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A quality-comprehensive-evaluation-index- <=

based model for evaluating traditional Chinese
medicine quality

Jia Chen'’, Lin-Fu Li%, Zhao-Zhou Lin?, Xian-Long Cheng', Feng Wei'” and Shuang-Cheng Ma'"

Abstract

Background Evaluating traditional Chinese medicine (TCM) quality is a powerful method to ensure TCM safety. TCM
quality evaluation methods primarily include characterization evaluations and separate physical, chemical, and bio-
logical evaluations; however, these approaches have limitations. Nevertheless, researchers have recently integrated
evaluation methods, advancing the emergence of frontier research tools, such as TCM quality markers (Q-markers).
These studies are largely based on biological activity, with weak correlations between the quality indices and quality.
However, these TCM quality indices focus on the individual efficacies of single bioactive components and, therefore,
do not accurately represent the TCM quality. Conventionally, provenance, place of origin, preparation, and process-
ing are the key attributes influencing TCM quality. In this study, we identified TCM-attribute-based quality indices

and developed a comprehensive multiweighted multi-index-based TCM quality composite evaluation index (QCEI)
for grading TCM quality.

Methods The area of origin, number of growth years, and harvest season are considered key TCM quality attributes.
In this study, licorice was the model TCM to investigate the quality indicators associated with key factors that are
considered to influence TCM quality using multivariate statistical analysis, identify biological-evaluation-based phar-
macological activity indicators by network pharmacology, establish real quality indicators, and develop a QCEl-based
model for grading TCM quality using a machine learning model. Finally, to determine whether different licorice quality
grades differently reduced the inflammatory response, TNF-a and IL-1(3 levels were measured in RAW 264.7 cells using
ELISA analysis.

Results The 21 quality indices are suitable candidates for establishing a method for grading licorice quality. A com-
puter model was established using SVM analysis to predict the TCM quality composite evaluation index (TCM QCEI).
The tenfold cross validation accuracy was 90.26%. Licorice diameter; total flavonoid content; similarities of HPLC
chromatogram fingerprints recorded at 250 and 330 nm; contents of liquiritin apioside, liquiritin, glycyrrhizic acid,
and liquiritigenin; and pharmacological activity quality index were identified as the key indices for constructing
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the model for evaluating licorice quality and determining which model contribution rates were proportionally
weighted in the model. The ELISA analysis results preliminarily suggest that the inflammatory responses were likely
better reduced by premium-grade than by first-class licorice.

Conclusions In the present study, traditional sensory characterization and modern standardized processes based
on production process and pharmacological efficacy evaluation were integrated for use in the assessment of TCM
quality. Multidimensional quality evaluation indices were integrated with a machine learning model to identify key
quality indices and their corresponding weight coefficients, to establish a multiweighted multi-index and com-
prehensive quality index, and to construct a QCEl-based model for grading TCM quality. Our results could facilitate
and guide the development of TCM quality control research.
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Background

Quality control (QC) is a powerful method for ensur-
ing the quality and safety of traditional Chinese medi-
cine (TCM), and strengthening TCMQC is crucial to
maximize the quality, safety, and effectiveness of TCM
and promote the development of high-quality indus-
trial TCM applications. As the main TCMQC research
focus, evaluating TCM quality is a powerful method for
determining TCM quality and safety. In China, because
TCM quality has been conventionally evaluated using
Chinese-Pharmacopoeia-based national drug stand-
ards, most TCM quality can only meet the minimum
standards; specifically, although TCM can be authenti-
cated, TCM advantages and disadvantages could not be
distinguished. Consequently, TCM quality is inconsist-
ent, high quality and affordable prices are both difficult
to achieve, and market fairness is severely hindered,
which greatly limits the development of high-quality
industrial TCM applications. TCM grading is the main
method for determining TCM quality and is based on
TCM commodity specifications graded according to
previous dynastic practical experience. For thousands
of years, TCM materials have originated from wild
sources. However, with the depletion of wild resources
in recent years, artificially planted TCMs have become
widespread in the market. Consequently, the original
classification methods are not practical, with poor cor-
relation between traditional TCM classification and
current TCM quality. Similarly, appropriate evalua-
tion indices that reliably reflect the internal quality of
TCM currently available in the market, as well as the
contributions of different quality indices, have yet to be
formulated.

Recently, many research teams have comprehensively
evaluated TCM quality. Some teams have combined mul-
tiple chemical component indices and multivariate statis-
tical analysis to biologically evaluate TCM quality [1, 2].
This approach solves the key problem wherein evaluating

TCM quality cannot accurately reflect TCM clinical effi-
cacy or safety.

Furthermore, this approach addresses the short-
comings of chemical and characterization evaluation
approaches. However, this method does not consider the
influence of area or origin and standardization on the
quality. Some teams have proposed a Chinese medicine
quality marker (Q-marker)-based model for evaluating
TCM quality. Establishing Q-markers integrates multiple
disciplines, such as natural product and analytical chem-
istries, bionics, chemometrics, pharmacology, systems
biology, and pharmacodynamics. Q-marker-based fin-
gerprinting and multicomponent determination have led
to the development of more scientific TCMQC systems
[3-5]. However, no effective programs or methods have
yet been developed for identifying Q-markers.

Conventionally, provenance, place of origin, machin-
ing, and processing are the key attributes determining
the TCM quality. Because TCM quality originates from
production, the genuine production area and standardi-
zation (which involve traditional excavation and growth
for a sufficient number of years) are important attributes
ensuring and stabilizing the TCM quality.

In this study, authentic licorice (Glycyrrhiza uralen-
sis Fisch.) was grown using standardized production
methods to ensure a high-quality TCM product [6].
Key quality attributes of licorice, including the genu-
ine production area, growth years, and harvest season,
were used to identify internal quality indicators highly
related to quality characteristics and to biologically
evaluate pharmacological activity indicators. The key
quality attributes and their corresponding weighted con-
tributions were established through multidimensional
research. Finally, a method for grading TCM quality was
established based on the proposed quality composite
evaluation index (QCEI). To achieve this objective, we
collected 282 batches of licorice samples that differed in
the production area, growth years, and harvest season.
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The proposed method of grading TCM quality is
important for developing genuine bases for growing
TCM plants, standardizing TCM planting conditions,
strengthening QC for the entire TCM production pro-
cess, and ensuring a standardized and orderly TCM
market.

Methods

Reagents and chemicals

Acetonitrile and phosphoric acid of high-performance
liquid chromatography (HPLC) grade were supplied by
Fisher Scientific (Fairlawn, NJ, USA). Ultrapure water
(18.2 MQ) was prepared using a Milli-Q"" water-purifica-
tion system (Millipore, Milford, MA, USA). All the other
reagents were analytical grade and were purchased from
Sinopharm Chemical Reagents (Shanghai, China).

The reference compounds liquiritin (number 1; lot
number111610-201908; 95.00% pure), formononetin (2;
111703-201504; 95.00%), and glycyrrhizic acid monoam-
monium salt (3; 110731-202021; 96.20%) were supplied
by the National Institutes for Food and Drug Control
(NIFDC; Beijing, China).

Reference compounds liquiritigenin (4; PRF20042742;
99.50%), isoliquiritigenin (5; PRF20060943; 99.87%), isoli-
quiritin (6; PRF20040923; 98.23%), neoisoliquiritin (7;
PRF20060942; 99.25%), glycycoumarin (8; PRF20060921;
99.77%), isoliquiritin apioside (9; PRF9101021; 97.04%),
liquiritin apioside (10; PRF9050224; 99.95%), and vio-
lanthin (11; PRF9110601; 95.77%) were purchased from
Chengdu Biopurify Phytochemicals, Ltd. (Chengdu,
China).

Reference  compounds licoisoflavone B (12;
PS20110202; 98.02%), glycyrol (13; PS010089; 98.71%),
and licoisoflavone A (14; PS010124; 98.46%) were
obtained from Chengdu Push Biotech (Chengdu, China).

Reference compounds licoflavonol (15, MUST-
20041311; 98.86%) and semilicoisoflavone B (16;
MUST20072104; 99.91%) were purchased from Chengdu
Must Biotechnology (Chengdu, China).

Licoricesaponin G2 (17; PCS200904; 98.59%) was pur-
chased from Chengdu PureChem-Standard Biotech Co.,
Ltd. (Chengdu, China).

Licorice samples (282 batches) were collected from
Gansu (S1-134), Inner Mongolia (S135-255), and Xin-
jiang (S256-282) in China. Representative licorice sam-
ples were collected from traditional licorice-producing
areas: Yuzhong in Gansu Province (5§51-90), Bayannaoer
in Inner Mongolia (S145-184) and Hangjin Banner in
Inner Mongolia (S185-225). These samples had continu-
ously grown for 2-5 years in the same planting area and
were harvested in the same season to investigate how the
number of growth years affected the licorice quality. To
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investigate how the traditional genuine and nongenuine
growing areas affected licorice quality, licorice samples
were collected from traditional genuine growing areas
in Inner Mongolia and Gansu and nongenuine growing
areas in the main Xinjiang production area. The tradi-
tional genuine growing area samples were identified as
S$41-50, S71-90, S135-144, S175-184, and S214-225,
while the nongenuine growing area samples were identi-
fied as S256—-282. All samples were used to investigate how
the production area affected the quality of licorice grown
for the same number of years and harvested in the same
season. To investigate how the harvest season affected the
licorice quality, samples of licorice planted in the same
location and grown for the same number of years were
collected in spring and autumn. Autumn samples, identi-
fied as S41-50, S155-164, and S214-225, were harvested
in November 2018 and 2019; spring samples, identified
as S31-40, S236-245, and S246-255, were harvested
in March 2018 and 2020. The sample origins, number of
growth years, and harvest times are summarized in Addi-
tional file 1: Table S1. The licorice samples were authenti-
cated as dried Glycyrrhiza uralensis Fisch. ex DC. (Chinese
licorice) roots by Professor Nanping Zhang (NIFDC, Bei-
jing, China). Voucher specimens were deposited in the
Museum of Chinese Traditional Drugs at NIFDC [7].

Preparation of the standard reference and sample
solutions

Preparation of standard reference solutions for HPLC-
photodiode-array (PDA) detection

Standard reference solutions were prepared by com-
pletely dissolving compounds (1)-(17) in 70% aqueous
methanol to obtain the following concentrations (ug/
mL): (1) 90.44, (2) 4.16, (3) 182.20, (4) 15.70, (5) 4.62, (6)
19.96, (7) 11.36, (8) 8.06, (9) 36.54, (10) 116.05, (11) 5.47,
(12) 9.17, (13) 14.00, (14) 3.54, (15) 4.40, (16) 11.63, and
(17) 46.26. All solutions were stored at 4 °C prior to the
analyses.

Preparation of the standard reference solution

for ultraviolet-visible (UV-vis) spectroscopy

Liquiritin was completely dissolved in 70% aqueous
methanol to prepare a 22.53 pg/mL standard reference
solution; this solution was stored at 4 °C prior to the
analyses.

Solution preparation for standardizing (UV-vis) absorption
spectra

Different reference stock solution volumes (0.2, 0.5, 1.0,
2.0, 3.0, 4.0, or 5.0 mL) were accurately pipetted and
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added to 10 mL volumetric flasks fitted with rubber stop-
pers. Then, 0.5 mL of 10% KOH solution was pipetted,
added to a corresponding volumetric flask, left at 25 °C
for 5 min, diluted with 70% ethanol, and shaken well.

Preparation of the sample solutions for HPLC-PDA detection
All the samples were pulverized and screened through
a 50-mesh sieve. Dried powder samples (1.0 g) were
accurately weighed using an XSE 205DU electronic bal-
ance (Mettler Toledo, Zurich, Switzerland) and placed
in 100 mL conical flasks fitted with rubber stoppers. The
compounds were extracted via ultrasonication in 50 mL
of 70% aqueous methanol for 0.5 h. The mixtures were
centrifuged at 12,000 rpm for 10 min at room tempera-
ture. Finally, the supernatants were filtered through a
0.22-pm membrane prior to injection into an HPLC-
PDA detector.

Preparation of the sample solutions for UV-vis spectroscopy
All the samples were pulverized and screened through a
50-mesh sieve. Dried powder samples (0.2 g) were accu-
rately weighed and placed in 50 mL conical flasks fitted
with rubber stoppers. The compounds were extracted
via ultrasonication (power 250 W, frequency 40 kHz) in
10 mL of 70% aqueous methanol for 0.5 h. The mixtures
were centrifuged at 12,000 rpm for 10 min at room tem-
perature. Finally, the supernatants were combined prior
to injection into a UV-vis spectrophotometer.

Preparation of the chromogenic solution for UV-vis
spectroscopy

The test solution (0.1 mL) was accurately pippeted and
added to a 10 mL volumetric flask. Then, 0.5 mL of 10%
KOH was accurately pipetted and added to the same
volumetric flask; this solution was left at 25 °C for 5 min.
The solution mixture was then diluted with 70% aqueous
ethanol and shaken well.

Preparation of the blank solution for UV-vis spectroscopy
KOH solution (0.5 mL; 10%) was accurately pipetted,
added to a 10 mL volumetric flask, diluted with 70%
aqueous ethanol, and shaken well.

Instrumentation and measurement conditions

HPLC-PDA detection conditions

HPLC was performed using a Waters €2695 Alliance
liquid chromatograph system (Waters, Milford, MA,
USA) and a Waters 2998 photodiode array (PDA) detec-
tor (Waters, Milford, MA, USA). Licorice extracts were
chromatographically separated using a Shiseido Capcell
Pak MG C;g (4.6 mmx250 mm, 5 pm; Tokyo, Japan)
operating at 40 °C.
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A liquid chromatography (LC) gradient was developed
using a mobile phase consisting of solvent A (0.1% phos-
phoric acid/water) and solvent B (acetonitrile). The flow
rate was set at 1.0 mL/min with the following gradient
elution: 5-95% B (0-60 min), 95% B (60—-65 min), 95-5%
B (65—-65.2 min); the elution was held at 5% B for 9.8 min
to equilibrate the column. The sample injection volume
was 10 uL, and the total analysis run time was 75 min.
The PDA detection wavelengths were 250 and 330 nm.

UV-vis spectroscopy conditions

UV-vis spectroscopy was performed using a UV2700
UV-vis spectrophotometer (Shimadzu, Kyoto, Japan)
operating at a 337 nm wavelength.

Licorice appearance characterization

Length measurement

In each batch, the lengths of 30 licorice samples were
randomly measured using a tape measure to obtain the
average sample length.

Diameter measurement

In each batch, the diameters of 30 licorice samples were
randomly measured using vernier callipers 2 cm below
the reed head to obtain the average sample diameter.

Weight measurement

In each batch, 10 samples were randomly weighed using
an ME 303 electronic balance (Mettler Toledo, Zurich,
Switzerland) twice to obtain the average sample weight.

Cell cultures and treatments

Murine macrophage (RAW264.7) cells, a widely used
model for in vitro macrophage and inflammatory cascade
studies, were obtained from the China National Collec-
tion of Authenticated Cell Cultures (Shanghai, China).
The cells were maintained at 37 °C under 5% CO, in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% foetal bovine serum (FBS). RAW?264.7
cells were treated with 1 pg/mL lipopolysaccharide (LPS;
Sigma—Aldrich; Merck KGaA, Darmstadt, Germany) for
24 h at 37 °C and were then rinsed with phosphate-buft-
ered saline (PBS) and stimulated with LPS (1 pg/mL) to
induce pyroptosis. The conditioned cells were collected
to measure protein expression levels by enzyme-linked
immunosorbent assay (ELISA) and western blot analysis.

ELISA for detecting cytokine

The culture medium was removed from the culture plate,
the cells were digested with trypsin, and culture medium
was added. The cells on the culture plate were washed
with deionized water. The cell suspension was collected
into a centrifuge tube and centrifuged at 1000x g for
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5 min at 2-8 °C. The culture medium was removed, and
the cells were washed three times with prechilled PBS.
The cells were resuspended with an appropriate amount
of prechilled PBS. The sample was frozen and thawed 3
times under conditions of — 80 °C and room temperature
to completely lyse the cells. The sample was centrifuged
at 1500 x g for 10 min at 2—8 °C to remove cell debris, and
the supernatant was collected [8-11].

Interleukin (IL)-1p and tumour necrosis factor (TNF)-«
expression levels in the treated cell supernatants were
measured via ELISA assays (IL-1p: Mouse: ml063132-C;
TNE-a: Mouse: ml002095-C; Enzyme-linked Biotechnol-
ogy Co., Ltd., Shanghai, China) according to the manu-
facturer’s instructions.

Western blot analysis

RAW?264.7 cell protein expression was detected using
western blot analysis. Cells (1.6 10°/well) were plated
overnight and then treated with the indicated bioactive
compound concentrations. After 1 h, 1 pg/mL LPS was
added. Then, the supernatant and precipitated cells were
collected 24 h later. Immunoblotting was performed
using antibodies against targeted proteins, including
AKT1 (1:2,500; ab89402; Abcam, Cambridge, MA, USA),
p-AKT1 (1:5,000; ab81283; Abcam, Cambridge, MA,
USA), PI3K (1:1,000; 4249; Cell Signaling Technology,
Inc., Danvers, MA, USA), and p-PI3K (1:1,000; bs-3332R;
Bioss Antibodies, Biotechnology, Inc., Beijing, China).
The blots were developed using an enhanced chemilumi-
nescence kit (ECL, Amersham Biosciences, Buckingham-
shire, UK) and were measured using a luminescent image
analyser (LAS-3000, Fuji Photo Film Co., Ltd., Japan).

Data processing

One-way analysis of variance (ANOVA), Student’s ¢ test,
and correlation analyses were performed using IBM SPSS
Statistics 23.0 (IBM Corp., Armonk, NY, USA). Princi-
pal component analysis (PCA) and orthogonal partial
least squares discriminant analysis (OPLS-DA) were
performed using SIMCA® software, version 13.0 (Umet-
rics, Umea, Sweden). Support vector machine (SVM)
was performed using MATLAB® software (MathWorks,
Inc., Natick, MA, USA). HPLC fingerprint similarity was
analysed using ChemPattern® software, version 2017Pro
(Chemmind, Beijing, China).

Results and discussion

Establishment of the traditional trait-based quality index
Licorice root has been used widely in TCM
for ~4000 years, and the TCM quality has been tradi-
tionally evaluated mainly based on sensory characteriza-
tion [12]. In this study, the licorice root length, diameter,
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and weight were the main traditional quality evaluation
characteristics. To identify the quality-attribute-related
appearance characterization indices, 80 licorice sample
batches grown for different numbers of years in different
production areas and harvested in different seasons were
analysed using the method described in "Licorice appear-
ance characterization"Section. The measurements are
summarized in Additional file 1: Table S2.

One-way ANOVA and t test

The appearance characterization indices were analysed
for licorice grown for different numbers of years in differ-
ent production areas and harvested in different seasons.
The licorice grown in traditional and main modern pro-
duction areas exhibited significantly different diameters
and weights, and the licorice grown for different numbers
of years had significantly different lengths, diameters, and
weights. The licorice harvested in different seasons had
significantly different diameters and weights (?<0.05), as
listed in Additional file 1: Table S3. The statistical analy-
sis results showed that the diameter and weight indices
of licorice grown in different years and production areas
and harvested in different seasons were significantly dif-
ferent and could therefore be used as quality indices to
evaluate potential licorice appearance traits.

Correlation analysis

To further identify indices for evaluating licorice qual-
ity based on quality-attribute-related appearance traits,
correlations between licorice diameter and weight
were separately investigated for licorice grown in dif-
ferent production areas for different numbers of years
and harvested in different seasons. The results are listed
in Additional file 1: Table S4. According to the correla-
tion analysis results, since licorice diameter and weight
were significantly correlated for licorice grown for differ-
ent numbers of years in different production areas and
harvested in different seasons, either could be selected
as an appearance characterization index for evaluat-
ing licorice quality. Because licorice diameter, one of the
most important appearance traits traditionally used to
evaluate licorice quality, was readily quantifiable and eas-
ily detected, it was used as the quality-attribute-related
appearance characterization index for evaluating licorice
quality.

Establishment of the chemical composition-based internal
quality index

Key-quality-attribute-based HPLC fingerprint index

HPLC fingerprint validation method To ensure that the
established HPLC method could be applied to analyse
HPLC fingerprint similarity, the HPLC fingerprint preci-
sion, stability, and repeatability were validated using sam-
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ple S81, which met the Chinese-Pharmacopoeia-based
national drug standard.

Precision

The same sample was consecutively injected 6 times.
In the HPLC fingerprint recorded at 250 nm, the rela-
tive retention time and peak area were calculated based
on the licorice saponin G2 reference peak for each com-
mon fingerprint peak; the relative retention time relative
standard deviation (RSD) was<0.5% for each common
peak and that the relative peak area RSD was<3.0%.
Additionally, in the HPLC fingerprint recorded at
330 nm, the relative retention time and peak area were
calculated based on the isoliquiritin reference peak for
each common fingerprint peak; the relative retention
time RSD was <0.5% for each common peak and that the
relative peak area RSD was < 3.0%.

Stability

The same sample was injected at 0, 2, 4, 8, 12, 16, 20,
and 24 h. In the HPLC fingerprint recorded at 250 nm,
the relative retention time and peak area were calcu-
lated based on the licorice saponin G2 reference peak
for each common fingerprint peak; the relative reten-
tion time RSD was<0.5% for each common peak and
that the relative peak area RSD was<3.0%. Additionally,
in the HPLC fingerprint recorded at 330 nm, the relative
retention time and peak area were calculated based on
the isoliquiritin reference peak for each common finger-
print peak; the relative retention time RSD was <0.5% for
each common peak and that the relative peak area RSD
was < 3.0%.

Repeatability

Six replicate samples were prepared from the same
licorice batch according to the method described in
"Licorice appearance characterization" Section. In the
HPLC fingerprint recorded at 250 nm, the relative reten-
tion time and peak area were calculated based on the
licorice saponin G2 reference peak for each common fin-
gerprint peak; the relative retention time RSD was <0.3%
for each common peak and that the relative peak area
RSD was<2.9%. Additionally, in the HPLC fingerprint
recorded at 330 nm, the relative retention time and peak
area were calculated based on the isoliquiritin reference
peak for each common fingerprint peak; the relative
retention time RSD was<0.3% for each common peak
and that the relative peak area RSD was < 3.0%.

HPLC fingerprint similarity analysis To investigate
whether licorice grown for different numbers of years in
different places of origin and harvested in different seasons
exhibited different HPLC fingerprints, the test solution
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prepared according to the method described in "Prepara-
tion of the sample solutions for HPLC-PDA detection"
Section and detected according to the method described
in "HPLC-PDA detection conditions" Section was used
to record chromatograms at 250 and 330 nm. The angle
cosine method was used to calculate the similarity between
the HPLC fingerprints recorded for licorice grown for dif-
ferent numbers of years in different production areas and
harvested in different seasons and the common licorice
HPLC fingerprint reference pattern, as shown in Fig. 1.

One-way ANOVA and t test analyses of licorice HPLC fin-
gerprint similarity 'The HPLC fingerprints recorded at
330 and 250 nm were significantly different for licorice
samples grown for different numbers of years in differ-
ent production areas and harvested in different seasons
(P<0.05); thus, the HPLC fingerprints recorded at 250
and 330 nm were identified as internal quality evalua-
tion indices. The measurement results are summarized in
Additional file 1: Table S5.

Total flavonoid index determined based on the key quality
attributes

Analysis of the total licorice flavonoid contents To inves-
tigate the different total flavonoid contents of licorice
grown for different numbers of years in different produc-
tion areas and harvested in different seasons, test solu-
tions were prepared according to the methods described
in "Preparation of the sample solutions for UV-vis spec-
troscopy” — "Preparation of the blank solution for UV—
vis spectroscopy” Sections, and a reference solution was
prepared according to the method described in "Solution
preparation for standardizing (UV-vis) absorption spec-
tra" Section. The total sample flavonoid concentrations
were determined using the method described in "UV-
vis spectroscopy conditions" Section. The measurement
results are summarized in Additional file 1: Figure S1.

One-way ANOVA and t test analyses of the total licorice
flavonoid contents. SPSS® 23.0 software was used to sta-
tistically analyse the total licorice flavonoid contents. The
results showed that the total flavonoid contents of licorice
samples grown for different numbers of years in different
production areas and harvested in different seasons were
significantly different (P<0.05) and identified the total
licorice flavonoid content as an internal quality evaluation
index. The measurements are summarized in Additional
file 1: Table S6.

Licorice extract contents determined based on the key quality
attributes

To investigate the relationship between licorice extract
contents and key quality attributes, licorice was extracted
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Fig. 1 Common licorice HPLC fingerprint patterns recorded at a 250 and b 330 nm. At 250 nm, peak 6 is liquiritin apioside, peak 7 is liquiritin,
peak 10 is isoliquiritin apioside, peak 12 is isoliquiritin, peak 13 is neoisoliquiritin, peak 17 is liquiritigenin, peak 25 is licoricesaponin G2, peak
27 is isoliquiritigenin, peak 28 is formononetin, peak 30 is glycycoumarin, peak 32 is semilicoisoflavone B, peak 34 is licoisoflavone A, and peak
38is licoisoflavone B. At 330 nm, peak 6 is violanthin, peak 8 is liquiritin apioside, peak 10 is liquiritin, peak 15 is isoliquiritin apioside, peak 17
is isoliquiritin, peak 18 is neoisoliquiritin, peak 20 is liquiritigenin, peak 22 is isoliquiritigenin, peak 23 is glycycoumarin, peak 24 is semilicoisoflavone
B, peak 27 is licoisoflavone A, peak 28 is glycyrol, peak 30 is licoflavonol, and peak 31 is licoisoflavone B

using water and 50% aqueous ethanol according to the years in different production areas and harvested in dif-
relevant methods described in the Chinese Pharmaco- ferent seasons.

poeia (2020 edition) [6]. The results were analysed using The statistical analyses showed that the alcohol-solu-
one-way ANOVA and ¢ tests for both water- and alcohol-  ble licorice extract contents were significantly different
soluble licorice extracts grown for different numbers of  (P<0.05) for licorice grown in different production areas
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for different numbers of years and harvested in different
seasons, while the water-soluble licorice extract contents
were negligibly different for licorice grown in different
production areas (P>0.1). To investigate the correlation
between the comprehensive licorice quality and the key
quality attributes, the alcohol-soluble extract was identi-
fied as an internal quality evaluation index. The measure-
ments are summarized in Additional file 1: Figure S2, and
Table S7.

Chemical composition indices determined based on the key
quality attributes

In our previous study [7], ultrahigh-performance liq-
uid chromatography-quadrupole time-of-flight mass
spectrometry (UHPLC-QTOF/MS/MS) and ultrahigh-
performance liquid chromatography-triple quadrupole
mass spectrometry (UHPLC-TQ-MS/MS) were used to
analyse 158 batches of licorice grown for different num-
bers of years in different production areas and harvested
in different seasons. We identified a panel consisting of
17 compounds that could be used as indices to evalu-
ate the sample contents. Then, 158 sample batches were
analysed using HPLC-PDA detection to determine the
17 compound contents. Validation of the HPLC deter-
mination method was completed in previous studies [7].
All analytes showed excellent linearity (R*>0.9994) over
the test concentration range. The LOD and LOQ values
were in the range of 0.0061-0.0628 pg/mL and 0.0203-
0.2092 pg/mL, respectively. The average recovery rate of
the compounds was in the range of 91.19-101.25% (rela-
tive standard deviation, RSD <2.18%). The RSD values
of the compound peak areas detected by the stability,
precision, and repeatability tests were less than 2.92%,
1.00%, and 2.33%, respectively. Based on these results,
the method was accurate and validated. Finally, multi-
ple multivariate statistical analyses (one-way ANOVA, ¢
test, PCA, and OPLS-DA) were performed to identify the
sample TCM-quality-attribute-related chemical compo-
sition indices. Based on the VIP scores (VIP score >1.0)
in OPLS-DA models, the results indicated that licorice
saponin G2, glycyrrhizic acid, formononetin, violan-
thin, liquiritin apioside, liquiritin, isoliquiritin apioside,
isoliquiritin, neoisoliquiritin, isoliquiritin isomer, liquir-
itigenin, semilicoisoflavone B, glycyrol, licoflavonol, and
licoisoflavone B were suitable TCM-quality-attribute-
related chemical composition indices.

Establishment of a pharmacological activity-based quality
index

In our previous study [13], the action mechanisms under-
lying licorice pharmacological effects were analysed
using network pharmacology, and different bioactive
compounds were simultaneously classified in licorice.
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The major licorice bioactive compounds were identified
using UHPLC-QTOF-MS/MS. Liquiritin apioside, liquir-
itigenin, and isoliquiritin apioside were the main licorice
bioactive components. Liquiritin and isoliquiritin apio-
sides consisted of the genes involved in NF-«xB, TNF, and
IL-1B, while liquiritigenin consisted of the genes involved
in PIBK/AKT. Glycyrrhizic acid was the main representa-
tive licorice chemical component and comprised the
genes involved in NF-kB and TNE. All these genes play
important roles in anti-inflammatory immune activity.
Thus, the anti-inflammatory properties of liquiritin api-
oside, liquiritigenin, glycyrrhizic acid, and isoliquiritin
apioside were determined using ELISA and western blot
analysis.

In our study, liquiritin apioside, liquiritigenin, glycyr-
rhizic acid, and isoliquiritin apioside were identified as
pharmacological activity indices. The sum of these four
pharmacological-activity indices was used as the phar-
macological-activity-based licorice quality index.

Comprehensive method for evaluating the licorice quality
In "Establishment of the traditional trait-based quality
index" — "Establishment of a pharmacological activity-
based quality index" Sections, standardized production
and authenticity were selected as the key factors to ensure
the production of high-quality licorice. We examined
multiple quality indicators strongly correlated with the
key licorice quality attributes (e.g., genuine production
area, number of years of growth, and harvest season). In
our study, the biological evaluation of licorice was car-
ried out to identify pharmacological activity indices, and
the quality-attribute-based evaluation was performed
to identify quality indicators, including the traditional
sensory-characterization-based licorice diameter index
and other indices based on internal chemical compo-
nents: alcohol-soluble extracts; total flavonoid contents;
HPLC fingerprints recorded at 250 and 330 nm; contents
of licorice saponin G2, glycyrrhizic acid, formononetin,
violanthin, liquiritin apioside, liquiritin, isoliquiritin api-
oside, isoliquiritin, neoisoliquiritin, isoliquiritin isomer,
liquiritigenin, semilicoisoflavone B, glycyrol, licoflavonol,
and licoisoflavone B; and a pharmacological-activity-
based quality index comprised the sum of the contents
of glycyrrhizic acid, liquiritin apioside, liquiritigenin, and
isoliquiritin apioside pharmacological activity indices.
These 21 quality indices are suitable candidates for
establishing a method for grading licorice quality. Among
the 282 batches of samples collected, 189 batches of
sample quality met the Chinese-Pharmacopoeia-based
national drug standards, which were used to establish a
quality classification model. Considering the genuine
production area, number of growth years, and harvest
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season as authentic quality evaluation factors, 189 licorice
batches grown in different production areas for differ-
ent numbers of years and harvested in different seasons
were categorized as follows: 52, 92, and 45 batches of pre-
mium, first-class, and second-class samples, respectively.
The measurement results are summarized in Additional
file 1: Figure S3.

Development of the multivariate analysis model for grading
licorice quality

Licorice is a complex multicomponent TCM system,
and many key factors closely related to quality attrib-
utes, such as the genuine production area, number of
growth years, and harvest season, further complicate
comprehensive licorice quality evaluation. Owing to
unique advantages such as nonlinear classification,
small sample requirements, and high-dimensional pat-
tern recognition, SVMs can facilitate comprehensive
licorice quality evaluation [14—16]. Therefore, SVM was
used to establish a method for grading licorice quality.
Because SVMs operate based on binary classification
models, licorice samples were initially classified accord-
ing to three quality levels. Therefore, prior to SVM
modelling, a sample confidence boundary was estab-
lished as the basis for determining second-class sam-
ples, and the SVM was subsequently used to predict
premium and first-class samples. Sample batches (189)
were used as the research object, 21 candidate indices
were used to establish the model for grading licorice
quality, and a computer model was established using
SVM analysis to predict the TCM quality composite
evaluation index (TCM QCEI). The model establish-
ment process is shown in Fig. 2. The research results
were determined as follows:
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Step 1. By optimizing the grid, the radial basis func-
tion (RBF) SVM parameters were optimized in ranges
from 107° to 10° and from e~ to e°. The optimal model
parameters C and y were 7.56 and 510.89, respectively,
and the tenfold cross-validation accuracy was 91.56%.

Step 2. The model parameters C and y were
unchanged, one variable was removed at a time, and
the change value of the difference of the Jacobi matrix
(DJ) was calculated.

Step 3. The contributions of variables were sorted
based on D] value. Nine variables with relatively large
DJ values were selected as the key quality parameters to
retrain the model. Model parameters ¢ and y were 33.71
and 19634, respectively. The tenfold cross validation
accuracy was 90.26%. Licorice diameter, total flavonoid
content, similarities of HPLC chromatogram fingerprints
recorded at 250 and 330 nm, contents of liquiritin api-
oside, liquiritin, glycyrrhizic acid, and liquiritigenin, and
pharmacological activity quality index were identified as
the key indices for constructing the model for evaluating
licorice quality, and their contribution rates were propor-
tionally weighted in the model. The contributions of the
21 candidate indicators to the SVM-based licorice-qual-
ity prediction model are shown in Table 1 and Additional
file 1: Figure S4.

Step 4. Based on the training set sample scores, the
model posterior probability was fitted using an S-type
function to enlarge the model scale. The comprehensive
score was estimated based on tenfold cross validation; the
premium and first-class sample QCEI scores (in ranges
86—100 and 70-85, respectively) are shown in Fig. 3.

Premium i Score 86-100
samples
P>0.95 | premium samples & SVM
First-class samples
- l |rst-clf|ss Score 70-85
samples Transf.
Qualified | 250 | fyoteling'sT —
Licorice Candidate Indexs
Second-class Score 60-69
P<0.05| samples Mapping to

Fig. 2 Model establishment process
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Validation of the licorice quality grading model preliminarily

based on anti-inflammatory pharmacological effects

In this study, an RBF SVM and a TCM QCEI evaluation
index were used to establish a model for grading licorice
quality. The tenfold model cross-validation accuracy rate
was 90.26%. To further confirm the model rationality, an
in vitro cell model was used to preliminarily verify the phar-
macological activities of different licorice quality grades.

According to the network pharmacology results
obtained in our previous study, the main licorice bioac-
tive component genes greatly contributed to anti-inflam-
matory immune activity [13]. In this study, to determine
whether different licorice quality grades differentially
reduced the inflammatory response, TNF-a and IL-1f
levels were measured in RAW 264.7 cells via ELISA anal-
ysis. Premium and first-class licorice batches, as deter-
mined based on TCM QCEI scores, were selected as
representative samples.

In the in vitro experiment, the TNF-a and IL-1p lev-
els in RAW 264.7 cells were significantly increased after
LPS stimulation compared with their counterparts in the
blank control (P<0.0001). The pure LPS group showed a
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higher TNF-a level than those of the LPS groups treated
with different licorice quality grades (P<0.0001). The
pure LPS group exhibited a higher IL-1f level than that
of the LPS group treated with premium-grade licorice
(P<0.01) and a lower IL-1p level than that of the LPS
group treated with first-class licorice (P<0.0001); these
results indicated that excessive LPS-induced TNF-a
and IL-1B secretion could be reduced by different
licorice quality grades and only premium-grade licorice,
respectively (Fig. 4). Licorice chemical components are
extremely complex. Some and other components exhibit
anti-inflammatory and bidirectional regulatory effects,
respectively. In this study, different licorice quality grades
inhibited TNF-« but affected the IL-1p differently, indi-
cating that the anti-inflammatory and bidirectional reg-
ulatory components could affect the TNF-a and IL-1p
ratios differently. Therefore, different anti-inflammatory
and bidirectional regulatory component contents could
change TNF-a and IL-1p trends, and some chemical
component contents in different licorice quality grades
could be different and lead to different efficacies [17—
19]. These results preliminarily indicated that all differ-
ent licorice quality grades exhibited anti-inflammatory
activity and that the inflammatory responses were likely
better reduced by the premium-grade than by first-class
licorice.

To investigate the mechanisms underlying the anti-
inflammatory activities of licorice, western blotting
analysis was used to verify the regulatory effects of
licorice. Western blotting showed that licorice mark-
edly suppressed the PI3K/AKT signalling pathway medi-
ated by p-PI3K (Fig. 5a), p-AKT1 (Fig. 5d), p-PI3K/PI3K
(Fig. 5b), and p-AKT1/AKT1 (Fig. 5e) in the LPS-acti-
vated macrophages.
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Fig. 4 Effects of different licorice quality grades on reducing LPS-induced cytokine and chemokine production. Supernatants were collected
for measuring a IL-13 and b TNF-a levels via ELISA. Data are presented as the mean +standard mean error (n=3). *P<0.05, **P <0.01, **P < 0.001,
and ****P<0.001 vs. Con group; #P < 0.05, ##P < 0.01, ###P <0.001, and ####P <0.0001 vs. LPS group. IL, interleukin; LPS, lipopolysaccharide; TNF,

tumour necrosis factor
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The PI3K/AKT signalling pathway greatly contrib-
utes to regulating signal transduction and biological
processes, such as cell proliferation, apoptosis, metabo-
lism, and angiogenesis [20, 21]. Our results preliminar-
ily indicated that the main licorice bioactive components
inhibited both TNF-a and IL-1f expression downstream
through the PI3K/AKT signalling pathway and further
demonstrated that licorice exhibited anti-inflammatory
properties.

In our study, an in vitro cell model was used to prelimi-
narily verify the pharmacological activities of different
licorice quality grades. However, in future studies, more
sample batches with different quality grades and more
pharmacological models should be investigated to further
confirm the rationality of TCM QCEL

Conclusions

In our study, traditional sensory characterization and
modern standardized processes based on the produc-
tion process and pharmacological efficacy evaluation
were integrated for use in the assessment of TCM quality.
Standardized licorice production and authenticity were
used as the core elements to ensure that high-quality

licorice was produced, and multiple quality indicators
strongly correlated with the key licorice quality attributes
(e.g., genuine production areas, number of growth years,
and harvest season) were examined. Multidimensional
quality evaluation indices were integrated with a machine
learning model to identify key quality indices and their
corresponding weight coefficients, to establish a multi-
weighted multi-index and comprehensive quality index
and to construct a QCEI-based model for grading TCM
quality.

For the first time, this study proposes a TCM QCEI
based on appearance characterization, internal chemical
composition quality, and pharmacological activity indices
as a comprehensive multi-index to grade TCM quality
and establishes a method for grading TCM quality. Addi-
tionally, this is the first study wherein different quality
indicator weight contributions have been elucidated, a
machine learning algorithm has been used to determine
key quality evaluation indicators and their corresponding
weight coefficients based on multidimensional research,
a comprehensive model has been constructed to grade
TCM quality, and TCM QCEIs have been calculated and
applied to grade TCM quality. Our TCM QCEI integrates
traditional appearance characterization and mainstream
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physical and chemical analyses and is correlated with
pharmacological activities, thereby providing technical
support for scientifically and objectively evaluating TCM
quality.
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