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ABSTRACT

Objective: Due to the complicated compounds and the synergistic effect of multi-compounds, the quality
control and assessment of Chinese materia medica (CMM) encounters a great challenge about how to
identify the key compounds, which are directly correlated with its efficacy and safety. On the guidance
of study on quality marker (Q-Marker), identification of Q-Markers was performed from Hedan Tablet
(HDT) by the aid of the “spider-web” mode and hepatotoxicity evaluation derived from our previous
researches and literatures.
Methods: By the established ultra performance liquid chromatography with photodiode array detector
(UPLC-PDA) method, online UPLC-DPPH- and offline antioxidant assay, 21 candidate compounds of
HDT were systematically investigated and comprehensively evaluated by the “spider-web” mode for
them properties of Q-Marker based on “content-stability-activity”. In addition, the Q-Markers related
with hepatotoxicity based on our previous researches and literatures were identified.
Results: Salvianolic acid B (SaB), quercetin-3-O-glucuronide (Qug), isoquercitrin (IQ) and hyperoside
(Hyp) were adopted as the preferable Q-Markers of HDT according to the shaded area (A) of tested com-
pounds in “spider-web” mode. Psoralen (Ps), isopsoralen (IP), psoralenoside (PO) and isopsoralenoside
(IPO) were also strongly recommended as Q-Markers closely related with safety by considering hepato-
toxicity of the accumulated Ps and IP and conversion between glycoside (PO and IPO) and aglycone (Ps
and IP).
Conclusion: This study provided scientific evidence for quality control and assessment of HDT, and also
provided a meaningful reference for application of Q-Markers in CMM.

© 2022 Tianjin Press of Chinese Herbal Medicines. Published by ELSEVIER B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

these drugs can not address all facets of dyslipidemia and the
increased risk derived from many adverse reactions (Hajdu et al.,

Hyperlipidemia, characterized by dyslipidemia, is one of the
main hazard factors for development and progression of metabolic
disease and cardiovascular disease, leading to high morbidity in
modern society (Navar-Boggan et al., 2015; Pencina et al., 2014).
Although many lipid-lowering drugs including statins, ezetimibe
and fibrates have been developed (Davidson & Toth, 2004), hyper-
lipidemia treatment still has many difficulties due to the fact that
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2009; Ho et al., 2004; Wierzbicki et al., 2012). As a complementary
and alternative medicine to western medicine, Chinese materia
medica (CMM) provides an integrated and unique approach to
treat hyperlipidemia (Sham et al., 2014). Moreover, herbal therapy
may provide a more sustainable treatment due to its low incidence
of side effects (Li et al., 2020b). In recent years, lots of Chinese her-
bal medicines and its preparations have been demonstrated to
have potent hypolipidemic effect, such as Salviae Miltiorrhizae
Radix et Rhizoma, Notoginseng Radix et Rhizoma, Xuefu Zhuyu
Decoction, Xuezhikang Capsule, and so on (Li et al., 2020b; Liao
et al, 2014; Xia et al., 2011; Zhao et al., 2003). They exert hypolipi-
demic effect through a variety of mechanisms, such as decreasing
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cholesterol absorption and synthesis, regulating cholesterol trans-
port and transcription factors related to lipid metabolism, and pro-
moting cholesterol excretion (Li et al., 2013; Li et al., 2017). In
addition, studies have shown that antioxidant activity including
alleviation of oxidative stress and lipid peroxidation, and increase
of antioxidant enzyme could strengthen its anti-hyperlipidemia
(Hong et al., 2006; Wu et al,, 1998; Xia et al., 2011). Therefore,
our study preliminarily evaluated the tested compounds in Hedan
Tablet (HDT) from the perspective of antioxidant activity.

As a Chinese patent medicine, HDT, composed of Nelumbinis
Folium (Heye in Chinese, as monarch drug), Salviae Miltiorrhizae
Radix et Rhizoma (Danshen in Chinese, as minister drug), Psoraleae
Fructus (Buguzhi in Chinese as minister drug), Crataegi Fructus
(Shanzha in Chinese, as assistant drug), and Sennae Folium (Fanx-
ieye in Chinese, as guide drug), is the effective drug with functions
of removing phlegm and turbidity, activating blood circulation, and
removing blood stasis (Chen et al., 2011; Sun et al., 2017). Clinical
studies have demonstrated that HDT has a remarkable curative
effect on hyperlipidemia (Li, 2012; Xu et al., 2016; Zhang et al.,
2015). Also, it can be combined with western medicines (statins
and metformin) for treating acute cerebral infarction, coronary
heart disease, diabetes, nonalcoholic fatty liver disease, and so on
(Cai, 2018; Li et al., 2016; Tian, 2010; Wang, 2015). At present, in
Chinese Pharmacopoeia, only nuciferine (Nuc) is adopted as the
marker compound for quality control and assessment of HDT
(Chinese Pharmacopoeia Commission, 2020). And few researchers
established LC methods for the simultaneous determination of
multi-compounds in HDT (Liu et al., 2011; Zhao and Tang, 2013).
However, the effect of HDT cannot be reflected by only a few chem-
ical ingredients, and there is a lack of sufficient evidence to support
that the determined compounds can be chosen as the quality
markers (Q-Markers). In recent years, the China National Center
for ADR Monitoring has frequently reported that the clinical appli-
cation of Psoraleae Fructus-related preparations caused severe liver
injury. Therefore, the control of hepatotoxic compounds derived
from Psoraleae Fructus in HDT is also particularly paramount due
to liver injury of Psoraleae Fructus (Cheung et al., 2009; Tian
et al., 2017). Fortunately, under the guidance of the Q-Marker the-
ory proposed by Academician Changxiao Liu, it sheds the light for
the quality control of CMM related preparations with the compli-
cated compounds (Liu et al., 2016; Liu et al., 2017; Liu, 2021). In
order to identify Q-Markers from CMM related preparations,
“spider-web” mode was successfully developed and extended to
apply in stability study, optimization of extracting methods and
processing parameters, screening of active fractions, and so on (Li
et al., 2019b; Wang et al., 2016; Yang et al., 2018; Yu et al,,
2018; Zhang et al, 2019a). “Spider-web” mode based on
“content-stability-activity” has been proven to be a great strategy,
which can filter out the redundant compounds and focus on the
key indexes of quality control (Zhang et al., 2020).

In our study, with the help of the “spider-web” mode and hep-
atotoxicity evaluation derived from our previous researches and
literatures, identification of Q-Markers was performed from HDT
by taking effectiveness and safety into account. Based on the com-
prehensive analysis of the main compounds of each CMM and the
quality control indicators of HDT in the Chinese Pharmacopoeia, 21
compounds were finally selected as candidate compounds, includ-
ing astragaline (Ast), bakuchiol (Bak), corylin (Cor), cryptotanshi-
none (Cry), hyperoside (Hyp), isopsoralen (IP), isopsoralenoside
(IPO), isoquercitrin (IQ), lithospermic acid (Lia), neobavaisoflavone
(Neo), Nuc, psoralen (Ps), psoralenoside (PO), quercetin-3-O-
glucuronide (Qug), rhein (Rhe), rosmarinic acid (Roa), salvianolic
acid A (SaA), salvianolic acid B (SaB), salvianolic acid C (SaC), sen-
noside A (SeA) and sennoside B (SeB). The UPLC-PDA method was
constructed and employed to analyze the content and stability of
candidate compounds in HDTs. Online UPLC-DPPH- method com-
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bined offline antioxidant assay was used to screen compounds
with antioxidant activity from HDT. The content, stability and
activity of compounds, the important elements affecting effective-
ness of HDT, were used as three dimensions to construct “spider-
web” mode. And the effectiveness-related Q-Markers were
selected based on the analytic result by the “spider-web” mode.
In addition, the Q-Markers related with hepatotoxicity were iden-
tified based on our previous researches and literatures.

2. Materials and methods
2.1. Reagents and materials

HPLC-grade methanol and acetonitrile, and analytical grade
DPPH- were purchased from Sigma-Aldrich Inc. (St. Louis, MO,
USA). HPLC-grade formic acid was obtained from Shanghai Aladdin
Biochemical Technology Co. Ltd. (Shanghai, China). Water
employed in the experiment was purified by a Milli-Q water purifi-
cation system (Millipore, Billerica, USA). Ten batches of HDTs,
numbered as B1-B10, were provided by Nanchang Jishun Pharma-
ceutical Co., Ltd. (Nanchang, China). Cry, Hyp and Nuc were pur-
chased from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai,
China). Qug, IQ, SeA, SeB and Lia were purchased from Chengdu
Herbpurify Co., Ltd. (Chengdu, China). Roa, SaA, SaB and SaC were
obtained from Zhongxin Innova Laboratories (Tianjin, China). Ast
was purchased from Hebei Tuohai Biotechnology Co., Ltd. (Handan,
China). Rhe was purchased from the National Institute for Food and
Drug Control (Beijing, China). Ps, IP, PO, IPO, Neo, Cor and Bak were
prepared in our laboratory. The purity of all reference compounds
was above 98% by LC-UV analysis.

2.2. Preparation of reference and sample solutions

Reference compounds were accurately weighed and dissolved
with a little of DMSO and methanol to obtain respective stock solu-
tion at the concentration of 2 mg/mL for PO, IPO, Hyp, Qug, IQ and
IP and 1 mg/mL for SeB, Ast, SeA, Roa, Lia, SaB, Nuc, SaA, Ps, SaC,
Rhe, Neo, Cor, Cry and Bak. Then, the mixed stock standard solution
was prepared by employing stock standard solution of 21 com-
pounds to reach the final concentration at PO 137.0 pg/mlL, IPO
78.23 ng/mL, Hyp 133.6 pg/mL, Qug 165.4 ng/mL, 1Q 75.59 pg/
mL, SeB 6.370 pg/mL, Ast 24.78 pg/mL, SeA 8.212 pg/mL, Roa
16.04 pg/mL, Lia 16.73 pg/mlL, SaB 211.5 pg/mL, Nuc 53.81 pg/
mL, SaA 35.04 pg/mL, Ps 21.42 pg/mL, IP 31.64 pg/mL, SaC
5.907 pg/mL, Rhe 22.48 pg/mL, Neo 4.030 pg/mL, Cor 0.8905 ng/
mL, Cry 13.29 pg/mL and Bak 9.904 pg/mL. Subsequently, the
working solutions at the different concentrations were diluted
for constructing calibration curves. All standard solutions were
stored at 4 °C for further analysis.

The accurately weighed sample powder (0.5 g) was transferred
into 25 mL volumetric flask and ultrasonically extracted by metha-
nol for 15 min, then cooled to ambient temperature and diluted to
scale by adding methanol. The extracted solution was centrifuged
at 14 000 rpm for 10 min to obtain the supernatant and diluted
with 50% methanol (volume percentage, 1:1) to obtain the sample
solution.

2.3. UPLC-PDA conditions

Equipped with a quaternary solvent delivery pump, an
autosampler and PDA detector, ACQUITY UPLC H-class system
(Waters Corporation, Milford, MA, USA) was used to perform the
chromatographic analysis by using ACQUITY UPLC® BEH C;g col-
umn (100 mm x 2.1 mm, 1.7 pm) at 40 °C. The mobile phase
was composed of 0.1% formic acid aqueous solution (A) and ace-
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tonitrile (B) and implemented in the gradient elution at a flow rate
of 0.3 mL/min as follows: 3%-11% B in 0-5 min, 11%-13% B in
5-9 min, 13%-15% B in 9-12 min, 15%-23% in 12-14.1 min,
23%-26.5% B in 14.1-19 min, 26.5%-90% B in 19-28 min, 90% B
in 28-30 min. The tested solution (2 pL) was injected for analysis.
The following switching program of multi-wavelength was
employed: 0-8 min, 254 nm; 8-10.5 min, 246 nm; 10.5-13.2 min,
254 nm; 13.2-14.85 min, 264 nm; 14.85-15.8 min, 331 nm; 15.8-
16.7 min, 309 nm; 16.7-17.2 min, 270 nm; 17.2-17.8 min,
254 nm; 17.8-19.5 min, 246 nm; and 19.5-30 min, 254 nm.

2.4. Quantitative method validation

The analytic method established in this study was implemented
to validate linearity, limit of detection (LOD), limit of quantitation
(LOQ), precision (intra- and inter-day), stability and recovery. The
calibration curves were constructed in duplicate using the peak
area (y axis) and the corresponding concentration of standard solu-
tion (x axis). The LOQ and LOD for the tested compounds were
determined by gradually decreasing concentration of the standard
solution until signal was 10 and 3 at signal-to-noise ratio (S/N),
respectively. The sample solution was repeatedly injected at six
times on the same day and three consecutive days to test the
intra- and inter-day precision, respectively. Repeatability was con-
firmed by preparing and analysing six sample solutions in parallel.
The stability was studied by injecting sample solution at 0, 2, 4, 6,
8, 10 and 12 h, respectively. The recovery test was conducted by
adding standard solution to 0.25 g sample powder (n = 6), which
was processed according to the method of sample preparation.

2.5. Stability study of HDTs

The HDTs were stored in the stability test chamber (Climacell
222, MMM group, Germany) under high temperature [60 °C, RH
(40 + 5)%], high humidity [(25 °C, RH (90 * 5)%] and strong light
[4500 Lx + 500 Lx, 25 °C, RH (40 * 5)%] for 10 d, respectively. The
samples were collected at 0, 5 and 10 d and measured in duplicate
by the established UPLC-PDA method.

2.6. Antioxidant assay

Online UPLC-DPPH- Assay: The accurately weighed HDT powder
(2.0 g) was transferred into 50 mL volumetric flask and ultrasoni-
cally extracted by methanol for 20 min, then cooled to room tem-
perature and diluted to the scale by methanol. The extracted
solution was centrifuged at 14 000 rpm for 10 min to obtain the
sample solution at 40 mg/mL (HDT extract). HDT extract (5 mL)
was precisely transferred to 10 mL volumetric flask, added by
1200 pL DPPH- methanolic solution (5 mg/mL) and diluted to scale
by adding 50% methanol, then shaken with the constant tempera-
ture culture oscillator (HNY-200B, Honour Instrument Shaker,
Tianjin, China) for 15 min (37 °C) in the dark. After that, the reacted
sample solution was centrifuged at 14 000 rpm for 10 min, and the
supernatant (2 pL) was injected into UPLC for analysis by the
established UPLC-PDA method. The sample solution was mixed
with methanol to obtain the control solution according to the pro-
cedure for preparing the reacted sample solution.

Offline Antioxidant Assay: The DPPH.- microporous quantitative
assay was applied to detect the antioxidant activity of HDT and
18 candidate compounds except for the undetected compounds
(SeA, SeB and SaC). Reference standards were accurately weighed
and dissolved with a little of DMSO and methanol to obtain respec-
tive stock solution as follows: 1Q, 0.522 mg/mL; Roa, 0.970 mg/mL;
Ast, 2.882 mg/mL; Lia, 0.355 mg/mL; SaB, 0.252 mg/mL; Qug,
0.486 mg/mL; Hyp, 0.489 mg/mL; SaA, 0.480 mg/mL; Rhe,
2484 mg/mL; PO, 2360 mg/mL; IPO, 2.834 mg/mL; Ps,
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2912 mg/mL; IP, 2.860 mg/mL; Neo, 3.024 mg/mL; Nuc,
3.120 mg/mL; Cor, 3.100 mg/mL; Cry, 0.494 mg/mL; Bak,
1.338 mg/mL. Then, the HDT sample solution (20 mg/mL) and
the stock standard solutions were diluted with methanol to pre-
pare a series of the tested sample solutions. The tested sample
solution (50 pL) was mixed with 150 pL of DPPH- methanolic solu-
tion (0.1 mg/mL) in a 96-well microplate (Corning Incorporated,
Corning, NY, USA). The blank solution was prepared by mixing
the tested sample solution (50 pL) with methanol (150 pL), while
methanol (50 pL) was added to DPPH- methanolic solution
(150 pL) as the control solution. The prepared solution was incu-
bated for 45 min at 37 °C in the darkroom, the value of optical den-
sity (OD) of which was measured at 512 nm with a microplate
reader (Tecan Spark 10M, Switzerland). All tests were operated
three times in parallel. The DPPH- scavenging rate was measured
using the following Eq. (1):

SR(%) = [1 - (ODsample - ODblank)/ODconrrol] X 100% (1)
where ODsgmpie, ODpiank and ODconeror are the OD values of the sample,
blank and control solution, respectively. The antioxidant activity
was expressed by the half maximal inhibitory concentration (ICsq)
value calculated from the dose-effect curve.

2.7. Data analysis

The data was subjected to statistical analysis by Excel 2016.Lnk
software. Dose-effect curve fitted by nonlinear curve analysis,
“spider-web” mode, 3D bar graph, box diagram, double-Y charts
and bar charts were plotted using Origin 9.1 software (OriginLab,
Northampton, MA, USA).

3. Results and discussion

3.1. Methodological validation of UPLC-PDA analysis for quantitation
of 21 candidate compounds

Aiming at the excellent separation and sensitivity of the tested
compounds, the program of gradient elution, column temperature
and the switching program of multi-wavelength were systemati-
cally optimized. Also, the method for sample preparation was
determined in the light of the systematical study on influencing
factor, such as extracted solvent, time and material-liquid ratio.
Upon the optimized condition, the typical chromatograms of sam-
ple and mixed standard solution were presented in Fig. 1.

As shown in Table 1, the simultaneous quantification of multi-
compounds in HDT was validated. The calibration curves of 21
tested compounds were established with the determination coeffi-
cient (%) exceeding 0.9944, which indicated a good linear correla-
tion within the test ranges. The LOD and LOQ were 0.0033-0.
1226 pg/mL and 0.0100-0.3678 pg/mL, respectively. For quantified
compounds, the RSDs of the intra-day and inter-day precisions
were 0.6%-2.1% and 0.6%-1.9%, respectively. The RSD of repeatabil-
ity was proven below 3.3%. The result of stability test, with RSD
less than 2.7%, showed that the determined compounds in sample
solution were stable within 12 h. The mean recovery was in the
range of 91.36%-111.6% with RSD less than 3.5%. All results
demonstrated that the established method was stable and reliable
for the simultaneous determination of 21 candidate compounds in
HDT.

3.2. Establishment of content dimension of “spider-web” mode upon
quantified result of 21 candidate compounds in HDTs

Ten batches of HDTs manufactured between 2017 and 2018 by
the manufacturer were subjected to UPLC analysis to determine
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Fig. 1. UPL of HDT sample solution (A) and mixed standard solution (B). (1,
psoralenoside; 2, isopsoralenoside; 3, hyperoside; 4, quercetin-3-O-glucuronide; 5,
isoquercitrin; 6, sennoside B; 7, astragaline; 8, sennoside A; 9, rosmarinic acid; 10,
lithospermic acid; 11, salvianolic acid B; 12, nuciferine; 13, salvianolic acid A; 14.
psoralen; 15, isopsoralen; 16, salvianolic acid C; 17, rhein; 18, neobavaisoflavone;
19, corylin; 20, cryptotanshinone; 21, bakuchiol).

the content of 21 candidate compounds by the developed method.
The quantified results of 21 candidate compounds in 10 batches of
HDTs were shown in Table S1. As displayed in Fig. 2A and B, SaB (3.
556-4.516 mg/g), Qug (3.096-4.303 mg/g), Hyp (2.322-3.636 mg/
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g), PO (2.164-2.474 mg/g), 1Q (1.575-2.300 mg/g), IPO (1.683-
1.923 mg/g) and Nuc (1.113-1.637 mg/g) were exceedingly abun-
dant compounds in the tested HDT samples, accounting for 85% of
the total content of 21 candidate compounds. Moreover, Ast (0.5
256-0.7859 mg/g), Ps (0.4227-0.5382 mg/g), IP (0.2576-0.4459 m
g/g), Lia (0.3194-0.3924 mg/g), Cry (0.2081-0.3533 mg/g), Roa (0.
2524-0.2939 mg/g), SaA (0.1335-0.5988 mg/g) and Bak (0.1388-0.
2203 mg/g), between 0.1 and 1.0 mg/g, were deemed to be the sec-
ond level. Rhe (0.07731-0.1109 mg/g), Neo (0.06793-0.1066 mg/g)
and Cor (0.01012-0.03503 mg/g) were assigned to the third level
with content ranging from 0.01 to 0.1 mg/g in almost all HDT sam-
ples. SeA, SeB and SaC were not detected in 10 batches of HDTs,
which may be caused by degradation during preparation (Goppel
& Franz, 2004; Liu et al., 2015). Undoubtedly, the above result con-
firmed that there is a remarkable difference in the content of the
tested compounds of HDTs. And, an obvious fluctuation of content
was found among the interesting compounds from different
batches samples, indicating that it is urgent for us to establish a
scientific and reasonable method for quality control of HDT. There-
fore, the identification of Q-Markers is imperative. Focusing on
solving this problem, we employed the “spider-web” mode to per-
form systematical study based on “content-stability-activity”.

In order to successfully construct content dimension of “spider-
web” mode and decrease the analytical deviation caused by large
divergence on content of the quantified compounds, it is indis-
pensable to normalize the quantitative result of tested compounds
according to the following Eq. (2). The normalized result (content
dimension value, CD) in the range of 0 and 1 can be employed to
establish the content dimension of “spider-web” mode for identifi-
cation of Q-Markers in HDT.

Dy = Cp/Cnax 2)

where CD, is the normalized value for constructing the content
dimension of the tested compound n; En is the mean content of

the tested compound n in 10 batches of HDTs; E)nax is the maximum
value of mean content among the 21 tested compounds.

Table 1
Methodological validation for simultaneous quantification of 21 candidate compounds in HDT.
Compounds Linear regression LOD LOQ Precision (RSD, %) Repeat- Stability Recovery
- ability
Regression equation r? Linear range (pg/ (pg/ (ng/ Intra- Inter- (n=6,RSD, (n=7,RSD, (n=6,
mL) mL) mL) day day %) %) Mean = SD, %)
Psoralenoside y=20071x — 3006.9 >0.9999 2.140-137.0 0.0793 02378 0.8 14 0.8 0.4 107.7 £ 1.2
Isopsoralenoside y=19967 x — 2041.1  >0.9999 1.222-78.23 0.0452 0.1356 0.9 1.9 0.9 0.6 99.64 + 1.0
Hyperoside y=15752 x — 3165.5 >0.9999 2.087-133.6 0.0774 02322 1.1 0.7 1.0 1.6 108.3 £ 0.9
Quercetin-3-0- y=15378 x — 8298.4 >0.9999 2.584-165.4 0.0956 0.2867 1.1 0.6 2.1 0.5 106.7 £ 0.4
glucuronide

Isoquercitrin y=14789 x — 1819.8 >0.9999 1.181-75.59 0.0437 0.1311 09 0.9 13 0.8 1003 + 1.2
Sennoside B y=7530x — 242.19 0.9999 0.09956-6.372 0.0333 0.0996 - - - - 1014 + 3.5
Astragaline y=13890 x — 502.64 >0.9999 0.3871-24.78 0.0433 0.1300 1.1 1.0 1.1 2.7 111.6 £ 0.9
Sennoside A y=48985x — 65489 09999 0.1283-8.212 0.0433 0.1283 - - - - 101.6 + 2.8
Rosmarinic acid y=14923 x — 13440  0.9998 0.2507-16.04 0.0278 0.0833 0.7 14 1.6 1.8 111.6 £ 0.7
Lithospermic acid y=9766.2x — 92.170 >0.9999 0.2614-16.73 0.0289 0.0867 1.1 1.6 2.0 0.7 98.42 + 1.7
Salvianolic acid B y=72842x—5933.7 09998 3.3051-211.5 0.1226 0.3678 0.6 0.8 0.2 0.5 102.3 + 0.7
Nuciferine y=19657 x — 75535 >0.9999 0.8408-53.81 0.0933 0.2800 1.0 0.6 13 1.0 1034 + 0.4
Salvianolic acid A y=8586.6 x — 24269  0.9998 0.5475-35.04 0.0611 0.1833 0.8 0.7 2.0 0.6 102.0+ 1.4
Psoralen y =38654 x — 2196.7 >0.9999 0.3346-21.42 0.0367 0.1100 1.1 1.0 1.0 0.7 100.2 £ 1.6
Isopsoralen y=44796 x — 3623.0 >0.9999 0.4944-31.64 0.0544 0.1633 09 0.9 1.0 0.5 9795+ 1.3
Salvianolic acid C y=93957x — 384.83  0.9998 0.09230-5.907 0.0300 0.0923 - - - - 99.50 + 1.1
Rhein y=25164x —2830.83  0.9999 0.3513-22.48 0.0389 0.1167 0.7 1.0 1.1 1.1 105.1 £3.2
Neobavaisoflavone y=22412x +107.95 >0.9999 0.0630-4.030 0.0200 0.0600 0.9 0.8 1.1 1.2 100.1 + 1.7
Corylin y =40616 x — 121.02 0.9998 0.01391-0.8905 0.0033 0.0100 2.1 1.5 1.2 1.0 93.56 + 2.6
Cryptotanshinone y =8716 x — 9390.9 0.9944 0.2077-13.29 0.0700 02100 0.9 0.9 2.6 0.8 1102+ 1.8
Bakuchiol y=17552 x — 520.73  >0.9999 0.1548-9.904 0.0500 0.1500 0.9 0.9 33 0.7 9136 + 1.1

“-" Signal below LOD.
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Fig. 2. 3D bar graph (A), box diagram (B) and normalized result (C) for quantitative analysis of 21 candidate compounds in 10 batches of HDTs.

As shown in Fig. 2C, SaB, Qug, Hyp, PO, IQ and IPO displayed the
better property in the content dimension with the CD values of
1.000, 0.9853, 0.7921, 0.5975, 0.5161 and 0.4599, respectively,
indicating that they can be potentially selected as appropriate Q-
Markers from the perspective of content dimension. And Nuc,
Ast, Ps, IP, Lia, Cry, Roa, SaA, Bak, Rhe, Neo and Cor were 0.3799,
0.1778, 0.1232, 0.09860, 0.09045, 0.07872, 0.06969, 0.06021,
0.04384, 0.02394, 0.02253 and 0.003867, in sequences.

3.3. Construction of stability dimension of “spider-web” mode upon
result of stability for 21 candidate compounds in HDTs

In order to evaluate the property of stability of the tested com-
pounds, HDT samples were stored at high temperature, high
humidity and strong light, respectively, and 21 candidate com-
pounds in the collected samples were quantified on 0, 5 and 10
d. As for the changing degree of the focused compounds on con-
tent, the content of the candidate compounds on the 10th day
divided by that on the Oth day, whose result was further subtracted
from 1 according to Eq. (3) as the variation rate (VR). As shown in
Fig. 3, the content and the variation rate of 21 candidate com-
pounds in HDTs stored at the different stress conditions were visu-
ally displayed, and the detailed data of which were shown in
Table S2. Under high humidity and strong light conditions, the
content of the tested compounds did not change significantly,
except for Neo, Cor, Cry and Bak decreased by 5.05%-28.05%.
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However, it was noteworthy that the focused compounds in HDT
had poor stability under high temperature condition, which was
manifested by the obvious variation rate. The variation rate of
PO, IPO, Hyp, Qug, IQ, Ast, Roa, SaB, SaA, Cry and Bak ranged
from 21.26% to 34.45%, that of Lia, Neo and Cor was in the range
from 10.33% to 14.78%. Nuc, Ps and Rhe were relatively stable with
the variation of content below 5%. Besides, the content of IP
increased by 8.35%, which may be originated from the conversion
from IPO to IP caused by the breakage of glycosidic bond under
high temperature condition. SeA, SeB and SaC were also not
detected. In general, HDT is sensitive to the conditions of high
temperature, high humidity and strong light. The stability
index (SI), positively related to stability, was used to objectively
describe the stability of the tested compounds. The bigger SI
value of the candidate compounds is, the more excellent the
stability is. The calculation Eqgs. (3) and (4) of VR and SI were as
follows:

VR™(%) = (1 —1C™/C™) x 100% 3)

(4)

where VR is the variation rate of the content of the tested com-
pound n in HDT stored at the corresponding stress condition; m is
the different stress conditions, including strong light (a), high tem-
perature (b) and high humidity (c); /C;; is the content of the tested
compound n in HDT stored for 10 d under the corresponding stress

SI™ =1 — |VR"|



D. Wang, ]. Ding, X. Feng et al.

Chinese Herbal Medicines 14 (2022) 612-621

A B
3.0 3.0
— 0d W 10d Variation rate 40 E— 0d mmmm 10d
25 30 25
— F20 5 ~
T 20 £ 220
S F10 2 5
E ¢ E
215 0 § €15
g g 2
€ 10
S 10 S S0
+-20
0.5 I-30 0.5
H A ' +-40 i HE
o'oo ol\vlfb © Qdeo« N 00 I\.fo
LABICREFRRARI GRSt Rs CRPORTR

Compounds

FR2Q O@0. &
e P
Compounds

S
o

Variation rate Variation rate

—T—T
= N oW
o © o

S
Variation rate (%)
Content (mg/mL)

o
Variation rate (%)

=)
LN
o

Y]
S
T

)
(=]

r-30

T
H

@

o

£
o

0.0 i : HH
RABICRATRIREFR S A S S
Compounds

Fig. 3. Double-Y charts for content and change rate of 21 candidate compounds in HDT stored at high temperature (A), high humidity (B) and strong light (C) on 0 and 10 d.

condition; C}' is the content of the tested compound n in HDT stored
for 0 d under the corresponding stress condition; SI7' is the stability
index of the tested compound n in HDT stored at the corresponding
stress condition.

The SI values of the tested compounds were 0.6555-0.9969,
0.7232-1.000 and 0.7175-0.9902 under the conditions of strong
light, high temperature and high humidity, respectively. In order
to comprehensively evaluate the stability of the candidate com-
pounds under the different stress conditions, with the help of
“spider-web” mode, the general stability index (GSI) of each com-
pound was calculated using the following Egs. (5) and (6) (Wang
et al., 2016). The established “spider-web” mode was shown in
Fig. 4A to evaluate the GSI value of each compound. The relative
general stability index (Rgs;) was employed to normalize the GSI
result of tested compounds according to the following Eq. (7).
The SI and the Rgg values for 21 candidate compounds in HDT
are displayed in Fig. 4B.

Pn = \/(Slﬂ)z + (512)2 + \/(sﬂ;)z +(SI)? + /(S + (SI9)* (5)

st BB sty (st
sty e B

RCSl(n) = GSIn /GSImax

S—/(S1)° + (SI)* - (6)

(7)

where p, is the perimeter of the triangle connected by points
marked with SI%, SI° and SIS in the “spider-web” mode; SI¢, SI?
and SI;, are the stability index of the tested compound n in HDT
under strong light (a), high temperature (b) and high humidity (c),
respectively. GSI, is the shaded area of the triangle connected by
points marked with SI% SI° and SIS in the “spider-web” mode;

o
GSlnex is the maximum value of GSI among the 21 tested com-
pounds; Resin) is the normalized value for constructing the stability
dimension of the tested compound n.

The Rgs; value could be employed to build the stability dimen-
sion of “spider-web” mode for identifying Q-Markers of HDT. Ps,
Rhe, Nuc, Lia and IP showed excellent stability, the Rgs; values of
which were 1.000, 0.9698, 0.9358, 0.9280 and 0.9115, respectively.
And Qug, IQ, Ast, Hyp, IPO, Roa, SaB and Neo had better stability
property, the Rgg values of which were 0.8472, 0.8412, 0.8406,
0.8356, 0.8260, 0.8223, 0.8174 and 0.8167, in order. Moreover,
the Rgg; values of Cry, SaA, PO, Cor and Bak with poor stability were
0.7891, 0.7803, 0.7744, 0.7327 and 0.5212, in turn.
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3.4. Evaluation of activity dimension of “spider-web” mode upon
antioxidant activity of 21 candidate compounds

For the sake of the rapid and convenient identification of the
antioxidant compounds, LC coupled with DPPH- assay has been
successfully used in CMM (Li et al., 2012; Shi et al., 2015; Wu
et al., 2008). Since the reaction between antioxidants and DPPH-
may cause changes in the molecular structure of antioxidants,
the peak area of the reacted compounds with antioxidant activity
would be obviously reduced or disappeared in the UPLC chro-
matogram, while compounds without antioxidant activity are
almost unchanged. The online UPLC-DPPH- assay method was pre-
formed based on the systematically study of influencing factors,
such as reaction concentration and time of reaction between the
sample and DPPH.. As shown in Fig. 5, by comparing the UPLC
chromatograms of DPPH--untreated and DPPH--treated samples,
it was obviously found that Hyp (peak 3), Qug (peak 4), IQ (peak
5), Roa (peak 9), Lia (peak 10), SaB (peak 11), unknown compound
(peak a) and SaA (peak 13) decreased from 14.06% to 100% accord-
ing to Eq. (8). Neo (peak 18), as a flavonoid aglycone, was proved to
have a weak ability to scavenge radical with DR below 1.74%.
DR,(%) = (1 — PA} /PAY) x 100% (8)
where DR, is the decreased rate of the peak area of the tested com-
pound n in reacted solution; PA; is the peak area of the tested com-
pound n in DPPH--treated sample; PAY is the peak area of the tested
compound n in DPPH--untreated sample.

In order to verify the above experimental result, the microp-
orous quantitative assay was employed to measure DPPH- scaveng-
ing capacity of 18 compounds except for SeA, SeB and SaC, and the
ICso value was calculated by plotting the dose-response curve. It
can be drawn from Fig. 6A, HDT sample was proved to have better
antioxidant activity with the ICsq value of 300 pig/mL. From Fig. 6B,
SaB was confirmed to have the strongest DPPH- scavenging capac-
ity with ICsq value of 5.585 pg/mL in the tested compounds from
HDT. Successively, the ICsq values of Roa, SaA, IQ, Lia, Hyp, Qug
and Neo were 6.319, 6.966, 7.366, 8.366, 8.416, 9.090 and
176.1 pg/mL. The other 10 compounds showed weak antioxidant
activity with the SR below 30% at the concentration of above
2 mg/mL. The result was basically consistent with the result of
the online UPLC-DPPH- analysis.

The activity index (Al) based on ICsq value was used as the eval-
uation index of the activity dimension of the “spider-web” mode.
The Eq. (9) was as follows:

Al, = (1/1C50(n))/(1/1C50)max (9)

where AI, is the activity index of antioxidant activity for the tested
compound n; ICsq is the ICso value of compound n; (1/ICs)
the maximum value of 1/ICso among the tested compounds.

max 1S
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Fig. 5. UPLC chromatograms of DPPH--untreated sample (A) and DPPH--treated
sample (B) (1. PO, 2. IPO, 3. Hyp, 4. Qug, 5.1Q, 6. SeB, 7. Ast, 8. SeA, 9. Roa, 10. Lia, 11.
SaB, 12. Nugc, 13. SaA, 14. Ps, 15. IP, 16. SaC, 17. Rhe, 18. Neo, 19. Cor, 20. Cry, 21.
Bak). “*” the compounds with DPPH- scavenging activity proved to be significant
decrease of peak area.

From Fig. 6C, the Al values of SaB, Roa, SaA, 1Q, Hyp, Lia, Qug and
Neo were 1.000, 0.8838,0.8018, 0.7582, 0.6676, 0.6636, 0.6144 and
0.03171, respectively, which can be possibly selected as suitable Q-
Markers from the perspective of activity dimension.

3.5. Regression analysis of “spider-web” mode for identifying Q-
Markers of HDT

In view of the result of content, stability and activity dimension,
the shaded area of the candidate compounds was constructed by
linking points marked with the different dimensions in the
“spider-web” mode, which can objectively reflect the contribution
of compounds in the complex system of HDT and was regarded as a
practical evaluation method for identifying Q-Markers. The larger
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the shaded area of the candidate compounds is, the more fitting
they are for Q-Markers. Based on the basic principle described in
Egs. (5) and (6), the index of Q-Marker (QMI), the shaded area of
the “spider-web” mode, was calculated by general evaluation of
“content-stability-activity” of the candidate compounds according
to Egs. (10) and (11).

Py = V(D0 + (Resin)” + (Resi)* + (A +/(CD)? + (A1)?
(10)

\/p" =/ (Resim) + (AL
B\ Jieoa + Ay an

where pr, is the perimeter of the triangle connected by CD;, Rgsin
and Al, in the “spider-web” mode; QMI, is the shaded area of the
triangle connected by CD,, Rgsin) and Al in the “spider-web” mode.

As shown in Fig. 7, the established “spider-web” mode of 21
candidate compounds from HDT and the sequentially identified
Q-Markers were visually displayed. In general, the QMIs of candi-
date compounds except for SeA, SeB and SaC were 0.7643 (SaB),
0.5775 (Qug), 0.5072 (Hyp), 0.4325 (IQ), 0.3658 (Roa), 0.3146
(SaA), 0.3122 (Lia), 0.2314 (PO), 0.1899 (IPO), 0.1778 (Nuc),
0.07473 (Ast), 0.06160 (Ps), 0.04494 (IP), 0.03106 (Cry), 0.01589
(Neo), 0.01161 (Rhe), 0.01142 (Bak) and 0.001417 (Cor), respec-
tively. By taking the actual application into account, SaB, Qug,
Hyp and IQ with satisfactory content, stability and activity were
served as preferable Q-Markers for HDT.

SaB is a representative compound of phenolic acid in Salviae
Miltiorrhizae Radix et Rhizoma, which is strongly effective in treat-
ing many cardiovascular and neurodegenerative diseases (Fan
et al., 2018; Li et al., 2020a; Wang et al., 2018; Zhou et al., 2013).
Qug, as the active compound from Nelumbinis Folium, inhibits lipid
peroxidation, ameliorates lipid accumulation in the liver and pre-
vents atherosclerosis (Ohara et al., 2013; Queiroz et al., 2017;
Wang et al., 2015). Hyp is one of the major constituents in Nelum-
binis Folium and Crataegi Fructus, which has been proved to have
anti-oxidative stress, anti-hyperlipidemia and anti-platelet aggre-
gation effects (Kasimu et al., 2015; Park et al., 2016; Zhang et al.,
2017). In addition, IQ is also distributed in Nelumbinis Folium and
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Crataegi Fructus, which prevents lipid metabolism disorder and
nonalcoholic fatty liver disease (Zhou et al., 2014). And it has been
reported to have hypoglycemic, anti-angiogenic, anti-obesity activ-
ities, and so on (Lee et al., 2011; Matsubara et al., 2004; Zhang
et al., 2018). In a word, SaB, Qug, Hyp and IQ are not only the rep-
resentative compounds in Chinese herbal medicines of HDT, but
also the compounds with superior content, stability and antioxi-
dant activity in HDT. These compounds, as quality control indica-
tors, also have a variety of activities related to hypolipidemia,
which are of great significance for evaluating the quality of HDT
based on effectiveness and giving full play to its clinical efficacy.

3.6. Identification of Q-Markers related with hepatotoxicity based on
our previous researches and literatures

The hepatotoxicity of CMM has attracted much concern, which
is directly related to its safety of clinical application. Therefore, it is
urgent to identify the Q-Markers related with safety of CMM for
quality control and assessment. As the adjuvant in HDT, Psoraleae
Fructus has the function of tonifying kidney, strengthening yang,
warming spleen and so on (Xia et al., 2016). In recent years, more
and more attention has been paid to hepatotoxicity induced by
Psoraleae Fructus and its related preparations (Cheung et al.,
2009; Duan et al,, 2020; Li et al.,, 2019a). Ps and IP were demon-
strated to be culprit, which individually caused liver injury at the
dose of 40 and 80 mg/kg for rats by suppression of bile acid excre-
tion in the liver and accumulation of toxin in the hepatocytes
(Wang et al., 2019). Another study suggested that chronic exposure
at low-level of Ps or IP showed serious and different toxic reaction,
resulting in the damage of the visceral organs and the blood sys-
tem, respectively (Yu et al., 2019). The hepatotoxic mechanism of
Ps and IP may be related to a disturbance in amino acids metabo-
lism pathways by serum metabolomics (Yu et al., 2019; Zhang
et al., 2019b). As the quality indicator of Fructus Psoraleae, the con-
tent of original Ps and IP must be 0.70%, which is regulated by the
Chinese Pharmacopoeia (Chinese Pharmacopoeia Commission,
2020). Through our study, PO and IPO, the precursor of Ps and IP,
were found in Psoraleae Fructus, whose content was almost 12
times as high as that of Ps and IP (Yang et al., 2018). Once orally
administrated, PO and IPO were metabolized into Ps and IP by
gut microbiota, resulting in the accumulation of Ps and IP in vivo
(Wang et al., 2014). The original and converted Ps and IP would
aggravate risk of hepatotoxicity. Therefore, PO, IPO, Ps and IP were
strongly recommended as the Q-Markers related with safety for
HDT.

4. Conclusion

In this study, the integrated strategy was employed to identify
the Q-Markers related to effectiveness and safety for HDT. SaB,
Qug, IQ and Hyp were identified as the preferable Q-Markers
related with effectiveness by “spider-web” mode based on
“content-stability-activity” from the candidate compounds. PO,
IPO, Ps and IP were also strongly recommended as Q-Markers clo-
sely related with safety by considering hepatotoxicity of the accu-
mulated Ps and IP and conversion between glycoside (PO and IPO)
and aglycone (Ps and IP). This study provided scientific evidence
for quality control and assessment of HDT, and also provided a
meaningful reference for application of Q-Markers in CMM.
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