 mL lysis buffer
[200 mM Tris-HCI (pH 8.0), 0.1% Triton X-100, and 5 mM
B-mercaptoethanol] and kept on ice for 1h. The cells were then
broken through ultrasonication and centrifuged at 12,000 rpm
for 30 min at 4°C. Supernatants were collected and purified
using a nickel-resin purification kit (Promega). Protein extracts
were examined through sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE).

For the enzyme activity assays, 50-L] total reaction mixtures
containing 50 mM potassium phosphate buffer (pH 6.0),
1.0 mM catechin (C), epicatechin (EC), gallocatechin (GC),
epigallocatechin (EGC), 04 mM 1,2,3,4,6-penta-O-galloyl-
p-D-glucose (PGG), and 1.0 pg purified recombinant
enzyme were used to verify the gallate activity of each
selected CsSCPL. The reactions were carried out at 30°C
for 20 mins and stopped by adding an equal amount
of 100% methanol. The samples were analyzed by high-
performance liquid chromatography (HPLC) and liquid
chromatography-mass spectrometry (LC-MS), as described
previously (Wei et al., 2018).

Analyses of Enzyme Kinetics

The Ky and Vi kinetic parameters were obtained through
Lineweaver-Burk plots for CsSCPLII-IA, CsSCPLI13-IA,
and CsSCPLI14-IA with various concentrations of EC and
EGC as acceptors (0.5 to 50 mM) and PGG (0.4 mM)
as the donor substrate, in a total reaction volume of
50 pL. The PGG kinetic parameters for these recombinant
proteins were also measured with the PGG (0.1 to
10.0 mM) as the acyl donor and EGC (fixed concentration
at 1.0 mM) as the acceptor substrate. The reactions were
analyzed on HPLC.

Statistical Analyses

At least 3 biological replicates were used in this study with at
least 2 repetitions to obtain the data for analysis. Differences
between paired data from the enzymes and controls under
various conditions were analyzed via ANOVA followed by the
Student’s t-test (n = 3).

RESULTS

SCPL Gene Mining in the Camellia

sinensis Genome

A total of 47 SCPL-related genes were identified in the
C. sinensis genome and annotated according to their distribution
in different phylogenetic classes (Supplementary Dataset S1).
Their coding regions ranged from 717 bp (TEA034030) to
1,758 bp (TEA034034) with an average of 1,369 bp. The molecular
weight of the CsSCPL gene products ranged between 27.49 kD
(TEA034030) and 73.8 kD (TEA034056) and averaged 51.41 kD.
The CsSCPL pI values ranged from 4.67 (TEA010715 and
TEA016469) to 9.97 (TEA034027), with 77% (36/47) having
acidic pI values. The subcellular localization of a protein
influences its function by controlling the ability to obtain and
use all types of molecular interacting partners. So, protein
localization is an important piece of information in creating
hypotheses about cellular functions of newly discovered proteins
(Scott et al., 2005). About 61% of the CsSCPL-I proteins are
predicted to localize to the plasma membrane, whereas 65% of
the CsSCPL-II proteins are estimated to localize to the lysosome.
Meanwhile, the remaining members of CsSCPL-I and CsSCPL-II
clades are estimated to be found in other organelles, such as
the lysosome, nucleus and cytoplasm, as well as extracellularly
(Supplementary Dataset S1). Details on the products of each
CsSCPL gene have shown in Supplementary Dataset S1.

Phylogeny and Motif Analysis of
CsSCPLs

A phylogenetic tree was constructed from tea protein sequences
as well as functionally characterized SCPL sequences from
other plant species and the SCPLs from rice and Arabidopsis
genomes in order to evaluate the evolutionary relationships
among them (Figure 1). According to the classification and
structural features of SCPL proteins from previous studies in
rice and Arabidopsis models, CsSCPL genes are divided into
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FIGURE 1 | Phylogenetic tree of tea SCPL family genes with characterized SCPL genes from different plant species. The tree was constructed with MEGA 6.0 using
the Neighbor-Joining (NJ) method. Bootstrap values in percentage (1,000 replicates) are indicated on the nodes. The subclades are identified with different colors:

three classes: CsSCPL-I to CsSCPL-III. CsSCPL-I is further split
into two subclasses: CsSCPL-IA and CsSCPL-IB (Figure 1). The
annotation of all 47 tea SCPLs was carried out according to
their phylogenetic position: 27 fell into the CsSCPL-IA clade
(CsSCPL1-IA to 27-IA) whereas only one member fell into
CsSCPL-IB (CsSCPL28-1B). The CsSCPL-II clade contains 17
tea proteins (CsSCPL1-II to 17-II), and CsSCPL-III is limited
to only two members (CsSCPLI-III and 2-III) (Figure 2A).
Tea CsSCPL-I members intermixed with many SCPLs from
other species but diverged from most Arabidopsis SCPLs. The

conserved domains of CsSCPL proteins have determined by
MEME (Figure 2B). In total, ten motifs have found, and
their annotations confirmed through the Pfam and SMART
databases (Letunic et al., 2012). The first four motifs are
specific to serine carboxypeptidase enzymes and found in
virtually all CsSCPLs (Supplementary Table S2; Figure 2B). All
CsSCPLs motifs were generally well conserved but especially
similar within the same phylogenetic class. In addition, each
clade contained unique motifs - for example, motifs 5 and
10 were only found in the CsSCPL-I clade, which suggests
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FIGURE 2 | Phylogenetic analyses and conserved motif analysis of tea CSSCPL genes. (A) The phylogenetic tree of CsSCPLs genes was constructed through
MEGA 6.0 using the Neighbor-Joining (NJ) method. Bootstrap values in percentage (1,000 replicates) are indicated on the nodes. The subclades are identified with
different colors: SCPL-I (blue), SCPL-II (green), and SCPL-IIl (maroon). (B) The identified motifs of SCSCPL proteins are shown as colored boxes. The CsSCPL
proteins are listed according to their phylogenetic relationships.

that they have distinct features and potential specific functions exons (CsSCPL13-IA and 23-IA), with an average of 10 exons

related to each class. per gene (Supplementary Dataset S1; Figure 3A). About 11%

(3/28) of the CsSCPL-I genes has 8 exons, 21% (6/28) contains
Exon/Intron Organization Within 9 exons, 14% (4/28) has 10 exons, another 21% (6/28) shows
CsSCPL-I Genes 11 exons, while the remaining (40%, 11/28) contains 12 to 14

The exon/intron organization analysis of CsSCPL-I genes was exons (Supplementary Dataset S1; Figure 3A). The comparison
performed to understand their structural diversity (Figure 3A).  of gene architectures between each of the five CsSCPL paralogous
Extensive variation was found in exon numbers within the pairsidentified revealed that only one pair (CsSCPL27-1A/25-1A)
CsSCPL-I class, ranging from 6 (CsSCPL18-IA and 20-IA) to 14 ~ contained the same number of exons.
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FIGURE 3 | Gene architecture of tea CsSCPL genes. (A) The gene structures of CsSCPLI were plotted using red boxes representing exons, black lines representing
introns, and blue boxes indicating UTR sequences. The scale in the bottom is in the unit of kilobase (kb). (B) Scaffold locations and duplications of CsSCPL-I genes.
Scaffold numbers are indicated on leftside of each respective scaffold. The different genes located according to their presence in bps.
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Chromosomal Distribution and

Evolutionary Analysis of CsSCPL-I
Coding Sequences

The 27 CsSCPL-IA genes were unevenly distributed on twelve
different scaffolds of the tea genome assembly (Figure 3B).

Interestingly, while most scaffolds contained one or two
CsSCPL-I genes, scaffold2990 contained 11, with the majority
clustering together in the phylogenetic tree (Figure 1). The
expansion of gene families and their neo/sub-functionalization
is a common phenomenon in plants and occurs through both,
segmental as well as tandem gene duplication (Zhang and He,
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2005; Kong et al,, 2007). From the phylogenetic analysis, we
conclude that the primary method for gene duplication of the
CsSCPL-IA clade was segmental duplication while a single locus
holds tandem duplications. We also found tandem duplications
in two paralogous pairs (SCPL9-IA/21-IA and 12-IA/-IA) along
with segmental duplications in five pairs (SCPL16-IA/20-IA, 13-
TA/24-IA, 22-IA/10-IA, 6-1A/14-1A, and 19-1A/1-IA) (Figure 3B).

The selection history of coding sequences can be assessing
through the K,/K; ratio. In order to investigate the divergence
of duplicated CsSCPL-IA members, K, and K values, as well
as the K,/K; ratios, were determined for each CsSCPL-IA
paralogous pair. K,/K; ratios < 1, > 1, or = 1 indicate that
the paralogous pair are respectively under purifying (negative),
positive, or neutral selection (Juretic et al., 2005). The K,/K;
ratios of the seven CsSCPL-I paralogous pairs were between
0.88 and 1.67 (Supplementary Table S3), suggesting that
distinct selection forces are acting on each pair. The K,/Kj
ratios of tandemly duplicated gene pairs were 0.88 and 1.31
(Supplementary Table S3), indicating that these pairs are also
undergoing different selection pressures. On the other hand,
all segmentally duplicated paralogous pairs are under strong
positive selection pressure (K,/Ks between 1.18 and 1.67),
except for SCPL6-IA/14-IA and 19-IA/1-IA, which are under
purifying selection pressures (Ka/Ks 0.89 and 0.88, respectively)
(Supplementary Table S3).

In order to maintain protein structure and function,
conservation of amino acid positions during evolution is
essential. Exploring this feature may clarify the selection
pressures at work. The variation in substitution rates estimated by
the MEC model adaptive selection test revealed that several SCPL
protein regions are under positive selection (Supplementary
Figure S1A). Over 5% (26 out of 476) CsSCPL-I amino acid
residues are under positive selection, whereas the remaining
are under purification (Supplementary Figure S1A). For
CsSCPL-II proteins, all residues are under purifying selection
(Supplementary Figure S1B).

For further corroboration of the selection pressures, we
tested additional models. CsSCPL-I and CsSCPL-II members
show different average w ratios across their coding sites.
The o ratio output was CsSCPL-I > 1, and CsSCPL-II = 1
(Supplementary Table S4). This result suggests that most of
the CsSCPL-I coding sites were positively selected and contain
conserved amino acid residues exposed to purifying selection.
Comparison of the M7 and M8 models was performed to
refine the selection test. M8 fit the data more significantly
than M7. Both classes, CsSCPL-I and CsSCPL-II, displayed
positively selected sites in M8 for 7% of the sites under a
w value of 6.2 for CsSCPL-I, and a very minute proportion
of 0.001% of CsSCPL-II sites was under a  value of
1.0 (Supplementary Table S4). Therefore, the number of
positively selected sites were significantly higher in the M8
model for CsSCPL-I than CsSCPL-II. Different likelihood-
based approaches disclosed that 19 coding sites of CsSCPL-
I genes but only 3 sites of CsSCPL-II genes were under
positive selection (Supplementary Table S4). Various tests (FEL,
IFEL, REL and SLAC) were used to identify evolutionary
signs of positive selection through the computation of w

values. Each analysis detected a different number of coding
sites under positive selection: for CsSCPL-I genes, FEL,
IFEL, REL and SLAC revealed six, ten, fourteen, and seven
coding sites respectively. Meanwhile, the respective numbers
were seven, eleven, one, and four sites for CsSCPL-II genes
(Supplementary Table S4). All of these tests were significant
at a P-value < 0.05, except for REL, which detected sites
under positive selection through a Bayes factor > 20. Therefore,
reliable indication of positive selection of many CsSCPL-I gene
sites and only a few of CsSCPL-II was consistently found
throughout these analyses.

Positive Selection Based on Amino Acid
Positions

The identification of evolutionarily conserved amino acid
positions has a vital role in understanding protein structure and
function. The Bayes method was used to reveal functionally
relevant sites through posterior probabilities. Amino acid
positions with @ > 1 indicate positive selection. The average
length of 1,377 amino acid residues of CsSCPL-I was analyzed
in BEB, which revealed 19 sites under positive selection.
Meanwhile, only three positions were under positive selection
for the CsSCPL-II average length of 1,370 amino acid residues
(Supplementary Table S5). This result suggests that the
identification of coding sites may explain the selection pressures
and points out to functionally relevant amino acid residues in
the SCPL proteins.

Cis-Element Analysis of CsSCPL-I Gene

Promoter Sequences

The exact functions played by CsSCPL-I proteins in plants
remain ambiguous. Characterizing the expression of a given
gene in time and space is particularly useful to define its
function. The dynamics of gene transcription in each cell
as responses to environmental stimuli as well as internal
cues are ultimately controlled by a modular composition of
cis-elements present in gene promoter regions. Promoter
sequences of CsSCPL-I genes were extracted and submitted to
PlantCARE for cis-regulatory element identification (Lescot
et al, 2002). Numerous elements were found in the 1.5-
Kb upstream region of CsSCPL-I genes (Figures4A-D;
Supplementary Dataset S2). Twenty-six out of the 28 CsSCPL-I
genes contained promoters with elements responsive to light
(about 40% of the genes), hormones (15%), environmental
stresses (25%), and plant growth (20%) (Figure 4A). Moreover,
we identified binding sites for transcription factors that
regulate responses to several hormones (Figure 4B). Among
the hormone-response elements, these sensitive to GA were
the most abundant in CsSCPL-I promoters, followed by
MeJA. In addition to light as the most abundant factors may
affecting CsSCPL-I genes, other abiotic and biotic stresses
also impact on their expression significantly (Figure 4C).
The maximum number of cis-elements related to plant
growth found in the analysis was associated with the
endosperm (Figure 4D).
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FIGURE 4 | Continued

in all CsSCPLI family members. (B) Different hormone (ABA, ethylene, MeJA, auxin, gibberellinlic acid) responsive elements in CsSCPLI genes cis-element regions.
(C) Different environmental stress (heat, cold and dehydration, drought, defense, anaerobic, wound and pathogen) related elements in CsSCPLI genes cis-element
regions. (D) Different plant growth related elements in CsSCPL/ genes cis-element regions. (E-J) Heatmaps displaying expression patterns of various CsSCPL1A-AT
genes under various conditions. Transcriptome data from experiments with tea cv. Shuchazao were retrieved from the tea plant information archive
(http://tpia.teaplant.org/index.html). The expression levels of CsSCPL1A genes were normalized as fragments per-kilobase of exon per million fragments (FPKM) in
eight tea plant tissues (root; stem; old, mature, and young leaves; apical bud; flower; and fruit) and displayed as Log1o(FPKM) in heatmaps using Mev4.9.0

(https://sourceforge.net/projects/mev-tm4/).

The distribution pattern of cis-elements differed among
CsSCPL-I members. For example, CsSCPL7-IA andIl2-IA
promoters contained most ERE-related elements (five),
whereas 62% of the CsSCPL-I gene promoters contained
none (Supplementary Dataset S2). Remarkably, the single
motif responsive to ABA was found in the CsSCPL24-IA
promoter. The greatest number of heat-shock elements
(eight) was found in CsSCPL9-IA and22-IA, followed by six
in CsSCPLI11-IA. A total of six defense-related elements was
found in the CsSCPL13-IA promoter region (Supplementary
Dataset S2). CsSCPL11-IA, 13-IA, and 14-IA were differentially
expressed in leaves or roots under the various treatments
(Supplementary Dataset S3). Shading leads to a significant
decreased in several galloylated catechins, such as EGCG
and GCG (Liu et al., 2018). CsSCPLI13-IA, 24-IA, and 14-
IA expression levels were noticeably repressed in shaded
leaves compared to plant under full light (Supplementary
Dataset S3). However, most of the other SCPL genes were
unchanged or even induced, such as SCPL1I-IA (Figure 4;
Supplementary Dataset S3). This result indicates that
CsSCPL11, 13, Il4genes are most likely responsible for the
decreased levels of galloylated catechins under shading (Liu
et al., 2018). Moreover, both MeJA and NaCl treatments
promoted EGCG accumulation in the leaves or roots (Shi et al.,
2015; Zhang et al,, 2017). Our experiments showed that both
of these conditions substantially induced the expression
of CsSCPL13-IA and 14-IA (Figure 4; Supplementary
Dataset S3). These genes were also activated by PEG
and Al exposure in roots (Figure 4), which is consistent
with increased galloylated catechins previously reported
(Zhang et al., 2017).

CsSCPL Gene Expression Profiling

We first examined the expression pattern of the 47 CsSCPL
genes identified by analyzing publicly available RNA-Seq data
from eight C. sinensis tissues (apical bud; flower; fruit;
young, mature, and old leaves; root; and stem) (Figure 5A,
Supplementary Dataset S3). Most genes showed expression in
almost all tissues, with a few exceptions. About 25% (12/47)
genes showed no or very low expression in all tissues. These
genes may be induced by particular conditions or undergoing
pseudofunctionalization. Additionally, CsSCPL2-IA, 3-IA, 22-
IA, and 23-IA were only expressed in the apical bud, young
leaf, and stem. On the other hand, CsSCPL5-IA, 1I-IA, 13-
IA, 14-IA, and 24-IA were highly expressed in all tissues
analyzed (Figure 5A). The comparative expression analysis of
paralog pairs showed conflicting results. Whereas three of the

identified pairs showed very similar expression patterns, each
member of the pairs CsSCPLI13-IA/24-1A, 22-IA/10-IA, and
19-IA/1-IA showed distinct expression patterns (Figure 5A,
Supplementary Dataset S3). This result is evidence that
each paralogous member underwent or still are undergoing
functional divergence.

Pearson correlation analysis between CsSCPL-I gene
expression levels and the contents of catechins from multiple
tissue experiments (Wei et al., 2018), showed that the experession
of most CsSCPL-I genes was correlated with at least one of these
catechins, indicating the redundant functions of CsSCPL-I genes
on catechins biosyntesis (Figure 5B). Based on tissue-specific
expression patterns and presence of promoter cis-elements
responsive to different stresses, five CsSCPL-I genes were
chosen for further analysis via qRT-PCR in seven tissues:
CsSCPL2-IA, 5-IA, 11-IA, 13-IA, and 14-IA (Supplementary
Dataset S3). CsSCPL2-IA and 11-IA expressed relatively high
in the apical bud and the young leaf (Figure 5C). CsSCPL13-IA
expression was relatively constant across all tissues, whereas
CsSCPLI4-IA expressed very low in all tissues tested. Since
our promoter analysis revealed several cis-elements associated
with MeJA and stress, we examined gene expression under
aluminum and MeJA exposures (Figures 5D-E). CsSCPLI13-
IA and 14-IA were markedly induced by AT treatment,
whereas only low expression levels of CsSCPL2-IA, 5-IA, and
11-IA were detected (Figure 5D). CsSCPL2-IA expression
increased gradually after 12, 24, and 48 h under MeJA treatment
whereas CsSCPL11-IA, 13-IA, and 14-IA increased up to
24 h and decreased thereafter as compared to the control
(Figure 5E). On the other hand, CsSCPL5-IA expression was
remarkably reduced upon exposure to MeJA compared to the
control. The CsSCPL11-IA expression maximum was observed
under MeJA exposure.

Cloning and Characterization of
CsSCPL-I Genes

The five CsSCPL-I genes chosen above for expression analysis
were cloned in order to produce recombinant proteins
in E. coli. However, only three of them (CsSCPLII-IA,
CsSCPL13-IA, and CsSCPL14-IA) expressed successfully
in E. coli, and therefore chosen for further functional
characterization. CsSCPL11-IA, 13-IA and 14-IA proteins
contain respectively 450, 498 and 413 amino acid residues,
and their calculated molecular weights are 51, 56, and 46 kD
(Supplementary Dataset S1). They contain the conserved
serine carboxypeptidase motif (Figure 6A) and are generally
highly similar to other plant SCPLs. As a typical example
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FIGURE 5 | Expression patterns of CsSCPL genes in different Tea tissues and gRT-PCR confirmation. (A) The expression levels of CsSCPL genes in different tea
tissues retrieved from a public database (Tea Plant Information Archive, http://teaplant.org/) and represented by constructing the heat map using TBTools program.
(B) Correlation analysis of the contents of catechins of non-galloylated or gallolated in tea plant tissues with the expression levels of CsSCPL-IA genes. CsSCPL-/
expression data and catechins contents from multiple tissue experiments (Wei et al., 2018). R package was used to evaluate the correlation. Color bar shows
Pearson coefficiency values. (C-E) Expression of selected CsSCPL-I genes via RT-qPCR in different tea tissues (C), and in response to A®+ (D) and MeJA (E)
exposures. Analytical data were obtained from atleast three biological replicates and are expressed as means + SD.
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FIGURE 6 | (A) Aligment of CsSCPL-I with characterized SCPLs from other species. Conserved amino acid residues participating in key roles are indicated: Cys
residues that are likely to form the intersubunit disulphide bond (red circles), oxyanion hole (green circles), recognition of the sinapoyl moiety of the donor molecule
(blue circles), the hydrogen bond network (yellow circle), the primary L-malate recognition (black circle), amino acid tracts corresponding to N-glycosylation sites
(blue squares), and the amino acid residues forming the catalytic triad of serine carboxypeptidases (S, D, H) (red squares) (cf. Milkowski and Strack, 2004; Chiu
et al., 2016). (B) The purified His-tagged CsSCPL11-IA (truncated), 13-IA (complete) and 14-IA (truncated) protein fusion recombinants expressed in E. coli and
partially purified with nickel resin. Proteins were resolved on sodium dodecy! sulfate—polyacrylamide gel electrophoresis (SDS-PAGE), followed by Coomassie Blue
R-250 staining.

in clade IA, the CsSCPL17-IA coding region shows > 50% showed < 50% similarity with AfSAT, AtSST, and CsSCPL17-IA
identity with AfSAT, AtSST, DkSCPL, VvSCPL18, and FySCPL18. (Figure 6A, Supplementary Dataset S5). Hydropathy analysis
On the other hand, the CsSCPLI4-IA protein sequence revealed that CsSCPL proteins possess a strong hydropathic
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region near their N-termini, which indicates the presence of
a signal peptide.

CsSCPL-I Proteins Convert Epicatechin
(EC) and Epigallocatechin (EGC) to Their
Gallate Forms

Among the aforementioned five genes selected and expressed
in His-tagged fusion proteins in E. coli strain BL21 (DE3),
only CsSCPLI13-IA and the truncated CsSCPL11-IA and
14-TA with their N-terminal 50 amino acids deleted were
successfully expressed and purified with nickel-resin column.
The reason for this deletion is that CsSCPL11-IA and 14-IA
contain an N-terminal transmembrane domain (Figure 6B,
Supplementary Figure S2A). All recombinant proteins
successfully expressed showed maximum activity at pH
6.0 with 1,2,3,4,6-pentagalloylglucose (PGG) as an acyl-
donor and catechin (C), epicatechin (EC), or gallocatechin
(GC) as acceptor substrates. We also used PGG as a donor
and C, GC, EC, or EGC as acceptor substrates to assay
their activities with partially purified recombinant enzymes.
CsSCPL11-IA, 13-IA, and 14-IA preferred PGG as the galloyl
donor to convert EC or EGC to ECG or EGCG, respectively
(Figure 7, Supplementary Figures S3, S4). High-pressure
liquid chromatography (HPLC) coupled with tandem mass
spectrometry was used to analyze the reaction and confirm
the reaction product with authentic standards (Figure 7A,
Supplementary Figures S3, S4).

The kinetic parameters of these three enzymes were calculated
through the Lineweaver-Burk plotting method. All of them
showed the same trends toward substrate specificity, although the
values of kinetic parameters were quite different. CsSCPL13-IA
showed higher Ky (160.41 pM) and Ve (37.04 pmol
mg_1 min~!) for EC than the other enzymes (Table 1).
Meanwhile, CsSCPL14-IA showed maximum Ky (103.38 M)
and Vi (62.50 pmol mg’1 min~!) for EGC (Table 1) at
the saturated substrate concentration. The maximum specificity
constant (Kc,:/Ky1) was observed for CsSCPL14-IA with EC
as the substrate (5.19 s™! uM™1) followed by CsSCPL13-IA
(3.85 57! WM~!) and CsSCPLI11-IA (3.14 s~! pM~!), meaning
that CsSCPL14-IA has a higher binding affinity for EC. Similar
trend was observed for EGC, which showed maximum K,¢/Ky
(10.08 s~ uM~1) for CsSCPL14-IA, followed by CsSCPL13-TA
(6.84 s wM~1) and CsSCPL11-IA (5.39 s~ ! wM™1!). However,
the Ky; of CsSCPL13-IA for PGG was lower than the other two
enzymes. The maximum Ky (20.81 pM) and Vi (10.64 pmol
mg~! min~!) values for PGG were observed for CsSCPL14-1A
when EGC was used as acceptor (Table 1 and Figure 8). The
Kcat/Kym of CsSCPL14-IA was higher for PGG, suggesting that
EGC is the preferred substrate for this enzyme.

DISCUSSION

A large eudicot family of serine carboxypeptidase-like (SCPL)
acyltransferases was originally recruited from a more ancient
serine carboxypeptidase family and adapted to take over acyl
transfering functions. SCPL acyltransferases have a catalytic triad

formed by a nucleophile, an acid and a histidine residue acting as
a charge relay system for the nucleophilic attack on amide or ester
bonds (Milkowski and Strack, 2004). Although BAHD enzymes
have been known for a long time to acylate anthocyanins and
flavan-3-ols (Zhao, 2015), the molecular identities of the enzymes
catalyzing transacylations from 1-O-f-glucose esters or their
involvement in the biosynthesis of varied phenolic compounds
were not described until the 1990s (Fujiwara et al., 1998; Niemetz
and Gross, 2005). Serine carboxypeptidases (S) catalyze the
C-terminal peptide bond in proteins and make the Ser-Asp-His
catalytic triad. Many studies showed that SCPL proteins share
high sequence similarity with the a/B hydrolase (SCP) family,
but they did not have the same hydrolase function as SCPs
(Milkowski et al., 2004). Instead, SCPLs show acyltransferase
and lyase activities (Li and Steffens, 2000; Shirley et al., 2001).
For example, the acyltransferase activity of SCPLs catalyzes
the formation of the acylsugar 2,3,4-isobutyryl-glucose (Lehfeldt
et al., 2000), while sinapate ester is synthesized in A. thaliana
by the activity of sinapoyl-glucose:malate sinapoyltransferase
and sinapoylglucose:choline sinapoyltransferase (Fraser et al.,
2005). The present study is the first analysis that provides
comprehensive details of SCPLs at the genomic, evolutionary,
and catalytic levels in C. sinensis.

Genome-Wide Analysis of SCPL Gene
Family in Tea Plant Genome

SCPL acyltransferases play critical roles in many crops, and
several of them have been identified and characterized, such as
in barley (Baulcombe et al., 1987), rice (Washio and Ishikawa,
1994), pea (Jones et al., 1996), Arabidopsis (Li et al., 2001), tomato
(Moura et al., 2001), persimmon (Ikegami et al., 2007), and
poplar (Zhu et al., 2018). However, so far, not a single study has
reported a systematic analysis of SCPLs in C. sinensis. Herein,
we report a genome-wide identification of SCPL family members,
gene expression analysis, and enzymatic assays of select members
to explore their substrate specificities and provide clues about
their potential functions. We found 47 CsSCPLs distributed
into three main phylogenetic classes. Considering genome sizes
and ancestral genome duplication events, a ratio of 2:4 SCPL
genes is expected between the poplar and Arabidopsis genomes
(Tang et al., 2008). However, SCPL genes were distributed in
these species at the ratio 2:1 in each of the phylogenetic classes
(Zhu et al,, 2018). This result suggests that SCPL genes were
lost in the Arabidopsis genome. Similarly, in our study, the
ratios of three SCPL classes in C. sinensis and Arabidopsis were
1:0.7, 1:1.3, and 1:2.5. The high ratio displayed in C. sinensis
for the CsSCPL-I class is significant and indicative of genome
duplication events. The paralogous pairs, CsSCPL16-IA/20-IA,
and 12-IA/8-IA show K values of 0.21 and 0.36, respectively
(Supplementary Table S3), which is similar to the with values
of the salicoid lineage duplication event (0.27) that occurred 35
MYA (Guo et al., 2014; Wei et al., 2018). Meanwhile, the other
paralogous pairs have lower K values and might have originated
from recent tandem replication events (Wei et al., 2018). We did
not find the evidence of CsSCPL-I paralogous pairs deriving from
the ancient y genome triplication event due to the absence of
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FIGURE 7 | Activity assay of recombinant CsSCPL11-IA, 13-IA, and 14-IA. (A) HPLC verification of activity assay with epicatechine (EC), epigallocatechine (EGC)
and 1,2,3,4,6-Penta-O-galloyl-B-D-glucose (PGG). (B) LC-MS spectra of CsSCPL11-IA, L13-IA and 14-IA activity assay products. ECG, Epicatechin gallate; EGCG,
Epigallocatechin gallate. Analytical data were obtained from atleast three biological replicates.

paralogous with K values close to that expected for this event

(Guo et al., 2014).
Our selection pressure analyses using different

models

revealed that several codon sites in each branch of the SCPL

phylogenetic tree were under positive selection. About

5% (26

out of 476 codons) were under positive or purifying selection in
CsSCPL-I genes. Moreover, our analysis revealed an interesting

evolutionary dynamic in the CsSCPL-I clade. Grounded on
Ka/K; values, many of these genes are under purifying selection,
indicating strong selection pressures after the gene duplication
event (Supplementary Table S3). This observation showed
that the variation in expression patterns of duplicated genes
may be evolving toward novel functions after duplication. It
is believed that galloylated catechins contents in modern tea
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TABLE 1 | Acyltransferase kinetics of the recombinant SCPL11-IA, 13-IA, and 14-IA with different substrates.

Substrate Enzyme Km (M) Vmax (wmol mg~'min~1) Kcat (s~ 1) Kcat/Km (s~ pM~1)
EC CsSCPL11 — A 85.39 + 10.62 16.13 +2.26 268.82 + 22.76 3.14 + 0.64
CsSCPL13 - A 160.41 +21.2 37.04 £5.25 617.28 + 62.48 3.85 +0.42
CsSCPL14 —IA 64.28 + 0.81 20.00 + 4.65 333.33 + 35.25 519 4+0.48
EGC CsSCPL11 — A 40.67 + 5.56 13.16 +1.64 219.30 + 31.74 5.39 + 0.81
CsSCPL13 — A 49.73 + 8.36 20.41 £ 3.95 340.14 4+ 45.43 6.84 +0.94
CsSCPL14 — IA 103.38 + 15.63 62.50 + 5.62 1041.67 + 146.8 10.08 + 1.64
PGG CsSCPL11 — A 18.34 +1.78 4.05 + 0.62 67.48 £ 7.34 5.06 + 0.97
CsSCPL13 —IA 10.43 + 1.25 3.67 £ 0.52 61.05 +8.82 5.85 +0.84
CsSCPL14 — IA 20.81 £ 3.51 10.64 +1.44 177.31 £ 22.76 8.52 +1.38

Analytical data were obtained from atleast three biological replicates and are expressed as means + SD. EGC was used as an acceptor when kinetic parameters were
measured for PGG. EC, epicatechin; EGC, epigallocatechin;, PGG, 1,2,3,4,6-penta-O-galloyl-p-D-glucose.
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FIGURE 8 | The proposed working model for CsSCPL11,13,14 recombinent proteins-catalyzed galloylation of EC and EGC by using
1,2,3,4,6-penta-O-galloyl-B-D-glucose (PGG) or B-glucogallin.

plant cultivars are one of domestication traits (Wei et al,
2018). Consistent with high farmer selection pressures on higher
catechins contents, primarily galloylated catechins, in modern
tea plant cultivars during thousand years of cultivation history,
domestications and evolution, SCPL-I, but not SCPL-II genes
were also subject to positive selection presures during the
evolution (Supplementary Figure S1).

In our phylogenetic analysis, the number of SCPL genes
found in the genomes of different plant species varied in each
clade. This finding suggests that the different species studied
exhibit conserved evolution and that the gene family evolved in
multiple directions in these lineages. The gene clustering events

observed in two blocks of scaffold2990 suggest the CsSCPL-I
clade evolved more rapidly compared to the other two branches.
The exon/intron arrangement was similar within the same clade
(Du et al., 2012) and the modal length of the first two exons is
well conserved, as observed in Vitis and Arabidopsis (Matus et al.,
2008). The phylogenetic distribution of genes in our analysis
corroborated previous reports. However, a few members showed
distinct exon/intron arrangements, indicating that these SCPL
genes may play different functions. CsSCPL genes contain no
more than 14 exons, which is comparable to the exon numbers
in O. sativa and A. thaliana SCPL genes. Therefore, we conclude
that the SCPL family members in C. sinensis maintained their
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exon/intron structures over the course the evolution, unlike what
happened in poplar (Zhu et al., 2018).

Interestingly, some CsSCPL-I paralogous pairs were dissimilar
in their exon/intron structure, indicating divergence at their
gene architecture. Moreover, the conserved motifs found in
CsSCPL genes shared similar characteristics that indicate a close
evolutionary relationship in the family, especially within the same
class. The same motif structures found in paralogous pairs reveal
that CsSCPL proteins are potentially functionally redundant,
whereas, on the other hand, differences in motif number imply
functional variation and divergence. Genome duplication events
can potentially lead to the modification of gene properties
and significantly increase functional variation (Liu et al., 2014;
Ahmad et al.,, 2019). Two paralogous pairs showed K,/K ratios
significantly < 1, indicating that they are under strong purifying
process and contained highly conserved amino acid residues
whereas the three remaining paralogous pairs had K,/K ratios
significantly > 1, suggesting that tight evolutionary constraints
are under effect to sustain their stability.

Identification and Characterization of
Genes Putatively Involved in Catechins

Galloylation

Serine carboxypeptidase-like proteins are involved in the
biosynthesis of secondary metabolites conferring tolerance to
biotic and abiotic stresses (Wilson et al., 2016). Our study clearly
shows that most CsSCPL1As share high similarity in enzyme
structure, gene expression pattern, regulatory mechanism, and
likely enzymatic function. As a result of whole-genome and
recent tandem gene duplication events, the expanded CsSCPL1A
genes should play key roles in the formation of tea characteristic
secondary metabolites, under both environmental and farmer
selection pressures for more galloylated catechins contents
in shoot tips. While it is difficult to distinguish clear or
subtle differences between these CsSCPL genes, that still
undergo convergent or divergent evolution under natural or
artificial selection, we further combined gene expression and
catechins metabolite correlation analyses to deciphor CsSCPL1As
for putative functional differences. Both developmental and
environmental factors drastically regulate catechins biosyntesis
and accumulation, thus, gene expression patterns in tea plant
tissues under normal or stressful environments were analyzed
concerning catechins accumulation (Figures 4, 5). These data
betrayed their generally similar but individually differential roles
and putatively diverse functions.

Our sequence profiling revealed conserved regulatory cis-
acting elements present in CsSCPL-I gene promoters. Their
modular compositions varied among the CsSCPL-I members,
potentially coordinating responses to complex stimuli, such as
light, hormones, and biotic and abiotic stresses. The analysis
of transcriptional patterns can offer clues to explore gene
functions. Expression of CsSCPL genes was assessed in different
tissues and suggested functional differences that CsSCPL genes
play in planta. In addition, about 61% (17/28) of the CsSCPL
genes showed high expression in young leaves while 57%
(16/28) was highly expressed in the apical bud, suggesting they

play roles in these organs. Our qRT-PCR analysis of selected
CsSCPL genes was consistent with the public RNA-Seq data
analyzed. CsSCPL expression generally increased in response
to AI** and MeJA exposures, except for CsSCPLII-IA, which
expression was repressed in response to MeJA (Figure 4).
CsSCPL transcriptional activity was induced in response to heat,
but it decreased in response to cold, high salinity, and drought
stresses (Chiu et al, 2016). Studies in rice SCPLs suggested
that OsBISCPLI plays a role in defense against multiple stresses
(Liu et al., 2008).

It has been speculated that CsSCPL-I genes are involved in the
synthesis of galloylated catechins in young leaves and the apical
bud for defense against insects or pathogens in the tea plant (Wei
etal., 2018). Each member of the paralogous pairs CsSCPL9-1/11-
IA, CsSCPL15-1/10-IA, and CsSCPL19-IA/I-IA shows distinct
expression patterns and gene architectures, implying that they
may be undergoing functional divergence. On the other hand,
CsSCPL27-1A/24-1A and CsSCPL14-1A/24-1A showed, in addition
to sequence similarity, very similar expression patterns and
gene structures, strongly indicating functional redundancy.
CsSCPL2-IA and CsSCPL1I1-IA were highly induced under MeJA
treatment. Therefore, these genes may be interesting candidates
for playing roles in disease resistance mechanisms.

The biosynthesis of galloylated catechins is based on galloyl
transacylation reactions at the 3-position in the C ring of
non-galloylated catechins. The transacylation reactions are
accomplished via activated donor molecules in plants. Coenzyme
A thioesters in the BAHD family and 1-O-glucose esters in
SCPLs serve as activated donors due to their high free energy
of hydrolysis (Fraser et al., 2007). Among 1-O-glucose gallic
esters, PGG or its hydrolyzing products, such as di-, tri-,
tetra-, and mono-galloylglucoses, such as p-glucogallin, can
act as galloyl donors used to modify EC or EGC to form
ECG or EGCG, respectively. Tea plant leaves produce many
polygalloylated glucose derivatives (Yang and Tomds-Barberdn,
2018; Wei et al.,, 2019). B-Glucogallin is generated from UDP-
glucose and gallic acid in tea plants by UDP-glucose: galloyl-1-O-
B-D-glucosyltransferase CsUGT84A22 (Liu et al.,, 2012), whose
homologs were also reported in several other plants (Ono et al,,
2016; Tahara et al, 2018; Zhao et al., 2020). B-Glucogallin is
further used as the galloyl donor in the sequential galloylation
of 1,6-di-O-galloyl-B-D-glucose to generate 1,2,6- tri-, 1,2,3,6-
tetra-, and 1,2,3,4,6-penta-O-galloyl-pB-D-glucose (Niemetz and
Gross, 2005). In the biosynthesis of gallotannins, 1,6-di-O-
galloyl-glucose: 1,6-di-O-galloylglucose 2-O-galloyltransferase
activity was also detected, suggesting that 1,6-di-O-galloyl-
glucose can also act as an acyl donor (Niemetz and Gross, 2005).

On the other hand, hydrolyzable tannins, including PGG
(pentagalloylglucose) and EGCG, can be readily hydrolyzed
enzymatically to generate series of galloylated glucose derivatives,
such as di-, tri-, tetra-, and mono-galloylglucoses, as well as
gallic acid and catechins, respectively, by many organisms, such
as plants and microbes (Jana et al., 2014; Dai et al, 2020;
Zhao et al., 2020). Indeed, our assay showed that empty vector
control displayed significant hydrolysis of PGG (Figure 7). That
explains why EGCG in tea plant leaves is not stable, so did PGG,
and perhaps, why PGG can be used as acyl donors. Tea plant
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leaves accumulated high levels of di-, tri-, tetra-, and mono-
galloylglucoses' (Yang and Tomas-Barberdn, 2018; Wei et al.,
2019).

Microorganisms, such as bacteria and phytopathogens, have
particularly active enzyme tannases or hydrolyzable tannin
hydrolases, to overcome the plant chemical defense and utilize
energy provided by plants (Jana et al., 2014). Therefore, the
partially purified enzyme extracts in this study might contain
some bacterial tannase-activity proteins, could trigger the
hydrolysis of PGG into various galloyl glucoses that may act as
proper acyl donors for the catechins galloylations, which could
also occur in tea plants. Nevertheless, our work is the first study
to display galloylated catechin synthesis through an enzymatic
assay catalyzed by CsSCPLs from in tea plants. Previously, two
reaction steps of an enzyme from plant extracts was carried out,
involving UGGT and another involving ECGT in C. sinensis and
used P-glucogallin as a donor molecule for the transacylation
reactions (Liu et al., 2012). But the gene coding the enzyme is
not identified yet.

CsSCPL enzymes are hydrophobic glycoproteins, and more
than one serine residue, rather than metal ions, is involved in
their active sites. Only a few studies e.g., (Ikegami et al., 2007;
Terrier et al., 2009, in persimmon and grapevine, respectively)
have investigated at the genetic level SCPL acyltransferases,
which are most likely involved in the biosynthesis of galloylated
catechins. However, their enzymatic functions have not been
verified, and the correlations with galloylation of catechins
were only hypothetical. Five candidate genes clustered into
the CsSCPL-I clade capable of catalyzing the formation of
glucose esters were selected from the C. sinensis genome. Their
functional analyses were assessed through enzyme activity assays.
Among them, three genes were successfully expressed in E. coli
and showed higher binding affinity to EGC than EC. The
discrepancies between the catalytic properties observed in our
study and that reported by Liu et al. (2012) may be due to
the substrate used for the reactions or the enzyme sources
since that study used plant extracts whereas we used purified
recombinant enzymes.

Three SCPL-IA Enzymes Are Involved in
the Biosynthesis of Galloylated
Catechins

The availability of the tea genome sequence enabled the
identification of the IA subclade of the SCPL acyltransferase
gene family, which is likely involved in synthesizing major
portions of monomeric galloylated catechins in the leaves (Wei
etal., 2018). Unlike the insoluble polymerized proanthocyanidins
(PAs, or condensed tannins) that are primarily present in the
majority of other plant groups, tea leaves mainly accumulate
soluble monomeric catechins (e.g., C, GC, EC, EGC) and
their galloylation derivatives (CG, ECG, GCG, EGCG) instead
(Wei et al, 2015). These molecules account for up to
75% of the total catechins in leaves and have a major
impact on tea quality. However, the genetic basis for the

12http://pcsb.ahau.edu.cn:8080/TCDB/f

biosynthesis of galloylated catechins is not fully understood,
which currently one of the fundamental biological questions
in tea biology (Zhao et al., 2020). Biochemical studies
demonstrated that the biosynthesis of flavan-3-ols via 1-O-
glucose ester-dependent reactions are catalyzed by galloyl-1-
O-B-D-glucosyltransferase (UGGT) and that epicatechin:1-O-
galloyl-B-D-glucose O-galloyltransferase (ECGT) (Liu et al,
2012). Similar reactions have been found in other plant species,
such as grapevine and persimmon (Ikegami et al., 2007; Terrier
et al, 2009; Wilson et al., 2016). So far, among at least 22
CsSCPL-I genes redundantly present in the tea genome, which
have been regarded as the most likely candidates responsible
for the galloylation of catechins, no molecular evidence of any
gene involved in galloylated catechins biosyntesis in tea plants
has been published so far (Wei et al., 2018). Our comprehensive
analyses imply that these CsSCPL-I may have overlapping but
differential functions. Due to the presence of diverse and complex
hydrolyzable tannins, including various O-glucose gallic esters
and galloylated catechins, CsSCPL-I acyltransferases may have
similar but differential enzymatic functions.

We identified and characterized three SCPL-IA genes which
expression levels were highly correlated with the accumulation
of EGCG and ECG, given their high transcriptional activities
in apical buds and young leaves, where most galloylated
flavan-3-ols accumulate (Figure 5B). We further confirmed
enzymatically that the recombinant enzymes were able to catalyze
the production of galloylated catechins in vitro (Table 1 and
Figure 8). A recent study showed that the galloylated catechins,
such as EGCGs, are primarily localized to the central vacuole
for storage (Xu et al., 2016). Consistently, our analysis showed
that CsSCPL11 and CsSCPL13 are predicted to be localized to
the lososomes, including vacuoles (Supplementary Dataset S1).
The measured enzymatic activities of these SCPLs were relatively
low in vitro, considering the high levels of galloylated catechins
that accumulate as major forms in tea leaves. Several reasons
could explain this result. Firstly, PGG, rather than p-glucogallin,
was used as an acyl donor (Figure 8). Although it was
shown that PGG could be efficiently hydrolyzed into different
galloylglucoses, including B-glucogallin, the enzyme efficiency
was low. Secondly, protein modifications (e.g., glycosylation,
phosphorylation), or molecular interactions (e.g., homo- or
heteromerization, allosteric control) may be required in celula
to enhance enzyme activity. This is the first report on
CsSCPL-I genes responsible for galloylated catechins biosyntesis.
Notwithstanding, our results prove the hypothesis that SCPLs
are involved in the galloylation of EC or EGC, given that all the
three enzymes studied preferred to modify EC or EGC into their
galloylated forms. Further studies on these aspects are essential
to further our understanding of the roles SCPL enzymes play in
plant physiology.

CONCLUSION

We demonstrated that both convergent and divergent evolution
of CsSCPL1A genes in tea plant genome and their generally
similar but differential gene expression patterns in various tea
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plant tissues as effects of developmental and environmental
factors, and that CsSCPL11-IA, 13-IA and 14-IA are SCPL
acyltransferases that share similar enzymatic kinetics in the
galloylation of EC or EGC. Our genome-wide analysis of the
SCPL gene family in tea, and biochemical characterization of
three recombinant CsSCPLs, such as substrate specificity and
enzymatic kinetic parameters, revealed important results to
understand the physiological roles these compounds play in
tea. The three CsSCPL genes functionally characterized in the
study display distinct expression patterns in different tissues
of the plant and response to abiotic stress and hormones.
The insights provided by this study will not only help to
understand the biosynthesis timing and location of these
galloylated metabolites but also which physiological roles that
ECG or EGCG play in tea plants.
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Different types of epilepsy and forms of pathological anxiety have been described as
significant neurological disorders that may exist as comorbidities. Some of those
disorders share the association of affected limbic areas/neuropathological triggers as
well as the use of drugs for their clinical management. The aim of this work was to
investigate the anticonvulsant and anxiolytic properties of the vitexin (apigenin-8-C-
glucoside), since this compound is a flavonoid usually found as one of the major
constituents in several medicinal plants claimed as anxiolytics and/or anticonvulsants.
This investigation was performed by the use of a series of classical murine animal models
of chemically induced-seizures and of anxiety-related tests (open-field, elevated plus-
maze, and light-dark box tests). Here, we show that the systemic administration of vitexin
(1.25; 2.5 and 5 mg/kg; i.p.) exhibited selective protection against chemically-induced
seizures. Vitexin did not block seizures evoked by glutamate receptors agonists (NMDA
and kainic acid), and it did not interfere with the latencies for these seizures. Conversely,
the same treatments protected the animals in a dose-dependent manner against the
seizures evoked by the Gabaergic antagonists picrotoxin and PTZ and rise the latency
time for the first seizure on non-protected animals. The higher dose of vitexin protected
100% of animals against the tonic-clonic seizures triggered by GABA antagonists. The
results from open-field, elevated plus-maze, and light-dark box tests indicated the
anxiolytic properties of vitexin at similar range of doses described for the anticonvulsant
action screening. Furthermore, these results pointed that vitexin did not cause sedation or
locomotor impairment on animals. The selective action of vitexin against picrotoxin and
PTZ may reinforce the hypothesis by which this compound acts mainly by the modulation
of GABAergic neurotransmission and/or related pathways. This could be useful to explain
the dual activity of vitexin as anticonvulsant and anxiolytic, and highlight the
pharmacological interest on this promising flavonoid.

Keywords: epilepsy, anxiety, etnopharmacology, flavonoid, y - aminobutyric acid (GABA), glutamate
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INTRODUCTION

Epilepsy is a progressive chronic disorder characterized by an
abnormal and synchronous neuronal firing associated with
recurrent and unpredictable seizures (England et al, 2012). It
affects more than 50 million people worldwide. The current
antiepileptic drug arsenal fails to evoke a positive response in
about 30% of diagnosed cases of epilepsy (World Health
Organization, 2019a). Patients suffering from different types of
epilepsy are often affected by psychiatric and behavioral
comorbidities such as mood disorders, anxiety, psychoses, motor
disorders, cognitive deficits, and social dysfunctions (Salpekar and
Mula, 2018). Besides the broad epidemiological relevance of anxiety
disorders at different segments of our modern society, anxiety
disorders are usually observed in a large number of epileptic
patients, which represents additional negative impacts in their
already compromised quality of lives (Gandy et al., 2015). It is well
known that the alleviation of anxiety symptoms may have a positive
effect in the progress of treatment of epileptic patients contributing to
ameliorate their general health condition (Fisher and Noble, 2017).

The pathophysiological mechanism related to the onset and
maintenance of different types of epilepsy/seizures, includes the
imbalance between excitatory (glutamate) and inhibitory (y-
aminobutyric acid (GABA) synaptic activities that are located at
different brain areas (Bialer and White, 2010). Some brain networks
are commonly involved at prevention or appearance of seizures as
well as in the regulation of behavior and mood (Kwon and Park,
2014). Although the huge differences in the molecular and cellular
bases involved in onset and development of epilepsy and anxiety, the
same imbalance between GABA and Glutamate is also related to
anxiety (Masneuf et al., 2014; Gauthier and Nuss, 2015). Of course,
several intervenient factors can differentially contribute to the
neuropathology underlying both disorders, particularly in terms of
magnitude, recruited structures, and brain areas (Martin et al., 2009;
Wu et al,, 2018). In any case, the screening for new antiepileptic/
anxiolytic drugs that are able to modulate the inhibitory and/or
excitatory neurotransmission pathways may be worth for the
treatment of epilepsy and/or anxiety (Moto et al., 2018).

Vitexin (apigenin-8-C-glucoside) has received great attention by
presenting a wide range of pharmacological effects. Vitexin has been
found, in some cases as the major constituent, at different medicinal
plants potentially useful to treat anxiety and/or epilepsy (Nassiri-As]
et al, 2007; He et al,, 2016). More specifically, recent studies have
shown the protective effects of vitexin against some neurological and
psychiatric diseases (Abbasi et al., 2013; Can et al., 2013; Guimaraes
etal,, 2015). In spite of the interesting pharmacological properties of
vitexin; only a few and preliminary efforts have been conducted to
prove its potential anxiolytic and anticonvulsant activities.
Therefore, the main aim of this work is to investigate these
potential effects using a complementary set of experiments at a
well-established animal model arrangement.

MATERIALS AND METHODS
Vitexin and Other Drugs

Vitexin (apigenin-8-C-glucoside) was purchased from Cayman
Chemical Company, USA (CAS Number 3681-93-4, purity

degree > 98%). The proconvulsant drugs N-Methyl-D-
aspartate (NMDA) (CAS Number: 6384-92-5; > 98%); kainic
acid (CAS Number: 58002-62-3; > 98%); Pentylenetetrazol
(PTZ) (CAS Number: 54-95-5) and picrotoxin (CAS Number
204-716-6) were purchased from Sigma Aldrich, St. Louis, MO.
Diazepam (DZP) (injectable solution in 0.9% saline) and
dimethyl sulfoxyde (DMSO) were acquired from Unido
Quimica (Brazil) and Synth (Brazil), respectively.

Animals and Experimental Conditions

All experiments were carried out using male adult Wistar rats
within 4 to 5 weeks of age weighing about 150 to 180 g. Rats were
housed five per cage in a controlled condition of humidity and
temperature under 12 h light/dark schedule at 6 am/6 pm. They
were allowed to acclimatize to our host facilities for at least 3 days
prior to any experimental manipulation. Chow and water were
provided ad libitum. The procedures were in accordance with the
University of Ribeirdo Preto Ethic Committee (approval number
11/2015) and with the Guide for the Care and Use of Laboratory
Animals (National Research Council, US).

The animals were divided in control and experimental groups
(n=06) in all sets of experiments. All the experiments were
carried out in an acoustic isolated room between 1:00 to 5:00
p-m. All apparatus or arenas used in experiments were cleaned
with 70% ethanol after observation of each animal in all of the
procedures. Rats were habituated to the testing room for 30-min
before experimental procedures. All experiments were recorded
by a digital video camera and copies of files kept in our laboratory
as official documents for public consultation.

ASSESSMENT OF ANXIOLYTIC-LIKE
EFFECTS OF VITEXIN

The anxiolytic activity of vitexin was evaluated by elevated plus-
maze, light-dark box, and open-field tests. The behavior of animals
on each experimental apparatus for anxiolytic effects was observed
30 min later after control or experimental treatments. For all
experiments, Diazepam 2 mg/kg (dissolved in 0.9% saline) (i.p.)
served as positive control while 1% DMSO in 0.9% saline (i.p.) and
0.9% saline solution (i.p.) served as controls. Experimental groups
were composed of animals treated with different i.p. doses of vitexin
(0.75, 1.25 and 2.5 mg/kg). Doses of vitexin were selected based on
pilot scale tests while the dose of DZP were based on previous
scientific reports (Kazdoba et al., 2015; Zemdegs et al., 2018)

Elevated Plus-Maze Test

The elevated plus maze (EPM) was conducted in accordance
with the method validated by Pellow et al. (1985).The maze
comprised of two wood open arms (50 x 10 cm) surrounded by a
short (0.5 cm) acrylic edge to avoid falls and two wood enclosed
arms (50 x 10 x 40 cm) arranged such that the two open arms
were opposite to each other. The arms were connected by a
central platform (10 x 10 cm) and the maze was kept 50 cm
above the floor. Each rat was placed in the middle compartment
(head facing an open arm) and allowed to freely explore the
apparatus for 5 min. It was measured (i) the time spent(s) in the
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open and closed arms of the EPM, (ii) the percentage of time
spent in open arms, (iii) protected and unprotected stretch
attend postures, and (iv) protected and unprotected head
dipping events. Stretch-attend was defined when the animal
stretches forward and retracts without moving its feet. Head
dipping was defined as the exploratory movement in which the
rodent head protruding over the edge toward the floor on the
open arms. Behaviors were defined unprotected when they were
exhibited in the open arm region of the EPM and were protected
if it occurs in closed arms or central platform of the maze (Walf
and Frye, 2007).

Open Field Test

The open field test was performed according to the method
previously described (Funchal and Dani, 2014).The open-field
used was a circular arena measuring 60 cm in diameter with 50-
cm high circular acrylic wall (OP0199, Insight). The apparatus
floor was divided into 12 squares (4 squares corresponding a
central zone and 8 squares to the peripheral zones).Every animal
was placed in the central region of the open field, and the number
of lines crossed (all four limbs), rearing, grooming, and the times
spent(s) in the central zone of the apparatus were recorded for 5
minutes. Also, for an indirect measurement of locomotor
performance of animals, the number of crossings was checked
in time blocks along the experiment comparing control and
experimental groups, since the animals usually explore more of
the apparatus in the first blocks of time and less at the end of the
task, as they habituate.

Light-Dark Box Test

The light-dark box consist of a box (46 x 27 x 30 cm) divided into
a dark and illuminated compartment (EP 158, Insight,
fluorescent lamp- 20 W). The chambers were connected by a
small opening (7.5 x 7.5 cm) in the middle of the wall separating
the two chambers. Rats were placed in the middle of the light
chamber and then released to explore for 5 min (Hascoet and
Bourin, 1998).The time that rats spent in the light/dark
compartments and the number of transitions between them
were recorded. Transition was defined as the placement of all
four paws in the entry chamber.

ASSESSMENT OF ANTICONVULSANT
ACTIVITY OF VITEXIN

The anticonvulsant effect of vitexin was evaluated against
chemically-induced seizures by intraperitoneal (i.p.) injection of
proconvulsant agents: NMDA, 150 mg/kg; kainic acid, 30 mg/kg;
picrotoxin, 6 mg/kg; and PTZ 90, mg/kg. NMDA, kainic acid,
picrotoxin, and PTZ were dissolved in 0.9% saline while vitexin
dissolved in 0.9% saline containing dimethyl sulfoxyde - DMSO 1%.
The animals control and experimental groups were divided
according to the assessment of anxiolytic-like effects of vitexin,
except by the range of vitexin i.p. doses, which were slightly up
changed for anticonvulsant screening (1.25, 2.5, and 5 mg/kg). Doses
of vitexin were selected based on pilot scale tests while the dose of

DZP were selected based on previous scientific reports, as
considered above for anxiolytic-related tests. Thirty minutes after
the administration of each proconvulsant drug, each animal was
maintained individually in a transparent acrylic arena (60 cm X
40 cm). The rats were observed for 30, 40, 40, and 120 min
respectively for kainic acid, NMDA, picrotoxin, and PTZ assays. It
was evaluated the latency time to the first generalized tonic-clonic
seizure and the incidence/number of animals exhibiting generalized
tonic-clonic seizures (Funchal and Dani, 2014). Animal behavior
seizure rating was classified/certified according to the Racine’s scale,
modified by Pinel and Rovner (Pinel and Rovner, 1978). Generalized
tonic-clonic seizures were considered as those rating score 7 or more
in accordance to this scale and analyses of our video-recorded files.

Statistical Analysis

Except by the Open-Field test which was performed one and
two-way ANOVA test, other experiments statistical analyses
were performed using One-way ANOVA, followed by the
Tukey post-hoc test (GraphPad Prism; version 7.0, Graphpad
Software, USA). Data were expressed as the means + standard
error of mean (SEM) (n=06/group). A level of p< 0.05 was
accepted as statistically significant.

RESULTS

Anxiolytic-Like Effects of Vitexin

Elevated Plus-Maze

The amount of time (sec) spent in the open and closed arms and
percentage of time spent in open arms in the elevated plus maze
are shown in Figure 1. The post hoc test showed that the time
spent on the open arms was longer (p < 0.05) in the diazepam
treated group (positive control). Also, the data shows that all
doses of vitexin increased significantly the time spent in the open
arms compared to the saline control (F(se0) = 103.9; p<0.05).
Pretreatment with vitexin produced a significant increase in
unprotected head dipping (F(s30) = 74.25; p<0.05) and
unprotected stretch-attend postures (Fs 30y = 27.99; p<0.05).

Open Field Test

The number of line crossings during open field test showed that
vitexin increased locomotion on apparatus (Fs,s = 45.33;
p<0.05) (Figure 2A). Vitexin significantly improved
locomotion mainly in the first 3 minutes of experimentation
when compared with the control group (F (2, 140) = 26,23
p<0.05) (Figure 2B). In the open field test, animals treated
with vitexin (all doses) spent more time on the center of arena
when compared with those from the control group (Fsso) =
76.82; p<0.05) (Figure 2C). Vertical activity behaviors (rearing
and grooming) are shown in Figure 2D. The analysis of total
number of the rearing showed significantly higher for vitexin
treatments than that in the control group (saline) (F s ,7) = 67.49;
p<0.05). The post hoc test revealed that vitexin 0.75 and 1.25 mg/
kg reduced grooming behaviors (compared with the control
group) in a way similar to the diazepam (F(s,7 = 40.02;
p<0.05) (Figure 2D).
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FIGURE 1 | Elevated Plus Maze. (A) Total time spent on the open and closed arms, (B) percentage of time spent in opens arms, (C) protected and unprotected
stretch attend postures and (D) protected and unprotected head dipping between the groups treated with different doses of vitexin, diazepam (DZP), and vehicle
(VEH), compared with control group (Ctrl - Saline Control). Significantly different from saline control group: *p < 0.05. One-way ANOVA; Tukey post hoc test.
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Light-Dark Test

Vitexin at the dose of 0.75, 1.25, and 2.5 mg/kg and diazepam
(2 mg/kg) induced a significant increase in the time spent by
rats on the illuminated side of the apparatus compared with the
saline control group (Fs;50) = 26.87; p<0.05) (Figure 3A).
Analysis of the light/dark transitions revealed significant

greater number of transitions for animals treated with vitexin
than in the control group (Fs,s) = 21.33; p<0.05) (Figure 3B).

Anticonvulsant Screening
Acute administration of vitexin prior to kainic acid and NMDA
injections did not protect animals against seizures. However,
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performed Tukey post hoc test.
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FIGURE 2 | Open Field Test. (A) number of crossings made in the open field, (B) Crossings in function of the time, (C) time spent in the center and (D) rearing and
grooming behavior of the open field by different doses of vitexin, diazepam (DZP), and vehicle (VEH), compared with control group (Ctrl—saline control). Significantly
different from saline control: o < 0.05. For data in (A, C and D) was performed one-way ANOVA and in (B) was performed two-way ANOVA. For all data were

clonic seizures induced by i.p. administrations of PTZ and
picrotoxin were inhibited by all doses of vitexin (Figures 4A,
B). Vitexin significantly protected animals against seizures and
showed 16.66, 50 and 100% of protection against picrotoxin-
induced seizures (Figure 4C) and 16.66%, 33.33%, and 100%
against PTZ-induced seizures (Figure 4D), respectively, on the
doses of 1.25; 2.5, and 5 mg/kg. Therefore, the anticonvulsant
activity of vitexin exhibited a dose-dependent profile on PTZ and
picrotoxin assays. In addition, the latency to to the first seizure
induced by PTZ and picrotoxin was significantly higher for
groups treated with vitexin, particularly on the dose of 2.5
mg/kg (Table 1).

DISCUSSION

In the present study we demonstrated that vitexin presents both
anxiolytic and anticonvulsant properties which are possibly
mediated by modulation of GABAergic neurotransmission
and/or related synaptic pathways. Since those pharmacological
activities were achieved after systemic administration (i.p.) of
vitexin, it is plausible to affirm that this compound overcomes
the blood-brain barrier, making it more attractive in terms of
pharmacokinetic or even pharmaceutical perspectives. Vitexin
has been found at different medicinal plants with anxiolytic and/
or anti-epileptic properties (Nassiri-Asl et al., 2007; Miroddi
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FIGURE 3 | Light dark box test. (A) times spent(s) on light/dark area and (B)
light/dark transitions by different doses of vitexin, diazepam (DZP) and vehicle
(VEH) compared with control group (Ctrl—saline control). Significantly different
from saline control: *p < 0.05. One-way ANOVA; Tukey post hoc test.

et al., 2013). Based on this and also on our results, it is also
possible to suggest that vitexin is at least partially responsible for
those pharmacological activities, in most of cases and more
probabilistically, acting in a synergistic way with other(s) active
compound(s) present in those plants claimed as anxiolytics and/
or anti-epileptics.

In the present study, anxiolytic-like effect of vitexin was
confirmed by three different and complementary animal
screening tests. This combined arrangement of tests allows a
more reliable and complete evaluation of anxiety-related
behaviors in rodents (Ramos et al., 2008). Overall results from
different tests confirmed the increase of exploratory performance
and the decrease of aversive behaviors of animals, indicating an
anxiolytic-like effect promoted by the different doses of vitexin.
Anxiolytics agents reduce protected risk assessment behaviors and
increase the frequency of unprotected ethological behaviors
(Benneh et al,, 2018). Similar to diazepam, pretreatment with
vitexin significantly decreased protected head dips and stretch
attend postures and increase unprotected behavior suggesting the
anxiolytic property of vitexin. In addition, it is possible to reinforce
that vitexin did not caused any type of locomotor impairment or

even did not produced signals of sedation on animals at same time
that the anticonvulsant activity produced by vitexin is not caused by
interference with locomotor capacity of the treated animals. Those
conclusions are supported by the increased number of crossings at
open field test and the increased number of light/dark transitions
exhibited by vitexin treated animals in the light/dark box test when
compared with the saline control. Locomotor impairment or severe
sedation are constantly claimed as important side effects caused by
different pharmacological agents used in the treatment of anxiety
and epilepsy and should be avoided in the clinical management of
those medical conditions (Canevini et al., 2010; Guina and Merrill,
2018). Therefore, besides the useful dual pharmacological effect
(anxiolytic and anticonvulsant) vitexin presents some advantages in
terms of its toxicological profile. The dual effect of vitexin at a very
similar range of doses is particularly important for a potential
combined and future management of both epilepsy and anxiety,
which commonly appears as comorbidities and request the use
of several combined drugs. However, this dual pharmacological
effect is not surprising or exclusive of vitexin, since epilepsy and
anxiety are partially overlapped in terms of neurochemical and
neurobiological pathways and some drugs depending on the dose
(like benzodiazepines) may act against both disorders despite
important observed side effects.

The effect of acute intraperitoneal injection of the vitexin for
the prospect of its anticonvulsant activity was evaluated using
different acute seizure models in which the seizures were
chemically induced. Given the possibility of false negatives
results on drug screening, potential antiepileptic compounds
should not be screened solely against one single model but to be
tested across a few different seizure models, exploring at same time
different neurotransmission pathways involved on initiation and
spraying of induced seizures (Yuen and Troconiz, 2015). These
type of animal models are very useful for the rapid and economical
screening of new anticonvulsant drugs (Loscher, 2011). Kainic
acid and NMDA have significant convulsant effects,
fundamentally by activating glutamate receptors; glutamate is
the most prominent excitatory neurotransmitter in the
mammalian CNS (Bhandage et al, 2017). Moreover, in the
current study, we explored the therapeutic potential of vitexin
using the GABA , receptor antagonists PTZ and picrotoxin (Colas
et al., 2013). On the basis of the results presented here, acute
treatment with different doses of vitexin applied against the kainic
acid and NMDA seizures protocol was not effective when
compared with the saline control. In contrast, vitexin exhibited a
very clear dose-dependent anticonvulsant effect against seizures
induced by PTZ and picrotoxin, reaching the maximum
protection (100%) at higher dose of 5 mg/kg. In addition, the
lower doses (1.25 and 2.5 mg/kg) delayed the onset of seizures
for non-completely protected animals against seizures. The
combination of these actions indicated an effective anticonvulsant
effect of vitexin at least against PTZ and picrotoxin-induced seizures.

The underlying molecular mechanisms involved in the
anticonvulsant or anxiolytic actions of vitexin were not the
central scope of the present study. However, the selective
protection offered by vitexin against GABA receptors
antagonists at the expense of Glutamate receptor agonists are
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TABLE 1 | Latency to onset of seizure (score 7-8) on vitexin treatments.
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FIGURE 4 | Percentages of animals protected against seizures induced by (A) kainic acid 150 mg/kg, (B) NMDA 150 mg/kg, (C) picrotoxin 6 mg/kg and (D) PTZ
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Convulsant Agent

DZP (2 mg/kg)

Latency to onset of seizure (seconds)

Vitexin (1.25 mg/kg) Vitexin (2.5 mg/kg) Vitexin (5 mg/kg)

Ctrl VEH
NMDA (150 mg/kg) 4409.50 + 92.48 4326.30 + 43.49 NS
Kainic acid (30 mg/kg) 4491.33 + 77.88 4546.33 = 77.52 NS
PTZ 77.4 +14.63 78.00 + 7.38 NS
(90 mg/kg)
Picrotoxin (6 mg/kg) 1101.0 + 47.29 1103.66 + 47.99 NS

4548.50 + 70.52
4468.72 + 124.72

*#H

NS

*#H

NS

4514.50 + 63.59
4404.83 + 116.83
141.2 £ 29.08**

44083.83 + 98.63
4693.0 = 74.59
53.66 + 9.07*

745.8 + 65.35" 1396.6 + 43.14**

*p < 0.05 versus control group (Ctrl — Saline Control) and *p < 0.05 between different doses of vitexin. One-way ANOVA; Tukey post hoc test. NS, no seizure.

at least intriguing and may suggest that the modulation of GABA
neurotransmission or related pathways may be involved on
mode of action of vitexin. It is noteworthy to point out that
different natural flavonoids and various synthetic derivatives
from natural flavonoids are well known to be positive
modulators of GABA, receptors (Hanrahan et al., 2011;
Oliveira et al., 2018). Indeed, many studies agree that vitexin
may exert its CNS effects via GABA, receptor (benzodiazepine
site) modulation (Abbasi et al., 2012; Oliveira et al., 2014; World
Health Organization, 2019b). However, further neurochemical
investigations are required for a more complete understanding
by the way vitexin exerts its pharmacological activities. The

GABA neurotransmission is a common link between epilepsy
and anxiety. In fact, the down regulation of GABA activity is
frequently evoked on the neurobiological explanation for both
disorders. Also, the up modulation of GABAergic neurotransmission
is assumed on the explanation about the mode of action of some
drugs such as benzodiazepines, which are well known as a GABA 4
receptors positive allosteric modulators and commonly used for the
clinical management for both disorders (Beyenburg et al., 2005).
Finally, epilepsy and anxiety frequently appear as comorbidities.
Indeed, one of the main psychiatric conditions observed for
epileptic patients is anxiety. Anxiety affects approximately 20% of
the people diagnosed with epilepsy and is responsible for a

Frontiers in Pharmacology | www.frontiersin.org

47

August 2020 | Volume 11 | Article 1181


https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

de Oliveira et al.

Vitexin: Anticonvulsant and Anxiolytic-Like Effects

decreased quality of life and can worsen epilepsy control
(Dworetzky, 2017; World Health Organization, 2019b). The
actual pharmacological arsenal used in the clinical treatment for
both disorders often causes important side effects, such as
cognitive/locomotor impairments and sedation, which negatively
affects therapeutic adherence (Diniz et al., 2019). Thus, the
prospecting/developing of new pharmacological probes is
relevant especially when those new potential drugs exhibit
potential advantages in terms of pharmacokinetics, toxicological,
and pharmacodynamic features.

CONCLUSION

The results of this study showed that vitexin possess both
anxiolytic and anticonvulsant properties. Since vitexin has been
found in different medicinal plants popularly claimed as
anxiolytics and/or anticonvulsants, this work has both
ethnopharmacological and pharmaceutical relevance. This work
may be useful for the development of new pharmacological probes
not only for anxiety and epilepsy patients relieve in the future but
also, and indirectly, for the better understanding of pathological
events underlying both anxiety and epilepsy themselves.
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Lycium ruthenicum Murry. is a highly nutritional cash crop due to its fruit abundant
anthocyanins. To understand the complex metabolic networks underlying the color
formation in black and white fruits of L. ruthenicum, we conducted transcriptome and
flavonoid metabolic profiling to identify the candidate genes possibly involved in flavonoid
biosynthesis. As a result, 147 flavonoids were identified and there was almost no
anthocyanin in white fruits, while luteolin, kaempferol, and quercetin derivatives showed
markedly higher abundance. Furthermore, applying weighted gene co-expression
network analyses, 3 MYB, 2 bHLH, 1TWRKY and 1 NAC transcription factor, associated
with anthocyanin biosynthesis were identified. A bHLH transcription factor, LrANTb
showed the greatest correlations with anthocyanin accumulation with no expression in
white fruits. In addition, gene function analysis and gRT-PCR experiments identified a new
activated anthocyanin MYB transcription factor designed as LrAN2-like. Yeast two-hybrid
and transient tobacco overexpression experiments showed that LrANTb could interact
with LrAN2-like and LrANT1 to form MBW complex to activate the anthocyanin pathway.
The yeast one-hybrid experiment indicated that LrAN2-like bonded anthocyanin structural
gene LrDFR and LrANS promoters. Heterologous expression of LrAN7b in tobacco can
significantly increase the anthocyanin content of tobacco florals and capsules, and
activate anthocyanin synthesis related genes. Taken together, an anthocyanin
regulatory network model in L. ruthenicum fruit was proposed firstly and we speculate
that the white fruit phenotype was due to abnormal expression of LrANT7b. The findings
provide new insight into the underlying mechanism of flavonoids, laying the foundation for
future functional and molecular biological research in L. ruthenicum.
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INTRODUCTION

Anthocyanins are an important subclass of water-soluble flavonoids
pigments that can give plants a bright red to blue color.
Anthocyanin has many beneficial functions for human health,
such as antioxidant activity (Jain et al., 2008) inhibition of tumor
cells and prevention of chronic human diseases (Butelli et al., 2008).
Anthocyanin is a downstream product of the flavonoid pathway. It
takes 4-coumaroyl-CoA and malonyl-CoA as substrates; is
synthesized by a series of enzymes encoded by the structural
genes chalcone synthase (CHS), chalcone isomerase (CHI),
flavonoid 3-hydroxylase (F3H), flavonoid 3'-hydroxylase (F3’H),
flavonoid 3'5'-hydroxylase (F3’5H), dihydroflavonol 4-reductase
(DFR) and anthocyanidin synthase (ANS); and is transported to
vacuoles after glycosylation, methylation, and acylation (Tanaka
et al, 2010). In recent years, these structural genes and
modification- and transport-related genes are mainly regulated by
R2RMYB transcription factors, basic helix-loop-helix proteins
(bHLH), and WD40 protein (MBW complexes) (Koes et al,
2005). Among them, MYB and bHLH can specifically bind cis-
elements of structural gene promoter regions named MRE (MYB-
recognizing element) and BRE (bHLH-recognizing element) (Zhu
et al, 2015). In contrast, some studies have demonstrated that
Arabidopsis CPC and MYBL2 can inhibit anthocyanin biosynthesis
by inhibiting the assembly of ternary MBW (Matsui et al., 2008; HF
et al., 2009). In addition, other transcription factors also
participate in anthocyanin regulation including WRKY protein,
NAC protein, etc (Morishita et al., 2009; Verweij et al., 2016). The
molecular mechanism of fruit color mutation has always been an
important issue for researchers, because fruit color is closely related
to the nutritional value, appearance, and taste of the fruit (Paauw
et al,, 2019). Anthocyanin pathway biosynthesis or transcription
regulation encoding gene mutations are related to color phenotype.
In red pulp apples, multiple repeats of the transcription factor
MYBI10 promoter fragment result in automatic regulation of
transcription factors (Espley et al., 2009). In strawberries,
sequence changes in the upstream regulatory region of FnMYB10
resulted in low expression levels of the FnMYB10 gene, which most
likely resulted in the white fruit phenotype of F. nilgerrensis (Zhang
J. et al., 2020). For L. ruthenicum, an important economic crop as a
source of anthocyanins, genetic control of the fruit color and
exploration of germplasm resources are of particular concern.
Lycium ruthenicum Murry. is a small bush belonging to the
Solanaceae family the fruits of which are used widely as ethnic
medicine and nutraceutical food (Hu et al, 2014). The genus
Lycium (Solanaceae) approximately 80 species and widely grows
in arid to semi-arid environments of the temperate zones, and it is
distributed worldwide in very different habitats (Levin and Miller,
2005). The fruits behave as functional components and are
beneficial for human health; their compounds are mainly
polyphenols such as flavonols, anthocyanins, and catechins,
strong natural antioxidants (Wang et al., 2018). Modern medical
experiments show that L. ruthenicum fruit extracts can resist
pancreatic ductal adenocarcinoma cell activity (Zhang S. et al,
2019) and cure diabetic cardiomyopathy (Xue et al., 2014). Recent
evidence suggests that the main active ingredient in this species is

petunidin-3-O-rutinoside (trans-p-coumaroyl)-5-O-glucoside
(Zheng et al,, 2011). In the latest study, 49 compounds including
anthocyanins, alkaloids, hydroxycinnamic acid derivatives,
flavonoids and amino acids were initially identified in the four
developmental stages of L. ruthenicum fruit (Yang et al., 2019). In
recent years, a wild white berry variety without anthocyanin of
L. ruthenicum has been found in Qinghai Province China (Yin-Yan
et al., 2017). However, there are fewer report illustrating the ;
secondary metabolites and molecular mechanism in the white fruits
of L. ruthenicum. Previous research has identified the anthocyanin-
related structural genes and transcription factors including MYB
protein (LrAN2 and LrMYBI13), bHLH protein (LrJAF13 and
LrANIb), and WD40 protein (LrAN11) in L. ruthenicum (Zeng
et al., 2014). Recent studies claim that the functional diversity and
high expression levels of LrAN2 may be responsible for the high
content of anthocyanins in L. ruthenicum fruits (Zong et al., 2019).

In this study, to obtain insights into the changes of flavonoid
metabolites and transcriptional regulation of the anthocyanin
synthetic pathways in black and white fruits of L. ruthenicum.
We performed flavonoid metabolites of mature fruits of two
colors using liquid chromatography tandem mass spectrometry
(LC-MS/MS). Transcriptome sequencing of two fruit colors was
performed on five distinct fruit development stages, and
differentially expressed flavonoid and anthocyanin structural
genes were identified. Furthermore, we obtained anthocyanin-
related co-expression gene modules and screened some key
synthetic and regulatory genes involved in anthocyanin
synthesis by WGCNA. Accordingly, the expression levels of
biosynthetic genes and regulatory genes of two different fruit
colors were analyzed by quantitative real-time polymerase chain
reaction (QRT-PCR). Here, first, we used yeast two-hybrid and
tobacco transient expression experiments to prove that the
candidate genes LrAN2-like and LrANIb can interact and
combine with ANI11 to form an MBW complex. In addition,
the LrDFR and LrANS gene promoters of kiwifruit were used in
the plant in vivo screening test to identify R2R3 MYB (LrAN2-
like) that binds Lr. We characterized the LrAN1b gene in Lr and
analyzed its overexpression in model plant tobacco. The results
show that LrAN2-like and LrANIb can interact and act on
anthocyanin accumulation. This work not only interprets the
metabolomic flux change of flavonoids in L. ruthenicum fruits
with black or white colors but also further refines the L.
ruthenicum anthocyanin regulatory network.

MATERIALS AND METHODS
Plant Material and Sampling

Two L. ruthenicum varieties were collected at five different
developmental stages (S1, S2, S3, S4, and S5) from the Lycium
resource nursery of the Ningxia Academy of Agricultural and
Forestry Sciences in Xixia district, the Ningxia Hui Autonomous
Region, China. S1-S5 are shown in Figure 1A, and the method of
time selection referred to the articles of Zeng et al. (2014) S1 refers
to the small and green fruits 3 days before breaker; S2 refers to the
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color breaker stage of fruits; S3 refers to period of complete
discoloration (3 days after breaker), S4 refers to the early
expansion and deepening of pigmentation (6 days after breaker),
and S5 refers to the period of complete maturity (10 days after
breaker). We collected fruits from three Lycium ruthenicum
Murray trees separately, and each tree collected about 30 fruits
from July to August, 2018. The fruits on each tree are treated as an
independent biological repeat, so we have three independent
biological repeats for each kind fruit. Similarly, for the
metabolome samples, we collected about 50 mature fruits (S5
period) from the three trees for analysis respectively. The fruit of
each tree was treated as an independent biological repeat, for a
total of three biological repeats. Thus, all data were obtained based
on three independent biological replicates. All fruits were snap-
frozen in liquid nitrogen, and then kept at -80°C for subsequent
metabolite extraction, transcriptome sequencing, and real-time
PCR analysis.

Metabolite Extraction

Samples flavonoid content were performed according to
previously methods (Chen et al., 2013). The freeze-dried fruit
was crushed using a mixer mill (MM 400, Retsch) with a zirconia
bead for 1.5 min at 30 Hz. 100 mg powder was weighted and
extracted overnight at 4°C with 1.0 ml 70% aqueous methanol.
Following centrifugation at 10,000 g for 10 min, the extracts were
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absorbed (CNWBOND Carbon-GCB SPE Cartridge, 250mg,
3 ml; ANPEL, Shanghai, China, www.anpel.com.cn/cnw) and
filtrated (SCAA-104, 0.22um pore size; ANPEL, Shanghai,
China, http://www.anpel.com.cn/) before LC-MS analysis.
Three biological replicates and three technical assays for each
biological repetition were analyzed.

HPLC Conditions and ESI-Q TRAP-MS/MS
The sample extracts were analyzed using an LC-ESI-MS/MS
system (HPLC, Shim-pack UFLC SHIMADZU CBM30A system,
www.shimadzu.com.cn/; MS, Applied Biosystems 6500 Q TRAP,
www.appliedbiosystems.com.cn/). The analytical conditions of
HPLC and MS were referred to previous method (Chen et al,
2013). HPLC: column, Waters ACQUITY UPLC HSS T3 C18 (1.8
pm, 2.1 mm*100 mm); solvent system, water (0.04% acetic acid):
acetonitrile (0.04% acetic acid); gradient program,100:0V/V at
Omin, 5:95V/V at 11.0min, 5:95V/V at 12.0min, 95:5V/V at
12.1min, 95:5V/V at 15.0 min; flow rate, 0.40 ml/min;
temperature, 40°C; injection volume: 2 pl. The effluent was
alternatively connected to an ESI-triple quadrupole-linear ion
trap (Q TRAP)-MS.

Linear ion trap (LIT) and triple quadrupole (QQQ)
scans were acquired on a triple quadrupole-linear ion
trap mass spectrometer (Q TRAP), API 6500 QTRAP LC/MS/
MS System, equipped with an ESI Turbo Ion-Spray interface,
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FIGURE 1 | Fruit colors and phenotypic characterization of different developmental stages between two varieties. (A) Fruit colors of the two varieties at S1 (3 days
before breaker); S2 (breaker); S3 (3 days after breaker); and S4 (6 days after breaker); and S5 (10 days after breaker). (B) Anthocyanin content in S1-S5. (C) The
average fruit weight in S1-S5. Three independent biological repeats were used for the determination of anthocyanin. Fruit weight is the average weight of every ten
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operating in a positive ion mode and controlled by Analyst 1.6
software (AB Sciex). The ESI source operation parameters were
as follows: ion source, turbo spray; source temperature 500°C;
ion spray voltage (IS) 5500 V; ion source gas I (GSI), gas II
(GSII), curtain gas (CUR) were set at 55, 60, and 25.0 psi,
respectively; the collision gas(CAD) was high. Instrument
tuning and mass calibration were performed with 10 and 100
pumol/L polypropylene glycol solutions in QQQ and LIT modes,
respectively. QQQ scans were acquired as MRM experiments
with collision gas (nitrogen) set to 5 psi. Declustering potential
(DP) and collision energy (CE) for individual MRM transitions
was done with further DP and CE optimization. A specific set of
MRM transitions were monitored for each period according to
the metabolites eluted within this period.

Flavonoids Identification and
Quantification

Qualitative analysis of primary spectrum and secondary spectrum
data of mass spectrometry detection, based on self-built database
MWDB (metware database) and public database of metabolite
information. The isotope signal and the K+ ion, Na+ ion, and
NH4+ jon repetitive signal removed when some substances were
quantified. The metabolite structure analysis refers to MassBank
(http://www.massbank.jp/), KNAPSAcK (http://kanaya.naist.jp/
KNApSAcK/), HMDB (http://www.hmdb.ca/) (Wishart et al,
2013), MoTo DB (http://www.ab.wur.nl/moto/) and METLIN
(http://metlin.scripps.edu/index.php) (Zhu et al., 2013) mass
spectrometry Public database.

Metabolite quantification is accomplished using multiple
reaction monitoring mode (MRM) analysis using triple
quadrupole mass spectrometry. The quadrupole first screens the
precursor ions of the target substance and excludes ions
corresponding to other molecular weight substances to preclude
interference. The precursor ions are fragmented after induced
ionization in the collision chamber to form a lot of fragment ions.
The fragment ions are then filtered through a triple quadrupole to
select a desired fragment ion to eliminate interference from non-
target ions. After obtaining the metabolite mass spectrometry data
of different samples, integrate the peak area of the mass spectrum
peaks of all substances, and integrate and correct the peaks of the
same metabolite in different samples (Fraga et al., 2010).

RNA-Seq Analysis

The total RNA was extracted from frozen fruits, the mRNA library
of each sample was constructed and sequenced in the Illumina
HiSeq platform, and paired-end reads were generated. There are
three biological repeats in each sample. Raw data of fastq format
were first processed through in-house Perl scripts. Clean data were
obtained by removing reads containing adapter, reads containing
ploy-N and low-quality reads from raw data. Transcriptome
assembly was accomplished based on left.fq and right.fq using
Trinity (r20140413p1) (MG et al,, 2011). Gene function was
annotated based on the following databases: Nr (NCBI non-
redundant protein sequences) (v0.2.28) (Nguyen et al., 2007);
Nt (NCBI non-redundant nucleotide sequences) (v2.2.28+)

(Nguyen et al., 2007); Pfam (Protein family) (HMMER 3) (Finn
et al,, 2008); KOG/COG (Clusters of Orthologous Groups of
proteins) (v0.2.28); Swiss-Prot (A manually annotated and
reviewed protein sequence database) (v0.2.28); KO (KEGG
Ortholog database) (r140224) (Kanehisa et al., 2008); and GO
(Gene Ontology) (b2g4pipe_v2.5) (Gotz et al.,, 2008). The gene
expression levels were estimated by RSEM (v1.2.15) (Bo and
Dewey, 2011) for each sample. A differential expression analysis
of two samples was performed using the DEGseq R package
(1.12.0) (Likun et al., 2010). The p-value was adjusted using the q
value (Storey and Tibshirani, 2003), qvalue<0.005 & |log2 (fold
change) |>1 was set as the threshold for significantly differential
expression. The Gene Ontology (GO) enrichment analysis of the
differentially expressed genes (DEGs) was implemented by the
GOseq R package (1.10.0) (MD et al., 2010) based Wallenius non-
central hypergeometric distribution. We used KOBAS software
(v2.0.12) (Mao et al., 2005) to test the statistical enrichment of
differential expression genes in KEGG pathways. The sequences of
the DEGs were blasted to the genome of a related species (the
protein interaction of which exists in the STRING database: http://
string-db.org/) to obtain the predicted PPI of these DEGs. Then,
the PPI of these DEGs was visualized in Cytoscape (v3.7.2)
(Shannon et al., 2003). The raw sequence data reported in this
paper have been deposited in the Genome Sequence Archive
(Wang et al., 2017) in National Genomics Data Center (Zhang Z.
etal, 2020), Beijing Institute of Genomics (China National Center
for Bioinformation), Chinese Academy of Sciences. The accession
number(s) is CRA002484 that are publicly accessible at https://
bigd.big.ac.cn/gsa/s/VCuA768g.

Co-expression Network Construction

of Metabolome and Transcriptome

A weighted gene co-expression network analysis (WGCNA) was
analyzed using the WGCNA R package (v1.68) (Langfelder and
Horvath, 2008) based on FPKM values. Network construction and
module identification were conducted using the topological
overlap measure (TOM). The calculation parameters “soft
thresholding power” =14, “minModuleSize” = 30 and
“mergeCutHeight” = 0.25 were selected for analysis of the
transcriptome data sets. The modules were used to calculate the
relationships among modules, anthocyanin content, and
representative genes in the 10 samples. The crucial module
networks were visualized using Cytoscape with threshold = 0.25.

Sequence Alignment and Phylogenetic
Analysis

To investigate the mechanism regulating anthocyanin biosynthesis
in L. ruthenicum, the deduced amino acid sequences of MYBs:
LrAN2, LrAN2-like, MYB113, bHLHs: LrAN1b, and LiJAF13
were obtained from transcriptome data. 40 MYBs and 31
bHLHs of other species were downloaded from NCBI database.
The amino acids of the MYB proteins and the conserved domains
of bHLH proteins were engaged to perform phylogenetic analysis
using MEGA (version 6) with the neighbor-joining statistical
method and 1000 bootstrap replicates.
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Yeast Two-Hybrid Analysis

According to the Matchmaker® Gold Yeast Two-Hybrid System
(Clontech, HTTP://www.clontech.com/), the Full-length cDNAs
of the candidate genes LrAN2-like, LrAN1b, LrJAF13, LrAN11
were respectively cloned in the pGBKT7 and pGADT7, and then
co-transformed into the yeast strain AH109. The primers listed
in Supplemental Table 1. The transformants were selected on
SD/-Leu/-Trp medium and tested on SD/-Leu/-Trp/- His/-Ade
medium by increasing amounts of 3-amino-1,2,4-triazole (3-AT)
and X-o-Gal. Meanwhile, pGADT7 and pGBKT7 Co-
transformed with candidate genes as negative control. Growth
was scored after 2 d at 30°C.

Yeast One-Hybrid Analysis

The method of Y1H based on previous report (Shim et al., 2013).
The LrAN2-like CDS recombinded with GAL4 activation
domain of pGADT7. A DNA fragment consisting of three
copies of the DFR (-804 to -835) and ANS (-1385 to -1415)
promoter sequence containing the R2R3-MYB core binding
domain sequence was chemically synthesized and homologous
recombination into the pHis2 vector. The AD- LrAN2-like, were
respectively Co-transformated with pHis2-DFR™*, pHis2-
ANSM*and grown on the SD/- Lew/-Trp medium. Then spot
the yeast suspension on the SD/-Leu/-Trp/-His medium, with or
without 3-AT (0 or 50 mM). The pGADT?7 and four pHis2-DNA
fragments respectively Co-transformated for the negative
control. The primers listed in Supplemental Table 1.

Transient Over-Expression in Tobacco
Leaves

The vector pEAQ-HT with 35S: LrAN2-like and 35S: LrANI1b
construct were transformed into Agrobacterium tumefaciens
strain GV3101 by heat shock method followed by incubation on
plate before infiltration. The cultures of Agrobacterium were
resuspended to OD600 reached about 0.75 using buffer (10 mM
MES, 10 mM MgCl2, 200 mM acetosyringone, pH 5.6) before
infiltration to the leaves. N. tabacum plants were grown in
glasshouse with 26°C, 16 h light, and 8 h dark conditions. The
leaves of 6-week-old N. tabacum with three biological replicates
were used for infiltration. The Agrobacterium cultures with empty
vector pEAQ-HT acted as a negative control. All primers used for
this experiment were listed in Table S1. Leaves were harvested 7
days after infiltration to further phenotypic observation,
anthocyanin determination and RT-qPCR. All samples were
analyzed from at least three biological replicates.

Plant Expression Vectors and Stable
Tobacco Transformation
In order to verify the function of LrANIb, the ORF sequence for
LrANIb was inserted into pCM1307. The primers were listed in
Table S1. Thus, LrAN1b was promoted by the 35S promoter. The
recombinant or empty vector plasmid was introduced into
GV3101 by the freeze-thaw method.

Tobacco plants (N. tabacum) were transformed with
Agrobacterium as described previously (Horsch et al., 1985). The

transformed tobacco plants were screened using 25 mg/L™"
hygromycin antibiotic, which was used as the plant selective
marker. Two transgenic tobacco lines were obtained and the
transformation was confirmed using qRT-PCR, which designed
OE#1 and OE#2. The seeds of the transgenic plants were harvested
separately. The next stage of analysis used T1 generation transgenic
plants of overexpressing OE- LrANIb that showed obvious color
changes in the florals and capsules.

Measurement of Total Anthocyanin
Content

Total anthocyanin content was determined using revised method
referring to the previous method (Shin et al., 2007). 0.1g sample
was ground into powder by liquid nitrogen and incubated in
600puL of extraction buffer (methanol containing 1% HCI)
overnight at 4°C in the dark. After extraction, 400 uL of water
and 400 pl of chloroform were added to each sample to remove
chlorophyll. Then samples were centrifugated at 14,000 g for
5min at 4°Cto sediment the plant material and absorbances were
read at 530 and 657 nm. The quantity of anthocyanin was
determined A530 - 0.33xA657, and each sample was extracted
and measured in three independent experiments.

QRT-PCR Analysis

High-quality total RNA was used for reverse transcription PCR
using the Takara reverse transcription kit (PrimeScriptTM RT
reagent kit, Dalian, China). The qRT-PCR 20 pL reaction system
was constructed using the AceQ qPCR SYBR Green Master Mix
(Vazyme, Nanjing, China). All primers used in this study are
listed in Supplementary Table S1. Real-time assays were
performed with SYBR Green Dye using CFX96 Touch' " Real-
Time PCR (Bio-Rad, Hercules, CA, USA) detecting platform.
The primer amplification effectiveness was analyzed using CFX
Manager " (v3.0) software and the expression of genes was
calculated by the 2° “*“" method. The values were expressed as
means + standard error (SE). Three biological replicates and
technical duplication were used in RT-qPCR analysis.

Statistical Analysis and Data Availability

All experimental data from three independent biological
replicates were subjected to a one-way analysis of variance
(ANOVA). Significant differences were calculated by the
Student’s t-test: tests (p<0.05) using SPSS 22.0 Statistics (SPSS
Inc., Chicago, IL, USA).

RESULTS

Phenotypic Characterization of Two-Color
Fruits of L. ruthenicum in Different
Developmental Stages

L. ruthenicum fruits of two different colors were investigated to
study the phenotypic characterization. For black-fruited L.
ruthenicum, fruit development was separated into green (S1),
turning (S2), purple (S3), black (S4), and fully inflated black (S5)
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stages (Figure 1A). In contrast, the white-fruited L. ruthenicum
turned white at the S2 stage and changed from green to
transparent-white fruit without pigment accumulation (Figure
1A). The further fruit weight results indicated no difference in
the size of the two fruits from S1 to S4; however, in the S5 period
the black fruit was larger than the white berry by a difference of
approximately 0.1425 g (Figure 1C). Moreover, the anthocyanin
content analysis revealed that the anthocyanin content of black
fruits increased sharply in the S3 period, reaching the highest in
S5 (full maturity) (13.47 mg g ' of FW). In contrast, almost no
anthocyanins were detected in the white fruits, which is
compatible with the phenotype (Figure 1B). The results show
that the black fruit of L. ruthenicum may be a good choice as an
anthocyanin supplement for consumers, highlighting the
prodigious differences in anthocyanin accumulation in black
and white fruits of L. ruthenicum.

Identification of Flavonoids in the Fruits of
Two L. ruthenicum Varieties

To compare the differences in flavonoid metabolites in two L.
ruthenicum varieties, B5 (S5 of black fruit) and W5 (S5 of white
fruit) were subjected to LC-ESI-Q- TRAP-MS/MS analysis due to
the most abundant metabolite content. The fruits of W5 are
purple-black and rich in pigments, while the fruits of B5 are white
(Figure 1A). In this work, 147 flavonoid metabolites were
identified and quantified in two L. ruthenicum fruits (Tables S2
and S3). The principal component analysis (PCA) analysis
showed that B5 and W5 were separated in the PC1xPC2 score
plots with 73.12% of PCI1 and 14.69% of PC2 (Figure S1). The
detected flavonoid species mainly included 8 catechin derivatives,
15 anthocyanins, 41 flavones, 30 flavone C-glycosides, 30
flavonols, 19 flavanones, and 6 isoflavones. Furthermore, we set
|Log2 (fold change) |>2, p-value < 0.05, and VIP (variable
importance in the project) > 1 as the thresholds for
differentially accumulated flavonoids. All differential metabolites
are integrated in Figure S2 and Table S4. Furthermore, the box
diagrams of the main accumulated components in L. ruthenicum
are depicted in Figure 2B. B5 was twice as high as W5 in the main
substances upstream of flavonoid metabolism, naringenin
chalcone and naringenin. As is known, naringenin, a key
substance in flavonoid biosynthesis, is catalyzed to form
downstream of DHK (Dihydrokaempferol), DHM
(dihydromyricetin), DHQ (Dihydroquercetin) by a series of
enzymes (Tanaka et al., 2010). The results indicate that B5 has
more upstream substrates to produce downstream flavonoids
compared with W5. Otherwise, DHK had little difference in the
component accumulation of the two fruits, and DHM and DHQ
of W5 were 3 times higher than B5 (Figure 2B). These results
suggest that although B5 has more upstream substrate naringenin
chalcone and naringenin to produce downstream flavonoids, B5
also has more DHM and DHQ consumed to synthesize
downstream anthocyanins compared with W5.

Previous research shows that 37 anthocyanins have been
detected from L. ruthenicum fruits, including derivatives of
peonidin, petunidin, pelargonidin, cyanidin, malvidin, and
delphinidin (Wang et al., 2018). In this study, 15 kinds of

anthocyanins were identified, including pelargonidin, cyanidin,
delphinidin, peonidin, petunidin, malvidin, and rosinidin
derivatives. Among these anthocyanins, delphinidin 3-O-
rutinoside and petunidin 3-O-glucoside were the most significant
and abundant metabolites; they accumulated in B5 but not in W5.
The secondary mass spectrum of delphinidin 3-O-rutinoside is
shown in Figure S3A. This finding is consistent with previous data
finding that petunidin derivatives account for 95% of the total
anthocyanins in the fresh fruit (Zheng et al., 2011). Moreover, a
small amount of rosinidin O-hexoside, malvidin 3-O-glucoside,
malvidin 3-O-galactoside, and peonidin O-malonylhexoside was
only detected in W5. This finding suggests that very trace amounts
of anthocyanins are still synthesized in W5. Moreover, although
delphinidin was 4 times higher than in B5, W5 did not produce
more delphinidin derivatives (Figure 2B). It is likely that the
delphinidin of W5 lacked modified enzymes to synthesize
downstream metabolites.

Similar to anthocyanins, other flavonoids also have
extraordinary antioxidant, antitumor, antibacterial, and anticancer
activities (Falcone Ferreyra et al., 2012). In our study, 23 flavonoid
metabolites were found only in black fruits and not detected in
white fruits. These flavonoid metabolites include 3 , 4°, 5-
dihydrotricetin O-hexosyl-O-hexoside, chrysoeriol O-hexosyl-O-
rutinoside, tricin O-rhamnoside, acacetin O-acetyl hexoside,
chrysin, and pinocembrin in lignin metabolism, 5 myricetin
derivatives, 3 catechin derivatives, 3 luteolin glycoside, 4 apigenin
glycosides, 2 hesperidin glycosides, and two isoflavones of
hydroxygenistein and sissotrin. On the other hand, sakuranetin,
kumatakenin, 6-C-hexosyl-apigenin O-hexosyl-O-hexoside,
isosakuranetin, daidzin, and glycitin only accumulated in W5 and
were not detected in B5. The results show that B5 and W5 only
accumulated small amounts of isoflavones and proanthocyanidins,
and there was not much difference between the two fruits.
Furthermore, the decrease in flavonoids species in W5 may be to
reduce the number of branches and synthesize more other
flavonoids. Although there are fewer flavonol species in W5, the
resulting peak area integration showed that the four most common
and representative flavonols in L. ruthenicum fruits were
kaempferol 3-O-rutinoside, kaempferol 3-O-robinobioside,
quercetin 4’-O-glucoside and luteolin 7-O-glucoside. The
secondary mass spectra of the main four flavonoids in white
fruits are shown in Figures S3B, C, and D, respectively. These
four flavonols were detected at a 2-3-fold higher level in W5 than in
B5 (Figure 2B). In addition, to determine why certain steps of the
anthocyanin biosynthetic pathway in W5 were blocked, the
intermediates involved in the metabolic process and their main
branches were compared. A schematic diagram of the anthocyanin
metabolism process and its core metabolites and enzymes in black
and white L. ruthenicum fruits is shown in Figure 2A. The result
indicated that purple compounds and arrows represented an
accumulation of delphinidin derivatives and small amounts of
cyanidin derivatives in B5. Yellow compounds and arrows
indicate that several flavonols were accumulated in large amounts
in W5. However, despite a sharp decrease in anthocyanins, W5 still
contained all other core metabolites detected in B5 (Figure 2A).
Notably, the concentrations of kaempferol, quercetin and luteolin
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derivatives detected in W5 were significantly higher than in B5
(Figure 2B). These results suggest that both W5 and B5 possess the
same flavonoid upstream pathway, but the W5 anthocyanin
pathway is blocked downstream of naringenin. Then, DHK,
DHQ, DHM, and eriodictyol are catalyzed by FLS to synthesize
more flavonols instead of continuing to synthesize anthocyanins.
Despite no anthocyanin pigmentation in W5, flavonols preferably
accumulate in W5. These findings are very similar to previous
research on grape hyacinth; when anthocyanin synthesis is
restricted in white flowers, upstream flux must flow into other

branches of the flavonoid pathway (Lou et al., 2014).

RNA-Seq and Assembly

To understand the molecular basis of fruit color polymorphism
in L. ruthenicum, three biological replicates from each of five
developmental stages of black fruits and white fruits of
L. ruthenicum were used to construct cDNA libraries for high-
throughput sequencing, including B1, B2, B3, B4, B5, W1, W2,
W3, W4, and W5. After cleaning and quality assessment of the
libraries, each library generated 47,356,860-73,227,696 clean
reads of sequencing error rates <0.01% (Table S5). These reads
were assembled into 274,634 unigenes with a mean size of 1,190
bp and an N50 of 1,860 bp (Figure S4A). The number of the
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unigene length distributions ranging from 500-2,000 was 140,901
(Figure S4B), indicating that the proportion of full-length gene
assembly in this study was sufficiently high for our further
analysis. Because no genomic information is available for L.
ruthenicum, to obtain comprehensive gene function information,
all unigenes were blasted to seven databases including Nr, Nt,
Pfam, KOG/COG, Swiss-prot, KEGG, and GO. Finally, 188,308
unigenes were annotated, accounting for 68.56% of all unigenes
(Table S6). According to the results of the Nr library comparison
annotation, the species distribution chart showed that the
unigenes had the highest homology to genes of Solanum
tuberosum (28.2%), Nicotiana sylvestris (19.5%), Nicotiana
tomentosiformis (19.3%) and Solanum Lycopersicum (14.3%),
implying that the function of the gene of L. ruthenicum may
be very similar to that of the main model plants of Solanaceae
(Figure S5). A total of 31,302 DEGs were identified in
Transcriptome with padj < 0.05 and log2|fold change| > 1,
which is shown in the Venn diagram (Figure S6A). Compared
with white fruits, upregulated differential genes in black fruits are
described by heat maps (Figure S6B). The DEGs were mainly
divided into three clusters: W1-W5 were divided into
clusterl, B1 and B2 were divided into cluster2, and B3-B5 were

divided into cluster3. This result indicates that, similar to the
anthocyanin phenotype of fruits, the upregulated differentially
expressed genes in black fruits are mainly in the B3-B5 period,
whereas the early B1-B2 period has less of a difference.

DEGs Involved in Flavonoid Metabolism
Between Two Fruit Varieties

To explore the molecular mechanisms leading to the differential
fruit coloration in the two varieties, enzyme-encoding genes of the
flavonoid pathways were investigated (Figure 3 and Table S7). The
analysis of transcriptome data revealed that 72 key candidates
exerted direct influence over fourteen enzymes that were known
to be involved in flavonoid and anthocyanin biosynthesis in our
study (Table S7). The expression level of some phenylpropane
biosynthetic genes, LrPAL, LrC4L, and Lr4CH, showed no
differences in two fruit varieties (Figure 3). The result indicates
no difference between the two fruits in the early phenylpropane
pathway. Moreover, both the transcriptome analysis and qRT-PCR
showed that most of the anthocyanin biosynthetic pathway genes,
LrCHS, LrCHI, LrF3H, LrF3’5°’H, LrDFR, and LrANS, were
significantly downregulated in white fruits (Figures 3 and 5A).
The three enzymes of LrCHS, LrCHI, and LrF3H are important and
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are considered to be the restriction enzymes to the synthesis of
flavonoids (Zhang et al, 2014). These results explain that the
difference between black and white fruits starts from the flavonoid
pathway, which is also consistent with the differences between
naringenin and naringenin chalcone. On the other hand,
compared with black fruits, there was no significant difference in
the gene expression of transcripts LrF3’H and LrFLS in white fruits.
However, most plants hydroxylate the B-ring using either LrF3’H to
synthesize red cyanidin or LrF3’5H to form a purple delphinium
(Zhang et al., 2014). This shows that more delphinium is produced
in the black fruit than cyanidin. Previous studies have shown that
LrDFR and LrFLS share the same upstream substrates (e.g., DHM,
DHQ, and DHK) and take a large proportion of total flavonoids in
plants (Huang et al., 2019). In black fruits, the rate-limiting enzyme
LrDFR specifically binds DHQ to synthesize delphinidin and its
derivatives and has little binding to other substrates. This is
accordant with previous studies, which means that DFR can
selectively catalyze substrates, which correlates with the amino
acid 134 being related to the 134th amino acid (Liu et al, 2019).
However, in white fruits extremely low expression of LrDFR can no
longer combine with the substrate DHQ to synthesize anthocyanins.
Therefore, more substrates of DHK, DHQ, and eriodictyol were
separately synthesized flavonols by LrFLS in the white fruits. Our
study shows that the downregulation of LrDFR in white fruits
results in LrFLS synthesizing more flavonols than anthocyanins,
which is similar to the findings for grape hyacinth (Lou et al., 2014).

The structure of anthocyanins is very unstable, and anthocyanins
are generally glycosylated, methylated and acylated before transport
to vacuole storage. In this study, the transcripts of anthocyanin
glycosyltransferases (LrUFGT, Lr3GT, and LrUGT75C1),
anthocyanin methyltransferase (LrAOMT) and anthocyanin
acyltransferase (Lr3AT) were identified, and they were highly
expressed in black fruits and only slightly expressed in white fruits
(Figures 3 and 4D). As explained in a previous study, those glycosyl
groups are usually linked to the carbon 3 position and sometimes the
carbon 5 and carbon 7 position of the anthocyanin to increase the
stability of the pigment (Zhang et al., 2014). LrUFGT and Lr3GT are
mainly involved in the glycosylation of carbon 3, and LrUGT75CI is
related to the glycosylation of carbon 3 and carbon 5. The result
suggests that the glycosylated anthocyanin of carbon 3 is necessary for
the stable storage of delphinidin in L. ruthenicum fruits. Furthermore,
previous research has demonstrated that most of the methylation
occurs on the C3 and C5 hydroxyl groups of the anthocyanin
molecules and sometimes on the C5 or C7 hydroxyl groups to reduce
the chemical activity of the whole molecule and increase its water
solubility (Mol et al., 1998). In the fruit of L. ruthenicum, LrAOMT
methylated the delphinidin on its 3’ hydroxyl group to form
petunidin or both its 3" and 5 hydroxyl groups to form malvidin.
Previous experiments have shown that petunidin derivatives
accounted for 95% of the total anthocyanins in L. ruthenicum fruit,
and most of the anthocyanins were acylated by coumaric acid (Zheng
et al, 2011). In our study, we identified three transcripts of Lr3AT
similar to Gentiana trifloral belonging to the BAHD acyltransferase
family to catalyze anthocyanin acylation (Fujiwara et al., 1998). These
results prove that a variety of anthocyanin modifications are found in
black fruits but not in white fruits.

Identification of WGCNA Modules Related
to Anthocyanin Biosynthesis

WGCNA is now commonly used to analyze entire transcriptome,
proteomics, and metabolomics data to identify feature-related co-
expression modules (Langfelder and Horvath, 2008). To investigate
the gene regulatory network of anthocyanin synthesis in L.
ruthenicum fruits, a weighted gene co-expression network
analysis (WGCNA) was conducted using 23,642 filtered DEGs
(Table S8). These DEGs identified 35 distinct co-expression
modules corresponding to clusters of correlated transcripts
(Figure 4B and Table S9). The total anthocyanin contents of the
two kinds of fruits and significant structural genes in transcriptome
including LrCHS, LrF3’5°H, LrDFR, LrANS, LrUFGT, and Lr3GT
acted as the trait data for a module-trait relationship analysis. The
MEdeeppink2 module (4447 genes) presented the highest
correlation with anthocyanin (r = 0.98, p = 4e-07) and all
structural genes (r<0.05) in the 35 modules (Figure 4A).
Furthermore, the expression profile of the deeppink2 module
indicated that all DEGs were up-regulated with anthocyanin
accumulation in black fruits, but almost no expression
was detected in white fruits (Figure 4C). Based on the analysis
above, the deeppink2 modules were selected for further
study. The Gene Ontology (GO) enrichment analysis of the
“deeppink2” module showed significantly enriched terms
associated with binding, protein binding, and catalytic activity
(Figure S7A). The KEGG pathway enrichment analysis of the
“deeppink2” module showed that the first five significant metabolic
enrichment pathways were regulation of autophagy, peroxisome,
flavonoid biosynthesis, flavone and flavonol biosynthesis, and
endocytosis (Figure S7B). Cytoscape representation of the genes
with WGCNA edge weight >0.25 indicated that these genes were
highly positively connected in the “deeppink2” module. In the
interaction network diagram, the outer layer consists of 24 hub
genes, including phenylpropanoid-biosynthesis genes PAL,
BGLU11; flavonoid synthesis genes CHS, F3H, F3’'H, and F3’5’H;
and anthocyanin synthesis genes DFR, ANS, AOMT, 3GT, and 3AT
(Figure 4D). In the middle of the network diagram, 10 anthocyanin
transporter hub genes showed the highest node connectivity with
the 24 structural genes (Figure 4D). The transcripts of 7 hub genes
of transcription factors were identified in the center of the network
diagram including LrMYB3(Cluster-11506.171206 and Cluster-
11506.161621), LrETCI(Cluster-11506.49726), LrMYBX (Cluster-
11506.134566), LrANIb (Cluster-11506.84096 and Cluster-
11506.84101), LrbHLH 128 (Cluster-11506.180271), LrTTG2
(Cluster-11506.82488), and LrNAC78 (Cluster-11506.127677 and
Cluster-11506.127679), which are orthologous genes in Arabidopsis
and petunia (Figure 4D). All Hub genes are listed in Table S10.
These results further illustrate that the deeppink2 module is very
relevant to anthocyanin synthesis.

Confirmation of the Transcriptome Data
Using qRT-PCR

To visualize the reliability of the RNA-seq data, 19 genes involved
in phenylpropane, flavonoid and anthocyanin synthesis pathways
were used for qRT-PCR, and the results were consistent with
transcriptome data (Figure 5A). At the same time, we screened
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FIGURE 4 | Weighted gene co-expression network analysis (WGCNA) of differentially expressed genes (DEGs) identified black and white fruits. (A) Module—trait
correlations and the corresponding P-values are in parentheses. The left panel shows 35 modules. The color scale on the right indicates the correlation of module
characteristics from -1 (blue) to 1 (red). The panel labeled “Anthocyanins” represents the biosynthetic properties of anthocyanins. The other panels represent
changes in gene expression levels. (B) Hierarchical clustering tree showing 35 co-expressed gene modules. 23,642 DEGs are clustered into branches, and each
module is represented by the main tree branch. The lower panel displays the module in the specified color. (C) Eigengene expression profile for the deeppink2 in
different samples. The heat map above shows the expression profiles of all co-expressed genes in the module. The bar graph below shows the common expression
pattern of genes co-expressed in the module. (D) Cytoscape representation of co-expressed anthocyanin metabolism-related genes with edge weights >0.25 in the
“deeppink2” module. The correlation network diagram is divided into three layers, the outermost genes are phenylpropane, flavonoids, and anthocyanin synthesis
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important 4 Hub genes LrMYB3, LrETCI, LrANI1b, LrTTG2, 5
anthocyanin related transcription factors LrAN2, LrMYBI113,
LrJAF13, LrANII identified from previous study, A newly
identified MYBs transcription factor is designed as LrAN2-like
(Cluster-11506.45226) through transcriptome data related to
anthocyanin metabolism were selected to analyze their
expression using qRT-PCR (Figure 5B). All genes used for qRT-
PCR was listed in Table S11. The results showed that the
expression level of Hub genes gradually increased in black fruits,
and then the expression of these genes during the development of
white fruits was extremely low. In particular, LrETCI and LrAN1b
were hardly expressed. In addition, the expression levels of
LrJAF13 and LrANII in black fruits were significantly higher
than those in white fruits in the later stages of fruit development.

In contrast, the expression levels of LrAN2 and LrAN2-like are
significantly higher in white fruits than in black fruits, and
LrMYBI13 is not different between the two fruits. Among them,
LrAN2-like has the highest expression level among the three genes.
Overall, the qRT-PCR results of all candidate genes are very
consistent with the corresponding transcriptional abundance of
RNA-Seq (Figures 3 and 5B), verifying that the RNA-Seq results
expressed by these candidate genes are reliable.

Sequence Alignment and Phylogenetic
Analysis

Phylogenetic analysis was employed to analysis the anthocyanin-
related R2R3-MYB proteins LrAN2 (Cluster-11506.201474),
LrAN2-like (Cluster-11506.45226), LrMYB113(Cluster-
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FIGURE 5 | Quantitative real-time polymerase chain reaction (QRT-PCR) verify anthocyanin-related genes. (A) Anthocyanin biosynthesis and (B) anthocyanin-
regulated transcription factor expression at different developmental stages of black and white fruits (S1-S5). Each value is the average of three replicates, and error
bars represent SEM (standard error of the mean). Statistical significance was determined by the Student’s t-test: *p < 0.05.

11506.48219) and bHLH proteins LrAN1b (Cluster-11506.84101)
and LrJAF13 (Cluster-11506.143594) in L. ruthenicum. At the same
time, homologous proteins of other different plants were
downloaded to analyze the phylogenetic relationship with these
genes (Figures 6A, B). Three proteins were identified cluster with
anthocyanin regulators PhnAN2 and PhPHZ (Petunia x hybrida),
AtPAP1(Arabidopsis thaliana) (Borevitz et al., 2000; Albert et al.,
2011). Meanwhile, we found that LrAN1b and LrJAF13 were
clustered into two clades, namely TT8 and GL3 clades, as
previously described (Zhang B. et al,, 2019). LrANI1b belongs to
the TT8 clade, most homologous with StbHLH (Solanum
tuberosum) and PhANI1(Petunia x hybrida), while another
LrJAF13 was clustered with NtJAF13a, NtJAF13a (Nicotiana
tabacum) and PhJAF13 (Petunia x hybrida) (Quattrocchio et al,
1998). Previous studies show that both branches of bHLH group
have the function of regulating anthocyanin, but there is no

functional redundancy, and TT8 clade has a more direct role in
regulating anthocyanin (Montefiori et al., 2015).

LrAN2-Like Interact With LrAN1b and the
WD40 Protein LrAN11

The MBW complex regulates the expression of genes involved in
anthocyanin biosynthesis, analysis of the protein fragments
shows that R2R3 MYB and WD40 proteins all bind to different
regions of the bHLH protein (Payne et al.). Yeast two-hybrid
(Y2H) experiments were performed to determine if LrAN1b
could bind other TFs involved in anthocyanin regulation (Figure
7A). The molecular interactions candidate gene LrAN2-like were
performed with the bHLH proteins LrAN1b and LrJAF13, and
the WD40 protein LrAN11 (Figure 7A). The result showed that
LrAN2-like tested interacted with LrAN1b and LrJAF13, but
with varying strengths; LrAN2-like shows a higher affinity for
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FIGURE 6 | The neighbor-joining phylogenetic tree of plant MYB and bHLH TF sequences. Numbers next to the nodes are bootstrap values from 1,000
replications. The tree is drawn to scale and its branch length is the same as the unit used to infer the evolutionary distance of the phylogenetic tree (scale bar, 0.1
amino acid substitutions per site). The NCBI database retrieves the following deduced amino acid sequences: (A) AcMYB1(AQP25672.1), AcMYB4(AQP25673.1),
AcMYB5(AQP25674.1), AcCMYB9(AQP25675.1) in Allium cepa; AMROSEA1(ABB83826.1), AMMIXTA (CAA55725.1) and Am308(P81393.1) in Antirrhinum majus;
AMYB17(ACQ82820.1)in Aquilegia Formosa; AIMYB4(AAP13410.1), AtMYB12(ABB03913.1), AtMYB20(NP_176797.1), AIMYB24(AAD53092.1), AtPAP1
(AAG42001.1), AtIMYB79(AEE83284.1), AIMYB103(AED96722.1), AtMYB106(AEE73615.1) and AtTT2(CAC40021.1) in Arabidopsis thaliana; DpMYB1 (BAJ33513.1)
in Dahlia pinnata; GmMYBZ2(NP_001235092.2) in Glycine max, GbMYB1(BAJ17661.1) in Gynura bicolor; IMYB1(BAE94391.1) in loomoea nil; LjTT2a (BAG12893.1)
in Lotus japonicus; MdMYB10(ACQ45201.1) and MdMYB16(ADL36756.1) in Malus domestica; MtLAP1(ACN79541.1) in Medicago truncatula; OsC1(BAD04024.1),
OslF35(BAB64301.1) in Oryza sativa; PhAN2 (AAF66727.1), PhPH4(ADX33331.1),PhPHZ(ADW94951.1) in Petunia x hybrida; PsUMyb6 (ACH95792.1) in
Phalaenopsis schilleriana; PmMBF1(AAA82943.1) in Picea mariana; VWMYBA1(BAD18977.1),VWMyb4a(ABL61515.1),WWMYBPA1(CAJ90831.1),WWMYBF1
(ACT88298.1),WMYB113(RVW78283.1) in Vitis vinifera; ZmC1(AAA33482.1, ZmP1(AAC49394.1), ZmMYB38(P20025.1) Zea mays; LrAN2(MK125045.1), LrAN2-like
(MT749386), and LrMYB113 (MT773444) Lycium ruthenicum. (B) AMDEL(AAA32663) in Antirrhinum majus, BnTT8 (NP_001302903) in Brassica napus,FabHLH3
(AFL02463) in Fragaria x ananassa, (BAE20057) and LhbHLH2 (BAE20058) in Lilium hybrid,InoHLH1(BAE94393) and InbHLH2(BAE94394) in [pomoea nil; MdbHLH3
(ADL36597) and MdbHLH33 (ABB84474) in Malus domestica, PhAN1 (AAG25928), and PhJAF13 (AAC39455) in Petunia xhybrida, VWMYC1 (ACC68685) and
WMYCA1 (ABM92332) in Vitis vinifera, ZmB (CAA40544), ZmIN1 (AAB03841), and ZmLc (P13526) in Zea mays LjGL3 (AB492284) and LjTT8 (AB490778) in Lotus
japonicus; NsAN1 (HQ589210) in Nicotiana sylvestris; NtAN1a (HQ589208), NtAN1b (HQ589209), NtJAF13a (KF305768), and NtJAF13b (KF298397) in Nicotiana
tabacum, NtoAN1 (HQ589211) in Nicotiana tomentosiformis PfF3G1 (AB103172) and MYC-RP (AB024050) in Perilla frutescens, RsTT8 (KY851179) in Raphanus
sativus;StoHLH1 (ALA13578.1)in Solanum tuberosum; AtEGL3 (Q9CADO), AtGL3 (NP_680372), AtMYC1 (Q8W2F1), and AtTT8 (Q9FT81) in Arabidopsis thaliana;
LrJAF13(KF768076), LrAN1b(KF768077) in Lycium ruthenicum.

LrAN1b than for LrJAF13. It was observed that the bHLH factors ~ bind the promoters of key structural gene LrDFR and LrANS.
LrAN1b and LrJAF13 not only interacted with themselves, but Thirty nucleotides from the LrDFR (-804 to -835) and LrANS
also that these two transcription factors interacted. In addition, ~ (-1385 to -1415) core binding sequence were repeated three
BD-LrANI11 has a strong interaction relationship with all MYBs ~ times, which were placed upstream of the HIS3 selectable
and bHLHs, which prove WD40 is a crucial component of = marker gene (Figure 7B). The MRE binding site-HIS3
the MBM protein complex. The Y2H assays contained 25 mM  construct and full-length LrAN2-like fused to the GAL4
of 3-amino-1,2,4-triazole (3-AT), which inhibits the action of activation domain were co-transformated in Y187. In the
the HIS3 reporter gene to reduce the self-activation of  selection medium (-Leu-TrP-His-Ade) with 50mM 3AT,
transcription factors. Adding chromogenic substrate X-a-Gal =~ LrAN2-like could activate LrDFR and LrANS, but the negative
to the selection medium (-Leu-TrP-His-Ade) can activate the controls were not (Figure 7B). Above all, we deduced that the
LacZ reporter gene. anthocyanin biosynthetic genes LrDFR and LrANS might be
candidate target genes of LrAN2-like.
LrAN2-Like Proteins Bind to the
Promoters of Anthocyanin Biosynthetic Transient Overexpression of LrAN2-Like
Genes and LrAN1b in Tobacco Leaves
To verify the speculation that anthocyanin biosynthetic genes  To further verify the function of newly identified genes LrAN2-
might be regulated by LrAN2-like in L. ruthenicum, a yeast one-  like and candidate gene LrANIb in anthocyanin synthesis, we
hybrid (Y1H) assay was employed to explore their ability to  transiently transformed these genes into tobacco leaves. As shown
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FIGURE 7 | LrAN2-like interacts with other transcription factors and regulates downstream target genes. (A) Yeast two-hybrid assay of LrAN2-like and main
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in Figure 8A, anthocyanin was not observed when the empty
vector pEAQ-HT and LrANIb alone was transformed in tobacco
leaves. However, A large amount of pigment accumulated in the
tobacco leaves, when LrAN2-like was injected into the leaves. This
shows that LrAN2-like can activate the anthocyanin pathway of
tobacco leaves. Moreover, the pigment was largely enhanced
when LrAN2-like was co-transformed with LrANIb. The
anthocyanin content measurement results show that LrAN2-like
can cause tobacco leaves to produce a large amount of pigment
content, and co-transformation of LrANIb can produce the most
pigment (Figure 8B). To further investigate the mechanism of
LrAN2-like and LrANID in regulating anthocyanin metabolism,
we evaluated the gene expression of three key anthocyanins
regulate transcription factors NtAN2, NtAnla, NtAnlb and 8
anthocyanin biosynthesis genes NtCHS, NtCHI, NtF3H, NtF3'H,
NtF3’5’H, NtDFR, NtANS, NtUFGT in tobacco by RT-qPCR
analysis (Figure 8C). As shown in Figure 8C, LrAN2-like could
stimulate the expression of tobacco transcription factors and
structural genes, activating anthocyanin synthesis in tobacco
leaves. In addition, when LrAN2-like and LrANIb were co-
expressed, the related genes relative tobacco anthocyanin had a
higher upregulation compared to the expression of LrAN2-like
alone. QRT-PCR analysis suggested that co-transformation of
TFs, LrAN2-like and LrANIb, enhanced the anthocyanin
synthesis and transport by upregulating the expression of the

NtAN2, NtAnla, NtAnlb to activate tobacco anthocyanin
synthesis structural. The results indicated that LrAN2-like was
essential for regulating anthocyanin biosynthesis while LrANIb
could facilitate increased anthocyanin accumulation.

Overexpression of LrAN1b Elevated
Anthocyanin Accumulation in Florals and
Capsules of Transgenic Tobacco

We generated two T1 over-expressing LrANIb transgenic lines,
designed OE#1, OE#2 and used for further analysis (Figure 9A).
Only increased pigmentation was observed in the florals and
capsules of transgenic plants. Anthocyanins in florals tissues
accumulate in the corolla, filaments, and anthers (Figures 9A, B,
D). In addition, in the epidermis of capsules, immature seeds will
accumulate large amounts of anthocyanins (Figure 9C), but not in
other plant tissues of transgenic plants observed. The total
anthocyanins content of the transgenic LrANIb OE#1 and OE#2
corollas was 3.6 times and 4.2 times higher than that of the control
(Figure 9E). We used corollas of two LrAN1b overexpression lines
OE#1, OE#2 and empty vector control to extract mRNA for qRT-
PCR analysis. The results showed that LrAN1b of the two lines
were significantly increased but not expressed in the control
(Figure 9F). In addition, qRT-PCR analysis was performed on
three key transcription factors NtAN2, NtAnla, NtAnlb and 8
structural genes involved in anthocyanin synthesis in tobacco

Frontiers in Plant Science | www.frontiersin.org

August 2020 | Volume 11 | Article 1256


https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Lietal

Anthocyanin Regulatory Network in L. ruthenicum

control LrAN1b
LrAN2-like LrAN2-like+1LrAN1b
B
=
$13
Py !
=8 1.4
= 1.2
c < 1 I
£208
2303
S$.£02
2 § 0 4 - , - . PR m
28 & @ e
-5 < ‘P P‘\\\“ X
= V ! '
< W
wd
y?

Relative expression

NIAN2 Nidnla NtAnlb
}’(2)8 . 55 0.9
007 e 0.9 97
Al e ali
025 3] 1
000 —F—"7T—71- 0 —TFT—TF—T 1 0.0_—7—*—|—|—
NICHS NiCHI NIF3H
1.00 = i i
0751 097 0.97]
1
0257 . .
0.00 “F—F—7—7— 0.0 T 0.0
NiF'3°H NiF3'5°H NIDFR
1%
ALl
0.3 0257 0.3
po—=m = BB ooo-LEm R BB (0 \— -+
RALEPR TR
NtANS NiUFGT & \}Pﬁ W ¢P§
12 yb oM
09 0.9 LA
N | B |
0.0 = oM B W W
> 4D & \o A 9
o\‘ g A S0 ¢ )
< wﬁ uw ¢ W v‘“XA
Ve Y
» V) PFQ'
\)\

FIGURE 8 | Anthocyanin contents in transiently transformed tobacco leaves infiltrated with Agrobacterium strains carrying LrAN2-like and LrAN1b. (A) Images of
transiently transformed tobacco leaves 5 d after agroinfiltration. Four different assays are indicated control: empty vector, LrANTb, LrAN2-like, LrAN2-like, and
LrAN1b. (B) Anthocyanin contents of four different samples with three biological replicates. (C) Relative expression levels of tobacco anthocyanin structural and
regulatory genes determined by gPCR analysis. Results represent mean values + SD from three biological replicates.
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FIGURE 9 | Phenotypic observation and quantitative real-time polymerase chain reaction (QRT-PCR) analyses of the anthocyanin pathway genes in empty vector
(control) and two OE-LrAN17b line (OE#1, OE#2). the phenotypic images control(left) and OE#1 and OE#2 (right) of (A) flower, (B) stamen and pistil, (C) capsule, (D)
anther. (E) anthocyanin extracted from corollas of the control (left) and OE#1 and OE#2 plants. (F) Relative expression of LrAN7b, anthocyanin biosynthetic genes,
and tobacco transcription factor (TF) genes in the corollas of the control in OE#1 and OE#2 plants. Error bars indicate the standard deviations (SD) of average
results. gqRT-PCR and anthocyanin determination analyses were performed on three biological replicates.

Frontiers in Plant Science

www.frontiersin.org

August 2020 | Volume 11 | Article 1256


https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Lietal

Anthocyanin Regulatory Network in L. ruthenicum

anthocyanins pathway. As shown in Figure 9F, the transcription
levels of NtAN2, NtAnla, NtAnlb and structural genes NtCHS,
NtCHI, NtF3H, NtF3’H, NtF3’5’H, NtDFR, NtANS, NtUFGT were
2.0-3.0 -fold higher than the control, respectively. In summary,
LrAN1b is a homologous gene of NtAnla and NtAnIb (Figure 6B),
and overexpression of LrANIb can greatly up-regulate the
anthocyanin of tobacco florals and capsules.

DISCUSSION

LrAN2-Like Interacts With LrAN1b to
Participate in Anthocyanin Regulation

MYB proteins are key factors in regulatory networks
controlling secondary metabolism and responses to biotic
and abiotic stresses (Dubos et al., 2010). Previous studies
identified anthocyanin-activated MYB transcription factor
LrAN2, LrMYBI113 in L. ruthenicum (Zeng et al., 2014). In
this study, a new gene MYB transcription factor homologous to
LrAN2 was identified and described as LrAN2-like. Recent
research indicates that the functional diversity and high
expression level of LrAN2 may be the reason for the high
content of anthocyanins in L. ruthenicum fruit (Zong et al,
2019). However, the qRT-PCR results indicated that those
transcription factors including LrAN2, LrAN2-like, and
LrMYBI113 were still highly expressed in white fruits
compared with black fruits (Figure 5B). Among them,
LrAN2-like is the highest expression transcription factor.
Sequence alignment and phylogenetic analysis showed that
LrAN2-like is very homologous to LrAN2 and LrMYBI113.
Besides, LrAN2-like has extremely high homology to the
petunia anthocyanin regulatory gene PhAN2 (Albert et al,
2011). Y2H indicate that LrAN2-like can interact strongly with
LrANIb and LrAN11, and weakly interact with LrJAF13;
indicating that LrAN2-like was able to form MBW complex
with bHLH and WD40 proteins. In addition, it was proved that
LrAN2-like can directly bind to the MRE of the LrDFR and
LrANS by the Y1H experiment. In order to certify the function
of anthocyanin LrAN2-like more intuitively, LrAN2-like was
instantaneously injected into tobacco leaves. It was found that
LrAN2-like could produce anthocyanins on the leaves in a
short time. Several studies indicate that LrAN2-like is a new
transcription factor regulating anthocyanins different from
LrAN2 and LrMYBI113 in L. ruthenicum.

LrANI1b was identified by WGCNA and it was associated
with anthocyanin accumulation in two fruits and was not
expressed in white fruits. The abnormal expression of LrAN1b
paralleled the lack of anthocyanin accumulation in the white
fruit of L. ruthenicum. Zeng et al. Showed that LrAN1b may be
involved in the regulation of anthocyanins through functional
prediction and qRT-PCR in L. ruthenicum, but there is no direct
proof to prove it (Zeng et al.,, 2014). Therefore, in this study,
Y2H and tobacco injection experiments showed that LrAN1b
can interact strongly with LrAN2-like and LrAN11. Co-
expression of LrANIb and LrAN2-like could significantly

increase the content and activation of anthocyanin in tobacco
leaves Anthocyanin synthesis structural gene. To further verify
the gene function of LrANIb, it was stably transformed into
tobacco. It was observed that there is significant accumulation of
pigment in florals and capsules. In addition, the anthocyanin-
regulated transcription factors NtAN2, NtAnla, NtAnlb, and
anthocyanin synthesis genes in the corolla of tobacco were up-
regulated about 2 times. This is similar to the phenotype of
NtAnla and NtAnlb overexpression in tobacco (Bai et al., 2011).
Phylogenetic analysis showed that LrAN1b and LrJAF13 belong
to TT8 clade and GL3 clade transcription factors, respectively. In
fact, previous studies have proposed ANI is directly involved in
the activation of biosynthetic genes, and JAF13 is involved in the
regulation of ANI transcription in the anthocyanin pathway of
Solanaceae plants (Montefiori et al., 2015). The LrAN1b
homologous protein PhAN1 in petunia, which interacts with
all anthocyanin-regulated MYBs to regulate the anthocyanin
pathway (Albert, 2015). PhAN1 mutations will affect pigment
synthesis, vacuole pH and seed coat development in petunia
(Spelt et al., 2000; Spelt et al., 2002; Zhang S. et al., 2020). In
summary, LrAN1b interacts with LrAN2-like and LrAN11 to
form a complex to regulate anthocyanins in L. ruthenicum. And
abnormal expression of LrAN1b in white fruits may cause the
loss of anthocyanins. This is also the case in other plants, The
bHLH transcription factor RLLI gene of lettuce loses its function
of activating anthocyanin biosynthesis due to a 5 bp deletion in
some varieties. (Su et al., 2020). Furthermore, the genome-wide
association analysis showed that part of the non-purple rice
leaf phenotype was due to an insertion of a 6.5-kb Copia-
like retrotransposon found in the 5UTR (-49-bp) of bHLH
transcription factor OsRb (Zheng et al., 2019). Above all, these
findings imply that the LrAN1bD is indispensable for regulation
of the anthocyanin pathway in L. ruthenicum fruits.

Identification of Anthocyanin Transport
and Other Hub Transcription Factors
Involved in Anthocyanin Biosynthesis
Anthocyanins are eventually transported to the vacuole storage
after being synthesized. In this study, three transcripts of
glutathione S-transferase (GST) (Cluster-11506.122999, Cluster-
11506.160555, Cluster-11506.160556) were identified homologous
to the TTI9 gene in Arabidopsis. Research declares that
Arabidopsis TT19 encodes a GST protein catalyzing glutathione
and covalently binding to anthocyanins to form glutathione S-
conjugate transports to the vacuolar membrane (Sun et al., 2012).
Interestingly, in strawberry, overexpression of GST can
cause proanthocyanidin biosynthetic enzymes to synthesize
anthocyanins at an early developmental stage, leading to early
fruit ripening (Gao et al., 2019). Thus, GST is not only involved in
anthocyanin transport but also a potential candidate gene for color
breeding. In addition, three genes were predicted to encode the
ABC (ATP-binding cassette) transporter superfamily including D
family member 1 (ABCDI, Cluster-11506.146202), B family
member 27 (ABCB27, Cluster-11506.94554) and F family
member 1 (ABCFI, Cluster-11506.144849). ABCCI is thought to
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be a transporter located on the vacuolar membrane responsible for
transporting cyanidin 3-O-glucoside to the vacuole in grapes
(Francisco, 2013). Additionally, three multidrug and toxic
compound extrusion (MATE) (Cluster-11506.55162, Cluster-
11506.67992, Cluster-11506.67991) genes were identified in this
module, with extremely high expression in black ripe fruits and low
expression in white fruits (Figure 5A). In grapes, MATE can only
transport acylated anthocyanins, but not pelargonidin 3-O-
glucoside or cyanidin 3-O-glucoside, meaning that acylation is
necessary for MATE transport (Gomez et al., 2009). Furthermore,
three V-type H + -ATPase genes (Cluster-11506.124451, Cluster-
11506.128173, Cluster-11506.148228) were identified in the
deeppink2 module. Previous research has found that the
functions and activities of MATE largely depend on different
types of H * - ATPase to provide and maintain the H *
concentration gradients on both sides of the vacuole membrane
(Zhao and Dixon, 2010). Above all, three types of mechanisms for
anthocyanin transport are found in L. ruthenicum fruits: GST-
mediated transport, MRP and MATE-mediated transport and
membrane vesicle-mediated transport.

In addition to the members of the MBW complex, other
transcription factors also indirectly regulate anthocyanin
biosynthesis. In this study, a homologous protein of PH3 was
identified in WGCNA designed as LrTTG2, which was up-
regulated in black fruits according to anthocyanin accumulation
but exhibits extremely low expression in white fruits (Figures 4D
and 5B). PH3 encodes a WRKY protein. It is not only the target
gene of AN11-AN1-PH4 complex, but also can be combined with
AN11 alone to regulate the vacuolar acidification of petunia
(Verweij et al., 2016). Furthermore, two transcripts of LrNAC78
were detected in this module, and their expression levels were
higher in black fruits than in white fruits (Figure 4D). L-INAC78 is
homologous to ANAC078 in Arabidopsis thaliana, which regulates
flavonoid production under light (Morishita et al., 2009).
Furthermore, LrMYBX and LrbHLH 128 are homologous to
MYB-like protein X in Solanum lycopersicum and StbHLHI28 in
Solanum tuberosum, respectively, encoding a protein with
unknown function.

On the other hand, we identified a putative R2R3-MYB TF
LrMYB3 and another R3 TF MYB transcription factor LrETCI
in the center of the network. These two genes were predicted to
be negative regulators of anthocyanin biosynthesis (Figure
4D). The transcription of LrMYB3 and LrETCI was highly
correlated with that of LrANI1b and with the degree of fruit
coloration. The gene function prediction results showed that
LrMYB3 was most homologous to the petunia transcription
factor PhMYB27. PAMYB27 contains a C-terminal EAR motif
to bind MBW complexes and targets the anthocyanin pathway
genes, and its expression increases under light induction to
inhibit excessive anthocyanin accumulation and prevent
damage to plants (Albert et al., 2014). Additionally, LrETCI
is very similar to Arabidopsis CAPRICE (CPC), TRIPTYCHON
(TRY), and ENHANCER OF TRY and CPC 1 (ETCI).
Although these R3MYBs do not have DNA-binding domains,
a previous study indicated that CPC retains the motifs

responsible for binding to bHLH proteins to participate in
inhibiting anthocyanin synthesis under different stress
conditions (HF et al., 2009). What emerges from the results
reported here is that LrMYB3 and LrETCI play a repressor role
in the regulation of anthocyanin biosynthesis in L. ruthenicum.
The specific regulatory mechanism of these two genes is under
study, and more work is needed to prove it.

Research on Anthocyanin Regulation
Network L. ruthenicum Fruits

In our research, the black mature fruits mainly accumulated
delphinidin derivatives while flavonols were detected in white
mature fruits to be 2-3 times higher than in black fruits (Figure
2). The metabolic difference of the white fruit phenotype is due to
the drastic reduction of anthocyanins, and the metabolic flow
shifts to the flavonol products. Meanwhile, a large number of
anthocyanin metabolism synthesis genes, modified genes,
transport genes and transcription factors were identified as
candidate genes for pigment changes in two fruit by RNA-seq
and WGCNA analysis.

Through gene function verification, we proposed a new
working model that explains the specific accumulation of
anthocyanins and flavonols in black and white fruits on a
metabolic and molecular level (Figure 10). In black fruits,
LrAN2-like interacts with LrAN1b and LrANII to form an
MBW complex, which regulates the downstream target genes
LrDFR and LrANS promoters to regulate anthocyanin
synthesis. When the accumulation of anthocyanins is too
high in the later stages of fruit development, the MBW
activation complex activates the genes of the LrMYB3 and
LrETCI repressors to achieve feedback inhibition. On the other
hand, however, in white fruits, the expression of LrANIbD is
abnormal, so this dynamic balance mechanism is broken. The
MBW complex that depends on LrANIb cannot effectively
activate its target genes, especially the key genes LrDFR and
LrANS. Anthocyanin metabolism and flavonols are important
branches of flavonoid metabolism. The decrease in LrDFR
expression leads to the substrate leading to the flavonol
branch, as a result, the proportion of flavonols in white is
higher than that in black fruits. In other words, LrMYB3 and
LrETCI cannot be effectively activated, resulting in the failure
of the feedback regulation mechanism during fruit
pigmentation. Therefore, abnormal expression of LrAN1b will
destroy the flavonoid homeostasis network, and the content
and proportion of flavonol and anthocyanin in white fruits will
be different (Figure 10). A similar result was also reported in
the white flesh of radish, which was positively correlated with
low or undetectable RsbHLH4 expression (Lai et al.,, 2020).
Another latest study shows abnormal bHLH3 expression
disrupts the homeostatic regulatory network, causing
differences in pigment composition among mulberry fruits
(Li et al., 2020). Anthocyanin regulation is a complex and
variable process. Changes in the synthesis of a gene and
transcription factor will affect the composition of the tissue
(Paauw et al., 2019). Therefore, the regulation of anthocyanin
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FIGURE 10 | A working model explains the reasons for the specific accumulation of anthocyanins and flavonols in black and white fruits, respectively.

metabolism of L. ruthenicum is worth further investigation and
analysis. In this study, our results initially revealed the reasons
for the different color of L. ruthenicum fruit, and laid the
foundation for the analysis of the anthocyanin regulatory
network of L. ruthenicum.
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To better understand the effect of growing location on the phytochemical compounds and
sensory properties of blueberry (Vaccinium spp.), here we investigated rabbiteye
blueberry ‘Brightwell’ (Vaccinium ashei cv. ‘Brightwell’) grown in 10 locations of China.
Significant differences in terms of total soluble solids, titratable acidity, flavonoids, phenols,
as well as proanthocyanidins and anthocyanins, were found in the fruits (berries) of
blueberry plants among the different sampled locations. Furthermore, their sensory
properties, which evaluated by the electronic tongue method, also significantly differed
among the 10 locations. The content of flavonoids, phenols, proanthocyanidins, and
anthocyanins all had significant correlations with sensory properties, except that of
aftertaste-astringency. A key finding to emerge was that blueberry plants grown at high
altitude locations harbored a high content of total soluble solids, flavonoids, phenals,
proanthocyanidins, and anthocyanins along with high scores for the sweetness. These
results suggested cultivating blueberry at high altitude can produce fruit that not only
possess pronounced beneficial health effects but also good taste.

Keywords: Vaccinium ashei, antioxidant compounds, anthocyanin, electronic tongue, sensory properties

INTRODUCTION

The cultivation of blueberry (Vaccinium spp.) in China has garnered dramatically rising interest
over the last 15 years, with its production area having reached 22,000 hm?, or 16.3% that of world’s
total (Li et al., 2016; Brazelton et al., 2017). Meanwhile, global blueberry acreage is continuing to
increase due to their nutritional and health benefits (Scalzo et al., 2013; Upadhaya and
Dwivedi, 2019).

Blueberry is a richer source of antioxidant compounds (flavonoid, polyphenolic compounds, and
especially anthocyanins) when compared to other berries, such as strawberry or raspberry
(Cardenosa et al., 2016). Blueberry cultivars high in antioxidant compounds could command a
price premium when marketing them to consumers (Gilbert et al., 2015; Kraujalyté et al., 2015;
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Gallardo et al,, 2018). Furthermore, the sensory quality of the
harvested berries is another important aspect influencing the
behavior of their would-be consumers. Consumer preference
studies have suggested that key sensory properties, such as
sweetness, freshness, and juiciness, were another main
psychological drive for purchasing blueberries (Saftner et al.,
2008; Gilbert et al., 2014; Yue and Wang, 2016).

To better accommodate consumer preferences, hundreds of
blueberry cultivars have been bred by scientists worldwide.
Among them, phytochemical compounds were found to vary
widely (Connor et al., 2002; Gilbert et al,, 2014). Similarly, there
exists much variation in the sensory scores for intensity of blue
color, juiciness, sweetness, and blueberry-like flavor among different
blueberry cultivars currently on the market (Saftner et al., 2008).

Phytochemical compounds in blueberry fruits were also
considerably affected by the plant’s growing locations and the
interaction between environment and cultivars, although
contradictory results have been reported (Zoratti et al., 2015;
Correia et al., 2016). Sensory properties are induced by a variety
of phytochemical compounds, such as sugars, acids, polyphenol
composition, total soluble solids (TSS), titratable acidity (TA), and
other quality measurements related with sweetness, sourness, and
blueberry-like flavor (Saftner et al., 2008; Barrett et al., 2010; Bett-
Garber et al., 2015). Therefore, it is reasonable to speculate that
blueberry’s sensory properties may also be influence by growing
location. Yet, surprisingly, very little information is available on
the effect of growing location upon blueberry sensory properties,
and their correlation with phytochemical compounds (Saftner
et al., 2008; Bett-Garber et al., 2015).

Traditionally, the taste of blueberries has been evaluated using
human sensory panels, which provides an integrated, direct

measurement of perceived intensities of target taste attributes
(Hanson et al., 1993; Trigo et al., 2004; Moreno et al., 2007).
However, this approach is quite time-consuming and expensive
and it is confined to certain conditions (Liang et al., 2003; Liu
et al., 2017). Electronic tongue (“E-tongue”) systems have been
successfully developed to mimic the organization of human taste
buds, which are sensor arrays (Wei and Wang, 2013; Phat et al.,
2016). This instrument is widely used for testing liquid
foodstuffs, such as water (Carbo et al., 2018), wine (Buratti
et al., 2007), fruit juice (Qiu et al,, 2015), and tea (Chen et al,,
2008). It has proven to be a promising, rapid, and low-cost
technique for the discrimination of blueberry juices produced
from different plant genotypes (Kraujalyte et al., 2015).
Accordingly, in this study, sensory taste variability of blueberry
from different locations in China were evaluated using the E-
tongue, with the aim of exploring the effect of growing location
on blueberry sensory properties, and to clarify the relationship
between sensory properties and phytochemical compounds in
blueberry. Knowledge gained in our study may provide a useful
guide for selecting orchard locations with a view towards
improving fruit berry quality.

MATERIALS AND METHODS

Plant Materials

Rabbiteye blueberry (Vaccinium ashei cv. ‘Brightwell’) fruits
were sampled from five major blueberry-growing provinces of
China, in July 2017 (Figure 1). Ten blueberry orchards known
for their abundant yields were selected as sampling sites, whose
location and altitude are listed in Table 1.

@® Sampling location

FIGURE 1 | The locations of 10 fields sampled in five provinces of China.
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TABLE 1 | Geographical details for the 10 sampled sites of blueberry in China.

Location Abbreviation
Caota town, Zhejiang province CT
Baima town, Jiangsu province BM
Dushan town, Hubei province DS
Xuanwei town, Guizhou province XW
Xianchang town, Guizhou province XC
Shigu town, Yunnan province SG
Yingiao town, Yunnan province YQ
Yousuo town, Yunnan province YS
Haikou town, Yunnan province HK
Longpeng town, Yunan province LP

Latitude (N) Longitude (E) Altitude (m)
29° 38’ 30" 120° 1" 8" 199
31° 30’ 20" 119° 8’ 51" 49
30° 2’ 24" 116° 4’ 21" 37
26° 22’ 56” 107° 44’ 247 750
26° 25’ 21" 107° 31" 54” 912
26° 59’ 40" 99° 56’ 30" 1,950
25° 45’ 28" 100° 77 13" 2,010
24° 38’ 21" 102° 55’ 51” 1,731
24° 31’ 28” 102° 56’ 52" 1,781
23° 51’ 24" 102° 39’ 58” 1,840

Blueberries, that are the fruits, were manually picked at the
commercial ripening stage, when the berries were fully developed in
size and blue in color. Five plants (replicates) were randomly chosen
in each orchard, and with, approximately, 120 g of blueberries
randomly collected from each plant. These samples of harvested
blueberries were then pooled and stored in a sealed foam box with
ice to prevent their degradation while moving them from field to the
laboratory, where they were stored at —20°C. All metabolic analyses
were performed within 3 months from this field collection.

Chemicals and Reagents

Folin-Ciocalteu reagent, catechin, and cyanidin 3-glucoside were
purchased from Sigma-Aldrich (St. Louis, MO, USA), while rutin
and gallic acid were purchased from J&K chemicals Ltd (Beijing,
China). The HPLC solvents were bought from EMD (Darmstadt,
Germany). Other chemicals and reagents used in this study were
of analytical grade and were obtained from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China).

Sample Preparation and Extraction
All analytical determinations were applied to a fruit homogenate,
obtained by crushing about 50 g of frozen berries in a food
blender (Philip, Shanghai, China). A portion of each sample’s
homogenate was used to determine TSS content, TA, and
sensory properties; the other part was used to extract phenols,
flavonoids, proanthocyanidin, and anthocyanin

The extraction method was adapted from Wang et al. (2015),
with some modifications. Approximately 1 g of each
homogenized blueberry sample was put into a 50 ml centrifuge
tube, in which it was mixed with 15 ml of 85% methanol
containing 0.5% formic acid, and then shaken in a vortexer for
15 s to ensure even mixing. Each sample was sonicated at 20°C,
for 20 min, in a KQ-5200E ultrasonic cleaner (Shumei, Kunshan,
China), and then centrifuged at 5,000 rpm for 10 min. The
supernatant was removed, and another 15 ml of the methanol
extraction solution was added to the residue. This extraction
operation was repeated three times per sample, until the berries
had become colorless. These extracts were combined and stored
at —20°C for later chemical analyses.

Total Soluble Solid (TSS) and Titritable
Acid (TA) Content

The TSS of berries was measured with a hand refractometer (Co.
Atago, Japan) on the juice obtained by squeezing the

homogenized blueberries. To determine TA, a 2.5 g sample of
homogenized blueberries was first diluted with 25 ml of distilled
water, after which TA was quantified with a neutralizing 0.1 M
NaOH solution to an end-point of pH 8.1. Values of TA were
expressed as the percent citric acid (mass/mass) on a fresh weight
(FW) basis of fruit; the ratio between TSS and TA ratio was
calculated as a taste indicator.

Total Phenolic Content

Total phenolic content (TP) was estimated using the Folin-
Ciocalteu colorimetric method, as described by Li et al. (2013).
Briefly, appropriate dilutions of the extracted samples (0.2 ml)
were oxidized with 2 ml of 0.5 mol L™ Folin-Ciocalteu reagent,
for 4 min, at room temperature. Then, the reactive solution was
neutralized, by 2 ml of 75 mg ml™' saturated sodium carbonate,
and its absorbance was measured at 760 nm after incubation for
2 h at room temperature in the dark. Quantifications were made
based on the standard curve of gallic acid.

Total Flavonoid Content

Total flavonoid content (TF) was measured by a modified
colorimetric method (Huang et al,, 2012). The appropriate
dilutions of the extracted samples (1 ml) were mixed with
0.1 ml of 0.05 g mlI"" NaNO,. After 6 min, to each 0.1 ml of
0.1 g ml™ AICI; solution was added; 5 min later, 1 ml of 1 mol L™
NaOH was added to the reactive solution. This was then mixed
well and allowed to stand for 15 min before measuring its
absorbance at 510 nm. The TF was calculated and expressed as
rutin equivalents.

Proanthocyanidin Content

Proanthocyanidin content (PAC) of the blueberry extract was
determined by the colorimetric assay developed by Price et al.
(1978). Briefly, a 0.5% (w/v) solution of vanillin-HCI reagent
(0.5% vanillin in 4% concentrated HCI, in methanol; 2.5 ml) was
added to 0.5 ml of diluted extracts and standard (catechin)
solutions, mixed thoroughly, and incubated at 30°C in the dark
for 20 min. The absorbance of this solution was recorded at 500
nm against the corresponding blanks. The PAC was calculated
and expressed as catechin equivalents.

Total Anthocyanin Content
The blueberry extracts were filtered through a 0.22 um filter
(Millipore), and then injected to high performance liquid
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chromatography (HPLC) for analysis. This HPLC analysis was
performed in an Aglient 1100 HPLC system (Agilent
Technologies, USA) equipped with a binary pump and a
diode-array detector (DAD). For the chromatographic analysis,
a 250 mm x 4.6 mm, 5-um particle size, end-capped reverse-
phase Zorbax SB-C18 column was used (Agilent Technologies,
USA). The running temperature was 35°C, with an injection
volume of 10 pl. The detections were made at 520 nm, at a flow
rate of 0.6 ml/min. Mobile phase A was a mixture of 6% HAc
(ethanoic acid) and ultrapure water, whereas mobile phase B was
a mixture of 6% HAc and acetonitrile. The gradient used was as
follows: 5 to 10% B (from 0 to 5 min), 10 to 15% B (from 5 to
20 min), 15 to 20% B (from 20 to 35 min), 20 to 40% B (from 35
to 40 min), 40 to 80% B (from 40 to 45 min), 80 to 85% B (from
45 to 50 min), 85 to 5% B (from 50 to 55 min), and 5% B (from 55
to 60 min). To quantify anthocyanins, their peak areas were
compared to the absorbance of a cyanidin 3-glucoside external
standard (Sigma-Aldrich, Shanghai, China). Total anthocyanin
content (hereon, ACs) was calculated as the sum of these peaks
and expressed on a FW basis of fruit.

E-Tongue Analysis

The overall taste profile of the blueberry was measured by an E-
tongue (TS-SA402B, Intelligent Sensor Technology Inc., Kanagawa,
Japan). This device consisted of an automatic sampler, a selective
sensor array of six sensors (sourness, bitterness, astringency, umami,
saltiness, richness, aftertaste-astringency, and aftertaste-bitterness), a
signal acquisition instrument, and pattern recognition software. The
surface of the selective sensors is combined with artificial lipid
membranes has different response properties to chemicals on the
basis of their taste. The selective sensors used in this study were: GL1
specific for sweetness, CAO for sourness, CO0 for bitterness and
aftertaste-bitterness, AE1 for astringency and aftertaste-astringency,
AAE for umami, CTO for saltiness. The measurement principle of
the E-tongue is based on the capability of tasty substances to change
the potential of the sensors through electrostatic or hydrophobic
interaction with the hydrophilic and hydrophobic groups of the
lipid membranes. The sensors were dipped into the calibrated
solution, which was 30 mmol L potassium chloride and 0.3
mmol L tartaric acid, then the electric potential measured for
each sensor was defined as Vr. Then the sensors were dipped into
the blueberry solution for 30 s, and the electric potential for each
sensor was defined as Vs. The relative value (Rv) was represented by
the differences between the potentials of blueberry sample and the
reference solution (Vs-Vr). Then sensors were rinsed with fresh
calibrated solution for 6 s and then dipped into the reference
solution again. The new potential for the reference solution was
defined as Vra. The difference Vra-Vr between the potentials of the
calibrated solution after and before sample measurement is the
“Change of Membrane Potential caused by Absorption value”
(CPAv) and corresponds to the “aftertaste”. Before a new cycle
measurement, sensors were rinsed for 90 s with a washing solution
(30% ethanol) and then for 180 s with the calibrated solution. The
“taste values” were calculated by multiplying the Rv and CPAv of
the sensors for coefficients based on Weber-Fechner law, which
gives the intensity of sensation considering the sensor properties for

tastes (Kobayashi et al., 2010). For preparing the blueberry samples,
the blueberry homogenate was first mixed with distilled water (1:2,
g/ml) by vortexing. This mixture was then put into a 50 ml
centrifuge tube and centrifuged at 5,000 rpm for 10 min. Next,
the supernatant was filtered through three layers of gauze and the
ensuing clear liquid was poured into the special beaker of the E-
tongue, and analyzed at room temperature. In conducting this data
collection sequence, it alternated between the tested calibrated
solution and a given blueberry sample and repeated four times for
both. The average of the last three sets of obtained data was used for
the statistical analysis.

Data Analysis

All data are expressed here as the mean + SD (standard
deviation). Statistical analysis of the above data relied on one-
way analysis of variance (ANOVA), followed by Duncan’s
multiple test, to identify significant differences among samples
of blueberry grown at different locations, using SPSS v18.0 (SPSS
Inc., Chicago, USA). An alpha level of p < 0.05 or less was
considered to be significant.

Correlation analysis was performed among phytochemical
conpounds and sensory properties using SPSS v18.0 (SPSS Inc.,
Chicago, USA). The correlation coefficients were analyzed by
Pearson method, and significance was tested by two-tailed
method. An alpha level of p < 0.05 or less was considered to
be significant.

In order to test for similarities among blueberries sampled
from different locations, principal component analysis (PCA)
was applied to the data set. Locations were inserted in rows and
response variables including phytochemical properties, and
sensory values were placed in columns. The PCA analysis was
implemented in the Origin2019 software (Massachusetts, USA).

RESULTS AND DISCUSSION

Phytochemical Compounds of Blueberry
Affected by Growing Locations
Significant differences in blueberry TSS, TA, and TSS/TA were
found among the different growing locations (Table 2). The TSS
among the 10 locations ranged from 9.4 to 14.2%, TA ranged
from 0.33 to 0.55%, and TSS/TA ranged from 20 to 37.7.
Blueberry grown in Shigu had the highest TSS compared with
the other locations, having also the lowest TA content and
highest TSS/TA. These results show that where blueberry is
grown has a significant impact on its fruit berries’ TSS and
TA, which is in line with other results (Correia et al., 2016).
Growing location also had a significant effect on the TF, TP,
PAC, and ACs of blueberry (Table 3). Across the 10 locations,
the corresponding values for TF, TP, PAC, and ACs ranged from
0.94-2.07 mg rutin g' FW, 1.44-3.53 mg gallic acid g"' FW,
2.40-9.53 mg catechin g' FW, and 0.26-1.34 mg Cyanidin-3-
glucoside g'' FW. Blueberry grown in Caota and Baima towns
had the lowest TF, TP, PAC, and ACs content, whereas that
grown in Shigu, Yingiao, Yousuo, and Longpeng towns had the
highest TF content, while Yingiao and Longpeng towns had the
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TABLE 2 | The content of total soluble solids (TSS), titratable acidity (TA), and
TSS/TA in blueberry from different locations in China.

Location TSS (%) TA (%) TSS/TA
cT 10.3 + 0.83de 0.52 + 0.04ab 20.0 + 1.84e
BM 12.1 £ 1.26b 0.55 + 0.03a 22.0 + 2.33de
DS 10.9 + 0.73cd 0.39 + 0.03e 28.3 + 3.66bc
XW 10 = 0.00de 0.33 + 0.03f 30.7 + 3.32b
XC 9.4 +0.88e 0.47 + 0.04bc 20.2 + 2.64e
SG 142 +1.27a 0.38 + 0.04e 37.7 +5.75a
YQ 11.4 + 0.77bc 0.42 + 0.08de 28.3 + 5.69bc
YS 10.6 + 0.78cd 0.34 + 0.02f 31.4 +2.78b
HK 10.1 + 0.55de 0.49 + 0.05bc 21.0 +2.03e
LP 11.4 £1.47bc 0.46 + 0.03cd 25.1 + 3.52cd

Values are the mean + SD, n = 5; different letters within each column are significantly
different at p < 0.05 according to Duncan’ s test.

'CT, Caotao town; BM, Baima town; DS, Dushan town; XW, Xuanwei town; XC,
Xianchang town; SG, Shigu town; YQ, Yingiao town; YS, Yousuo town; HK, Haikou
town; LP, Longpeng town.

highest TP content and Longpeng town had the highest PAC and
ACs contents. Significant correlations among blueberry’s TF, TP,
PAC, and ACs content were found in the samples whose
contents were significantly positively correlated with the
altitude of their growing locations (Table 4). Studies involving
altitude have provided contradictory results for the phenols
content of both blueberries and bilberries (Martz et al., 2010;
Zoratti et al., 2015). Some researchers also found no clear
relationships, or negative ones, between altitude and the ACs

content of blueberries (Akerstrém et al., 2010; Martz et al., 2010).
In later work, Wang et al. (2015) and Zoratti et al. (2015)
reported the ACs in blueberries and bilberries increased when
grown at higher altitudes. In our study, the results suggested the
TF, TP, PAC, and ACs content of blueberry increased with
altitudes rising from 37 to 2,010 m. This could be due to the
plant’s protective mechanisms against the stronger solar
radiation and ultraviolet light generally prominent in high
altitude regions (Jaakola et al., 2004; Zoratti et al., 2015). Such
strong radiation and ultraviolet light could increase free radicals,
such as reactive oxygen species (ROS), which activate the
biosynthesis of flavonoids, especially anthocyanins to protect
plant organs (Dudareva et al., 2020).

The TSS and TA significantly increased and decreased with
altitude, respectively, meanwhile the TSS/TA was increased with the
rising altitude (Table 4). This suggested blueberry grown at high
altitude could be sweeter, since the TSS/TA is considered as a rough
but reliable indicator of fruit sweetness and is recognized as
a key factor contributing to the flavor of blueberries (Almutairi
et al,, 2017). Our results agree with reports on mandarin (Rokaya
etal., 2016) and apricots (Naryal et al., 2019); however, Correia et al.
(2016) reported that altitude did not affect the TSS in blueberry, and
an inverse relation was observed in bilberry and pomegranate, in
that a higher TSS content predominated at lower altitudes (Mikulic-
Petkovsek et al., 2015; Mphahlele et al., 2016). From our results, we
infer that high altitude climatic conditions are favorable for
blueberry’s accumulation of sugar contents. Sunlight at high

TABLE 3 | The content of total flavonoids (TF), phenols (TP), proanthocyanidin (PAC), and anthocyanins (ACs) in blueberry from different locations in China.

Location TF (mg rutin g™) TP (mg gallic acid g™")
cT' 0.94 +0.19d 1.44 + 0.24e
BM 1.11 £ 0.14cd 1.67 £ 0.25de
DS 1.24 £ 0.22¢c 1.97 £ 0.36d
XW 1.66 + 0.20b 2.440.34c
XC 1.26 £ 0.08c 1.98 £ 0.17d
SG 1.96 + 0.34a 3.07 + 0.60b
YQ 2.06 + 0.23a 3.29 + 0.49ab
YS 2.07 +0.21a 3.10 £ 0.43b
HK 1.65 + 0.13b 2.89 + 0.38b
LP 2.06 + 0.28a 3.58 £ 0.47a

PAC (mg catechin g') ACs (mg cyanidin 3-glucoside kg™)
2.40 + 0.63f 0.26 + 0.07g
3.37 + 0.89ef 0.40 + 0.12fg
447 £ 1.07e 0.59 + 0.17de
6.10 + 1.21cd 0.83 + 0.18bc
3.48 + 0.41ef 0.45 + 0.07ef
7.07 + 1.91bd 0.90 + 0.20bc
7.21 £ 0.92bc 0.98 + 0.09b
7.67 +1.36b 1.02 £ 0.18b
5.88 + 0.91d 0.74 + 0.13cd
9.58 + 1.75a 1.34 £ 0.27a

Values are the mean + SD, n = 5; different letters within a column are significantly different at p < 0.05 according to Duncan'’s test.
'CT, Caotao town; BM, Baima town; DS, Dushan town; XW, Xuanwei town; XC, Xianchang town; SG, Shigu town; YQ, Yingiao town; YS, Yousuo town; HK, Haikou town; LP, Longpeng town.

TABLE 4 | Pearson correlation coefficients for altitude and phytochemical contents of blueberry.

Altitude TSS' TA TSS/TA TF TP PAC ACs
Altitude 1
TSS 0.23* 1
TA -0.30" -0.04 1
TSS/TA 0.36™ 0.60™ -0.80™ 1
TF 0.83* 0.28* -0.48™ 0.62* 1
TP 0.83* 0.26* -0.37* 0.43* 0.95™ 1
PAC 0.73* 0.28™ -0.45™ 0.50" 0.91* 0.96™ 1
ACs 0.70™ 0.26* -0.45™ 0.47* 0.88™ 0.93* 0.99* 1

The * and ** indlicate significance at p < 0.10 and p < 0.05, respectively.

'TSS, total soluble solids; TA, titratable acidity; TSS/TA, the ratio between TSS and TA; TF, total flavonoids; TP, total phenols; PAC, proanthocyanidin; ACs, anthocyanins.
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altitudes is of higher intensity than at lower altitudes, contributing to
an accelerated photosynthetic rate and metabolite accumulation
(Naryal et al., 2019). Another factor that could increase TSS content
arises from reduced respiration caused by the low temperatures
characterizing high altitude zones, which would promote the
synthesis and accumulation of carbohydrates in fruits (MacKenzie
et al, 2011).

Correlations Among Phytochemical
Compounds of Blueberry

Significant correlations were also found between phenolic
compounds and TAA, TA, and SS/TA (Table 4). These results
were similar to findings from other studies, mainly on grape
(Matsumoto et al., 2007) and pomegranate (Fawole and Opara,
2013). It may be that blueberry with high TSS are better able
to sustain a high content of phenolic compounds, since

physiologically they both increase simultaneously during the
maturity stage of berries (Ribera et al., 2010).

Correlations Between Sensory Properties
and Phytochemical Compounds of
Blueberry

Significant differences were found among blueberry sensory
scorings evaluated by the E-tongue among the 10 sampled
locations (Figure 2). Furthermore, significant negative
correlations were evident between altitude and sourness,
astringency, aftertaste-bitterness, and richness, while altitude
was significantly positively correlated with bitterness, umami,
and sweetness of the berries (Table 5). Additionally, TSS was
significantly positively correlated with bitterness, aftertaste
astringency as well as umami and sweetness, yet negative
correlated with sourness. The TA was also correlated with

Sourness
7
6
. (T
Sweetness > Bitterness
4 —BM
3 —DS
2
—XW
—C
) o ) S G
Richness = Astringency
—YS
HK
—LP
Umami Aftertaste bitterness
Aftertaste astringency
FIGURE 2 | Spider plot for sensory scores of blueberry sampled from different locations in China. CT, Caotao town; BM, Baima town; DS, Dushan town; XW,
Xuanwei town; XC, Xianchang town; SG, Shigu town; YQ, Yingiao town; YS, Yousuo town; HK, Haikou town; LP, Longpeng town.

TABLE 5 | Pearson correlation coefficients between altitude, phytochemical properties, and sensory scorings of blueberry.

Sourness Bitterness Astringency Aftertastebitter Aftertaste astringency Umami Richness Saltiness Sweetness
Altitude -0.57** 0.76™ -0.70** -0.48* -0.14 0.62** -0.34** -0.76* 0.51*
TSS! -0.28" 0.37* -0.14 -0.20 0.30" 0.31™ 0.04 -0.26* 0.27
TA 0.64* -0.47* -0.09 -0.02 -0.03 -0.63* 0.34* 0.34** -0.70*
TSS/TA -0.67** 0.58* -0.02 -0.10 0.17 0.67* -0.24* -0.40* 0.69*
TF -0.60"* 0.66™ -0.62** -0.30" 0.09 0.64* -0.42* -0.68** 0.61*
TP -0.54** 0.62* -0.66** -0.34* -0.01 0.59** -0.42* -0.71* 0.57*
PAC -0.568" 0.57* -0.60"* -0.30* 0.07 0.62** -0.39 -0.62** 0.62*
ACs -0.56** 0.56™ -0.58** -0.32* 0.03 0.60™ -0.36* -0.59* 0.60™

The * and ** values indicate significance at p < 0.10 and p < 0.05, respectively.

'TSS, total soluble solids; TA, titratable acidity; TSS/TA, the ratio between TSS and TA; TF, total flavonoids; TP, total phenols; PAC, proanthocyanidin; ACs, anthocyanins.

Frontiers in Plant Science

www.frontiersin.org 14

September 2020 | Volume 11 | Article 573531


https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Zeng et al.

High Altitude Improves Blueberry Quality

sensory scores but its trend was the opposite of that shown by
TSS. The TF, TP, PAC, and ACs all had a similar association with
the sensory values as found for TSS, which was positively
correlated with bitterness, umami, and sweetness, and
negatively correlated with sourness, astringency, aftertaste-
bitter, and richness of the blueberries. Unlike the findings of
Drewnowski and Gomez-Carneros (2000), we found that a high
concentration of anthocyanin and total phenolics increased the
astringent tastes of blueberry, a result similar to that reported by
Bett-Garber et al. (2015), who studied the relationship between
physicochemical contents and sensory values of six blueberry
cultivars, and found that a sweet taste was positively correlated
with the TSS and anthocyanin content of blueberry, while its
sour taste was positively correlated with its TA.

Sensory scorings and phytochemical analyses were also
processed by PCA, for which the two-dimensional biplots of
scores and loading of the different locations are presented in
Figure 3. Principal component 1 (PC1) and PC2 respectively
represented 53.3 and 14.2% of the total variance in the data set.
The PC1 was dominated by sensory scores: umami, and
sweetness, as well as phytochemical contents: TF, TP, PAC,
and ACs. The PC2 was dominated by sensory scores:
astringency, aftertaste-astringency and aftertaste-bitterness as
well as some phytochemical content: TA and TSS/TA (Figure
3). The short distance among TF, TP, PAC, and ACs suggested
they have a similar influence upon the evaluation of blueberry’s
food quality. The PCA plot showed that blueberry from different
locations could be effectively discriminated, although the values
for some locations were clustered and showed some overlap
(Figure 3). Blueberry plants grown at high altitudes were located

on the right of the x-axis, which suggested their fruits had high
sensory scores for umami and sweetness, and a high content of
TF, TP, PAC, and ACs. These results indicated that for the
production of high-quality berries with respect to their sweetness
and ACs content, it would be better to established blueberry
fields at high altitudes. However, it was hard to discriminate the
uality of blueberry from closing altitudes, due to the overlapping
(Figure 2B). Therefore, looking ahead, more environmental
factors should be considered, such as soil type and cultivation
methods, since these two have an important role to play in
determining blueberry properties and quality as food (Connor
et al.,, 2002; Ehret et al., 2014; Zoratti et al., 2015).

CONCLUSION

A systematic evaluation of various quality characteristics and
sensory values of blueberry ‘Brightwell’ from 10 locations in
China demonstrated that both sets were affected by their
location, while blueberry sensory aspects were markedly
influenced by co-occurring phytochemical contents. Bitterness,
umami, and sweetness of berries were positively correlated with
TSS, TF, TP, PAC, and ACs in blueberry; their sourness was
positively correlated with TA but negatively correlated with TSS,
TF, TP, PAC, and ACs. In any case, the sensory scores and values
of TSS, TA, TF, TP, PAC, and ACs clearly depended on altitude.
Taken together, we suggest that blueberry plants grown at high
altitude are apt to yield high-quality berries with regard to their
sweetness and ACs content.
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FIGURE 3 | Principal component analysis (PCA) of phytochemical analyses and sensory scores of blueberry from different locations in China.
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The incidence rate of cardio-cerebrovascular diseases (CCVDs) is increasing worldwide,
causing an increasingly serious public health burden. The pursuit of new promising
treatment options is thus becoming a pressing issue. Hydroxysafflor yellow A (HSYA) is
one of the main active quinochalcone C-glycosides in the florets of Carthamus tinctorius
L., a medical and edible dual-purpose plant. HSYA has attracted much interest for its
pharmacological actions in treating and/or managing CCVDs, such as myocardial and
cerebral ischemia, hypertension, atherosclerosis, vascular dementia, and traumatic brain
injury, in massive preclinical studies. In this review, we briefly summarized the mode and
mechanism of action of HSYA on CCVDs based on these preclinical studies. The
therapeutic effects of HSYA against CCVDs were presumed to reside mostly in its
antioxidant, anti-inflammatory, and neuroprotective roles by acting on complex
signaling pathways.

Keywords: hydroxysafflor yellow A, quinochalcone C-glycoside, cardio-cerebrovascular diseases, Carthami
Flos, ischemia

INTRODUCTION

Cardio-cerebrovascular diseases (CCVDs) are characterized by ischemic or hemorrhagic lesions of
the heart, brain, and peripheral circulatory tissues (Liu Z. et al., 2018). It is the high incidence,
recurrence, and disability rates of CCVDs that directly aggravate the global burden of public health
and hinder socio-economic development (Minno et al., 2019). Although much progress has been
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made in understanding the pathological mechanisms of CCVDs,
there is still no effective therapy to prevent or stop the epidemic
trend of CCVDs, resulting in the urgent need to identify
novel therapeutic options (Kazantsev and Outeiro, 2010;
Upadhyay, 2014).

Traditional Chinese medicine (TCM), a cost-effective and
safe remedy, has been widely used in China and surrounding
countries (including Japan and Korea) for the treatment and
management of CCVDs with exact and prominent efficacy.
Carthamus tinctorius L. (Compositae) (Figure 1A) seeds are
known to be rich in o-linoleic acid and have been used since
ancient times as a source of cooking oil. Meanwhile, its flowers
are widely used for coloring and flavoring foods and
manufacturing dyes (Hu et al., 2018; Guo et al., 2019).
Notably, the medical use of Carthami Flos (Figure 1B, the
dried florets of C. tinctorius) was first documented in the Golden
Chamber Synopsis (Han Dynasty, ~2000 years ago) (Ma et al.,
2014), and also described in the Compendium of Materia
Medica (Ming Dynasty, ~500 years ago) as being able to
“invigorate the blood circulation”, suggestive of its potential
uses against circulatory system diseases. In modern Chinese
clinic, Honghua injection (made from the water extract of
Carthami Flos) and Danhong injection (extracted and refined
from Salviae miltiorrhizae Radix et Rhizoma and Carthami Flos
herb pair) are widely used for the treatment of coronary heart
disease, angina pectoris, myocardial infarction, ischemic
encephalopathy, and cerebral thrombosis (Fan et al., 2019;
Zhang et al., 2019).

The chemical constituents of Carthami Flos are plentiful, and
include flavonoids (e.g. quinochalcone C-glycosides), alkaloids,
phenolic acids, fatty acids, and more (Yue et al., 2013). Among
them, hydroxysafflor yellow A (HSYA, Figure 1C) is both a
representative water-soluble quinochalcone C-glycoside pigment
and the quality marker of Carthami Flos. It produces remarkable

Abbreviations: Akt, the protein kinase B; AMPK, 5-monophosphate -activated
protein kinase; Ang II, angiotensin II; AS, atherosclerosis; Bax, Bcl-2 associated X
protein; BBB, blood-brain barrier; Bcl-2, B-cell lymphoma-2; BDNF, brain-
derived neurotrophic factor; CCVDs, cardio-cerebrovascular diseases; CI,
cerebral ischemia; CI/R, cerebral ischemia/reperfusion; CYP, cytochrome P450;
eNOS, endothelial nitric oxide synthase; GSSG, oxidized glutathione; H/R,
hypoxia/reoxygenation; HIF-1, hypoxia inducible factor-1; HO-1, heme
oxygenase-1; HSYA, hydroxysafflor yellow A; HUVECs, human umbilical vein
endothelial cells; IL, interleukin; JAK2, janus kinase 2/signal transducer; LDL, low-
density lipoprotein; LPS, lipopolysaccharide; MCAO, middle cerebral artery
occlusion; MDA, malondialdehyde; MI, myocardial ischemia; MI/R, myocardial
ischemia/reperfusion; MMP, matrix metalloproteinase; mTOR, mammalian target
of rapamycin; mtPTP, mitochondrial permeability transition pore; NF-«B, nuclear
factor kappa beta; NLRP3, NOD-like receptor 3; NMDARs, NR2B-containing N-
methyl-d-aspartate receptors; NO, nitric oxide; Nrf2, nuclear factor erythroid-2-
related factor 2; OGD, oxygen-glucose deprivation; OGD/R, OGD/reoxygenation;
ox-LDL, oxidized low-density lipoprotein; PAF, platelet activating factor; PI3K,
phosphoinositide 3-kinase; RCT, randomized controlled clinical trial; ROS,
reactive oxygen species; SCFA, short-chain fatty acid; SD, Sprague-Dawley;
SOCS3, suppressor of cytokine signaling protein 3; SOD, superoxide dismutase;
TBI, traumatic brain injury; TCM, traditional Chinese medicine; TLR, toll like
receptor; TNF-o, tumor necrosis factor-o; VaD, vascular dementia; VEGF,
vascular endothelial growth factor; VSMCs, vascular smooth muscle cells; WRP,
washed rabbits platelet.

pharmacological activities in CCVDs that have aroused great
interest worldwide (Zhang et al., 2019), and massive preclinical
studies have aimed to prove the pharmacological effects and
dissect the mechanisms of actions of HSYA in treating CCVDs.
Safflower yellow injection, a purified yellow pigment extract from
Carthami Flos containing no less than 70% of HSYA, is
commercially available for stable exertional angina pectoris of
coronary heart disease with a marked curative effect in Chinese
clinic (Liu et al., 2014; Xuan et al, 2018). Here, we briefly
summarize the existing evidence to provide valuable references
and implications for the clinical uses of HSYA.

THERAPEUTIC POTENTIAL OF HSYA
ON CCVDS

Effects on Myocardial Ischemia (Ml)

It is acknowledged that MI results from insufficient blood-
oxygen supply (Thiagarajan et al., 2017) and the improved
vasomotor and circulatory functions exert beneficial effects on
MI (Ribeiro et al., 2019). The vasoconstrictor endothelin and the
vasodilator nitric oxide (NO) are known as two common
regulators modulating vasomotor function. HSYA can reverse
the circulating levels of both in acute MI animals (e.g., dogs and
rats), thereby elevating myocardial blood-oxygen supply and
reducing myocardial injury and apoptosis (Li et al., 2006;
Wang et al., 2007). Other vasomotor function-related factors,
such as 6-keto-prostaglandin Flo, thromboxane B2, and
angiotensin II (Ang II), were also of great importance for
HSYA (Wang et al, 2007). Angiogenesis participates in the
circulatory function recovery from MI, and HSYA exerts the
pro-angiogenic effects in two main ways: (1) nucleolin-mediated
post-transcriptional regulation of vascular endothelial growth
factor-A (VEGF-A) and matrix metalloproteinase (MMP) -9
expressions (Zou et al., 2018); and (2) the up-regulation of heme
oxygenase-1 (HO-1)/VEGF-A/stromal cell-derived factor-lo
cascade (Wei et al., 2017).

A specialized piece of in vivo research demonstrated that the
antioxidant effect of HSYA was involved in the prevention of
Ang II-induced myocardial hypertrophy (a compensatory
response to MI), which may act through the activation of the
nuclear factor erythroid-2-related factor 2 (Nrf2)/NAD(P)H:
quinone oxidoreductase 1/HO-1 signaling pathway (Ni et al,
2018). Nrf-2, as the main regulator of the antioxidant system
present on the cardiovascular system, is becoming a very
promising pharmacological target for cardiovascular diseases
(McSweeney et al., 2016). Our research group has found that
HSYA possessed significant antioxidant activity in vitro (Yue
et al, 2014). Thus, the antioxidant effect of HSYA may be
essential to improve the outcomes of cardiovascular diseases.

Effects on Myocardial Ischemia/
Reperfusion (MI/R) Injury

Thrombolytic or percutaneous coronary intervention
reperfusion for acute myocardial infarction is favorable in most
cases, but can also cause MI/R injury, resulting in excessive pro-
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FIGURE 1 | Carthamus tinctorius L. (A), Carthami Flos (the dried florets of C.
tinctorius) (B), and hydroxysafflor yellow A (C).

inflammatory cytokines in myocardial tissue (Xie et al., 2018).
HSYA has been reported to possess significant anti-
inflammatory activity in vitro (Yue et al., 2016). In neonatal rat
ventricular myocytes induced by hypoxia/reoxygenation (H/R)
and lipopolysaccharide (LPS), HSYA not only inhibited the
excessive secretion of pro-inflammatory cytokines but also
suppressed the over-expression of toll like receptor (TLR) 4
and nuclear factor kappa beta (NF-kB). Importantly, HSYA was
found to alleviate cardiac damage caused by MI/R in normal rats
instead of TLR4-knockout mice (Han et al., 2016). It is important
to note that TLR4 is the receptor of LPS, the component of the
outer membrane of Gram-negative bacteria. There is evidence
that NOD-like receptor 3 (NLRP3) inflammasome activation
promotes myocardial injury and apoptosis via inducing the
production of pro-inflammatory cytokines. HSYA improved
H/R-induced H9c2 cell viability, maintained mitochondrial
membrane potential, and inhibited NLRP3 inflammasome
activation, while the adenosine 5’-monophosphate-activated
protein kinase (AMPK) inhibitor partially abolished these

observed effects of HSYA, which suggests that HSYA
suppresses NLRP3 inflammasome activation via the AMPK
pathway (Ye et al., 2020). Together, the TLR4 signaling
pathway and NLRP3 inflammasome impact on the anti-
inflammatory action of HSYA in MI/R.

Apoptosis is initiated shortly after the onset of myocardial
infarction and is enhanced markedly during reperfusion. In H/R-
induced H9¢2 cells, the anti-apoptotic effect of HSYA not only
depends on the up-regulation of HO-1 expression through the
phosphoinositide 3-kinase (PI3K)/the protein kinase B (Akt)/
Nrf2 signaling pathway, a compensatory mechanism limiting the
apoptotic events in the presence of aggressive factors (Liu et al.,
2012), but also targets the Akt/hexokinase II pathway to activate
the hexokinase II protein and restore mitochondrial energy to
reduce intracellular reactive oxygen species (ROS) generation
(Min and Wei, 2017). Additionally, Zhou et al. reported that
the anti-apoptotic effect of HSYA might be largely dependent on
the Janus kinase 2/signal transducer (JAK2) and activation of the
transcription 1 pathway (Zhou et al., 2019).

Beside inflammation and apoptosis, MI/R damages
cardiomyocytes in part via the opening of the mitochondrial
permeability transition pore (mtPTP), a non-selective pore that
penetrates the inner and outer mitochondrial membranes
(Bhosale and Duchen, 2019). HSYA has the capability to enter
the cardiomyocytes and then inhibit mtPTP opening to alleviate
H/R-induced myocardial injury through the enhanced
endothelial nitric oxide synthase (eNOS)-produced NO (Liu
et al., 2008; Huber et al., 2018).

Effects on Hypertension

Hypertension is a major global health challenge and an
important risk factor of CCVDs. The blood pressure control
rate of hypertensive patients in developing countries remains at
unacceptably low levels (Mills et al., 2016). There is evidence that
the conspicuous antihypertensive effect of HSYA is attributed to
the inhibition of voltage-gated channels, the renin-angiotensin-
aldosterone system, and the sympathetic nervous system.
Specifically, HSYA inhibited the endotehlin-independent
contraction of the thoracic aorta rings of rats through the
blockade of inositol 1,4,5-triphosphate receptor in vascular
smooth muscle cells (VSMCs), leading to the decrease of
extracellular Ca®" influx (Zhang et al., 2011). Beside VSMCs,
endothelial cells participate in vasoconstriction and relaxation.
Yang et al. found that oral HSYA has a concentration-dependent
antihypertensive effect. It reversed the constriction of mesenteric
arteries induced by a thromboxane A2 mimetic agent, the
potential mechanism of which might be associated with the
TRPV4 channel-dependent Ca®* influx, protein kinase A-
dependent eNOS phosphorylation, and NO production (Yang
et al., 2020). A further study disclosed that HSYA could
normalize blood pressure and heart rate dose-dependently in
spontaneously hypertensive rats, which might be related to
activating K,rp and BKc, channels, inhibiting L-type Ca
channels, decreasing Ca®" influx, and subsequently inhibiting
cardiac contractility (Nie et al, 2012; Wang et al., 2020).
However, HSYA reduced blood pressure and heart rate in
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normotensive rats, on which more focus needs to be placed in the
future. Moreover, HSYA can increase the reduced diastolic
response of the thoracic aortic to acetylcholine and sodium
nitroprusside, and thus attenuate the vascular contractile effect
of phenylephrine (Jin et al., 2013). HSYA can also inhibit
proliferative activity and collagen synthesis of Ang II-induced
adventitial fibroblasts, reduce the expressions of MMP-1,
transforming growth factor-f1, o-smooth muscle actin, and
NF-xB p65, and thereby decreasing vascular adventitia
proliferation and hyperplasia during vascular remodeling
(Yuan et al, 2014). Obviously, it could be drawn that HSYA
might be potentially useful as an antihypertensive drug via
multiple mechanisms mainly involved in both cardiac output
and peripheral resistance.

Hypertension may cause ventricular hypertrophy, which
produces mechanical stimulation to the heart, further causing
arrhythmia, heart failure, coronary occlusion, and sudden death
(Pearson et al., 1991). A study by Wang et al. indicated that oral
HSYA exhibited anti-apoptotic effects on hypertensive ventricular
hypertrophy in rats by increasing the B-cell lymphoma-2 (Bcl-2)/
Bcl-2 associated X protein (Bax) ratio and blocking serum MMP-2
and MMP-9 levels (Wang et al, 2014). Moreover, pulmonary
arterial hypertension is a common combination of congenital
heart disease with systemic-to-pulmonary artery shunt diseases,
leading to right ventricular heart failure and premature death
(Huang et al., 2018). Voltage-gated K" channel (Ky channel) is an
important channel for maintaining normal membrane potential
and muscle tension of VSMCs, while HSYA could activate the Kv
channel of pulmonary artery VSMCs to reduce vascular tension,
suggesting that HSYA may be a potential medication for pulmonary
arterial hypertension (Bai et al., 2012).

Effects on Atherosclerosis (AS)

AS could precipitate the onset of myocardial infarction and
inflammation and is being increasingly recognized as the main
pathogenic mechanism through the narrowing and blockage of
arteries and the increased risk of blood vessel rupture (Kotla
et al., 2017). HSYA could inhibit ROS-induced inflammation in
THP-1 macrophages (Jiang et al., 2017), but could also suppress
tumor necrosis factor-o. (TNF-0)-induced inflammatory
responses through inhibiting the TNF-o receptor type 1-
mediated classical NF-kB pathway in arterial endothelial cells
(Wang H. F. et al,, 2016). Jiang et al. discovered that HSYA-
mediated sonodynamic therapy induced an autophagic response
to inhibit inflammation via the PI3K/Akt/mammalian target of
rapamycin (mTOR) signaling pathway in THP-1 macrophages
(Jiang et al., 2017). Nevertheless, it is very interesting to justify
the potential biphasic effect of HSYA under excessive
macrophage autophagy, which can drive the instability of
atherosclerotic plaque (Petrovski et al., 2011).

In fact, the oxidation of low-density lipoprotein (LDL) and
oxidized LDL (ox-LDL)-induced vascular damage are key events
in early AS. Although its LDL-lowering effect remains unknown,
HSYA was able to reduce the susceptibility of LDL to copper-
induced lipid peroxidation in vitro (Bacchetti et al., 2020). It is

interesting to identify the effect of HSYA against ox-LDL formation
in vivo. In ox-LDL-induced foamy macrophages, HSYA displayed
obvious repairing effects on the de novo fatty acid biosynthesis
pathway, among which oleoyl-(acyl-carrier-protein) hydrolase was
postulated to be a target of HSYA (Wei et al., 2018). HSYA also
exerted protective effects against ox-LDL-induced VSMCs
proliferation via increasing mitogen-activated protein kinase
phospholipase-1 expression and the proportion of cells in the G0/
G1 phase, followed by reducing p-extracellular regulated protein
kinases activity (Sheng et al, 2012). Moreover, HSYA has been
shown to significantly improve ox-LDL-induced human endothelial
injury, partially via the anti-apoptotic effect of the mitochondrial
membranous voltage-dependent anion-selective channel protein 2
(Ye et al, 2017). Recently, Miao et al. revealed that HSYA could
inhibit the high ox-LDL-induced human coronary artery
endothelial cell injury, possibly via increasing eNOS expression
and NO release, while inhibiting LDL receptor-1 expression and
lactate dehydrogenase release (Miao et al., 2019).

During the development of AS, platelets can accelerate
activation and release a variety of active substances, such as
platelet-activating factor (PAF) and thromboxane B2, conversely
promoting platelet adhesion and aggregation, and even
damaging vascular endothelial cells (Wang et al., 2008). HSYA
was able to inhibit PAF-induced platelet aggregation in rabbits
by blocking PAF-mediated washed rabbit platelets (WRPs) and
polymorphonuclear leukocyte aggregation (Zang et al., 2002).

Collectively, the above in vitro studies have manifested the
potential anti-AS effects of HSYA, which should go through
additional in vivo studies to determine its clinical implications.

Effects on Vascular Injury and Remodeling

Diseases

The vascular endothelium plays an important role in modulating
numerous aspects of vascular homeostasis (Scarabelli et al., 2002).
HSYA was capable of promoting the survival and proliferation of
vascular endothelial cells under both normoxic and hypoxic
conditions, and its effect was stronger under hypoxia via up-
regulating the Bcl-2/Bax ratio and accumulating hypoxia-
inducible factor-1 (HIF-1) o, which was related to VEGF and its
receptor system (Song et al., 2005; Ji et al., 2008). Also, HSYA could
protect human umbilical vein endothelial cells (HUVECs) from
hypoxia-induced injury by reducing p53 expression in the cell
nucleus and up-regulating eNOS expression to produce NO in
cell supernatant (Ji et al., 2009).

Abnormal proliferation of VSMCs is a crucial cytopathological
basis for the development and progression of vascular remodeling
diseases (Ivey et al, 2008). HSYA could inhibit platelet-derived
growth factor-BB induced VSMCs proliferation by decreasing
proliferating cell nuclear antigen expression and blocking
mitogen-activated protein kinase/extracellular regulated protein
kinases and Akt signaling pathways (Song et al., 2014; Zhao et al,,
2015). In the LPS-induced VSMCs proliferation and migration
model, HSYA inhibits the up-regulation of TLR4 expression and the
activation of Ras-related C3 botulinum toxin substrate 1/Akt
pathway (Yang et al., 2015).
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Effects on Cerebral Ischemia (Cl)

Cl is one of the leading causes of death worldwide, and patients who
survive CI often experience paralysis, impaired speech, or loss of
vision (Moskowitz et al., 2010). HSYA appears to treat focal CI
injury in rats through its anti-coagulation effects on thrombosis
formation and platelet aggregation, as well as beneficial regulation
on prostacyclin/thromboxane and blood rheological changes (Zhu
et al., 2005). HSYA could also preserve cortex mitochondrial
function of CI rats via scavenging free radicals, reducing lipid
peroxides, and antagonizing Ca®" (Tian et al., 2004). Importantly,
HSYA possessed a better effect on cerebrovascular vasodilatation
than on cardiovascular vasodilatation (Sun Y. et al., 2018), but the
differential molecular mechanism remains to be discovered.

The blood-brain barrier (BBB) essentially maintains a stable
cerebral homeostasis, while the destruction or increased
permeability of BBB are common pathological processes during
many serious cerebrovascular diseases (Chen Z. X. et al,, 2019). A
study by Lv et al. revealed that HSYA significantly attenuated BBB
dysfunction in anti-inflammatory patterns in ischemia stroke via
the tight junction pathway, especially the NMMHC IIA, TLR4/
PI3K/Akt/Jun N-terminal kinase 1/2/14-3-3e pathway while
inhibiting the expressions of occludin, claudin-5, and zonula
occludens-1 (Lv and Fu, 2018). Since MMPs are the main
endoproteinases involved in BBB destruction (Romanic et al.,
1998), the prominent inhibitory effects of HSYA on MMP-2 and
MMP-9 mentioned in cardiovascular diseases may also contribute
to BBB improvement.

It is worth mentioning that CI plays a causal role in facilitating
neuronal death (Martin and Wang, 2010). A metabonomic study
revealed that HSYA could attenuate excitatory amino acid-induced
neurotoxicity, at least partially, through inhibiting the NF-xB
pathway in the cerebral tissues of the middle cerebral artery
occlusion (MCAO) model rats (Liu et al., 2013). Other protective
mechanisms of HSYA against excitotoxic neuronal death include
the inhibition of NR2B-containing N-methyl-d-aspartate receptors
(NMDARs) expression and the Bcl-2 family regulation in cortical
cultures, and the inhibition of the N-methyl-d-aspartate-induced
and NMDARs-mediated intracellular Ca** increase in hippocampal
cultures (Yang et al,, 2010; Wang X. T. et al, 2016). In oxygen-
glucose deprivation (OGD)-induced BV2 microglia, the
neuroprotective action of HSYA involves the decreased
expressions of pro-inflammatory cytokines, including interleukin
(IL) -1B, TNF-a, inducible nitric oxide synthase, cyclooxygenase-2,
and monocyte chemotactic protein-1, as well as the reserved
phosphorylation of p38 and nuclear translocation of p65 (Li et al,
2013). Peroxynitrite-mediated protein tyrosine nitration and
nitrosative stress represent the crucial pathogenic mechanisms of
CI, while the anti-nitrative pathway might contribute to the
neuroprotective efficacy of HSYA. Specifically, Sun et al.
discovered that HSYA blocked authentic peroxynitrite-induced
tyrosine nitration in primary cortical neurons by the reduction of
inducible nitric oxide synthase expression and NO content,
suggestive of its peroxynitrite scavenging abilities (Sun et al.,
2013). They further reported that HSYA prevented peroxisome
proliferator-activated receptor 7y nitrative modification in primary

neurons and resumed eroxisome proliferator-activated receptor y
activity stimulated by either 15-deoxy-delta prostaglandin J2 or
rosiglitazone (Sun L. et al,, 2018).

Effects on Cerebral Ischemia/Reperfusion
(CI/R) Injury

A growing body of research has evidenced that oxidative stress is
implicated in the pathogenesis of CI/R injury. Wei et al. showed
that HSYA might oppose CI/R injury of MCAO rats through
attenuating the elevation of malondialdehyde (MDA) level and
decreasing superoxide dismutase (SOD) activity in the ipsilateral
hemisphere and serum (Wei et al., 2005). HSYA could also
reduce CI/R-induced protein oxidation and nitration, attenuate
BBB destruction, and importantly inhibit the up-regulation of
12/15-lipoxygenase, which is implicated in the oxidative stress of
CI/R (Sun et al., 2012). In an in vitro assay, HSYA was shown to
block OGD/reoxygenation (OGD/R)-induced PC12 cells
apoptosis through the suppression of intracellular oxidative
stress (Fan et al., 2011).

An inflammatory reaction is a recognized player in CI/R
damage. Through suppressing TLR4 pathway-mediated
signaling responses, HSYA could up-regulate brain-derived
neurotrophic factor (BDNF) in MCAO mice at post-ischemia/
reperfusion (Lv et al., 2015), but also exert neurotrophic and
anti-inflammatory functions in LPS-activated co-existence
systems for microglia and neurons (Lv et al, 2016). In the
microglia of the ischemic cortex after acute CI/R, HSYA
exerted anti-inflammatory effects by activating the TLR9
signaling pathway and suppressing the NF-xB pathway (Gong
et al., 2018). Further studies demonstrated that HSYA
significantly inhibited NF-kB p65 nuclear translation and p65
binding activity, both mRNA and protein levels of intercellular
adhesion molecule 1, and the infiltration of neutrophils (Sun
et al., 2010).

Cognitive impairment is becoming a serious mental deficit that
severely affects the life quality of patients following CI/R (Jokinen
et al,, 2006). HSYA has the capacity to improve neurological deficit
scores and increase the surviving hippocampal CA1 pyramidal cells
in focal CI/R rats (Sun et al., 2010). HSYA injected via the common
carotid artery significantly rescued the neurological and cognitive
functional deficits of MCAO rats against CI/R injury. Meanwhile,
HSYA could markedly down-regulate JAK2-mediated signaling,
while promoting the expression of the suppressor of cytokine
signaling protein 3 (SOCS3) (Yu et al, 2018; Yu et al, 2020).
Furthermore, the neuroprotective effect of HSYA against CI/R
injury might be conferred through activating the Akt-dependent
autophagy pathway (Qi et al, 2014). In both OGD/R-induced
primary mouse neurons and PCI12 cells, HSYA inhibited
phenylalanine biosynthesis to enhance mitochondrial function
and biogenesis for neuroprotection (Chen S. N. et al., 2019).

PI3K-mediated signaling pathways are also involved in the
protective effects of HSYA against apoptosis and autophagy
during CI/R. Chen et al. reported that HSYA critically reduced
CI/R-mediated apoptosis through the PI3K/Akt/glycogen
synthase kinase 3f signaling pathway (Chen et al., 2013).
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HSYA protected the cerebral microvascular endothelial cells
against OGD/R-induced injury by inhibiting autophagy via the
Class I PI3K/Akt/mTOR signaling pathway (Yang et al., 2018).
Proteomic analysis showed that mTOR, Eftud2, Rab11, Ppp2r5e,
and HIF-1 signaling pathways were the key hub proteins and
pathways in HSYA against CI/R injury (Xu et al, 2019).
Therefore, the PI3K/Akt/mTOR signaling pathway needs to be
further studied to clarify the mechanisms of actions of HSYA
against CI/R injury.

Similar to MI/R, CI/R also results in mtPTP opening.
Mechanically, HSYA could inhibit mtPTP opening by inhibiting
Ca**-induced ROS generation and H,O,-induced swelling of
mitochondria isolated from rat brains, improving mitochondrial
energy metabolism and enhancing ATP levels and the respiratory
control ratio in the ischemia brain (Tian et al., 2008).

Effects on Vascular Dementia (VaD)

VaD is characterized by pathological damage and a decline in
intelligence resulting from hypoxic-ischemic or hemorrhagic
brain injury (Zhao X. X. et al., 2018). As mentioned before,
HSYA has the capacity to improve cognitive impairment. In VaD
rats, Zhang et al. revealed that HSYA promoted angiogenesis and
increased synaptic plasticity via up-regulating the hippocampal
expressions of VEGF-A, NMDAR type-1, BDNF, and GluN2B (a
subunit of NMDAR), thus improving spatial learning and
memory (Zhang et al., 2014; Xing et al.,, 2016). Although no
drug is approved, the above findings may shed light on the
therapeutic potential of HSYA for managing the progress
of VaD.

Effects on Traumatic Brain Injury (TBI)

TBI refers to the injury of cerebral tissue structure/function caused
by various kinds of mechanical violence in the outside world (Xiu
et al., 2018). HSYA has the potential to be utilized as a
neuroprotective agent in cases of TBL Firstly, TBI enables HSYA
to distribute in the cerebral tissues of rats (Bie et al., 2010). Then, the
antioxidant effect of HSYA in the brain of the TBI rats could explain
the TBI improvement via increasing SOD, catalase and glutathione
levels, while reducing MDA and oxidized glutathione (GSSG) levels
(Bie et al., 2010; Wang Y. et al., 2016). Lastly, HSYA could increase
mitochondrial ATPase (ie, Na*, K*-ATPase, Ca’"-ATPase, and
Mg”*-ATPase) and tissue plasminogen activator activities, while
decreasing plasma plasminogen activator inhibitor-1 activity and
MMP-9 expression in the hippocampus of TBI rats (Wang Y.
et al., 2016).

In summary, the above findings buttress the assertion that
HSYA exerts cardio-cerebrovascular protective activities through
complex pathways and exhibits a definite curative effect in the
application of CCVDs (Table 1 and Figure 2).

CONCLUSIONS AND PROSPECTS

It is becoming clear that the important mechanisms by which
HSYA exerts extensive biological activities in CCVDs are through
its antioxidant, anti-inflammatory, and neuroprotective effects.

And there is no doubt that HSYA is a promising lead drug
candidate in designing new multi-targeted therapeutic agents
against CCVDs. The other analogues of HSYA, safflor yellow A
(Duan et al., 2013) and safflor yellow B (Wang et al., 2009; Wang
et al, 2013), showed similar protective effects against CCVDs.
Further structural modification of HSYA should be extensively
made and coupled with quantitative structure-activity relationship
studies to develop more selective and safe drugs.

The oral bioavailability of HSYA is extremely low (~1.2%)
(Ekin, 2005) and oral administration of HSYA accounts for
about 0.9% of all in vivo experiments from Table 1. However,
among many administration routes, oral administration is of
great significance in drug formation because of its convenience
and safety. Thus, the microemulsion, nanoemulsion, and
nanoparticles of HSYA have been developed to overcome the
low oral bioavailability (Li et al., 2010; Qi et al., 2011; Lv et al.,
2012; Shi et al,, 2018; Zhao B. X. et al., 2018). Considering the
weak ability of HSYA to penetrate the BBB in physiologic
condition (He et al., 2008), Borneolum Syntheticum and Acori
Talarinowii Rhizoma were used to enhance its BBB permeability
(Wu et al,, 2011). Nevertheless, more attention should be payed
to the overall efficacy and safety evaluation of HSYA before and
after improving oral bioavailability and BBB permeability.

In the past decade, cohesive evidence showed that gut
microbiota may serve as a therapeutic target of natural
compounds derived from TCM (Yue et al, 2019a; Yue et al,
2019b). Oral HSYA is mostly retained in the intestinal tract as its
prototype, which inevitably interacts with gut microbiota. Obesity
is considered to be one of the most important risk factors of
CCVDs. Our research group reported that HSYA mediated its
anti-obesity effects by reversing gut microbiota dysbiosis in obese
mice, followed by increasing short-chain fatty acid (SCFA)-
producing bacteria (Liu J. et al., 2018). For SCFAs, it has a well-
established role in maintaining host immune function after MI
(Tang et al, 2019). The potential for microbial synthesis of
SCFAs, including propionate and butyrate, was low in patients
with atherosclerotic cardiovascular disease (Jie et al., 2017).
Recently, the microbiota-gut-brain axis has shown to influence
BBB permeability and the pathological process of TBI (Braniste
et al,, 2014; Ma et al.,, 2017). Thus, it is feasible to unveil the
underlying mechanisms of oral HSYA on CCVDs from the new
perspective of gut microbiota modulation.

Carthami Flos is a common part of preparations used in TCM
and other traditional medicinal systems. It is necessary to
strengthen the compatibility research of HSYA and other
TCM-derived components. As an example, HSYA and
Danshensu synergistically enhanced the antioxidant defense
system and anti-apoptotic effects on MI/R injury through the
Akt/Nrf2/HO-1 signaling pathway (Hu et al., 2016). Their
combination further achieved enhanced neuroprotective effects
on CI/R injury by alleviating pro-inflammatory and oxidative
stress reactions via the TLR4/NF-xB and Nrf2/HO-1 pathways
(Xu et al,, 2017). On the other hand, combinations with existing
western medications may also provide new therapy options for
CCVDs patients. For example, HSYA as an add-on therapy to
acetylglutamine could synergistically modulate the neuronal

Frontiers in Pharmacology | www.frontiersin.org

September 2020 | Volume 11 | Article 01265


https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Bai et al.

Advances of HSYA Against CCVDs

TABLE 1 | Summary of pharmacological effects and mechanisms of HSYA on cardio-cerebrovascular diseases.

Disease Species/Strains Effective dose/  Route Mechanism of action Reference
concentration
Myocardial Acute MI model in mongrel 14, 28 mg-kg™ i.v. Inhibits endothelin release, increases myocardial blood flow, (Li et al., 2006)
ischemia (MI) dogs and improves the cardiac oxygen metabolism
Acute Ml model in male Wistar 5, 10, 20 mg-kg™ i.v. Increases the activity of serum NO synthase, the content of (Wang et al., 2007)
rats NO and 6-keto-prostaglandin F1c, and decreases the levels
of creatine kinase-MB, lactate dehydrogenase, thromboxane
B2 and Ang Il
Acute MI model in male C57 25 mg-kg™ i.p. Promotes the migration and tube formation of HUVECs, (Zou et al., 2018)
mice enhances the expressions of nucleolin, VEGF-A and MMP-9
MI model in male C57BL/6 15, 30, 60 mg-kg™"'  iv. Promotes endothelial progenitor cells function through the (Wei et al., 2017)
mice HO-1/VEGF-A/stromal cell-derived factor-1a. signaling
cascade
MI model in male SD rats 2,5 mgkg™” i.p. Activates the Nrf2/NAD(P)H:quinone oxidoreductase 1/HO-1  (Ni et al., 2018)
signaling pathway
Ang ll-induced H9c?2 cells 80 umoI-L’1 / Increases the cell viability, however, reduces protein synthesis (Ni et al., 2018)
rate, mitigates cell surface area and decreases the expression
of brain natriuretic factor and B-myosin heavy chain
Myocardial MI/R model in male SD rats 5mgkg’ i.p. Decreases JAK2/signal transducer and activator of (Zhou et al., 2019)
ischemia/ transcription 1 activity, enhances antioxidant capacity and
reperfusion (MI/ decreases apoptosis
R) injury Hyperlipidemia combined with 8, 16, 32 mg-kg™ i.p. Suppresses the over-expression of TLR4 (Han et al., 2016)
MI/R model in male Wistar rats
H/R and LPS-induced neonatal 1, 3, 10 umol-L"" / Decreases excessive secretion of inflammatory cytokines, (Han et al., 2016)
rat ventricular myocytes down-regulates over-expression of TLR4 and NF-kB
H/R-induced H9c2 cells 6.25,12.5, 25 / Improves cardiomyocyte viability, maintains mitochondrial (Ye et al., 2020)
umol-L"! membrane potential, reduces apoptotic cardiomyocytes,
decreases Caspase-3 activity, and inhibits NLRP3
inflammasome activation
H/R-induced H9c2 cells 1.25, 5, 20 umol-L’1 / Activates the hexokinase Il proteins, restores mitochondrial (Min and Wei,
energy, reduces ROS generation 2017)
H/R-induced H9¢c2 cells 20 pumol-L™ / Inactivates the JAK2/signal transducer and activator of the (Zhou et al., 2019)
transcription 1 pathway
H/R-induced H9c2 cells 5, 20, 80 umoI‘L'1 / Up-regulates HO-1 expression through the PISK/Akt/Nrf2 (Liu et al., 2012)
signaling pathway
MI/R model in hearts isolated 50, 100, 200 / Enhances NO production by eNOS activation (Liu et al., 2008)
from male SD rats umol-L™
H/R-induced cardiomyocytes 100, 200 umol-L™" / Modulates the reduction of viability and the loss of rod- (Huber et al., 2018)
isolated from SD rat hearts shaped cells, and interacts with the mtPTP
Hypertension Male spontaneous 0.1-3 mg-kg’1 i.v. Reduces blood pressure and heart rate, activates BKs, and (Nie et al., 2012)
hypertension rat and Katp channels
normotensive Wistar-Kyoto rats
Male spontaneous 0.6-2.4 mg-kg™ i.v. Activates BKc, channels, inhibits Ca-L channels, and reduces (Wang et al., 2020)
hypertension rat and intracellular free Ca®* level
normotensive Wistar-Kyoto rats
Ang ll-induced vascular 0.5, 1 mi’kg i.p. Reduces matrix metallopeptidase-1, transforming growth (Yuan et al., 2014)
adventitial fibroblasts in male factor-B1, a-smooth muscle actin and NF-kB p65 expression
SD rats
AT1 receptor-induced 10 mg-kg™’ i.g. Reverses the vascular structure and function and improves (Jin et al., 2013)
hypertension in male Wistar plasma biochemical parameters
rats
Pressure overload-induced 20, 40 mg-kg™” i.g. Increases the Bcl-2/Bax ratio, blocks the levels of MMP-2 (Wang et al., 2014)
cardiac hypertrophy in male and MMP-9 in serum
Wistar rats
PE-induced pulmonary artery 0.01-10 umol-L”" / Activates the Ky, channel in placental VSMCs and relaxes rat  (Bai et al., 2012)
rings of Wistar rats pulmonary artery
KCl-precontracted thoracic ECso = 18.2 pmol-L™ / Induces relaxation in endothelium-intact/endothelium- (Zhang et al., 2011)
aorta rings of male Wistar rats ~ '/17.4 umol-L™ precontracted aortas precontracted by KCI
PE-precontracted thoracic ECso = 18.7 umol-L™ / Induces relaxation in endothelium-intact/endothelium- (Zhang et al., 2011)
aorta rings of male Wistar rats ~ '/17.9 umol-L™ precontracted aortas precontracted by phenylephrine
CaCl,-precontracted thoracic 20 pmol-L™" / Reduces Ca®* influx and inhibits inositol 1,4,5-triphosphate (Zhang et al., 2011)
aorta rings of male Wistar rats receptor
U46619-induced mesenteric 1-100 umol-L™’ / Reverses the constriction, promotes Ca®* influx, eNOS (Yang et al., 2020)

arteries of male Wistar rats

phosphorylation and NO production

(Continued)
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TABLE 1 | Continued

Disease Species/Strains Effective dose/  Route Mechanism of action Reference
concentration
Atherosclerosis Human THP-1 monocytes 400-800 pumol-L™ / Induces an autophagic response via the PISK/Akt/mTOR (Jiang et al., 2017)

(AS)

signaling pathway and inhibits inflammation by ROS

Human coronary artery 200-1600 umoI~L’1 / Up-regulates the eNOS gene and protein expression, (Miao et al., 2019)
endothelial cells injury model increases NO release, inhibits lactate dehydrogenase release
and down-regulates LDL receptor 1 expression
TNF-o-stimulated primary 120 umol»L'1 / Inhibits the TNF-a. receptor type 1-mediated classical NF-kB ~ (Wang H. F. et al.,
mouse kidney arterial pathway 2016)
endothelial cells and
RAW264.7 macrophage cells
Ox-LDL-induced foamy 65.30 umol-L™ / Up-regulates the abnormal metabolism of C12:0, C14:0, (Wei et al., 2018)
macrophages C18:1
Ox-LDL-induced human 1, 5, 25 umol-L” / Inhibits cell apoptosis by voltage-dependent anion-selective (Ye et al., 2017)
endothelial cells channel protein 2
Ox-LDL-induced VSMCs 10 umol-L™’ / Increases mitogen-activated protein kinase phospholipase-1  (Sheng et al., 2012)
expression and the proportion of cells in GO/G1 phase,
reduces p-extracellular signal-regulated protein kinase 1/2
activity, and suppresses cell cycle
PAF-induced WRP suspension  250-1470 urnoI»L’1 / Inhibits PAF binding to WRP receptors (Zang et al., 2002)
of male New Zealand white
rabbits
PAF-induced WRP suspension  ICso = 990 umol-L™" / Reduces PAF-mediated WRP aggregation (Zang et al., 2002)
of male New Zealand white
rabbits
PAF-induced ICs0 = 700 p.LmoI'L'1 / Reduces PAF-mediated polymorphonuclear leukocytes (Zang et al., 2002)
polymorphonuclear leukocytes aggregation
suspension of male New
Zealand white rabbits
Vascular Injury  Hypoxia-induced canine aortic 10, 100, 1000 / Promotes vein endothelial cells proliferation via promoting (Song et al., 2005)
Diseases endothelial cell umol-L"! vascular endothelial growth factor and its receptor secretion
Hypoxia-induced HUVECs 1,10, 100 umol-L™" / Up-regulates the Bcl-2/Bax ratio and promotes HIF-1a. (Ji et al., 2008)
protein accumulation
Hypoxia-induced HUVECs 1,10, 100 pmol-L™" / Inhibits cell apoptosis and cell cycle G1 arrest induced by (Ji et al., 2009)
hypoxia
Vascular Platelet-derived growth factor ~ 1-60 umol-L™ / Reduces the expression of proliferating cell nuclear antigen, (Zhao et al., 2015)
Remodeling -induced VSMCs blocks signal transduction of mitogen-activated protein
Diseases kinase/extracellular regulated protein kinases
Platelet-derived growth factor 20 pmol-L™" / Suppresses Akt signaling activation (Song et al., 2014)
-induced VSMCs
LPS-induced VSMCs 0.1-100 pmol-L"" / Inhibits TLR4/Ras-related C3 botulinum toxin substrate 1/Akt  (Yang et al., 2015)
pathway
Cerebral MCAQ model in male SD rats 10, 50 mg-kg™” i.v. Corrects the impaired metabolic pathways, suppresses pro-  (Liu et al., 2013)
ischemia (Cl) inflammatory cytokine expression and p65 translocation and
binding activity
MCAQ model in male SD rats 10, 20 mg-kg™ iV, Reduces lipid peroxides, inhibits Ca®* overload, scavenges (Tian et al., 2004)
free radicals
MCAQO model in male Wistar- 3,6 mgkg™ i.v. Inhibits thrombosis formation and platelet aggregation, (Zhu et al., 2005)
Kyoto rats regulates prostacyclin/thromboxane and blood rheological
changes
MCAQO model in C57BL/6J 1,2, 4 mgkg™” i.p. Attenuates BBB dysfunction via the tight junction pathway, (Lv and Fu, 2018)
mice and attenuates the expression of occludin, claudin-5, and
zonula occludens-1
Nitrified bovine serum albumin 10, 100, 1000 / Blocks authentic peroxynitrite-induced tyrosine nitration (Sun et al., 2013)
and primary cultured male SO pmol-L"
rats cortical neurons exposed
to peroxynitrite
Peroxynitrite donor SIN-1- 10, 100, 1000 / Blocks peroxisome proliferator-activated receptor vy nitration (Sun et al., 2018)
induced primary cultured male  pmol-L™"
SD rats cortical neurons
Primary cultured SD rats 10 umol-L™" / Inhibits the expression NR2B-containing NMDA receptors (Yang et al., 2010)
cortical neurons exposed to and regulates Bcl-2 family
NMDA
10-80 umol-L™’ / (Tian et al., 2008)
(Continued)
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TABLE 1 | Continued

Disease Species/Strains Effective dose/  Route
concentration
Ca?* and H,05-induced brain
mitochondrial suspension of
male SD rats
NMDA-induced and NMDA ICs0 = 17.60 /
receptors-mediated C57BL/6 ~ umol-L™"
mice hippocampal neurons
OGD-induced BV2 microglia 40-1280 ymol-L™"  /
Phenylephrine-precontracted 5mgintothe 20 ml /
Coronary artery and basilar Krebs’-Henseleit
artery of beagle dogs buffer every 5 min
for 4-5 times
Cerebral MCAO/R model in male SD 1,5, 10 mgkg™’ V.
ischemia/ rats
reperfusion (Cl/
R) injury MCAO/R model in male SD 8, 16 mg-kg™” CCAl
rats
MCAO/R model in male SD 8, 16 mgkg™” CCAI
rats
MCAQ/R model in male SD 6 mg-kg' i.p.
rats
Acute MCAO/R model in male 6 mg-kg™ i.p.
SD rats
Acute I/R stroke model in male 2 mg-kg™ i.v.
SD rats
MCAQ/R model in male Wistar 2, 4, 8 mg-kg™ i.v.
rats
MCAO/R model in male Wistar ~ 2, 4, 8 mg-kg™ V.
rats
MCAQ/R model in male Wistar 4, 8 mg-kg™ V.
rats
MCAO/R model in C57BL/6J 2mgkg” V.
mice
OGD/R induced human brain 10-80 pmol-L™ /
microvascular endothelial cells
LPS-stimulated non-contact 50, 100 umoI-L" /
transwell co-culture system
comprised microglia and
neurons
OGD-induced PC12 cells 10, 100 pmol-L”" /
OGD/Reduced primary 1,10 umol-L™ /
neurons and PC12 cells
Vascular VaD model in male SD rats 6 mg-kg’ i.v.
dementia (VaD) VaD model in male SD rats 6 mg-kg' i.v.
Traumatic brain  TBI model in male SD rats 2, 4 mgkg™ i.v.
injury (TBI)
TBI model in male SD rats 10, 30 mg-kg™” i.g.

Mechanism of action Reference
Inhibits Ca®*-induced generation of ROS, and mtPTP opening
by a free radical scavenging action
Protects hippocampal neurons from excitotoxic damage (Wang X. T. et al,,
through the inhibition of NMDA receptors 2016)
Suppresses inflammatory responses by inhibiting the NF-xB  (Li et al., 2013)

signaling pathway and phosphorylation of p38

Attenuates the contractile responsiveness

Reduces protein oxidation and nitration, inhibits the up-

(Sun et al., 2018)

(Sun et al., 2012)

regulation of 12/15-lipoxygenase, and attenuates BBB

breakdown

Protects cognitive function and synaptic plasticity (Yu et al., 2018)
Downregulates the expression of JAK2-mediated signaling, (Yu et al., 2020)
while promotes the expression of SOCS3

Regulates Eftud2, Rab11, Ppp2rbe, and HIF-1 signaling (Xu et al., 2019)

pathway

Activates TLR9 in the microglia of ischemic cortex and

(Gong et al., 2018)

suppresses the NF-xB pathway

Activates the Akt autophagy pathway in penumbra tissue

Attenuates the elevation of MDA content, the decrease in

(Qiet al., 2014)

(Wei et al., 2005)

SOD activity, and the total antioxidative capability

Suppresses thrombin generation and thrombin-induced

(Sun et al., 2010)

inflammatory responses by reducing Ang Il content

Reduces apoptosis via PI3K/Akt/glycogen synthase kinase 33

(Chen et al., 2013)

signaling pathway

Inhibits TLR4 pathway-mediated signaling responses

Inhibits autophagy via the Class | PI3K/Akt/mTOR signaling

(Lv et al., 2015)

(Yang et al., 2018)

pathway

Exerts neurotrophic and anti-inflammatory functions in

(Lv et al., 2016)

response to LPS stimulation by inhibiting TLR4 pathway-
mediated signaling

Suppresses the intracellular oxidative stress and

(Fan et al., 2011)

mitochondria-dependent caspase cascade

Reduces phenylalanine level, promotes mitochondrial function
and biogenesis for neuroprotection

Promotes angiogenesis and increases synaptic plasticity
Increases in the expression levels of BDNF and GIuN2B

(Chen S. N. et al.,
2019)

(Zhang et al., 2014)
(Xing et al., 2016)

Increases mitochondrial ATPase and tissue plasminogen (Bie et al., 2010)
activator activities, decreases plasma plasminogen activator

inhibitor-1 activity and MMP-9 expression

Enhances SOD and catalase activities, glutathione level and (Wang Y. et al.,
the glutathione/GSSG ratio while reduces MDA and GSSG 2016)

levels

/, no information in the original paper; i.v., intravenous injection; i.g., intragastrical administration; i.p., intraperitoneal injection; CCAl, common carotid artery injection.

apoptosis and inflammation process during CI/R (Deng et al.,
2018). However, it is important to note that HSYA is able to
inhibit cytochrome P450 (CYP) enzymes’ (i.e. CYP1A2 and
CYP2C11) activities but induces CYP3A1 activity (Xu et al,
2014). Hence, more detailed and advanced research should be
done in the future to develop new compound formulas with
HSYA, which may bring about important benefits for CCVDs
patients and TCM modernization.

The randomized controlled clinical trial (RCT) is an essential
step in confirming the efficacy and safety of drugs. In contrast with
the large numbers of preclinical experiments, only a few completed
RCTs of HSYA were reported, which were mainly reflected in
evaluating the efficacy and safety of HSYA injection in the treatment
of acute ischemic stroke with blood stasis syndrome (Qin et al,
2016; Hu et al., 2020), followed by a currently ongoing phase III
RCT (No. CTR20150839, http://www.chinadrugtrials.org.cn/).
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Cerebral ischemia

Decreases expressions of IL-1B, TNF-a, inducible nitric oxide
synthase, cyclooxygenase-2 and monocyte chemotactic protein-1
Attenuates BBB dysfunction

Prevents peroxisome proliferator-activated receptor y nitrative

modification
+ Inhibits NMDARs expression and regulates Bel-2 family
+ Inhibits mtPTP opening
* Inhibits NF-kB pathway
// -
Vascular dementia /
>

Up-regulates VEGF-A and NMDAR type-1 expression
Increases expressions of BDNF and GIluN2B

Atherosclerosis

Inhibits NF-kB pathway and PI3K/Akt/mTOR signaling pathway
Suppresses cell cycle

Increases eNOS expression and NO release

Blocks granule membrane protein-140, PAF and thromboxane B2
levels

Hypertension

Blocks 1,4,5-triphosphate receptor /
Activates K pp, Ky and BK ¢, channels v
Inhibits Ca-L channels and Ca?* influx

Promotes eNOS phosphorylation and NO production

Reduces the expression of MMP-1, transforming growth

factor-B1, a-smooth muscle actin and NF-«B p65

Increases the Bcl-2/Bax ratio

Blocks MMP-2 and MMP-9 levels

Myocardial ischemia

NO, 6-keto-p landi
B2 ratio and Ang II levels

Regulates VEGF-A and MMP-9 expressions
Up-regulates HO-1/VEGF-A/stromal cell-derived factor-1c cascade
Activates Nrf2/NAD(P)H: quinone oxidoreductase 1/HO-1 pathway

F Lo /thromt 4

FIGURE 2 |

Cerebral ischemia / reperfusion injury

Attenuates MDA level, 12/15-lipoxygenase up-regulation and
NF-kB p65 nuclear translation

Up-regulates BDNF expression and SOD activity

Down lates JAK2-mediated signali
SOCS3 expression

%) Mediates TLR9 and PI3K/Akt/glycogen  synthase kinase 3B
y signaling pathway

p n, p

Taumatic brain injury

Increases ATPase and tissue plasminogen activator activities
Enhances SOD, catalase activities and glutathione level
Decreases plasminogen activator inhibitor-1 activity and MMP-9
expression

*  Reduces MDA and GSSG levels

Vascular injury and remodeling diseases
Up-regulates the Bcl-2/Bax ratio
Promotes HIF-1a. accumulation
Reduces p53 expression
Enhances NO content
Up-regulates eNOS expression
Decreases proliferating cell nuclear antigen expression
Inhibits TLR4 expression
Blocks mitogen d protein ki
regulated protein kinases1/2 and Akt pathways
Inhibits Racl/Akt pathway

Myocardial ischemia /reperfusion

* Suppresses TLR4, NF-kB expressions

¢ Inhibits NLRP3 inflammasome activation

« Up-regulates HO-1 expression

+ Targetes Akt/hexokinase II pathway

+ Depends on the JAK2/signal transducer and activator of
transeription 1 pathway

+ Inhibits mtPTP opening

HSYA acts on the functional targets and signaling pathways of cardio-cerebrovascular diseases.

However, none of the existing RCTs were of high methodological
quality, and the conclusions need to be further verified by large
sample, multicenter, and double-blind RCTs (as compared to
traditional treatment regimens). In addition, clinical evidence
supporting the application of HSYA for the management of
CCVDs other than acute ischemic stroke with blood stasis
syndrome is still lacking.
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Pinostrobin is a natural flavonoid found in various plants, well known for its wide range
of pharmacological activities. However, there are few reports regarding the
pharmacokinetics, tissue distribution, metabolism, and excretion of pinostrobin in rats
after oral administration as a single compound. Therefore, we established a method using
ultra-high-performance liquid chromatography coupled with linear trap quadrupole
orbitrap mass spectrometry (UPLC-LTQ orbitrap-MS/MS) to determine pinostrobin and
its metabolites in rat plasma, urine, feces, bile, and tissue homogenates. Pharmacokinetic
parameters were measured. The large apparent volume of distribution implied that
pinostrobin preferentially bound to tissues and preferably remained within the body.
Based on previous pharmacological studies of its antiulcer, anti-HP, anti-inflammatory,
and antioxidant activities, pinostrobin is mostly distributed in the gastrointestinal tract,
indicating its potential as an effective component of traditional Chinese medicines for the
treatment of peptic ulcers. Furthermore, 30 flavonoid metabolites were screened using
UPLC-LTQ orbitrap-MS/MS. The metabolism pathways (mainly hydroxylation,
demethylation, glucuronidation, and sulfation) of pinostrobin in rats have also been
proposed. A small amount of pinostrobin in its parent form is excreted through the
uring, feces, and bile, indicating that it is mainly metabolized in vivo. In this study, we
systemically investigated the pharmacokinetics, tissue distribution, metabolism, and
excretion of pinostrobin in rats. Our results provide a significant basis for the clinical
development and application of pinostrobin as well as traditional Chinese medicines
containing pinostrobin.

Keywords: pinostrobin, UPLC-LTQ orbitrap-MS/MS, pharmacokinetics, tissue distribution, metabolites, excretion
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INTRODUCTION

Peptic ulcers are a common disease encountered in the clinic.
Epidemiology estimated the morbidity rate of peptic ulcer and its
related disorders to be as high as 10%, especially in the past
10 years, and its incidence continues to increase (Lanas and Chan,
2017; Kuna et al., 2019). For the past few years, Lindera reflexa
Hemsl.,, Boesenbergia rotunda (L.) Mansfield, Dysphania
graveolens, and Teloxys graveolens have been used to treat
gastrointestinal disorders, including peptic ulcers. Flavonoids,
especially pinostrobin, are the main active components of
these plants that contribute to the effective treatment of peptic
ulcer (Meckes et al., 1998; Sun et al., 2016; Déciga-Campos et al.,
2017; Kanchanapiboon et al., 2020).

Pinostrobin, a widely studied dietary bioflavonoid, was
discovered in the heartwood of pine (Pinus strobus L.) more
than 7 decades ago (Erdtman, 1944). In addition to Pinaceae,
pinostrobin has also been found in more than 10 families such as
Lauraceae, Zingiberaceae, Fabaceae, and Polygonaceae (Patel and
Bhutani, 2014; Chen et al., 2015; Gémez-Betancur et al., 2015;
Dzoyem et al., 2017; Vasas et al., 2020). Pinostrobin content has
been found to control the quality of Linderae Reflexae Radix. It is
found more abundantly in roots than other secondary
metabolites, such as pinocembrin and pinosylvin (Wang et al.,
2016). Pinostrobin is known to have various pharmacological
activities (Patel et al., 2016), including antiulcer, anti-Helicobacter
pylori  (Bhamarapravati al, 2006), antioxidant, anti-
inflammatory, anticancer (Jaudan et al, 2018; Jones and
Gehler, 2020; Sopanaporn et al., 2020), antidiarrheal, antiviral
(Wu et al,, 2011), antimicrobial (Herndndez Tasco et al., 2020),
anti-Alzheimer’s, antiprotozoal, antinociceptive (Déciga-Campos
et al., 2017), antimutagenic, antiplatelet (Zhang et al., 2017),
antiproliferative (Sickmann et al., 2013; Jadaun et al., 2017),
antileukemic (Smolarz et al., 2005), antiosteoporotic (Gu et al.,
2017), and antiparasitic properties (Vechi et al., 2020). Moreover,
pinostrobin can protect the gastric mucosa by reducing the ulcer
area and mucosal content and reducing or eliminating
submucosal edema and leukocyte infiltration. Pinostrobin has
a significant, dose-dependent protective effect on ethanol-
induced gastric mucosal injury by scavenging free radicals
produced by ethanol through the activation of cellular
antioxidant defenses (Abdelwahab et al., 2011). Meanwhile, it
exhibits nontoxic and nongenotoxic effects (Charoensin et al.,
2010). However, to the best of our knowledge, the
pharmacokinetic processes of pinostrobin have not yet been
explained clearly.

Pharmacokinetic profiling, including absorption, distribution,
metabolism, and excretion (ADME) processes, is vital to
understanding the in vivo behavior and mechanism of action
of compounds (Zeng et al., 2019). To date, there have been only a
few studies regarding the determination of pinostrobin in rat
plasma using high-performance liquid chromatography-
ultraviolet (HPLC-UV) or HPLC-MS/MS after intravenous
and intragastric administration, and only some of the
pharmacokinetic parameters of pinostrobin have been reported
(Hua et al., 2011; Sayre et al., 2013; Sayre et al., 2015). Hence, it is

et
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meaningful to explore the ADME processes of pinostrobin in rats
after oral administration as a single compound.

In this study, systemically  investigated  the
pharmacokinetics and tissue distribution, metabolism, and
excretion properties of pinostrobin in rats after a single oral
administration. The pharmacokinetic parameters were consistent
with those reported in previous studies. Pinostrobin was mostly
distributed in the gastrointestinal tract. The amount of
pinostrobin excreted via urine, feces, and bile in the parent
form was less than 1.567%. Thirty flavonoid metabolites were
identified or partially identified in biosamples collected after
dosing. In addition, we proposed metabolic pathways in rats.
This study provides helpful information for the clinical study of
pinostrobin and traditional Chinese medicines containing
pinostrobin.

we

MATERIALS AND METHODS

Chemicals and Materials
Pinostrobin was isolated from the roots of L. reflexa Hemsl. in our

laboratory. Its structure (Figure 1) was unequivocally elucidated
using spectroscopic methods (IR, MS, 'H-NMR, and '*C-NMR)
(Chen et al., 2015; Sun et al., 2016). The absolute stereochemistry
of pinostrobin was found to be 2S by comparing the ECD spectra
(Supplementary Figure S1) with previously published data
(Gaffield, 1970; Su et al., 2003). Its purity was determined to
be above 98% by normalizing the peak area using an HPLC-diode
array detector. Isoliquiritigenin (HPLC > 98%) obtained from
Shanghai Yuanye Bio-Technology Co., Ltd., was used as the
internal standard (IS). Ultrapure water was prepared using a
Milli-Q water purification system (Millipore, Milford, MA,
United States). Heparin sodium was purchased from Beijing
Dingguo Changsheng Bio-Technology Co., Ltd. Other reagents
used were of HPLC grade. Acetonitrile, methanol, and formic
acid were purchased from Fisher Scientific (Fairlawn, NJ, United
States).

Animals

Male Sprague-Dawley rats, weighing 200 g + 20 g (Certificate No.
SCXK 2015-0004), were obtained from the Henan Experimental
Animal Center (Zhengzhou, China). All animals were maintained
on a 12/12 h light/dark cycle in an environmentally controlled
breeding room (temperature 22°C + 2°C; relative humidity 55% +
5%). They were acclimated for one week before the initiation of
dosing, with free access to food and water, and then fasted
overnight (12h) with water ad [libitum prior to
experimentation. The animal experiments were conducted in
accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and approved by the
Experimental Animal Ethics Committee of the Henan University
of Chinese Medicine. A single 48.51 mg/kg dose of pinostrobin
was separately administered orally to each group
(pharmacokinetics, tissue distribution, and excretion groups).
The samples from pharmacokinetics, tissue distribution, and
excretion groups were used for metabolism studies.
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FIGURE 1 | The chemical structures and mass spectra of pinostrobin and isoliquiritigenin (IS).

Pharmacokinetic Study
Pinostrobin solution was prepared in 0.9% sterile saline

containing 2% polysorbate 80 (v/v). Pinostrobin was
administered orally to five male rats. The volume of the
dosing solution administered was adjusted according to the
body weights recorded before dose administration. At 0 (prior
to dosing), 0.133, 0.167, 0.33, 0.50, 1, 1.33, 1.67, 2, 4, 6, and 12 h
after dosing, blood samples (~400 pL) were collected from each
animal via the fosse orbital vein using a heparinized 1.5 mL
polythene tube. Plasma samples were obtained by immediate
centrifugation (4,000 rpm for 10 min, 4°C) and stored at —80°C
until analysis.

Tissue Distribution Study

To investigate the tissue distribution of pinostrobin, rats were
randomly divided into 11 groups of five rats each. Before and after
oral administration of pinostrobin, the heart, liver, spleen, lung,
kidney, stomach, small intestine, and large intestine samples were
collected at 0 (prior to dosing), 0.083, 0.33, 0.75, 1, 2, 3, 6, 8, 12,
and 24 h after dosing. Tissue samples were washed with normal
saline and dried with filter paper. The chyme in the
gastrointestinal tract (including the stomach, small intestine,
and large intestine) was removed before washing.
Subsequently, the samples were accurately weighed to obtain
their wet weight and stored at —80°C until analysis.

Excretion Study

Rats were randomly divided into two groups (n = 5). One
group was used in the urinary and fecal excretion study. Five
rats were orally administered pinostrobin and housed
individually in stainless-steel metabolic cages, which
allowed the separate collection of urine and feces. Urine
and fecal samples were collected before administration and
at time intervals of 0-2, 2-4, 4-6, 6-8, 8-12, 12-24, 24-36, and
36-54 h after dosing. The specimens were stored at —80°C after
measuring the urine volume and the dry weight of feces for
each time interval.

The other group was used in the biliary excretion study. Five
rats were anesthetized and a cannula was implanted into the bile
duct to collect bile. After the oral administration of pinostrobin,
bile samples were collected at 0-3, 3-5, 5-7, 7-9, 9-12, 12-16,
16-20, and 20-24h after dosing and stored at —80°C after
recording the volume for each time interval.

Instrument and Analytical Conditions
An ultra-high-performance liquid chromatography-linear trap

quadrupole orbitrap mass spectrometry (UPLC-LTQ orbitrap-
MS/MS) method was applied using a Dionex Ultimate 3000
UPLC tandem LTQ Orbitrap XL Hybrid mass spectrometer
equipped with an electrospray ionization source (Thermo
Fisher Scientific, Bremen, Germany). Chromatographic
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separation was performed on a Hypersii GOLD C18 column
(2.1 mm X 50 mm, 1.9 ym) in tandem with a guard column and a
UPLC filter cartridge (2.1 mm x 0.2 um; Thermo Fisher Scientific)
at a column temperature of 30°C. The mobile phase comprised
0.1% formic acid (v/v) aqueous solution (A) and acetonitrile (B).
The elution gradient was set as follows: 0.0-15.0 min,
28.0-100.0% B; 15.0-15.1 min, 100.0-28.0% B; 15.1-18.0 min,
28% B. The flow rate was 0.3 mL/min, and the injection volume
was 5 uL, with the autosampler conditioned at 7°C.

Mass spectrometry was performed in the positive ion mode.
The ion source parameters were set as follows: capillary
temperature, 350°C; ion spray voltage, 4.2KkV; capillary
voltage, 49 V; tube lens voltage, 105V; and the sheath (N,)
and auxiliary gas (He) flow rates of 40 and 10 arbitrary units,
respectively. For pharmacokinetics, tissue distribution, and
excretion studies, selected ion monitoring (SIM) was used
with the ion m/z 271.09607 indicating pinostrobin and m/z
257.08026 indicating isoliquiritigenin (Figure 1). For the
metabolism study, full scanning was used with a scan range
of m/z 80-1,500. The normalized collision energy for collision-
induced dissociation (CID) was adjusted to 30% of the
maximum. The isolation width of the precursor ions was m/z
2.0, and the default values were used for other CID parameters.
Accurate masses were calibrated according to the
manufacturer’s guidelines using a standard mixture of
caffeine, MRFA, and Ultramark 1621. Data acquisition and
processing were performed using Xcalibur 3.0 software
(Thermo Fisher Scientific) and Mass Frontier 7.0 software
(Thermo Fisher Scientific, Waltham, MA, United States) (Sun
et al.,, 2016).

Preparation of Standard and Quality Control

Samples

The stock solutions of pinostrobin (1.0 mg/mL) and IS (0.4 mg/
mL) were separately prepared in methanol and stored at 4°C.
Standard solutions of pinostrobin at desired concentrations
were prepared by serial dilution of the stock solution with
methanol every 2 weeks. The IS solution was diluted with
methanol to 400 ng/mL. All solutions were kept at 4°C before
use. Calibration standards were prepared by spiking 20 uL of the
appropriate standard solution, 50 uL IS solution, and 180 pL of
blank rat plasma, urine, fecal, bile, or tissue homogenate
samples.  Calibration standards were prepared at
concentrations of 4, 10, 50, 100, 500, 1,000, and 2,000 ng/mL
for plasma, urine, fecal, and bile; 8, 20, 100, 200, 1,000, 2,000,
and 4,000 ng/g for the heart, liver, spleen, lung, and kidney; 8,
20, 100, 200, 1,000, 2,000, 4,000, and 10,000 ng/g for the
stomach, small intestine, and large intestine. The quality
control (QC) samples included lower limit of quantification
(LLOQ), low, middle, and high QCs. They were prepared in the
same manner using blank biological samples of 4, 10, 400, and
2,000 ng/mL for plasma, urine, fecal, and bile samples; 8, 20,
800, and 4,000 ng/g for the heart, liver, spleen, lung, and kidney;
and 8, 20, 1,000, and 10,000 ng/g for the stomach, small
intestine, and large intestine, respectively. Calibration and
QC samples were stored at 4°C until analysis.

ADME of Pinostrobin in Rats

Sample Pretreatment
For the pharmacokinetic study, an aliquot of 200 pL of rat plasma

samples (blank plasma, calibration standards, QC samples, and
pharmacokinetic plasma samples) was vortexed with IS (50 pL,
400 ng/mL) and then with a solution of methanol-acetonitrile
(1.0mL, 5 : 95, v/v) for extraction. The mixture was vortexed for
5min and then centrifuged at 10,000 rpm for 10 min at 4°C. The
supernatant was transferred into a clean tube and evaporated to
dryness under vacuum. The dried residue was reconstituted with
100 pL of methanol and vortexed at 2,000 rpm for 5 min. After
centrifugation at 13,600 rpm for 10min at 4°C, 5uL of the
supernatant was injected into the UPLC-LTQ orbitrap-MS/MS
system for analysis. To study tissue distribution, each weighed
tissue sample was homogenized in ice-cold physiological saline
solution (1 : 2, w/v). The subsequent steps were identical to those
described above for the treatment of plasma samples. For the
excretion study, the fecal samples were pulverized with a mortar
and pestle and homogenized in ice-cold physiological saline
solution (1 : 2, w/v). Bile, urine, and homogenized fecal samples
were processed using a similar method as the plasma samples.

Method Validation

The method was validated for specificity, linearity, sensitivity,
accuracy and precision, extraction recovery, and matrix effect
according to the FDA guidance for industry on bioanalytical
method validation. Specificity was assessed by comparing the
chromatograms of the standard-spiked samples with the
biosamples from six different sources. Calibration curves were
plotted as the peak area ratio (drug/IS) versus the pinostrobin
nominal concentration using weighted least-squares linear
regression analysis. The lower limit of quantification was
defined as the lowest concentration on the calibration curve
and evaluated by analyzing the samples prepared in six
replicates. Precision and accuracy were assessed with six
replicates at four QC levels in three separate runs for three
consecutive days using calibration curves that were established
daily. Precision was expressed as the relative standard deviation
(RSD, %), and accuracy was expressed as the relative error (RE
%). Matrix effects are usually due to the influence of coeluting
compounds on the actual analyte ionization process (Cappiello
et al., 2008). Blank biosamples were used to evaluate the matrix
effect at three QC levels (n = 6). The matrix effect was calculated
by comparing the peak area ratio of the analyte relative to the IS in
the analyte-spiked postextracted sample with that acquired using
a neat solution (Zeng et al, 2019). Extraction recoveries of
pinostrobin through the protein precipitation procedure were
also evaluated at three QC concentrations (n = 6) and determined
by comparing the peak areas obtained from blank biological
matrices spiked with analyte before and after extraction.

Metabolite Profiling

Metabolites were profiled using samples from the
pharmacokinetics, tissue distribution, and excretion studies.
Metabolite identification was performed using MetWorks
software (Version 1.3 SP4, Thermo Fisher Scientific, San Jose,
CA, United States) based on retention times, chemical
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FIGURE 2 | Mean plasma concentration-time curve of pinostrobin after oral administration of 48.51 mg/kg pinostrobin (n = 5, mean + SD).

composition, and fragmentation patterns on UPLC-LTQ
orbitrap-MS/MS and compared with the available standards
and literature to describe the metabolic profiles of pinostrobin
in plasma, urine, feces, bile, and tissues.

Data Analysis

The pharmacokinetics were calculated using Kinetica software
(Version 5.1, Thermo Fisher Scientific, San Jose, CA, United
States) with a noncompartmental statistical model. The peak
concentration (C,,c) and time to reach C,.x (Thax) were
obtained from actual data. The results are expressed as the
mean =+ standard deviation (SD).

RESULTS

Method Validation

Owing to the high selectivity and specificity of the SIM mode, no
significant endogenous interference was observed at the retention
times of pinostrobin (7.17 min) and IS (3.50 min). The calibration
curves for all analytes showed good linearity (r* > 0.9923) over the
concentration ranges. Intra- and interday precisions for LLOQ
were less than 20%, while those for low, middle, and high QC
were within 15%. Intra- and interday accuracies for LLOQ were
within —13.0% to 15.3%, while those for low, middle, and high QC
were within —13.2% to 10.4%. Extraction recoveries ranged from
81.8% to 107.1%, with an RSD% less than 14.7%. Matrix effects
ranged from 81.0% to 106.6%, with an RSD% less than 12.1%.
These results (Supplementary Figures S2-S13 and
Supplementary Tables S1-S3) indicated that the developed
method was reproducible, accurate, and reliable for
quantitative analysis of pinostrobin.

Pharmacokinetics Study
The validated method for the quantitation of pinostrobin in rat

plasma was applied for the pharmacokinetic study in rats after

TABLE 1 | Noncompartmental pharmacokinetic parameters of pinostrobin in rats
after oral administration of 48.51 mg/kg pinostrobin (n = 5, mean + SD).

Pharmacokinetic parameters Unit Value

tie h 4.047 + 1.843
Trax h 0.133+0

V, L/kg 627.480 + 111.057
CL L/h/kg 126.278 + 51.962
Crnax ng/mL 53.034 + 15.407
MRTo.t h 3.437 + 0.896
MRTo-c0 h 5.906 + 2.056
AUCq.24n ng/mL h 721.659 + 197.849
AUCq oo ng/mL h 881.114 + 289.587

oral administration of pinostrobin at a dose of 48.51 mg/kg. The
mean plasma concentration-time curves are shown in Figure 2.
The corresponding pharmacokinetic parameters calculated with
noncompartmental analysis are listed as the mean + SD and are
shown in Table 1. The results showed that T, was 0.133 h after
oral administration in rats, and Cp,, of pinostrobin was
53.034 ng/mL + 15.407 ng/mL. The apparent elimination half-
life (t;/,) was 4.047 h + 1.843 h, indicating that pinostrobin had a
moderate t,/,. The mean residence time (MRT_,,) was 5.906 h +
2.056 h. The AUC,_5, and AUC,_, were 721.659 + 197.849 and
881.114 + 289.587, respectively. The large apparent volume of
distribution (V,) was 627.480 L/kg + 111.057 L/kg.

Tissue Distribution
In the distribution study, the concentrations of pinostrobin were

determined in multiple tissues within 24 h after a single oral
administration. Tissue distribution profiles of pinostrobin in rats
at different time points are shown in Figure 3. The C .5, Trnax
and AUC for pinostrobin in tissues are shown in Supplementary
Table S4. The results indicated that pinostrobin was widely
distributed in the gastrointestinal tract and major organs. The
highest concentration was observed in the stomach at 2h,
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followed by the small intestine, large intestine, liver, kidney, heart,
lung, and spleen. The accumulation of pinostrobin in tissues
was in the order of small intestine > large intestine > stomach >
heart > lung > liver > spleen > kidney, suggesting that
the gastrointestinal tract may be the main target organ of
pinostrobin. Combined with the previous pharmacological
activities of antiulcer, anti-HP, anti-inflammatory, and
antioxidation of pinostrobin, this suggests that it may be an
effective component of traditional Chinese medicines for the
treatment of peptic ulcer.

Metabolite Profiling of Pinostrobin
Thirty flavonoid metabolites were identified or partially identified

in all biosamples. Their chromatograms are shown in
Supplementary Figures S14-S17. The maximum peak area
ratio of metabolites relative to the internal standard (R.,..)
was used to estimate the content of these metabolites
quantitatively. Their retention times, semiquantitative results,
and fragment information are shown in Table 2. The
proposed metabolic pathways of the above metabolites are
illustrated in Figure 4. For these flavonoid metabolites, the
subsequent loss of H,O, CO, and Retro Diels-Alder (RDA)
reaction was observed in MS/MS fragmentation (Table 2),
which is in line with reported results (Sun et al, 2016). A
mass spectrum peak gave rise to [M + H]' ions at m/z
271.09607 (C;sH;50,) at a retention time of 7.14 min with the
same fragmentation pathways as the pinostrobin standard,
identified as the parent drug, pinostrobin. MS/MS
fragmentation showed the ions at m/z 253.0854 (-18 Da, loss
of H,0), **A” ions at m/z 229.0854, '>A* ions at m/z 167.0333,
“B* jons at m/z 131.0487, A" ions at m/z 193.0488, and m/z
103.0539 (—28 Da, product of the fragment ions at m/z 131.0487
through the loss of CO) (Sun et al., 2016).

Metabolites M25 and M26 eluted at 2.94 min and 3.09 min,
respectively, with the same [M + H]" ions at m/z 447.12780
(C22H23040), 176 Da higher than pinostrobin. The prominent
fragment ion at m/z 271.0961 (C,¢H;50,4) was obtained by losing

a terminal glucose group (CsHgOg). The other product ions were
similar to those of pinostrobin, indicating glucuronidation of
pinostrobin. Metabolites M24 and M28 eluted at 2.82 min and
4.08 min, respectively, with the same [M + H]" ions at m/z
351.0532 (Cy6H;50,S), 80 Da higher than pinostrobin. The
neutral loss of a sulfate group (SO;) yielded the major
fragment ion at m/z 271.0962 (C;sH;50,), and the other ions
at m/z 253.0852 and >*A" ions at m/z 229.0861, '*A” ions at m/z
167.0335, '“B" ions at m/z 131.0487, and A" ions at m/z
193.0492 and m/z 103.0540 were also observed, indicating
sulfation of pinostrobin. Metabolites M1 and M20 had a
retention time of 0.76 min and 2.57 min, respectively, with the
same [M + H]" ions at m/z 328.1181 (C,sH,305N), 57 Da higher
than pinostrobin. The major fragment ion at m/z 271.0969
(C16H1504) was produced by losing a glycine group
(C,H3NO), and the other fragment ions at 167.0334 and
131.0483 were similar to those of pinostrobin, indicating
glycine conjugation of pinostrobin. Metabolites M15 and M29
eluted at 2.18 and 4.55 min, respectively, with the same [M + H]*
ions at m/z 432.1105 (C,;H,,0,NS), 161 Da higher than
pinostrobin. The fragment ion at m/z 271.0969 (C;sH;504)
was due to the loss of a glycine group (CsH;NO;S). The other
fragment ions at 167.0333 and 131.0486 were similar to those of
pinostrobin, suggesting glycine conjugation of pinostrobin.
Metabolite M14 showed [M + H]" ions at m/z 378.1000
(CigH0OgNS), with a retention time of 2.07min. The
fragment ion at m/z 271.0956 (Cy¢H;50,) was produced
through the loss of a taurine group (C,HsNO,S, —107 Da),
and mass signals at 167.0334 and 131.0486 were produced by
A" and '*B" ions, which were from the ions at m/z 271.0956,
indicating taurine conjugation of pinostrobin.

Metabolite M23 eluted at 2.77 min, with the [M + H]" ions at
m/z 243.1008 (C;5H;50;), 28 Da (CO) lower than pinostrobin.
The signals at m/z 123.0439, 107.0489, and 137.0589
demonstrated the existence of “’A*, ®?B", and *?A" fragment
ions, suggesting decarbonylation on the C ring. Metabolites M4
and M18 showed the same [M + H]' ions at m/z 419.1327
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TABLE 2 | The metabolites in rats after oral administration of 48.51 mg/kg pinostrobin.

Metabolites RT [M+H]* Chemical ppm Mass Formula
(min) formula shift change

Parent drug 714 271.09607 CigH1504 -1.532

M1 0.76 328.11810 CygHigOsN  0.460 57.0215 [M-OH +
CoH4NO4]

M2 0.84 433.11163 CpiHp104p  -2.986 162.0164 [M-CH, +
CoHgOgl

M3 0.98 463.12338 CopoHozOq1  -0.233 192.0270 [M + CgHgO4]

M4 1.00 419.13272  Cp1Hpz0g -2.240 148.0372 [M + CsHgOs]

M5 1.04 273.11218 C4eH1704 0.163 2.0157 M + Hy]

M6 1.13 301.07001 C4eH130¢ -2.174 29.9742 [M-H, + O]

M7 1.17 313.10632 C4gH170s -2.332 42.0106 [M + COCH,]

M8 1.583 255.06461 C15H1104 -2.256 -16.0308 [M-CH,-H,]

M9 155  463.12256 CootpsOq1  —2.004 192.0270 [M + CgHgO-]

Metabolic
pathway

Glycine conjugation

Demethylation and
glucuronidation

Hydroxylation
andglucuronidation
Decarboxylation and

glucuronidation

Hydrogenation

Hydroxylation and ketone

Acetylation

Demethylation and
dehydrogenation

Hydroxylation and
glucuronidation

98

MS" m/z

253.08542[M + H-H,OJ*, 229.08537[M +
H-CoH,0]*, 193.04883M + H-CgHgl*, 173.05914
[M + H-CoH0-CaH,01", 167.03336[M +
H-CgHgl*, 131.04871[M + H-C;HgOq]",
103.05387[M + H-C;HgO5-COJ"

271.09689M + H-CoHNOJ*, 167.03342M +
H-CoH3NO-CgHgl*, 131.04826[M + H-CoH3NO-
C7HgOa]*, 103.05365[M + H-CoHaNO-CrHgOg-
col*

415.09778M + H-H,O]*, 257.08044M +
H-CeHsOgl", 131.04860[M + H-CeHgOp-CHeOsl*

287.09042[M + H-CeHgOg]*, 269.07990M +
H-CoHgOg-H0]*, 255.06409M + H-CgHgOg-
CH,0]*, 183.02962[M + H-CeHgOg-CgHgl",
131.04849[M + H-CgHgOs-C7HgO4]*
401.12317[M + H-H,OJ*, 383.11270[M +
H-sH,0]*, 243.10162]M + H-CgHgOql*,
137.05962[M + H-CeHgOs-C-HsOl*, 133.06473
[M + H-CgHgOs-CeHsOsl*, 123.04401[M +
H-CeHgOg-CeHgOl*, 107.04910[M + H-CeHgOg-
CgHgO2]"

243.10094[M + H-CH,OJ*, 105.03316[M +
H-Cy1H1204]*, 91.05390[M + H-CoH1o04]"
271.05948M + H-CH,OJ*, 131.04871[M +
H-CH,0-C7HgO4]*

295.09641[M + H-H,0[", 277.08640[M + H-
2H,0]", 267.10165[M + H-H,0-COJ*, 253.08600
[M + H-Hs0-C,oHo0l*, 249.09061[M + H-H,0-CO-
H,0]*, 130.03491[M + H-CoH1104]*

237.05391[M + H-H,0]", 227.06953[M + H-COJ*,
209.05901[M + H-H20-COJ*, 199.07465[M + H-
2C0J*, 181.06406[M + H-2C0-H,0]*, 157.06416
[M + H-2C0-C,H,0]*, 145.02780[M +
H-CgHs04]", 137.02280[M + H-CgHeOl*

287.09058M + H-CgHgOgl", 269.08008[M +
H-CeHgOg-Ho0]*, 255.06412[M + H-CgHgOg-
CH,OJ*, 183.02753[M + H-CgHgOp-CsHal",
131.04784[M + H-CgHgOg-C-HgO4]*

Source
(Tmax: Rmax)a

Plasma, urine, feces, bile, heart, liver,
spleen, lung, kidney, stomach, small
intestine, and large intestine

Urine (8-12, 3.563), liver (0.083, 0.471),
kidney (0.75, 0.075), and plasma (2,
0.011)

Urine (6-8, 2.671), bile (12-16, 0.539),
small intestine (8, 0.090), lung (8, 0.062),
and liver (0.33, 0.039)

Bile (16-20, 0.447); liver (0.33, 0.014)

Urine (12-24, 4.916), plasma (12, 0.040),
kidney (12, 0.015), and lung (12, 0.011)

Urine (8-12, 1.236), kidney (12, 0.077),
and bile (0-3, 0.031)

Urine (24-36, 3.059), stomach (1, 0.016),
heart (0.083, 0.014), plasma (1.67,
0.010), lung (24, 0.009), and spleen (24,
0.009)

Feces (4-6, 12.513), large intestine (0.75,
0.423), urine (4-6, 0.352), stomach (0.75,
0.238), small intestine (0.083, 0.091),
spleen (0.75, 0.031), and heart (12,
0.008)

Urine (8-12, 108.404), small intestine
(0.33, 8.065), stomach (0.33, 4.531),
feces (2-4, 3.038), plasma (4, 0.504),
kidney (12, 0.389), bile (0-3, 0.362), heart
(0.33, 0.313), lung (0.33, 0.277), spleen
(0.083, 0.257), liver (0.33, 0.115), and
large intestine (0.33, 0.110)

Small intestine (8, 0.335), liver (0.33,
0.219), and kidney (0.75, 0.132)

(Continued on following page)

‘e 18 ung

s1ey Ul UIqo.1sould Jo JNAY


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

610" uIssenuol; mmm | ABojodewseyd Ul SieluoiH

8€9%7/G SOIMY | |1 BWNIOA | 0202 JOqUISAON

TABLE 2 | (Continued) The metabolites in rats after oral administration of 48.51 mg/kg pinostrobin.

Metabolites

M10

M11

M12

M13

M14

M15

M16

M17

M18

RT
(min)

1.63

1.93

1.95

1.99

2.07

2.18

2.24

2.35

2.36

M + HJ*

285.07507

257.08035

285.07562

433.11176

378.10001

432.11047

287.09088

463.12259

419.13333

Chemical ppm
formula
Ci6H150s -2.385
Ci5H1504 -1.771
Ci6H130s5 -0.456
Co1Ho1019  —-2.686

C1gHa00eNS —1.519

Co1Ho07/NS  -1.572

CighhsOs  —1.811
CosHpsOyy  —1.939
CotHpsOy  —0.784

Mass
shift

13.9793

-14.0157

13.9793

162.0164

107.0041

161.0147

15.9949

192.0270

148.0372

Formula
change

[M-H, + O]

[M-CHy]

[M-H; + O]
[M-CH, +
CeHgOsl

M+
CoHsNOLS]

M +
CsH7NO3S]

M+ O]

M + CgHgO7]

M + CsHgOs]

Metabolic
pathway

Hydroxylation and
dehydrogenation

Demethylation

Hydroxylation
anddehydrogenation
Demethylation and
glucuronidation

Taurine conjugation

N-Acetylcysteine conjugation

Hydroxylation

Hydroxylation and
glucuronidation

Decarboxylation and
glucuronidation

99

MS" m/z

270.05151[M + H-CHg]*, 267.06436[M + H-H,Ol*,
257.08008M + H-COJ*, 229.08514[M + H-2COJ",
225.05389[M + H-CO-CH,4O]*, 197.05893M +
H-CO-CH,0-COJ*, 167.03322]M + H-CaHeOl",
145.02779[M + H-CyHgOs]", 137.02269[M +
H-CoHgOo]"

215.06979M + H-CoHo0J*, 179.03320[M +
H-CeHg]*, 173.05905[M + H-2C,H,0]",
153.01764[M + H-CgHg]*, 131.04865[M +
H-CoHeO4l*

257.07993[M + H-COJ*, 167.03354[M +
H-CgHeOl"

257.07996[M + H-CgHgOql*, 215.06911[M +
H-CeHgOg-CoH501*, 153.01761[M + H-CoHgOg-
CgHgl*, 131.04823[M + H-CsHgOg-CeHeOsl",
103.05369[M + H-CeHgOg-CaHeO3-COJ*
271.09558M + H-CoHsNO,S]*, 167.03336[M +
H-CoHsNO,S-CgHgl*, 131.04861[M +
H-CoHsNO,S-C7HgOg]*

399.13025[M + H-HSJ*, 381.11737[M + H-HS-
H,0]", 271.09607[M + H-CsH,NOgS]*, 173.05907
[M + H-CsH;NO3S-CoH,0-C5H,4O]*, 167.03336[M
+ H-CsH/NOsS-CgHgl*, 131.04878M +
H-CsH-NO4S-C,HgO4]", 103.05384[M +
H-CsH,NO3S-C,HgO4-COJ*

269.08017[M + H-H,0]", 255.06470[M +
H-CH,OI", 245.08011[M + H-C,H,0]*, 183.02817
[M + H-CgHg]*, 173.05904[M + H-CoHyp-CsHsOa]*,
131.04868[M + H-C;HgO4]*, 103.05385[M +
H-C7HgO4-COl*

445.11160[M + H-H,0]", 427.10352[M + H-
2H,0]*, 287.09064[M + H-CgHgOg]*, 269.08014
[M+ H-CoHgOg-H20]", 255.06468[M + H-CeHgOg-
CH,OJ*, 245.08002[M + H-CgHgOgs-CoH,0]",
183.02814[M + H-CgHgOs-CaHgl*, 173.05910[M
+ H-CoHgOg-CoHa-CaHaOs]*, 131.04861[M +
H-CoHgOs-CrHgOu]*, 103.05376[M + H-CeHgOg-
C,Hg04-COT*

243.10045[M + H-CgHgOql*, 137.05922[M +
H-CeHsOg-C-Hs0l*, 123.04356[M + H-CoHsOp-
CgHgOl", 107.04873[M + H-CeHgOg-CgHgOl"

Source
(Tmax: Rma)Ja

Urine (24-36, 107.577), small intestine
(0.33, 2.346), feces (8-12, 2.019),
stomach (0.33, 1.195), plasma (4, 0.200),
kidney (12, 0.115), lung (0.33, 0.090),
heart (0.33, 0.077), bile (12-16, 0.067),
spleen (0.33, 0.060), and large intestine
(0.083, 0.030)

Urine (0-2, 6.840), feces (36-54, 1.937),
plasma (6, 0.674), bile (12-16, 0.221),
stomach (12, 0.186), kidney (12, 0.153),
liver (6, 0.121), heart (2, 0.121), spleen
(24, 0.112), large intestine (0.75, 0.109),
lung (1, 0.108), and small intestine (24,
0.103)

Urine (812, 30.236); bile (0-3, 0.305)

Bile (16-20, 0.647), small intestine (8,
0.204), and urine (12-24, 0.114)

Urine (0-2, 0.502), heart (3-6, 0.146),
spleen (0.75, 0.071), plasma (4, 0.053),
small intestine (3, 0.027), and stomach
(0.33, 0.008)

Urine (0-2, 0.792)

Urine (0-2, 59.881), bile (0-3, 21.765),
small intestine (3, 3.497), plasma (6,
3.053), kidney (0.75, 1.180), liver (3,
0.321), lung (0.083, 0.082), heart (0.33,
0.072), and stomach (0.33, 0.038)
Urine (0-2, 109.471), bile (0-3, 31.084),
plasma (6, 6.648), small intestine (3,
5.256), kidney (0.75, 1.794), liver (3,
0.457), heart (0.33, 0.135), stomach (8,
0.116), lung (0.083, 0.112), and spleen
(6, 0.016)

Urine (24, 0.546)

(Continued on following page)
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TABLE 2 | (Continued) The metabolites in rats after oral administration of 48.51 mg/kg pinostrobin.

Metabolites

M19

M20

M21

M22

M23

M24

RT [M+H]* Chemical
(min) formula

2.45 433.11200 Cu1H21040

2.57 328.11697 CygH150sN

264  271.05951 CysH10s

272 273.07455 CysH150s

2.77 243.10080 Cy15H1503

2.82  351.05319 CieHis0,S

ppm Mass Formula
shift change
-2.132 162.0164 [M-CH, +
CeHgOsl
-2.984 57.0215 [M-OH +
CoH4NO)
-2.176 -0.0364 [M-CH4 + O]
-4.394 1.9793 [M-CH, + O]

3171 -27.9949 [M-CO]

-0.313 79.9568 [M + SO

Metabolic
pathway

Demethylation and
glucuronidation

Glycine conjugation

Demethylation and methylene to
ketone

Demethylation and
hydroxylation

Decarboxylation

Sulfation

100

MS" m/z

415.10141[M + H-H,0]*, 397.09091[M + H-
2H,0]", 257.08026[M + H-CgHgOgl", 239.06920
[M + H-CaHgOg-H20l*, 215.06953[M + H-CgHgOe-
CoHo0l", 179.03311[M + H-CoHgOg-CoHel,
173.05902[M + H-CeHgOs-2C,H:0]*, 153.01761

[M + H-CeHgOs-CeHgl*, 145.06438[M +
H-CeHgOs-2C,H0-COJ*, 131.04861[M +

H-CeHgOp-CeHsO3]*, 103.06379[M + H-CgHgOs-

CeHsO3-COJ"

271.09583[M + H-CoHaNOJ*, 167.03299[M +
H-CoHNO-CgHgl*, 131.04858[M + H-C,oH3NO-

CrHgO5]"

253.04883[M + H-H,OJ+, 243.06450[M + H-COJ+,
229.04872[M + H-CoHo0l+, 225.05394M +

H-CO-H,0[*, 215.06960[M + H-2COl",

197.05894[M + H-2C0O-H,0]", 187.03836[M + H-

2C,H,0]*, 169.06418[M + H-3CO-H,0l",

159.04343[M + H-2C,H,0-COl*, 153.01765[M +

H-CgHsOl+, 149.02278[M + H-C;HeOsl+,

145.02782[M + H-CgHgOal*, 119.04878M +

H-C7H404]"

153.01706[M + H-CgHgO]", 121.06379M +

H-C7H404]"

137.05891[M + H-C,HgO[*, 133.06447[M +

H-CeHeO2l*, 123.04386[M + H-CgHgOl",
107.04888[M + H-CgHgOsl*

271.09619[M + H-SOg]*, 2563.08521[M + H-SOs3-

H,0]", 229.08615[M + H-SO4-C5H,0]",

193.04921[M + H-SO3-CgHg]", 173.05945[M +
H-SO3-C,H,0-C3H4Q]*, 167.03351[M + H-SO3-

CeHgl", 131.04875[M + H-SO5-C7HgOs]",
103.05399[M + H-SO3-C;HgO3-COJ*

Source
(Tmax: Rma)Ja

Urine (0-2, 203.526), plasma (4, 25.663),
bile (0-3, 18.171), kidney (0.75, 4.648),
small intestine (3, 3.140), heart (0.75,
0.420), liver (3, 0.241), lung (0.083,
0.186), stomach (8, 0.158), and spleen
(2, 0.009)

Bile (3-5, 0.509), urine (8-12, 0.461),
small intestine (0.75, 0.298), plasma (4,
0.165), spleen (0.75, 0.103), liver (3,
0.102), stomach (24, 0.069), kidney
(0.75, 0.041), large intestine (8, 0.033),
heart (3, 0.027), and lung (8, 0.020)
Urine (24-36, 200.177), small intestine
(0.33, 5.512), stomach (0.33, 4.903),
feces (2-4, 2.119), liver (0.33, 0.425),
heart (0.33, 0.365), lung (0.33, 0.271),
spleen (0.75, 0.221), plasma (4, 0.179),
large intestine (8, 0.108), and spleen (6,
0.064)

Feces (8-12, 1.467), liver (0.33, 1.427),
small intestine (6, 1.101), large intestine
(8, 0.483), urine (4-6, 0.457), stomach
(0.75, 0.249), kidney (0.75, 0.243),
spleen (0.75, 0.220), lung (0.75, 0.134),
and heart (2, 0.021)

Urine (36-54, 136.900), feces (0-2,
0.270), large intestine (2, 0.222), stomach
(6,0.179), smallintestine (12, 0.100), liver
(2, 0.059), kidney (12, 0.052), spleen (6,
0.088), and lung (12, 0.020)

Plasma (2, 0.119); urine (0-2, 0.064)

(Continued on following page)
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TABLE 2 | (Continued) The metabolites in rats after oral administration of 48.51 mg/kg pinostrobin.

Metabolites RT [M + H]* Chemical ppm Mass Formula

(min) formula shift change
M25 2.94 44712799 CooHo30q9 —1.8305 176.0321 [M + CgHgOpg]
M26 3.09 44712772 CooH3010 -1.908 176.0321 [M + CgHgOg]
M27 3.14 367.04578 C16H150gS  -6.633 95.9517 M + 048]
M28 4.08 351.05292 CieH150,S -1.082 79.9568 [M + SOg]
M29 4.55 43211029 Co1H2oO,NS 1.988  161.0147 M +

CsH7NO3S]

M30 5.01 257.07980 Cy5H1304 -4.028 -14.0157 [M-CH,]

Metabolic
pathway

Gilucuronidation

Glucuronidation

Hydroxylation and sulfation

Sulfation

N-Acetylcysteine conjugation

Demethylation

MS" m/z

429.11697[M + H-H,0]", 411.10663[M + H-
2H,0]", 313.10654[M + H-C4He0s]", 271.09592
M + H-CeHgOgl", 253.08542[M + H-CeHgOp-
Ho0]", 229.08516]M + H-CeHgOg-CoH20]",
193.04890[M + H-CgHgOs-CeHel*, 173.05908[M
+ H-CgHgOg-C2Ho0-CH,O]", 167.03326[M +
H-CgHgOs-CgHgl*, 131.04866[M + H-CeHgOp-
C7HgOg4]", 103.05376[M + H-CeHgOg-C7HgOs-
coJ

429.11682[M + H-H,0]", 411.10645[M + H-
2H,0]*, 313.10657[M + H-C,4HeOs]*, 271.09586
M + H-CeHgO4l", 253.08565[M + H-CeHgOp-
Ho0]", 229.08559[M + H-CeHgOg-CoH20]",
193.04910[M + H-CgHgOg-CeHel*, 173.05930[M
+ H-CgHgOp-CoH,0-CsH,O]", 167.03351[M +
H-CgHgOg-CgHgl*, 131.04883[M + H-CeHgOp-
C7HgO4]", 103.05399[M + H-CgHgOg-C7HgOs-
coJ

287.09122[M + H-SOg]", 269.08093[M + H-SOg-
Ho0l*, 255.06427[M + H-SO3-CH4O]", 131.04861
M + H-SO5-C7HgO4]*

271.09613[M + H-SOgl+, 253.08557[M + H-SOg-
H,0]", 229.08524[M + H-S03-C,H,0]",
193.04897[M + H-SOg-CgHg]*, 173.05910[M +
H-S0g-C,H,0-CsH4O]", 167.03342[M + H-SOg-
CgHgl", 131.04875[M + H-SO3-C;HgOg]",
108.05390[M + H-SO3-C;HgO5-COJ*
271.09592[M + H-CsH,NO3S]*, 173.05887[M +
H-CsH7NO3S-CoH0-CaH,40], 167.03326[M +
H-CsH7NOgS-CgHgl", 131.04874[M +
H-CsH7NO3S-C7HgOs] ™

239.07014[M + H-H,0l+, 215.06995[M +
H-C,H,0]*, 179.03355[M + H-CgHel*, 173.05936
M + H-2C,H,0]", 153.01790[M + H-CgHgl*,
145.06441[M + H-2C,H,0-COJ*, 131.04884[M +
H-CgHeOal+,103.05395[M + H-CeHgO3-COJ*

Source
(Tmax: Rmax)a

Urine (0-2, 406.932), bile (0-3, 174.894),
plasma (0.1383, 59.330), small intestine
(3, 25.059), liver (0.083, 7.034), kidney
(0.75, 7.225), stomach (0.33, 1.090),
heart (0.33, 0.967), lung (0.083, 0.538),
and spleen (0.33, 0.039)

Urine (0-2, 385.560), bile (0-3, 221.411),
plasma (0.133, 92.104), small intestine
(3, 35.601), liver (0.083, 14.678), kidney
(0.75, 10.093), stomach (0.33, 1.536),
heart (0.33, 1.508), lung (0.083, 0.767),
and spleen (0.33, 0.086)

Plasma (0.167, 0.157), urine (0-2, 0.134),
liver (0.33, 0.023), kidney (0.33, 0.022),
and lung (0.083, 0.006)

Plasma (0.167, 1.786); urine (0-2, 0.554)

Urine (0-2, 0.289)

Urine (4-6, 17.160), small intestine (0.75,
15.426), liver (0.33, 11.587), large
intestine (8, 9.070), kidney (0.75, 6.286),
feces (12, 4.799), stomach (0.75, 2.849),
spleen (0.75, 1.897), lung (0.75, 1.772),
and heart (0.33, 0.858)

Tmax IS the time or time interval to reach the maximum peak area ratio of metabolites relative to the internal standard in biological samples. R,y is the maximum peak area ratio of metabolites relative to the internal standard.

aSorted by Rnax from large to small.
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(C,1H,300), with a retention time of 1.00 and 2.36 min,
respectively, which was 176 Da higher than M23. The
prominent fragment ion at m/z 243.1016 (C,sH;50;) was
obtained through the loss of a glucose group (CsHgOg). The
other product ions were similar to that of M23, indicating
decarbonylation and glucuronidation of pinostrobin.
Metabolite M16, with a retention time of 2.24 min, generated
[M + H]" ions at m/z 287.0908 (C,¢H;505), which was 16 Da
higher than that of pinostrobin. The product ion at m/z 269.0802
was obtained through the loss of H,O. The RDA reaction of M16
generated >*A” ions at m/z 245.0801, '*A” ions at m/z 183.0282,
and '“B" ions at m/z 131.0489. The fragment ions at m/z
131.0489 could be fragmented to produce the ion at m/z
103.0539 through the loss of CO. The fragment ion at m/z
183.0282 and 131.0488 showed hydroxylation on the A ring.
Metabolites M10 and M12 eluted at 1.63 min and 1.95 min,
respectively, with the same [M + H]" ions at m/z 285.0756

(C16H1305), 2 Da lower than M16. The fragment ions at m/z
167.0333 and 145.0277 demonstrated the existence of '*A* and
4B* fragment ions, suggesting hydroxylation of M16 on the C ring,
which indicates the hydroxylation and dehydrogenation of
pinostrobin. Metabolite M6 eluted at 1.13 min, with the [M +
H]* ions at m/z 301.0700 (C,sH;506), 14 Da (=2H + O) lower than
that of pinostrobin. The signals at m/z 271.05948 and 131.04871
suggested hydroxylation and a ketone on the A ring of pinostrobin.
Metabolites M3, M9, and M17 showed the same [M + H]" ions at
m/z 463.1225 (C,,H,»30,,), with retention times of 0.98, 1.55, and
2.35 min, respectively, which was 176 Da higher than M16. The
prominent fragment ion at m/z 287.0906 (C,sH;505) was obtained
through the loss of a glucose group (CsHgOs). The other product ions
were similar to that of MI6, indicating hydroxylation and
glucuronidation of pinostrobin. Metabolite M27 had a retention
time of 3.14 min, with the [M + H]" ions at m/z 367.0458
(Ci6H1505S), 80Da higher than M16. The neutral loss of a
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sulfate group (SO;) yielded the major fragment ion at m/z 287.0912
(C16H;505). The other ions at m/z 269.0809 and 131.0486 were also
observed, indicating hydroxylation and sulfation of pinostrobin.

The metabolite M30 (pinocembrin), with a retention time of
5.01 min, generated [M + H]" ions at m/z 257.0798 (C;5H;30,),
indicating demethylation of pinostrobin. The fragment ion at m/z
239.0701 (C;Hs0,4) was obtained through the loss of H,O. The
RDA reaction of M30 generated **A* ions at m/z 215.0699
(Ci3H,,05), "PA* ions at m/z 153.0179 (C,HO,), and '“*B*
ions at m/z 131.0488 (CyH;O). The fragment ions at m/z
131.0488 could be fragmented to produce the ion at mj/z
103.0540 (CgH;) through the loss of CO. The fragment ion at
m/z 153.0179 and 131.0488 indicated demethylation on the A ring.
The metabolite M11 generated the same [M + H] " ions at 257.0804
(C15H;304) and fragment ions at m/z 215.0698, 153.0176, and
131.0487 following an RDA reaction, which was identified as the
isomer of M30. Metabolites M2, M13, and M19 showed the same
[M + H]" ions at m/z 463.1225 (C,,H,504,), with a retention time
of 0.84 min, 1.99 min, and 2.45 min, respectively, which was 176 Da
higher than M30 or M11. The prominent fragment ion at m/z
257.0803 (C,5H;504) was obtained through the loss of a glucose
group (CgHgOg). The other product ions were similar to those of
M30 and M11, indicating demethylation and glucuronidation of
pinostrobin. Metabolite M21 eluted at 2.64 min, with the [M + H]*
ions at m/z 271.0595 (C,5H;,0s), 14 Da (-2H + O) lower than
M30. The fragment ions at m/z 153.0177, 119.0487, and 145.0278
demonstrated the existence of '*A*, '*B*, and '*B" fragment ions,
suggesting conversion of the methylene to a ketone of M30 on the B
ring, indicating the demethylation and methylene conversion to the
ketone of pinostrobin. Metabolite M8 eluted at 1.53 min, with the
[M + H]" ions at m/z 255.0646 (C,sH;;04), 2 Da lower than M30.
The mass signals at m/z 145.0277 and 137.0228 demonstrated the
existence of °*B* and °’B' fragment ions, suggesting
dehydrogenation of M30 on the C ring, indicating the
demethylation and dehydrogenation of pinostrobin. Metabolite
M22 with a retention time of 2.72 min generated [M + H]" ions
at m/z 273.0746 (C;sH;30s5), 16 Da higher than M30. The
characteristic fragment ions A" ions at m/z 153.0171 and
'*B" ions at m/z 121.0638 showed hydroxylation of M30 on the
B ring, suggesting the demethylation and hydroxylation of
pinostrobin.

Metabolite M7 had a retention time of 1.17 min and showed [M
+ H]" ions at m/z 313.1063 (C,3H,,0s), 42 Da (COCHS,) higher
than pinostrobin. The fragment ion at m/z 130.03491 showed
acetylation on the B ring. Metabolite M5 eluted at 1.04 min, with
the [M + H]" ions at m/z 273.1121 (C,¢H,,04), 2 Da higher than
that of pinostrobin. The signals at m/z 91.0539 demonstrated the
?B* fragment ions, suggesting hydrogenation on the C ring.

Meanwhile, intestinal bacteria play an essential role in the
metabolism of flavonoids, generating ring fission products (Liu
et al, 2012; Zeng et al,, 2018). In this study, 15 catabolites were
detected (Table 3). Their chromatograms are shown in
Supplementary Figures S18, S19. Pinostrobin was catabolized
into C13 (C,oHoO,4) by fission of the fifth bond as well as C4
(CsH;053) and C14 (CoHyO,) by the fission of the first and fourth
bonds. C4 was converted to C10 by demethylation. Meanwhile,
C14 was hydroxylated, hydrogenated, and glycine-conjugated,

ADME of Pinostrobin in Rats

yleldlng C9 (C9H1103), C12 (CQHHOz), and Cl11 (C11H1203N).
Then, C12 was glycine-conjugated and deethylated, generating C7
(C1oH1205N) and C15 (C;H;0,). C15 was glycine-conjugated to
yield C6 (CoH;oO3N). The dehydration of C6 produced C5. In
addition, C5 could be hydrogenated, carbonylated, and
glucuronidated, yielding C8 (CoH;qO,N), C2 (C,oHgO;N), and
Cl (CysH;OgN). C6 was further converted to C3 by
glucuronidation. Proposed pathways of the catabolic metabolites
of pinostrobin are illustrated in Figure 5.

Excretion Study

The accumulative excretion ratio of pinostrobin is shown in
Figure 6. The 54 h accumulative excretion ratios in urine and
feces were 1.51% and 0.033%, respectively. The 24 h accumulative
excretion ratio in bile was 0.024%. The excretion peak of
pinostrobin in urine samples was observed 2-12h after oral
administration. After 24 h, a small amount of pinostrobin was
detected in the urine. In feces, pinostrobin slowly reached its
highest levels until 36 h and then gradually decreased. Similar to
the urine excretion data, pinostrobin was rapidly excreted from
the bile in the parent form from 3 to 9 h.

DISCUSSION

The pharmacokinetic results are consistent with those of previous
studies (Hua et al., 2011; Sayre et al., 2013; Sayre et al., 2015). The
significantly large V, implied that pinostrobin preferentially binds
to tissues and preferably remains within the body. Furthermore,
pinostrobin showed double peaks in the concentration-time curve,
similar to the pharmacokinetics studies of other flavonoid
compounds that have been reported, which may be related to
enterohepatic circulation or gastric emptying-regulated absorption
(Xiong et al,, 2015; Deng et al, 2017; Zeng et al, 2019). The
accumulative excretion ratios in the urine remained below 1.51%,
indicating that very little of the orally administered doses are
excreted in the urine. A small amount of pinostrobin was
detected in the urine after 24h, which is consistent with
previous reports using HPLC (Sayre et al., 2015). Pinostrobin
slowly reached its highest levels in the feces until 36 h and was
rapidly excreted from the bile from 3 to 9h. Similar to urine
excretion, the accumulative excretion ratios in the feces and bile are
also very low. Therefore, it is likely that pinostrobin is mostly
metabolized in vivo and plays a role in different organs.
Pinostrobin has been shown to have a significant protective
effect against ethanol-induced gastric mucosal injury by scavenging
free radicals produced by ethanol by activating cellular antioxidant
defense. It can protect the gastric mucosa by reducing ulcer area
and mucosal content and reducing or eliminating submucosal
edema and leukocyte infiltration (Abdelwahab et al., 2011). Thus,
the gastrointestinal tract (including the stomach, small intestine,
and large intestine) is considered the primary target organ of
pinostrobin in relieving gastrointestinal diseases. Pinostrobin
accumulation was higher in the stomach, small intestine, and
large intestine than in other tissues. Therefore, pinostrobin may
effectively reduce peptic ulcers. In contrast, pinostrobin and its
metabolites were poorly distributed in the tissues of the spleen,
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TABLE 3 | The catabolic metabolites in rats after oral administration of 48.51 mg/kg pinostrobin.

Metabolites

C1

c2

C3

ca
c5

C6

c7

C8

C9
C10
C11

C12
C13

C14
C15

RT (min)

0.70

0.69

0.70

0.71
0.79

1.10
1.13
1.24

1.38

1.63

2.73
2.78

M + HI*

338.08725

190.04930

340.10287

127.03858
162.05447

180.06503

194.08064

164.07057

167.07028
141.05414
206.08061

1561.07503
193.04962

149.056949
123.04377

Chemical formula

CisH1608N

C1oHsOsN

Cy5H1808N

CeH703
CgHszON

CgH1005N

C10H1203N

CgH1002N

CoH4103
C7HeOg
C14H1203N

CoH1102
C10Ho04

CoHoO2
C7H70,

ppm

-1.902

-2.997

0.521

-3.075
-2.993

-2.720

-2.730

-0.214

0.055
-3.408
-2.716

-2.159
0.439

-1.450
-2.324

MS" m/z

320.07602M + H-H,0]", 162.05435[M + H-CgH80g]",
144.04382[M + H-CeHgOs-Ho0l*, 116.04903[M + H-CsH8Og-
H,0-COJ*

172.03946[M + H-H,0l*, 162.05510[M + H-COJ*, 144.04449[M
+ H-Hy,0-COJ*, 116.04951[M + H-H,0-2COJ*

322.09247[M + H-H,0]", 304.08197[M + H-2H,0]", 260.09192
[M + H-2H,0-CO,]*, 206.08089[M + H-C4HsOs]*, 174.05484[M
+ H-CsH100g]*, 164.07057174.05484[M + H-CgHgOgl",
146.06000[M + H-CeHgOg-HoOJ*, 136.07559M + H-CeHgOg-
COJ*, 122.05999M + H-CgHgOg-CoH20]*

83.04864[M + H-CO,]*

144.04382[M + H-H,0]", 134.05949[M + H-CO[*, 105.03305[M
+ H-CoHaONJ*

162.05437[M + H-H,0l", 134.05952[M + H-H,O-COJ*,
105.03307[M + H-H,0-CO-CHaN]*

176.07001[M + H-H,O]*, 148.07516[M + H-H,O-COJ*,
120.08035[M + H-H,0-2COJ*, 91.05382[M + H-H,0-2C0-
CHaNJ*, 76.03896[M + H-CgHgOl"

146.05969M + H-H,0]*, 136.07573[M + H-COJ*, 122.05989[M
+ H-CoH,0*

149.05870[M + H-H,O*, 121.06412]M + H-COJ*
105.03313[M + H-2H,0]*, 97.06436[M + H-CO,]*
131.04919[M + H-CoHsO,NJ*, 103.05421[M + H-CoHsO,N-COJ*

133.06436[M + H-H,0]*, 123.07993[M + H-COJ*, 105.06962[M
+ H-H,0-COJ*

123.04360[M + H-CgH04]*

131.04880[M + H-H,OJ*, 103.05347]M + H-COJ*
105.03307[M + H-H,0]*, 95.04909[M + H-COJ*

Tmax IS the time or time interval to reach in biological samples. Ry is the maximum peak area ratio of catabolic metabolites relative to the internal standard.
aSorted by Rpax from large to small.

104

Source (Tmaxs Rmax)®

Urine (36-54, 23.329); feces (4-6, 0.076)

Urine (36-54, 3.524); bile (20-24, 0.426); stomach (6, 0.024)

Urine (24-36, 20.271); bile (20-24, 0.344)

Urine (24-36, 2.557); liver (6, 0.0.154)

Urine (36-54, 101.501); feces (12-24, 8.460); bile (20-24, 0.277);
stomach (6, 0.054); liver (12, 0.0.038)

Urine (8-12, 109.725); bile (20-24, 2.565); liver (12, 0.076);
stomach (3, 0.004)

Urine (36-54, 222.178); bile (20-24, 6.207); liver (12, 0.305);
stomach (6, 0.091); feces (0-2, 0.049)

Urine (24-36, 18.666); feces (2-4, 6.623); bile (16-20, 0.502);
large intestine (1, 0.113); stomach (6, 0.102); liver (6, 0.049)
Liver (0.083, 0.576); urine (0-2, 0.309); feces (4-6, 0.204)
Urine (8-12, 0.025)

Urine (24-36, 9.382); bile (16-20, 3.133); feces (0-2, 0.116);
stomach (0.33, 0.015)

Urine (12-24, 0.416); feces (0-2, 0.058)

Urine (24-36, 0.028)

Urine (24-36, 0.089); feces (24-36, 0.044)

Urine (36-54, 0.889); feces (24-36, 0.368); large intestine (2,
0.160); stomach (6, 0.091); liver (6, 0.044)
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FIGURE 5 | Proposed pathways of the catabolic metabolites by intestinal bacteria in rats after oral administration of 48.51 mg/kg pinostrobin.

lung, heart, and kidney. Furthermore, very little pinostrobin was
found in any examined tissues within 24 h, indicating no long-term
accumulation in the tissues.

Owing to the high sensitivity and resolution of UPLC-LTQ
orbitrap-MS/MS, more flavonoid metabolites and catabolic

metabolites were detected in the biosamples. Pinostrobin
underwent  hydrogenation, hydroxylation, demethylation,
decarbonylation, and acetylation to yield several other

aglycones, including M5, M16, M11, M30, M23, and M7.
Moreover, pinostrobin and the generated aglycones extensively
undergo dehydrogenation, hydroxylation, and ketone conversion
catalyzed by phase I metabolic enzymes and glucuronidation,

sulfation, glycine conjugation, N-acetylcysteine conjugation, and
taurine conjugation catalyzed by phase IT metabolic enzymes in the
gastrointestinal tract, liver, and other tissues. It is noteworthy that
glucuronidation, decarbonylation, hydroxylation, demethylation,
dehydrogenation, and glycine conjugation play essential roles in
the metabolism of pinostrobin in rats.

CONCLUSION

In this study, a series of rapid, reliable, and sensitive UPLC-LTQ
orbitrap-MS/MS methods were established, validated, and applied to
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quantify pinostrobin in the plasma, urine, feces, bile, and various
tissue samples collected from rats (Fu et al,, 2018). After a single oral
administration of pinostrobin, the pharmacokinetics showed a large
apparent V,, indicating that pinostrobin preferentially binds to
tissues to exert a therapeutic effect. Pinostrobin was mostly
distributed in the gastrointestinal tract, suggesting that it may be
an effective component of traditional Chinese medicines to treat
peptic ulcers. The excretion study showed that the amount of
pinostrobin excreted through the urine, feces, and bile in the
parent form was less than 1.567%, indicating that it is mainly
metabolized in vivo. Using UPLC-LTQ orbitrap-MS/MS, 30
flavonoid metabolites were identified or partially identified in
biosamples collected after dosing. In addition, we proposed the
metabolism pathways of pinostrobin in rats. This study systemically
investigated the pharmacokinetics, tissue distribution, metabolism,
and excretion of pinostrobin in rats. These results would be helpful
for the interpretation of the pharmacokinetics and
pharmacodynamics of pinostrobin as well as traditional Chinese
medicines containing pinostrobin. However, further investigations
are necessary to better understand the pharmacokinetics of
pinostrobin in rats with peptic ulcer and the mechanism of its
intervention on peptic ulcer.
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Anthocyanins are responsible for the red pigmentation in the peel of apple (Malus x
domestica Borkh.) fruit. Relatively few studies have investigated anthocyanins at the
posttranscriptional level. MicroRNAs play an important role in plant growth and development
by regulating gene expression at the posttranscriptional level. In this study, mdm-miR828
showed a relatively low expression level during the rapid fruit coloration period. However,
the mdm-miR828 expression level increased in the late fruit coloration stage. Overexpression
of mdm-miR828 inhibited anthocyanin synthesis in apple and Arabidopsis. Dual-luciferase
and yeast one-hybrid assays showed that MAMYB1 is capable of binding to the promoter
of mdm-MIR828b to promote its expression. The results indicate that mdm-miR828 is
involved in a feedback regulatory mechanism associated with anthocyanin accumulation
in apple. In addition, mdm-miR828 is involved in the inhibition of anthocyanin accumulation
in response to high temperature.

Keywords: apple, anthocyanin, mdm-miR828, MdMYB1, high temperature

INTRODUCTION

Apple (Malus x domestica Borkh.) is an economically important fruit crop that is cultivated
worldwide. The peel color is an important phenotypic trait of apple fruit, which largely
determines the commodity value of the fruit. Anthocyanins, a diverse group of secondary
metabolites in plants is responsible for the red coloration in apple peel (Takos et al., 2006).
In addition, anthocyanins may be nutritionally and medically beneficial to human health
(Chaves-Silva et al.,, 2018). The mechanism of anthocyanin synthesis has been elucidated in
many plant species, for example, petunia (Petunia hybrida; de Vetten et al., 1997; Quattrocchio
et al., 1999; Spelt et al., 2000; Albert et al., 2011, 2014), Arabidopsis thaliana (Borevitz et al.,
2000; Gonzalez et al.,, 2008; Petroni and Tonelli, 2011), grape (Vitis vinifera; Kobayashi et al.,
2004; Hichri et al., 2010; Matus et al., 2010), nectarine (Prunus persica; Ravaglia et al.,
2013), and strawberry (Fragaria X ananassa; Aharoni et al, 2001; Lin-Wang et al., 2010;
Medina-Puche et al., 2014). Anthocyanins are synthesized via the flavonoid metabolism
pathway (Kim et al., 2003). Many enzymes participate in this pathway, such as chalcone
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synthase (CHS), flavanone 3-hydroxylase (F3H), dihydroflavonol
4-reductase (DFR), anthocyanidin synthase (ANS), and
flavonoid 3-O-glycosyltransferase (UFGT; Holton and Cornish,
1995; Shirley et al.,, 1995; Kim et al,, 2003). These enzymes
are coregulated by the MYB-bHLH-WD40 (MBW) transcription
factor complex (Goff et al.,, 1992; Baudry et al., 2004; Lloyd
etal., 2017). Three alleles MdMYB10, MAMYBI, and MdMYBA
that regulate anthocyanin synthesis in apple have been identified.
These transcription factors directly bind to the promoter of
anthocyanin biosynthesis genes to promote expression of the
latter (Takos et al., 2006; Ban et al., 2007; Espley et al,
2007). For example, a cold-induced bHLH transcription factor,
MdbHLH3, directly binds to the promoter of the structural
gene MdUFGT and that of MdDEFR to activate their expression
and also binds to the promoter of the regulatory gene MdMYBI
to promote its expression (Xie et al., 2012).

MicroRNA (miRNA) is a type of endogenous noncoding
single-stranded small RNA in eukaryotes that predominantly
guides posttranscriptional gene-silencing activities (Cuperus
etal., 2011). The miRNA genes are first transcribed into primary
transcripts in the nucleus and then processed into miRNA
precursors  (pre-miRNAs/MIRNA; Song et al, 2010).
Subsequently, these pre-miRNAs are processed to form mature
miRNAs (Voinnet, 2009). In addition to miRNAs, small
interfering RNAs (siRNAs) are synthesized in plants (Rajagopalan
et al., 2006), of which one is trans-acting small interfering
RNA (ta-siRNA). The miRNA cleaves Trans-Acting SIRNA (TAS)
loci transcripts, and then with the aid of RNA-dependent RNA
polymerase 6 (RDR6) and suppressor of gene silencing 3 (SGS3),
double-stranded RNA is synthesized and is cleaved by the
DCL4 enzyme to produce ta-siRNAs. Its mechanism of action
is similar to that of miRNA, that is, cleavage of the target
transcript to interfere with gene expression (Allen et al., 2005).

MiRNAs are involved in the regulation of anthocyanin
synthesis in plants (Liu et al, 2016; Sun et al, 2017). In
Arabidopsis, SPL9, the target gene of miR156, competes with
a bHLH transcription factor to bind to the MYB75 (PAP1)
transcription factor, thereby disrupting the structure of the
MBW protein complex and, ultimately, negatively regulating
anthocyanin synthesis (Gou et al, 2011). Arabidopsis
overexpressing miR778 accumulates higher amounts of
anthocyanins than the wild type (WT) under phosphorus
deficiency (Wang et al., 2015). The miR858 induced by elongated
hypocotyl5 (HY5) targets the anthocyanin inhibitor MYBL2
to promote anthocyanin accumulation in Arabidopsis (Wang
et al., 2016b). The miR828 was the first miRNA identified to
negatively regulate anthocyanin accumulation. In Arabidopsis,
miR828 targets the positive regulator of anthocyanin synthesis
MYBI113 and cleaves TAS4 to produce TAS4-siR81(—), whereas
siR81(—) targets the anthocyanin-related transcription factors
PAP1, PAP2, and MYB113 (Rajagopalan et al., 2006). Xia et al.
(2012) conducted sequencing of sRNAs from the leaf, root,
flower, and fruit of “Golden Delicious” apple and observed
that mdm-miR828 cleaves MdTAS4 to derive mdm-siR81(—),
and it was predicted that mdm-siR81(—) might target MdbHLH3.
RNA gel blot analysis showed that mdm-miR828 predominantly
accumulates in flowers. However, “Golden Delicious” is an

apple cultivar with yellow fruit peel. It is unclear whether
mdm-miR828 and mdm-siR81(—) are involved in the coloration
of fruit with red peel, and the relationship between mdm-miR828
and MdMYBI is uncertain.

In the present study, we investigated the expression pattern
of mdm-miR828 during fruit coloration in the red-peeled apple
“Starkrimson Delicious.” Overexpression of mdm-miR828 inhibited
anthocyanin accumulation in the fruit peel, and heterologous
overexpression of mdm-miR828 inhibited anthocyanin
accumulation in Arabidopsis. MAMYBI induced expression of
mdm-miR828, which indicated that a feedback regulatory
mechanism controlled the anthocyanin content in the peel. In
addition, mdm-miR828 may be involved in the inhibition of
anthocyanin accumulation in response to high temperature.

MATERIALS AND METHODS

Plant Materials

Plants of apple “Starkrimson Delicious” were grown at the
Apple Experimental Farm of Northwest A&F University, Shaanxi
Province, China. Fruit were sampled at 110, 116, 122, 128,
134, 140, and 146 days after blooming. Nine fruit were selected
at each time point with three fruit considered as one biological
replicate. The peel was excised with a fruit peeler, immediately
frozen with liquid nitrogen, and stored at —80°C until use.
Transient transformation and high-temperature treatment were
applied to fruit that were wrapped in a paper bag (Hongtai,
Shanxi, China) at 45 days after blooming and harvested at
120 days after blooming.

Determination of Anthocyanin Content

The total anthocyanin content of the fruit was determined
using the method described by Xie et al. (2012). A sample
(0.5 g) of peel was extracted in 5 ml of 1% (vol/vol) HCI-methanol
and incubated in the dark at 4°C for 24 h. After centrifugation
at 13,000 x g for 5 min, the absorbance of the upper liquid
was measured at 530, 620, and 650 nm. The anthocyanin
content was calculated using the formula
OD = (Asz) — As) — 0.1(Agso — Agz). One unit of anthocyanin
content was expressed as a change of 0.1 OD (unit x 10° g
fresh weight). Measurement of cyanidin 3-galactoside content
was performed as described previously (Liu et al., 2013). A
high-performance liquid chromatograph (Waters, Milford, MA,
United States) was used for all analyses. Cyanidin 3-galactoside
standard (Sigma Chemical, St Louis, MO, United States) was
used. Separation of cyanidin 3-galactoside was accomplished
on a C18 column (5-pm internal diameter, 250 x 4.6 mm;
Waters). The anthocyanin content of Arabidopsis was determined
using the method of Wang et al. (2016b).

RNA Extraction and Quantitative Real-
Time Polymerase Chain Reaction Analysis
Total RNA was extracted using TRIzol RNA Plant Plus Reagent
(Tiangen, Beijing, China) and then treated with DNase
I (TaKaRa, Dalian, China) to remove genomic DNA
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contamination. The RNA was reverse-transcribed with the
PrimeScript™ RT Reagent Kit (TaKaRa, Dalian, China). The
reverse transcription of mdm-miR828 and mdm-siR81(—)
used specific stem-loop primers (Supplementary Table S1;
Chen et al., 2005), and that of the internal reference gene
MdUS6 used gene-specific primers (Supplementary Table S1).
Quantitative real-time polymerase chain reaction (RT-qPCR)
analysis was conducted using SYBR® Premix Ex Taq™ II
(TaKaRa, Dalian, China) on an ABI StepOnePlus™ Real-Time
PCR System (Applied Biosystems, Waltham, MA, United States).
Poly (A) polymerase (PAP) RT-qPCR was implemented using
the miRcute Plus miRNA First-Strand ¢cDNA Kit (Tiangen,
Beijing, China) and miRcute Plus miRNA qPCR Kit (Tiangen,
Beijing, China). For normalization, 5S ribosomal RNA was
used. MdActin was used to normalize the coding genes. The
2744¢T method was used to calculate the relative expression
level. Quantitative primer sequences used are listed in
Supplementary Table S1.

RNA Ligase-Mediated 5'-RACE

To verify the cleavage of MdTAS4 by mdm-miR828 and that
of MdbHLH3 by mdm-siR81(—), RNA ligase-mediated rapid
amplification of cDNA ends (RLM-RACE) experiments was
performed using the SMARTer® RACE 5'/3' Kit (TaKaRa, Dalian,
China). First, total RNA was reverse-transcribed using
SMARTScribe™ reverse transcriptase, and the 5' adaptor was
attached. Next, 5' universal primers, 3' gene-specific primers,
and the cDNA were used for PCR amplification. Gel extraction,
in-fusion cloning, and sequencing were then performed.

Vector Construction and Genetic
Transformation

The coding sequence (CDS) of MdbHLH3 was cloned from
the cDNA derived from “Starkrimson Delicious” fruit peel.
The sequence of Md-pri-miR828b (comprising the Md-MIR828b
sequence and approximately 100-bp upstream and downstream)
was amplified from DNA extracted from “Starkrimson Delicious”
peel. The sequences were inserted into the pCAMBIA2301
vector to form 35S:MdbHLH3 and 358:mdm-miR828. The primer
sequences used are listed in Supplementary Table S1. The
constructed vector was transformed into Agrobacterium
tumefaciens strain GV3101.

Agrobacterium-mediated transformation followed the methods
of Yang et al. (2019) and Tian et al. (2015). Agrobacterium
cells harboring the overexpression vector were grown, collected,
and resuspended in Agrobacterium infiltration buffer (200 mM
acetosyringone, 10 mM MES, and 10 mM MgCl,) to OD = 1.2.
The suspension was incubated at room temperature for 4 h.
The sampled bagged covered apples were infiltrated with
Agrobacterium carrying 35S:MdbHLH3, 35S:mdm-miR828, or
the pCAMBIA2301 empty vector and then placed at room
temperature in the dark for 24 h and transferred to an incubator
maintained at 22°C  illuminated with white light
(200 pmol m™ s™) for 3 days.

The 35S:mdm-miR828 vector was used to transform
A. thaliana using the floral-dip method (Clough and Bent, 1998).

T3 generation of 355:miR828 transformed Arabidopsis was used
for the experiment.

Transient Dual-Luciferase Assay

A transient dual-luciferase assay was performed using tobacco
(Nicotiana benthamiana) leaves. The mdm-MIR828b promoter
was amplified and cloned into the pGreenII 0800-LUC vector.
The CDS of MdMYBI was amplified and cloned into the
pGreenll 62-SK vector. The constructs were transformed into
Agrobacterium strain GV3101 carrying the pSoup vector.
Agrobacterium cells harboring the different vectors were cultured,
collected, and resuspended in infiltration buffer (200 mM
acetosyringone, 10 mM MES, and 10 mM MgClL). After
incubation for 2 h, tobacco leaves were injected with the cell
suspension. After initial incubation for 24 h in the dark, the
leaves were incubated under light (200 pmol m™ s™') with a
16 h/8 h (light/dark) photoperiod at 25/22°C (light/dark) for
3 days. Leaf discs were punched from tobacco leaves of similar
size, and a microplate reader (Infinite M200 PRO, Tecan,
Switzerland) was used to determine the firefly luciferase and
Renilla luciferase activities using the Dual-Glo® Luciferase Assay
System (Promega, Madison, WI, United States) in accordance
with the manufacturer’s instructions.

Yeast One-Hybrid Assay

The CDS of MAMYBI1 was inserted into the pGADT?7 vector
to generate the recombinant vector MdMYB1-AD, and the
mdm-MIR828b promoter fragment was inserted into the pHIS2.1
vector to generate the recombinant vector proMIR828b-HIS.
Yeast (Saccharomyces cerevisiae) strain Y187 cells carrying the
proMIR828b-HIS vector were cultured in —T—H screening
medium supplemented with different concentrations of 3-amino-
1,2,4-triazole (3-AT). The MAMYB1-AD and proMIR828b-HIS
vectors were cotransformed into yeast Y187 cells, which were
then cultured in —T—H-L selective medium containing an
optimal concentration of 3-AT.

High-Temperature Treatment

Bagged covered fruit of “Starkrimson Delicious” apple were
harvested at 120 days after blooming. The harvested fruit were
placed in an incubator at 35°C under white light
(200 pmol m™ s™). The control was placed in an incubator
at 23°C and under white light (200 pmol m™ s™!). The fruit
were sampled after 12, 24, and 48 h for analysis of anthocyanin
content and gene expression. Three biological replicates, consisting
of three fruit per replicate, were sampled at each time point.

RESULTS

Anthocyanin Content and mdm-miR828
Expression During Apple Coloration

We determined the total anthocyanin content in the peel of
“Starkrimson Delicious” fruit without covering at 110, 116,
122, 128, 134, and 146 days after blooming. No change in
anthocyanin content was observed from 110 to 116 days,
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whereas anthocyanins accumulated rapidly in the peel from
116 to 134 days (the rapid coloration period). The anthocyanin
content stabilized from 134 to 146 days (the late fruit coloration
stage; Figures 1A,B). The content of cyanidin 3-galactoside,
which accounted for more than 94% of the total anthocyanin
content, showed a similar trend (Supplementary Figure S1).

We used the stem-loop method to detect the expression of
mdm-miR828 in the peel. Expression of mdm-miR828 decreased
rapidly from 110 to 116 days and showed a relatively low
expression level during the period of rapid anthocyanin synthesis
(116-134 days). However, mdm-miR828 expression increased
from 134 to 146 days (Figure 1C). The PAP RT-qPCR method
yielded similar results (Supplementary Figure S2). In addition,
we measured the expression levels of MdTAS4, mdm-siR81(—),
and MdbHLH3 (Figure 1C). The expression level of MdTAS4
increased from 116 to 134 days and thereafter decreased. That
of mdm-siR81(—) declined rapidly from 116 to 128 days, remained
relatively low from 128 to 134 days, and increased after 134 days.
The expression level of MdbHLH3 increased sharply from 122
to 128 days and thereafter decreased from 134 to 146 days.
The expression level of anthocyanin structural genes (MdCHS,
MdADFR, MdANS, and MAUFGT) increased from 116 to 134 days
and then decreased to varying degrees (Supplementary Figure S2).

Overexpression of mdm-miR828 Inhibits
Anthocyanin Accumulation in Apples

To confirm that mdm-miR828 is involved in anthocyanin
biosynthesis in the peel, we generated the construct
358:mdm-miR828 and injected the fruit peel of “Starkrimson
Delicious” with Agrobacterium carrying this construct. Transient
of mdm-miR828 inhibited anthocyanin
accumulation around the injection site, whereas no reduction in
anthocyanin content was observed after injection of Agrobacterium
containing the empty vector. Thus, mdm-miR828 was indicated
to negatively regulate anthocyanin accumulation in apple. In
addition, overexpression of MdbHLH3 significantly promoted
accumulation of anthocyanins in the peel (Figures 2A,B).

The expression of anthocyanin synthesis-related genes was
further analyzed (Figure 2C). The expression levels of MdbHLH3,
MdbMYBI1, MADFR, MAANS, and MAUFGT increased to varying
degrees compared with those of the control (empty vector)
in the peel of fruit overexpressing MdbHLH3. In addition,
mdm-miR828, MdTAS4, and mdm-siR81(—) expression levels
were higher than those of the control. In the peel of fruit
overexpressing mdm-miR828, both mdm-miR828 and
mdm-siR81(—) were up-regulated compared with those of the
control (empty vector), whereas the expression levels of MdTAS4,
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MdbHLH3, MADFR, MAANS, and MAUFGT decreased compared
with those of the control.

The RLM-RACE procedure was applied using the peel of
fruit overexpressing mdm-miR828 to determine the cleavage
site of mdm-miR828 on the MdTAS4 transcript and that of
mdm-siR81(—) on the MdbHLH3 transcript. Some predicted
5' free ends of MdTAS4 and MdbHLH3 (between the 10th
and 11th nucleotides of the miRNA binding site to the target
gene) were detected (Figure 2D). In addition, we mixed samples
of peels (collected at 134, 140, and 146 days) during the
coloration period and performed the RACE experiment. The
cleavage sites of mdm-miR828 and mdm-siR81(—) on the target
genes MdTAS4 and MdbHLH3 were also detected.

Overexpression of mdm-miR828 in
Arabidopsis Inhibits Anthocyanin
Accumulation

To confirm the function of mdm-miR828 in anthocyanin
biosynthesis, we generated mdm-miR828-overexpressing Arabidopsis
transformants. Sucrose can induce the accumulation of anthocyanins
in Arabidopsis seedlings (Teng et al, 2005). Therefore, seeds of
WT and mdm-miR828-overexpression lines were cultured on
half-strength Murashige and Skoog solid medium supplemented
with 2% sucrose. The anthocyanin content was determined after
culture for 4 days. The anthocyanin content in the mdm-miR828-
overexpression lines was significantly lower than that of the WT.

This result indicated that mdm-miR828 negatively regulated
anthocyanin synthesis in Arabidopsis (Figures 3A,B).

Expression of siR81(—) in the mdm-miR828-overexpression
Arabidopsis seedlings was increased compared with that of the
WT. The expression levels of anthocyanin biosynthesis-related
regulatory genes (AtMYB75, AtMYB90, and AtMYBI13) and
structural genes (AtCHS, AtDFR, AtF3H, and AtLDOX) were
reduced compared with those of the WT. These results suggested
that mdm-miR828 and ath-miR828 performed similar functions
and negatively regulated anthocyanin synthesis in Arabidopsis
(Figure 3C).

MdMYB1 Promotes Expression of
mdm-miR828

An autoregulatory feedback loop operates in Arabidopsis, and
up-regulated expression of PAP1/MYB75 can activate miR828
expression (Hsieh et al., 2009; Luo et al., 2012). As a consequence,
miR828 generates a greater amount of siR81(—) by directing
the cleavage of TAS4 transcripts, thereby enhancing the cleavage
of the target genes PAPI/MYB75, PAP2/MYB90, and MYBI13
(Hsieh et al., 2009; Luo et al., 2012). In the present experiment,
the expression levels of mdm-miR828 and mdm-siR81(—)
increased in the late stage of apple coloration (134-146 days;
Figure 1C), whereas MdMYBI maintained a high level of
expression in the late stage of coloration (Figure 4A).
We speculated that MAMYBI1 directly regulates expression of
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mdm-miR828. To test this hypothesis, we used a dual-luciferase
assay to assess the correlation between MdMYB1 and the
mdm-MIR828 promoter. First, we detected the expression levels
of mdm-MIR828a (or pre-mdm-miR828a) and mdm-MIR828b.
Expression of mdm-MIR828a was essentially undetectable,
whereas the expression level of mdm-MIR828b was increased
in the late fruit coloration stage (134-146 days;
Supplementary Figure S3). Therefore, we cloned the 1,514-bp
sequence of the mdm-MIR828b promoter and ligated it into
the pGreenll 0800-LUC vector to form the fusion vector
PpMIR828b:LUC (Figure 4B). We then used Agrobacterium
carrying pMIR828b:LUC and those harboring 35S:MdMYBI to
cotransform N. benthamiana leaves. Compared with the empty
plasmid (pGreenlI 62-SK) control, transient overexpression of
MdAMYBI significantly up-regulated LUC activity driven by the
mdm-MIR828b promoter (Figure 4C). This result indicated
that MAMYB1 promoted the expression of mdm-miR828. Using
the PlantCARE database, we detected multiple potential MYB
transcription factor recognition sites in the 645-bp segment
upstream of the mdm-MIR828b promoter (Figure 4D). A yeast
one-hybrid assay showed that MdAMYBI is able to bind to
this segment in the mdm-MIR828b promoter (Figure 4E).

mdm-miR828 Participates in the Process
of High-Temperature Inhibition of
Anthocyanin Accumulation

High temperature can inhibit anthocyanin accumulation in
apple (Fang et al,, 2019). As a potential negative regulator of

anthocyanin accumulation, it is not clear whether mdm-miR828
is involved in the inhibition of anthocyanin accumulation in
response to high temperature. We placed previously bagged
covered “Starkrimson Delicious” fruit in an incubator maintained
at either 35 or 23°C (the control). Under continuous light for
24 h, apple anthocyanin accumulation was reduced at 35°C
compared with that of the control group at 23°C, and the
difference was more obvious at 48 h (Figures 5A,B). The
expression level of mdm-miR828 was elevated under high
temperature compared with that of the control. The expression
level of mdm-siR81(—) also increased in response to high
temperature, whereas the expression levels of the anthocyanin
synthesis-related genes MdTAS4, MdbHLH3, MdMYBI1, MdCHS,
MdADFR, MdANS, and MAUFGT were significantly reduced
under high temperature compared with those of the control
(Figure 5C). These results suggested that mdm-miR828 may
be involved in the process of high-temperature inhibition of
anthocyanin accumulation.

DISCUSSION

Anthocyanins are an important subclass of flavonoids that not
only provide rich pigmentation to flowers and fruits, but also
have anticancer, antioxidation, antiaging, and other beneficial
properties for human health (Venancio et al., 2017). In addition,
anthocyanins are involved in resistance to diverse biotic and
abiotic stresses (Guo et al, 2008; Kovinich et al, 2015).
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The synthesis of anthocyanins in plants is strictly regulated
by sophisticated regulatory networks. Previous studies of
anthocyanin synthesis have predominantly focused on regulation
at the transcriptional level, whereas research at the
posttranscriptional level is relatively rare. In plants, miRNAs
play a vital regulatory role at the posttranscriptional level largely
through cleavage of target genes. Therefore, identification of
miRNAs associated with fruit coloration is important for
improvement of fruit quality.

In plants, the MBW complex, composed of an MYB
transcription factor, bHLH transcription factor, and WD40
protein, is highly conserved and coordinately regulates structural
genes of the anthocyanin synthesis pathway (Gonzalez et al,
2008). A deletion mutation of TT8 (a member of the bHLH
transcription factor family) in Arabidopsis causes a severe
decrease in the expression level of DFR and BAN genes, which
causes a change in the seed coat color to yellow (Nesi et al,
2000). In apples, the transcription factor MdbHLH3 induced
by low temperature can interact with MAMYBI and promotes
the expression of MdDFR and MdUFGT structural anthocyanin
biosynthesis genes. In addition, MdbHLH3 may bind to the
promoter of the regulatory gene MdMYBI to promote its
expression (Xie et al., 2012). In the present study, during the
period of rapid synthesis of anthocyanins, MdbHLH3 was
significantly increased, and overexpression of MdbHLH3 in the
fruit promoted anthocyanin accumulation. These findings are
consistent with previous results (Xie et al., 2012) and reveal

that MdbHLH3 is essential for anthocyanin synthesis. The TAS4
gene is conserved in many dicotyledonous plants. Luo et al.
(2012) compared TAS4 sequences from A. thaliana, Theobroma
cacao, Euphorbia esula, Actinidia chinensis, V. vinifera, and
Mimulus guttatus and observed that the binding site of miR828
is conserved. In the present study, RACE proved that
mdm-miR828 directs cleavage of the MATAS4 transcript between
the 10th and 11th nucleotides, which indicated that
mdm-miR828-mediated cleavage of MdATAS4 transcripts is
conserved in apple. In Arabidopsis, ath-siR81(—) can target
the anthocyanin-related transcription factors PAP1/MYB75,
PAP2/MYB90, and MYB113. However, there is no sequence
complement between mdm-siR81(—) and the anthocyanin-related
transcription factor MdAMYB1 in apples. Interestingly,
mdm-siR81(—) is complementary to MdbHLH3 sequence, whereas
mdm-siR81(—) and MdbHLH3 show an inverse expression
profile to each other. In addition, the RACE experiment
demonstrated that mdm-siR81(—)-directed cleavage of MdbHLH3
transcripts occurs in the peel of apple fruit.

Regulation of anthocyanin synthesis by miRNAs has been
observed in many plant species, but the effects of miRNAs
on anthocyanins differ. Inhibition of miR156 expression in
Arabidopsis results in increased expression of the target gene
SPL9 and thus inhibits accumulation of anthocyanins
(Gou et al,, 2011; Cui et al.,, 2014). In contrast, overexpression
of mdm-miR156a in apple causes decreased expression of the
SPL2-like and SPL33 genes and inhibition of anthocyanin
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accumulation (Yang et al,, 2019). Overexpression of miR858 in
Arabidopsis targets the anthocyanin inhibitor MYBL2 to promote
anthocyanin accumulation (Wang et al, 2016b). However,
miR858 in tomato plays a negative role in the biosynthesis of
anthocyanins; blockage of miR858 binding increases SIMYB7-
like transcript levels and ultimately promotes accumulation of
anthocyanins (Jia et al., 2015). In Arabidopsis, siR81(—) derived
from TAS4 and miR828 together target the positive regulatory
genes PAPI, PAP2, and MYBI113 for anthocyanin synthesis
(Rajagopalan et al., 2006). Overexpression of miR828 reduces
the accumulation of anthocyanins in Arabidopsis (Yang et al.,
2013). However, miR828 targets the anthocyanin inhibitor
MYB114 in grape to positively regulate anthocyanin accumulation
(Tirumalai et al., 2019). In the present study, the mdm-miR828
expression level was relatively low during the rapid fruit
coloration period (116 to 134 days), and mdm-siR81(—)
expression was also relatively low. In addition, overexpression
of mdm-miR828 in apple fruit inhibited anthocyanin synthesis,

and overexpression of mdm-miR828 in Arabidopsis inhibited
anthocyanin accumulation. These results indicated that
mdm-miR828 negatively regulated anthocyanin synthesis in apple.

In the Arabidopsis mutant papI-D, in which PAP]I is strongly
up-regulated, high quantities of anthocyanins accumulate, but
the expression levels of ath-miR828 and ath-siR81(—) also
increase (Hsieh et al., 2009). Phosphorus deficiency, nitrogen
deficiency, and exogenous sugars treatment can increase the
expression of the PAP1/MYB75 and PAP2/MYB90 MYB
transcription factors, which in turn activates the expression of
anthocyanin structural genes and increases anthocyanin synthesis
in Arabidopsis. In these plants with high anthocyanin content,
the expression levels of ath-miR828 and ath-siR81(—) increased,
which induced negative feedback regulation of AtMYB75,
AtMYB90, and AtMYB113 expression. These results indicate
that a feedback regulatory mechanism in Arabidopsis may control
anthocyanin accumulation (Hsieh et al., 2009; Luo et al.,, 2012).
In the current study, the anthocyanin tended to remain stable
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FIGURE 6 | Proposed model for mdm-miR828 participation in a feedback regulation pathway to balance anthocyanin accumulation in the peel of apple fruit.
A solid arrow indicates activation, a dashed arrow indicates derivation, scissors indicate cleavage, and red lines indicate closure.

in the late stage of fruit coloration, whereas MdMYBI maintained
a high level of expression from 134 to 140 days after blooming,
and at this stage, the expression level of mdm-miR828 began
to increase. The dual-luciferase and yeast one-hybrid assays
showed that MAMYBI is capable of binding to the promoter
of mdm-MIR828b to induce its expression. These results indicated
that a feedback regulatory mechanism operates in apple. In
addition, MdMYB1 and mdm-miR828 expression levels were
increased in fruit overexpressing MdbHLH3, which suggested
that the feedback pathway was activated.

In addition to sucrose, light (Takos et al., 2006) and low
temperature (Xie et al., 2012; Gaiotti et al,, 2018) promote
anthocyanin synthesis. However, high temperature inhibits
biosynthesis of anthocyanins in apple (Wang et al., 2016a). In
the present experiment, anthocyanin accumulation under high
temperature (35°C) was significantly inhibited compared with
that of the control (23°C). The expression levels of mdm-miR828
and mdm-siR81(—) were higher under high temperature
compared with those of the control, whereas the expression
level of MAbHLH3 was reduced under high temperature compared
with that of the control. These findings indicated that
mdm-miR828 may be involved in the process of inhibiting
anthocyanin accumulation under high temperature.

Based on the present results, we propose a model for
mdm-miR828 participation in a feedback regulatory mechanism
to balance anthocyanin accumulation in the peel of apple fruit
(Figure 6). In this model, mdm-miR828 regulates the expression

of MdAbHLH3 by cleaving MdTAS4 to derive mdm-siR81(—).
During the period of rapid fruit coloration, the expression
level of mdm-miR828 is low, and MdbHLH3 and MdMYBI
are expressed in large quantities, which promotes the rapid
synthesis of anthocyanins. In the late fruit coloration stage,
the high-level expression of MdMYBI1, which binds to the
promoter of mdm-MIR828b, promotes the expression of
mdm-miR828, which in turn inhibits the expression of MdbHLH3
so that anthocyanins do not accumulate indefinitely. In addition,
high temperature can also induce the expression of mdm-miR828
and mdm-siR81(—), and then the highly expressed mdm-siR81(—)
cleaves MdbHLH3 to prevent the accumulation of anthocyanins.
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Shijian Quan’* and Heqing Huang**

"School of Pharmaceutical Sciences, Guangzhou University of Chinese Medicine, Guangzhou, China, 2Department of Traditional
Chinese Medicine, Renmin Hospital, Hubei University of Medicine, Shiyan, China, *Science and Technology Innovation Center,
Guangzhou University of Chinese Medicine, Guangzhou, China, 4Laboratory of Pharmacology and Toxicology, School of
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Oxidative stress is the main factor responsible for the induction of diabetic renal fibrosis.
Thus, improving the state of oxidative stress can effectively prevent the further deterioration
of diabetic nephropathy (DN). Previous research has shown that formononetin (FMN), a
flavonoid with significant antioxidant activity and Sirt1 activation effect, can improve
diabetic renal fibrosis. However, the exact mechanisms underlying the effect of FMN
on diabetic renal fibrosis have yet to be elucidated. In this study, we carried out in vivo
experiments in a do/db (diabetic) mouse model and demonstrated that FMN activated the
nuclear factor E2-related factor 2 (Nrf2)/antioxidant response element (ARE) signaling
pathway and improved oxidative stress by increasing levels of sirtuin-1 (Sirt1) protein level
in renal tissue. We also found that this process reversed the up-regulation of fiboronectin
(FN) and intercellular adhesion molecule 1 (ICAM-1) and led to an improvement in renal
insufficiency. In vitro results further showed that FMN significantly reversed the
upregulation of FN and ICAM-1 in glomerular mesangial cells (GMCs) exposed to high
glucose. FMN also promoted the expression of Nrf2 and widened its nuclear distribution.
Thus, our data indicated that FMN inhibited hyperglycemia-induced superoxide
overproduction by activating the Nrf2/ARE signaling pathway. We also found that FMN
up-regulated the expression of Sirt1 and that Sirt1 deficiency could block the activation of
the Nrf2/ARE signaling pathway in GMCs induced by high glucose. Finally, we found that
Sirt1 deficiency could reverse the down-regulation of FN and ICAM-1 induced by FMN.
Collectively, our data demonstrated that FMN up-regulated the expression of Sirt1 to
activate the Nrf2/ARE signaling pathway, improved oxidative stress in DN to prevent the
progression of renal fibrosis. Therefore, FMN probably represents an efficient therapeutic
option of patients with DN.
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INTRODUCTION

Diabetic nephropathy (DN) is one of the most serious chronic
microvascular complications and the key factor that can lead to
end-stage nephropathy (Perkovic et al., 2019; Ruiz-Ortega et al.,
2020). Although the occurrence and progression of DN can be
delayed by the strict control of blood glucose levels and blood
pressure levels, these measures cannot completely prevent
patients with diabetes from developing into renal failure.
Consequently, it is vital to develop new drugs to prevent and
treat DN. Renal fibrosis is the main pathological feature of DN
(Wei-Jian et al, 2015). In the diabetic state, glomerular
mesangial cell proliferation, along with glomerular
hypertrophy, gradually lead to the deposition of extracellular
matrix (ECM) in the glomerular mesangial region. This leads to
the progressive accumulation of inflammatory fibrosis
components such as fibronectin (FN) and intercellular cell
adhesion molecule-1 (ICAM-1), and can develop into renal
fibrosis with glomerulosclerosis as the predominant feature
eventually. Oxidative stress is considered to be the main
pathogenic factor underlying renal fibrosis in diabetes
mellitus (Kultigin, 2017; Sagoo and Gnudi, 2018). In the
pathological state of diabetes, high levels of glucose
stimulates cells to produce a large number of reactive oxygen
species (ROS), which activates a variety of downstream
inflammatory signaling pathways, thus inducing and
accelerating the occurrence of renal inflammatory fibrosis.
Therefore, regulating or inhibiting oxidative stress is an
effective method to prevent the progression of diabetic renal
fibrosis and thus prevent DN.

The nuclear factor E2-related factor 2 (Nrf2)/antioxidant
response element (ARE) signaling pathway is the most
important intracellular antioxidant pathway (Hu et al.,, 2020;
Nwakiban et al., 2020). And the activation of Nrf2/ARE pathway
can promote the expression of a range of downstream antioxidant
enzymes, including heme oxygenase 1 (HO-1) and superoxide
dismutase 1 (SOD-1), thereby reducing ROS level and resisting
the renal fibrosis injury induced by oxidative stress (Ahmed et al.,
2017). However, during end-stage diabetes, the damage caused by
the endogenous antioxidant system inevitable leads to the
attenuation of Nrf2. Therefore, the activation of Nrf2/ARE
signaling pathway exerts a vital protective effect on DN. The
family of mammal silent information regulator two proteins
(Sirtuins) are deacetylase enzymes that are dependent on
nicotinamide adenine dinucleotide (NAD+). Researches have
shown that Sirtl plays a key role in the activation of Nrf2/
ARE signaling and the protection of DN (Kim et al, 2018;
Arioz et al,, 2019; Ma et al,, 2019). In addition, studies have
shown that Sirt1 could up-regulate the levels of Nrf2 protein and
improve oxidative stress (Ma et al., 2018). As such, Sirtl is
considered to be a promising target for the prevention and
treatment of DN.

Formononetin (FMN) is the main active ingredient of
Astragalus membranaceus, Niudali, and other forms of
Traditional Chinese medicines with known antioxidant
activities (Jin et al., 2017). Formononetin is also known to
improve hepatic cholestasis by up-regulating the expression of
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Sirtl (Yang et al., 2019). Recent studies have also shown that
FMN could improve renal function in diabetic animal models,
although the specific mechanisms involved in this effect remain
unclear (Qiu et al., 2017). Thus, current evidences indicate that
the Sirtl/Nrf2/ARE signaling pathway is important in the
prevention and treatment of DN, and that the antioxidant
activity of FMN and the agonistic effect of FMN on Sirtl
probably plays a significant role in this process. We
hypothesized that the activation of Sirtl/Nrf2/ARE signaling
pathway induced by FMN could improve oxidative stress and
that FMN probably prevents the progression of diabetic renal
fibrosis and thereby represents a useful therapeutic option for
patients with DN. In the present study, we used the db/db
(diabetic) mouse model and demonstrated that FMN
effectively improved the indices of inflammatory fibrosis and
oxidative stress. We also found that FMN up-regulated the
expression of Sirtl protein in the renal tissue of db/db diabetic
mice and in glomerular mesangial cells (GMCs) under the
conditions of high glucose, thus activating the Nrf2/ARE
signaling pathway. Our results therefore confirmed that
FMN improved diabetic renal fibrosis by activating the of
Sirt1/Nrf2/ARE signaling pathway and by relieving oxidative
stress.

MATERIALS AND METHODS

Reagents and Antibodies

FMN (purity > 98.0%, HPLC), metformin hydrochloride (Met)
(purity > 98.0%, HPLC), and sodium carboxymethyl cellulose
(CMC) (purity > 98.0%, HPLC) were provided by Vicci
Biotechnology Co., Ltd. (Sichuan, China). Resveratrol (Res)
(purity > 99.7%, HPLC) was purchased from
MedChemExpress (Monmouth Junction, United States). FN
(catalog: 66042-1-1 g, diluted 1:1,000), ICAM-1 (catalog:
16174-1-AP, diluted 1:1,000), Nrf2(catalog: 16,396-1-AP,
diluted 1:1,000), Keleh-like ECH-associated protein (Keapl)
(catalog: 10503-2-AP, diluted 1:2,500), HO-1 (catalog: 10701-
1-AP, diluted 1:2,000) and SOD-1 (catalog: 10269-1-AP, diluted
1:2,000) were purchased from Proteintech Group (Wuhan,
China). Sirtl (catalog: ab110304, diluted 1:1,000) and goat
anti-rabbit IgG H&L (Alexa Fluor® 594) (catalog: ab150080)
were purchased from Abcam (Cambridge, MA, United States). A
superoxide anion fluorescent probe (catalog: S0063),
Methylthiazolyldiphenyl-tetrazolium bromide (MTT, catalogue:
ST316) and primary anti-diluent, were all provided by Shanghai
Biyuntian Biotechnology Co., Ltd. (Shanghai, China).
Paraformaldehyde (4%) (catalog: AR1,068) was purchased
from Wuhan Baodu Biological Engineering Co., Ltd. (Wuhan,
China). RNAIMAX (catalogue: 13778-150) was provided by
Seymour Fisher Technologies (Rockford, IL, United States).
PAS dye, Masson’s dye, and hematoxylin and eosin (H&E)
dye, were provided by Servicebio (Wuhan, China). For the
animal work, FMN was dissolved in 0.5% sodium
carboxymethyl cellulose. For the in vitro work, FMN and Res
were both dissolved in Dimethyl sulfoxide (DMSO); Met was
dissolved in distilled water.
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Animal Experiments
The mice used in this research were provided by Changzhou Cavins

Experimental Animals Co., Ltd. (License number: SCXK
2016-0010). Male db/db mice were divided into five groups: wild
db/m (normal control group), db/db (diabetes model group), Met
(positive control group; 100 mg/kg), and FMN (FMN treatment
group; 25 and 50 mg/kg). Mice in the Met and FMN groups received
drugs by oral gavage for eight weeks. Blood and kidney samples were
collected from all mice at the end of the eighth week for biochemical
and histopathological analyses. All mice were bred at the Laboratory
Animal Center of Guangzhou University of Chinese Medicine
(License Number: SCXK 2018-0085). The temperature of the
animal room was controlled at 23 + 1°C, relative humidity was
controlled at 55 + 5%, and the photoperiod was controlled at 12 h
light/12 h dark. Food and water were available ad libitum. All animal
experiments are conducted in accordance with relevant regulations
relating to experimental animal ethics and were approved by the
Animal Experiment Management and Use Committee of
Guangzhou University of Traditional Chinese Medicine
(Experimental approval reference number: 00222199).

Biochemical Analyses

Serum levels of blood urea nitrogen (BUN), creatinine (Cr),
triglyceride (TG) and total cholesterol (TC) were detected
using appropriate detection kits in accordance with the
manufacturer’s instructions.

Cell Culture

The glomeruli from primary GMCs and Sprague-Dawley (SD) rats
were isolated and identified by a specificity assay, as described earlier
(Xiao et al., 2020). Prior to experiments, GMCs were placed in an
incubator set to 37°C and 5% CO,. We also supplemented the GMCs
with 10% fetal bovine serum (FBS) dulbecco’s modified eagle medium
(DMEM) to provide appropriate conditions for growth. The GMCs
were then cultured for 2-3 days until they achieved 90% aggregation
and were then subcultured at a ratio of 1:6. Cells from the 5th to 14th
passages were used for experiments. FMN was dissolved in 100 mM
DMSO to provide the stock liquor; this was stored at —20 C. At around
80% confluency, the cells were incubated in sera for 12-16 h and then
exposed to hyper-glycemic conditions or FMN for a specified period
of time. In this study, the control groups experienced 5.6 mM glucose
while the model group experienced 30 mM glucose.

MTT Assay

In this study, 3-(4, 5-dimethylthiazole-2-yl)-2, 5-diphenyl
tetrazolium bromide (MTT, Sigma, United States) was used to
evaluate the effect of FMN on the activity of GMCs cells and to
determine the appropriate concentration of FMN. Cells were first
inoculated in a 96-well plate. Once adherent to the walls of the plate,
the cells were cultured in serum-free medium for 12h and then
treated with or without different concentrations of FMN (0, 5, 10,
20, 40, 60, 80, 100 and 150 pM) for 24 h. Next, 20 pM MTT (5 mg/
ml) was then added to each well and incubated at 37°C for 4h
before discarding the medium carefully. Finally, DMSO (200 pum)
was added to each well to dissolve formazan crystals and a
microplate reader (Bio-Tek, United States) was used to measure
the absorbance of each well at an optimized wavelength of 570 nm.

Formononetin Improves Diabetic Nephropathy

Detection of Intracellular Superoxide
We used a fluorescence probe, dihydroethidium (DHE, Beyotime,

Shanghai, China), to detect intracellular levels of ROS. After
different treatments (according to experimental requirements),
the GMCs cells were washed twice with phosphate buffer
solution (PBS); the cells were then incubated with DHE (10 uM)
in serum-free DMEM at room temperature for 30 min. Finally, we
determined fluorescence intensity by high-content screening
(ArrayScan VTI 600 Plus, Thermo Fisher, Rockford, United States).

Small Interfering RNA and Transient

Transfection

Next, we designed a specific small interfering RNA (siRNA) to
target Nrf2, along with a negative control; these siRNAs were
synthesized by Genepharma (Shanghai, China). The sequences for
Sirtl-siRNA were as follows: sense: 5-CCAGUAGCACUAAUU
CCAATT-3', antisense: 5-UUGGAAUUAGUGCUACUGGTT-
3". GMCs were inoculated in a 60 mm plate 24h before the
experiment began. Next, we used the RNA iMAX transfection
reagent to transfect the cells (at 60% confluency) with appropriate
siRNA constructs; the transfection reagent was used in accordance
with the manufacturer’s instructions. After 36 h, the medium was
removed and 2 ml serum-free DMEM was added to restore cell
growth for a further 12 h. Following stimulation, the cells were
harvested, and the next experiment was carried out.

Western Blotting

For western blotting, cultured GMCs or animal tissues were first
washed twice with pre-cooled PBS, followed by the addition of
RIPA lysis buffer combined with a mixture of proteases or
phosphatase inhibitors to help lyse the total protein content of
each tissue sample. An equivalent amount of total protein from
cells or tissues were then separated by 8-12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then
transferred to PVDF membranes (Bio Rad, Hercules, CA,
United States). Membranes were first blocked with 5% skimmed
milk and then incubated with appropriate primary antibodies at
4 C overnight. The following morning, membranes were washed
and then incubated for 1hat room temperature with the
corresponding secondary antibodies. Finally, we used a GE
ImageQuant LAS4000mini (GE Healthcare; Waukesha,
United States) to observe target bands and then analyzed the
relative gray values of different bands with Quantity One
protein analysis software (Bio Rad, Hercules, CA, United States).

Immunofluorescence

GMCs were inoculated on glass cover slips and placed in a 24-well
plate in which the cells were exposed to different stimuli.
Following treatment, the cells were washed three times in PBS
(5min per wash). The GMCs were then fixed with 4%
paraformaldehyde at room temperature for 15 min, dried for
10 min and permeabilized with 1% Triton X-100 dissolved in PBS
for 10 min. After washing with PBS, the cells were blocked with
goat serum at room temperature for 1 h and then incubated
overnight with a rabbit polyclonal antibody raised against Nrf2
(1:200) in a refrigerator at 4 C. The following day, the GMCs were

Frontiers in Pharmacology | www.frontiersin.org

122

January 2021 | Volume 11 | Article 616378


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Zhuang et al.

Formononetin Improves Diabetic Nephropathy

Py x =

db/m db/db FMN(L) FMN(H) Met

=

HE

Masson

db/m

glomeruli using H&E, PAS, and Masson’s staining (400x).

db/db

H#ittt it
A it B C
[ TTTE———
o it Hitt
— = ! = )
#Ht P k=" ok ]
40 — —
a &5 - — x
S 30 = o . 7 6 F . . - 6
£ H v 4] o
£ 20 s % E4 €4
v} . £ = E
o o
210 =) = I 3
= z
e
0 ; . , ; ‘ 0 T T T T T 0 T T T T T
db/m db/db FMN(L) FMN(H) Met db/m db/db FMN(L) FMN(H) Met db/m db/db FMN(L) FMN(H) Met
D #itt E #it
—_— —_—
#H #ih
—_ —_
#it #t
g 600 I 5 150 .
g £
E 400 £ 100
5 z
© 200 @ 50

FIGURE 1 | FMN significantly improved indicators of renal function in do/db mice and reduced renal fibrosis. (A-E) Levels of FBG, TC, TG, BUN, and Cr, in
experimental mice. Data are expressed as + SD. n = 6, Diabetes: diabetes group; FMN (L): FMN treatment group (low dose: 25 mg/kg); FMN (H): FMN treatment group
(medium dose: 50 mg/kg); Met: metformin treatment group (100 mg/kg). **p < 0.001 vs. db/m, ##p < 0.01, ###p < 0.001 vs. db/db. (F) Histopathological analysis of
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incubated with a secondary antibody for 1 h [Goat anti-rabbit IgG
H&L (Alexa Fluor® 594)]. Cell nuclei were labeled with DAPI
(5mg/ml in PBS, Sigma, St. Louis, Mo) for 10 min at room
temperature in the dark. Finally, the slides were fixed, and images
were acquired using a Zeiss LSM 510 laser confocal fluorescence
microscope (Carl Zeiss, Oberkochen, Germany).

Data Analysis

All data were evaluated by Graphpad Prism 5.0 software
(GraphPad Software, Inc., San Diego, CA, United States).
Unpaired Student’s t-tests were used to compare parameters
between two groups. Multiple comparisons were analyzed by
one-way analysis of variance (ANOVA) with Bonferroni post hoc
tests. p < 0.05 was considered to be statistically significant.

RESULTS

Formononetin Significantly Improved
Indicators of Renal Function in db/db Mice

and Reduced Renal Fibrosis

Compared with the control group, the levels of fasting blood
glucose (FBG) were significantly higher in the model group
(Figure 1A) (p < 0.001). However, FMN treatment caused a
significant reduction in FBG levels (p < 0.01); there was no
statistically significant difference between the groups treated
with FMN and Met (the positive drug control group).
Compared with the model group, FMN significantly
reduced the levels of TG, TC, Cr, and BUN (Figures
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FIGURE 2 | FMN increased the expression of Sirt1 and Nrf2, and reduced the expression of FN and ICAM-1 in the kidneys of dib/db mice. (A-G) Protein levels of FN, ICAM-
1, Sirt1, Nrf2, Keap1, HO-1, and SOD-1, in renal tissues from diabetic mice, as detected by western blotting. *p < 0.01, **p < 0.001 vs. do/m, #p < 0.05, ##p < 0.01, ###p <
0.001 vs. db/db. (H) Immunohistochemical staining of FN, lcam-1, and Sirt1 in glomeruli (400x). Independent experiments were performed at least three times (with similar results).

1B-E) (p < 0.01). As shown in Figure 1F, H&E, PAS, and
Masson’s staining showed that the glomerular structure of
mice in the control group remained intact, and no
proliferation or glycogen accumulation was observed in the
glomerular mesangium. However, in the model group, we

observed abnormal hypertrophy of the glomeruli,
proliferation of the mesangial cells, an increase in the
mesangial matrix, and interstitial fibrosis. Following

treatment with FMN, the morphology of the glomeruli
gradually returned to normal; the degree of inflammation
and fibrosis within the glomeruli also improved (by variable
extents). Therefore, these results demonstrated that FMN
treatment can significantly improve the pathology of the
kidneys in db/db mice.

Formononetin Increased the Expression of
Sirt1 and Nrf2, and Reduced the Expression
of Fibronectin and Intercellular Adhesion

Molecule 1-1 in the Kidneys of db/db Mice

In order to further explore the potential mechanisms that might
underlie the ability of FMN to resist oxidative stress and alleviate
diabetic kidney fibrosis, we tested a range of associated proteins. As
shown in Figures 2A-G, the protein levels of FN, ICAM-1, and
Keap1, decreased significantly in mice treated with FMN (p < 0.001),
while the protein levels of Nrf2, HO-1, SOD-1, and Sirtl increased
(p < 0.05). Immunohistochemical results (Figure 2H) also
confirmed that FMN treatment improved Sirtl expression and
inhibited the high expression levels of FN and ICAM-1 in db/db
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FIGURE 3 | FMN inhibited FN and ICAM-1 protein levels and reduced levels of ROS in GMCs induced by high glucose. (A) The viability of GMCs, as detected by

MTT assay, *p < 0.05 vs. control. (B,C) The expression levels of FN and ICAM-1 in GMCs, as detected by western blotting, **o < 0.01, **p < 0.001 vs. 0 h. (D) FMN
inhibited the high ROS levels induced by high glucose conditions. (E,F) The protein levels of FN and ICAM-1 in GMCs, as determined by western blotting, *p < 0.05, **p <
0.01 vs. Ctrl, #p < 0.05, ##p < 0.01 vs. HG. (G,H) The distribution of FN and ICAM-1, as determined by immunofluorescence (magnification 400x). Red
fluorescence indicates the localization of FN and ICAM-1. Independent experiments are performed at least three times with similar results.

mice. These results suggest that the mechanism by which FMN
improves renal fibrosis in diabetic mice may be related to the up-
regulation of Sirtl and the activation of the Nrf2/ARE signaling
pathway. To further confirm this hypothesis, we next conducted a
series of in vitro experiments.

Formononetin Inhibited Fibronectin and
Intercellular Adhesion Molecule-1 Protein
Levels and Reduced Levels of Reactive
Oxygen Species in Glomerular Mesangial
Cells Induced by High Glucose

MTT data showed that when applied at a concentration of
100 uM, FMN had no cytotoxic effects on GMCs (Figure 3A)
(p < 0.05). The results of a preliminary dose test showed that
FMN could inhibit the expression of FN and ICAM-1 in
GMCs stimulated by high glucose at a concentration of

5 uM (Figures 3E,F) (p < 0.05). Therefore, 5, 10 and 20 pM
of FMN were used in subsequent studies. The expression levels
of FN and ICAM-1 in GMCs increased in a time-dependent
manner following stimulation with high glucose at specified
times (0, 6, 12, 24, 36, and 48 h) (p < 0.01). Compared with the
control group, the upregulation of these indicators was
triggered by 30 mM hyper-glycemia for 24 h (Figures 3B,C)
(p < 0.05), as shown by western blotting. Therefore,
stimulation with high glucose levels (30 mM) for 24 h was
used as a modelling condition for all subsequent experiments.
In addition, western blotting and immunofluorescence
experiments further showed that FMN treatment reduced
the up-regulated expression of FN and ICAM-1 induced by
high glucose stimulation for 24 h in a dose-dependent manner
(Figures 3E-H) (p < 0.05). Furthermore, the levels of ROS in
GMCs stimulated by high glucose conditions were
significantly higher than those in the control group, while
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levels of ROS in the FMN-treated group were significantly
reduced (Figure 3D).

Formononetin Increased the Nuclear
Translocation of Nrf2 to Activate the
Nrf2/ARE Signaling Pathway

In order to verify the correlation between the activation of the
Nrf2/ARE signaling pathway by FMN and the enhancement of
Sirtl expression by FMN, we used resveratrol, a classic agonist of
Sirtl, as a positive control. As shown in Figure 4A, the total Nrf2

protein content in GMCs from the FMN treatment group was
significantly increased compared with that of the control group
(p < 0.05). In order to explore the activation effect of FMN on the
nuclear expression of Nrf2, we conducted aging experiments on
Nrf2 nuclear protein; data showed that 30 mM high glucose
stimulation for 6h represented the optimal conditions for
subsequent experiments (Figure 4B) (p < 0.05). Western
blotting showed that FMN treatment increased the nuclear
expression of Nrf2 (p < 0.05). Immunofluorescence experiments
also showed that Nrf2 was distributed inside and outside of the
signaling nucleus in GMCs under physiological conditions, but
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FIGURE 5 | FMN increased the expression of Sirt1 in GMCs induced by high glucose. (A) The protein levels of Sirt1 in GMCs, as determined by western blotting,
**p <0.01,**p <0.001 vs. 0 h. (B) The protein levels of Sirt1 in GMCs, as determined by western blotting, “*p < 0.01 vs. control, #p < 0.05 vs. HG. (C) Distribution of Sirt1
in GMCs, as determined by immunofluorescence. Scale bar: 20 um. Red fluorescence indicates the localization of Sirt1. Independent experiments were performed at

levels of Nrf2 were reduced in the nucleus under high glucose
stimulation. Following FMN treatment, the expression of Nrf2
protein in the nucleus increased (Figures 4C,D) (p < 0.05). The
expression of the Nrf2 target genes, HO-1 and SOD-1, were also
increased following the administration of FMN (Figures 4F,G)
(p < 0.001). Keap1 has the ability to regulate the stability of Nrf2
protein and inhibit its expression, so the inhibitory effect of
formononetin on Keapl is also worthy of attention (Vittorio
et al, 2010). Meanwhile, in this experiment, the increased
expression of Keapl induced by high glucose stimulation was
further reduced in the FMN-treated group (Figure 4E) (p < 0.05).

Formononetin Increased the Expression of
Sirt1 in Glomerular Mesangial Cells Induced
by High Glucose

Collectively, the previous experiments demonstrated that FMN
was clearly able to activate the Nrf2/ARE signaling pathway.
Furthermore, our animal experiments showed that FMN was
also activated the expression of Sirtl. In order to verify this
more accurately, we conducted aging experiments and finally
determined the appropriate conditions to use in subsequent
experiments; we ascertained that we should apply 30 mM high-

glucose stimulation for a period of 24 h (Figure 5A) (p < 0.01). As
shown in Figure 5B, FMN alleviated the inhibitory effect of Sirtl
caused by high-glucose stimulation (p < 0.05); this was consistent
with data derived from animal experiments. This was further
supported by our immunofluorescence data (Figure 5C).

The Depletion of Sirt1 Inhibited the
Activation of the Nrf2/ARE Signaling
Pathway Induced by Formononetin

According to the previous experiments, we ascertained that FMN
plays an important role in activating the Nrf2/ARE signaling pathway
and improving the process of diabetic renal fibrosis. In order to further
clarify the significance of Sirtl in this process, we used siRNA
constructs to interfere with the expression of Sirtl (Figure 6A)
(p < 0.001). Data showed that the total Nrf2 protein content was
significantly reduced when FMN and Sirt1-siRNA were administered
at the same time (Figure 6B) (p < 0.001). Immunofluorescence and
western blotting data also showed that the distribution of N1f2 protein
in the nucleus also decreased following the administration of FMN
and Sirt1-siRNA (Figures 6C,D) (p < 0.001); the expression of Keapl
increased, and the levels of the Nrf2 target proteins, HO-1 and SOD-1,
were also reduced to different degrees (Figures 6E-G) (p < 0.05).
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The Depletion of Sirt1 Reversed the Effects ICAM-1 induced by FMN (Figures 7A-D) (p < 0.001). Sirtl
of Formononetin on the Inhibition of interference also prevented FMN from lowering the intracellular

Oxidative Stress levels of ROS (Figure 7E).

Activation of the Nrf2/ARE pathway by FMN was inhibited

following interference of the Sirtl protein. In order to verify DISCUSSION

whether activation of the Nrf2/ARE pathway was also inhibited,

we investigated the protein levels of FN and ICAM-1. Western  Studies have shown that isoflavones could improve the oxidative
blotting and immunofluorescence experiments showed that Sirt] ~ stress effect by inhibiting the heat shock signaling pathway
interference alleviated the reduced expression levels of FN and (Vittorio et al., 2010). FMN as an isoflavone compound also
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has been widely reported to improve the renal function of patients
suffering from diabetes, and enhance resistance to oxidative stress
(Kim et al., 2018; Zhen et al., 2019). In addition, several previous
studies have reported that FMN could exert a range of
pharmacological activities, including anti-atherosclerosis, anti-
tumor, and selective neuroprotective effects (El-Bakoush and
Olajide, 2018; Ong et al., 2019; Ma et al, 2020). Oxidative
stress is a key link in the intensification of renal fibrosis and
can also accelerate the progression of diabetic nephropathy.
Given that FMN has been reported to exert significant
antioxidant capacity, we hypothesized that FMN could also
improve diabetic nephropathy via its antioxidant capabilities
probably.

In this study, we used db/db mice as a model for type 2
diabetic nephropathy as experimental animals. We found that
FMN significantly reduced the levels of BUN, Cr, TG, and TC in
the model group, thus indicating that FMN could clearly
improve the renal function of diabetic mice. Furthermore,
HE, PAS, and Masson’s staining showed that after FMN
treatment, there was clear improvements in renal tubular

interstitial ~ fibrous tissue hyperplasia and glycogen
accumulation compared with the model group. Endogenous
cellular defense mechanism plays an important role in resisting
oxidative stress and maintaining cellular state. The Nrf2/ARE
signaling pathway is one of the most well-studied oxidative
stress pathways. Studies have shown that Nrf2 could maintain
protein homeostasis under various pathological conditions and
improve oxidative stress by encoding the antioxidant pathway of
Vitagenes (Calabrese et al, 1996; Calabrese et al, 2010;
Calabrese and Calabrese, 2013). It is generally believed that
when Nrf2 is stimulated by oxidation, it is separated from
endogenous inhibitor (Keapl) and then Nrf2 translocates
into the nucleus to mediate the transcription of its target
genes, including HO-1 and SOD-1 (Gong et al, 2018). In
order to study the antioxidant effects of FMN, we carried out
western blotting and immunofluorescence experiments using
both mouse kidney tissue and GMCs that had been induced by
high glucose. Data showed that FMN treatment could activate
the Nrf2/ARE signaling pathway and significantly enhance the
nuclear translocation of Nrf2. FMN also alleviated renal fibrosis
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by reducing the expression levels of FN and ICAM1both in vitro
and in vivo. Some studies have shown that Sirt1 is closely associated
with the pathogenesis of diabetic nephropathy and represents a new
potential therapeutic target for diabetic nephropathy (Munehiro
et al,, 2013; Sun et al, 2018). Sirtl agonists are known to have
protective effects on the metabolism of some diabetic animals,
including glucose tolerance, fasting glucose level, and insulin
resistance (Marina et al, 2018). Sirtl knockout mice showed
increased levels of proteinuria and renal impairment (Hasegawa
et al., 2013). Furthermore, in vitro and in vivo studies have shown
that Res, an agonist of Sirt1, could reduce ROS production and up-
regulate the expression of endogenous antioxidant genes and
vascular protective molecules (Vella et al, 2015; Yang et al,
2018). In this study, we found that FMN promotes the
expression of Sirtl both in vitro and in vivo. In addition, we
knocked out Sirtl in GMCs induced by high glucose, and found
that the antioxidant and anti-fibrosis effects induced by FMN were
negated. Although we have demonstrated that FMN can prevent
the deposition of ECM and improve oxidative stress by regulating
the Sirt1/Nrf2/ARE pathway, how does FMN directly activate Sirt1
and its association with Vitagenes network have not been fully
clarified. This issue needs further investigation. Collectively, these
results suggest that Sirtl is necessary for FMN to activate the Nrf2/
ARE signaling pathway.

CONCLUSION

In vitro and in vivo experiments confirmed that the inhibitory
mechanism underlying the effects of FMN on diabetic renal
fibrosis was closely related to the up-regulation of Sirtl
expression and activation of the Nrf2/ARE signaling pathway.
Our results provide an experimental basis for the application of
FMN in the prevention and treatment of DN and the
development of new drugs.
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In many plants, isoflavones are the main secondary metabolites that have various
pharmacological activities, but the low water solubility of aglycones limits their usage.
The O-glycosylation of (iso)flavones is a promising way to overcome this barrier.
O-glycosyltransferases (UGTs) are key enzymes in the biosynthesis of (iso)flavonoid
O-glycosides in plants. However, limited investigations on isoflavonoid O-UGTs have
been reported, and they mainly focused on legumes. lris domestica (L.) Goldblatt
et Mabberley is a non-legume plant rich in various isoflavonoid glycosides. However,
there are no reports regarding its glycosylation mechanism, despite the /. domestica
transcriptome previously being annotated as having non-active isoflavone 7-O-UGTs.
Our previous experiments indicated that isoflavonoid glycosides were induced by CuClo
in I. domestica calli; therefore, we hypothesized that isoflavone O-UGTs may be induced
by Cu?*. Thus, a comparative transcriptome analysis was performed using /. domestica
seedlings treated with CuCly, and eight new active BcUGTs were obtained. Biochemical
analyses showed that most of the active BcUGTs had broad substrate spectra; however,
substrates lacking 5-OH were rarely catalyzed. Real-time quantitative PCR results
further indicated that the transcriptional levels of BcUGTs were remarkably induced by
Cu?t. Our study increases the understanding of UGTs and isoflavone biosynthesis in
non-legume plants.

Keywords: Iris domestica (Belamcanda chinensis) copper chloride, induce, (iso)flavones, transcriptome, UGT

INTRODUCTION

Secondary metabolites derived from plants play very important roles in organisms” physiological
activities, as well as human health. Isoflavonoid glycosides are a class of significant secondary
metabolites mainly found in legume plants, which are associated with the interactions between
legumes and both symbiotic and pathogenic microorganisms (Kramer et al., 1984; Graham et al,,
1990; Udomsuk et al., 2010; Li et al., 2014; Clda et al., 2018; Karre et al., 2019). However, the low
water solubility of isoflavonoid aglycones is a barrier to the clinical applications. Glycosylation is an
effective way to increase water solubility and bioavailability. For example, the apparent solubility of
puerarin 7-O-glycoside is 18-fold that of puerarin (Jiang et al., 2008), and genistein 7-O-glycoside
showed greater oral bioavailability than genistein (Kwon et al., 2007). O-glycosylation is the main
glycosylation form, and O- UDP- sugar glycosyltransferases (O-UGTs) are responsible for the
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biosynthesis of various O-glycosides in plants. However, only
several genes with isoflavone O-glycosylation ability have
been reported, and moreover, they are mainly investigated in
leguminous plants. For instance, eight Medicago UGTs have
been identified as being active against various isoflavones and
flavones using a functional genomics approach (Modolo et al.,
2007). In soybean (Glycine max), GmUGT4 is highly specific
for isoflavones, while GmUGT1 and GmUGT7 have broad
substrate spectra (Funaki et al., 2015). Pueraria lobate UGT1
plays a role in isoflavone 7-O-glycosylation (Li et al.,, 2014),
while PIUGT?2 is a bifunctional isoflavone O-UGT responsible
for both the 4’-O- and 4',7-O-glycosylation of isoflavonoids
(Wang et al., 2016). In non-legumes, isoflavone O-UGTs have
only been reported in pomegranate and rice. UGT84A23,
UGT84A24, and PgUGT95B2 cloned from pomegranate exhibit
7-O-glycosylation activity of genistein in vitro (Ono et al,
2016; Wilson et al., 2019). In the monocotyledonous plant rice,
UGT709A4 and UGT706D1 could use isoflavones as substrates
in vitro, and produce isoflavonoid 7-O-glycosides (Ko et al.,
2008).

Iris domestica (L.) Goldblatt et Mabberley [syn. Belamcanda
chinensis (L.) DC] forms a traditional Chinese medicine and
isoflavones are the main active ingredients. Previous in vitro
investigations showed that the isoflavones in rhizomes have a
number of biological activities, including anti-mutagenic, anti-
inflammatory, anti-angiogenic and anti-tumor activities, as well
as inhibiting lipid peroxidation and scavenging free radicals
(Seidlova-Wuttke et al., 2004; Zhang et al., 2005; Kang et al,,
2009; Wozniak et al., 2010; Wang et al., 2013; Xie et al., 2014).
Among the active isoflavones, O-glycosylated compounds, such
as tectoridin and iridin, are the main ingredients (Lee et al., 2011;
Chen et al., 2014). This implies that some isoflavone O-UGT
genes may be abundant in I. domestica. In addition, it is unusual
that I domestica accumulates isoflavonoid glycosides as a non-
legume. Thus, it is important for us to explore the mechanisms
of glycosylation in I domestica. However, I. domestica is a
monocotyledonous plant; therefore, it is very difficult to obtain
the active BcUGTSs using homology cloning strategies owing to
their low homology levels. Transcriptomes have aided in the
discovery of isoflavone-related-UGTs in I domestica. However,
after analyzing the transcriptomes of six I. domestica organs, we
did not identify any active (iso)flavone genes (Tian et al., 2018).

Previously, we found that the isoflavonoid glycoside content
in I domestica calli was significantly induced by Cu?*t
stress. Specifically, when the isoflavones contents of calli were
monitored for 49 days, tectoridin and iridin increased up to 1.14
mg/g and 0.95 mg/g, respectively, at 42 days after a 1.2-mM
CuCl, treatment. However, no tectoridin or iridin was detected
in the control group (Zhu et al, 2020). The same dynamic
content variation was observed in the adventitious roots of Iris
germanica after a CuCl, treatment (Tomoyoshi et al., 2005).
Thus, CuCl, appears to promote the biosynthesis of isoflavone
glycosides by inducing related gene expression. Consequently,
in this study, we chose CuCl, as the elicitor to induce the

Abbreviations: cDNA, complementary DNA; CuCl,, copper chloride; UDPG,
uridine diphosphate glucose; UGT, UDP-sugar glycosyltransferase.

expression of (iso)flavone 7-O-UGT genes in I. domestica. Using
RNA sequencing (RNA-seq) and differentially expressed gene
analyses, several BcUGT complementary DNAs (cDNAs), which
belonged to the UGT706L family, were obtained. Biochemical
analyses showed that eight active BcUGTs shared similar
coding DNA sequences, but they exhibited different catalytic
activities against different substrates. For most substrates, 7-O-
glycoside compounds were the main products. Interestingly, a
new compound was catalyzed by BcUGT4 and BcUGTS5, and
catalysis by the BcUGTSs was 5-OH dependent. In addition, real-
time quantitative PCR was performed to predict the functions
of BcUGTs in I. domestica growth, especially its mechanism
in CuCly-induced gene expression. Our study elucidated the
mechanisms of isoflavonoid glycoside biosynthesis in a non-
legume plant through Cu?* induction. Furthermore, it offers
the potential to engineer new compounds using synthetic
biological strategies.

MATERIALS AND METHODS

Plant Materials and Stress Treatment

Newly harvested seeds of 1. domestica were collected from the
Botanic Garden of China Pharmaceutical University, Nanjing,
China (31°54/36.36 N, 118°54/38.42 E). The seeds were identified
by Prof. Minjian Qin (China Pharmaceutical University, Nanjing,
China). After being sown in nutrient soil mixed with perlite,
the seeds were placed in an artificial climate box at an ambient
temperature of 25°C under a 14-h/10-h photoperiod. After 45
days of culturing, all the seedlings were transferred into liquid
1/2 Murashige and Skoog medium (MS, Murashige and Skoog,
1962) for 48 h. Then, 1.5 mM CuCl, was added to the medium,
while nothing was added to the control group medium. The
concentration of CuCl, was established in accordance with to
the results of our previous copper stress-induced experiment
(Zhu et al.,, 2020). Roots were collected after a 24-h CuCl,
treatment for RNA-seq and gene expression analyses. Another
induction experiment was carried out to rule out the effect of
the chlorine ion in the induction, 48-day-old seedlings were
transferred into liquid 1/2MS for 48h. Then 1.5mM MgCl,,
1.5mM CaCl,, 1.5 mM ZnCl,, and 1.5 mM CuCl, was added to
the medium respectively, while nothing was added to the control
group medium. Roots were collected after a 24-h treatment for
gene expression analyses. All the samples were collected in three
independent biological replicates. Tissues from different organs
(flower, fruit, leaf, rhizome, and root) were collected separately in
three biological replicates from three independent plants, these
samples were frozen immediately in liquid nitrogen after washing
and maintained at —80°C until use.

RNA Extraction and cDNA Library

Preparation

Total RNAs were extracted using an RNA simple total RNA
kit (TTANGEN, Beijing, China), and the roots were collected
from the seedlings treated with CuCl, and the control group.
RNA degradation and contamination were examined using 1%
agarose gels. RNA purity was checked using a NanoPhotometer®
spectrophotometer (Implen, Carlsbad, CA, USA). The RNA
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concentration was measured using a Qubit® 2.0 Fluorometer
(Life Technologies, Carlsbad, CA, USA). RNA integrity was
assessed using the RNA Nano 6000 Assay Kit of the Agilent
Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA,
USA). Sequencing libraries were generated using the NEB Next
Ultra RNA Library Prep Kit for Illumina (New England Biolabs,
Seattle, WA, USA).

lllumina Sequencing, Data Filtering,
Transcriptome Assembly, and Gene

Functional Annotation

Six sequencing libraries of I. domestica were subjected to the
Ilumina Novaseq 6000 platform (Illumina, San Diego, CA, USA)
to generate paired-end reads. After removing low-quality reads
and reads containing adapters or poly-N, we obtained clean
data that were then assembled into contigs using the Trinity
assembler (Grabherr et al., 2011). A gene functional annotation
was performed in seven public databases: NCBI non-redundant
protein sequences, NCBI non-redundant nucleotide sequences,
Pfam, euKaryotic Ortholog Groups/Clusters of Orthologous
Groups of proteins, Swiss-Prot, Kyoto Encyclopedia of Genes and
Genomes, and Gene Ontology.

Screening of Candidate BcUGTs

Clean data were mapped back onto the assembled transcriptome.
The read count for each gene was obtained from the mapping
results using the RNA-seq by Expectation-Maximization (RSEM)
software package (Li and Dewey, 2011). The expression level
of each transcript in each sample was described in terms of
fragments per kilobase of exon model per million mapped
reads, which is a calculation of normalized read counts. A
differential expression analysis of two samples was performed
using the DESeq R package (Anders and Huber, 2010). Genes
having an adjusted p-value < 0.005 and |[log2 Foldchange|
> 1 were considered as differentially expressed. To search
for genes involved in the biosynthesis of isoflavone 7-O-
glycosides in I. domestica, we established a local database
using the transcriptome data, and then performed a local
BLAST algorithm-based search to identify genes that shared
similar conserved sequences with isoflavone 7-O-UGT genes
of legume plants. To further determine the evolutionary
relationships among these genes, the BcUGTs proteins were
aligned with sequences of other plant (iso)flavone O-UGT
genes having known functions using MEGA?7 (https://www.
megasoftware.net/). A phylogenetic tree was constructed using
the neighbor-joining method, with a bootstrap of 1,000.
The evolutionary distances were computed using the Poisson
correction (Kumar et al., 2016).

Functional Analysis of BcUGTs Candidates
in vitro

The open reading frames of BcUGTSs were cloned individually
into the prokaryotic expression vector pCold-TE which helps
the proteins fold correctly owing to the expression of the
coupled trigger factor (chaperone). Consequently, the efficient
expression of soluble proteins that are difficult to deal with

in other systems may be achieved. The primers used for the
cloning are listed in Supplementary Table 1. All the BcUGT-
pCold-TF constructs were transferred into Escherichia coli after
sequencing. The recombinant strains were then inoculated into
100 mL Luria Broth liquid culture medium at 37°C and 220
rpm in an orbital shaker incubator. When the ODggo of the
strains reached 0.6, 0.5mM isopropyl 1-B-D thiogalactoside
(IPTG) was added into the culture to induce the expression of
recombinant proteins. This was followed by further incubation
at 15°C for 24 h. The recombinant E. coli cells were harvested
by centrifugation (10,000 g for 10 min at 4°C), resuspended with
50 mM phosphate-buffered saline (PBS; pH 8.0) and disrupted
using a sonicator. The recombinant proteins were purified
using Ni-NTA columns (Sangon, Shanghai, China). The purified
proteins were subjected to SDS-PAGE in accordance with the
method of Laemmli (1970), and the protein concentrations were
determined using the Bradford method (Bradford, 1976).

Enzyme Assays

The catalytic UGT reactions were performed in 200 pwL. The
reaction components included 2mM uridine diphosphate
glucose (UDPG; Sigma-Aldrich, Shanghai, China), 1mM
dithiothreitol, 50 mM PBS, 10 pg of the purified recombinant
protein, and 100 uM (iso)flavonoid acceptors. The reactions
were incubated for 1h at 30°C and then 400 pL ethyl acetate
was added to stop the reactions. Ethyl acetate was vaporized
to dryness in the vacuum drying oven, and finally, the samples
were dissolved in 100 L methanol for HPLC analysis. Firstly,
we calculated the amount of residual substrate, then the ratio
of residual substrate in total initial substrate was obtained, and
the ratio is the substrate conversion rate. For kinetic studies
of BcUGTs, typical assays containing 2mM UDPG, 1 mM
dithiothreitol, 50 mM PBS, 2 pg purified recombinant protein,
and varying concentrations of substrates were performed. The
reactions were incubated for 10 min at 30°C, and the solutions
subjected to HPLC were prepared as above. Kinetic parameters
were determined by hyperbolic regression analyses using the
Prism program (GraphPad, https://www.graphpad.com/). The
reaction products were analyzed using an Agilent 1100 HPLC
system on SB C18 columns (5pm; 250 x 4.6mm; Agilent
Technologies) in which solvent A was 0.1% formic acid in water
and solvent B was 100% acetonitrile. The substrates and products
were eluted using a linear gradient of 30% B to 60% B in 15 min at
a flow rate of 1 mL/min. The chromatograms were obtained with
detections at 270 nm (for isoflavones), 280 nm (for flavanones),
340 nm (for flavones), and 360 nm (for flavonols).

Homology Modeling and Auto-Docking

Analysis

We chose BcUGT4 to generate a protein model using SWISS-
MODEL (https://swissmodel.expasy.org/, Biasini et al., 2014), the
templates were searched using BLAST (Camacho et al., 2009)
and HHblits (Steinegger et al., 2019). We used GMQE (Global
Model Quality Estimation) to estimate the template quality,
GMQE score is expressed as a number between 0 and 1, higher
numbers indicate higher reliability. The quality of protein model
was evaluated via GMQE and QMEAN (Benkert et al., 2008).
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Docking of naringenin and liquiritigenin to BcUGT4 model
was performed using AutoDock Tools (Trott and Olson, 2010,
version 1.5.6). We used the default parameters in AutoDock
Tools to prepare the ligands and macromolecule, then ran
AutoDock to acquire the docking structures. Finally, we used
PyMOL to present the docking results (https://pymol.org/2/).

Transcriptional Aanalysis

The RNAs of seedling roots treated with MgCl,, CaCl,, ZnCly,
and CuCl, were isolated as above. Then, different organs of
L. domestica and different parts of rhizomes were extracted
to detect the expression levels of BcUGTs, and samples were
all collected in three independent biological replicates. The
quality and the quantity of total RNAs were determined using
a NanoDrop Spectrophotometer (Eppendorf, Germany) and
1% agarose gels. The first-strand cDNA for real-time PCR
was synthesized using HiScript II Q RT SuperMix for qPCR
(Vazyme, Nanjing, China). The PCR reaction was carried out
in a total volume of 20 pL containing ChamQ SYBR qPCR
Master Mix (Vazyme) on an ABI StepOne plus Real-time PCR
system (Applied Biosystem, USA), with cycling parameters 95°C
for 30s and 40 cycles of 95°C for 5s and 60°C for 30s. The
relative quantification method (AACT) was used to calculate
the expression level of each unigene (Livak and Schmittgen,
2001). The specificity of primers was tested using a melting curve
program. The slope of the relative standard curve was calculated
to ensure the amplification efficiency. The primers used for qPCR
are listed in Supplementary Table 2, and each gene has three
biological replications and three technical replications.

RESULTS

De novo Sequencing and Functional

Annotation of Unigenes

Our previous study showed that calli of I domestica treated
with CuCl, accumulated 2.09 mg/g of tectoridin and iridin,
while no isoflavonoid glycosides were detected in the control
group. Thus, 45-day-old I. domestica seedling roots treated
with CuCl, were used for Illumina sequencing after the RNA
quality met specific criteria (Supplementary Figure 1). The
adapter, unknown and low-quality reads were removed to obtain
clean reads. In total, 25.03 and 25.57 Gb clean bases from
the control and treated groups, respectively, were obtained
and used for transcript assembly (Supplementary Table 3).
A total of 73,132 unigenes were annotated in the seven
referenced public databases, with 24.6% annotated unigenes
being homologous to Asparagus officinalis, followed by Elaeis
guineensi and Phoenix dactylifera. Gene Ontology and Kyoto
Encyclopedia of Genes and Genomes annotations assigned the
unigenes to different metabolic pathways. This was the basis
for the preliminarily functional predictions for these unigenes
(Supplementary Figures 2, 3). These results provided a good
foundation for the screening of candidate BcUGTS.

Selection of Candidate BcUGTs Induced by
CUC|2

Genes involved in the same biosynthetic route are temporally
and spatially induced by effective treatments, which indicates
that the gene functions may be characterized by a differential

Cu24 vs BC24
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200
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FIGURE 1 | Differential expression analysis of the /. domestica transcriptome induced by CuCls. (A) Volcano plots of differentially expressed genes; (B) Statistics of
enrichment by KEGG. Cu24, the root samples treated by CuCl, for 24 h; BC24, the control groups. The control groups and the experimental groups are both in three
independent biological replicates.
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expression analysis. Using the standard criteria of an adjusted
p-value < 0.005 and [log2 Foldchange| > 1, we obtained
6,767 differentially expressed genes. Among them, 4,030 were
up-regulated in I domestica roots treated with CuCl,, and
many unigenes were enriched in phenylpropanoid biosynthesis
(Figure 1). Then, 19 candidate unigenes were selected from the
up-regulated unigenes annotated as O-UGTs. To fully screen for
possible unigenes involved in isoflavonoid glycoside biosynthesis,
two putative UGTs (Cluster-1732.40383 and Cluster-1732.18310)
were identified using a local BLAST algorithm-based search,
and they shared similar conserved sequences with GmUGTs.
The expression levels of these 21 candidate genes were up-
regulated after CuCl, treatments, except Cluster-1732.18310, and
the expression levels of most of the selected genes increased
remarkably, having log2 Foldchanges > 2 (Figure2). The
sequences of the 21 genes were used as the query in a BLAST
algorithm-based search of National Center for Biotechnology
Information (NCBI) databases to predict their gene families and
possible functions. We finally selected 11 BcUGTs putatively
identified as (iso)flavone-O-UGTs to determine whether they
were capable of transferring UDPG to (iso)flavone aglycones
(Figure 2).

Functional Characterization of Active
BcUGTs in vitro

For in vitro biochemical assays, the open reading frame sequences
of the selected 11 BcUGTs were all cloned independently into
the prokaryotic expression vector pCold-TF and expressed in
E. coli cells. The recombinant proteins purified with Ni-NTA
columns showed strong and single protein bands at 105 kDa by
SDS-PAGE (Supplementary Figure 4). The deduced molecular
weights of the BcUGTs were ~53 kDa, with the fusion protein
having an additional soluble label and His-tag of ~52 kDa.
The protein bands identified by SDS-PAGE indicate that these
soluble proteins may be used to determine the enzymes’ activity
levels and kinetic properties. The functional BcUGT assays
were performed against the different (iso)flavone substrates:
naringenin, apigenin, kaempferol, irigenin and tectorigenin.
BcUGT1-8 showed activities toward (iso)flavones, while Cluster-
1732.24325, Cluster-1732.17620 and Cluster-1732.12198 did not
transfer a glycosyl group onto (iso)flavones, although they were
annotated as (iso)flavone UGTs. BcUGT1-8, except BcUGTS,
shared very high deduced amino acid sequence similarities,
ranging from 81.7 to 97.3% (Supplementary Table 4), all of
them were submitted to the UGT Nomenclature Committee and
designated as UGT706L family genes.

The substrate conversion rates were determined using the
flavones: naringenin, liquiritigenin, apigenin, baicalein, luteolin,
quercetin, kaempferol, irigenin, tectorigenin, genistein, daidzein,
and 6,74 -trihydroxyisoflavone  (Supplementary Figure 5).
BcUGT1, —2 and —4-7 displayed broad activities toward various
(iso)flavone substrates, with flavonols being the most preferred
(Supplementary Figure 6). However, for different types of
substrates, BcUGTs exhibited different catalytic efficiencies. As
shown in Figure 3, BcUGT1 exhibited similar catalytic activities
toward different sugar acceptors, as did BcUGT2, while BcUGT4
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FIGURE 2 | Analysis of differentially expressed unigenes from /. domestica.
Hierarchical clustering and corresponding heatmaps of the differentially
expressed (iso)flavone glycosyltransferases across all pairwise library
comparisons. The clusters in red (BcUGT1-11) were selected to verify the
activity against flavones in vitro. Cu24, the root samples treated by CuCl, for
24 h; BC24, the control groups. The control groups and the experimental
groups are both in three independent biological replicates.

was analogous to BcUGT5. Among these substrates, BcUGT3
only accepted luteolin and kaempferol as sugar acceptors, while
BcUGTS only exhibited relatively low activities toward luteolin
and irigenin. The other flavonoids were all inert substrates for
these enzymes (Table 1). The conversion rates of BcUGT4 and
BcUGTS5 for irigenin and tectorigenin were greater than other
BcUGTs, by 2-5 times (Table 2).

None of the BcUGTs displayed any activity when daidzein
and 6,7,4'-trihydroxyisoflavone were used as substrates. These
isoflavones are rich in soybean, and their chemical structures
lack 5-OH (Table1). BcUGT1 and BcUGT5 converted 2.5-
fold and 5.6-fold more naringenin, respectively, to their 7-
O-glycosides compared with liquiritigenin. In addition, for
daidzein and 6,7,4’-trihydroxy-isoflavone, none of the BcUGTs
showed any activity. Thus, the existence of 5-hydroxy of
(iso)flavone aglycones was very important for catalysis by the
BcUGTs. In this study, BcUGT4 was chosen to investigate
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FIGURE 3 | Substrate conversion rates of BcUGTs with flavonoids. The reactions were performed at pH 8.0 in 30°C for 1 h with 100 M each substrate, naringenin,
apigenin, kaempferol, irigenin, and tectorigenin. The values were calculated as the averages of three replicates of each reaction. Asterisks, activity not detected.

B Naringenin
I Apigenin
Il Kaempferol
I Irigenin
I Tectorigenin

BCUGT6 BCUGT7 BCUGT8

TABLE 1 | Substrate conversion rates of BcUGTs with various flavonoids.

Substrate Conversion rate %

BcUGT1 BcUGT2 BcUGT3 BcUGT4 BcUGT5 BcUGT6 BcUGT7 BcUGTS8
Flavanone
Naringenin 52.4+6.0 47.0+ 3.8 0.0 47.0+ 3.8 450+£7.5 253 +1.9 16.1 + 3.1 0.0
Liquiritigenin 20.6 +£5.0 11.2+34 0.0 16.1 + 3.1 78+24 162+ 1.1 11.3+15 0.0
Flavone
Apigenin 41.9+1.1 356+7.3 0.0 40.7 £ 3.9 7.0+4.4 255+ 3.8 254 +£1.2 0.0
Baicalein 425+ 3.5 41.7+£15 0.0 9.1+39 79+6.4 159+ 3.7 256.9+21 0.0
Luteolin 29.9+3.5 28.0+4.0 13.7 £ 3.9 448 £9.2 21.3+8.2 18.6 £3.7 352+1.7 9.7+24
Flavonol
Quercetin 53.6+7.5 62.5+4.3 0.0 392+ 71 26.3+4.2 122+0.8 124+£1.8 0.0
Kaempferol 60.6 + 2.1 535 +9.2 255+ 3.3 81.6+6.9 716 +26 37.1+05 55.8+1.9 0.0
Isoflavone
Tectorigenin 1839+22 128+5.2 0.0 253427 39.9+20 140+22 142+24 0.0
Irigenin 156+ 6.8 0.0 0.0 39.4+1.0 627 £2.3 129+0.8 12.3 £ 3.1 104 +1.8
Genistein 11.1+28 162+7.6 0.0 39.9+1.0 18356+1.9 24.8+0.2 17.56+23 0.0
Daidzein 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6,7,4’-Trinydroxy-isoflavone 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Reactions of BcUGTs with 100 WM substrate at pH 8.0 and 30°C for 1 h. Data are the means

the critical role of the 5-hydroxy in protein binding with
substrates, we identified the top 50 templates according
to the coverage, identity, and GMQE. A newly reported
TcCGT1 (PDB) crystal structure was used as the template
for homologous molecular modeling in SWISS-MODEL, the
GMQE score of TcCGT was 0.75. A C-glycosyltransferase
found in Trollius chinensis, TcCGT1, regio-specifically produces
8-C-glycosylation flavones with broad substrate spectra, and
site-directed mutagenesis at just two residues switched C-
to O-glycosylation (He et al, 2019). The GMQE of the
model was 0.72, and the GMEAN was —2.59, GMEAN

+ SDs of one experiment with three technical replicates.

scores > —4 is an indication of models with high quality.
Afterward, we modeled the structure of BcUGT4 docking
with liquiritigenin and naringenin (Figure4). The spacious
binding pocket explained the broad substrate spectra of
BcUGT4, with seven residues interacting with naringenin
through hydrogen bonds having 1.8-2.8 A distances. The
residues GLN-394 and TYR-391 interacted with naringenin
C-5-OH (2.8 A, 2.1 A), but for liquiritigenin, five residues,
HIS-369, GLU-393, TRP-372, ASN-373, and GLU-377, were
discovered around the ligand and they were also identified in the
naringenin docking.
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TABLE 2 | Kinetic parameters of BcUGTs with tectorigenin and irigenin.

Substrate kat(s™") km(mM) kcat/km(M~"s"")
BcUGT1

Tectorigenin 57.29 £ 4.94 0.592 + 0.049 9.68 x 10*
Irigenin 58.88 + 3.24 0.210 +0.013 2.80 x 10°
BcUGT2

Tectorigenin 70.10 £ 9.86 0.392 + 0.007 1.79 x 10°
Irigenin - - -
BcUGT4

Tectorigenin 155.18 + 12.26 0.115 + 0.023 1.35 x 108
Irigenin 57.23 + 18.21 0.190 + 0.007 3.01 x 10°
BcUGT5

Tectorigenin 116.038 + 6.98 0.201 £ 0.015 5.77 x 10°
Irigenin 296.52 + 11.8 0.121 £ 0.009 2.45 % 10°
BcUGT7

Tectorigenin 15.86 + 7.53 1.269 + 0.009 1.98 x 10*
Irigenin 17.73 £9.89 0.894 + 0.011 1.98 x 10*
BcUGTS8

Tectorigenin - - -
Irigenin 11.97 £ 1.31 1.423 + 0.021 8.41 x 103

Kinetic parameters were determined at pH 8.0 in 30°C with UDP-glucose, as described
in the Materials and methods section. Data are the means + SDs of one experiment with
three technical replicates.

Structural Analysis of the New Compound

Reactions of BcUGTSs with most of the sugar acceptors yielded
single products, each of which was identified as its 7-O-glycoside
on the basis of their co-chromatography with authentic samples
using HPLC. However, as shown in Figure5, when irigenin
was used as acceptor substrate, BcCUGT4 and BcUGTS5 tended
to yield double products, one of which (la) was identified as
iridin according to the mass spectrum and co-chromatography
with authentic iridin, the molecular formula Cy3H5013 was
deduced from the HR-ESI-MS ion peak at m/z 521.1832 [M-
H] ™. The other main product (1b) was confirmed to be irigenin
3’-0 glycoside using HR-ESI-MS, {H-NMR, 13C-NMR, HMBC,
and NEOSY. This structure has not been found previously in
I. domestica or any other plant. Its UV (MeOH) Amax values were
268 nm, which is the typical absorption peak of isoflavones, and
its IR absorptions at 3,424, 1,627, and 1,510 revealed the existence
of hydroxyl and carbonyl groups (Supplementary Figure 7). The
molecular formula Cy4H,6013 was deduced from the HR-ESI-
MS ion peak at m/z 545.1275 [M+Na] ™t (calcd for C4H6013 as
522.4544) (Supplementary Figure 8). In the {H NMR spectrum,
the most representative signal was the characteristic signal for
isoflavone at 88.43. There were three methoxyl group signals at
83.81, 83.76, and 33.75. The signals at §13.01 and §10.93 were
assigned to the hydroxy groups at the five and seven positions
of isoflavone, and the signal of the end group hydrion of glucose
occurred at 34.91. The signals at 86.96 (1H, d, 2.8) and 36.96 (1H,
d, 2.8) represented two AX coupling systems, which indicated
the existence of incomplete symmetry tri-substituted groups in
the B ring of the isoflavone skeleton (Supplementary Figure 9).
The ;3C NMR spectrum indicated 24 carbon resonances, which

contained 19 carbon resonances of the isoflavone skeleton,
3 methoxyl group signals, and 6 carbon signals of glucose
(Supplementary Figure 10). In the HMBC experiment, the
resonating signal at 3H 4.91 correlated with 3C 151.2, which
indicated that the glucose was transferred to isoflavonoid 3’-
hydroxyl position (Supplementary Figure 11). ;H-NMR and
13C-NMR data for compound 1b and key HMBC correlations
were shown in Supplementary Table 5. The NEOSY spectrum
showed a resonating signal correlation between two hydrogens
at a distance of two chemical bonds, and the resonating signal
of 8H 4.91 displayed a strong correlation with 8H 6.96, which
implied that 1" H of glucose was close to 2’ H in irigenin. The
NEOSY result further validated the structure of 3’-O glycoside
(Supplementary Figure 12).

Kinetic Analysis of BcUGTSs for Isoflavones
Although most of the BcUGTSs exhibited broad substrate ranges
and preference for the kaempferol aglycone, no data showed
the existence of flavone O-glycosides or flavonol O-glycosides
in I. domestica, only small amounts of flavones and flavonols
have been reported, such as hispidulin, apigenin, rhamnazin,
kaempferol, and quercetin (Jin et al., 2008). Consequently, we
selected irigenin and tectorigenin as the substrates for kinetic
parameter determinations (Table 2). The UDPG concentration
was set at 2mM, and the substrate concentration ranged from
10 to 400 uM for the assays. The reaction time was strictly
controlled at 10 min. The km values of BcUGT4 and BcUGT5
for irigenin and tectorigenin were the lowest among all the active
BcUGTs, and BcUGTS5 exhibited the highest kcat/km ratio for
irigenin, at 2.45 x 10, which was approximately four times the
kcat/km ratio for tectorigenin. Using BcUGT4, the kcat/km ratio
for tectorigenin was approximately 4.5 times that for irigenin.
Thus, although BcUGT4 shared a 94.2% sequence identity with
BcUGTS5, their substrate specificities were quite different. In
addition, the sequence identity between BcUGT1 and BcUGT3
was 97.3%, but their catalytic specificities were totally different.
BcUGTS3 did not show activity against isoflavones, but BcUGT1
exhibited broad substrate ranges, although its kcat/km ratio
for irigenin was just 2.8 x 10°. BcUGTS8 shared only about
70% sequence identity with other BcUGTS, so irigenin and
tectorigenin may not be it’s natural substrates, and BcUGT8 could
almost not glycosylate tectorigenin (Supplementary Table 4).

Phylogenetic Analysis of BcUGTs

According to the phylogenetic tree, BcUGTs showed a closer
relationship with the UDP-UGT706 family (Figure 6).
UGT706D1 and UGT709A4 were reported to be capable of
forming isoflavone 7-O glucosides in vitro, while UGT706C2
could use flavones to produce flavone 3-O glucosides (Ko
et al,, 2008), all BcUGTs showed a closer relationship with
UGT706D1 and UGT706C2, and sequence identities were
40-50%. Meanwhile, BCUGTs had 40-50% amino acid sequence
similarities with the UGTs of G. max and P. lobata, which
have been confirmed to have activities toward (iso)flavone
aglycones. Although all the BcUGTSs selected for phylogenetic
tree construction had similar sequence similarities with UGT88
family group and UGT706 family group, they clustered into rice
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naringenin.

FIGURE 4 | Docking model of BcUGT4 with liquiritigenin and naringenin. The protein model of BcUGT4 was established using SWISS-MODEL. The enlarged region
shows polar interactions of substrates binding with BcUGT4 residues. (A) Autodocking result of BcUGT4 with liquiritigenin; (B) Autodocking result of BcUGT4 with
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SER-281
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UGT706 clade, perhaps owing to the genetic distance between
monocots and eudicots. Genes chosen in the phylogenetic tree
were mainly those of G. max and P. lobata, but they exhibited
different substrate specificities and regio-selectivities. PIUGT1
and PIUGT13 showed enzyme activities for isoflavone substrates
at the 7-hydroxy group, while other flavonoids were hardly
accepted. PIUGT2 was later shown to be the isoflavone 4',7-
O-diglucosidess UGT. GmUGT4 was specific for isoflavones
at the 7-hydroxy group, but other GmUGTs showed broad
glycosyl-acceptor specificities (Li et al., 2014; Funaki et al,
2015; Wang et al., 2016). The PgUGT84A23 and PgUGT84A24

played important roles in formation of hydrolyzable tannins
(HTs) in pomegranate, but they also exhibited genistein 7-O-
glycosylation activity in vitro (Ono et al., 2016), and another
PgUGT95B2 showed genistein 7-O-glycosylation activity in
vitro as well (Wilson et al., 2019). These reports suggested
BcUGTS' ability to glycosylate different flavones or isoflavones
at their 7-hydroxy positions, but in vitro experiments revealed
that their specificities and regio-selectivities for these sugar
acceptors differed. A further division of the clusters among the
10 unigenes from I. domestica revealed that Cluster-1732.24325,
Cluster-1732.17620, and BcUGT8 did not fall into the same
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FIGURE 5 | HPLC analyses of BcUGT reactions with irigenin and mass
spectrum of 1a. A reaction mixture of irigenin and UDP-glucose with BcUGTs.
1, Irigenin; 1a, Irigenin-7-O-glycoside; 1b, Irigenin-3’-O-glycoside; red dashed
line, Authentic irigenin-7-O-glycoside; Chromatograms were obtained with
absorption at 268 nm.

subcluster with the other BcUGTs, and Cluster-1732.24325
and Cluster-1732.17620 had no activities toward flavones.
Additionally, BcUGTS only displayed a weak catalytic efficiency
toward irigenin. BcUGT1 and BcUGT2 clustered into the
same branch, and BcUGT6 and BcUGT7 displayed a close
genetic relationship. Cluster-1732.12198 had a relatively higher
homology to PIUGT43, which was reported to be a daidzein
C-glycosyltransferase cloned from P. lobata (Wang et al., 2017).
However, to date, there have been no isoflavone C-UGTs detected

in I. domestica, and Cluster-1732.12198 did not transfer glucose
to any flavones.

Expression Level Analyses

The transcription levels of the active BcUGTs (BcUGT1-8) in
I. domestica seedling roots were detected using quantitative
real-time RT-PCR with primers having good specificity and
amplification efficiency levels (Supplementary Figure 13). After
treating with CuCly, the transcript abundances in seedling
roots increased to different degrees, especially for BcUGT1
and BcUGT3, in addition, the expression levels of BcUGT1
and BcUGT3 were significantly higher than those of other
BcUGTs (Figure 7A). The results showed good correlations with
the FPKM (fragments per kilobase of exon model per million
mapped reads) of each BcUGT calculated from the RNA-seq data.
We found that the expression levels of all the active BcUGTs
in seedlings not receiving CuCl, treatments were very low, and
some of them, such as BcUGT5 and BcUGTS, were almost
undetectable. Thus, CuCl, plays a crucial role in inducing the
expression of the eight active BcUGTs. The expression levels
of BcUGTs in seedlings receiving MgCly, ZnCl, and CaCl,
treatments were very low as well (Supplementary Figure 14).
Moreover, ZnCl, and MgCl, suppressed the expression of all
BcUGTs compared with the control group, CaCl, showed almost
no effect in inducing the expression of the eight BcCUGTs. These
data indicated that Cu?t plays a crucial role in inducing the
expression of the BcUGTSs, and we could rule out the effect of the
chlorine ion in the induction.

The transcript abundances of all the BcUGTs in the
underground parts were significantly greater than in the aerial
parts, which correlated well with the isoflavone glycosides’
distribution pattern (Figure 7B). The rhizome accumulated
the most isoflavones, but the BcUGTs were more highly
expressed in roots than rhizomes (Figure 8). To further explore
the relationship of BcUGT expression levels between roots
and rhizomes, we divided the triennial rhizomes into five
parts, lateral, bulb, vertical, sprout primordium, and cork
layer (Chen et al, 2014). The vertical part is the first and
sprout primordium is the last during rhizome growth, and the
lateral and bulb are biennial parts in rhizomes. Among the
five rhizome parts, the sprout primordium and vertical part
displayed higher BcUGT expression levels than other parts.
However, it was obvious that the lateral and bulb parts had
the most roots, while the other parts, especially the sprout
primordium, had almost no roots. In the cork layer, previous
experiments revealed that isoflavone aglycones were the most
abundant and almost no isoflavone glycosides were detected
(Chen et al., 2014). This may be explained by the low BcUGT
expression levels.

DISCUSSION

To date, the biosynthesis of isoflavonoids, including isoflavone 7-
O-,4’-0-, and C-UGTs, has been mainly studied in legumes, with
the only exceptions being studies from pomegranate and rice.
Thus, little is known regarding the genes involved in isoflavonoid
biosynthesis in other plants containing abundant isoflavones.
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(ABBMO7.1), GmUGT3 (NP_001353995.1), GmUGT4 (NP_001304440.2), GmUGT7 (NP_001304487.1), GmUGT9 (accession: NP_001280039.1), Pueraria montana
var. lobate: PIUGT1 (AOA067YBO04.1), PIUGT2 (AOA172J2D0.1), PIUGT 13 (AOA067YBQS.1), Arabidopsis thaliana: AAUGT88A1 (QOLK73.1), Scutellaria baicalensis:
SbUGT (Q76MR?7.1), Antirrhinum majus: AmUGT (Q33DV3.1), Rosa hybrid cultivar: RhnUGT (Q4R119.1), Malus domestica: MdUGT (B3TKC8.1), Pyrus communis:

UGT709A4 (BAC80066.1), UGT706D1 (BAB68093.1), UGT706C1 (BAB68090.1).

PcUGT (D3UAG3.1), Punica granatum: PgUGT95B2 (MH507175), PgUGT84A23 (KT159805.1), PgUGT84A24 (KT159807.1), Oryza sativa Japonica Group:

Iris domestica accumulates many isoflavonoid glycosides, such
as tectoridin, iridin, iristectorin A, and iristectorin B, in its
rhizomes. Using copper stress, we obtained eight unigenes that
were active toward (iso)flavones. A sequence alignment showed
that the active BcUGTs shared a very high sequence homology
(Supplementary Figure 15).

Cu2* Mechanism for Up-Regulating
BcUGT Expression

Plants are continuously exposed to abiotic stresses during their
growth in the wild, including various heavy metal stresses
(Piscopo et al., 2016). Consequently, they have evolved a series
of skills to deal with the rapid changes in the environment.

Elements such as Fe, Cu, Zn, Mo, and Ni are considered to
be essential heavy metals (HMs) (Hall, 2002; Arif et al., 2016),
but excessive HMs may be toxic for plants, resulting in large-
scale molecular, biochemical and physiological responses (Hayat
et al., 2012; Hussain et al., 2013; Clemens and Ma, 2016). The
perception of stress stimuli is the initial plant response when
exposed to toxic HMs. Then, the amplified signal is transduced
and transmitted into cells to bring about cascade reactions of
molecular, biochemical and physiological activities (Wani et al.,
2018). Through transcription analyses of I. domestica roots, many
P450 genes related to the biosynthesis and catabolism of methyl
jasmonate and allene oxide (Maksymiec et al., 2005), including
CYP94 (cluster1732.31596 and cluster1732.31816) and CYP74
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FIGURE 7 | Transcriptional levels of genes coding for flavonoid-active BcUGTs. (A) Transcription levels of BcUGTs in the seedlings of Iris domestica treated with CuCl,
for 24 h (BC-Cu24h) and the control group (BC-24h). (B) Transcription levels in fructus, flower, leaf, rhizome, and root of I. domestica collected from the wild. Data are

presented as the means + SDs from three independent biological replicates and three technical replicates.
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FIGURE 8 | Relative transcription levels of active BcUGTs in different rhizome parts. The transcription levels of flavonoid-active BcUGTs in the lateral part, blub part,
vertical part, sprout primordium, and cork layer of the rhizome. Data are presented as the means + SDs from three independent biological replicates and three
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(cluster 1732.20141), were found to be up-regulated after CuCl,
treatments (Utsunomiya et al., 2000; Koo et al., 2011).

At the biochemical level, plants need more secondary
metabolites to cope with excess HMs, resulting in the
high expression levels of many unigenes involved in the
biosynthesis of secondary metabolites. CuCl, was first applied
to induce isoflavonoids in P. lobata stems, and the daidzein
and genistein contents in the CuCl,-treated stem increased
5-10-fold compared with the control group (Hakamatsuka
et al, 1991). The cotyledons of Lupinus albus have been

treated with a fungal elictor and CuCl,, which induced
the isoflavone 2'-hydroxygenistein. When challenged with
CuCly, isoflavone glycosidic conjugates are largely degraded
to isoflavone aglycones, which indicates the important roles
of isoflavonoid glycosides in plants coping with Cu?* toxicity
(Wojtaszek and Stobiecki, 1997). Additionally, the dynamic
change in isoflavonoid glycosides contents in I. domestica calli
suggested that CuCl, promotes the biosynthesis of isoflavone
glycosides during the first stage of CuCl, stress. Afterward,
when the Cu?" concentration in cells reaches a high level, the
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FIGURE 9 | Isoflavone O-glucosyltransferase-catalyzed reaction.

isoflavone glycoside is hydrolyzed to its aglycone. Thus, we
speculated that isoflavone glycosides play very important roles
in plant defenses against Cu* stress. Through the differential
expression analysis, several up-regulated unigenes annotated
as (iso)flavone 7-O-UGTs, which belonged to the UGT706
family, were cloned. Then, these unigenes were expressed in a
recombinant E. coli expression system, and their functions were
verified using in vitro catalytic experiments. These results implied
that the high CuCl, concentration enhanced the expression of
(iso)flavone O-UGTs in I. domestica.

Substrate Preference and
Regio-Specificity of BcUGTs

Many flavone UGTs show more regio-specificity than substrate
specificity (Kim et al, 2006; Li et al, 2014; Funaki et al,
2015; Wang et al., 2016). In soybean, GmUGT1 and GmUGT7
efficiently catalyze regio-specific glucosyl transfers to isoflavones
at their 7-hydroxy positions, and they accept naringenin,
apigenin, quercetin, and kaempferol as substrates (Funaki et al.,
2015). In an important crop, Camellia sinensis, CsSUGT73A20
was identified as a flavonoid UGT. CsUGT73A20 transfers
UDP-glucose to produce 3-O- and 7- O-glycosides, depending
mainly on the reaction’s in vitro pH value. Kaempferol is the
most preferred substrate, but naringenin and apigenin are also
accepted (Zhao et al., 2017). Recently, three new (iso)flavonoid
glycosyltransferases (PITUGT4, —15 and —57) were identified
in P. lobate. PIUGT15 and PIUGT57 exhibit much higher
isoflavone specificity than other 7-O-UGTs found in P. lobate
(Wang X. et al., 2019).

Kaempferol is the most preferred acceptor among the 12
substrates tested for all the BcUGTSs. The major product yielded
by BcUGTs was (iso)flavone 7-O-glycoside, which indicates that
the BcUGTS preferred to transfer the sugar moiety to the hydroxy
of ring A, but no (iso)flavone 4’-O-glycosides or 4',7-O-di-
glycosides were obtained. Thus, most of the BcUGTs had no
activity toward the hydroxy of ring B. Tectorigenin is enriched in
the rhizomes and roots of I. domestica, and all the BcUGTS, except
BcUGT3 and BcUGTS, converted tectorigenin to tectoridin,

which exists in large amounts in I. domestica. Irigenin is
another main isoflavone aglycone in the rhizomes and roots of
I domestica, but we unexpectedly found that the main product
of BcUGT4 and BcUGTS5 using irigenin as the substrate was not
iridin (Figure 9). We identified its structure as irigenin 3’-O-
glycoside. This is a new compound that has never been identified
in I. domestica or other plants. However, other BcUGTs hardly
glycosylated irigenin at the 3’-OH position. BcUGT4 yielded
two different products using luteolin as the substrate, but the
main product was luteolin-7-O-glycoside. Thus, we speculated
that the binding conformation of the substrate determines the
glycosylation position for BcUGT4 and BcUGTS5.

Interestingly, substrates lacking a 5-hydroxy were hardly
glycosylated by BcUGTs. Recently, a promiscuous flavonoid-3-
O-UGT (sb3GT1) was identified in Scutellaria baicalensis, and it
accepts many sugar donors to glycosylate 17 flavonols. Through
homologous molecular modeling and docking, 18 residues within
a 5-A distance of the binding pocket were selected as candidates,
and residue G15 was identified as the critical residue in the sugar
donor promiscuity of Sb3GT1 by comparisons with the docking
results of Vitis vinifera GT1 (Wang Z. L. et al., 2019). In this
study, the docking results of BcUGT4 with liquiritigenin and
naringenin indicated that the residues GLN-394 and TYR-391
could form hydrogen bond with 5-hydroxy, which may stabilize
the substrate in the binding pocket, further study could confirm
the role of the 5-hydroxy and the coordinating amino acids in
substrate binding.

Predicting the Function of BcUGTs

The different expression levels of BcUGTSs in the transcriptome of
I. domestica seedlings indicate that BcUGTs may play important
roles in responses to abiotic stresses. In plants, glycosylation is
a key modification that allows the formation of a myriad of
secondary metabolites, which play many important roles in plant
responses to challenges faced during growth and development
(Bowles et al., 2005; Gachon et al., 2005; Campos et al., 2019).
PIUGT4, —15 and —57 are up-regulated in P. lobata roots
after methyl jasmonate treatments (Wang X. et al., 2019), and
PIUGT1 may be related to the defense response against the MeJA
treatment. In this paper, all the BcUGTSs were up-regulated after
CuCl; stress, especially BcUGT1 and BcUGT?2, which have highly
homologous nucleotide sequences and broad substrate ranges.
The unigenes encoding the core metabolic pathway usually form
small families consisting of unique genes. For example, isoflavone
synthases belong to the CYP93C family, which only consists of a
few members in leguminous plants (Jung et al., 2000). This is in
sharp contrast to the multiple gene families of UGTs, which tend
to contain hundreds of members. In addition, the broad substrate
ranges may ensure that plants respond rapidly to both abiotic and
biotic stresses in the environment.

For wild I. domestica, we found that the transcription levels
of most BcUGTs in the vertical parts (triennial rhizome) and
sprout primordium were greater than in the lateral and bulb
parts (biennial rhizome). Additionally, we found that lateral and
bulb parts had more roots than the other parts; consequently, we
speculated that this is the reason for the differences in BCUGT
expression among these rhizome parts. Roots form the main
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organ that delivers water and nutrients from the soil to the aerial
plant parts; therefore, we hypothesized that many isoflavone
glycosides synthetized in roots by BcUGTs are delivered to
the lateral and bulb parts, while the sprout primordium and
vertical part have no isoflavone glycoside source. Consequently,
they have to increase the BcUGT expression levels to defend
against the stress. Recently, isoflavone membrane transformation
in Trifolium pratense was shown to be related to the presence
of ABC proteins and vesicular transport (Kubes et al., 2019). By
analyzing global transcriptomes of six organs from I. domestica,
many ABC transporter family unigenes were obtained specifically
from the roots.
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Dendrobium candidum is used as a traditional Chinese medicine and as a raw material
in functional foods. D. candidum stems are green or red, and red stems are richer in
anthocyanins. Light is an important environmental factor that induces anthocyanin
accumulation in D. candidum. However, the underlying molecular mechanisms have not
been fully unraveled. In this study, we exposed D. candidum seedlings to two different
light intensities and found that strong light increased the anthocyanin content and the
expression of genes involved in anthocyanin biosynthesis. Through transcriptome profiling
and expression analysis, we identified a WD40-repeat transcription factor, DcTTG1, whose
expression is induced by light. Yeast one-hybrid assays showed that DcTTG1 binds to
the promoters of DcCHS2, DcCHI, DcF3H, and DcF3'H, and a transient GUS activity
assay indicated that DcTTG1 can induce their expression. In addition, DcTTG1
complemented the anthocyanin deficiency phenotype of the Arabidopsis thaliana ttg1-13
mutant. Collectively, our results suggest that light promotes anthocyanin accumulation in
D. candidum seedlings via the upregulation of DcTTG1, which induces anthocyanin
synthesis-related gene expression.

Keywords: Dendrobium candidum, DcTTG1, anthocyanin biosynthesis, transcriptional regulation, transcription factor

INTRODUCTION

Dendrobium candidum, a perennial herb of the orchid family, has been used for thousands
of years in China as a traditional Chinese medicine and in functional foods (Ng et al., 2012),
including teas, juices, wines, stews, and soups (Wei et al., 2016). D. candidum stems are green
or red, with the latter having a higher anthocyanin content. Anthocyanins have a high nutritional
value and are beneficial for human health (de Pascual-Teresa and Sanchez-Ballesta, 2008).
Further, they have a broad spectrum of medicinal effects, including protection against liver
injury, reduction of blood pressure, improvement of eyesight, and strong anti-inflammatory
activity and anticancer properties (Konczak and Zhang, 2004). In addition, anthocyanins function
to attract insect pollinators and protect plants against environmental stresses. However, the
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gene transcription regulatory mechanism underlying color
formation in D. candidum stems has not been fully unraveled.

Anthocyanin biosynthesis is catalyzed by a series of enzymes,
including chalcone isomerase (CHI), flavanone 3-hydroxylase
(F3H), flavonoid 3'-hydroxylase (F3'H), flavonoid 3',5'-hydroxylase
(F3'5'H), dihydroflavonol 4-reductase (DFR), and anthocyanin
synthase (ANS). These enzymes are encoded by structural genes,
the expression of which is regulated by transcription factors (TFs;
Broun, 2005). Key anthocyanin biosynthetic enzymes have been
extensively studied (Zhang et al., 2014). Anthocyanin biosynthesis
starts from the flavonoid synthesis pathway with the formation
of chalcone from 4-coumaroyl CoA and malonyl CoA by chalcone
synthase (CHS). Anthocyanidins undergo glucose-flavonoid
3-O-glucosyl transferase (UFGT) modification to increase their
stability (Holton and Cornish, 1995; Zhang et al, 2014).
Anthocyanin aglycones include delphinidin, cyanidin, pelargonidin,
peonidin, malvidin, and petunidin (Cabrita et al., 2000).

Numerous TFs regulating plant anthocyanin biosynthesis
have been identified to date. They include three main types:
MYB TFs, basic helix-loop-helix (bHLH) factors, and WD40-
repeat proteins. MYB-bHLH-WD40 (MBW) complexes play
an important role in anthocyanin biosynthesis in various plant
species (Xu et al, 2015). Environmental biotic and abiotic
factors play important roles in plant secondary metabolism,
including anthocyanin, flavonoid, and polysaccharide metabolism.
In Arabidopsis thaliana, environmental stress factors, such as
light, cold, and drought stresses and pathogen invasion, enhance
anthocyanin accumulation (Chalker-Scott, 1999). Light is one
of the most important environmental factors regulating
anthocyanin biosynthesis in plants. Light-regulated anthocyanin
synthesis is mostly achieved through the regulation of specific
TFs (Allan et al., 2008; Bai et al., 2019; Ni et al., 2019). In
many fruit-bearing plants, such as pear, apple, Chinese bayberry,
litchi, and eggplant, anthocyanin accumulation involves the
light-mediated TF R2R3 MYB (Takos et al., 2006; Niu et al,
2010; Lai et al., 2014; Jiang et al., 2016; Bai et al., 2017). The
basic leucine zipper TF HY5, which is regulated by light,
directly binds to the gene promoters of R2R3 MYB regulators
of anthocyanin biosynthesis to regulate anthocyanin biosynthesis
(Shin et al, 2013; Jiang et al., 2016; An et al., 2017; Qiu
et al, 2019). In Arabidopsis, the expression of anthocyanin
biosynthesis-related genes, including production of anthocyanin
pigment 1 (PAPI), PAP2, TT8, GL3, and EGL3, is induced by
light (Cominelli et al., 2008). In Arabidopsis, the WD40-repeat
protein TTG1 forms a complex with bHLH (GL3, EGL3, or
TT8) and R2R3 MYB (PAPI, PAP2, MYB113, and MYBI114)
TFs to regulate anthocyanin synthesis (Zhang et al., 2003;
Gonzalez et al., 2008). Low temperature is another important
environmental factor that affects anthocyanin biosynthesis.
MdbHLH3 binds to the MYC-binding site in the MdMYBI
promoter to induce anthocyanin accumulation in apple under
low temperature (Xie et al., 2012).

The effects of environmental factors on the molecular
mechanism of anthocyanin synthesis in D. candidum have not
been fully elucidated. This study aimed to clarify the molecular
mechanism of light-induced anthocyanin biosynthesis regulation
in D. candidum. To this end, we grew plants under two different

light intensities. The WD40-repeat TF DcTTG1 was found to
respond to light signals and to regulate anthocyanin biosynthesis.
These results provide new insights in the molecular basis of
anthocyanin biosynthesis in D. candidum.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
Dendrobium candidum (cultivar JXH-1) tissues were cultured
at the Institute of Medicinal Plants, Sanming Academy of
Agricultural Sciences (Sanming, Fujian, China). Plant tissues
were cultured in Murashige & Skoog (MS) medium supplemented
with 6-BA (2.0 mg/L), sucrose (20 g/L), and agar (6 g/L), pH
5.8, under a 16-h light/8-h dark cycle, at 24°C. For light
treatments, 3-cm-high seedlings were transferred to % MS
medium and cultured under a 16-h light/8-h dark cycle at
24°C. The light intensity of fluorescent lamps (NH-GP-1200R,
Nonghui, Shanghai, China) was set to 1,000 Ix or 4,000 Ix.
Seedlings were collected after 30 days of light exposure. Tobacco
(Nicotiana benthamiana) and wild-type (WT) and ttgI-13 mutant
A. thaliana (ecotype Columbia) plants were grown in a mixed
matrix of vermiculite/perlite/peat soil (1:1:1, v/v/v) or on MS
medium in a greenhouse under a 16-h light/8-h dark cycle
and a relative humidity of 40-60%, at 22°C.

Quantification of Anthocyanins
The total anthocyanin content of Arabidopsis leaves was extracted
and determined using previously described methods (Zhao and
Dixon, 2009; Zhao et al., 2011), using cyanidin 3-O-glucoside
as a standard. Three biological replicates were analyzed.
Dendrobium candidum samples were ground into a fine
powder in liquid nitrogen immediately after collection. One
hundred milligram of the powder was extracted with 80%
methanol aqueous solution containing 0.5% formic acid in a
centrifuge tube under shaking for 2 min followed by
ultrasonication at room temperature for 30 min. After the
extraction, the mixture was centrifuged at 12000 rpm for
10 min. The supernatant liquid was transferred into a new
tube and subjected to UPLC-MS/MS, using a 30A UPLC system
with a phenylethyl chromatographic column, column temperature
of 40°C, flow rate of 0.25 ml/min, and a total injection volume
of 30 pl. Three biological replicates were analyzed for each sample.

Transcriptome Sequencing

RNA was isolated from plant tissue samples using an RNA
isolation kit (Aidlab, Beijing, China). RNA quantity and integrity
were assessed using a NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE, United States) and
an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, United States), respectively. cDNA libraries were constructed
with the NEB Next® Ultra™ RNA Library Prep Kit (New
England Biolabs, Ipswich, MA, United States). The cDNA
libraries were sequenced on the HiSeq4000 platform (Illumina,
San Diego, CA, United States) at Biomarker Technology (Beijing,
China). Three biological replicates were analyzed for each sample
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type. Gene expression levels were analyzed according to the
“fragments per kilobase of transcript per million fragments
mapped” method. The DESeq R package was used to identify
differentially expressed genes (DEGs) in RDc4000 vs. RDc1000.
Gene Ontology (GO) enrichment of the DEGs was analyzed
using the GOseq R package (Young et al, 2010). Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment was investigated using the KOBAS tool (Xie et al,,
2012). The sequencing data have been submitted to NCBI
Sequence Read Archive database under accession numbers
SRR13577108, SRR13577107, SRR13577106, SRR13577105,
SRR13577104, and SRR13577103.!

Phylogenetic Analysis and Subcellular
Localization

Sequences of TTGl-like proteins were downloaded from the
National Center for Biotechnology Information database. MEGA
X was used for phylogenetic analysis of the TTGI1-like proteins.
Dendrobium candidum DNA was extracted using a DNA isolation
kit (Aidlab). Using primers listed in Supplementary Table S1,
a TTGI sequence was cloned and a fusion vector DcTTGI1::YFP
was constructed. DcTTG1:YFP was transformed into Agrobacterium
GV3101 for injection into tobacco (N. benthamiana) leaf epidermal
cells. 4,6-Diamidino-2-phenylindole (DAPI) was used to stain
the nuclei. Fluorescence signals were acquired using a confocal
laser scanning microscope (model SP8; Leica Microsystems).

RNA Extraction, cDNA Synthesis, and
Quantitative Reverse-Transcription PCR
RNA was extracted from D. candidum tissue samples using
an RNA isolation kit (Aidlab). The RevertAid Premium First
Strand cDNA Synthesis Kit (Fermentas/Thermo Fisher Scientific,
Rochester, NY, United States) was used for cDNA synthesis.
Quantitative reverse transcription PCRs (RT-qPCRs) were run
on a 7500 Fast Quantitative PCR system (Applied Biosystems)
using TB Green® Premix Ex Taq™ (Takara). DcACT was
selected as a reference gene to normalize target gene expression
according to the 2724 method. Three biological replicates were
analyzed. The primers used for RT-qPCR are listed in
Supplementary Table S2.

Y1H Assay

The coding region of DcTTGI was ligated into the pGADT7
vector and promoter fragments of several target genes related
to anthocyanin biosynthesis were ligated into the pHIS2 vector
(Clontech, Palo Alto, CA, United States). Fusion products of
the pGADT7 and pHIS2 vectors were transformed into yeast
strain Y187 cells (Clontech, Palo Alto, CA, United States). The
cells were cultured in synthetic defined (SD) medium -Leu/-
Trp/-His with different concentrations of 3-amino-1,2,4-triazole
(3-AT, mM) to prevent background histidine leakage of the
pHIS2 vector at 28°C for 3 days. Empty pGADT7 vector was
used as a control. The primers used for vector construction
are listed in Supplementary Table S3.

'https://ncbiinsights.ncbi.nlm.nih.gov/tag/sra/

Transcriptional Activity Assay

Transcriptional activity was analyzed according to previous
reports (Liu et al,, 2016; Jia et al,, 2018). The coding sequence
of DcTTGI was fused into the 35S-LUC-GUS vector driven
by the 35S promoter. Promoter fragments of DcCHs1, DcCHS2,
DcCHI, DcF3H, DcF3'H, DcDFR1, DcDFR2, DcANSI, and
DcUFGT were cloned into the 35S-LUC-GUS vector driven by
the GUS reporter. The internal standard was LUC. The fusion
vectors were transformed into Agrobacterium GV3101 cells.
Single clones were cultured in liquid medium (10 mM MgCl,
10 mM MES, and 100 pM acetosyringone) under shaking until
an optical density at 600 nm of 0.5 was reached. Then, the
Agrobacterium cells were injected into tobacco leaves. GUS and
LUC activities were measured after 4 days. At least five biological
replicates were included in each assay. The primers used for
vector construction are listed in Supplementary Table S4.

RESULTS

Red Pigmentation in RDc4000 Is Caused
by Anthocyanin Accumulation

The phenotypes of D. candidum seedlings grown under 1,000
Ix (RDc1000) and 4,000 1x (RDc4000) are shown in Figure 1A.
RDc1000 stems had red pigmentation. The stems of RDc4000
were darker than those of RDc1000, and the leaves were dark
red. In general, RDc4000 had more red pigment than RDc1000,
indicating that higher-intensity light stimulates the accumulation
of red pigment. Analysis of the anthocyanin contents to reveal
the type and quantity of red pigmentation under the two light
conditions revealed that D. candidum contained delphindin,
delphindin-3-O-B-p-glucoside, delphindin-3,5-diglucoside, cyanin,
and cyanidin under both conditions, but the contents of these
five compounds were different. Delphindin-3-O-B-p-glucoside
was the most abundant in RDc1000 and delphindin-3,5-diglucoside
was the most abundant in RDc4000; however, the content of
delphindin did not differ between the two light conditions. Notably,
the contents of delphindin-3-O-B-Dp-glucoside, delphindin-3,5-
diglucoside, cyanin, and cyanidin were significantly higher in
RDc4000 than in RDc1000. These results indicated that a higher
light intensity promotes the production of red pigment, mainly
of the anthocyanin compounds delphindin-3-O-B-p-glucoside,
delphindin-3,5-diglucoside, cyanin, and cyanidin, in D. candidum.

Transcriptome Analysis of RDc1000 and
RDc4000

Transcript-level differences in D. candidum under the different
light intensities were analyzed by transcriptome sequencing of
RDc1000 and RDc4000. The original sequencing data were
transformed into raw reads via base calling. The total number
of bases in the six libraries was 43.62 G, and the total number
of bases in each sample was greater than 6.5 Gb. The Q20
and Q30 scores for each sample were above 97 and 94%, and
the GC content was relatively consistent, around 46%
(Supplementary Table S5). The mapping rate, i.e., the percentage
of mapped reads in clean reads, the most directly reflects
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FIGURE 1 | Photographs and anthocyanin contents of Dendrobium candidum under two different light treatments. (A) Photographs of RDc1000 (red D. candidum
seedlings under 1,000 Ix) and RDc4000 (red D. candidum seedlings under 4,000 Ix). (B) Anthocyanin composition in RDc1000 and RDc4000, including delphindin,
delphindin-3-0O-B-d-glucoside, delphindin-3,5-diglucoside, cyanin, and cyanidin, as assessed by UPLC-MS/MS. All data represent the mean + SE of three biological

%

N

A

sequencing data utility. The mapping rate of the samples ranged
from 90.5 to 91.08%. The percentage of uniquely and multi-
mapped reads in clean reads ranged from 87.75 to 88.36%
and from 2.38 to 2.74%, respectively (Supplementary Table S6).
These findings indicated that the data met the quality
requirements for analysis. In total, 130 unigenes could be assigned
to 51 Gene Ontology (GO) terms in the cellular component,
molecular function, and biological process categories. In the
cellular component category, DEGs in RDc4000 vs. RDc1000
were mainly related to the plasma membrane, cell, cell parts,
and organelles. In the molecular function category, most DEGs
were related to catalytic activity and binding. In the biological
process category, DEGs were mainly involved in metabolic
processes, single-organism processes, and cellular processes
(Figure 2A).

In total, 258 DEGs were found, 152 of which were upregulated
and 106 of which were downregulated in RDc4000 vs. RDc1000.
Among these, there were 22 TF genes, comprising eight upregulated

and 14 downregulated genes, including MYB (two genes), bHLH
(two genes), WRKY (two genes), AP2/ERF (two genes), bZIP
(two genes), NAC (two genes), and the WD40-repeat TF gene,
DcTTGI (Supplementary Table S7). Among the 22 differentially
expressed TF genes, DcTTGI was upregulated the most strongly
in RDc4000 vs. RDc1000 (Supplementary Table S7). Therefore,
we speculated that DcTTG1 may be involved in the synthesis
of anthocyanins. To identify the metabolic pathways involved
in light-induced anthocyanin biosynthesis, 60 DEGs were subjected
to KEGG pathway enrichment analysis, and the 20 most enriched
pathways are shown in Figure 2B. In these pathways, we found
eight DEGs involved in flavonoid biosynthesis, including genes
encoding dihydroflavonol-4-reductase, naringenin, 2-oxoglutarate
3-dioxygenase, flavanone 3-dioxygenase, and leucoanthocyanidin
dioxygenase, which are key genes in anthocyanin biosynthesis
(Supplementary Table S8). These results indicated that these
eight genes are the most important genes in the pathway of
light-induced anthocyanin biosynthesis.
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FIGURE 2 | Transcriptome analysis of D. candidum stems. (A) Gene Ontology (GO) enrichment analysis results for differentially expressed genes (DEGs) between
RDc1000 and RDc4000. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of the DEGs.
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Expression Analysis and Characterization
of DcTTG1

To better understand the role of this TF in anthocyanin
production in D. candidum under the different light regimens,
it was studied in depth. The DcTTGI sequence was cloned
from D. candidum cDNA. The relative expression of DcTTGI
in RDc1000 and RDc4000 was analyzed by RT-qPCR. The
results are shown in Figure 3A. DcTTG1 expression in RDc4000
was 14 times higher than that in RDc1000, indicating that it
is induced with increasing light intensity (Figure 3A). To study
its regulation in anthocyanin biosynthesis, we conducted
subcellular localization analysis using a Pro35S:DcTTG1-YFP
vector construct that was transfected into Agrobacterium cells,
which were injected into tobacco leaf epidermal cells. The
fluorescence signal of Pro35S:DcTTGI1-YFP was observed in

the nucleus and overlapped with that of the nuclear dye, DAPI,
indicating that DcTTGL is located in the nucleus in D. candidum
(Figure 3B). Next, we conducted phylogenetic analysis of
DcTTGI and TTGI-like proteins of other species (Figure 3C).
DcTTG1 and PeTTG1 from Phalaenopsis equestris were in the
same branch and were closely related. Together with the
transcriptional expression differences after the different light
treatments, this suggested that DcTTGI plays an important
role in light-regulated anthocyanin biosynthesis.

Expression Analysis of Key Anthocyanin
Biosynthetic Genes

Anthocyanin accumulation affects plant pigmentation, resulting
in different plant colors. To determine the effect of the different
light intensity regimens on anthocyanin metabolism, the
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FIGURE 3 | Phylogenetic, expression, and subcellular localization analyses of DcTTG1. (A) Relative expression of DcTTG7 in RDc1000 and RDc4000 as
determined by quantitative reverse transcription PCR (RT-gPCR). DcACT was used as reference gene for normalization. Data represent the mean + SE of three
biological replicates. “p < 0.01, Student’s t-test. (B) Subcellular localization of DcTTG1. 4,6-Diamidino-2-phenylindole (DAPI) was used as a nuclear marker. The
merged image shows the colocalization of the YFP fluorescence signal and the DAPI fluorescence signal. Bar = 20 um. (C) Phylogenetic analysis of TTG1-like
proteins. The following proteins were used to construct the phylogenetic tree: StTTG1 (NP_001305551.1), CaTTG1 (XP_016564215.1), PhTTG1 (AAC18914.1),
WTTG1 (CANB7365.1), PpTTG1 (ACQ65867.1), CcTTG1 (AMQ26245.1), CsSTTG1 (NP_001306987.1), BnTTG1 (NP_001303154.1), AtTTG1 (CAC10524.1),
NtTTG1 (ACJ06978.1), ASTTG1 (PKA51013.1), PeTTG1 (XP_020583423.1), ZMmTTG1 (NP_001310302.1), and OsTTG1 (KAB8088430.1).

expression of 10 key anthocyanin biosynthetic genes, including
DcCHSI, DcCHS2, DcCHI, DcF3H, DcF3'H, DcF3'5'H, DcDFRI,
DcDFR2, DcANSI, and DcUFGT, was analyzed by RT-qPCR
in RDc1000 and RDc4000 plants. The mRNA levels of DcCHSI,
DcCHS2, DcF3H, DcF3'H, DcDFR1, DcDFR2, and DcANSI were
significantly higher in RDc4000 than in RDc1000. DcDFRI
was the most strongly induced, by approximately 27 times,
followed by DcF3H. These results indicated that, the stronger
the light intensity, the higher the expression of DFR, which
greatly promotes anthocyanin accumulation in plants. These
seven genes included early as well as late anthocyanin biosynthetic
genes, indicating that high-intensity light has a significant effect
on both the early and late stages of anthocyanin synthesis.

DcTTG1 May Regulate the Expression of
DcCHS2, DcCHI1, DcF3H, and DcF3'H by
Binding to Their Promoters

TTGI1 is a WD40-repeat TF that can bind to the promoter
regions of target genes to regulate their transcription. A YIH

assay was used to analyze the regulation of target genes by
DcTTGI. The promoter sequences of nine anthocyanin biosynthetic
genes, DcCHsl, DcCHS2, DcCHI, DcF3H, DcF3'H, DcDFRI,
DcDFR2, DcANSI, and DcUFGT, were cloned separately to verify
whether DcTTG1 has a regulatory effect on these genes. An
appropriate concentration of 3-AT in the yeast growth medium
(SD/-Leu/-Trp/-His) inhibited the self-activation of all target
genes. The assay results suggested that DcTTG1 can bind to
the promoters of DcCHS2, DcCHI, DcF3H, and DcF3'H (Figure 4).

To verify the Y1H assay results, we used LUC/GUS analysis
to detect the effect of DCTTGI on the activation of key anthocyanin
biosynthetic gene promoters. We cloned anthocyanin biosynthetic
gene promoters, which we used to drive the GUS reporter
gene, and DcTTG1 was driven by the CaMV35S promoter
(Figure 5A). Transient expression of the reporter system in
tobacco revealed that DcTTG1 activated reporter gene expression
driven by the promoters of DcCHS2, DcCHI, DcF3H, and DcF3'H
(Figure 5B), corroborating that DcTTG1 regulates the expression
of these four genes. Thus, DcTTG1 modulates anthocyanin
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FIGURE 4 | Y1H assays of DcTTG1 and anthocyanin biosynthesis-related
gene promoters. The DcTTG1 sequence and promoter fragments of nine
anthocyanin biosynthetic genes were cloned into pGADT7 and pHIS2
vectors, respectively. The plasmids were transformed into Y187 yeast cells
(Clontech Laboratories, Mountain View, CA, United States) that were grown
on SD (-Leu/=Trp/-His) medium at 28°C for 3 days. The optimal 3-AT
concentration (in mM) to suppress background histidine leakiness after
addition to the (-Leu/-Trp/-His) medium is indicated in the lower-right corner
of each picture.

synthesis by regulating the expression of anthocyanin synthesis-
related target genes under different light intensities.

Phenotype Rescue of the Arabidopsis
ttg1-13 Mutant

Establishing transgenic D. candidum lines is generally difficult
and time-consuming. Therefore, we used the model plant
Arabidopsis to verify the function of DcTTGI in the regulation
of anthocyanin biosynthesis. To further study the possible function
of DcTTGI as a regulator of anthocyanin biosynthesis,
we overexpressed DcTTGI driven by the CaMV35S promoter
in the Arabidopsis ttgl-13 mutant, which is defect in seed coat
anthocyanin pigmentation. We obtained 18 DcTTGI overexpression
lines and analyzed lines DcTTGI1/ttgl-13#1 and DcTTGI/ttgl-
13#2. The DcTTGI expression levels in these lines were significantly
higher than those in WT plants (Figure 6A), indicating successful
overexpression. DcTTGI overexpression restored the ttgl-13
mutant phenotype (Figure 6B; Supplementary Figure S1) as
well as leaf anthocyanin pigmentation (Figure 6C), suggesting
that DcTTGI has a similar function as Arabidopsis TTGI.

DISCUSSION

This study revealed that the contents of delphindin-3-O-B-p-
glucoside, delphindin-3,5-diglucoside, cyanin, and cyanidin were
significantly increased in RDc4000 compared with RDc1000.
Transcriptome sequencing and RT-qPCR showed that the WD40-
repeat TF DcTTG1 was significantly more strongly expressed
in RDc4000 than in RDc1000. Phylogenetic analysis and genetic
complementation revealed the functional conservation of
DcTTGI and its orthologs in other plant species. YIH and
transcriptional activation assays indicated that DcTTGI regulates
DcCHS2, DcCHI, DcF3H, and DcF3'H expression by binding
to their promoters. Thus, DcTTG1 may regulate anthocyanin
biosynthesis in D. candidum under different light intensities.

Anthocyanin compositional and content analyses showed that
the content of delphindin did not significantly differ between RDc1000
and RDc4000 (Figure 1B). In the anthocyanin biosynthetic
pathway, the formation of delphindin requires F3'5'H catalysis
(Matus et al., 2009). DcF3'5'H expression did not significantly
differ between RDc1000 and RDc4000, which may explain the
lack of a significant difference in delphindin content. However,
the contents of delphindin-3-O-B-p-glucoside and delphindin-
3,5-diglucoside were significantly different between RDc1000 and
RDc4000, which may be due to significant increases in DcDFRI,
DcDFR2, and DcANSI expression in RDc4000 (Figure 7). The
cyanin and cyanidin contents were significantly higher in RDc4000
than in RDcl1000 (Figure 7). The formation of cyanin and
cyanidin requires F3'H catalysis (Rinaldo et al., 2015), and DcF3'H
expression was significantly higher in RDc4000 than in RDc1000
(Figure 7). Light provides energy for plant growth and development
(Lau and Deng, 2010). It regulates plant secondary metabolism,
including anthocyanin and flavonoid synthesis (Zhang et al., 2018;
An et al,, 2020). Different light intensities have different effects on
anthocyanin accumulation, which is positively correlated with light
intensity in many plant species (Jaakola, 2013; Zhang et al., 2018).
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FIGURE 5 | DcTTG1 can directly bind to the promoters of anthocyanin biosynthetic genes. (A) Effector-reporter systems were used to determine the ability of
DcTT1 to activate the promoters of anthocyanin biosynthetic genes in tobacco leaves. The reporter systems contained the GUS reporter gene driven by the
promoters of anthocyanin biosynthetic genes, as well as LUC driven by CaMV35S for standardization. The effector systems contained DcTTG1 driven by CaMV35S.
Boxes, various DNA sequences. T-R, terminator. (B) Transcriptional activity of DcTTG1 on the promoters of anthocyanin biosynthetic genes as indicated by the
reporter assay. Empty vector was used as a control, and the GUS/LUC ratio in the transformed leaves was set to 1. Data represent the mean + SE of five biological

In Arabidopsis, AtTTGI is expressed in the dark, but its
expression increases immediately after illumination and then
remains relatively stable over time (Cominelli et al., 2008). In
our study, DcTTGI expression increased significantly with
increasing light intensity (Figure 3A). In Brassica, anthocyanins
accumulate more strongly under LED irradiance with a
photosynthetic photon flux of 220 pmol m™ s™' than under a
flux of 330 or 440 pmol m™2 s (Samuoliene et al., 2013).
Within a certain range, anthocyanin accumulation gradually
increases with increasing light intensity, but after a certain
intensity, the amount of anthocyanin does not further increase
due to photoprotection (Logan et al., 2015). Anthocyanin levels
in lychee peels decreased rapidly after shading treatment, but
anthocyanin biosynthesis resumed soon after the fruits were
exposed to light again (Zhang et al, 2016). This shows that
light can induce anthocyanin formation and is an important
environmental factor affecting anthocyanin biosynthesis. Similar
findings have been reported for Chinese bayberry (Niu et al., 2010),
apple (Li et al, 2012), and grape berry (Azuma et al.,, 2012).

Transcriptome sequencing analysis was performed on RDc1000
and RDc4000 to study the relationship between light intensity
and anthocyanin accumulation. Among the TFs identified by
transcriptome sequencing, MYB, bHLH, and WD40 all showed
significant differences in expression, indicating that MBW may
be involved in anthocyanin biosynthesis induced by high light
intensity in D. candidum. Transcriptome analysis of light-regulated
anthocyanin biosynthesis in the pericarp of Litchi identified 76
TFs that regulate anthocyanin synthesis in response to light. Among
these TFs, SQUAMOSA promoter binding protein-like constituted

the largest population (21.1%), followed by MYB (19.7%), homologous
domain leucine zipper protein (ATHB, 17.1%), and WD40 (13.2%;
Zhang et al,, 2016). Thus, light intensity is an important environmental
factor in regulating anthocyanin biosynthesis.

The expression levels of DcCHI, DcF3'5'H, and DcUFGT did
not differ significantly between the two light treatments, indicating
that these genes are less responsive to different light intensities in
D. candidum. Interestingly, our and previous findings indicate that
the feedback regulation of anthocyanin synthetic genes in response
to light varies among plant species. Leaves of Lactuca sativa L.
var. capitata were green under 40 mmol m™ s™', but red under
100 mmol m™ s, and the expression of LsCHI was upregulated
(Zhang et al., 2018). However, in a study of light-induced regulation
of anthocyanin biosynthesis in litchi fruit, the activation and
expression of LcUFGT promoted the accumulation of anthocyanins
and enhanced fruit redness (Zhang et al., 2016). Anthocyanin
biosynthetic genes of different species differentially respond to
light, which emphasizes the importance of studying the effects of
different light treatments on anthocyanin synthesis in D. candidum.

DcTTG1 modulates anthocyanin synthesis by regulating the
expression of anthocyanin synthesis-related target genes under
different light intensities. In this study, no direct binding of
TTG1 to late anthocyanin biosynthetic gene promoters was
observed, which indicates that DcTTG1 has multiple modes of
regulating key genes in anthocyanin biosynthesis. Gene regulatory
networks in higher plants require the coordinated action of many
gene interactions. Among them, the most widely studied is the
regulation of anthocyanin biosynthesis by the MBW complex.
TTG1 forms complexes with the R2R3 MYB TFs PAP1, PAP2,
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FIGURE 6 | Genetic complementation of the Arabidopsis ttg1-13 mutant by DcTTG1. (A) DcTTG1 transcripts in Arabidopsis young seeds. (B) Restored seed
pigments in ttg7-13 after overexpression of DcTTG1. (C) Quantification of anthocyanins in the leaves of WT, ttg7, DcTTG1/ttg1-13#1, and DcTTG1/ttg1-13#2. Data

MYBI113, MYB114, or TT2 and the bHLH TFs GL3, EGL3, or
TT8, to form MBW (Xu et al,, 2015). Research in Arabidopsis
has shown that the TTG1-dependent MBW complex can directly
bind to the promoters of TTG2, TT8, F3'H, DFR, ANS, UGT79BI,
UGT75C1, 5MAT, and BLT (Wei et al., 2019). Therefore, it can
be inferred that DcTTGI alone cannot regulate the late anthocyanin
biosynthetic genes, whereas different TTG1-dependent MBW
complexes can simultaneously regulate the early and late
anthocyanin biosynthetic genes. The different MBW complexes
formed by TTG1 have diverse regulatory roles in anthocyanin
biosynthesis. The TTG1-TT8/GL3-PAP1/PAP2/MYB113/MYBI114

complex can activate the expression of late biosynthetic genes,
including dihydroflavonol 4-reductase (DFR) and phthalate
synthase (ANS), to affect anthocyanin biosynthesis (Shi and Xie,
2014). There is no relevant research on the characteristic roles
of DcTTGI and the DcTTG1-dependent MBW complex in the
regulation of anthocyanin biosynthetic structural gene expression,
especially under different light conditions. Our findings may
contribute to improving plant production through the regulation
of certain desired metabolic compounds.

In conclusion, we identified and isolated a WD40-repeat
TF, DcTTGL, as a novel regulator of light-regulated anthocyanin
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accumulation in D. candidum. DcTTGI1 regulates anthocyanin
biosynthesis in various ways. The TF binds to the promoters
of DcCHS2, DcCHI, DcF3H, and DcF3'H, which are anthocyanin
biosynthesis-related genes. DcTTGI1 restored the Arabidopsis
ttgl-13 mutant phenotype, which is defect in seed coat
anthocyanin pigmentation, suggesting that it has a similar
function as Arabidopsis TTG1. We believe that the findings of
this study will help improve the understanding of the mechanism
of light-induced anthocyanin synthesis and accumulation.
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Nuts, such as peanut, almond, and chestnut, are valuable food crops for humans being
important sources of fatty acids, vitamins, minerals, and polyphenols. Polyphenals,
such as flavonoids, stilbenoids, and hydroxycinnamates, represent a group of plant-
specialized (secondary) metabolites which are characterized as health-beneficial
antioxidants within the human diet as well as physiological stress protectants within
the plant. In food chemistry research, a multitude of polyphenols contained in culinary
nuts have been studied leading to the identification of their chemical properties and
bioactivities. Although functional elucidation of the biosynthetic genes of polyphenols in
nut species is crucially important for crop improvement in the creation of higher-quality
nuts and stress-tolerant cultivars, the chemical diversity of nut polyphenols and the
key biosynthetic genes responsible for their production are still largely uncharacterized.
However, current technical advances in whole-genome sequencing have facilitated
that nut plant species became model plants for omics-based approaches. Here, we
review the chemical diversity of seed polyphenols in majorly consumed nut species
coupled to insights into their biological activities. Furthermore, we present an example
of the annotation of key genes involved in polyphenolic biosynthesis in peanut using
comparative genomics as a case study outlining how we are approaching omics-based
approaches of the nut plant species.

Keywords: flavonoids, chemical diversity, nuts, comparative genomics, polyphenols, health benefits

INTRODUCTION

Nuts, such as chestnut and hazelnut, are oil-rich seeds comprising of an edible fruit with a hard
outer shell attached to a cupule. Additionally, drupe seeds such as almond, peanut, pistachio,
walnut, macadamia, pecan, and cashew nut also contain a hard shell and are thus referred to
as “nuts.” Since nuts contain precious types of phytonutrients which exhibit beneficial health-
promoting properties, they are regarded as one of the most valuable culinary crops (Ros, 2010;
Bodoira and Maestri, 2020). Indeed, consuming nuts provides a rich source of nutritional
components, including fatty acids, minerals, vitamins, proteins, and fibers (Ros, 2010; Chen C. Y.
O. etal,, 2019). In addition, nuts were also found as a rich source of “plant-specialized (secondary)
metabolites” which are a vast array of bioactive compounds. Plant-specialized compounds tend to
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act as stress protectants against biotic and abiotic stresses
from the external environment (Tohge et al., 2013b, 2016;
Kessler and Kalske, 2018; Pais et al., 2018; Scossa et al.,
2019). These metabolites broadly correspond to important
physiological and ecological functions, for example, attracting
insects for pollination by volatiles and color; as antifeedants and
allelochemicals against herbivores; for visible pigmentation; and
for lightening from stress conditions, e.g., ultraviolet radiation,
elicitors, temperature, and water deficiency (Bodoira and Maestri,
2020; Corso et al., 2020; Yuan and Grotewold, 2020).

Plant-specialized metabolites are allocated to three main
categories, namely, terpenoids, alkaloids, and polyphenols,
classified on their chemical core skeletons and biosynthetic
pathways (Tohge et al, 2013a,b, 2014; Chen C. Y. O. et al,
2019; Bodoira and Maestri, 2020; Yuan and Grotewold, 2020).
Polyphenols are ubiquitously present among fruits, vegetables,
and seeds, including nuts, with multiple claims of these
compounds presenting human health beneficial effects on human
health (Lepiniec et al., 2006; Tohge and Fernie, 2017; Hano
and Tungmunnithum, 2020; Alseekh et al., 2020a). Numerous
research publications investigating polyphenols in nuts have
been published (Bolling et al, 2011; Alasalvar and Bolling,
2015; Bodoira and Maestri, 2020). According to our current
update, polyphenols in nut plant species are classified into six
major groups, including phenols, flavonoids, tannins, stilbenoids,
lignans, and coumarins (Figure 1). Phenols including phenolic
acids (C6-Cl1 skeleton) and hydroxycinnamic acids (C6-C3) are
the compounds containing an aromatic ring attached with at
least one hydroxyl moiety (Figure 1A; Bodoira and Maestri, 2020;
Hano and Tungmunnithum, 2020). Flavonoids (C6-C3-C6), one
of the largest classes of specialized metabolites, are distributed
extensively in the plant kingdom (Figure 1B; Tohge et al,
2013a,b; Mathesius, 2018). Flavonoids reported in seeds of ten
major nut plant species are subdivided into eight subclasses, i.e.,
flavanols, flavones, flavonols, flavanones, flavanonols, isoflavones,
anthocyanins, and proanthocyanidins (Figures 1B,C; Tohge
et al, 2013b; Saigo et al, 2020). Tannins, comprising of
hydrolyzable and condensed tannins, are astringent and bitter
plant substances being particularly numerous in nuts seeds
(Landete, 2011). Stilbene compounds are comprised of two
aromatic rings connecting with an ethylene bridge (C6-C2-Cé6
backbone) and commonly found as monomers and oligomers in
both aglycone and glycoside forms (Figure 1D; Akinwumi et al.,
2018; Hano and Tungmunnithum, 2020). Oxidative dimerization
of two or more phenylpropanoid molecules produces lignans
for lignin synthesis, and as such important precursors for
the development of plant vessels and cell walls (Figure 1E;
Barker, 2019). Coumarins are plant benzo-a-pyrone compounds
generated by the reaction of pyran-benzene ring condensation
(Figure 1F; Kiipeli Akkol et al., 2020).

With respect to biological or pharmaceutical activities,
polyphenols have been found to be beneficial components in
both human health promotion and disease prevention. They were
shown to exhibit antioxidative, anticancer, cardio-protective,
antibacterial, anti-inflammatory, and immune system-promoting
properties and to exert protection for skin against UV radiation,
against neurodegenerative diseases, chronic diseases, obesity,
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FIGURE 1 | Core structures of polyphenolics found in major nut plant species.
(A) phenols and phenolic acids. (B) flavonoids. (C) tannins. (D) stilbenoids.
(E) lignans. (F) coumarins.

and diabetes, and against the current pandemic coronavirus
disease (COVID-19), being reported (Nayak et al., 2015; Tohge
and Fernie, 2017; Puksasook et al., 2017ab; Cory et al,
2018; Tungmunnithum et al., 2018; Renaud and Martinoli,
2019; Ngwa et al., 2020). Several review articles focus on the
health benefits of nut consumption (Ros, 2010; Bolling et al.,
2011; Alasalvar and Bolling, 2015), with the major groups of
polyphenols present in nut seeds being characterized (Bolling
et al.,, 2011; Alasalvar and Bolling, 2015; Bodoira and Maestri,
2020). Currently, the chemical diversity of specialized metabolites
and metabolic polymorphisms have specifically highlighted the
decoration of polyphenols, with such decorations being found to
be a key factor in the enhancement of bioactivity of specialized
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compounds (Tohge et al., 2016; Peng et al, 2017). In fact,
most of the aforementioned biological activities of polyphenols
are derived from not only the aglycone form but also the
decorated form. The capacity of biological activities such as
antioxidant capacity significantly depends on the chemical
structures, since these dramatically affect the bioavailability and
especially absorption of the compounds (Cipolletti et al., 2018;
Gulcin, 2020). Although the core biosynthetic pathways of many
polyphenols are conversed among genetically and taxonomically
distant plant species, these species often accumulate polyphenols
in a tissue-specific manner. In the case of seed-specific
specialized metabolites, polyphenols are assumed to be involved
in environmental stress protection during seed desiccation
and dormancy. As such, the elucidation and understanding
of physiological functions of such tissue-specific specialized
metabolites are highly valuable.

Current technological and theoretical development of
omics-based approaches has enabled that the genome-wide
characterization of biosynthetic genes can be carried out,
representing an important route by which phenol and polyphenol
production could be enhanced in plants (Butelli et al., 2008;
Tohge and Fernie, 2010; Zhang et al., 2015; Fernie and Tohge,
2017; Alseekh et al., 2020b). Notably, almost all genes encoding
enzymes responsible for structure decoration remain ambiguous.
However, as yet, genomic data is only available for peanut and
almond; therefore, studies concerning nut plant polyphenolics
are not as extensive as they could have been. As such, it is
important to update and synthesize the collective information
concerning chemical diversity in nut plant species. Given the
presence of some species-specific polyphenolics in nuts, it is
likely that such a compendium will prove a useful resource for
biological activity investigations.

In this review, the current knowledge of polyphenolic
compounds in major nut plant species is summarized in
terms of their biological activities, chemical diversity, and
biosynthetic genes. Ten eminently consumed nut plant species,
namely, groundnut/peanut (Arachis hypogaea), almond (Prunus
dulcis), pistachio (Pistacia vera), Japanese chestnut (Castanea
crenata), Chinese chestnut (Castanea mollissima), walnut
(Juglans  regia), hazelnut (Corylus avellana), macadamia
(Macadamia integrifolia), pecan (Carya illinoinensis), and
cashew nut (Anacardium occidentale), are presented (Figure 2
and Table 1). We additionally propose a future perspective
for generating an integrative omics approach for functional
genomics utilizing polyphenolic biosynthesis in nut plant species
as a case study.

POLYPHENOLICS IN NUTS AND THEIR
BIOACTIVITIES ASSOCIATED WITH
HEALTH-PROMOTING BENEFITS

Several popular nut plant species are consumed as snacks and
food supplements, since they are rich in phytonutrients especially
fatty acids, protein, minerals, and polyphenolics (Ros, 2010;
Vinson and Cai, 2012). To date, research in food chemistry
has suggested several biological activities of nut extracts with

Juglans regia [walnut] KY809052.1 t

Carya illinoinensis [pecan] AF174619.1 ’

Corylus avellane [hazelnut] HQ442261.1 .b

Castanea mollissima [Chinese chestnut] MH711203.1 ‘
C. crenata [Jap chestnut] LC534307.1 Q
Prunus dulcis [almond] KC603733.1 )

Pistacia vera [pistachio] KJ018020.1 //
Anacardium occidentale [cashew nut] KF664192.1

M. lamia integrifolia [macadamia] EU642798.1 u
[peanut] FJ212319.1 ’

[pea] AY143458.1

Arachis h
-Arachis hyy
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Pisum

FIGURE 2 | Phylogenetic relationship of ten nut plant species presented in
this review. The phylogenetic tree was constructed by MEGA X (Kumar et al.,
2018) by using the sequences of ITS (internal transcribed spacer) gene of
each species which were retrieved from the NCBI database. P, sativum was
considered as an outgroup. The parameters for maximum-likelihood analysis
were shown as followed: Kimura 2-parameter model, complete deletion, and
bootstrap (1000 replicates). Values presented on the branches demonstrated
bootstrap support in percentage.

studies on the antioxidant activity being particularly prominent.
From a health beneficial perspective, antioxidants are responsible
for the elimination of reactive oxygen species (ROS) or free
radical molecules such as superoxide, nitric oxide, and hydrogen
peroxide radicals from the human body in order to prevent
the generation of hazardous substances which underlie many
chronic diseases (Gulcin, 2020). Polyphenols are one of the
best-known and major sources of natural antioxidants due to
their effective scavenging activity resulting from the presence
of several hydroxyl groups present on the structures, especially
those on the ortho- and para- positions of the aromatic ring
(Shahidi and Ambigaipalan, 2015; Gulcin, 2020). On the basis
of their total polyphenolic quantity, the highest antioxidant
activities were found in raw walnut and roasted almond (Vinson
and Cai, 2012). The biological activities of nut polyphenol
antioxidants against major stress such as oxidative stress, aging,
and age-related disease prevention were summarized in previous
reviews (Ros, 2010; Bodoira and Maestri, 2020; Hano and
Tungmunnithum, 2020). Nut consumption has been suggested
to play a key role in cardio-protection by reducing cardiovascular
risk factors, including coronary heart disease, hypertension,
and blood cholesterol levels (Ros, 2010; De Souza et al.,
2017). In a recent study, almond skin extract was found to
show antimicrobial and antiviral activities against Staphylococcus
aureus and herpes simplex virus type I, respectively (Musarra-
Pizzo etal., 2019). Due to such indication of nut consumption and
health-promoting benefits, polyphenols contained in culinary
nuts have been focused and studied with quantification
of known health-promoting polyphenols in food chemistry
research. Bioactivities of major and specific polyphenolics in
nut plant species are summarized in Table 2. Given that health
beneficial components such as resveratrols, chlorogenic acids,
catechins, and rutin are detected in nuts, health-promoting
benefits of culinary nuts are considered with bioactivities
and concentrations of these polyphenols. Additionally, nut-
specific polyphenolics such as cardanols and anacardic acid
were found as cashew nut-specific antioxidant compounds
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TABLE 1 | Nut plant species presented in this article.

Name Species name Genome sequencing BioProject ID (NCBI)
Groundnut/peanut Arachis hypogaea Bertioli et al., 2019 PRJINA419393,PRJNA480120, PRUINAGB0825
Almond Prunus dulcis Sanchez-Pérez et al., 2019 PRJDB7547, PRINA497779
Pistachio Pistacia vera Zeng et al., 2019 PRJNA578116
Japanese chestnut Castanea crenata

Chinese chestnut Castanea mollissima PRJINA559042

Walnut Juglans regia Martinez-Garcia et al., 2016 PRJUNA350852, PRINA445704
Hazelnut Corylus avellana Lucas et al., 2020 PRJEB31933
Macadamia Macadamia integrifolia

Pecan Carya illinoinensis

Cashew nut Anacardium occidentale

(Table 2). Ellagic acid, which is present in several nuts including
almond, walnut, pecan, Japanese chestnut, and hazelnut, has been
reported as an inhibitor of inflammatory mediator molecules
such as cyclooxygenase and nuclear factor kB, providing anti-
inflammatory activity (El-Shitany et al., 2014). Anacardic acid
from cashew nut, ellagic acid from walnut and pecan, genistein
from peanut and hazelnut, and resveratrol from peanut have
demonstrated anticancer properties with numerous molecular
targets (Falasca et al., 2014). Resveratrol and its prenylated
derivatives in peanut have been reported to mitigate against
neurodegenerative diseases such as Alzheimer’s and Parkinson’s
disease via their antioxidant, anti-B-amyloid aggregation, anti-
B-secretase, neuroprotective, and neuritogenicity properties
(Puksasook et al., 2017a,b; Navarro et al., 2018). Captivatingly,
myricetin which is found in pistachio and hazelnut as well
as resveratrol in peanut, almond, and pistachio are recently
claimed as potential phytochemical compounds that could
counteract the current COVID-19 pandemic (Han et al., 2020;
Ngwa et al., 2020).

CHEMICAL STRUCTURAL DIVERSITY
OF POLYPHENOLICS AMONG SEEDS OF
NUT PLANT SPECIES

The chemo-diversity of plant metabolism is a highly important
factor affecting plant ecological processes and plant metabolic
evolution (Kessler and Kalske, 2018). Furthermore, the various
characteristics of phytochemical structures show diverse modes
of action with regard to the prevention and treatment of
human diseases given differences in their physicochemical
properties. Recent overviews focusing on plant structural
diversity in anthocyanins/proanthocyanidins (Saigo et al., 2020),
glucosinolates (Blazevi¢ et al., 2020), and diterpenoid alkaloids
(Shen et al., 2020) have been published. With this regard, for
example, some decorations such as oxidation for enhancing
acidity, methylation and acylation for reducing polarity,
and glycosylation for stability and solubility are considered
as the potential factors corresponding to diversification of
biological functions. Moreover, the updated plant chemo-
diversity database is a powerful tool for enthusing new
pharmaceutical drug discovery (Lautié et al., 2020). To illustrate

the diversity of chemical structures of polyphenolics found in
seeds of nut plant species, both raw and processed nut seeds
were included in our chemical diversity analysis from the
renowned literature-based phytochemical database KNApSAcK
(http://kanaya.naist.jp/KNApSAcK/, searched by plant scientific
names in July, 2020; Afendi et al., 2011). Furthermore, several
current phytochemical reports were included to illustrate
the structural diversity of nut polyphenols. A list of all 214
polyphenols is provided in Supplementary Table 1, while the
structural diversity of nut polyphenolic compounds is presented
in Figure 3.

Phenols and Phenolic Acids

Several types of phenols have been found in nut plant species
(Table 2 and Figure 3A). Four chemical isomers, alpha-, beta-,
gamma-, and delta- of tocopherol, were detected in pistachio
kernel, walnut kernel, and whole cashew nut (Horvath et al., 2006;
Ballistreri et al., 2009; Trox et al., 2011). Cardanols and their
derivatives were reported only in the kernel of the cashew nut
(Trevisan et al., 2006; Alvarenga et al., 2016; Bodoira and Maestri,
2020). In pecan and walnut kernel, many glycosylated and
methylated ellagic acid derivatives are present at high abundance
(De La Rosa et al, 2011; Grace et al., 2014; Regueiro et al,
2014; Robbins et al., 2014; Jia et al., 2018). Gallic, p-coumaric,
chlorogenic, and p-hydroxybenzoic acids are the most abundant
phenolic acids found in the kernel and skin of seeds of ten nut
plant species. In addition, several phenolic acids were specifically
presented in some of the nut plant species. Anacardic acid and
derivatives were present in cashew nut and pistachio kernel
(Trevisan et al., 2006; Alvarenga et al., 2016; Bodoira et al., 2019;
Salehi et al., 2019; Bodoira and Maestri, 2020). Coutaric and
fertaric acids are constituents in peanut and hazelnut skin (Ma
et al., 2014; Pelvan et al., 2018). Chinese chestnut skin contains
high levels of gentisic acid and 2,3,4-trihydroxybenzoic acid
(Xu et al., 2020). In fact, Bodoira and Maestri have mentioned
that phenolic acids of peanut are found only in the skin
(Bodoira and Maestri, 2020). Nevertheless, nut phenolic acids,
such as phloretic acid and dihydroxybenzoic acid, were found
not only in the skin but also in the kernel of peanut (Bisby,
1994). Apart from common phenolic acids, numerous derivatives
of gallic, hydroxybenzoic, and hydroxycinnamic acids, such
as esterification with other phenolic acids, hydroxylated and
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TABLE 2 | Bioactivities of major and specific polyphenolics in nut plant species.

Compound name Nut species Bioactivities

Phenols

Cardanols* Cashew nut Antioxidant, antimutagenic, and antitumoral activity (Maia et al., 2015;
Schneider et al., 2016)

Ellagic acid Almond, walnut, Japanese chestnut, pecan, hazelnut An inhibitor of inflammatory mediators
(El-Shitany et al., 2014)

Gallic acid Almond, cashew nut, Chinese chestnut, hazelnut, Antioxidant, anti-inflammatory, anticancer, antimicrobial, cardiovascular, and

p-Hydroxy benzoic acid

Chlorogenic acid

p-Coumaric acid

Anacardic acid and its

derivatives*

Stilbenoids
Resveratrol

Flavonoids: flavonol
(+)-Catechin

(-)-Epicatechin

Flavonoids: flavone
Luteolin

Flavonoids: flavonol
Quercetin

Rutin

Isoquercitrin

Flavonoids: flavanone
Eriodictyol

Lignans
(+)-Lariciresinol

(-)-Matairesinol

Japanese chestnut, pecan, pistachio, walnut

Peanut, aimond, walnut, Japanese chestnut, Chinese
chestnut, hazelnut, pecan

Almond, Chinese chestnut, hazelnut, peanut, pecan,
pistachio, walnut

Peanut, aimond, walnut, Japanese chestnut, Chinese
chestnut, cashew nut, hazelnut

Cashew nut

Peanut, almond, pistachio

Peanut, aimond, pistachio, walnut, pecan, Chinese
chestnut, cashew nut, hazelnut

Peanut, aimond, pistachio, pecan, cashew nut,

hazelnut, walnut

Peanut, aimond, pistachio, Chinese chestnut

Peanut, aimond, pistachio, Chinese chestnut, hazelnut,
walnut

Almond, pistachio, walnut, Chinese chestnut, hazelnut

Almond, pistachio, walnut, hazelnut

Peanut, almond, pistachio, Chinese chestnut, hazelnut

Almond, cashew nut, chestnut, hazelnut, peanut,
pecan, pistachio, walnut

Almond, cashew nut, chestnut, hazelnut, peanut,
pecan, pistachio, walnut

gastrointestinal treatment, protective effect on neuropsychological diseases
(Zanwar et al., 2014; Kahkeshani et al., 2019)

Osteogenic activity, antimicrobial activity, antifungal, estrogenic, and
antimutagenic properties

(Cho et al., 1998; Pugazhendhi et al., 2005; Heleno et al., 2015)
Antioxidant, anti-hepatitis B virus, antidiabetic effect, DNA protective effect,
neuroprotective effect, protection from cardiovascular diseases

(Sato et al., 2011; Zuo et al., 2015; Gil and Wianowska, 2017)

Antioxidant, hyperlipidemia treatment, antimicrobial, antiviral, anti-inflammatory,
anticancer, antidiabetic

(Lee et al., 2019; Shen et al., 2019)

Antioxidant, antibacterial, cytotoxicity against A. salina, acetylcholinesterase
inhibition

(Muroi and Kubo, 1996; Maia et al., 2015; Morais et al., 2017)

Antioxidant,cancer chemopreventive, anti-p-amyloid aggregation,
anti-p-secretase activity, neuroprotective, neuritogenicity, cardiovascular
protective, anti-inflammatory, blood glucose-lowering, anticancer, anti-obesity
(Kurdvietiené et al., 2016; Puksasook et al., 2017a,b)

Antioxidant, antimicrobial, antiviral, anti-inflammatory, anti-allergenic, anticancer,
prevention of cardiovascular diseases, and neurodegenerative diseases
(Isemura, 2019; Bae et al., 2020)

Antioxidant, antidiabetes, anticancer, anti-inflammatory, antinypertensive,
antidyslipidemic
(Abdulkhaleq et al., 2017; Bernatova, 2018)

Antioxidant, cardioprotective effects, anti-inflammatory, antidiabetic,
antimicrobial, anticancer
(Lin et al., 2008; Dong et al., 2017; Luo et al., 2017)

Antioxidant, anti-inflammatory, cardiovascular disease prevention,
neurodegenerative disorders treatment, anticancer, antibacterial, antiviral
(Anand David et al., 2016; Xu et al., 2019)

Antioxidant, neuroprotective, hepatoprotective, cardioprotective, antifungal,
antimalarial, antibacterial, anticancer

(Gao et al., 2002; Ganeshpurkar and Saluja, 2017)

Antioxidant, neurological disorders, anti-allergic, antidiabetic, anti-inflammatory
(Palazzolo et al., 2012; Valentova et al., 2014)

Antioxidant, cardioprotective, skin protection, antitumor, antidiabetic,
anti-inflammatory, cytoprotective, hepatoprotective, neuroprotective
(Deng et al., 2020; Li et al., 2020)

Antifungal, antibacterial
(Hwang et al., 2011; Bajpai et al., 2017)

Antioxidant, anti-osteoclastogenic, anti-angiogenic, anticancer, antifungal,
IgE-suppressive activity
(Yamauchi et al., 2006; Kawahara et al., 2010; Choi et al., 2014)

*Specific present in cashew nut.

Flavonoids

A multitude of flavonoids including flavanols, flavones,
flavonols, flavanones, flavanonols, isoflavones, anthocyanins, and
proanthocyanidins have been found nut plant species (Table 2

methylated derivatives, are also conspicuously reported in nut
seeds (Bodoira and Maestri, 2020). Polymerization of tartaric acid
with two other molecules of phenolic acids is produced only in
peanut skin reported by Ma et al. (2014).
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FIGURE 3 | Diversity of chemical structures of polyphenolics found in seeds
of nut plant species. (A) Phenols and phenolic acid derivatives, (B) flavonoids,
and (C) stilbenoids. Abbreviations: OMe, methoxy; 4HPE,
4-(hydroxypheny)ethylene; Asp, aspartate; Me, methyl; Et, ethyl; qui, quinic
acid; tar, tartaric acid; fer, ferulic acid; 3M1B, 3-methyl-1-butenyl; pCou-tar,
p-coumaroyl-tartarate; pCou-tar-Glc, p-coumaroyl-tartarate-glucoside; Pre,
isoprenyl group; Me ester, methyl ester; NHPR, neohesperidose; Api-Glc,
-apiosyl-glucose; Eri, eriodictyol; Lut, luteolin; GA, gallic acid; Gal, galactose;
Glc, glucose; Rut, rutinose; and Rha, rhamnose.

and Figures 1B, 3B). When the hydroxyl group is connected to
carbon position three of the C ring, the molecule belongs to the
flavanol subclass. Flavonols represent the principal subgroups
of flavonoids since they display a rich diversity of derivatives
and are also a basic structure of proanthocyanidins (Tohge
et al., 2017; Saigo et al., 2020). Catechin and epicatechin are
visibly rich in seeds of almost all of the ten major nut plant

species. Moreover, their derivatives via esterification with gallic
acid, epicatechin-gallate, gallocatechin-gallate, epigallocatechin,
and epigallocatechin gallate, were also determined to be
abundant in these species being found in whole almond seed
(Bolling, 2017), kernel and skin of cashew nut (Salehi et al.,
2019), pecan, walnut, Chinese chestnut kernel (Regueiro et al.,
2014; Jia et al., 2018; Zhang Y. et al., 2020), and hazelnut
skin (Del Rio et al., 2011; Pelvan et al., 2018). Luteolin and
apigenin are typical flavones found in peanut skin (Bodoira
et al., 2017), almond kernel (Coli¢ et al., 2017), kernel and
the skin of pistachio (Tomaino et al., 2010; Fabani et al,
2013), Chinese chestnut kernel (Zhang Y. et al, 2020), and
Japanese chestnut skin (Tuyen et al, 2017). Predominantly
among studied nut plant species, whole almond seeds comprise
the most diverse types of flavonols, including quercetin,
kaempferol, isorhamnetin, and their O-glycoside derivatives
(Milbury et al., 2006; Monagas et al., 2007; Bolling et al., 2010;
Valdés et al., 2015; Bolling, 2017; Coli¢ et al., 2017). Flavonol
derivatives are frequently glycosylated at the hydroxyl group
at position three. Aside from major flavonols, in Chinese and
Japanese chestnut kernel, minor flavonols such as rhamnetin
and morin have been detected (Tuyen et al, 2017; Zhang
Y. et al, 2020). Metabolites containing the saturated C ring
belong to the flavanone subgroup of flavonoids. Eriodictyol
is the main flavanone detected among nut seeds. As for
flavonols, several types of flavanones and their derivatives are
characterized in whole almond seeds (Milbury et al., 2006;
Coli¢ et al., 2017; Bodoira and Maestri, 2020) with glycosylated
derivatives generally displaying glycosylation on the hydroxyl
group at position seven. Particularly, naringin (naringenin-
7-O-neohesperidoside) is a major flavanone derivative in
kernels of almond, walnut, and Chinese chestnut as well as in
pistachio kernel and skin (Tomaino et al., 2010; Coli¢ et al,
2017; Vu et al, 2018; Zhang Y. et al, 2020). By contrast,
flavanonols and hydroxylated derivatives of flavanones are
only minor constituents of nuts; for example, aromadendrin
and taxifolin are reported in whole almond seeds (Monagas
et al.,, 2007; Bolling, 2017; Vu et al, 2018). The core structure
of isoflavones differs from other flavonoids by linkage of the
phenyl ring to position three of ring C supplemented with
the ketone group at position four. Isoflavones are not broadly
found in nut seeds. However, genistein and its glucosides,
daidzein, and daidzin, are present in peanut kernel and skin,
whole almond, and pistachio kernel (Ballistreri et al., 2009;
Tomaino et al., 2010; Bolling, 2017; Bodoira and Maestri,
2020). Anthocyanidins (aglycone form) and anthocyanins
(glycoside form) are extensively known as plant pigments in
seeds, flowers, and fruits (Saigo et al., 2020). Cyanidin and
its glycoside derivatives, i.e., glucoside and galactoside, were
reported as constituents in whole almond seeds (Bolling, 2017)
and pistachio kernel and skin (Ballistreri et al., 2009; Tomaino
et al., 2010; Fabani et al., 2013; Bodoira and Maestri, 2020).
Chalcones or the so-called open-chain flavonoids are a very
unique flavonoid subclass in the plant kingdom. Phloretin and
its glucoside derivative, phlorizin, are the two chalcones found
in the almond kernel and hazelnut skin (Del Rio et al.,, 2011;
Coli¢ et al., 2017).
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Tannins

Both tannin subgroups, i.e., hydrolyzable and condensed tannins,
are abundant in peanut skin, whole almond, and walnut
kernel. Hydrolyzable tannins are further allocated into two
subgroups gallotannins and ellagitannins (Soares et al., 2020).
The latter including strictinin, pedunculagin, tellimagrandin,
glasrin, rugosin, casuarinin, and praecoxin (Fukuda et al., 2003;
Grace et al., 2014; Regueiro et al., 2014; Robbins et al., 2014;
Jia et al., 2018) are more prominent than the former. Brown or
non-visible colors of plant seed, peel, and bark are caused by
proanthocyanidins or condensed tannins (Saigo et al., 2020). As
mentioned above, proanthocyanidin is synthesized by combining
flavonol molecules, i.e., catechin, epicatechin, or their galloylated
derivatives; polymerization started from dimers by several types
of inter flavan linkage (Soares et al., 2020). Proanthocyanidins
have been characterized in seed testa of nut plant species,
especially in peanut, almond, pistachio, and hazelnut (Lou et al,,
1999, 2004; Yu et al., 2006; Monagas et al., 2007; Del Rio et al,,
2011; Sarnoski et al., 2012; Fabani et al., 2013; Grace et al., 2014;
Slatnar et al., 2015; Bodoira et al., 2017, 2019; Bolling, 2017;
Pelvan et al., 2018; Bodoira and Maestri, 2020). As stated in the
current review article (Saigo et al., 2020), proanthocyanidins and
tannins are arduous to study, since their condensed structures are
very complex due to high molecular weight and various types of
chemical bond configuration.

Stilbenoids

Typically, stilbene compounds are rarely found in the seeds of nut
plant species. Resveratrol, one of the most well-known stilbenes
ubiquitously found in grape, Vitis vinifera L. (Salehi et al., 2018),
was detected in peanut skin, whole almond seeds, and pistachio
kernel (Ballistreri et al., 2009; Ballard et al., 2010; Xie and
Bolling, 2014; Coli¢ et al., 2017; Bodoira and Maestri, 2020).
Moreover, various types of stilbene derivatives were also found.
Two prenylated resveratrols, arachidin I and II, were found in
the peanut kernel (Bisby, 1994). In whole almond seed, the
glycosylated resveratrol named polydatin is the most prominently
detected stilbenoid along with small amounts of a methylated and
two hydroxylated resveratrols called pterostilbene, piceatannol,
and oxyresveratrol, respectively (Xie and Bolling, 2014).

Lignans and Coumarins

Although lignans are not well-investigated in nut plant
species, several major plant lignans and their hydroxylated
derivatives have been reported in the nut species that we are
reviewing in this article, such as lariciresinol, matairesinol,
secoisolariresinol, cyclolariciresinol, and 7-hydroxymatairesinol,
whereas cashew nut contains the highest total lignan contents
(Bolling, 2017; Rodriguez-Garcia et al., 2019). The same is
true of lignans in nut species; coumarins in seeds of nut
plant species have not been characterized well. Some simple
and pyrone-substituted coumarin compounds, e.g., aesculin,
aesculetin, umbelliferone, and coumestrol, are mostly found in
whole almond, Japanese chestnut skin, and Chinese chestnut
kernel (Bolling, 2017; Coli¢ et al,, 2017; Tuyen et al., 2017;
Chang et al., 2020).

RECENT UPDATES OF THE
POLYPHENOLIC BIOSYNTHETIC
FRAMEWORK IN SEEDS OF NUT PLANT
SPECIES

An overview of the known polyphenolic biosynthetic framework
is summarized in Figure 4 (Lushchak and Semchuk, 2012;
Cheynier et al., 2013; Anantharaju et al., 2016; Valanciene et al.,
2020). Even though the enzymatic genes regarding polyphenolic
biosynthesis are elucidated and well characterized in model plants
and crop species, such as Arabidopsis thaliana, Zea mays, and
Camellia sinensis (Falcone Ferreyra et al., 2012; Jiang et al., 2013),
numerous key genes are largely uncharacterized in seeds of nut
plant species, probably due to the lower sequence similarity
of genes between major model plants and model nut plant
species. Currently, the information of biosynthetic genes has been
reported only in peanut and pecan. Peanut chalcone isomerase
(CHI) types I and II have been identified (Wang et al., 2012;
Liu et al.,, 2015), and stilbene synthase (AhSTS), the most vital
enzyme for resveratrol biosynthesis, is functionalized (Condori
etal., 2009). In the pecan kernel, three chalcone synthases (CHS)
were isolated and properly characterized (Zhang et al., 2019b).
Moreover, RNA-Seq also provided several other gene candidates
of flavonoid biosynthesis, including PAL, C4H, 4CL, CHI, F3H,
F3'H, DFR, ANS, LAR, ANR, and MYB transcription factor
(Zhang et al., 2019a). However, those candidates have been well
identified by Huang and colleagues (Huang et al., 2019). In 2014,
Chen et al. (2014) performed the first MYB gene family in peanut
investigation and found that AhMYBI15 is related to flavonol
biosynthesis. Aside from seeds, gallate glucosyltransferase (GGT)
I and II are important for PB-glucogallin, the intermediate
compound for hydrolyzable tannin biosynthesis, which were
identified in walnut leaves (Martinez-Garcia et al., 2016).
Stilbenoid prenyltransferases named AhR4DT-1 and AhR3'DT-
1 involved in prenylated resveratrol production in peanut kernel
were explicated in peanut hairy root (Yang et al., 2018). According
to current knowledge, it is apparent that the responsible key
genes for polyphenolics in the seed of nut plant species remain
largely undetermined, especially in the case of decoration
enzymatic genes, which are largely responsible for producing
chemical structure diversification. Identification of these genes
thus represents an important priority for future research.

MODEL NUTS: THE STATE OF THE ART

At present, nut plant species, including peanut (Bertioli et al.,
2019), almond (Sanchez-Pérez et al, 2019), pistachio (Zeng
et al., 2019), walnut (Martinez-Garcia et al., 2016), and hazelnut
(Lucas et al., 2020), have been genome sequenced (Table 1).
Furthermore, draft genome sequences of some chestnut cultivars
have been currently deposited in the genome database. Such
information provides the advantages of those plant species which
became “model nut” species for elucidation of physiological
and biological functions of key metabolic genes via omics-based
approaches. The genome sequence of the cultivated peanut,
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FIGURE 4 | Overview of polyphenolics biosynthesis in major nut plant species.
Genes involved in each biosynthetic step are displayed. Characterized genes
are shown in red color. Abbreviations used. E4P, erythrose-4-phosphate; PER,
phosphoenolpyruvate; DAHPS, 3-deoxy-D-arabino-heptulosonate
7-phosphate synthase; DHQS, 3-dehydroquinate synthase; DHQ,
3-dehydroquinate; DHD, 3-dehydroquinate dehydratase; DHS,
3-dehydroshikimate; JrGGT, gallate 1-B-glucosyltransferase from walnut;
SDH, shikimate dehydrogenase; SK, shikimate kinase; EPSPS,
5-enolpyruvylshikimate 3-phosphate synthase; CS, chorismate synthase; CM,
chorismate mutase; HPPD, p-hydroxyphenylpyruvate dioxygenase; PAT,
prephenate aminotransferase; AD, arogenate dehydratase; CiPAL,
phenylalanine ammonia lyase of pecan; B4H, benzoic acid 4-hydroxylase;
4HB3H, 4-hydroxybenzoic acid 3-hydroxylase; P3OMT, protocatechuic
acid-3-O-methyltransferase; V5H, vanillic acid 5-hydroxylase; VSOMT, vanillic
acid 5-O-methyltransferase; CiC4H, cinnamic acid-4-hydroxylase from pecan;
p-C3H, p-coumaric acid 3-hydroxylase; C30MT, caffeic acid
3-O-methyltransferase; F5H, ferulic acid 5-hydroxylase; 5SHFOMT,
5-hydroxyferulic acid O-methyltransferase; Ci4CL, 4-coumaroyl-CoA ligase
from pecan; Ci/ACC, acetyl coenzyme A carboxylase from pecan; AhSTS,
stilbene synthase from peanut; CiCHS, chalcone synthase from pecan;
AhCHI, CiCHI, chalcone isomerase from peanut and pecan; IFS, isoflavone
synthase; FNS, flavone synthase; CiF3H, flavanone 3-hydroxylase from
pecan; CiFLS, flavonol synthase from pecan; CiF3'H, flavonoid 3'-hydroxylase
from pecan; CiF3'5’H, flavanoid 3'5’-hydroxylase from pecan; CiDFR,
dihydroflavonol reductase from pecan; ANS, anthocyanidin synthase; CILAR,
leucoanthocyanidin reductase; C/ANR, anthocyanidin reductase from pecan;
and UGT, uridine diphosphate glycosyltransferase.

known as allotetraploids, was elucidated after sequencing its
diploid ancestors, A. duranensis and A. ipaensis, providing helpful
hints for peanut domestication (Bertioli et al., 2016). Currently,

using peanut genomics data, lipid metabolism (Chen X. et al,
2019) and the genes involved in size and lipid content in seeds,
leaf disease resistance, and nitrogen fixing capacity (Zhuang et al.,
2019) were investigated and annotated. Importantly, PacBio and
chromosome conformation capture (Hi-C) technologies were
performed in order to improve data reading quality and a
complete peanut genome sequence was lately reported (Bertioli
etal., 2019), resulting in a very high-quality genome.

The walnut genome which was first reported in 2016 revealed
some of the genes involved in polyphenolic transformations
(Martinez-Garcia et al., 2016). The first walnut reference genome
was used to generate high-density 700-K single-nucleotide
polymorphism (SNP) arrays (Marrano et al., 2019). Importantly,
this tool was used to identify gene candidates responsible for
flowering process disclosure (Bernard et al., 2020). However,
given that the early walnut genome remained at the scaffold
level, multi-omics studies for unraveling biological function and
regulation were obstructed. For this reason, the de novo assembly
of the complete walnut genome was attempted by various
techniques. The hybridization of walnut species sequencing by
single-molecule or PacBio long-read sequencing and optical
genome mapping technologies demonstrated a high quality of
parental genome sequence (Wu and Gmitter, 2019; Zhu et al,,
2019). Recently, nanopore long-read sequencing supplemented
with Hi-C technology has been utilized for a high-quality walnut
chromosome level genome assembly (Marrano et al., 2020).
IMlumina sequencing coupled with Hi-C data is also found
to provide high-quality genome data and uncover differences
(Zhang J. et al., 2020). Almond is also recently described to have
a complete genome sequence. The complete genome sequence
of almond was initially reported to be coupled with forty-six
kilobases of the gene cluster encoding five basic helix-loop-
helix (bHLH) transcription factors (Sanchez-Pérez et al., 2019).
Fascinatingly, bHLH?2 is identified to be involved in amygdalin
biosynthesis (Sanchez-Pérez et al., 2019). Alioto and colleagues
similarly performed almond genome sequencing and determined
transposon elements related to amygdalin biosynthesis and
diversification in peach (Alioto et al, 2020). With an ever-
increasing number of high-quality nut plant genomes, gene
conservation of functional genes is one of the important topics
deserving further investigation of plant metabolism. Hazelnut
is the most recently reported complete genome sequence by
a hybrid sequencing strategy combining short reads, long
reads, and proximity ligation methods (Lucas et al., 2020).
The European hazelnut (Corylus avellana L. cv. Tombul) was
sequenced focusing on gene families encoding hazelnut allergens
and the pathogen-resistance locus proteins that are an important
for crop improvement in C. avellana.

BIOSYNTHETIC GENE CONSERVATION
IN NUT GENOMES

In spite of the fact that flavonoids are highly diverse in seeds
of nut plant species, the enzymatic gene involved in flavonoid
biosynthesis named CHS is frequently mentioned as one of
the most conserved key enzymes. In addition, stilbene synthase
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A Genomic regions
Flv stija/b c|/d e|[f|g|/h|i | j k||l | m|n|o p
Medicago truncatula 19 nr 7(5/3[1[1]1 2 12
Trifolium pratense 28 n.r 4 1 2
Cicer arietinum 22 nr 3 1,1 1
Glycine max 46 n.r. 1,1 29111 |21
Vigna radiata 17 nr. |1
Cajanus cajan 14 5 21 1,1
Arachis ipaensis nr. 1 1 113/2/2 |1 24
Arachis hypogaea 21 5 1 113 2|1,2/1,1 22,25
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c D
Arachis hypogaea § g;
Arachis ipaensis § §§§
$%2g

FIGURE 5 | Comparative genomics of CHS and STS in eight legume plant species. (A) Genomic synteny analysis of CHS and STS. Gene lists of six legume plant
species were retrieved from Plaza database (Dicot 4.5; http://bicinformatics.psb.ugent.be/plaza/). Aimond and peanut genome sequences were obtained from the
NCBI database. Numbers in each region indicate the number of tandem duplicated genes. Numbers in each region indicate the number of tandem duplicated genes
and intra synteny genes. Abbreviations used: Flv, flavonoids; and Stl, stilbenoids. (B) Genomic structure of synteny regions b presented in Figure 1A.
(C) Phylogenetic relationship of CHS and STS located in genome synteny analysis of thirteen plant species. Amino acid sequences were attained from the Plaza
database (Dicot 4.5; http://bioinformatics.psb.ugent.be/plaza/) coupled with the NCBI database. The phylogenetic trees were constructed with aligned protein
sequences by MEGA7 (Kumar et al., 2016) using the neighbor-joining method with the following parameters: Poisson correction, complete deletion, and bootstrap
(1000 replicates, random seed). The protein sequences were aligned by MUSCLE implemented in MEGA. Values on the branches indicate bootstrap support in
percentages. The tree with the highest log likelihood (-1287.37) is shown. Colors of circle indicate plant species. (D) Gene expression profile of peanut tissues. Each
gene is connected with the syntenic region. Gene expression data; part and stage of peanuts are described by previous work of Clevenger and colleagues

(STS), the key enzyme of stilbene biosynthesis which resulted
in resveratrol as a first product, is discovered as a homolog
of CHS since they play a similar function and contain a

conserved cysteine residue; hence, STS is described as belonging
to the CHS family (Schroder and Schroder, 1990; Lanz et al.,
1991). In the nut species presented in this article, AhSTSI
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(arahy.QVKQ5Y, XM_025790597.1, ABY86219.1) in A. hypogaea
has been characterized (Condori et al., 2009). Both CHS and STS
belong to the type III polyketide synthase (PKS) family and have
been occurred during functional diversification of PKS (Tohge
et al.,, 2013b). In current informatics research, the phylogenomic
synteny network combined with phylogenetic analyses of whole-
genomic data of 126 plant species has been developed and
focused on the macroevolution of diversification of the PKS
family (Naake et al., 2020). In this review, we performed the
comparative genomics of CHS and STS between nuts and closely
taxonomic-related species by phylogenomic synteny analysis.
The total diverged genomic synteny regions of CHS and STS
in eight legume plant species are comprised in twenty regions
(Figures 5A,B). Three regions (b, k, and 1) are commonly
found in all studied plant species, whereas m, n, o, and p
regions are specific to peanut species. Additionally, the numerous
tandem gene duplication is prominently presented in regions b,
¢, d, I, 1, m, n, and p. Even though CHS and STS genes are
generally noticed in every mentioned plant species, the flavonoid
and/or stilbenoid are still not reported providing a research gap
for further metabolite investigation. Based on CHS and STS
syntenic regions, a phylogenetic analysis demonstrates the clearly
visible separation of region p in wild and cultivated peanut
(Arachis ipaensis and A. hypogaea, respectively), soybean (Glycine
max), red clover (Trifolium pretense), and medicago (Medicago
truncatula) from the others; it suggests that those uncharacterized
genes may function as CHSs (Figure 5C). Interestingly, two
characterized grapevine STSs show a separated relationship from
PhSTS with high bootstrap support. This suggests that these two
enzymes evolved from different ancestors may be caused by neo-
functionalization of species-specific tandem gene duplications.
Nevertheless, a major part of the two displays low bootstrap
percentage, which suggests that the CHS and STS phylogeny
of the current studied plant species is highly assorted and
complex; as such, further investigation is imperative. Apart
from genomics investigations, transcriptomic studies are also
important for metabolomics studies and crop improvement. The
gene expression profiles of various peanut tissues have been
revealed (Clevenger et al., 2016). Thus, we attempted to link our
synteny analysis with this previously published gene expression
data. phSTS (XP_025646382.1, ABY86219.1) is expressed in fruits
of peanuts. Obviously, XP_025642791 (gene ID. Arahy.0FI6RG)
which is pinpointed on region b is mainly expressed during
the development of peanut seeds (Figure 5D). Furthermore,
a co-expression network analysis of these genes is presented
in Figure 6. phSTS shows a highly correlated expression with
many tandem gene-duplicated CHSs, genes encoding CHI, and
O-methyltransferase (OMT). On the other hand, Arahy.0FI6RG
is correlated with genes related to several types of enzymes,
including hydrolases, oxidoreductases, epimerases, and kinases.
Moreover, some of these genes are involved in the regulation
of transcription factors and transporters. The functions of these
candidate genes need to be evaluated experimentally; however,
our example of the in silico omics-based approach provides
insights for future researches into the elucidation of key genes
involved in nut polyphenols for metabolomics-assisted breeding
approaches aimed at enhancing health-beneficial components.

A Arahy.HGK3FC
Arahy.NUEOH2 Arahy.KVQEGR
Arahy.PAL3F5 Arahy.QVKQ5Y
Arahy.T45QSM Arahy.3WHS5A3

Arahy.ZEJONU Arahy.I19DV29
Arahy.Y62ATV Arahy.89FC4C
Arahy.U6WJF3 Arahy.8WX7RX

Arahy.J75ZHQ Arahy.Q5CKGN
Arahy.8YD2L3 Arahy.7AQC2V
Arahy.ZK4XM6 Arahy.MEOHAD
Arahy.9C11CW
@cHs @owmt @ chalcone-flavanone isomerase
@ Descase response (O other
B
Arahy.Z1RXDB
Y Arahy.AQ6B1J ArahyMSEAYArahy.UQOZ3E

A Arahy. WSTDEC
@ Arahy.N55S1W
Arahy.EV27NL

Arahy.ESBBOK

@) Arahy.T1J2UZ
Arahy.V5ZBYQ Arahy.G1MAHE

@cHs hydrolase (@ oxidoreductase
@ epimerase @ transporter @ kinase

transcription factor

O other

FIGURE 6 | In silico co-expression gene network analysis of the peanut STS
gene putatively annotated by comparative genomics. (A) AhSTS,
(B) Arahy.OFI6RG.

SUMMARY AND FUTURE PERSPECTIVE

Nuts are regarded as treasured food crops due to their
high contents of potential bioactive components which are
able to promote human health benefit. In our summary
of the chemical diversity of nut polyphenols, flavonoids are
found as the major structurally diversified polyphenols in
both aglycone and decorated forms among seeds of nut
plant species. With regard to the latter, the glycoside is the
main category of polyphenolic derivatives. Diversification of
chemical structures results in different effectiveness of biological
activities, particularly antioxidants. Although the polyphenolic
biosynthetic pathway is widely known, genes of nut plant
species encoding enzymes responsible for each step remain
uncharacterized. Genome synteny analysis of CHS and STS
provides a strategic example for understanding the evolution and
conservation of these two enzymes in seeds of nut plant species.
Notably, there are several research gaps for nut plant species
since much of our knowledge is fragmentary and considerable
further investigation is required. Deciphering the multi-omics
(genomics, transcriptomics, proteomics, and metabolomics) of
nut plant species will provide fundamental data for their
physiological function and potential for crop improvement,
including increasing crop yield, stress, and disease tolerance,
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as well as enhance the production of human health beneficial
specialized metabolites.
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The farnesoid X receptor (FXR) plays a critical role in the regulation of lipid and bile acid (BA)
homeostasis. Hepatic FXR loss results in lipid and BA accumulation, and progression from
hepatic steatosis to nonalcoholic steatohepatitis (NASH). This study aimed to evaluate the
effects of xanthohumol (XN), a hop-derived compound mitigating metabolic syndrome, on
liver damage induced by diet and FXR deficiency in mice. Wild-type (WT) and liver-specific
FXR-null mice (FXR“Ve~") were fed a high-fat diet (HFD) containing XN or the vehicle
formation followed by histological characterization, lipid, BA and gene profiling. HFD
supplemented with XN resulted in amelioration of hepatic steatosis and decreased BA
concentrations in FXR-V*"~~ mice, the effect being stronger in male mice. XN induced the
constitutive androstane receptor (CAR), pregnane X receptor (PXR) and glucocorticoid
receptor (GR) gene expression in the liver of FXR-"*"~~ mice. These findings suggest that
activation of BA detoxification pathways represents the predominant mechanism for
controlling hydrophobic BA concentrations in FXR-®~'~ mice. Collectively, these data
indicated sex-dependent relationship between FXR, lipids and BAs, and suggest that XN
ameliorates HFD-induced liver dysfunction via FXR-dependent and independent signaling.

Keywords: nonalcoholic fatty liver disease, farnesoid X receptor, bile acids, lipid metabolism, xanthohumol

INTRODUCTION

Dyslipidemia coincides with other metabolic disorders such as obesity, hypertension, and glucose
intolerance, defined as metabolic syndrome (MetS), which increase the risk to develop type 2
diabetes (T2D) and cardiovascular diseases (Porez et al,, 2012). Obesity and T2D are also
associated with nonalcoholic fatty liver disease (NAFLD), a spectrum of chronic liver
abnormalities from simple steatosis to nonalcoholic steatohepatitis (NASH) to liver cirrhosis
(Larter et al., 2010; Chiang, 2013). The growing prevalence of obesity and high-fat diet (HFD)-
induced dyslipidemia represent a public health problem worldwide and the development of drugs
with a combined effect on different risk factors may be more effective than the use of combinatorial
therapy to manage patients’ global risks.
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Before the discovery of statins, hypercholesterolemia was
primarily treated with bile acid (BA) sequestrants, which bind
BAs in the intestine and prevent their reabsorption, thereby
promoting the hepatic synthesis of BAs from cholesterol
(Staels and Kuipers, 2007; Porez et al., 2012). BA synthesis in
hepatocytes occurs largely through the classical pathway initiated
by the rate-limiting enzyme cholesterol 7a-hydroxylase
(CYP7A1l). The classical pathway forms the primary BAs,
cholic acid (CA) and chenodeoxycholic acid (CDCA),
following a multistep enzymatic process. In complement,
CYP27A1 initiates an alternative pathway of BA synthesis that
also leads to CDCA synthesis (Garcia et al., 2018). Shortly after
their synthesis, BAs are conjugated to glycine or taurine and
stored into the gallbladder (Chiang, 2013; Garcia et al., 2018).
Besides their involvement in transcriptional regulation of
cholesterol metabolism (Chiang, 2002; Trauner et al., 2010),
BAs regulate hepatic gluconeogenesis, glycogen synthesis and
insulin sensitivity (Ma et al., 2006; Trauner et al., 2010). BAs also
modulate neurotransmission, neuroendocrine responses, and
neurogenesis indicating their importance in neurological
functions (Schubring et al., 2012; McMillin and DeMorrow,
2016). However, BA accumulation causes inflammation,
hepatic injury (Chiang, 2017) and is associated with motor
and cognitive impairments (Huang et al., 2016; McMillin
et al, 2016). A key regulator of maintaining lipid and BA
homeostasis is the farnesoid X receptor (FXR, NR1H4), which
upon activation by BAs, polyunsaturated fatty acids and
farnesylated proteins (Forman et al,, 1995; Makishima et al,
1999; Zhao et al., 2004), regulates the expression of target
genes involved in various physiological processes (Chawla
et al., 2001; Sun et al.,, 2021). An increase of intracellular BAs
also activates the constitutive androstane receptor (CAR) and
pregnane X receptor (PXR). They modulate transcriptional
regulation of their targets including genes encoding hepatic
BA metabolizing enzymes and BA/organic anion transporters
(Guo et al, 2003; Uppal et al, 2005; Lee et al, 2006).
Subsequently, FXR, CAR and PXR have emerged as promising
targets for the treatment of metabolic disorders associated with
MetS (Gao and Xie, 2012; Porez et al., 2012).

Xanthohumol (XN) is a hop-derived flavonoid, which
mitigates obesity-related metabolic impairments by improving
dysfunctional glucose and lipid metabolism in HFD-fed animals
(Miranda et al., 2016; Miranda et al., 2018). Treatment of HFD-
fed C57BL/6] mice with a diet containing XN decreases their
plasma low-density lipoprotein cholesterol (LDL-c), IL-6,
Homeostatic Model Assessment of Insulin Resistance
(HOMA-IR) and leptin concentrations (Miranda et al., 2016).
XN enhances fatty acid oxidation as a result of mild
mitochondrial uncoupling (Kirkwood et al, 2013) and
decreases adipocyte markers such as PPARy, C/EBPa and
DGAT1 (Yang et al., 2007). This effect might be at least partly
mediated by FXR, since XN is a ligand of FXR (Yang et al., 2016)
that modulates FXR downstream gene expression in a manner
similar to selective bile acid receptor modulators (SBARM)
(Nozawa, 2005; Paraiso et al., 2020). However, the extent to
which FXR signaling mediates the in vivo effects of XN is
unknown. Both activation of hepatic FXR and inhibition of
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intestinal FXR have beneficial effects in obesity-related
metabolic diseases (Sun et al., 2021) due to differential effects
on metabolic regulation (Kim et al., 2007; Schmitt et al., 2015).
These effects are further emphasized by the observation that
intestine-specific FXR knockout mice are resistant to HFD-
induced obesity, while HFD-fed liver-specific FXR knockout
mice develop NAFLD (Li et al, 2013; Schmitt et al, 2015).
Therefore, tissue-specific mouse models are necessary to
dissect the complex effects of FXR on dyslipidemia. In the
current study, we wused liver-specific FXR-null mice
(FXRM"™) to investigate the effect of XN on dyslipidemia
and BA accumulation. Our findings demonstrate that XN
ameliorate HFD-induced hepatic injury and dysfunctional lipid
and BA metabolism in WT and EXR"*"~/~ mice. We also provide
evidence that XN induces expression of nuclear receptors (NRs)
including CAR, PXR and the glucocorticoid receptor (GR)
involved in the metabolism of BAs and lipids. These findings
have potentially important implications in the treatment of
metabolic and cholestatic diseases.

MATERIALS AND METHODS

Animal Studies

All animal experiments were performed in accordance with
institutional and National Health and Medical Research
Council guidelines. The experimental protocol was approved
by the Institutional Animal Care and Use Committee at
Oregon State University and the studies were carried out in
accordance with the approved protocol (IACUC 2019-0001).
Nine-week-old WT male and female C57BL/6] mice were
obtained from Jackson Laboratory (Bar Harbor, ME,
United States). FXR™ "/~ mice were generated by crossing
FXR™ mice with mice harboring the Cre recombinase
under the control of the albumin promoter (AIb“™) to
produce the AIb":FXR™ ™ or FXR"™ ™~ mice (Kong et al,
2016). All mice were in C57BL/6] genetic background for over 12
generations. Mice were housed in groups of two-3 in ventilated
cages under a 12-12-h light-dark cycle and fed a HFD (Dyets Inc.
Bethlehem, PA, United States) containing 60, 20 and 20% total
calories from fat, carbohydrate and protein, respectively. XN
(purity >99%) from Hopsteiner Inc (New York, NY,
United States) was mixed into the diet as previously described
(Miranda et al., 2018) to deliver a dose of 60 mg/kg body weight/
day. The control diet contained an identical amount of the
vehicle. 15 WT mice (8 females, 7 males) and 18 FXRMWer~/~
mice (10 females, 8 males) were fed a control HFD, while 15 WT
mice and 18 FXR"""/~ mice were treated with XN for a duration
of 12 weeks. Food intake and body weights were recorded weekly.
At week 10, fasting glucose was measured after 6 h of fasting by
using the One Touch UltraMini glucometer (LifeScan Inc.
Milpitas, CA, United States). At the end of 12weeks of
feeding, fed-state mice were euthanized by cervical dislocation,
their blood collected, and their liver and hippocampus were
dissected for further analyses. Deletion of FXR in the liver of
FXR™*"~~ mice was confirmed by genotyping at weaning (Kong
etal., 2016). Quantitative PCR after the feeding experiment. FXR
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mRNA levels were ~ 3-fold lower in the liver of mutant compared
to WT mice (Supplementary Figure S1).

Histology

Liver biopsies from n = 3 male mice per genotype-diet group were
fixed in 4% paraformaldehyde, embedded in OCT and 10 um-
thick sections were used for histology. Hematoxylin and Eosin
(H&E) and Sudan black staining were performed as previously
described (Chang et al., 2019).

Measurement of Hepatic Transaminase
Activities and Plasma Leptin

Concentrations

To measure ALT and AST enzymatic activities, liver samples (n =
6 per genotype-diet group) were homogenized in 10 ml of
100 mM Tris (pH = 7.8) per Gram of tissue. The homogenates
were centrifuged at 10,000 xg for 15 min at 4°C. The supernatants
were analyzed for ALT and AST activity using colorimetric assay
kits purchased from Cayman Chemical (Ann Arbor, MI,
United States). Plasma leptin concentrations (n = 5-7 per
genotype-diet group) were measured using the Enzyme
Immunoassay kit from SPI Bio Inc.. (Sherbrooke, QC,
Canada) as per manufacturer’s instructions.

Liver Lipidomics

Mouse liver samples (50 mg, n = 15-18 per genotype-diet group)
were spiked with SPLASH Lipidomix internal standards from
Avanti Lipids (Alabaster, AL, United States) and homogenized
with zirconium oxide beads and 1 ml of cold methylene chloride:
isopropanol: methanol (25:10:65, v/v/v) + 0.1% butylated
hydroxytoluene (BHT). The mixture was incubated at -20°C
for 1h and centrifuged at 13,000 rpm for 10 min 20 pL of the
supernatant was diluted 1/10 in extraction solvent before MS
analysis. UPLC was performed using a 1.7 um particle, 2.1 mm x
100, CSH C18 Column (Waters, Milford, MA, United States)
coupled to a quadrupole TOF mass spectrometer (AB SCIEX,
TripleTOF 5600) operated in information-dependent MS/MS
acquisition mode. LC and MS conditions were developed by
our group and described previously by Choi et al. (Choi et al,
2015) with some adjustments. For positive ion mode LC-QToF-
MS/MS, the mobile phases consisted of (A) 60:40 (v/v)
acetonitrile: water with ammonium formate (10 mM) and
formic acid (0.1%) and (B) 90:10 (v/v) isopropanol:
acetonitrile with ammonium formate (10 mM) and formic acid
(0.1% formic acid). For analyses run in the negative ion mode,
ammonium acetate (10 mM) was used as the modifier.
Quantification of lipid species was performed using
MultiQuant Software version 3.0.2 (SCIEX), after annotation
in PeakView Software Version 1.2 (SCIEX) based on accurate
masses and retention times for each lipid. The library of lipid
profiling for identification was introduced by Cajka et al. (Cajka
et al., 2017).

Bile Acid Analysis
Plasma samples collected post-euthanasia (20 uL, n = 15-18 per
genotype-diet group) were spiked with 0.1 ng of cholic acid-d,
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internal standard (Cayman Chemical, Ann Harbor, MI,
United States) per uL of plasma. 1 ml of ice-cold acetonitrile
was added, and the mixture was vortexed and centrifuged at
13,000 rpm for 10 min. The supernatant was evaporated under
vacuum and reconstituted in 50% MeOH.

Liver samples without gallbladder (25mg, n = 15-18 per
genotype-diet group) were homogenized in 1ml of solvent
(isopropanol/water, 2:1, v/v with 0.1% formic acid) containing
1.6 ng/ml of cholic acid-d, internal standard. Samples were
homogenized using a counter-top bullet blender for 5 min and
centrifuged at 13,000 rpm for 5min. The supernatants were
filtered with OSTRO phospholipid removal plate (Waters,
Milford, MA, United States), evaporated under vacuum and
reconstituted in 50% MeOH.

Left and right hippocampus were pooled, ground in liquid
nitrogen and freeze-dried. The samples were weighed and spiked
with 1pg of cholic acid-d, internal standard per mg of
hippocampus. Approximately 8 mg of hippocampus (dry
weight, n 13-17 per genotype-diet group) were
homogenized with 1:30 pL (m/v) of 50% MeOH using a
counter-top bullet blender for 10min and centrifuged at
15,000 rpm for 20 min and supernatants used for HPLC analysis.

UPLC was performed using a 1.7 um particle, 2.1 mm x 100,
CSH C18 column (Waters, Milford, MA, United States) coupled
to a hybrid triple quadrupole linear ion trap mass spectrometer
(AB SCIEX, 4000 QTRAP). LC and MS conditions were
developed by our group and described in the Supplemental
data. BAs were identified by matching their retention time,
isotopic pattern, exact mass of the [M-H]" ion and
fragmentation pattern with those of authentic standards
(IROA Technologies, Sea Girt, NJ, United States). SRM
transitions used for quantification are listed in
(Supplementary Table S1) and additional parameters such as
collision energy are listed in (Supplementary Table S2).

100% of the mice had hepatic and plasma BA above the
detection limit and 82% (52 out of 63 mice) had hippocampal
BA above the detection limit, i.e. 74% of the WT mice vs. 89% of
the FXR""*"™/~ mice.

XN and Metabolites Concentrations in Liver

and Plasma

Liver and plasma extracts (n = 15-17 per genotype-diet group)
were analyzed for XN and metabolites by LC-MS/MS using a
hybrid triple quadrupole linear ion trap mass spectrometer (AB
SCIEX, 4000 QTRAP). Analytes were separated by UPLC carried
out using a 2.1 x 50 mm Agilent Zorbax 300 SB-C8 3.5 pm
column (Agilent, Santa Clara, CA, United States). Each run
lasted 6 min at a flow rate of 0.4 ml/min. The elution gradient
started at 30% solvent B (0.1% formic acid in acetonitrile) in
solvent A (0.1% formic acid in water) and was increased to 60%
solvent over the initial 1.5 min. The gradient was held at 60% for
1 min, increased to 100% B for 0.5 min, held at 100% B from 3.0
to 3.8 min, then dropped to 30% B in 0.1 min. The column was
equilibrated for 2.1 min until 6.0 min. SRM transitions for
quantification were m/z 353 — 119 for XN and
isoxanthohumol (IX), m/z 339 — 219 for 8-prenylnaringenin
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(8 PN), m/z 355 — 249 for a,-dihydroxanthohumol (DXN), and
m/z 341 — 235 for O-desmethyl-a,p-dihydroxanthohumol
(DDXN).

RNA Sequencing and Analysis

RNA was prepared from liver samples (n = 4-5 per genotype-diet
group) and sequenced as previously described (Singh et al., 2018).
All samples were processed and analyzed in parallel. Sequence
quality was assessed by FastQC. Reads were aligned by Hisat2
(Kim et al., 2019) and Samtools (Li et al., 2009). A gene count
matrix was generated byStringtie (Pertea et al., 2015). Two data
sets, HFD (control) and HFD-XN (treatment) were derived from
the gene count matrix. Each set was analyzed in parallel by
DESeq2 (Love et al., 2014) for differential expression (DE)
calculation. DE was calculated for FXR"“™~ mutant over
wildtype. PCA plots were generated using the DESeq2
package. Benjamini-Hochberg multiple-test correction was
applied to control for the number of false positives with an
adjusted 5% statistical significance threshold (Benjamini and
Hochberg, 1995). A heatmap was created using the pheatmap
package in R (version 3.6). Functional annotation clustering was
achieved in Network Analyst v3.0 using the Kyoto Encyclopedia
of Genes and Genomes (KEGG) database.

Real-Time PCR

RNA samples from mouse liver (n = 4-5 per genotype-diet group) were
reverse-transcribed  using the High-Capacity <¢DNA  Reverse
Transcription ~ Kit  (Applied  Biosystems, ~Waltham, MA,
United States). universal SYBR® Green Supermix (Bio-Rad, Hercules,
CA, United States) was used following the manufacturer’s protocol and
amplifications were performed using the ABI Prism 7300 Real-Time
PCR System (Applied Biosystems, Waltham, MA, United States). Each
sample had two technical replicates. Gene expression was normalized to
levels of Polymerase-II. Relative gene expression was calculated using the
274 method. All primers were purchased from IDT technologies
(Coralville, IA, United States) and are listed in (Supplementary
Table S3).

Statistical Analysis

Statistical data were analyzed in SAS version 9.4 (SAS Ins. Inc.,
Cary, NC). Plasma leptin, AST, and ALT concentrations,
intestinal gene expression, and liver receptor data were not
normally distributed and could not be normalized through
transformation. Therefore, these parameters were analyzed
using the non-parametric Wilcoxon rank sum test after
checking for interactions. We categorized values into elevated
and normal and used Fisher’s exact test to compare treatment
groups. BAs and XN concentrations were not normally
distributed but rather distributed logarithmically to the base
10, where 1 is equal to 10, two is equal to 100, and 3 is equal
to 1000, and were analyzed on that scale. In addition, we
categorized BA values into elevated and normal and compared
treatment groups using Fisher’s exact test. The remaining lipid
data were analyzed without transformation. The effect of XN-
treatment was evaluated separately for WT and FXRM'™/~
mice using a generalized linear model in PROC GLM with
XN-treatment, sex, and their interaction, because FXR™'e'™/~
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mice had larger variance estimates than WT mice. The effects
of genotype and sex were evaluated in untreated mice using a
generalized linear model in PROC GLM with genotype, sex, and
their interactions, as XN modified the effect of genotype and sex.
All statistical tests were two-sided. Significance was declared at
p < 0.05. Correlations were tested by calculating non-parametric
Spearman’s correlation coefficient, r.

RESULTS

Sex Influences XN Metabolism in WT and
FXR-"*""~ Mice

During the course of the study, weight gain in HFD-fed WT and
EXR™ ™~ mice were comparable (Table 1). HFD-fed males
gained more body weight than females (Supplementary Figure
§2); this effect was significant in WT mice (p < 0.0001) but not in
FXR™""~ mice (p = 0.1). To ensure oral bioavailability of XN in
WT and FXR"™ /" mice, we measured liver and plasma
concentrations of XN and its metabolites in XN-treated mice.
Oral bioavailability of XN was comparable in both genotypes
(Supplementary Table S4), but IX, a product of XN
isomerization, reached higher concentrations in the liver of WT
mice compared to FXR""™"~ mice. Moreover, we observed sex-
related differences as females had significantly higher
concentrations of XN and IX than males (Table 2). Since there
was no difference in food intake, this observation is likely a result of
the lower body weight in females compared to males.
a,3-Dihydroxanthohumol (DXN), a bacterial metabolite of XN
(Paraiso et al., 2019) was not affected by sex or genotype, while
8-prenylnaringenin (8PN) hepatic concentrations were elevated in
male FXR"™"/~ mice. These observations suggest an influence of
sex on XN pharmacokinetics, likely due to the differences in weight
and volume of distribution between males and females.

XN Ameliorates HFD-Induced Liver Damage
To assess if the HFD successfully induced NAFLD, we examined
liver sections from three representative male mice per treatment
group. Hematoxylin and eosin (H&E) stained liver sections showed
hepatic steatosis in the form of vacuoles with a clear appearance in
HFD-fed WT and FXR"*"~'~ mice (Figures 1A,B). We observed a
reduction in number and size of these vacuoles in both genotypes in
XN-treated mice (Figures 1C,D). Sections stained with Sudan black
confirmed an increase in lipid vacuoles in FXR“™ ™~ mice
compared to WT (Figures 1EF), which was reversed in XN-
treated mice (Figures 1G,H, Supplementary Figure S3).
Another marker of NAFLD is the proportion of liver weight
(LW) over total body weight (LW%). After 12weeks on the
HFD, untreated FXR"™ ™'~ mice exhibited increased LW (p =
0.02) and LW% (p = 0.03) than WT mice (Table 1). In addition,
males had increased LW than females in WT mice (p = 0.001) and
FXR*""~ mice (p < 0.0001, Supplementary Figure S4A). Fasting
glucose was also elevated in males compared to females in both
genotypes (Supplementary Figure S4B).

To measure the extent to which the steatosis had resulted in
liver tissue damage, we measured aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) enzymatic activities
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TABLE 1 | A list of metabolic parameters measured in WT and FXR-"*"~"~ mice upon 10 weeks (%) or 12°weeks of HFD + XN.

WT

Initial body weight (g) 2228 + 0.9
Body weight gain® (g) 12.22 + 1.62
Body weight gain (g) 15.25 + 1.38
Fasting glucose® (mg/dl) 200.73 + 13.55
Liver weight (g) 1.11 £ 0.08
% Liver weight (% body weight) 2.95 + 0.11
AST (U/mL) 0.32 + 0.09
ALT (U/mL) 0.53 + 0.14
Food intake (g/day) 3.05 + 0.34
Leptin (ng/ml) 30.14 + 6.99

Data displayed as mean + SEM. Significant differences are marked as *p < 0.05, p < 0.01, ”

7’ &&&

comparison, %p < 0.05, **p < 0.0 p < 0.001 for gender comparison.

WT XN FXRLiver—/— FXRLiver—/— XN
22.18 + 0.71 2257 +0.73 22.32 + 0.52
11.71 £ 1.73 16.07 + 1.63 15.72 + 1.02
14.62 + 1.45 16.22 + 1.54 16.24 + 1.18

198 + 9.59 200.5 + 10.82 203.81 + 6.2
1.09 + 0.12 1.35" + 0.09 1.23 + 0.07

2.84 + 017 3.50" + 0.18 3.41+0.19

0.28 + 0.08 1.46" + 0.6 0.24* +0.08

0.38 + 0.1 0.83 + 0.39 0.33 +0.08

3.40 + 0.17 251 +0.05 2.79 + 0.06
29.75 + 4.03 66.2 + 15.36 43.38 + 10.52

b < 0.001 for effect of XN treatment, *p < 0.05, *p < 0.01, ***p < 0.001 for genotype

TABLE 2 | Concentrations of XN and metabolites (IX, 8PN, DXN) in the plasma and liver of females vs. males HFD-fed WT and FXR““*~~ mice.

Female WT XN Male WT XN
XN 2261 +4.4 16.94 + 3.2
X 16.0 + 4.0 8.73% +2.0
DXN 1.90 + 0.4 3.02+1.2

Female WT XN Male WT XN
XN 0.28 + 0.05 0.16% + 0.03
X 1.53 + 0.35 0.68% + 0.08
8PN 0.04 + 0.01 0.05 + 0.01

Plasma (nM)

Female FXR-"*"/~ XN Male FXR-"*"~~ XN

30.45 + 5.3 14.65%+ 1.8
13.55 + 3.2 8.78 + 1.6
1.36 + 0.45 3.60 + 1.89

Liver (nmol/g)

Female FXR™"*""/~ XN Male FXR-"*""~ XN

0.23 + 0.08 0.29% + 0.05
0.58"* + 0.09 0.65 + 0.05
0.06 + 0.03 0.13%%& + 0.04

Data displayed as mean + SEM (n = 7-10 per group). *p < 0.05, *p < 0.01 for genotype comparison, ép < 0.05, ¥p < 0.01 for gender comparison.

in liver homogenates. Absence of hepatic FXR might promote
liver tissue damage as AST levels were increased in untreated
FXR™"™"~ compared to WT mice (p = 0.02, Table 1). XN
reduced AST levels in treated FXRUY™~ mice (p = 0.03).
Plasma leptin concentrations were elevated in FXR™""~/~ mice
but differences in leptin and food intake among groups were not
significant. These results suggest that HFD-induced NAFLD is
accentuated in absence of hepatic FXR and the severity of the
hepatic steatosis is attenuated by XN supplementation.

XN Ameliorates HFD-Induced Lipid

Accumulation
We annotated and measured the relative abundances of 116
individual hepatic lipids including triglycerides (TG), free
cholesterol, esterified cholesterol (CE), ceramides and
sphingomyelins (SM; Figure 2A). We observed sex, genotype
and XN-dependent effects on lipid composition (Figures 2B-H).
Hepatic TG were increased in female FXR"/~ compared to
their WT counterparts, but male FXR'™*"~'~ mice displayed the most
severe hepatic steatosis. Male FXR™*" '~ mice had elevated hepatic
TG, cholesterol, CE and ceramides compared to female FXR™"
mice and compared to male WT mice (Figures 2B-E). The
proportion of CE over total cholesterol (%CE) and the proportion

of ceramide over total sphingolipids (%ceramide) was higher in
FXR"™ ™~ males compared to WT males (Figures 2G,H). These
data indicate that male mice are more responsive to diet-induced
hepatic steatosis in the absence of FXR signaling in the liver.

In FXR"* " mice, XN had a predominant effect in male
mice, which exhibited the highest hepatic lipid accumulation.
Total CE (p = 0.06), cholesterol (p = 0.07) and ceramides (p =
0.0005) were decreased in XN-treated male FXRYY"™~ mice
compared to the untreated mice. The %ceramide, a measure of
the proportion of ceramides among other sphingolipids,
correlated better with histological improvements than
ceramide abundances. XN treatment decreased %ceramide in
male WT (p = 0.01) and male FXRYY '~ mice (p = 0.02); both
groups had the most elevated %ceramide among the untreated
groups. SM abundances followed a trend opposite to that of other
lipids and were increased in XN-treated WT males (Figure 2F).
These data suggest that XN regulates lipid metabolism via
pathways independent of hepatic FXR signaling.

XN Ameliorates HFD-Induced Dysfunctional
BA Metabolism

We screened for 34 individual BAs in the plasma, liver and
hippocampus of WT and FXR" ™~ mice using UPLC-MS/MS.
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FIGURE 1 | XN prevents HFD-induced hepatic steatosis.

Representative liver histology by H&E (A-D) and Sudan Black (E-H) of male
WT and FXR"Ve~~ mice fed HFD + XN. Arrows indicate vacuoles, a
characteristic structure of hepatic steatosis.

Hippocampal BAs were measured to investigate BA retention in
tissues deficient in BA detoxification and export mechanisms.
Fifteen BAs were detected and quantified in the liver, 12 BAs in
the plasma and 7 BAs in the hippocampus.

FXR"/~ had higher BA concentrations in plasma (p < 0.0001,
Figure 3A) and liver (p = 0.01, Figure 3C) than WT mice, while an
increase in hippocampal BAs was observed in FXR™""~ males
only (p = 0.04, Supplementary Figure S5). The most severe BA
accumulation occurred in the plasma of FXR'™ ™'~ mice, with a 7-
fold increase in total BAs vs. 2-fold increase in the liver. The change
was driven by an increase in primary conjugated BAs (Figures
3A-D). Hippocampal BA retention was more pronounced than
hepatic BA retention as FXR'*"~~ mice exhibited 9-fold increase
in total hippocampal BAs compared to WT (Figures 3E,F)
indicating passage of BAs through a possibly altered blood brain
barrier (BBB). These data suggest that hepatic mechanisms of BA
efflux remained more efficient than cerebral mechanisms of BA
efflux in FXR"™ ™" mice. This is further supported by our
observation that, in FXR"™“ ™~ mice, plasma BAs were more
strongly correlated to hippocampal BAs (r = 0.90, p < 0.0001)
than to hepatic BAs (r = 0.49, p = 0.005, Figures 3G,H). BA pool
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composition was also modified in FXR"“*" '~ mice. The percentage

of plasma primary conjugated BAs over total BAs was 50% in WT
mice vs. 85% in FXR"""~'~ mice (Figure 3B). Hepatic conjugation
of BAs improves their hydrophilicity and reduces their toxicity
suggesting that FXR' "~ mice developed a metabolic mechanism
to counter BA-mediated toxicity.

XN treatment promoted BA synthesis in WT mice but
attenuated BA accumulation in FXR""/~ mice. XN effect on
BA concentrations was independent of sex in WT mice. XN
supplementation of WT mice resulted in increased plasma
primary conjugated BAs (p = 0.03, Figure 3A) and increased
hepatic primary unconjugated BAs (p = 0.02, Figure 3C). These
observations are in accordance with previous reports that XN
induces CYP7A1 and hepatic BA synthesis in WT mice
resulting in increased BA concentrations (Paraiso et al., 2020).
DCA, TCA, B-MCA and FXR antagonists, T-a-MCA and T-f-
MCA, were increased in the liver and/or plasma of XN-treated WT
mice (Figures 4A,B). By contrast, XN treatment resulted in
decreased BA concentrations in FXR"*/~ mice. CA and CA-
derived BAs including DCA, TCA and TDCA were decreased in the
liver of EXR™" ™~ mice in both sexes, with males exhibiting more
significant changes (Figures 4A-C). CA, DCA and w-MCA were
decreased in the plasma of XN-treated male FXR"™ '~ mice.

In summary, XN reduced most individual BAs of the classical
pathway in FXR"™“ '~ mice and increased BAs from the
alternative pathway of synthesis in WT mice (Figures 4A,B;
Supplementary Figure S6). Since BAs did not reach pathological
concentrations in WT mice, these results suggest an adaptation of
XN mechanism of action to the pathophysiological conditions
and the possible activation of BA receptors independent of FXR.
These observations further support a genotype-specific
differential modulation of metabolism by XN.

XN Ameliorates HFD-Induced Hepatic Gene

Profiles

We analyzed changes in global gene expression profiles in hepatic
tissue of HFD-fed WT and FXR"™* ™'~ mice. Since a smaller
subset of samples was sequenced, male and female mice RNA
sequencing data were pooled to increase the power of the analysis.
Functional annotation clustering revealed that genes differentially
affected by HFD in WT and FXR"*~'~ mice can be classified
into two main functional groups: genes involved in metabolic
processes vs. genes involved in inflammation and carcinogenic
processes (Supplementary Table S5). The comparison between
XN-treated and untreated FXR" "™/~ mice revealed 243 shared
genes, with 759 features unique to untreated mice and 170
features unique to XN-treated mice (Figure 5A). Within the
shared features, XN supplementation impacted several gene
networks including lipid metabolism (Mgat2, Sptlc2, Smpd3),
ABC transporters involved in BA transport (Abcc4, Abcc3,
Abcbl1), metabolism of xenobiotics with genes involved in
phase I and II metabolism (Gstal, Gstm3, Ugtla7c, Sult2a7),
PI3K-Akt signaling pathway (Tnc, Tlr2, Sppl, Thbsl, Lamb3),
cytokine-cytokine receptor interactions (Ccl2, Cxcl9/10, Cd9,
Tnfrsfla) and amino acid metabolism (Sardh, Aadat, Kyat3)
(Figure 5B).
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In WT mice, presence of XN was associated with increased
expression of genes involved in lipid and xenobiotic metabolism
such as Mgatl, Cyplal, Ugtla7c, and decreased expression of
genes involved in energy metabolism (Clock, Rnfl46) and
inflammation (Cebpg, Saal, Saa2) (Figure 5C; Table 3).

CCAAT-enhancer binding proteins (C/EBP) interact with the
proximal promoter of the Saa genes and regulate hepatic
expression of SAA (Ray et al, 1995). The concurrent decrease
in Cebpg and Saa expression suggests that XN-mediated repression
of Saal and Saa2 is mediated by inhibition of Cebpg expression.
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FIGURE 4 | XN differentially modulates classical and alternative

pathways of synthesis in WT vs. FXR-Y*~/~ mice. Heatmaps of individual BA
concentrations in the plasma (A), liver (B) and hippocampus (C) of HFD-fed
WT and FXR-"*""~ mice. *b < 0.05, *p < 0.01, **p < 0.001 for effect of

XN treatment (n = 7-10 per group). Abbreviations: chenodeoxycholic acid
(CDCA), cholic acid (CA), deoxycholic acid (DCA), lithocholic acid (LCA),
muricholic acid (MCA), nordeoxycholic acid (NDCA), taurochenodeoxycholic
acid (TCDCA), taurocholic acid (TCA), tauromuricholic acid (T-MCA),
taurodeoxycholic acid (TDCA), tauroursodeoxycholic acid (TUDCA).

In FXR"™ ™" mice, XN induced Vsig4, which attenuates
macrophage-mediated hepatic inflammation (Li et al., 2019),
Acvrl, which is involved in activin signaling (Rao et al., 2017),
and Timd4, that controls adaptive immunity by clearing antigen-

Xanthohumol ameliorates Diet-Induced Liver Dysfunction

specific T-cells (Albacker et al, 2010) (Figure 5D; Table 3).
While XN induced increased expression of Cyp7al, which is
involved in the classical pathway of BA synthesis, there were no
changes in the expression of genes involved in the alternative
pathway of BA synthesis. RhoGDI2, encoded by Arhgdib, is
involved in the molecular pathogenesis of liver fibrosis
(Utsunomiya et al., 2007) and acts as a positive regulator of
Racl (Kardol-Hoefnagel et al., 2020). The decreased expression of
both genes indicated that XN inhibition of Racl transcription
might be mediated by repression of Arhgdib in FXR' "'~ mice
(Table 3). These data show that XN promotes lipid and BA
metabolism and decreases acute inflammation in WT mice, while
XN attenuates inflammation by controlling immune response,
inhibits cell proliferation and liver fibrosis in FXR™'"™~ mice.

XN Induces Gene Expression of
FXR-Independent NRs

RNA sequencing revealed several genes involved in phase II
reactions such as glucuronidation (UGTs), sulfation (SULTSs)
and glutathione conjugation (GSTs) were regulated by XN.
Therefore, we performed a quantitative analysis of the hepatic
expression of a panel of NRs known to regulate phase II BA
metabolism including CAR, PXR and GR. BAs interact with CAR
(Moore et al., 2002), PXR (Staudinger et al., 2001), as well as GR
(Tanaka and Makino, 1992), which also regulates biosynthesis
and transport of bile salts (Xiao et al., 2016). XN treatment
resulted in higher CAR expression in all sex and genotype
groups (Figure 6A), although XN effect was stronger in males.
XN also induced gene expression of PXR in both WT and
FXR"™"™'~ mice, while an increase in GR transcript levels was
observed in XN-treated FXR™™'~ mice only (p = 0.009,
Figure 6A).

Changes in these NR expression profiles were linked to hepatic
BA concentrations. Correlation analyses revealed that relative
expression levels of these receptors were negatively correlated
with unconjugated BAs in the liver absence of FXR (Figure 6B).
Additionally, relative expression of GR was negatively correlated
with relative abundances of lipids regulated by XN, i.e. CE (r =
-0.78, p = 0.01), cholesterol (r = -0.67, p = 0.04) and ceramide (r =
-0.68, p = 0.03) in absence of FXR. Collectively, these data suggest
that, in absence of hepatic FXR, induction of CAR, PXR and GR is
involved in XN-mediated decrease of lipid and BA
concentrations.

DISCUSSION

NRs regulate ligand-activated transcriptional activation of a
myriad of genes for the elimination and detoxification of
potentially toxic biliary constituents accumulating in
cholestasis (Halilbasic et al., 2013). FXR controls the
transcriptional activation of several genes involved in the
regulation of glucose and lipid metabolism and maintenance
of BA homeostasis, thereby protecting the host against liver
damage associated with lipid and BA accumulation. BAs act as
signaling molecules through BA receptors such as FXR, TGR5,
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PXR and VDR to regulate TG, cholesterol, glucose, and energy ~ and androsterone (Wang et al., 2006) as well as estrogen (Song
homeostasis (Schaap et al., 2014; Fiorucci and Distrutti, 2015).  etal., 2014) were reported to modulate FXR activity. This suggests
BAs inhibit their own synthesis mainly via FXR-mediated  that interactions between the receptor and gonadal hormones
negative feedback of CYP7A1, the rate-limiting enzyme in the ~ warrant further investigation. The severity of the FXR“e"™/~
catabolism of cholesterol into BAs (Goodwin et al., 2000). Asa  phenotype was further aggravated by the accumulation of BAs,
result, FXR knockout mice exhibit dyslipidemia (Sinal et al,, 2000; ~ which regulate several signaling pathways independent from
Kok et al., 2003) and hepatic steatosis that progresses to NASH ~ FXR. In our study, elevated BA concentrations in the plasma
(Armstrong and Guo, 2017). of FXR"™™~ mice were accompanied with higher

Liver histology revealed lipid vacuoles characteristic of fatty =~ concentrations of BAs in the hippocampus indicating passage
liver disease in FXR™' ™/~ mice and elevated hepatic levels of ~ of BAs through the BBB. The concentrations measured in HFD-
triglycerides, free cholesterol, cholesterol esters and ceramides.  fed FXR"" /" mice are comparable to BA concentrations in the
The increased liver enzymes indicate liver injury associated with ~ blood and brain of FXR™~ mice with hepatic enceph-alopathy
inflammation and NASH. HFD-induced dyslipidemia was  (Huang et al., 2015). In fact, in pathological conditions such as
aggravated by FXR deficiency with sex differences. Risk factors  acute liver failure and cholestasis, elevated plasma BAs were
associated with HFD-induced obesity including fasting glucose ~ reported to increase permeability of the BBB (Quinn et al,

and dyslipidemia were more pronounced in males than females. ~ 2014; McMillin et al., 2016), warranting the investigation of
This is in accordance with previous report that male western diet-  therapeutic alternatives regulating BA concentrations.
fed FXR™~ mice had higher hepatic and serum lipids than their XN anti-hyperlipidemic effect was more accentuated in male

female counterparts (Sheng et al., 2017). In fact, NRs play a ~ FXR"™ ™/~ mice that developed severe dyslipidemia. Our
crucial role in the calibration of sex-specific metabolic pathways  observation that XN and metabolites reached higher
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TABLE 3 | Hepatic genes regulated by XN in WT and FXR="*"~~ mice and their roles in metabolic function.

Genes

B3gnt2
Mgat1
Ugtla7c
Cyptail
Sept2
Chd2
Clock
Saatl
Saa2
Tled

Oxsm
Rnf146
Sfxn2
Cebpg

Acvri
Gypc
Timd4

Vsig4
Cyp7ai
Letm2

Car9
Fam71e1
Smim22

Insig2

Slc4al

Slc17a4

Rac1

Rnf185
0610040J01Rik
Arhgdib

Log2FC

+1.64
+1.12
+ 1.1
+ 0.96
-0.07
-0.79
-0.99
-1.00
-0.86
-1.01

-1.02
-1.15
-1.16
-1.36

+1.92
+1.29
+1.22

+1.14
+1.04
+092

+0.8
+0.73
+0.52

-0.68
-0.74
-1.03
1.1
-1.183
-1.26
-1.51

Definition

Function

WT mice (HFD + XN/HFD)

Beta-1,3-N-acetylglucosaminyltransferase
Monoacylglycerol acyltransferase

Uridine 5'-diphospho-glucuronosyltransferase 1A7c
Cytochrome P450 1A1

Septin 2

Chromodomain-helicase-DNA-binding protein 2
Circadian locomotor output cycles kaput protein
Serum amyloid a protein 1

Serum amyloid a protein 2

Transducin-like enhancer protein 4

3-Oxoacyl-ACP synthase |l

E3 ubiquitin-protein ligase Rnf146
Sideroflexin2

CCAAT/enhancer binding protein gamma

lycosphingolipid biosy@thesis

Triglyceride synthesis

Lipid and xenobiotic metabolism

Lipid and xenobiotic metabolism

Apoptosis and cell proliferation

Epigenetic signature during liver development
Energy metabolism and obesity

Inflammation and systemic complications of
obesity

Transcriptional corepressor associated with
type 2 diabetes

Fatty acid metabolism

Energy metabolism

Mitochondrial biogenesis

Transcriptional regulation of adipogenesis and
inflammation

FXR-“*"/~ mice (HFD + XN/HFD)

Activin a receptor type 1

Glycophorin C

T-cell immunoglobulin and mucin

domain containing 4

V-set and immunoglobulin domain-containing 4
Cholesterol 7 alpha-monooxygenase

Leucine zipper and EF-hand containing
transmembrane 2

Carbonic anhydrase 9

Family with sequence similarity 71 member E1
Small integral membrane protein 22

Insulin induced gene 2

Solute carrier family 4A1

Solute carrier family 17A4

Ras-related C3 botulinum toxin substrate 1
E3 ubiquitin-protein ligase Rnf185

RIKEN cDNA 0610040J01 gene

Anti-rho guanosine diphosphate dissociation
inhibitor beta

183

TGF-p signaling pathway

Membrane properties of erythrocytes
Adaptative immunity

Macrophage-mediated hepatic inflammation
Cholesterol and bile acid metabolism
Mitochondrial ion uptake

Hypoxia-inducible

Cell proliferation

Lipid and glucose metabolism
Efflux transport

Cell proliferation
Autophagy

Liver fibrosis
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FIGURE 6 | XN induces hepatic expression of FXR-independent NRs (A) Quantitative relative expression of CAR, PXR and GR in the liver of HFD-fed WT and
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SEM, n = 4-5 mice (males and females) per group. *p < 0.05, “p < 0.01, **p < 0.001 for effect of XN treatment.

concentrations in female mice suggests that pharmacodynamic
effect of XN in vivo depends more on the severity of the
phenotype and less on XN concentrations in biological tissues.
Ceramide abundances were heavily influenced by their precursor,
SM. The lipotoxicity of ceramides is well-documented (Summers,
2006; Chaurasia and Summers, 2015), but the role of SM in
NAFLD and NASH is controversial. Several studies report lower
SM levels in NASH patients (Kartsoli et al., 2020). In fact, SM are
important components of biological cell membranes (Slotte and

Ramstedt, 2007) with no demonstrated intrinsic lipotoxicity. The
increase in hepatic SM in XN-treated WT males was
accompanied by an increase in hepatic ceramides that did not
correlate with metabolic improvements. Therefore, we used the
ratio of ceramides over total sphingolipids to estimate ceramide
relative abundances more precisely. This ratio was decreased in
XN-treated WT and FXR"™ ™~ mice.

Taken together, XN protected FXR™*'~ mice from liver
damage, as evaluated by liver transaminase activity, liver

Frontiers in Pharmacology | www.frontiersin.org

184

April 2021 | Volume 12 | Article 643857


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Paraiso et al.

WT MICE

FXRU- MICE

CYP7A1

KC* cvrism 4 @ @
P

5 s

BAS'UGT;(‘/@
DCA CA
TDCA TCA

{

SULTs

Intestine Intestine

— XN effect
D BAs

FIGURE 7 | Working hypothesis on XN mechanism of control of BA
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synthesis in WT mice and increases FXR antagonists in the liver and plasma.
This results in downstream expression of enzymes involved in BA
synthesis, CYP7A1 and CYP8B1. Negative feedback on BA synthesis is
exerted by BAs agonists of FXR, PXR and CAR. Compared to WT mice,
FXR-""~~ mice had increased BA synthesis, bigger BA pool sizes and
increased passage of BAs through the BBB. In FXR-*"~~ mice, BAs such as
CA and DCA impair hepatic Kupffer cells (KCs) activity, which XN might
attenuate by decreasing CA and DCA concentrations. XN-mediated activation
of PXR and CAR, and GR slows down de novo BA synthesis by inhibition of
CYP7A1 and induces metabolizing enzymes to stimulate BA excretion.
Abbreviations: EHC (Enterohepatic circulation), KC (Kupffer cell).

histopathology and hepatic expression levels of anti-inflammatory
genes. These observations indicate that XN effect is not exclusively
mediated by hepatic FXR. We hypothesized that the observed XN
effect might also derive from its potential as SBARM and from XN-
dependent modulation of BA composition because BAs regulate
energy expenditure in mice (Chiang, 2002). In WT mice, XN
treatment led to an FXR-dependent increase in the most
hydrophilic BAs among which are T-a-MCA and T-B-MCA.
FXR antagonists, including T-a-MCA and T-B-MCA, have been
reported to improve HFD-induced metabolic dysfunction by
inducing thermogenesis and repressing intestinal FXR-FGF15
signaling (Sayin et al, 2013; Jiang et al, 2015). Intestinal FXR-
FGF15 signaling regulates CYP7A1 gene expression (Kim et al,
2007). In turn, CYP7AIl regulates T-a-MCA and T-B-MCA
synthesis, while CYP8BI is required for TCA synthesis (Jiang
et al, 2015; Chiang, 2009; Qi et al, 2015). In accordance with
our results, previous studies have demonstrated that CYP7Al
mRNA levels are induced after XN treatment (Nozawa, 2005;
Paraiso et al., 2020). This resulted in the increase of T-a-MCA
and T-B-MCA, which repress intestinal FXR-FGF15 signaling to
increase hepatic BA synthesis and prevent HFD-induced insulin
resistance and obesity (Li et al., 2013; Sayin et al., 2013; Jiang et al,,
2015; Gonzalez et al., 2016). Contrary to WT mice, XN decreased
hydrophobic BAs such as DCA, CA and their taurine conjugates in
FXR™ ™"~ mice. Moreover, XN promoted genes that attenuate

Xanthohumol ameliorates Diet-Induced Liver Dysfunction

macrophage-mediated inflammation suggesting a shift toward
detoxification in absence of hepatic FXR (Figure 7). Increased
concentrations of hydrophobic BAs impairs phagocytosis activity
of tissue-resident macrophages called Kupffer cells (KCs), induce
neutrophil-mediated inflammation and alter hepatic T-cell
immunity (Zhu et al, 2016). The selective depletion of liver-
resident KCs restores hepatic insulin sensitivity and improves
whole-body and hepatic fat accumulation (Neyrinck et al., 2009;
Huang et al,, 2010).

The major mechanisms underlying XN-mediated attenuation of
liver damage in FXR™ " mice are the reduction of BA
concentrations and the mitigation of hepatic inflammation due
the activation of NRs CAR/PXR/GR. FXR, PXR and CAR have
complementary roles in the protection against BA toxicity (Guo et al,,
2003). RNA sequencing revealed that several genes involved in
metabolism of xenobiotics such as CYPs, UGTs, SULTs and GSTs
were regulated by XN in FXR"™ " mice. Conjugation of
hydrophilic groups by UGTSs, SULTs, and GSTs increases the
water solubility of BAs and xenobiotics to facilitate their renal
elimination (Garcia et al, 2018). Hepatic xenobiotic-sensing
receptors CAR and PXR mediate phase I and II BA metabolism
by regulating CYP450s, UGTs, SULTs and GSTs that catalyze
synthesis, oxidation, sulfonation and glucuronidation of BAs
(Keppler, 2011; Garcia et al, 2018; Lv and Huang, 2020). Phase
IIT clearance of BA is also regulated by FXR, PXR and CAR. Once
BAs are transformed into more hydrophilic metabolites in the liver,
they are pumped into the bile via efflux transporters BSEP and MRP2
as a route for fecal elimination (Wagner et al., 2005; Garcia et al,
2018). Moreover, GR enhances CAR/PXR-mediated transcriptional
regulation of target genes such as UGT1ALl (Sugatani et al., 2005).
CAR, PXR and GR are activated by unconjugated BAs such as LCA,
CA, DCA and UDCA (Tanaka and Makino, 1992; Staudinger et al,
2001; Moore et al., 2002; Carazo et al., 2017). The strong correlations
between these NRs and hepatic unconjugated BA concentrations
suggest that BA metabolism in XN-treated FXR"™“"'~ mice was
primarily regulated by the activation of CAR, PXR and GR. Since the
expression levels of these receptors were exclusively correlated with
unconjugated BAs, it is conceivable that endogenous BAs might also
play a role in the activation of these NRs in vivo. Consistent with our
observations in FXR™""~/~ mice, taurine conjugated BA species such
as TCA are increased in the liver of NASH patients (Lake et al., 2013).
The decreased concentrations of hepatic TCA by XN also indicated a
normalization of BA metabolism independent from FXR. Due to the
affinity of TCA to EXR, it has been hypothesized that TCA is elevated
as a compensatory effect to activate the receptor and normalize
metabolism (Sheng et al,, 2017). GR activation by XN in FXR"*"~/~
mice is involved in the lipid-lowering effect of the flavonoid. Partial
agonism of GR reverses NAFLD by preventing hepatic TG and
cholesterol accumulation (Koorneef et al., 2018). Moreover, the anti-
inflammatory effects of GR activation have a positive impact on
hepatic lipid accumulation (Rando and Wahli, 2011; Scheschowitsch
et al,, 2017).

Our results support the hypothesis of a compensatory
interaction between FXR, CAR and PXR. XN-mediated
induction of CAR and PXR was not FXR-dependent. In the
absence of FXR, the complementary regulation by CAR, PXR
and GR might be involved in XN-mediated decrease of BAs
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concentrations. Chronic BA overload and prolonged activation of
detoxification pathways may lead to the desensitization of BA-
sensing receptors, which would contribute to the chronicity of BA-
mediated damage. By improving the efficiency of phase II
metabolism and phase III hepatic clearance of BAs, XN
alleviated the sustained activation of detoxification pathways,
improved BA signaling, lipid metabolism and relieved
inflammation. Future studies assessing the pharmacodynamic
activity of XN metabolites and quantifying glucuronidated and
sulfated BA metabolites are necessary to evaluate XN effect more
accurately.

Functional annotation clustering revealed that hepatic genes
involved in inflammation and neoplastic processes were altered in
FXR" ™'~ mice. Hydrophobic BAs are well-known for their
cancer-promoting effects and promote carcinogenesis in several
tumor models, including hepatocellular carcinoma, colon cancer,
and breast cancer (Nagengast et al., 1995; Debruyne et al., 2001;
Kim et al, 2006). Our research sheds new light on the
chemopreventive potential of XN and highlights the potential of
XN as adjuvant therapy in cancers associated with accumulation of
BAs such as bile duct cancer and hepatocellular carcinoma.

CONCLUSION

BA synthesis and transport are tightly regulated by BA and
xenobiotic-sensing NRs, which regulate genes in synthesis,
metabolism and clearance of BAs and play a critical role in BA
detoxification. Our current study extends previous research and shows
the novel findings that 1) XN ameliorates HFD-induced inflammation
and tissue damage in FXR'™“*"~'~ mice; 2) XN improves HFD-induced
dysfunctional lipid and BA metabolism via FXR-dependent and
independent signaling, including the induction of CAR, PXR and
GR. To the best of our knowledge, the potential of XN as adjuvant
therapy in the management of cholestatic diseases has not been
reported and merits further investigation.
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Isoflavones are ecophysiologically active secondary metabolites derived from the
phenylpropanoid pathway. They were mostly found in leguminous plants, especially in
the pea family. Isoflavones play a key role in plant-environment interactions and act
as phytoalexins also having an array of health benefits to the humans. According to
epidemiological studies, a high intake of isoflavones-rich diets linked to a lower risk
of hormone-related cancers, osteoporosis, menopausal symptoms, and cardiovascular
diseases. These characteristics lead to the significant advancement in the studies on
genetic and metabolic engineering of isoflavones in plants. As a result, a number of
structural and regulatory genes involved in isoflavone biosynthesis in plants have been
identified and characterized. Subsequently, they were engineered in various crop plants
for the increased production of isoflavones. Furthermore, with the advent of high-
throughput technologies, the regulation of isoflavone biosynthesis gains attention to
increase or decrease the level of isoflavones in the crop plants. In the review, we begin
with the role of isoflavones in plants, environment, and its benefits in human health.
Besides, the main theme is to discuss the updated research progress in metabolic
engineering of isoflavones in other plants species and regulation of production of
isoflavones in soybeans.

Keywords: genistein, isoflavones, metabolic engineering, MYB transcription factors, phenylpropanoid pathway,
soybean

INTRODUCTION

Isoflavones are a class of flavonoids mostly available in leguminous plants where they play pivotal
roles in plant-microbe interactions such as rhizobia-legume symbiosis and defense responses
(Sugiyama, 2019). Isoflavones are involved in nodulation process in the leguminous plants by
inducing the nodulation genes (Subramanian et al., 2006). They also act as a phytoalexins in plants,
i.e,, compounds produced by the plants during stress or pathogen attacks (Ripodas et al., 2013).
Soybeans produce the maximum amount of isoflavones of all the leguminous crops, and they are the
only significant dietary source of these groups of compounds (Kraszewska et al., 2007). Isoflavones
have a similar size and chemical structure to the human estrogens that binds to both estrogen o and
B receptors. Therefore, they are commonly referred to as “phytoestrogens” (Messina and Wood,
2008). Isoflavones are present in soybean as glycosylated form; however, their biological activity
is from their aglycones. When soy foods are consumed, the soy isoflavones are converted to their
aglycones by p-glucosidase from enteric bacteria (Tsuchihashi et al., 2008).
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In recent years, scientists have been increasingly interested in
isoflavones because of their potential health benefits. This can
also be seen in the increased number of isoflavone containing
nutritional health products in the market. Isoflavones have
also been linked to cancer prevention, reduced alcohol intake,
prevention of osteoporosis, and cardiovascular diseases (Dixon
and Steele, 1999; Pandey et al, 2014). However, this does
not mean that consuming isoflavone-rich foods is the ultimate
solution to preventing diseases. In certain cases, isoflavones may
be needed to consume in impossible quantities to achieve desired
health benefits, although there may be some negative effects
on human health. Therefore, it is imperative to increase the
level of isoflavones in natural environment through metabolic
engineering. Hence, understanding the molecular mechanism
of isoflavone biosynthesis in various crops is important. This
could pave the way to improved production of isoflavone and
subsequently helps in the functional food production.

STRUCTURE AND NATURAL ROLE OF
ISOFLAVONES IN PLANTS AND
ENVIRONMENT

The general structure of isoflavone (Figure 1) is made up of
a 3-phenylchromen-4-one backbone, with the rings denoted by
the letters A, C, and B, beginning from the left (Figure 1). The
position of phenyl ring in the structure of an isoflavone varies
from that of a flavone, which is in position 2 in flavone but in
position 3 in isoflavones (Figure 1). Although these compounds
have structural similarities, they differ in their chemical
behavior, and hence, the synthetic approaches for flavones
cannot be used with isoflavones. Isoflavones belong to the
large isoflavonoid family, which includes the following groups:
isoflavones, isoflavans, isoflavanone, isoflavonols, isoflav-3-enes,
a-methyldeoxybenzoins, rotenoids, pterocarpans, coumestans,
2-arylbenzofurans, 3-arylcoumarins, and coumaronochromones
(Reynaud et al., 2005).

Isoflavones are known to have many effects on plant—
microbe interactions, including control of nodulation, having
an antifungal activity, and being precursors to phytoalexin (Yu
et al, 2000). Phytoalexins act against both prokaryotic and
eukaryotic microorganisms with their large spectrum of defense
mechanisms (Paxton, 1981). In soybean, both the simple and
complex derivatives of isoflavones act as phytoalexins. The main
isoflavone phytoestrogens are genistein, daidzein, and glycitein
(Krizova et al., 2019) (Figure 1). A rapid increase in the
isoflavonoid levels in soybeans has been reported upon treatment
with various pathogens (Graham, 1991, 1995; Lozovaya et al.,
2004; Jeandet et al, 2013). Isoflavones also play a role in
plant-environment interactions by mediating the symbiosis
between plants and N, fixing bacteria. As plants could not
use atmospheric Nj, the legumes develop symbiosis with the
bacteria and used for its metabolism (Mulligan and Long, 1985).
In respect to plant-microbe interaction, the rhizobia attracted
by the root exudates move toward the legume roots through
positive chemotaxis (Gaworzewska and Carlile, 1982; Caetano-
Anolles et al,, 1992; Compton et al., 2020). The Rhizobium

genes are classified into two classes. Genes that determine the
synthesis of exopolysaccharides (exo genes), lipopolysaccharides
(Ips genes), capsular polysaccharides of K antigens, and f-1,2-
glucans (ndv genes) belong to the one class of genes involved
in the synthesis of bacterial cell surface (Iyer and Rajkumar,
2017). The second class of genes comprises nodulation (nod)
genes. Isoflavonoids from the plants act as key factor to induce
the activation of rhizobial nodulation genes (Philips and Tsai,
1992; Liu and Murray, 2016; Ahmad et al., 2020) and require
the participation of the transcriptional-activator protein NodD
(Figure 2). In the first step, flavonoids excreted by the plant form
a complex with the NodD protein, promoting the transcription
of bacterial nod genes (Fisher and Long, 1992; Oldroyd et al.,
2011; Del Cerro et al., 2019). In the second step, the bacterium
produces lipooligosaccharide signals (Nod factors) (Spaink, 1992;
Del Cerro et al., 2019) that cause various root responses
through structural nod genes (Spaink et al., 1991). The role of
isoflavonoids in root nodule formation is extensively studied in
soybean by overexpression and RNAi-mediated gene silencing of
IES (isoflavone synthase) genes (Subramanian et al., 2005). This
is not only specific to N, fixing bacteria, but it also plays an
important role in symbiosis with mutualistic fungi (Figure 2).
Isoflavones may promote spore germination, hyphal formation
and growth, root colonization, and arbuscule formation within
the root during the establishment of fungal symbiosis (Abdel-
Lateif et al., 2012). The specific characteristics of utilization of
atmospheric N for their metabolism signify the legumes as
important plant species for the development of soil quality and
as an alternative for chemical N, fertilizers.

ROLE OF ISOFLAVONES IN HUMAN
HEALTH

In the last few decades, the consumption of isoflavone-rich
functional foods is highly recommended owing to the potential
health protection against some aging-associated diseases such
as cardiovascular disease, osteoporosis, hormone-related cancer,
and cognitive impairment (Gilbert and Liu, 2013; Vitale et al,,
2013; Chi et al., 2016) (Figure 3). Even though isoflavones present
in a variety of plant-derived products such as cereals, potatoes,
vegetables, and fruits, the richest sources in the human diet
are soy-derived foods (Kraszewska et al., 2007). For instance,
the US Food and Drug Administration announced in 1999
that consuming soy protein (25 g/day) (i.e., soy isoflavone) on
a daily basis may decrease the risk of coronary heart disease
by reducing the blood cholesterol content. Various clinical
studies have revealed that isoflavone favorably lowers the risk
of cardiovascular disease because of its estrogenic property
(Yan et al,, 2017; Nachvak et al., 2019). A systemic review
that evaluated the impact of isoflavone diet on cardiovascular
disease in 1,307 menopausal (n = 139) and postmenopausal
(n = 1,268) women concluded that supplementation of soy
isoflavone through diet reduces the cardiovascular risk by
lowering the cholesterol and triglyceride plasma concentrations
and also oxidative stress (Perna et al., 2016). The clinical
study by Tikkanen and Adlercreutz (2000) suggested that
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dietary supplementation of isoflavone reduces low-density
lipoprotein cholesterol concentrations and increased high-
density lipoprotein concentration. However, the recent studies
demonstrated that other constituents of soy, including proteins,
fiber, and phospholipids, may play an important role in balancing

the cholesterol profile than isoflavones. Some evidence hints
that equol, a substance converted from soy isoflavones by the
action of the intestinal microflora, seems to be playing a huge
role in the reduction of cholesterol content (Nestel et al., 2004;
Wu et al., 2007).
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As the ovarian growth hormone (estrogen) has been linked
to breast and uterine cancers, isoflavones with estrogenic effects
may be used as an effective treatment to thwart breast and
uterine cancer (Kumar et al., 2002). However, because of the
estrogen-like properties of soy isoflavones, it may stimulate
the development of estrogen-sensitive breast tumors in a few
cases (Messina and Loprinzi, 2001); hence, understanding the
action behind the intake of soy isoflavones and breast cancer
reduction is still controversial. In contrast to these conclusions,
epidemiologic results suggest that higher soy intake is linked
to an approximately one-third lower incidence of breast cancer
in Asian women (Wu et al., 2008). Other studies found that
Japanese breast cancer patients have better survival rates than
Western women, even after the diagnosis (Wu et al., 1996, 2002;
Yamamoto et al,, 2003). The anti-prostate cancer efficacy of
isoflavones was elaborately reviewed by the Mahmoud et al.
(2014). Both epidemiological and clinical studies revealed that
dietary supplements containing isoflavones could be an effective
alternative treatment for various hormonal disorders (Chen et al.,
2019; Daily et al,, 2019). One of such age-related hormonal
diseases is osteoporosis, a bone loss disease that mostly occurs in

women who are at menopause time. At the stage of menopause,
the low secretion of ovarian hormone, i.e., estrogen, causes an
imbalance between resorption and formation of new bone, and
subsequent bone loss occurs (Hooper et al.,, 2010; Taku et al.,
2011). The genistein is a well-known isoflavone phytoestrogen
that plays an important role in prevention of osteoporosis by
acting as an estrogen receptor modulator (Figure 3). Data from
epidemiological studies revealed that the risk of osteoporosis
has reduced in women who consume foods with high isoflavone
content (Abdi et al., 2016).

A meta-analysis showed that supplementation of isoflavones
greatly increases bone mineral density and decreases the marker
of bone resorption, i.e., urinary deoxypyridinoline (Wei et al.,
2012; Atcharaporn et al, 2014). They also found that there
are numerous factors that could significantly influence the
function of isoflavone on bone resorption and formation, such
as menopausal status, dose of isoflavone, and intervention
duration. Moreover, the menopausal period is associated with
cardiovascular diseases due to low production of estrogen. As
genistein has antiaging efficacy in various estrogen-dependent
aging conditions, it can be used for cosmetic preparations
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to improve skin tone and reduce wrinkles and skin dryness
(Wang et al., 2010; Geeta et al., 2019). The estrogenic effects of
isoflavones, such as genistein and daidzein, were also used to
improve the quality of sleep in Japanese adults (Cui et al., 2015).
Furthermore, a previous study indicated that administration of
soy isoflavones (daidzein, genistein, and glycetin) (20 mg/day)
synergistically improved irritable bowel disease by combination
with vitamin D in female patients (Jalili et al., 2016). Owing
to its importance in natural processes and in human health, a
plethora of researchers started to concentrate on the improved
productions of isoflavones through metabolic engineering.

ISOFLAVONE BIOSYNTHESIS AND THE
ROLE OF BIOSYNTHETIC GENES

Isoflavonoids are limited primarily to the Leguminosae
and a few other species. Isoflavones are synthesized via the
phenylpropanoid pathway from which plants produce most of
the secondary metabolites including lignin, flavone, flavonol,
anthocyanin, and tannin, etc. Isoflavones are produced by
using intermediate substrates of phenylpropanoid pathway,
naringenin, and liquiritigenin, respectively. Naringenin
is common in most plants, and other compounds of
phenylpropanoid pathway, such as flavones, flavonol, and
anthocyanin, are also derived from it (Figure 4). Another
intermediate  substrate of  phenylpropanoid  pathway,
liquiritigenin, is produced by chalcone isomerase (CHI)
and chalcone reductase (CHR). CHI is present in most plants,
whereas CHR is specific for legumes. Isoflavone reaction
comprised two steps. Cytochrome P450-mediated hydroxylation
associated with 2,3-aryl migration of the B ring in 2S flavanones
forms a 2-hydroxyisoflavanone using IFS (Figure 4). Then, this is
dehydrated into the isoflavones (genistein and daidzein) through
the natural reaction catalyzed by specific dehydratase enzyme
(Kochs and Grisebach, 1986; Hakamatsuka et al., 1990, 1998).
Generally, genes on the phenylpropanoid pathway are known
to be triggered by environmental stresses (nutrient deficiency,
excessive heat, and pathogen attack, etc.) through developmental
and tissue-specific regulation (Dixon and Paiva, 1995). Many
of the upstream phenylpropanoid pathway enzymes, namely,
phenylalanine ammonia lyase (PAL), cinnamate 4-hydroxylase
(C4H), p-coumaroyl-CoA (4CL), CHS, and CHI, have been well
characterized. PAL catalyzes the deamination of phenylalanine
to produce frans-cinnamic acid, which is then transformed to
p-coumaric acid through an oxidation reaction catalyzed by C4H.
After 4CL activates the thio esterification, p-coumaroyl-CoA
directed into the branched pathway resulted in the production
of lignins and flavonoids. C4H belongs to the CYP73 family of
the large group of cytochrome P450 monooxygenases (Teutsch
et al.,, 1993). Cytochrome P450 monooxygenases are playing a
role in the biosynthesis of a wide range of metabolites in plants
(e.g., fatty acids, phenylpropanoids, alkaloids, and terpenoids)
and detoxification of herbicides and pesticides (Chapple, 1998).
The accumulation of chalcone in plant tissue is rare. CHI
catalyzes the stereospecific isomerization of chalcones into
corresponding (2S)-flavanones, naringenin, and liquiritigenin

(Figure 4). Even in the absence of CHI, chalcones can be
spontaneously isomerized to form (2S)-flavanones, at a slower
rate (Jez et al., 2000). CHR, which is not present in nonlegume
species, belongs to the aldo-keto-reductase superfamily and
is involved in the synthesis of 6'-deoxychalcone, which is
the precursor for daidzein. Among the genes, flavanone-3-
hydroxylase (F3H) uses naringenin as a substrate; therefore,
it competes with IFS for the formation of isoflavones. The
phenylpropanoid pathway genes and their roles are elaborated
below.

Phenylalanine Ammonia-Lyase Genes
Phenylalanine ammonia-lyase is a key enzyme in the
phenylpropanoid pathway that catalyzes the first step of the
pathway (Kervinen et al., 1997; Wang et al., 2007) found in plants
(Ritter and Schulz, 2004; Francini et al., 2008), fungi (Hyun et al.,
2011), and bacteria (Xiang and Moore, 2005). There is a positive
correlation relationship between PAL activity and anthocyanin
content in various fruits such as grapes (Hrazdina et al., 1984),
strawberries (Given et al., 1988), and apples (Steyn et al., 2004),
whereas negative correlation was detected in litchi fruit (Wang
etal., 2004). PAL genes have been transformed and characterized
in different plant species, including tobacco (Nagai et al., 1994),
ginkgo (Cheng et al.,, 2005), Mongolian milkvetch (Liu et al,
2006), banana (Wang et al., 2007), Salvia (Hu et al., 2009), coffee
(Lepelley et al., 2012), and so on.

Synthesis of phenylpropanoids is regulated by multiple
steps, including the entry of sugars into the shikimic acid
pathway, Phe into the general phenylpropanoid pathway, and the
activated coenzyme A (CoA) esters into various subbranches of
the phenylpropanoid pathway. PAL catalyzes the nonoxidative
deamination of L-Phe to produce cinnamic acid, a reaction that
is thought to be a central control point for which there is carbon
flux into this pathway. PAL tends to be a gene family that exists
universally in higher plants, and observation of PAL isoforms
is common. The importance of this diversity is uncertain,
but evidence of metabolic channeling within phenylpropanoid
metabolism indicates that partitioning of photosynthesis into
specific branches of phenylpropanoid metabolism could be
involved by labile multienzyme complexes containing specific
isoforms of PAL (Hrazdina and Wagner, 1985; Rasmussen and
Dixon, 1999). PAL is localized in crucial metabolic position,
linking the primary and secondary metabolism. PAL as a
rate-limiting enzyme is thought to regulate overall flux into
phenylpropanoid metabolism (Bate et al.,, 1994). In vitro PAL
activity shows that feedback inhibitory regulation of its own
product, trans-cinnamate and trans-cinnamic acid, was proposed
to alter the transcription of PAL genes in vivo (Jorrin and Dixon,
1990; Mavandad et al., 1990; Appert et al., 1994).

Chalcone Synthase Genes

The first flavonoid biosynthetic gene CHS was isolated from
parsley (Kreuzaler et al., 1983; Schulze-Lefert et al., 1989). CHS
forms a tetraketide intermediate that is cyclized into 4,2,4,6'-
tetrahydroxychalcone (chalcone) using p-coumaroyl-CoA three
malonyl-CoA extender molecules. CHS belongs to the multigene
family, for example, 12 in petunia (Koes et al, 1989) and
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8 in soybean (Matsumura et al., 2005). Few of the species
has single-copy genes also such as Arabidopsis (Feinbaum and
Ausubel, 1988) and Petroselinum crispum (Weisshaar etal., 1991).
Alfalfa CHS2 with three-dimensional structure reveals the active
site that catalyzes chalcone formation. The catalytic center of
CHS is formed by four residues (Cys164, His303, Asn336, and
Phe215), which are exclusively conserved in other CHS-like
enzymes, such as 2-pyrone synthase, bibenzyl synthase, stilbene
synthase, acridone synthase, and the rppA CHS-like protein.
Structural and functional studies revealed that Cys164 acts as
the nucleophilic thiolate in the loading reaction and as the
covalent thioester-anchor for the acyl-enzyme chain during the
elongation reactions. Furthermore, in the elongation reaction,
His303 and Asn336 catalyze the decarboxylation of malonyl-CoA
and stabilize the intermediate state in the condensation phases

of polyketide formation. Substrates and reaction intermediates
at the active site are oriented by Phe215. CHS supplies the
important substrate chalcone for the isoflavone biosynthesis,
and its expression level plays an important role in isoflavonoid
accumulation in plants (Tuteja et al,, 2004). Downregulation
of CHS genes plants may lead to the complete absence of
flavones and isoflavone biosynthesis. However, these may lead
to the several functions of the plants such as male sterility
(Napoli et al., 1999).

Chalcone Reductase Genes

Other than CHS, leguminous plants also have CHR,
which catalyze the intermediate of the multistep CHS
reaction, producing chalcone and 4,2',4;-trihydroxychalcone
(deoxychalcone) as a result of their combined catalytic activity.
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In response to herbivore or pathogen attacks, CHR sits at a
key branch of the biosynthetic pathway and synthesizes a set
of deoxychalcone-derived phytoalexins such as isoflavonoids,
coumestans, pterocarpans, and isoflavans. CHR occurrence
was first discovered in Glycyrrhiza echinata crude extracts
(licorice) (Ayabe et al., 1988). Subsequently, CHR was purified,
and the CHR cDNA (GmCHRI) from Glycine max (soybean)
was cloned (Welle and Grisebach, 1988). Other homologs of
GmCHR (GmCHR2, GmCHR3, GmCHR4, and GmCHR2A) have
been identified and tested for their significance (Subramanian
et al,, 2006; Sepiol et al., 2017). Graham et al. (2007) have
identified four GmCHR genes through mining of soybean ESTs.
Until now, CHR-like enzymes have been discovered in a wide
range of leguminous and some nonleguminous plant species,
such as Medicago sativa (alfalfa) (Ballance and Dixon, 1995),
Glycyrrhiza glabra (licorice), and Fragaria ananassa (strawberry)
(Manning, 1998), Pueraria lobata (Kudzu vine), G. echinata
(licorice) (Akashi et al., 1999), Lotus japonicas (Shimada et al.,
2006), Pueraria montana (He et al, 2011), and G. glabra
(Hayashi et al., 2013). As a result of sequence analysis, CHR
was found unrelated to known ketoreductase domains of fatty
acid synthases (Price et al., 2001; Cohen-Gonsaud et al., 2002)
and B-polyketide synthases (Staunton and Weissman, 2001).
However, aldo-ketoreductase superfamily enzymes from primary
metabolism, such as aldose reductase and 3a-hydroxy steroid
dehydrogenase, were found to have sequence similarities with
CHR (Mameda et al., 2018).

Chalcone Isomerase Genes

Most of the plants do not accumulate the chalcones. During
the early stages of flavonoids biosynthesis, CHI catalyzes the
intramolecular cyclization of chalcone and 6'-deoxychalcone
both generated by the upstream enzyme chalcone synthase,
into (2S)-naringenin and (2S)-5-deoxyflavanone, respectively
(Holton and Cornish, 1995; Jez and Noel, 2000). CHI ensures
the formation of biologically active (2S)-flavanones as chalcones
naturally cyclize in solution to yield an enantiomeric mixture of
flavanones. For instance, the metabolic precursor of anthocyanin
pigments such as (2S)-naringenin and mutations in the CHI
genes have been linked to variations in floral pigmentation
(Burdick, 1958). Recently, the introduction of the petunia CHI
gene was recently introduced into the tomato plants, resulting in
fruits with higher flavanol content (Kang et al., 2014).

In the legume L. japonicas, two types of CHIs coexist with
distinctive phylogenic lineages (Shimada et al, 2003). The
type I CHIs are commonly present in the plant kingdom,
which converts naringenin chalcone to naringenin. On the
other hand, the type II CHI tends to be legume-specific and
have additional catalytic activity, allowing them to convert
4,2’ 4-tryhydroxychalcone  (isoliquiritigenin) into (2S)-7,4’-
dihydroxyflavanone (liquiritigenin). A type II CHI isolated from
alfalfa (M. sativa) has been extensively studied structurally and
mechanistically (Jez et al., 2000, 2002; Hur et al., 2004; Sun et al.,
2019). According to structure-function analyses, the formation
of a hydrogen bond network between the active site of CHI
and its substrates appears to be important for the enzyme’s
catalytic activity (Jez et al., 2002; Hur et al., 2004). Ralston et al.

(2005) reported that there are four types of CHI based on the
phylogenetic relationships, but types III and IV do not have
chalcone cyclization activity like types I and II. Until now, CHI
genes have been transformed and identified in several plants
including Pterolophia hybrida (Van et al., 1988), M. sativa (Jez
et al., 2000), L. japonicas (Shimada et al., 2003), Oryza sativa
(Druka et al., 2003), G. max (Ralston et al., 2005), Ginkgo biloba
(Cheng et al., 2011), Ipomoea batatas (Guo et al., 2015), tomato
(Muir et al., 2001; Lim and Li, 2016), and Chamaemelum nobile
(Wang et al., 2018), etc.

Isoflavone Synthases Gene
Isoflavone synthases belong to the cytochrome P450 family, and
they are extremely labile in the cells. In the phenylpropanoid
pathway, IFS plays an important role that redirects the
intermediates of flavonoid pathway to the isoflavonoid pathway.
It catalyzes the committed step of isoflavonoid biosynthesis
by producing the 2-hydroxyisoflavone from the flavone
intermediates such as naringenin and liquiritigenin (Liu et al.,
2002). The resulted 2-hydroxyisoflavone is dehydrated by
the isoflavone dehydratase (HID) to produce basic isoflavone
compounds such as genistein and daidzein. The IFS gene has
been cloned and characterized in various plants, including
Arabidopsis, tobacco, rice, and tomato, etc. (Table 1). Cloning of
IFS encoding genes to various plant species paved way for the
genetic engineering for the synthesis of isoflavone compounds in
the plants which naturally do not produce isoflavones (Table 1).
Initially, it is thought that IFS is specific to legumes and
encoding genes only in leguminous plants, but researchers found
that IFS genes in other plants such as Beta vulgaris (Jung et al.,
2000), Psoralea corilyfolia (Misra et al., 2010) suggested that IFS
can be found in other crops and medicinal plants. There are
two isoflavone synthases, IFSI and IFS2, isolated from soybean
which is a having high level of genetic similarity, but they have
different efficiency in converting the flavones in to the isoflavones
(Jung et al., 2000). Expression analysis revealed that both the
IFS1 and IFS2 had different level of expression in different
environmental conditions with IFSI mainly found in root and
seed coat, whereas IFS2 can be found in embryos and seed pods
(Dhaubhadel et al., 2003; Subramanian et al., 2004). In vitro
system using yeast, when the naringenin and liquiritigen were
used as substrates, IFSI had a twofold higher activity compared
to IFS2. During the soybean embryo development, the expression
of IFS2 gene was significantly increased for 70 days after the
pollination (Dhaubhadel et al., 2007).

Isoflavone Dehydratase Genes

Isoflavone dehydratase belongs to the carboxylesterase gene
family, which is involved in the final step of isoflavonoid
biosynthesis that produces the genistein and daidzein from the
isoflavone skeleton. HID was first identified and purified from
the P. lobata by rapid enzyme assay method (Hakamatsuka et al.,
1998), but the amino acid sequence is not available. Compared
to other genes involved in the phenylpropanoid pathway, such
as CHS, CHI, and IFS, this gene (HID) is less characterized.
The problem in characterizing the HID is the instability of
its substrate 2-hydroxyisoflavanones. Later HID genes were
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TABLE 1 | Metabolic engineering of isoflavone biosynthetic genes in various plants.

S.no. Plants Genes Promoter Purpose References

1 Arabidopsis thaliana GmIFS CaMV 35S Accumulation of genistein Jung et al., 2000

2 Tobacco (Nicotiana tabacum) Maize GmIFS CaMV 35S Not identified Yu et al., 2000

BMS cell lines

3 Maize BMS cell lines GmIFS and CaMV 35S Accumulation of genistein Yu et al., 2000
Maize CRC

4 Arabidopsis thaliana GmIFS, MtCHI CaMV 35S Accumulation of genistein Liu et al., 2002

5 Alfalfa (Medicago sativa) MLtIFS1 CaMV 35S Accumulation of genistein, glycosides of biochanin Deavours and

A, formononetin, and daidzein Dixon, 2005
6 Rice (Oryza sativa L.) GmIFS CaMV 35S Accumulation of genistein Sreevidya et al.,
2006
7 Rice (O. sativa L.) maize C1-R-S prolamin Dihydroquercetin, dihydroisorhametin, 3’'-O-methy! Shin et al., 2006
quercetin

8 Tobacco (N. tabacum) IFS/CHI fusion 1. CaMV 35S Increased accumulation of genistein and genistein Tian and Dixon,
protein glycosides 2006

9 Tobacco (N. tabacum) GmIFS CaMV 35S Accumulation of genistein Liu et al., 2007

10 Lettuce (Lactuca sativa) GmIFS CaMV 35S Accumulation of genistein Liu et al., 2007

11 Petunia (Petunia hybrida Vilm.) GmIFS CaMV 35S Accumulation of genistein Liu et al., 2007

12 Tomato (Solanum lycopersicum) GmIFS2 CaMV 35S Accumulation of genistein Shih et al., 2008

13 Tobacco PcIFS CaMV 35S Accumulation of genistein and daidzein Misra et al., 2010

14 Rapeseed (Brassica napus) GmIFS2 CaMV 35S Accumulation of Genistein Lietal, 2011

15 Rice (O. sativa L.) PAL, CHS, and Glu-B1 and Accumulation of naringenin, kaempferol, genistein Ogo et al., 2013
GmIFS1 oleosin and apigenin

16 Rice (O. sativa L.) Maize Lc Glutelin Gt1 Not identified Song et al., 2013

17 Tobacco (N. tabacum) AtMYB12 and CaMV 35S Enhanced biosynthesis of isoflavones and flavonols Pandey et al., 2014
GmIFS1

18 Rice (O. sativa L.) SpdIFST and Glb-1 Accumulation of genistein Sohn et al., 2014
SpdlFS2

19 Barrel medic (Medicago truncatula) GmIFS1, CaMV 35S Increased accumulation of genistein, daidzein, Gou et al., 2016
GmCHS7, and biochanin A, and formononetin
GmCHITA

20 Onion (Allium cepa L.) GmIFS CaMV 35S Increased accumulation of genistein Malla et al., 2021

identified and characterized from two plants, including licorice
and soybean (Akashi et al., 2005). Site-specific mutagenesis in
the GmHID revealed that the oxyanion and catalytic triad are
important for the dehydratase and esterase activity of these genes.
Shimamura et al. (2007) have overexpressed both IFS and HID
genes in lotus, to understand the functional role of the HID in the
isoflavone biosynthesis. The GmHID introduced was produced
and increased the amount of genistein and daidzein in the lotus
as the GmHID has broad specificity to both the 4’-methoxy and
4’-hydroxy substrates. The HID enzyme activity is an important
limiting factor in the isoflavone biosynthesis and its level in the
legumes (Du et al., 2010).

REGULATION OF ISOFLAVONE
PRODUCTION THROUGH GENETIC
ENGINEERING IN SOYBEAN

As the consumption of isoflavones is associated with a variety
of health benefits to the humans, several attempts were made
to develop soybeans that accumulate much higher levels of
isoflavones than in wild-type seed. Generally, the isoflavone
contents in G. max (soybean) were improved through metabolic

engineering of the complex phenylpropanoid biosynthetic
pathway. In a first study, the phenylpropanoid pathway genes
were activated by expressing the maize CRC fusion gene, resulting
in a decrease in genistein and the increase in daidzein levels with
a marginal increase in total isoflavone levels (Grotewold et al.,
1998). Cosuppression of flavanone 3-hydroxylase to block the
anthocyanin branch of the pathway, in conjunction with CRC
expression, resulted in higher levels of isoflavones (Yu et al,
2003). The use of transcription factor-driven gene activation
combined with the suppression of a competing pathway resulted
in increased isoflavone accumulation in soybean seeds. These
high isoflavone soybeans could be used to make soy foods with
greater health benefits to consumers.

The regulation of isoflavone biosynthesis is carried out
by multiple genes and complex metabolic pathways. In
order to understand the specific functions/regulation of the
genes involved in the phenylpropanoid pathway for isoflavone
biosynthesis, the overexpression or gene-silencing methods of
specific genes can be carried out. Hence, Subramanian et al.
(2005) have studied the RNAi-mediated gene silencing of GmIFS
genes in the soybean. The study resulted in the reduced level of
isoflavone accumulation in the gene silenced plants compared
to control (Table 2). In another study, overexpression of CHS6
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TABLE 2 | Studies on the regulation of isoflavone biosynthesis in soybean.

S. no. Genes Regulation Results References
1 GmIFS Positive regulation RNAi-mediated gene silencing reduced the level of Subramanian et al.,
isoflavone content in the soybean 2005
2 CHS6 and IFS2 Negative regulation Transformed plants found reduced accumulation of Lozovaya et al.,
isoflavones and increased accumulation of phenolic 2007
compounds
3 GmMYB176 Positive regulation No significant improvement in the overexpression but in Yietal., 2010
transient expression
4 GmFNSII Negative regulation RNAi-mediated silencing increased the genistein level Jiang et al., 2010
significantly
5 GmMYB39 Negative regulation Overexpression reduced the transcript levels of PAL, C4H, Liuetal., 2013
CHI, and CHS genes
6 F3H and GmFNSII Negative regulation RNAi-mediated silencing increased the daidzein and Jiang et al., 2014
genistein level significantly
7 GmMYB100 Negative regulation Overexpression reduced the transcript level, whereas Yan et al., 2015
RNAi-mediated gene silencing increased the transcript level
of isoflavonoids genes
8 GmMYB29 Positive regulation Overexpression increased the isoflavone level in 1.6- to Chuetal., 2017
3.3-fold, whereas RNAI gene silencing decreased the
isoflavone content in twofold
9 GmIMaT1 and GmIMaT3 Positive regulation Overexpression significantly increased the level of isoflavone Ahmad et al., 2017
aglycones, glucosides. and malonylates, whereas
knockdown the genes reduced the contents
10 GmMYBJ3 Positive regulation Activates CHS8 and CHI1A and increases the accumulation Zhao et al., 2017
of isoflavones
1 Gma-miRNA12, Gma-miRNA24, Positive regulation Corresponding genes for the Gma-miRNA26, Gupta et al., 2017
Gma-miRNA26, Gma-miRNA28, and Gma-miRNA28 have increased the isoflavone content in
Gma-miRNA29 soybean
12 GmCHITA Positive regulation Overexpression of CHI1A leads to the increased Zhou et al., 2018
accumulation of daidzein in transgenic plants
13 GmMYB133 Positive regulation Increased the transcript level of GmIFS2 and GmCHSS8 also Bian et al., 2018
increased the total isoflavone contents in the hairy roots
14 GmMYB102, GmMYB280, and Positive regulation Two- to fourfold increased accumulation of isoflavones was Sarkar et al., 2019
GmMYB502 found
15 GmMYB176 Positive regulation Activating CHS8 gene and identified 25 metabolic genes Anguraj Vadivel
and six metabolites upon overexpression etal, 2019
16 GmF3H1, GmF3H2, and GmFNSII-1 Positive regulation CRISPR/Cas9-mediated targeted gene editing leads to the Zhang et al., 2020
increased accumulations of isoflavones
17 GmMYB29A2 Positive regulation Overexpression increased glyceollin accumulation and RNAI Jahan et al., 2020
gene silencing decreased the accumulation. Accumulation
of glyceollin leads to the resistance to Phytophthora sojae
18 GmCHITA Positive regulation T, transgenic plants accumulated the higher level of Nguyen et al., 2020
genistein and daidzein than the control plants
19 GmMYB176 Positive regulation Improved the accumulation of isoflavone biosynthetic genes Matsuda et al.,
based on the diurnal regulation system 2020
20 GmMYB176 and GmbZIP5 Positive regulation Enhance accumulation of multiple isoflavonoid Vadivel et al., 2021

phytoalexins, namely, glyceollin, isowighteone, and
O-methyl hydroxyl isoflavone in soybean hairy roots

and IFS2 genes resulted in the reduced level of isoflavones and
increased level of phenolic compounds (Lozovaya et al., 2007).
Jiang et al. (2010; 2014) explored the negative regulation of
F3H and GmFNSII genes by the RNAi-mediated gene silencing
studies. Previously, the gene silencing of GmFNSII resulted in
the increased accumulation of genistein in soybean hairy roots
(Jiang et al, 2010). Later, RNAi-mediated silencing of both
genes (F3H and GmFNSII) was found to increase accumulation
of isoflavones such as daidzein and genistein (Jiang et al.,
2014) (Table 2).

Overexpression of GmIMaT1l, GmIMaT3 genes significantly
increased the different forms of isoflavones such as aglycones,
glucosides, and malonylates, but in knockdown of the genes, the
isoflavone levels were reduced drastically (Ahmad et al., 2017)
(Table 2). Zhang et al. (2020) have used a new methodology for
the regulation of isoflavone biosynthetic genes by introducing
CRISPR/Cas9-mediated targeting mutation of multiple genes
(GmF3HI, GmF3H2, and GmFNSII-1) in soybean. The T3
generation of triple gene mutants produced increased levels
(twice the amount) of genistein compared to controls. The
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increased isoflavone content also leads to the enhanced resistance
to soybean mosaic virus infections (Zhang et al., 2020). Recently,
Nguyen et al. (2020) found that overexpression of GmCHIIA was
found to increase higher levels of both genistein and daidzein in
T2 generations, but previously, Zhou et al. (2018) reported that it
can increase the daidzein content alone (Table 2).

Not only changing the specific genes in the phenylpropanoid
pathway can notably increase/decrease isoflavone content but
also the transcription factors. Therefore, the identification
and application of transcription factors, particularly for the
isoflavone pathway, may significantly resolve this problem (Yu
and McGonigle, 2005; Chu et al., 2017). The transcription
factors of the Myeloblastosis (MYB) family play crucial roles
in the regulation of isoflavone biosynthesis. Yi et al. (2010)
demonstrated through the functional genomic approach that
GmMYB176 (R1 MYB protein) regulates CHS8 expression
and affects the synthesis of isoflavonoids in soybean. In this
study, cotransfection analysis with Arabidopsis leaf protoplast
resulted that GmMYBI176 transactivate the CHS8 promoter with
maximum activity. As a result of transient expression in soybean
embryo protoplast, after 48 h, the endogenous transcript levels
were increased up to 149-fold. Subcellular localization assay
indicates that GmMYBI176 is a nuclear protein. RNAi-mediated
gene silencing of GmMYBI76 in hairy roots resulted in reduced
levels of isoflavonoids, but overexpression of GmMYBI176 did
not significantly increase the levels of CHS8 transcript (Vi et al.,
2010) (Table 2). Liu et al. (2013) reported that soybean MYB
transcription factor GmMYB39 was potentially regulating the
isoflavone biosynthesis. GmMYB39 that contained N-terminal
R2R3 repeats corresponds to DNA-binding domains of plant
MYB-type proteins, which were highly conserved among R2R3-
MYB proteins. Quantitative reverse transcriptase—polymerase
chain reaction results revealed that overexpression of GmMYB39
was found to be varied in different parts of the plants.
Interestingly, the higher level of transcripts was found in flowers,
and lower level in the pods. GmMYB39 overexpression in hairy
roots resulted in drastic reduction of the transcript levels of
PAL, C4H, CHS, 4CL, and CHR. However, the transcript level
of IFS was slightly increased, whereas there is no change in
CHI expression between overexpressed hairy roots and control
roots. Overall, this report suggests that GmMYB39 is involved
in the inhibition role in regulation of isoflavone biosynthesis in
soybean (Table 2).

Yan et al. (2015) found that R2R3-MYB transcription factor
GmMYBI00 is involved in soybean isoflavone biosynthesis.
Generally, GmMYBI00 is expressed in flowers, leaves, and
immature embryo, but its level will decrease after pod ripening.
The subcellular localization study found the nuclear localization
of GmMYBI00. Initially, yeast functional assay revealed the
transactivation ability of GmMYBI100, but the bioinformatics
analyses suggested its negative role in flavonoid biosynthesis.
Finally, the overexpression of GmMYBI100 reduced transcript
levels of transgenic hairy roots and Arabidopsis and reduced
flavonoid and flavonol productions, respectively, whereas the
RNAi-mediated silencing resulted in the higher level of
transcripts of six flavonoid related genes and accumulated
higher level of flavonoids in transgenic hairy roots (Table 2).

Similarly, Genome-Wide Association Study for the identification
of SNPs related to isoflavone concentration in soybean found
that another R2R3-MYB transcription factor GmMYB29 is
significantly involved in regulation of isoflavone biosynthesis
(Chu et al., 2017). The subcellular localization analysis found
that GmMYB29 was located in the nucleus. It is found to be
activated IFS2 and CHS8 gene promoters by the transient gene
expression assays. Furthermore, GmMYB29 overexpression and
RNAi-mediated silencing in soybean hairy roots resulted in 1.6-
to 3.3-fold increase and isoflavone contents in twofold decrease
(Chu et al, 2017). Zhao et al. (2017) explored the role of
GmMYBJ3 in regulation of the isoflavone biosynthetic pathway.
This result suggests that GmMYBJ3 can activate the CHS8 and
CHI1A genes; therefore, increased accumulation of isoflavones
has been witnessed (Zhao et al., 2017).

Gupta et al. (2017) have identified miRNAs in the regulation
of isoflavone biosynthesis in two contrast genotypes of soybean.
In silico analysis identified 31 new miRNAs along with the
245 putative target genes from the seed-specific ESTs. Based
on the Kyoto Encyclopedia of Genes and Genomes pathway
analyses, five genes (Gma-miRNAI12, Gma-miRNA24, Gma-
miRNA26, Gma-miRNA28, and Gma-miRNA29) were found
to be involved in isoflavone biosynthesis, among which Gma-
miRNA26 and Gma-miRNA28 and their corresponding genes
(Glyma.10G197900 and Glyma.09G127200) exhibited their direct
relationship with the isoflavone content of the soybean (Table 2).
Bian et al. (2018) identified that GmMYBI33 (CCAl-like
MYB) positively regulates isoflavone biosynthesis in soybean.
Overexpression of GmMYB133 has led to the expression of
two important isoflavonoid biosynthetic genes such as GmIFS2
and GmCHS8 and increased total isoflavonoid contents in
the hairy roots. Furthermore, the protein-protein interaction
results revealed that it can form heterodimers with another
isoflavone regulator GmMYB176 and homodimers with another
GmMYBI133 (Bian et al., 2018).

Sarkar et al. (2019) found that GmMYB102, GmMYB280, and
GmMYB502 were the potential transcription factors that can
activate the promoters of the CHS gene (GmCHSS8) and the
IFS genes (GmIFSI and GmIFS2) in the isoflavone biosynthetic
pathway by hairy root transformation assay. They have assessed
the functional regulatory role of these genes by hairy root
transformation assay, resulting in increased accumulation of
isoflavones (two- to fourfold) in the three MYB overexpressing
lines compared to vector control (Table 2). Anguraj Vadivel et al.
(2019) have identified that GmMYBI176 (R1 MYB transcription
factor) activates the CHS8 gene and regulates the isoflavonoid
biosynthesis in soybean. They have identified 25 metabolic genes
and six metabolites by the targeting approach that is differentially
regulated during overexpression and silencing of GmMYB176 in
soybean hairy roots (Table 2).

Jahan et al. (2020) have identified that GmMYB29A2
transcription factor positively regulates glyceollin biosynthesis
in soybean. Glyceollins are pathogen-inducible defensive
metabolites (phytoalexins) that play important roles in pathogen
defense (Jahan et al., 2019). Overexpression of GmMYB29A2
increased the expression of GmNAC42-1, GmMYB29AI,
and glyceollin biosynthesis genes and metabolites, whereas
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RNAi-mediated gene silencing had opposite effects. Previously,
Jahan et al. (2019) have studied the role of GmNAC42-1 in
activation of glyceollin biosynthesis by expression analysis.
In this study, they confirmed the positive regulation of
GmMYB29A2 that leads to the increased conversion of
isoflavonoids into the glyceollin and thus develops resistance
against Phytophthora sojae (Jahan et al., 2020). Matsuda et al.
(2020) studied the diurnal metabolic regulation of isoflavones
and soy saponins in soybean roots. The transcriptome and
metabolite analysis of soybean plants at 6-h intervals for
48 h in a 12-h light-12-h dark condition. In the root tissues,
isoflavone and soy saponin biosynthetic genes showed opposite
patterns; the former are highly expressed in the day, whereas
the latter are strongly triggered at night. GmMYBI176, which
encodes an isoflavone biosynthesis transcription factor, was
upregulated from ZT0 (6:00 A.M.) to ZT6 (12:00 A.M.),
accompanied by the stimulation of isoflavone biosynthetic
genes at ZT6 (Matsuda et al., 2020). Recently, Vadivel et al.
(2021) have found that the RNAIi silencing of transcription
factor GmbZIP5 reduced the isoflavone accumulation in hairy
roots. Furthermore, the co-overexpression of GmMYBI176 and
GmbZIP5 enhanced the accumulation of multiple isoflavonoids
such as glyceollin, malonyl glycitin, isowighteone, and O-methyl
hydroxyl isoflavone in soybean hairy roots. An ample of studies
in the regulation of isoflavone biosynthetic genes provided the
role of key players in soybean isoflavone biosynthesis, which
could be useful for the development of soybean with desired level
of isoflavones.

METABOLIC ENGINEERING OF
ISOFLAVONE IN NONSOYBEAN CROPS

Epidemiologic studies show that a high intake of soybean-derived
foods is linked to a low incidence of hormone-related cancers,
menopausal symptoms, osteoporosis, menopausal symptoms,
and cardiovascular diseases. Furthermore, metabolic engineering
of isoflavonoids in common nonlegume vegetables, grains, and
fruits to increase dietary intake of these compounds has piqued
researchers’ interest (Dixon and Sumner, 2003; McCue and
Shetty, 2004; Deavours and Dixon, 2005).

Initially, in a monocot cell system, introduced expression of
a transcription factor controlling anthocyanin pathway genes
was successful in the production of genistein in the presence
of the IFS gene (Yu et al, 2000). The genistein produced in
tobacco, Arabidopsis, and maize cells is present in conjugated
forms, indicating that endogenous enzymes were capable of
recognizing genistein as a substrate. Introducing foreign IFS
gene in Arabidopsis seedlings (Jung et al., 2000), tobacco petals,
and maize cells in which the phenylpropanoid pathway was
activated by C1 and R transcription factors resulted in successful
accumulation of genistein (Yu et al., 2000), demonstrating that
heterogeneous IFS can use flavanone intermediates as substrates.
However, in these cases, the genistein levels were two- to
threefold lesser than in soybean seeds (Dixon and Ferreira,
2002). The higher genistein content in transgenic tobacco petals
compared to leaves was thought to be due to a more active

phenylpropanoid pathway leading to anthocyanin biosynthesis in
petals, which also increased the level of intermediates available
to IFS (Yu et al,, 2000). The low transgene expression is not
the cause of low genistein production in the tobacco leaves.
The IFS mRNA was actually detected at a higher level in the
leaves than in the flowers of tobacco transformants, and IFS
protein and enzyme activity were also confirmed in the leaves.
Thus, the poor genistein synthesis is most likely due to a lack of
naringenin substrate. As IFS can fight for naringenin in tobacco
flowers and Arabidopsis leaves, channeling might be the cause
of unavailability.

Conversely, Liu et al. (2002) produced transgenic Arabidopsis
with significantly increased genistein accumulation (31-
169 nmol/g Fresh weight (FW)), but soybean IFS was introduced
into Arabidopsis tt6/tt3 mutant in which the expression of F3H
and another flavonol/anthocyanin enzyme dihydroflavonol
reductase was decreased (Liu et al., 2002). As F3H and IFS both
use naringenin as a substrate, the researchers hypothesized that
the competition for intermediate availability between IFS and
other enzymes was a limiting factor for a genistein biosynthesis in
genetically modified plants. Furthermore, blocking a competing
branch pathway may be a useful method to promote genistein
biosynthesis (Liu et al., 2007). UV-B irradiation of Arabidopsis
transformants expressing the soybean IFS gene resulted in a 2.5-
fold increase in genistein accumulation. Increased levels of UV
absorption and anthocyanins in IFS-transformed plants depict
the higher activity of phenylpropanoid pathway (Yu et al., 2000;
Liu et al., 2002). Deavours and Dixon (2005) have improved the
genistein production for up to 50 nmol/g FW by constitutively
expressing MtIFSI in the alfalfa plants. Genistein levels of this
study are much higher than previous studies (Jung et al., 2000;
Yu et al., 2000; Liu et al., 2002). Even though MtIFSI expresses
all the tissues in plants, genistein accumulation was specific to
the leaves. Apart from the genistein, the plants also accumulated
other isoflavones such as daidzein and formononetin in response
to the UV-B treatments.

Tian and Dixon (2006) have improved the isoflavone
metabolism by introducing the CHI, CHS, and CHI/CHS
fusion protein into the tobacco plants. High-performance
liquid chromatography (HPLC) analysis results showed the
accumulation of genistein in both IFS- and IFS/CHI-transformed
plants, but not in vector control and CHI plants. In transgenic
tobacco, lettuce, and petunia, both overexpression and antisense
suppression were used to control the expression of multiple
genes essential enzymes in the flavonoids/isoflavonoids pathway
(Liu et al, 2007) (Table 1). The introduction of soybean
IFS (GmlIFS) into these plants, which lack this leguminous
enzyme and therefore do not produce isoflavonoids naturally,
resulted in genistein biosynthesis in tobacco petals, petunia leaves
and petals, and leaves of lettuce. In tobacco, when antisense
suppression of F3H and overexpression of GmIFS were done
simultaneously, the yield of genistein increased prominently. In
addition, overexpression of PAL also led to an enhanced genistein
production in tobacco petals and lettuce leaves in the presence
of IFS than in the plants that overexpressed only IFS (Liu et al.,
2007). Similarly, Misra et al. (2010) transformed the IFS gene
from the medicinal plant P. corilyfolia (PcIFS) into the tobacco.
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Overexpression of PcIFS resulted in the higher accumulation of
isoflavones in the tobacco petals (Table 1).

As rice is an important crop and staple food for half of
the world population, recently it caught extensive attention
as bioreactors for the production of therapeutic compounds
and proteins. Although production of isoflavones in rice plants
was performed by several researchers, Shin et al. (2006) for
the first time in rice plants have transformed maize CI1 and
R-S regulatory genes for the production of isoflavones. The
expression of transgenes is restricted to endosperm under the
control of a rice prolamin gene promoter. The transformed
plants showed several phenotypic variations such as changes in
pericarp color, chalky endosperm, and opaque kernel. HPLC
analysis showed that several types of isoflavones accumulated
in the transgenic kernels. Among which taxifolin, 3'-O-
methyl taxifolin and 3’-O-methyl quercetin were identified
through liquid chromatography (LC)-tandem mass spectrometry
(MS/MS) analysis (Table 1). Furthermore, they have confirmed
the accumulation of isoflavones in the layers of endosperm
by the florescence labeling. At the same time, Sreevidya et al.
(2006) have introduced the GmIFS gene into the rice plants for
the production of isoflavones under the control of CaMV35S
promoter. The genistein accumulated as a glycosylated form
in the rice plants. Rhizobia study for the nod gene expression
confirms the accumulation of isoflavones inducing the nod genes
in varied degrees.

Introduction of five biosynthetic genes (OsPAL, OsC4H,
Os4CL, OsCHS, and OsCHI) with the endosperm-specific GluB-1
promoter into one vector has been done through Agrobacterium-
mediated transformation (Ogo et al, 2013). As multiple-
expression cassette is quite large, some of the parts were deleted
in a few plants; as a result, none of the transgenic plants did not
express all the five genes. Generally, plants were found to have
one to four expression cassettes. The resulted plant that is lacking
either OsPAL or OsCHS gene does not accumulate naringenin,
but has both genes accumulating naringenin in the seeds.
Furthermore, these selected genes were transformed exclusively
with embryo- and endosperm-specific 18 kDa oleosin and GluB-
I promoters for the identification of isoflavone localization.
LC-MS analysis revealed the accumulation of naringenin and
some flavones. Also the expression of additional genes for
flavone (PoFNSI/GmENSII), isoflavone (GmIFS), and flavonol
(AtF3H/AtFLS) has resulted in the accumulation of kaempferol,
genistein derivatives, quercetin, chrysoeriol, and tricin, etc.
(Table 1). Song et al. (2013) aimed to generate colored rice
seeds and increased accumulation of isoflavone that expressed
maize-Lc gene under the control of endosperm-specific rice
glutelin Gt-1 promoter. As a result, the transgenic rice was
found to be with dark color and the total isoflavone content
also increased. Expression of two soybean isoflavone synthases
(SpdIFS1 and SpdIFS2) under the control of endosperm-specific
26-kDa globulin promoter in rice varieties accumulated a higher
level of genistein in seeds (Sohn et al., 2014). As the two rice
varieties has different seed color (black and normal white), the
accumulation of isoflavone was also found to be varied. The
white variety (103 pg/g) of transgenic rice has accumulated more
genistein than black variety (87 pg/g) (Table 1).

In an attempt of isoflavone biosynthesis in tomato, Shih
et al. (2008) have transformed soybean IFS (GmIFS) gene under
the control of the CaMV35S promoter. The transgenic plants
accumulated genistein in a tissue-specific manner. The LC-
MS analysis has found that substantial amount of genistein
has been accumulated in the leaves, whereas the little amount
has been accumulated in fruit peel. Although Brassica napus,
a nonleguminous oil crop, produced phenylpropanoids and
flavonoids but not isoflavones because of the absence of the
IFS gene. Incorporation of exogenous GmIFS2 showed the
accumulation of genistein in the leaves of transgenic plants
up to 0.72 mg/g dry weight (Li et al,, 2011) (Table 1). With
the aim of increased accumulation of genistein in transgenic
tobacco, Pandey et al. (2014) has engineered the tobacco
with the coexpression of GmIFS and transcription factor
AtMYBI2. The transgenic plants accumulated higher levels of
flavonols and genistein conjugates compared to control plants.
Gou et al. (2016) have transformed different combinations of
isoflavone pathway genes (CHS, CHI, IFS, and F3H) in Medicago
truncatula for the increased accumulation of isoflavones and
proanthocyanidins. Downregulation of MtF3H in combination
with overexpression of GmIFSI, GmCHS7, and GmCHIIA
was found to be more effective in elevated accumulation of
isoflavones, flavones, and proanthocyanidins. Recently, Malla
et al. (2021) have transformed GmIFS into onion (Allium cepa
L.) for the accumulation of genistein in transformed onion plants
through both biolistic gene transfer and Agrobacterium-mediated
gene transfer methods. The results showed that a higher level of
genistein was accumulated in biolistic gene transfer (62.65 nM/g
FW) than Agrobacterium-mediated gene transfer method. Thus,
introducing the transcription factor for the positive or negative
regulation of the isoflavone biosynthesis proved the efficiency
of transcription factors, suggesting that it can be utilized for
both leguminous and nonleguminous plants for the regulation of
isoflavone biosynthesis.

CONCLUDING REMARKS AND FUTURE
PROSPECTS

Isoflavones have important roles in plants, environment,
humans, and other animals with their compatible chemical
structures. Their general occurrence in the soybean and its
applications in various diseases, as we highlighted, necessitated
the detailed understanding of the metabolic engineering process
and the regulation of isoflavone biosynthesis in the plants.
We have provided an overview of the isoflavone biosynthesis
through metabolic engineering in various crop plants. The
recent progression in the identification and characterization
of important enzymes in the isoflavone biosynthetic pathway
has helped to improve the level of isoflavones in plants.
However, as phenylpropanoid pathway is a complex pathway
for isoflavone biosynthesis, simultaneous engineering of multiple
genes and understanding the crosstalk between pathways are
important. That helps us to understand the role of a specific
branch of the pathway in the biosynthesis of isoflavones
and other secondary metabolites. The isoflavone-level variation
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is a complex mechanism regulated by various genetic
and environmental factors. Transcriptional regulation of
isoflavone biosynthesis occurs by modifying the transcription
factors such as MYBs either to increase or decrease the
level of isoflavones in soybean (Yi et al, 2010; Yan et al,
2015; Bian et al., 2018; Jahan et al, 2020). In addition to
that, posttranslational regulation of isoflavone biosynthesis
through ubiquitination and SUMOylation processes has
become necessary tools for clear understanding of how
isoflavones can be produced. Likewise, synthetic metabolic
engineering technologies, such as a multigene expression
vector system (CRISPR/cas9)-based system, should be
used efficiently for expression and regulation of isoflavone
biosynthetic genes in a precise manner (Zhang et al., 2020).
With the deep understanding of the isoflavone biosynthetic
pathway, novel technologies in metabolic engineering and
synthetic metabolic engineering will decipher light on the
regulation of complex metabolic networks and can produce
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Chrysanthemum is an important ornamental crop worldwide. Some white-flowered
chrysanthemum cultivars produce red ray florets under natural cultivation conditions, but
little is known about how this occurs. We compared the expression of anthocyanin
biosynthetic and transcription factor genes between white ray florets and those that turned
red based on cultivation conditions to comprehend the underlying mechanism. Significant
differences in the expression of CmbHLH2 were detected between the florets of different
colors. CmbHLH2 generated two alternatively spliced transcripts, designated CmbHLH2
and CmbHLH25"™", Compared with CmbHLH2", CmbHLH25" encoded a truncated
protein with only a partial MYB-interaction region and no other domains normally present
in the full-length protein. Unlike the full-length form, the splicing variant protein CmbHLH25"
localized to the cytoplasm and the nucleus and could not interact with CmMYBS6.
Additionally, CmbHLH2%"" failed to activate anthocyanin biosynthetic genes and induce
pigment accumulation in transiently transfected tobacco leaves, whereas CmbHLH2
promoted both processes when simultaneously expressed with CmMYBB6. Co-expressing
CmbHLH2™" and CmMYBS6 also enhanced the promoter activities of CmCHS and CmDFR.
Notably, the Arabidopsis tt8-7 mutant, which lacks red pigmentation in the leaves and
seeds, could be complemented by the heterologous expression of CmbHLH2™! which
restored red pigmentation and resulted in red pigmentation in high anthocyanin and
proanthocyanidin contents in the leaves and seeds, respectively, whereas expression of
CmbHLH2s"™ did not. Together, these results indicate that CmbHLH2 and CmMYB6
interaction plays a key role in the anthocyanin pigmentation changes of ray florets in
chrysanthemum. Our findings highlight alternative splicing as a potential approach to
modulate anthocyanin biosynthesis in specific tissues.
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Alternative Splicing of CmbHLH2 for Anthocyanin Biosynthesis

INTRODUCTION

Chrysanthemum, one of the most popular ornamental plants
worldwide, is an important floriculture crop. Flower color is
a key trait for its commercial value, with a differential
accumulation of secondary metabolites determining ray floret
color. Whereas white ray florets in chrysanthemum accumulate
flavone derivatives such as apigenins and luteolins but not
anthocyanins, pink and red ray florets accumulate the cyanidin
derivatives anthocyanins (Chen et al., 2012; Brugliera et al., 2013;
Park et al, 2015).

Anthocyanins play an important role in attracting pollinators
and seed dispersers due to their bright colors (Harborne and
Williams, 2000; Hoballah et al., 2007). In addition, anthocyanins
enhance plant survival under several biotic and abiotic stresses
(Chalker-Scott, 1999; Ahmed et al., 2014), which could help
plants better adapt to climate change. Anthocyanin accumulation
is usually induced under adverse environmental conditions such
as high light, nutrient depletion, and low temperature, suggesting
that anthocyanins protect cells by scavenging free radicals
(Nakabayashi et al., 2014; Schulz et al., 2016). Under natural
cultivation conditions, the white ray florets of chrysanthemum
flowers often turn red due to anthocyanin accumulation,
depending on the genetic background (Xiang et al., 2019).

Extensive studies exploring the molecular mechanism of
anthocyanin biosynthesis have led to the isolation and functional
verification of regulators that promote anthocyanin biosynthesis
in several plant species (Grotewold, 2006; Lin-Wang et al.,
2010; Lim and Ha, 2013). A ternary complex composed of
MYB-basic helix-loop-helix (bHLH)-WD40 (MBW) family
members functions as the major transcriptional regulator of
flavonoid biosynthetic genes (Hichri et al, 2011; Xu et al,
2015). In particular, subgroup IIIf bHLH proteins involved in
flavonoid biosynthesis share common features, including an
MYB-interaction region (MIR) at the N-terminus, a WD40-
interacting region in the acidic domain (WD/AD), a bHLH
domain, and a C-terminal region, which mediates the formation
of homodimers or heterodimers with other bHLH proteins
(Heim et al., 2003; Feller et al., 2006). Furthermore, mutations
in the coding sequences of bHLH proteins, including PhAN1,
IpIVS, and BnTT8, lead to reduced expression of flavonoid
biosynthetic genes, thereby resulting in little or no pigment
accumulation (Spelt et al., 2002; Park et al., 2007; Chen et al.,
2012). These findings suggest that bHLH proteins play crucial
roles in anthocyanin biosynthesis by modulating interactions
with protein partners such as MYB and/or WD40 proteins.

The MYB and bHLH transcription factors (TFs) CmMYB6
and CmbHLH2 promote anthocyanin biosynthesis in
chrysanthemum flowers (Liu et al, 2015; Xiang et al., 2015).
In addition, the expression of the recently identified R3 MYB
repressor gene CmMYB#7 is negatively correlated with
anthocyanin biosynthesis (Xiang et al., 2019). Thus, CmMYB#7
might inhibit anthocyanin biosynthesis by interacting with
CmbHLH?2. However, it does not directly regulate the expression
of anthocyanin biosynthetic genes, suggesting that competition
between CmMYB#7 and CmMYB6 for binding to CmbHLH2
modulates anthocyanin biosynthesis. Therefore, the regulation

of anthocyanin biosynthesis appears to be highly dependent
on the presence of a partner capable of interacting with CmbHLH?2.

Here, we isolated the CmbHLH2 and CmMYB6 TF genes
and investigated their roles in anthocyanin biosynthesis in the
white-flowered chrysanthemum cultivar “OhBlang” (OB), which
produces red ray florets at low temperatures. Notably,
we observed that the CmbHLH2 transcript is alternatively
spliced. We expressed these transcripts transiently in tobacco
leaves and stably in Arabidopsis plants to examine the roles
of alternative splicing forms of CmbHLH2 in anthocyanin
biosynthesis. Functional characterization of CmbHLH2 variants
(CmbHLH2™! and CmbHLH2%") revealed that CmbHLH25"
could not initiate anthocyanin biosynthesis because it cannot
interact with CmMYB6. Our identification and analysis of
splicing variants of CmbHLH2 thus increase our understanding
of the mechanism underlying anthocyanin pigmentation in the
chrysanthemum cultivar OB.

MATERIALS AND METHODS

Plant Materials

Chrysanthemum (Chrysanthemum morifolium Ramat.) cultivar
“OhBlang (OB)” was used in this study. This cultivar produced
either white or red flowers cultivated in a greenhouse from
October 2018 to March 2020 at the National Institute of
Horticultural and  Herbal Science (Wanju, Korea).
Chrysanthemums cv. OB that grown in greenhouses at 17-25°C
on the timing of flower bud emergence exhibited the fully
white-flowered (WO). However, chrysanthemums cv. OB was
cultivated below 15°C for 2-3 weeks on the timing of flower
bud emergence. It turned pigmentation in the ray florets.
We called it turning red OB, TRO. Both white OB (WO) and
turning red OB (TRO) flowers were collected at the full-bloom
stage. Ray florets were collected from WO and TRO flowers,
frozen in liquid nitrogen, and stored at —80°C. Gene expression
in the ray florets was analyzed by quantitative PCR (qPCR)
and reverse-transcription PCR (RT-PCR).

Transformation experiments were conducted using the
Arabidopsis thaliana transparent testa 8-1 (#t8-1) mutant
(SALK_030966), which was obtained from the Arabidopsis
Biological Resource Center (ABRC). All plants were grown
on Murashige and Skoog (MS) medium or soil under long-day
conditions (LD, 16-h light/8-h dark, 100 pmol m™ s™') at
22°C. In addition, transient expression experiments were
conducted using tobacco (Nicotiana tabacum) plants grown in
a greenhouse under natural light at 28°C.

RNA Extraction, cDNA Synthesis, and
Genomic DNA Isolation

Total RNA was extracted from ray florets using Fruit-mate
for RNA Purification solution (Takara, Otsu, Japan) and Plant
RNA Purification Reagent (Invitrogen, Carlsbad, CA,
United States) as described previously (Lim et al., 2020) and
purified using a FavorPrep™ Plant Total RNA Mini Kit (Favorgen,
Changzhi, Taiwan). Total RNA was prepared from tobacco
leaves using TRIzol reagent (Invitrogen) and purified using a
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FavorPrep™ Plant Total RNA Mini Kit (Favorgen), according
to the manufacturer’s instructions. DNA contamination was
removed by DNase I treatment (Ambion, Thermo Fisher
Scientific), and the first-strand ¢cDNA was synthesized from
2 pg of total RNA using amfiRivert cDNA Synthesis Platinum
Master Mix (GenDEPOT, Barker, TX, United States).

Genomic DNA was obtained from chrysanthemum leaves
using a Plant Mini Kit (Qiagen, Valencia, CA, United States)
according to the manufacturer’s instructions.

Gene Cloning and Sequence Analysis

The full-length open reading frames (ORFs) of CmbHLH2 and
CmMYB6 were amplified from ¢cDNA and genomic DNA by
PCR with PrimeSTAR® HS DNA Polymerase (Takara) using
primer sets (CmbHLH2 and CmMYB F/R) listed in
Supplementary Table S1. In addition, all PCR fragments were
subcloned into the pENTR/D-TOPO vector (Invitrogen) to
validate their DNA sequences.

The nucleotide sequences deduced amino acid sequences,
and ORFs of CmbHLH2 and CmMYB6 were analyzed online.'
Structural analysis of the deduced protein was carried out
using the ExPASy Molecular Biology Server.> Multiple sequence
alignments were generated using the CLUSTALW program.’
A phylogenetic tree was constructed using the neighbor-joining
method (Saitou and Nei, 1987) with MEGA version 4 software
(Kumar et al., 2001).

qPCR and RT-PCR Analysis

The expression levels of specific genes were quantified by qPCR
using AccuPower 2x Greenstar qPCR Master Mix (Bioneer,
Daejun, Korea) and the BioRad CFX96 Detection System (BioRad
Laboratories, Hercules, CA, United States) according to the
manufacturers instructions. Gene expression was normalized
to Elongation factor 1o (CmEF1a) and Glyceraldehyde 3-phosphate
dehydrogenase (NtGAPDH) expression for chrysanthemum and
tobacco, respectively, as internal references. Three biological
replicates were performed for each sample. The primers used
for qPCR analysis are listed in Supplementary Table S1.

To validate the alternative splicing of CmbHLH2, RT-PCR was
performed with specific primers listed in Supplementary Table S1.
The resulting DNA fragments were separated on a 1.5% agarose
gel with ethidium bromide for visualization.

Measuring Total Anthocyanin Content

Total anthocyanin content was measured in the samples as
described by Lim et al. (2020). Briefly, powdered ray florets
from WO and TRO and tobacco leaf samples were incubated
in 600 pl extraction buffer (methanol containing 1% HCI) for
6 h at 4°C with moderate shaking. After adding 200 pl water
and 200 pl chloroform, the samples were centrifuged at 14,000 g
for 5 min at 4°C to sediment the plant material. The absorbance
of the supernatant was recorded at 530 nm (As;) and 657 nm
(Ags;) using a microplate reader. Anthocyanin content was

"http://www.ncbi.nlm.nih.gov
*http://cn.expasy.org/tools/
*https://www.genome.jp/tools-bin/clustalw

determined using the following equation: As; — 0.25 X Ags;.
The anthocyanin content in each sample was measured in
three independent experiments.

Subcellular Localization Assay

The subcellular localization of CmbHLH2™', CmbHLH2%*", and
CmMYB6 was analyzed in Arabidopsis protoplasts as described
by Yoo et al. (2007). GFP fusion constructs were generated in
the p326-sGFP plasmid, which contains the cauliflower mosaic
virus 35S (CaMV 35s) promoter. For the C-terminal GFP fusion,
the ORFs of CmbHLH2™, CmbHLH2""", and CmMYB6 were
individually amplified using gene-specific primer sets (p326-
CmbHLH2""-F/R,  p326-CmbHLH2""-F/R, and  p326-
CmMYBG6-F/R), which introduced an Xbal site upstream of the
ATG codon, using the InFusion Cloning System (Clontech).
The resulting p326-CmbHLH"'-sGFP, p326-CmbHLH2%"-sGFP,
and p326-CmMYB-sGFP plasmids were sequenced to confirm
the absence of errors during PCR amplification. The plasmids
were introduced into Arabidopsis protoplasts prepared from
leaf tissues by polyethylene glycol-mediated transformation.
Fusion construct expression was monitored 16-20 h after
transformation, and images were captured by fluorescence confocal
microscopy (Leica TCS SP8, Leica Microsystems, Germany).

Transactivation and Yeast Two-Hybrid
Assays

To generate the CmbHLH2™!, CmbHLH2%", and CmMYB6
BD constructs, sequences encoding complete and partial regions
of CmbHLH2™! and CmMYB6 were individually amplified
using specific primer sets (Supplementary Table S1). The
amplified fragments were cloned into pGBKT?7, harboring the
GAL4 DNA-binding domain (BD) using an In-Fusion Cloning
System (Clontech). The individual BD constructs were
transformed into yeast strain AH109 following the manufacturer’s
instructions (Takara). The transformed yeast cells were grown
on SD medium lacking Trp and replicated on SD medium
lacking Trp, His, and Ade containing X-a-gal for color
development. After 2 days of incubation in the dark at 30°C,
the plates were photographed.

To examine the interactions of CmMYB6 with CmbHLH2™!
and CmbHLH2%"", three CmMYB6 BD constructs (CmMYB6N1,
CmMYB6N2, and CmMYB6N3) were selected, which showed
no autoactivation activity in yeast. To validate the protein
interactions, complete and partial regions of the CmbHLH2™"
coding sequence were individually cloned into pGADT?7 harboring
the GAL4 AD. The AD and BD constructs were co-transformed
into yeast strain MaV203 following the manufacturer’s instructions
(Takara). Yeast strains were selected on SD medium lacking
Trp and Leu. They were replicated on SD medium lacking
Trp, Leu, and His supplemented with 10 mM 3-AT, a competitive
inhibitor of the HIS3 gene product. After 2 days of incubation
in the dark at 30°C, the plates were photographed.

Promoter Activation Assay
The promoter regions of CmCHS and CmDFR were
individually amplified using specific primer sets listed in
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Supplementary Table S1. The resultant PCR products were
purified and cloned into the pENTR/D-TOPO vector (Invitrogen)
for sequencing.

The reporter fusion construct was generated by inserting
the CmCHS and CmDFR promoter into the pTr-GUS vector
at the 5' end of the GUS gene (derived from pBI121) after
removing the CaMV 35S promoter region. The constructs were
transferred into plant expression vector pBAR as described by
Lim et al. (2017) and used as reporter constructs. The ORFs
of CmbHLH2™", CmbHLH2""", and CmMYB6 were individually
subcloned into the pENTR/D-TOPO vector (Invitrogen) and
incorporated into Gateway destination vector pB2GW?7
(VIB-Ghent University, Ghent, Belgium) using several Gateway
cloning steps. The pB2GW7-CmbHLH™' and pB2GW?7-
CmbHLH™" constructs were used as effector constructs. All
constructs were transformed into Agrobacterium strain GV3101.

Transient promoter activation assays were performed in
N. tabacum as previously described (Lim et al.,, 2017). Briefly,
Agrobacteria containing reporter and effector constructs were
cultured in LB medium for 2 days at 28°C, pelleted by
centrifugation at 3,500 g for 5 min at 4°C, resuspended in
infiltration buffer (10 mM MgCl, and 100 pM acetosyringone)
to an ODg of 0.2 (approximately 10 ml of buffer), and incubated
at room temperature without shaking for 2 h. Before infiltration
into tobacco leaves, Agrobacteria harboring effector and reporter
constructs were mixed at a ratio of 3:1. Then, tobacco leaves
were infiltrated with Agrobacteria harboring the genes of interest,
and the leaves were harvested to assay GUS activity at 3 days
post-infiltration (dpi). Agrobacteria harboring only the GUS
reporter construct were used as the control. At least three
biological replicates were used for each experiment.

In Planta Assay of CmbHLH2 Function

The pB2GW7-CmbHLH™" and pB2GW7-CmbHLH""" constructs
were individually transferred in Agrobacterium strain GV3101
and transformed into the Arabidopsis #8-1 mutant
(SALK_030966) using the floral dip method. Transformed
Arabidopsis seeds were grown in soil under 16-h light/8-h
dark conditions at 20°C. Transgenic Arabidopsis plants were
selected by spraying the plants with 0.3% Basta solution.
Homozygous T, lines were selected and used for further analysis.

RESULTS

Regulatory and Structural Genes in
Anthocyanin Biosynthesis Pathways Are
Differentially Expressed in
Chrysanthemum Ray Florets of Different
Colors

We measured the anthocyanin contents in TRO and WO ray
florets (Figures 1A,B). The anthocyanin contents were consistent
with the visible appearance of the ray florets. However, only
TRO ray florets appeared red. These results indicate that
differences in anthocyanin contents are responsible for the
color differences in TRO and WO ray florets.

To investigate the mechanism underlying ray floret
pigmentation, we examined the transcript levels of genes from
TRO and WO at the full-bloom stage (Figure 1C): four
regulatory genes, including the R2R3-MYB-type TF gene
CmMYB6, the bHLH-type TF gene CmbHLH2, the WD40 class
TF gene CmTTGI1, and the R3-MYB-type TF gene CmMYB#7;
and seven structural genes involved in anthocyanin biosynthesis,
including early biosynthetic genes (EBGs) encoding chalcone
synthase (CmCHS), chalcone isomerase (CmCHI), flavanone
3-hydroxylase (CmF3H), and flavonoid 3' hydroxylase (CmF3'H)
and late biosynthetic genes (LBGs) encoding dihydroflavonol
4-reductase (CmDFR), anthocyanidin synthase (CmANS), and
UDP glucose: flavonoid-3-O-glucosyltransferase (CrmUFGT).

CmBHLH2 and CmMYB6 transcript levels were higher in
TRO vs. WO ray florets, whereas CmTTG]I transcript levels
were similar in TRO and WO. Notably, the transcript level
of CmMYB#7 was negatively correlated with the transcript
levels of active regulators, including CmBHLH2 and CmMYB6.
In addition, the transcript levels of all anthocyanin biosynthetic
genes were significantly associated with the transcript levels
of CmBHLH2 and CmMYB6. These results indicate that the
high expression levels of CmBHLH2 and CmMYB6 were positively
correlated with EBG and LBG transcript levels and anthocyanin
contents in TRO and WO ray florets.

Characterization of Regulatory Genes
Involved in Anthocyanin Biosynthesis
We generated cDNA sequences of the open reading frames
(ORFs) of CmBHLH2 and CmMYB6 to validate the difference
in anthocyanin biosynthesis between white and red ray florets
primers designed based on previously reported sequences (Liu
et al,, 2015; Xiang et al., 2015). The CmbHLH2 cDNA sequences
from TRO ray florets shared 100% identity with the previously
reported sequence of CmbHLH2 (GenBank accession number
KT724056), a 1,842-bp sequence with an ORF encoding a
deduced protein of 613 amino acids, which we refer to hereafter
as a CmbHLH2™" (GenBank accession number MW532125).
However, the transcript length of CmbHLH2 from WO ray
florets was 1,207 bp with an ORF encoding a deduced protein
of 149 amino acids due to the premature stop codon; this
predicted protein was designated as CmbHLH2%" (GenBank
accession number MW532126), which harbored a large deletion
at the C-terminal region (Supplementary Figure S1).
Phylogenetic analysis grouped CmbHLH2™" and CmbHLH2%"
into the TT8 clade, whose members function in PA and
anthocyanin biosynthesis (Figure 2A). Sequence alignment showed
that CmbHLH2™" contained well-conserved domains like those
of other flavonoid-related bHLH TFs, including an N-terminal
MYB-interaction region (MIR) domain, a WD/activation domain
(AD), a basic helix-loop-helix (PHLH) domain, and a C-terminal
aspartokinase, chorismate mutase, TyrA (ACT)-like domain (Feller
et al., 2006; Lim et al., 2017). Furthermore, like other anthocyanin
biosynthesis-related bHLH TFs, 19 amino acid residues were
well conserved in the bHLH domain. However, CmbHLH2%"
contained a partial MIR domain due to alternative splicing,
leading to a premature stop codon (Supplementary Figure S1).
These results suggest that the generation of an alternative splicing
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FIGURE 1 | Phenotypes, anthocyanin contents, and anthocyanin biosynthetic gene expression levels in turning red “OhBlang” (TRO) or white “OhBlang” (WO) ray
florets. (A) Photographs of TRO and WO flowers at the full-bloom stage. (B) Anthocyanin level in TRO and WO ray florets. Error bars are the SE of three independent
experiments. (C) Expression levels of anthocyanin biosynthetic genes and regulatory genes in TRO and WO ray florets. Results represent mean values + SD from
three biological replicates. CmEFTa was used as the reference gene. ** and *** indicate values that differ significantly from the control at p < 0.01 and p < 0.001,
respectively, according to Student’s paired t-test.

variant of CmbHLH?2 affects anthocyanin biosynthesis in the
chrysanthemum cultivar “OhBlang”

Unlike CmbHLH?2 transcripts, CmMYB6 transcripts isolated
from TRO and WO ray florets shared 100% identity. CmMYB6
was 765 bp, with an ORF encoding a deduced 254 amino
acid. We designated this gene CmMYB6 (GenBank accession
number MW553912). CmMYB6 encoded a protein with a
one-amino acid difference in the R2 domain from the previously
reported CmMYB6 protein (GenBank accession number
KR002097). In a phylogenetic tree generated from R2R3 MYB
proteins from various plant species (Figure 2B), CmMYB6
was grouped into the AN2 clade. Similar to previous findings,
sequence alignment revealed that CmMYB6 shared the conserved
R2R3 domains in the N-terminal region and the common
KPRPR[S/T]F motif in the C-terminal region are conserved
in all anthocyanin-promoting MYBs (Supplementary Figure S2).

Alternative Splicing of CmbHLH2 in TRO
and WO Ray Florets

To further explore the identity of the splicing variants derived
from CmbHLH2, we amplified the genomic region of CmbHLH?2,
which was 4,951 bp. Multiple sequence alignment between
CmbHLH?2 genomic DNA and the splicing variants revealed
that CmbHLH2™" consisted of 8 exons and 7 introns, but
CmbHLH2""* consisted of only 5 exons and 4 introns
(Figure 3A; Supplementary Figure S3). Thus, the deduced
CmbHLH2™" polypeptide (predicted from the amplified genomic
sequence of mature mRNA) was derived from the primary
transcript of CmbHLH2 containing splicing sites that were
indeed recognized by the splicing machinery. By contrast, in
CmbHLH2%"" pre-mRNA, an alternative 3' splicing sites in
the third exon and 5' splicing sites in the sixth exon) were
recognized by the spliceosome producing shorter transcripts.
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Notably, in these transcripts, the loss of the fourth and fifth
exons led to a frameshift, which produced an early stop
codon at the beginning of the seventh exon. Thus, the
corresponding proteins should show premature truncation,
resulting in a much shorter protein than the theoretical
one, with the loss of most residues downstream of the
MIR domain.

To experimentally determine whether CmbHLH2 undergoes
alternative splicing, we performed RT-PCR using three sets of
gene-specific primers targeting different regions of cDNA
generated from RNA extracted from TRO and WO ray florets.
The gene-specific primer sets (F1 + R1, F2 + R2, and F3 + R3)
were designed from the first to second exon, from the fifth
to seventh exon, and from the seventh to eighth exon, as
shown in Figure 3B. RT-PCR assays with set 1 (F1 + R1)
and set 3 (F3 + R3) primers showed no differences between
TRO and WO ray florets, indicating that amplicons of the
same size were generated (Figure 3B). However, RT-PCR assays
with set 2 (F2 + R2) primers amplified products of the expected
sizes in TRO ray florets but not in WO ray florets. These
findings are consistent with cDNA data showing that the
alternative donor site and alternative acceptor site result from
the use of cryptic splice sites that might shorten an exon.

In addition, these results indicate that CmbHLH2 generates
alternative transcripts in WO ray florets, resulting in the
production of a nonfunctional protein with only a partial
MIR domain.

Subcellular Localization Analysis of
CmbHLH2 and CmMYB6

Since the subcellular localization of TFs in either the cytoplasm
or nucleus regulates their biological activity, we assessed whether
the abnormal subcellular distribution of the CmbHLH2 splicing
variants could account for differences in anthocyanin
biosynthesis. To address this hypothesis, we expressed individual
GFP fusions of CmbHLH2™!, CmbHLH2"", and CmMYB6
with a nucleus marker construct as a positive control (red
fluorescent protein (RFP) fused to the nuclear localization
signal (NLS) of the SV40 large T antigen) in Arabidopsis
leaf protoplasts and examined their localization by
immunofluorescence microscopy (Figure 4A). Protoplasts
transfected with CmbHLH2™"::GFP and CmMYB6::GFP showed
strong GFP fluorescence in the nuclei, but those with
CmbHLH2%"::GFP showed GFP fluorescence in both the nuclei
and cytoplasm (Figure 4B). These results indicate that the
alternative splicing form CmbHLH2%" exhibits an abnormal
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subcellular distribution that could prevent or reduce its
interaction with CmMYBS6.

Transcriptional Activation Activity of
CmbHLH2™", CmbHLH25%"", and CmMYB6
To determine whether CmbHLH2™!, CmbHLH2%", and
CmMYBS6, have transcriptional activation activity, we generated
constructs harboring their gene sequences fused in-frame to
the GAL4 DNA-binding domain (GAL4-BD) of the pGBKT7
vector. We assayed their transcriptional activation activity in
yeast (Figures 5A,B). We transformed these constructs into
yeast strain AH109 and screened the cells on synthetic dropout
(SD) medium lacking tryptophan (SD/-T) and triple dropout
medium, ie., SD medium lacking tryptophan, histidine, and
adenine (SD/-THA) supplemented with 10 mM 3AT and
X-a-Gal.

Among the full and partially truncated clones of
CmbHLH2™" and CmbHLH2%™", yeast transformants
containing CmbHLH2_M, CmbHLH2_N, and CmbHLH25"",
which lacked the C-terminal region of CmbHLH2, grew on

selection medium and turned blue under the same conditions
(Figure 5C). By contrast, yeast colonies (CmbHLH2™" and
CmbHLH2_C) containing the C-terminal region of CmbHLH2
failed to grow on the selection medium. These results suggest
that the C-terminal region of CmbHLH2™" represses
protein autoactivation.

Among yeast transformants containing partial or full-length
CmMYB6, vyeast transformants containing CmMYB6_NI,
CmMYB6_N2, and CmMYB6_N3, which lacked the C-terminal
regions of the protein, failed to grow on selection medium
and did not turn blue under the same conditions (Figure 5D).
By contrast, yeast transformants containing CmMYB6_C, which
lacked the N-terminal region of the protein, grew on selection
medium, suggesting that the C-terminal region of CmMYB6
is required for its transcriptional activity. Taken together, these
results indicate that the full-length CmMYB6 protein possesses
strong autoactivation activity and that the C-terminus shows
autoactivation activity, but the N-terminus does not (Figure 5D).
Therefore, the autoactivation activity of CmMYB6 could
be attributed to the C-terminal region.
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Splicing Isoforms of CmbHLH2 Affect Its
Interaction with CmMYB6

As shown in Figure 1, CmbHLH2 and CmMYB6 together regulate
anthocyanin biosynthetic gene expression in chrysanthemum. To
examine the interaction between CmbHLH2 and CmMYB6,
we constructed bait vectors encoding full-length CmbHLH2%"
and complete and partially truncated CmbHLH2™! fragments
fused to pGADT?7 harboring the GAL4 activation domain (GAL4-
AD; Figure 6A) and performed a yeast two-hybrid (Y2H) assay
(Figure 6B). As a result, CmbHLH2™! L strongly interacted
with CmMYB6_N2 and CmMYB6_N3 but failed to interact with
CmMYB6_N1, which harbored the R2 domain. Notably,
CmbHLH2™ M and CmbHLH2™!' N, which contained the
common MIR domain, were able to interact with CmMYB6_N2
and CmMYB6_N3, but not CmMYB6_N1, like the results obtained
with CmbHLH2™_I.. However, CmbHLH2%", which possessed
the partial MIR domain, failed to interact with any proteins
with different CmMYB6 regions. These results indicate that the

intact MIR domain of CmbHLH2™! and the R3 domain of
CmMYB6 are indispensable for interacting with these two proteins.

CmbHLH2 and CmMYB6 Cooperatively
Regulate CmCHS and CmDFR Promoter
Activity

Various TFs positively and negatively regulate anthocyanin
biosynthetic genes. The MYB-recognizing element (MRE) and
bHLH-recognizing element (BRE) at the proximal promoter
regions of anthocyanin biosynthetic genes are thought to be the
targets of MYB and bHLH TFs, respectively (Zhu et al., 2015).
To test the activating effects of these TFs on their target genes,
we performed a transient transactivation activity assay using
CmCHS and CmDFR, which encode enzymes that catalyze the
committed step in flavonoid and anthocyanin biosynthesis,
respectively, and contain several MREs and BREs in their
promoters (Figure 7A; Supplementary Figure $4). CmbHLH2™"
and CmMYB6 were independently infiltrated or co-infiltrated
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into tobacco leaves along with modified pTr-GUS constructs
containing the target CmCHS and CmDFR promoters driving
GUS expression (Figure 7B). Neither CmbHLH2™"! nor CmMYB6
activated the CmCHS or CmDFR promoter when expressed
separately in tobacco leaves. Furthermore, CmbHLH2™" and
CmMYB6 were co-infiltrated into tobacco leaves, GUS activity
driven by the CmCHS and CmDFR promoters increased by
approximately 5-fold and 26-fold, respectively. However, in a
transient transactivation assay in which CmbHLH2%*" and
CmMYB6 were expressed separately or together, the CmCHS
and CmDFR promoters were not activated. These results suggest
that CmbHLH2%" and CmMYB6 cannot interact with each
other, thus failing to activate the CmCHS and CmDFR promoters.
Taken together, these results indicate that a transcriptional
complex of CmbHLH2™! and CmMYB6 activates the expression
of the CmCHS and CmDFR promoters more effectively than
CmbHLH2 or CmMYB6 alone.

Simultaneous Expression of CmbHLH2
and CmMYB6 Enhances Anthocyanin
Accumulation in Tobacco Leaves

To further explore the role of CmbHLH2™!, CmbHLH2%*",
and CmMYB6 in anthocyanin biosynthesis, we conducted a
transient expression assay in tobacco leaves (Figure 8A). Similar
to the promoter activation assay results, expressing CmbHLH2"™!,

CmbHLH2%*", or CmMYB6 alone failed to trigger anthocyanin
accumulation in tobacco leaves. However, co-expressing
CmbHLH2™" and CmMYB6 resulted in red pigmentation in
infiltrated tobacco leaves, whereas co-expressing CmbHLH2%"
and CmMYB6 did not. We detected red pigmentation at 5 days
post-infiltration (dpi), which gradually increased until 7 dpi.
We measured anthocyanin contents in leaf discs collected at
7 dpi. As expected, anthocyanin was barely detectible in leaves
infiltrated separately with mock control, CmbHLH2™,
CmbHLH2%", and CmMYBS6, and in leaves co-infiltrated with
CmbHLH2%" and CmMYB6. By contrast, anthocyanin contents
in leaves co-expressing CmbHLH2™' and CmMYB6 was a
5-fold increment compared with those in leaves individually
expressing CmbHLH2™" or CmMYB6 (Figure 8B).

To further test the roles of CmbHLH2™!, CmbHLH2%",
and CmMYB6 as regulators of anthocyanin biosynthesis,
we analyzed the transcript levels of nine structural genes
involved in anthocyanin biosynthesis in infiltrated tobacco
leaves by qPCR (Figure 8C). Like anthocyanin contents, the
expression levels of anthocyanin biosynthetic genes were similar
in leaves infiltrated separately with mock control, CmbHLH2™",
CmbHLH2%", or CmMYB6 and in leaves co-infiltrated with
CmbHLH2%" and CmMYB6. However, the transcript levels
of NtCHS, NtDFR, and NtANS were significantly higher in
leaves co-expressing CmbHLH2™! and CmMYB6 vs. the control.
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indicate the activation domain and binding domain, respectively.

In addition, the levels of these gene transcripts were consistent
with the anthocyanin levels, and the significant red coloration
observed in leaves simultaneously expressing CmbHLH2™! and
CmMYB6. Taken together, these results indicate that
CmbHLH2™" is essential for controlling anthocyanin biosynthesis
together with CmMYB6 in chrysanthemum.

CmbHLH2 Restores Anthocyanin and
Proanthocyanidin Biosynthesis in
Arabidopsis tt8-1 Mutant

As described above, distinct CmbHLH2 transcripts were expressed
in TRO and WO ray florets. Based on the results of Y2H,
promoter activation, and transient expression assays,
CmbHLH2™" plays a crucial role in anthocyanin biosynthesis
in cooperation with CmMYB6. To investigate the possible roles
of CmbHLH2 in flavonoid biosynthesis in planta, we individually
expressed CmbHLH2™' and CmbHLH2%" under the control
of the CaMV 35S promoter in the Arabidopsis mutant t£8-1,
which lacks anthocyanin in the junction between the stem
and rosette leaves and fails to accumulate proanthocyanidin,
resulting in yellow seeds (Figure 9A). Following selection with
Basta, seeds of T, transgenic lines harboring CmbHLH2™! were
brown like wild-type Arabidopsis. By contrast, T, transgenic
lines harboring CmbHLH2%" still produced yellow seeds like
those of t£8-1. We examined the anthocyanin levels in leaves
of the transgenic lines harboring CmbHLH2"™" or CmbHLH2%"

at 4-week-old (Figure 9B). At that stage, we also performed
the RT-PCR with primers designed to check for the presence
and expression of CmbHLH2, determining that the CmbHLH2
transgene was successfully expressed in all of the transgenic
Arabidopsis plants (Figure 9C). Furthermore, anthocyanin levels
in leaves from transgenic lines harboring CmbHLH2™" were
similar to those of the wild type, whereas anthocyanin levels
were not restored to wild-type levels in plants harboring
CmbHLH2%", These results demonstrate that the protein
encoded by CmbHLH2"™" regulates proanthocyanidin biosynthesis
in seeds and anthocyanin biosynthesis in leaves.

DISCUSSION

The biosynthesis of flavonoids, including anthocyanins and
proanthocyanidins, is  regulated by  ternary  MBW
(MYB-bHLH-WDR) complexes composed of R2R3-MYB, bHLH,
and WDR proteins (Hichri et al., 2011; Xu et al,, 2015). Several
studies have shown that the differences in anthocyanin levels in
the same tissues of certain plant cultivars are mainly attributable
to the MYB component of the MBW complex. For examples,
in wild-type tomato, alternative splicing of the SIAN2-like gene
(encoding an active R2R3 MYB) leads to the production of a
nonfunctional protein due to the presence of a premature stop
codon, resulting in a uniform red color in peels due to the
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accumulation of only carotenoids in this tissue (Colanero et al., 2020).
However, the anthocyanin fruit (aff) gene of tomato cultivar
Indigo Rose is a functional SIAN2-like gene, and mutation of
SIMYBATV (a repressive R3 MYB), which acts as a negative
repressor by interacting with the MBW complex, results in the
accumulation of high levels of anthocyanin in peels (Cao et al.,
2017). Similarly, Arabidopsis plants accumulate high levels of
anthocyanin in leaves due to the low expression of AtMYBL2,
the first reported R3 repressor, under both high light and high
sucrose levels (Dubos et al., 2008; Matsui et al., 2008). Therefore,
anthocyanin production is both positively and negatively regulated
by MBW complex formation.

In the current study, we demonstrated that CmMYB6 and
CmbHLH2 participate in the regulation of anthocyanin
biosynthesis and that the gene products of CmbHLH?2 differ
between TRO and WO ray florets. The CmbHLH2 transcript
has changed in splice sites resulting in premature stop codons
in the CmbHLH2%" alleles of WO ray florets. CmbHLH2
transcript levels were correlated with early (EBG) and late
(LBG) anthocyanin biosynthetic genes. Additionally, anthocyanin
accumulation was only detected following the simultaneous
expression of CmbHLH2™" and CmMYB6, but not CmbHLH2%"
and CmMYB6 in a transient assay in tobacco leaves. Despite
the presence of the CrmMYB6 gene product in TRO and WO,

our findings indicate that the gene products of CmbHLH2
play a crucial role in anthocyanin biosynthesis by functioning
as key regulators of ray floret coloration.

Group IIIf bHLH proteins contain several domains, including
the MIR, acidic, bHLH, and ACT-like domains, which function
in trichome and anthocyanin biosynthesis (Hichri et al., 2011).
In A. thaliana, the presence of IIIf bHLH proteins harboring
only the N-terminal region (MIR and the acidic domains)
was sufficient for trichome and non-hair root cell differentiation,
but not for anthocyanin biosynthesis (Tominaga-Wada et al,
2012). Anthocyanin-less tomato contains a group IIIf bHLH
TF with a single nucleotide polymorphism (G to T) that causes
G184 to be converted to a stop codon, resulting in the loss
of the bHLH domain and the ACT-like domain at the C-terminal
region (Qiu et al, 2016). Our results suggest that, like in
Arabidopsis and tomato, mutation of group IIIf bHLH proteins
modulates anthocyanin biosynthesis in chrysanthemum.

Alternative splicing is when multiple mRNAs from the same
gene are generated through the variable selection of splice
sites during pre-mRNA splicing. It plays a key regulatory role
in modulating gene expression during development and
responding to environmental signals (Syed et al.,, 2012). Under
low temperature, it revealed that variation in alternative splicing
events might contribute to rapid changes in gene expression
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FIGURE 8 | Anthocyanin contents in transiently transformed tobacco leaves infiltrated with Agrobacterium strains carrying CmMYB6, CmbHLH2™", and
CmbHLH2%", (A) Images of transiently transformed tobacco leaves at 5 days after agroinfiltration. (B) Anthocyanin content was extracted from each patch after
agroinfiltration. (C) Relative expression levels of endogenous anthocyanin biosynthetic genes in tobacco plants, as determined by gPCR analysis. Results represent
mean values + SD from three biological replicates. Different letters above the bars indicate significantly different values (p < 0.0001) calculated using one-way
ANOVA followed by Duncan’s multiple range test.

and metabolite profile on sugar and antioxidant metabolism
(Li et al., 2020). These changes may confer to improve adaptation
in plants against environmental stress.

Alternative splicing of structural or TF genes related to
anthocyanin biosynthesis affects pigment accumulation in plants.
For example, in peach flowers, the ANS gene of plants with
white flowers exhibits intron retention of a spare 129 bp
sequence that is lacking in pink flowers, which leads to the
dysfunction of the protein, ultimately blocking the accumulation
of colored pigments in white petals (Yin et al., 2019). In tomato,
splicing mutations of R2R3 MYB SIAN2-like, which control

anthocyanin pigmentation, lead to the production of a
dysfunctional protein (Colanero et al., 2020). In addition,
alternative splicing of the group IIIf bHLH gene BnTT8 was
detected in the yellow seeds of rapeseed (Lin et al., 2020).
Interestingly, a recent study reported that the weak allele of
Delila (del”®), the group IIIf bHLH gene from snapdragon,
generated by the alternative splicing due to the insertion in
the intron located in the proximal region of the cryptic site
resulted in reduced anthocyanin pigmentation in flower (Albert
etal,, 2021). These findings provide insight into why domesticated
crops including tomato, rapeseed, peach, and snapdragon display
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indicate significantly different values (p < 0.0001) calculated using one-way ANOVA followed by Duncan’s multiple range test.

different pigment accumulation patterns in fruits, seeds, and
flowers, respectively. In the current study, CmbHLH2%"", an
alternative splicing variant of CmbHLH2, was only detected
in WO ray florets and generated a dysfunctional protein
inactivation of the CmCHS and CmDFR promoters and the
failure to produce anthocyanin pigments in tobacco leaves and
Arabidopsis #8-1 plants. Taken together, these results point
to an underlying regulatory mechanism for anthocyanin
biosynthesis that involves the modification of anthocyanin
biosynthetic or TF genes via alternative splicing.

This study demonstrated that different CmbHLH2 transcripts
encode truncated proteins lacking the acidic region, bHLH,
and ACT domains in WO ray florets. Flavonoid-related bHLH2
TFs contain a MIR motif involved in interactions with the
R3 domain of anthocyanin-promoting R2R3 MYB proteins.
CmbHLH2%", with a partial MIR motif, was mislocalized to
the nucleus and cytoplasm and lost the ability to bind to
CmMYB6 (Figures 4, 6). As expected, the simultaneous

expression of both CmbHLH2%" and CmMYB6 did not induce
anthocyanin accumulation or activate the promoters of CmCHS
and CmDFR. These results suggest that the alternative splicing
form of CmbHLH2 prevents the formation of MBW complexes
that regulate the expression of anthocyanin biosynthetic genes
and thus does not induce anthocyanin production.

Another possible explanation is that the alternative splicing
form of CmbHLH2 might significantly affect anthocyanin levels
and anthocyanin biosynthetic gene expression by functioning
as a repressor. Indeed, many studies have shown that truncated
transcripts can interact with normal transcripts and function
as repressors. For example, different alleles of DvIVS, a bHLH
regulatory gene, affect the regulation of anthocyanin biosynthesis
in dahlia (Ohno et al., 2011). The DvIVS transcript of the
orange ray floret mutant MJOr encodes a full-length bHLH
regulatory protein, leading to complete orange florets due to
anthocyanin accumulation, whereas the DvIVS transcript of
the yellow ray floret mutant MJY encodes a truncated protein
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lacking the C-terminal region including the bHLH domain
due to a Tdvl insertion into the fourth intron, thereby leading
to yellow florets. Morning glory produces different transcripts
of ItIVS, a bHLH regulatory gene, due to an intragenic tandem
duplication, leading to pale flower color (Park et al., 2007).
Taken together, these results suggest that truncated bHLH
protein not only impedes the conformation of the active MBW
complex by directly interfering with the interaction between
intact bHLH and MYB, but it also promotes the formation
of an inactive MBW complex by replacing normal bHLH protein.

In addition, abnormal bHLH transcripts can have altered
levels and stability. In dahlia and morning glory, the levels of
the aberrant transcripts of DvIVS and ItIVS (containing premature
termination codons) are very low compared with the normal
transcripts of wild-type plants, suggesting that the aberrant
transcripts might undergo nonsense-mediated decay, leading
to degradation of the same mRNAs (Syed et al., 2012; Sibley
et al,, 2016). Indeed, CmbHLH2®*" has retained partial MIR
domains but lacks DNA-binding domains and/or transcriptional
regulatory domains and cannot interact with the R2R3 MYB
CmMYBS6. It is possible that the aberrant form competitively
interacts with the full-length TF to inhibit its activity.

Overall, we conclude that the TF CmbHLH2 plays an
important role in anthocyanin biosynthesis, depending on the
splicing form of its gene. Indeed, alternative splicing of the
CmbHLH?2 gene produces at least two transcripts: one encoding
a functional TF and an alternative form encoding a dysfunctional
TF that negatively regulates the functional form (Seo et al,
2011). Thus, these findings provide insight into a molecular
mechanism in which the alternative splicing of CmbHLH2
modulates the protein interaction network involved in
anthocyanin biosynthesis.

CONCLUSION

In this study, we demonstrated that anthocyanin biosynthesis
in TRO and WO ray florets is determined by the presence of
CmbHLH2, CmbHLH2™", and CmbHLH2"" transcripts. In the
ray florets of chrysanthemum flowers, anthocyanin contents
and anthocyanin biosynthetic gene expression strongly depend
on the splicing form of CmbHLH2. A transient expression assay
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