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Abstract: Baicalin (7-D-glucuronic acid-5,6-dihydroxyflavone) belongs to natural flavonoids extracted
from the roots of Scutellaria baicalensis, the plant used in traditional Chinese medicine. It has been
proven that baicalin has various pharmacological activities, such as antioxidant, anti-inflammatory,
anticancer, antibacterial, and anti-apoptotic ones. However, it is essential not only to determine
the medical usefulness of baicalin, but also to find and develop the most effective methods for its
extraction and detection. Therefore, the aim of this review was to summarize the current methods
of detection and identification of baicalin and to present the medical applications of baicalin and
the underlying mechanisms of its action. Based on the review of the latest literature, it can be con-
cluded that liquid chromatography alone or together with mass spectrometry is the most commonly
used method for the determination of baicalin. Recently, also new electrochemical methods have
been established, e.g., biosensors with fluorescence, which have better detection limits, sensitivity,
and selectivity.

Keywords: baicalin; detection methods; liquid chromatography; biosensors; pharmacological effects;
Scutellaria baicalensis

1. Introduction

Baicalin (1) (Figure 1) is the most abundant flavonoid component of Scutellaria baicalen-
sis (SB) and its dried roots, known as Huang-Qin or Scutellariae Radix (SR).
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Figure 1. The chemical structure of baicalin (1).
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It is also widely found in many multi-herbal formulations used in Eastern countries [1].
Its content in raw Scutellaria baicalensis Georgi roots determined by HPLC was found to be
either 10.11% or 10.63%, depending on the extraction method [2].

1.1. Detection Methods

Many traditional Chinese medicines (TCM) are composed of SB and other herbs.
Therefore many quantitative methods were developed recently for simultaneously de-
termining their active constituents, including baicalin. The detection methods comprise
ultra-high-performance liquid chromatography (UHPLC), high-performance liquid chro-
matography (HPLC) in combination with mass spectrometry (MS), diode array detectors
(DAD), photodiode-array detectors (PDA), and also chemometric methods for the analy-
sis of herbal formulas [3-9] (Table 1). In addition, liquid chromatography—tandem mass
spectrometry (LC-MS/MS) was used for rat plasma analysis [10-12]. Similar methods are
applied to determine the content of flavonoids and other ingredients of SB and its dried
root SR [13-18]. A simple and accurate LC-MS/MS method was also described for the
fingerprint analysis and identification of SR in many TCMs [19]. A variety of separation
techniques that are employed for the quantitative determination of four main active com-
ponents of SB: baicalin, baicalein, wogonin, and oroxylin A, in various types of samples
were reviewed by Li et al. [18]. These techniques include HPLC, high-speed countercurrent
chromatography (HSCCC), thin layer chromatography (TLC), capillary electrophoresis
(CE), and micellar electrokinetic capillary chromatography (MEKC).

1.1.1. Chromatographic Methods of Detection

A sensitive and selective method for the simultaneous determination of wogonin,
scutellarin, baicalin, and baicalein in the SB commercial extracts using HPLC-MS/MS with
electrospray ionization was developed [15]. The analysis was performed using reversed-
phase chromatography with an Acclaim RSLC C18 adsorbent and gradient mixture of 0.5%
aqueous formic acid solution and acetonitrile as the mobile phase. For baicalin, a 1 ng/mL
limit of detection (LOD) was achieved, and the calibration curve was linear within the
concentration range of 20-500 ng/mL. A UHPLC-PDA method has been developed to
simultaneously determine ten flavonoids, including baicalin, in crude and wine-processed
SR, which can be used as a valid analytical method for intrinsic quality control of these two
preparations [16]. Optimal separation was achieved using gradient elution with the mobile
phase consisting of 0.01% aqueous formic acid and methanol and a Waters ACQUITY
UHPLC BEH C18 column. The detection wavelength was set at 275 nm. The measured
LOD and limit of quantification (LOQ) for baicalin were 0.16 ug/mL and 0.48 pug/mL, re-
spectively. In 2020 baicalin and sixteen other components were identified as discriminatory
chemicals between raw and wine-processed SB using ultra-performance liquid chromatog-
raphy/quadrupole time-of-flight mass spectrometry (UPLC-Q-TOF-MS) coupled with mul-
tiple statistical strategies [13]. A rapid, sensitive, and selective UPLC-ESI-MS/MS method
was developed for the simultaneous determination of 10 flavonoids: scutellarin, scutel-
larein, chrysin, wogonin, baicalein, apigenin, wogonoside, oroxylin A-7-O-glucuronide,
oroxylin A and baicalin from RS aqueous extracts in rat plasma, with propylparaben as
an internal standard (IS). Chromatographic separation was achieved on a C18 column
using gradient elution with the mobile phase consisting of methanol and 0.1% aqueous
formic acid. This method was used for the pharmacokinetic comparison of crude and wine-
processed RS aqueous extracts [17]. In the same year, a novel free radical reaction combined
with HPLC-PDA-ESI-MS/MS screening method for the detection and identification of nat-
ural antioxidants from whole SB was described [20]. Six compounds, including baicalin and
whole Scutellariae extracts, were found to possess a high potential antioxidant capacity.

The baicalein, baicalin, wogonin, and wogonoside in SR were also determined also
using the reversed-phase liquid chromatographic method with isocratic elution [21]. Chro-
matographic analysis was performed on a YMC Pack Pro C8 column (150 x 4.6 mm, 3 mm),
with a mobile phase of 0.1% aqueous formic acid and acetonitrile and UV detection at
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280 nm. In 2020 Zhu et al. [22] applied multi-dimensional and multi-informational (MD-
M) integrated xanthine oxidase and superoxide anion fingerprint inequality evaluation
of SR. This system, combined with HPLC-ESI-Q-TOF-MS analysis, can identify 17 active
compounds in SR. In the same year, Zhang et al. [14] introduced the UHPLC-Q-TOF-MS
method coupled with an integrated strategy involving diagnostic ions, neutral losses, and
a prediction platform to explore the constituents of SR and their exogenous substances
in rats.

All the above-mentioned methods and systems were used to examine multi-component
mixtures containing baicalin.

However, over the past decade, a few of the described methods or new evaluation
methods for the detection of baicalin alone or together with one to three other components
were published. Among these methods, liquid chromatography is the most commonly
used for the determination of baicalin in biological samples, including rat, rabbit, or human
plasma. A simple, specific, and accurate method of detecting baicalin in SB Georgi using
HPLC with a Diamonsil C18 column and the mobile phase consisting of methanol, water,
and phosphoric acid (47:53:0.2) and the detection wavelength of 280 nm was established [23].
The content of baicalin showed linearity over the range of 0.12-1.2 pg, with an average
recovery of 98.6% and a relative standard deviation (RSD) of 0.78%. Some chromatographic
methods have been applied to determine and monitor baicalin content in biological samples
for the purpose of pharmacokinetics. A novel UPLC-DAD method for simultaneous
determination of three flavonoid glycosides: baicalin, oroxylin A-7-O-glucuronide, and
wogonoside in rat plasma, using rutin as an internal standard, was published in 2015 [24].
Separation was performed on an Agilent Eclipse Plus C18 column (2.1 x 50 mm, 1.8 um),
using gradient acetonitrile and 0.2% aqueous formic acid solution as a mobile phase and
with detection at 275 nm. The method was linear over the range of 0.075-17.50 pg/mL for
baicalin. Its LOD in rat plasma was 0.01 ug/mL, whereas the LOQ was 0.035 pug/mL. This
newly developed and validated plasma assay method has been successfully applied to the
pharmacokinetic studies of baicalin, oroxylin A-7-O-glucuronide, and wogonoside after
oral administration of Yinhuang granule, and the determination of baicalin in rat plasma,
following oral administration of pure baicalin and SR. Wei et al. [25] described a simple
and sensitive reverse-phase LC-UV analytical method to investigate the pharmacokinetics
and biodistribution pattern of baicalin in rabbit plasma and tissue. The assay method is
also suitable for the quantitative determination of baicalin in biosamples in preclinical
and clinical experimental phase studies of baicalin-loaded liposomes. Chromatographic
separation was achieved on a reverse-phase C18 column with a gradient elution with the
mobile phase consisting of a 1: 1 (v/v) mixture of methanol and acetonitrile and 0.4% (v/v)
aqueous phosphoric acid. UV absorption was set at 278 nm. The chromatographic response
was linear over the ranges of 0.05-10.00 nug/mL in plasma and 0.05-300.00 pg/g in tissues
with the LOQ of 50.0 ng/mL in plasma and tissues, and the LOD of baicalin in biosamples of
15 ng/mL. Baicalein and its main metabolite, baicalin, were also simultaneously determined
in human plasma by HPLC-MS/MS method [26]. The mobile phase consisted of an aqueous
phase (0.5% formic acid in 3 mM ammonium acetate solution), an organic phase (methanol-
acetonitrile-formic acid, 50: 50: 0.5, v:v:v), and a Phenomenex® SynergiTM MAX-RP 80 A
C12 chromatographic column (150 mm x 2.0 mm, 4 um particle size) was chosen. The
desired sensitivity with LOQ of 1 ng/mL was achieved, showing superior sensitivity in
comparison with the methods reported previously. The method was successfully applied
in the study exploring the food effect in the pharmacokinetics of baicalein chewable tablets
in healthy volunteers. Intake of food before administration of baicalein chewable tablets
increased the absorption of baicalein and decreased the absorption of baicalin. A sensitive
LC-MS method for direct analysis of flavonoid glucuronides: baicalin, wogonoside, and
apigenin-7-O-glucuronide in the bile and blood samples was described recently [27]. The
analytes were separated on a Resteck HPLC (50 mm x 2.1 mm ID, 1.7 pm) column using
acetonitrile and 0.1% formic acid in water as the mobile phases. The mass analysis was
performed in an AB Sciex 5500 Qtrap mass spectrometer via multiple reaction monitoring
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(MRM) in the positive mode. The linear ranges of analytes were 10-5000 nM in the bile and
1.56-4000 nM in the blood, respectively. The validated method was successfully applied
to a portal vein infusion study in rats to quantify baicalin, wogonoside, and apigenin-
glucuronide in the bile and blood samples.

It is worthy of mention that baicalin determination by attenuated-total-reflectance
mid-infrared (ATR-IR) and near-infrared (NIR) spectroscopy [28] in SR was also reported.

Table 1. Detection methods of baicalin (1).

Detection Methods
Ultra-high-performance liquid chromatography (UHPLC)

Refs.
Ultra-high-performance liquid chromatography with UHPLC-PDA [16]
photodiode-array detectors
Ultra-performance liquid chromatography/quadrupole time-of-flight
mass spectrometry UPLC-Q-TOF-MS [13]
Ultra-performance liquid chromatography-electrospray ionization
with mass spectrometry UPLC-ESEMS/MS [171
Ultra-high-performance liquid chromatography /quadrupole UHPLC-Q-TOF-MS [14]
time-of-flight mass spectrometry
Ultra-performance liquid chromatography with diode array detectors UPLC-DAD [5,24]
Ultra-performance liquid chromatography with mass spectrometry UPLC-MS [27]
High-performance liquid chromatography (HPLC)
High-performance liquid chromatography with mass spectrometry HPLC [23]
High-performance liquid chromatography with mass spectrometry HPLC-MS/MS [15,26]
High-performance liquid chromatography photodiode-array with
electrospray ionization and mass spectrometry HPLC-PDA-ESI-MS/MS [201
High-performance liquid chromatography with electrospray HPLC-ESI-Q-TOF-MS [22]
ionization quadrupole time-of-flight and mass spectrometry
High-performance liquid chromatography with diode array detectors HPLC-DAD [4,7]
Attenuated-total-reflectance mid-infrared spectroscopy (ATR-IR) [28]
Near-infrared spectroscopy (NIR) [28]

The authors declare that ATR-IR and NIR spectroscopy in combination with multi-
variate analysis is suitable for quantification of the baicalin and total baicalein content
in SR, and it was found that ATR-IR spectroscopy provides higher accuracy in the given
application. Moreover, a simple method for the simultaneous determination of four bioac-
tive components, including baicalin, in composite preparations by microemulsion CE with
UV detection at 273 nm was published recently [29]. The effect of the microemulsion
addition ratio as well as borax and acetonitrile concentration, on the separation process,
was evaluated. A running buffer composed of acetonitrile (8%) and 4% of microemul-
sion (consisting of 3.24% of n-heptane, 13.24% of sodium dodecyl sulfate (SDS), 26.44%
of n-butanol, and 57.08% of distilled water) and 20 mM borax solution was found to be
the most suitable for this separation. The LODs for four analytes were in the range of
0.50-1.2 ug/mL. In the tested concentration range, linear relationships between the peak
areas and the concentrations of the analytes were obtained. The correlation coefficient for
baicalin was 0.997.

1.1.2. Electrochemical and Fluorescent Sensors

Most of the methods mentioned above provide good detection results for baicalin,
but their application is limited by sophisticated pretreatment processes and time and cost-
consuming operations. A good alternative may be the use of biosensors. Some reports state
that electrochemical sensors designed for baicalin detection were characterized by a simple
procedure, high sensitivity, and low time and cost constraints. Various functional materials,
especially nanomaterials, have been used to modify the electrode in order to improve its
sensitivity and selectivity. Ran et al. [30] described a highly sensitive electrochemical sens-
ing platform based on the disulfide-linked 3-cyclodextrin dimer (SS-3-CD) and ultrafine
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Pd clusters monodispersed on the surface of reduced graphene oxide (PA@RGO). Due to
the synergistic effects of the PdA@RGO and SS5-b-CD, the SS-3-CD-Pd@RGO nanohybrid-
modified electrode was found to have a linear response in the range of 0.02-20.00 mM for
baicalin and of 0.01-10.00 mM for luteolin, with relatively low detection limits of 0.0052 mM
and 0.0070 mM, respectively. This sensor was used to detect baicalin and luteolin in human
serum samples using standard addition methods. Another electrochemical sensor with
cyclodextrin moiety was described by Lio et al. [31]. In this case, the glassy carbon electrode
(GCE) was modified with 2,6-dimethyl-3-cyclodextrin (DM-f3-CD) functionalized graphene
nanosheets (DM-3-CD-GNs), and the synergetic effects of GNs and DM-3-CD molecules
induced increasing of the peak currents of baicalin and isoquercetin. The linear response
ranges for isoquercetin and baicalin are 10 nM-3.0 uM and 0.04-3.0 uM with the LODs of
4 nM and 10 nM, respectively.

Sheng et al. [32] described a one-pot synthesis of Co nanoparticles (NPs) doped
amino-graphene nanocomposites (Co-amino-Gr). By combining the merits of amino-Gr
and the Co NPs, a highly sensitive electrochemical sensor was achieved. The proposed
modified glass carbon electrode (Co-amino-Gr/GCE) exhibited a high specific voltametric
response to baicalin. The response peak currents were linearly related with baicalin con-
centrations in the range of 1.0 x 107°-8.0 x 107 mol/L with a LOD of 5.0 x 10~ mol/L
(S/N =3). Additionally, the proposed method was used to detect baicalin in the medici-
nal capsules with satisfactory results. A voltammetry sensor platform for baicalein and
baicalin simultaneous detection in vivo has also been developed and described [33]. The
bimetallic oxide particles TapO5-NbyOs@CTS composite modified directly in an antiseptic
chitosan-modified carbon paste electrode was applied to the precise quantitative anal-
ysis of baicalein and baicalin for the first time. The linear detection range and limit of
baicalein and baicalin on TayOs-Nb,Os@CTS-CPE were 0.08-8.0 uM for both of them
and of 0.05 and 0.03 uM (S/N = 3), respectively. There are also reports on the usage
of molybdenum sulfides as modifiers of GCE to obtain useful sensors and to develop a
sensitive and selective electrochemical method for the determination of baicalin [34,35].
Baicalin exhibits enhanced voltametric response on the molybdenum disulfide (MoS,)
nano-sheets-modified glassy carbon electrode (GCE) [34]. The electrochemical behavior
of baicalin was investigated by cyclic voltammetry (CV) in phosphate-buffered saline
(PBS) solution (pH 7.0) and by using differential pulse voltammetry (DPV). Under the
optimized conditions, the oxidation peak current was linearly proportional to the baicalin
concentrations in the range of 1.25 x 1077-1.25 x 10~° M, and the detection limit (S/N = 3)
was calculated to be 5.0 x 1078 M. In the other report, amorphous molybdenum sulfide
(a-MoSx) nanocomposite based on biochar microsphere (BM) was prepared by the green
and efficient hydrothermal method, and the discarded inedible pomelo peel was selected
as the precursor of BM [35]. An a-MoSy-BM nanocomposite-modified GCE electrode was
employed as a voltametric sensing platform for baicalin due to the synergistic effect of both
BM and a-MoSy. The nanocomposite displayed an excellent linear sensing performance
range from 10 nM to 5p M for detecting baicalin with a low LOD of 2 nM. Moreover, an
artificial intelligence technology based on an ML model was implemented to establish a
smart sensing analysis platform by investigating the relationship between peak currents
and analyte concentrations for smart analysis of baicalin in real samples.

An electrochemical sensor based on the FeOy /Fe@porous carbon composite (Fe@C)
was also applied to the accurate and rapid determination of baicalin [36]. It occurred that
Fe@C pyrolyzed at 800 °C had the optimum performance. The sensor Fe@C-800/ GCE
has a linear range of 4-700 nM with a low LOD of 1.16 nM for the detection of baicalin in
several natural plant samples and herbal medicine samples.

Fluorescent (FL) sensors for detecting baicalin were described recently [37,38]. A
facile and efficient semi-quantitative method for versatile FL visual detection, which can
promote the development of advanced chemo/biosensors and methods of analysis, was
established [37]. A novel and versatile ratiometric FL biosensor based on the assembled
nanohybrids of black phosphorus quantum dots (BPQDs)-doped metal-organic frame-



Pharmaceuticals 2023, 16, 570

6 of 20

works (MOF) and silver nanoclusters (AgNCs) and the enzyme-catalyzed reaction was
constructed. The resultant biosensor has highly sensitive and selective ratiometric FL
responses on baicalin. It allows the detection of baicalin in the range of 0.01-500 ug/mL,
with a LOD of 3 ng/mL. This biosensor has high sensitivity, selectivity, and stability for
baicalin detection in practical samples. A fluorescent sensor based on the inner filter effect
(IFE) was successfully established using synthesized nitrogen-doped fluorescent carbon
dots (N-CDs) to detect the content of baicalin in the Baicalin capsule and the quality of
Scutellariae Radix [38]. The baicalin linear range of the method is 1.6-72 pug/mL (r = 0.9992),
the LOD is 1.0 ug/mL, and the precision was 0.2%.

Furthermore, baicalin, along with other compounds from TCMs, were found to be
new tyrosinase (TYR) inhibitors [39] or potential lipoxidase and superoxide dismutase
inhibitors [40]. A combination of ligand fishing and the fluorescent enzymatic assay
based on dopamine-functionalized carbon quantum dots (CQDs-Dopa) and a combina-
tion method comprising UF-LC-MS and HSCCC were used as identification methods for
baicalin. Reports concerning profiling and determination of baicalin metabolites have also
been published [41,42].

2. Pharmacological Effects of Baicalin

Pharmacological studies have shown that SB and its components have a wide range of
pharmacological activities, such as anti-inflammatory, antibacterial, antiviral, anticancer,
antihypertensive, liver protection, stroke management, cardiovascular diseases treatment,
etc. [43—47] (Figure 2).
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' B { anti-inflammatory
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Figure 2. Selected pharmacological effects of baicalin (1) in humans.
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Six flavones, including baicalin, proved to be the major bioactive flavones in SR.
They possess great anti-inflammatory, anticancer, and antiviral effects [48,49]. The molecu-
lar mechanisms underlying the chemopreventive and chemotherapeutic applications of
baicalin and baicalein in the treatment of cancer and inflammatory diseases were described
recently [50]. Authors of the latest review presented in detail the anti-inflammatory effects
of baicalin and baicalein on respiratory ailments, arthritis, type-2-diabetes and obesity,
cardiovascular ailments, liver and neurodegenerative diseases and microbial infections, as
well as the protective effect of them on cancer, including induction of apoptosis in cancer
cells, suppression of metastasis and triggering of autophagy and cell cycle arrest in cancer
cells. In general, baicalin exhibits these and many other pharmacological effects, which
have been widely described and reviewed over the last decade, as will be presented in the
following section.

The effect of baicalin on mitochondrial function and dynamics [51], potentially thera-
peutic effects in ocular disorders [52], neurogenerative diseases (due to its neuroprotective



Pharmaceuticals 2023, 16, 570

7 of 20

and cognitive enhancement potentials) [53], as well as in inflammatory disorders [54] have
been thoroughly reviewed recently. More recent reviews regarding the antiviral proper-
ties [55] of baicalin and its regulatory action in cardiovascular diseases [56] have been
reported. The role of intestinal microbiota in the pharmacokinetic characteristics of baicalin
and baicalein, with regard to their pharmacological and toxicological effects, has also been
presented [57].

The biological properties of baicalin, such as anti-inflammatory, antitumor, and an-
tivirus ones, are related mainly to the regulatory effect of baicalin on the host immune
response. Therefore an overview of its regulatory effect on toll-like receptors (TLRs) signal-
ing pathways under various pathological conditions has also been provided [58]. Baicalin
may have therapeutic effects on several well-known diseases and disorders, including
cancer, ischemia, hypertension, etc. (Table 2).

2.1. Anticancer Effect

Last year, a study that summarized potential anticancer action of have been published,
and the difference in their anticancer effects in animal models, as well as combination
therapy and clinical trials, were compared [59]. The authors presented in detail the research
results concerning breast, lung, colorectal, cervical, and liver cancers, and osteosarcoma
and concluded that both baicalin and baicalein are effective in cancer. However, deglycosy-
lated baicalin was found to have stronger anticancer potential. Therapeutic potentials of
both the above-mentioned components to hematological cancer cell lines have also been
explored [60]. Their activity in vitro towards leukemia, lymphoma, and myeloma cells
was presented. For solid tumors that contain a huge mass of malignant tumors other than
hematological malignancies, the in vivo pieces of evidence supporting the therapeutic
potential of baicalin and baicalein have been reported, as well [61]. The role of baicalin as a
regulator of cancer signaling pathways in cancer cell lines and as a mediator of anticancer
efficacy in animal models, as well as the effectiveness of baicalin in combination therapy
and in nano-formulations, have also been thoroughly reviewed [62]. Additionally, the
usage of baicalin and other natural flavones in SB as potential medicinal drugs for the
treatment of nicotine-induced non-small-cell lung cancer has been mentioned recently [63].

2.2. Ischemia

The neuroprotective effects of baicalin and baicalein in ischemia or stroke-induced
neuronal cell death have been reported in 2017 [64]. All important information regarding
the neuroprotective effect of baicalin and baicalein and their pharmacological mechanisms
in various in vivo and in vitro experimental models of ischemic neuronal injury have been
collected. The authors concluded that baicalin and baicalein are multi-target neuroprotec-
tive agents. This action is related to antioxidant, anti-apoptotic, anti-inflammatory, and
anti-excitotoxic activity, protection of mitochondria, promotion of neuronal protective
factors expression and adult neurogenesis, and also to other factors. Recently, Pan et al. [65]
reviewed the promising pharmacological capabilities of baicalin, baicalein, and wogonin
in preventing cell and tissue damage. Therapeutic potentials of the compounds against
ischemia-induced neurotoxicity and damage in the brain and retina, in particular, in vitro
findings on various brain cell types, in vivo findings on animal models, and their perfor-
mance on brain ischemia models, have been emphasized. The authors suggested using the
potential of these substances to develop new natural neuroprotective agents. Moreover,
Bai et al. [66] demonstrated that baicalin significantly improved cardiac function decreased
the myocardial infarction area, inhibited myocardial cell apoptosis, exerted a protective
effect on cardiac microvessels, promoted the production of nitric oxide (NO) and elevated
the level of cGMP in rats that underwent myocardial ischemia-reperfusion (IR) injury. It
was concluded that baicalin protected cardiac microvascular endothelial cells (CMECs) in
IR rats by promoting nitric oxide release via the PI3K-AKT-eNOS pathway and mitigated
necroptosis by inhibiting the expression of RIP1, RIP3, and p-MLKL protein kinases. The
authors claim that their study provides evidence that baicalin may serve as a potential ther-
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apeutic agent for CMEC protection in ischemic diseases. On the other hand, Hu et al. [67]
showed that baicalin was effective in the treatment of myocardial ischemia (RI), myocardial
infarction (MI), and IR injury on the basis of preclinical meta-analysis. Meta-analyses of car-
diac pathology and function parameters, myocardial injury markers, and other indicators
were performed. Potential mechanisms were categorized and summarized. Dose-response
interval analyses were used to analyze the dose-response relationship between baicalin
and myocardial ischemia disease. Fourteen studies and 222 animals were involved in the
analysis. The authors declare that the therapeutic mechanism of baicalin action is related to
a large number of pathways of anti-inflammatory, antioxidant, and anti-apoptotic activities,
including regulation of ILs, JAK/STAT, TNF-«, NF-«B, PI3K/Akt, MAPK, and P2 x 3
pathways. The distribution dose of baicalin (in the analyses of the dose-effect relationship)
is between 1 and 200 mg/kg. Baicalin exhibits positive effects on myocardial ischemia
diseases, especially when the dose is within the range of 100-150 mg/kg.

2.3. Hypertension

A comprehensive review regarding mechanistic and therapeutic aspects of baicalin
and baicalein action in pulmonary hypertension (PH) has been published recently [68]. The
authors have summarized the potential mechanisms that are responsible for the beneficial
effects of baicalin and baicalein on PH, including anti-inflammatory response, inhibition of
pulmonary smooth muscle cell proliferation, inhibition of endothelial injury and EndMT,
stabilization of the extracellular matrix, mitigation of oxidative stress (Figure 3). Both
in vivo and in vitro experiments that showed an effect on PH were demonstrated. However,
the mechanism of their action needs further elucidation.

inhibition of

inhibition of pulmonary smooth
endothelial injury muscle cell

proliferation

mitigation of stabilization of

oxidative stress the extracellular
matrix

Figure 3. The baicalin action in the pulmonary system.

It was also reported that baicalin and berberine were the main antihypertensive con-
stituents of Sanoshashinto herbs, and both exhibited the same antihypertensive effect [47].
Ding et al. [69] have recently demonstrated that the treatment with baicalin lowers the
blood pressure in spontaneously hypertensive rats (SHRs) in vivo. Ex vivo vascular reactiv-
ity assay showed that baicalin relaxes phenylephrine (PE)-constricted SHR aortas, and this
vasorelaxant effect of baicalin in SHR aortas is an endothelium-independent process. In
addition, baicalin attenuated PE, Ang II, and KCl-induced vasoconstriction in SHR aortas.
Intracellular Ca?* regulation in vascular smooth muscles was mechanistically implicated
in the vasorelaxant effect of baicalin under hypertensive conditions. Most notably, this
effect of baicalin is partly dependent on activated Karp channels. Liu et al. [70] have also
investigated the antihypertensive effects of baicalin and its molecular mechanisms. The
authors demonstrated that baicalin treatment attenuates Ang II-induced elevation of blood
pressure, vascular dysfunction, and pathological changes. Moreover, baicalin pretreatment
attenuated Ang Il-induced intracellular Ca®* release, Angiotensin II type 1 receptor (ATIR)
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expression, and activation of MLCK/p- MLC signaling pathway in vascular smooth muscle
cells (VSMCs).

2.4. Liver-Gut System

Two comprehensive reviews regarding the pharmacological effects of baicalin on
liver diseases were published in 2021. Hu et al. [71] conducted the study on baicalin to
determine the mechanism by which it regulates bile acid metabolism, intestinal flora, and
related signaling pathways, providing new insights into the pharmacological effects of this
compound. Liver and gut-related diseases’ protective activity of baicalin and its possible
connection to liver-gut system diseases, as well as information on the protective effects
of baicalin on the liver and gut, have been described in detail. The authors demonstrated
that baicalin plays a therapeutic role mainly by mediating downstream apoptosis and
immune response pathways induced by upstream oxidative stress and inflammation. At
the same time, Yang et al. [72] summarized the pharmacological effects of baicalin to
clarify its potential use in the treatment of liver diseases. They described the progress
in the research on this subject and the mechanisms underlying the treatment of various
liver diseases with baicalin in order to promote its clinical application. A wide range
of pharmacological effects of baicalin, such as antioxidant, antiviral, anti-inflammatory,
anti-obesity, and antitumor ones, as well as the main pharmacological mechanisms of
baicalin action in liver diseases, have been demonstrated (Figure 4). The role of baicalin as
a potential therapeutic agent in hepatobiliary and gastrointestinal disorders, including fatty
liver syndrome, liver injury, liver fibrosis, cholestasis, hepatitis, HCC, colorectal cancer, and
inflammatory bowel disease, as well as its interactions with intestinal microbiota has been
extensively described by Ganguly et al. [73]. Additionally, the effects of dietary baicalin
supplementation in Genetically Improved Farmed Tilapia (GIFT tilapia) have also been
presented [74]. The pretreatments with baicalin effectively alleviated H,O,-induced liver
injury. Pretreatments with 0.8 and/or 1.6 g/kg of baicalin suppressed the oxidative damage
induced by H,O,, by increasing the levels of SOD, T-AOC, and GSH and decreasing the
level of MDA, in both serum and liver. What is more important, pretreatments with 0.4,
0.8, and/or 1.6 g/kg of baicalin resulted in blocking the upregulation of the mRNA levels
of TLR1, MyD88, IRAK4, RELA, TNF-« and IL-1p in THE HyO;-induced liver injury.
The results indicated that dietary supplementation with baicalin increased feed efficiency,
enhanced antioxidative ability, and alleviated liver damage in tilapia.

OH O

Ho o
baicalin

acelerates attenuates
hepatic « » alcohol-induced

lipid metabolism hepatic steatosis

liver system
alleviates liver injury suppresses the oxidative damage
mRNA
TLR1 s0D
MyD82 MDA T-AOC
IRAKA GSK

RELA
TNF-a
IL-1B

Figure 4. The effects of baicalin on the liver.
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Li et al. [75] provided evidence to support the fact that baicalin attenuates alcohol-
induced hepatic steatosis by activating hepatic lipolysis via suppressing SREBP1c elicited
PNPLAS3 competitive binding to ATGL and accelerating hepatic lipid metabolism. The re-
sults showed that baicalin at a dose of 200 mg/kg significantly attenuated the development
of metabolic disorders and hepatic steatosis in alcohol-induced rats after four weeks of the
treatment with alcohol (4 g/kg).

2.5. Metabolic Syndrome

Baicalin and baicalein have also been investigated for their activity against metabolic
syndrome or disorders, and two reviews on this topic have appeared recently. Fang et al. [76]
have focused on therapeutic applications and underlying molecular mechanisms of baicalin
and baicalein against hyperglycemia, insulin resistance, type 2 diabetes, hyperlipidemia,
obesity, and nonalcoholic fatty liver and tried to establish a novel anti-obese and antidiabetic
strategy. Baicalin possesses hepatoprotective, anti-dyslipidemic, anti-lipogenic, anti-obese,
and antidiabetic effects, being effective in treating obesity, insulin resistance, nonalcoholic
fatty liver, and dyslipidemia. Effect of baicalin on obesity, insulin resistance, type 2 diabetes
mellitus, and the antidiabetic and anti-dyslipidemic effects of baicalin along with the
molecular mechanisms for its preventive and therapeutic applications in the treatment of
insulin resistance, obesity, and diabetes have been shown. Rahimi et al. [77] evaluated
different studies on the effect of SB and its two major bioactive constituents: baicalin and
baicalein, on the critical factors of metabolic syndrome, including diabetes, hyperlipidemia,
obesity, hypertension, and atherosclerosis. The authors evaluated mechanistically various
possible signaling pathways involved in the pathogenesis of the metabolic syndrome. It
occurred that baicalin and baicalein, two active constituents of Scutellaria baicalensis, by
activation and upregulation of AMPK and PPAR-y as the main signaling in the hemostasis
of glucose and lipid metabolisms, may be promising candidates for the prevention and
treatment of the metabolic syndrome. Antidiabetic properties of baicalin, baicalein, and SB,
along with their metabolic effects and mechanisms of action, were summarized.

2.6. Protective Agent

Different studies demonstrated that baicalin, baicalein, and SB could act as potential
antidotes or protective agents against the damage induced by natural toxins and physical
factors through the alleviation of oxidative stress and inflammation [78]. The authors of the
review presented the molecular mechanisms of their antitoxic effects and concluded that
cytoprotective properties of baicalin and baicalein in vivo and in vitro are the most potent
when they are introduced into the culture medium or animal prior to toxic compounds.
Administration of baicalin is efficient in preventing or counteracting the morphological and
functional impairments that are induced by mycotoxins (deoxynivalenol, DON), bacterial
toxins (x-hemolysin, panton-valentine leukocidin, Shiga-like toxins, and Lipopolysaccha-
ride), and plant-derived substances (ricin, aristolochic acid, concanavalin A, antimycin A,
aconitine, and monocrotaline) in the liver, kidney, heart and other organs (Figure 5).

Moreover, it is effective in the protection of these organs against damage due to physi-
cal factors, such as radiation, heat, and noise. The same authors have also gathered and
described the knowledge on protective and therapeutic effects of SB, baicalin, and baicalein
against health damage due to chemical compounds that can cause intoxication after acute
or chronic exposure and seriously affect various vital organs of the body, including brain,
heart, liver, and kidneys [79]. Baicalin is significantly effective in healing various chem-
ical insults, either directly or after conversion to baicalein. It increases cell viability and
decreases organ damage and mortality when administered to culture media and animals
with different neurotoxic agents, including metals (Fe and Al), pesticides (rotenone), an-
titumors (cisplatin), and other drugs, such as nitroglycerine, corticosterone, colistin, and
sevoflurane. Moreover, flavonoids contained in SB possess significant protective potentials
against antineoplastics (doxorubicin and bleomycin), common drugs (acetaminophen and
estrogen), metals (Cd, Si, and Pb), and pesticides (paraquat) toxicity in the liver and lungs.



Pharmaceuticals 2023, 16, 570

11 of 20

The protective effects of SB and its flavonoids are attributed mainly to their activity in in-
creasing antioxidant enzyme activity, inhibiting lipid peroxidation, reduction of the activity
of inflammatory cytokines, and suppressing the apoptosis pathway.
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Figure 5. Antitoxic effects of baicalin (1).

Literature reports on the influence of baicalin-zinc and baicalin-copper complexes on
DON-challenged piglets are also interesting [80,81]. Dietary supplementation with 5 g/kg
of baicalin-copper complex alleviated inflammatory responses and regulated the secretion
of appetite-regulating hormones and growth-axis hormones in DON-challenged piglets.
On the other hand, a 0.5% baicalin-Zn complex basal diet modulated inflammatory and
hormone secretion in piglets after DON exposure. In both cases, supplementation with the
baicalin complex changed the composition of the intestinal microbiota in piglets.

2.7. Periodontal Disease

Baicalin has been shown by Ming et al. to possess multiple pharmacological activities
in periodontal tissues [82]. Bacteriological, zoological, and cytological studies on the
effects of baicalin in periodontal disease pathogenesis were presented, and five aspects
of its pharmacological properties and the related mechanisms were investigated, which
include antibacterial effect, protective effect on periodontal tissues, regulatory effect on pro-
inflammatory mediators and matrix metalloproteinases, and regulatory effect on the innate
immune response. However, the underlying mechanisms have not been fully defined.
The proliferative effect and the involvement of baicalin in bone metabolism using human
cementoblast-lineage cells have been verified and published lately [83]. A significant
concentration-dependent increase in osteoprotegerin (OPG) expression and a decrease in
receptor activator of nuclear factor-kB ligand (RANKL) gene expression were noticed in
human cementoblast cell line (HCEM) cells in the 0.01, 0.1, and 1 uM baicalin treated groups.
The authors concluded that baicalin increased OPG expression in human cementoblast
lineage cells via the Wnt/ 3-catenin signaling pathway in HCEM cells. Therefore, baicalin
could be applied as a complementary drug for periodontal regeneration in the future.
The same research group had previously reported that baicalin enhanced the osteogenic
differentiation of HCEM cells through the Wnt/ 3-catenin signaling pathway in vitro [84]
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and that baicalin ingestion during experimental tooth movement in rats increased OPG
expression, decreased the expression of RANKL and suppressed root resorption [85].

2.8. Other

The regulatory role of baicalin in the diverse behaviors of distinct stem cell populations,
including embryonic, cancer, neural, and other stem cells, has also been reviewed [86]. Its
therapeutic effect is to soothe several disorders associated with menopause, providing
novel insights into the treatment and prevention of climacteric syndrome. The authors
concluded that baicalin could be used to treat climacteric sickness and control stem cell
proliferation, differentiation, and self-renewal and therefore be a new alternative for the
treatment of climacteric syndrome patients.

Zhou et al. [87] hypothesized that baicalin might protect dopaminergic neurons and
increase brain dopamine levels, thus serving as an effective novel treatment for attention
deficit hyperactivity disorder (ADHD). The hypothesis is based on the discovery that
baicalin can pass through the blood-brain barrier (BBB) and is associated with the striatum
and substantia nigra, which are enriched with dopaminergic neurons. It is worth empha-
sizing that the effect of baicalin on the brain’s dopamine system has not been reported
so far.

The therapeutic effects of baicalin on the recovery of vitiligo stimulated by monophenylke-
tone in mice have also been reported [88]. The intraperitoneal injection with 2 mg of baicalin
in 100 pL of 5% NaHCO3 aqueous solution has been performed every day. It was observed
that baicalin slowed down the progression of depigmentation, decreased the incidence of
depigmentation, and reduced the depigmentation area. Moreover, baicalin increased the
number of epidermal melanocytes in depigmented skin, decreased CD8" T cell infiltration
in mice skin, decreased the expression of CXCL10 and CXCR3 and decreased the levels
of serum cytokine (interleukin (IL)-6, tumor necrosis factor (TNF-w), interferon-y (IFN-7),
and IL-13).

The possible mechanism of the anti-UVB effect of baicalin in human skin fibroblasts
(HSFs) has been recently proposed by Zhang et al. [89]. Baicalin exerted cytoprotective
effects in UVB-induced HSFs. What is more, it increased autophagy and suppressed the
UVB-induced apoptosis of HSFs. It occurred that baicalin has the ability to protect UVB-
irradiated HSFs from apoptosis by inducing autophagy through the upregulation of AMPK
phosphorylation and the downregulation of mTOR phosphorylation. In this study, baicalin
was used at a concentration of 25 ng/mL.

The anti-migraine activity of baicalin and other active compounds of Duijinsan, the
popular Chinese herbal medicine composed of Radix scutellarize and Rhei Radix, have
also been examined [90]. The compounds were screened for their anti-migraine effect
by the combination of two methods: spectrum-effect relationship analysis and molecular
docking. In vitro validation experiments showed that five compounds predicted to be
active, including baicalin, inhibited the calcitonin gene-related peptide (CGRP) release and
inhibited activation of the TRPV1 channel. The effect of these compounds on trigeminal
nerve cells releasing CGRP stimulated by tumor necrosis factor-o« (TNF-o) showed that they
inhibited the release of CGRP caused by TNF-« stimulation in a dose-dependent manner.
At 270 umol/L, compared with the model group, all the predicted compounds significantly
decreased the CGRP level, proving that the compounds had certain in vitro anti-migraine
activity. Moreover, baicalin, chrysin-7-O-3-D-glucuronide, and oroxylin A-7-glucoronide
significantly inhibited the activation of the TRPV1 channel and were speculated to be the
key active components.

The use of baicalin as a potential therapeutic option for the treatment of renal in-
terstitial fibrosis (RIF) by possibly inhibiting the TGF-3 /Smad signaling pathway has
been reported recently [91]. The unilateral ureteral obstruction (UUO) model of RIF was
constructed and treated with 10, 20, and 40 mg/kg of baicalin doses or with 8 mg/kg of
valsartan as a positive control. Increased levels of p-Smad2 and p-Smad3 were observed
in UUO mice and in TGF-B1-treated myofibroblasts. In contrast, baicalin treatment signif-



Pharmaceuticals 2023, 16, 570

13 of 20

icantly decreased p-Smad2, p-Smad3, and TGF-§3 protein expression. The collected data
suggested that baicalin treatment inhibited the activation of the TGF-b/Smad pathway
both in UUO mice and in TGF-f1-treated myofibroblasts.

2.9. In Vivo Studies

There are also many proofs of the health-promoting properties of baicalin, determined
in vivo.

Novel immunopharmacological functions of baicalin in treating recurrent spontaneous
abortion (RSA) have also been investigated lately [92]. In an in vivo experiment, baicalin at
the doses of 25, 50, and 100 mg/kg in 200 pL of normal saline was administered to RSA
mice from day 0.5 of pregnancy until day 12.5. It has been proved that baicalin protected
mice from RSA by reversing conventional dendritic cells (DCs) to plasmacytoid DCs, and
the expression of DC-related functional molecular MHC-II/HLA-DR, CD80, CD86, CD274,
and 33D1 through the regulation of the STAT5-ID2/E2-2 pathway.

Network pharmacology is a new discipline that integrates systems biology, network
biology, computational biology, multidirectional pharmacology, molecular pharmacology,
molecular dynamics, and other multidisciplinary technologies. In the study by Chen and
co-workers, network pharmacology was used to help in exploring the potential mechanism
of action of baicalin in the treatment of hair loss [93]. One hundred eighty-nine potential
targets of baicalin for the treatment of alopecia were predicted in this study, with 122 over-
lapping targets with alopecia, indicating that baicalin has multiple targets in this treatment.
It was observed that baicalin at the concentration of 0.1 ug/mL exerted a significant effect
on HHDPC proliferation. Baicalin was capable of inducing the phosphorylation of AKT
and activating IGF1 and ALP and, by that, promoting hair growth.

Table 2. The pharmacological aspects of baicalin.

Pharmacological Effects Refs.
Anticancer effect [48,59-63,73]
Ischemia [64-67]
Hypertension [47,68-70]
Liver-gut system [71-75]
Metabolic syndrome [76,77]
Protective agent [78-81]
Periodontal disease [82,84,85]
Anti-inflammatory effects [48,50,54,72]
Antiviral properties [48,55,72]
Other [86-93]

After oral administration of baicalin to BALB/c mice infected with the influenza
A/FM1/1/47(H1N1) virus, its anti-influenza effect was observed [94]. Similar conclusions
were drawn by Nayak et al. [95], who confirmed the antiviral activity of baicalin against
influenza strain A/H1N1/Eastern India/66/pdm09 (HIN1-pdm09). At the same time,
Liu et al. [96] studied the mechanism underlying the anti-depressant activity of baicalin.
Administration of this drug to mice at doses of 25 and 50 mg/kg considerably decreased
levels of inflammatory cytokines IL-13, IL-6, and TNF-« and inhibited the expressions
of HMGB1, TLR4, and p-NF-«Bp65. Moreover, hepatoprotective effects of baicalin (at a
dose of 10 mg/kg) were observed in mice with CCly-induced liver injuries. However, no
significant effect on APAP-induced intoxication was noticed [97]. Additionally, there is
research on new, more effective delivery methods aiming to increase the bioavailability of
baicalin after oral administration, using mixed micelles containing Pluronic P123 copolymer
(P123) and sodium taurocholate (ST) as carrier materials (in vivo study—rat model) [98].

According to the most recent research, baicalin can inhibit the proliferation of airway
smooth muscle cells (ASMC) through the rat sarcoma viral oncogene (RAS) signaling
pathway. The study was performed on a mouse model with bronchial asthma induced by
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ovalbumin (OVA) [99]. At the same time, another research team confirmed that baicalin
ameliorated the symptoms of nonalcoholic fatty liver disease (NAFLD) induced in mice
by a high-fat diet (HFD) through AMPK-mediated inhibition of SREBP1 and NF-«B path-
ways and activation of Nrf2 pathway [100]. Topical application of baicalin (100 mg/mL)
in a mouse model of pressure ulcers accelerates wound healing through the downreg-
ulation of pro-inflammatory cytokines (IL-6 and IL-13) along with the upregulation of
the anti-inflammatory cytokine IL-10 and several growth factors (VEGF, FGF-2, PDGEF-f3,
and CTGF) [101]. Furthermore, baicalin ameliorates corticosterone-induced depression
symptoms by promoting the neurodevelopment of the hippocampal via mTOR/GSK3 f3
pathway [102]. There are also some pieces of evidence that baicalin exerts anti-depressant
effects by increasing the expression of genes encoding enzymes involved in the glycolytic
pathway and TCA cycle, thus improving brain energy and function [103]. In addition,
it has been found that baicalin inhibits oxidative injuries and apoptosis in uterine tissue,
induced by acute heat stress, which in the future may find application in the treatment
of infertility by the methods aiming to accelerate embryo implantation [104]. What is
more, baicalin has the potential to treat acute graft-versus-host disease (aGVHD), which
is the main complication of and cause of death after allogeneic hematopoietic stem cell
transplantation [105].

To sum up, over the years, there has been growing interest in health-promoting
substances isolated from natural sources, including the roots of medicinal plants. Numerous
in vitro studies, which were conducted for many years, recently have been confirmed on
animal models, mostly on mice and swine. There has been no information on the harmful
effects of baicalin so far. Nevertheless, it is necessary to carry out thorough clinical research
in order to unequivocally eliminate any possible side effects of this drug.

3. Conclusions

Baicalin, being a natural compound isolated from Scutellaria baicalensis, has a high
therapeutic value. Therefore the development of new sensitive and selective detection
methods of high accuracy is an important task. Generally, methods for the detection of
baicalin are based on liquid chromatography (HPLC) separations in combination with mass
spectrophotometry, diode array detector, or photodiode-array detector. However, there are
also other separation techniques used for this purpose, such as thin layer chromatography,
capillary electrophoresis, and micellar electrokinetic capillary chromatography. Most recent
methods are based on biosensors with FeOx/Fe@porous carbon composite and molyb-
denum sulfide nanocomposite, prepared by the green method. Additionally, fluorescent
sensors based on the assembled nanohybrids of black phosphorus quantum dots and
silver nanoclusters are considered a facile and efficient quantitative method. It is worth
mentioning that baicalin has a very wide spectrum of biological activities, including antihy-
pertensive, neuroprotective, and antidiabetic, and might be used to treat hypertension and
ischemia and to prevent liver diseases. The data presented above could be an inspiration
for further study on discovering better detection methods for baicalin, providing higher
accuracy and selectivity, and for future investigation of potential pharmaceutical use of
baicalin and elucidation of molecular mechanisms of its action.
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Abbreviations

AgNCs silver nanoclusters

AMPK 5' AMP-activated protein kinase

Ang Il angiotensin II

ATGL adipose triglyceride lipase

ATR-IR attenuated-total-reflectance mid-infrared
CMECs cardiac microvascular endothelial cells

DAD diode array detectors

DM-B-CD  2,6-dimethyl-B-cyclodextrin

DON deoxynivalenol

D)% differential pulse voltammetry

GCE glassy carbon electrode

HPLC high-performance liquid chromatography
HSCCC high-performance countercurrent chromatography
LC-MS/MS  liquid chromatography-tandem mass spectrometry
IR ischemia-reperfusion

LC-UV liquid chromatography with ultraviolet detector
LOQ limit of quantification

LOT limit of detection

MAPK mitogen-activated protein kinase

MEKC micellar electrokinetic capillary chromatography
MI myocardial infarction

MS mass spectrometry

NAFLD nonalcoholic fatty liver disease

NIR near-infrared spectroscopy

NF-«B nuclear factor kappa-B

NO nitric oxide

OPG osteoprotegerin

UHPLC ultra-high-performance liquid chromatography
uuo unilateral ureteral obstruction

PE phenylserine

PH pulmonary hypertension

PDA photodiode-array detectors

ROS reactive oxygen species

RSD relative standard deviation

SDS sodium dodecyl sulfate

SHRs spontaneously hypertensive rats

SOD sphincter of oddi dysfunction

SREBP1c sterol regulatory element-binding protein 1c
TLC thin layer chromatography

TLRs toll-like receptors

TNF-o tumor necrosis factor o

TYR tyrosinase

VSMCs vascular smooth muscle cells
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