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ARTICLE INFO ABSTRACT
Keywords: Aconitum pendulum, a member of the Aconitum genus within the Ranunculaceae family, is known for its
Aconitum pendulum remarkable anti-inflammatory, anti-tumor, and analgesic properties. However, the application of Aconitum
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'H NMR
UPLC-Q-TOF-MS
Chemometric analysis

pendulum in traditional medicine is often restricted by its inherent toxicity, necessitating specific processing
methods to ensure safe usage. Tibetan medicine utilizes distinctive processing techniques such as the barley
wine, Hezitang, and zanba frying systems to render the herb safe for medicinal use. Despite the known phar-
macological importance, scant research exists on how these processing methods affect the phytochemical profile
of Aconitum pendulum, indicating a necessity for comparative analysis of the resulting concoctions. In this study,
we employed 1H nuclear magnetic resonance (\H NMR) spectroscopy and ultra-performance liquid chroma-
tography coupled with quadrupole time of flight mass spectrometry (UPLC-Q-TOF-MS) to explore the metab-
olomic variations among different processed products of Aconitum pendulum. Multivariate data analysis
techniques, including pattern recognition, allowed us to investigate the intricacies of the compound profiles. To
discover signature chemical markers that can differentiate the various processed products, we conducted paired
t-tests and generated heat maps highlighting the detected differences. Our integrated analysis of the 'H NMR and
UPLC-Q-TOF-MS data revealed distinct chemical signatures unique to each method of Aconitum pendulum pro-
cessing. By employing chemometric analysis with variable importance in projection (VIP) scores greater than 1.0,
and coupled with the statistical rigor of paired t-tests (P < 0.05), we successfully identified significant chemical
markers in various processed products, including ferulic acid (FA), caffeic acid (CA), 3-acetylaconitine (AAC) and
benzoylaconitine (BAC). Our findings provide a rapid and robust analysis of the chemical constituencies within
raw and processed Aconitum pendulum. The discovery of potential chemical markers through an array of
advanced pattern recognition techniques offers a substantial contribution to the pharmaceutical analysis. The
results of this research pave the way for future comparative studies and facilitate the recognition of distinctively
processed Aconitum pendulum products in traditional medicine.

1. Introduction of the Ranunculaceae family, is well-known in Chinese and Tibetan
medicinal circles for its diverse pharmacological capabilities. These
Aconitum pendulum Busch, a perennial herb from the Aconitum genus include antitumor, anti-inflammatory, local anaesthesia, analgesia, and
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immunomodulation effects (Qin et al., 2002; Wada and Yamashita,
2019; Wang et al., 2022). It has gained recognition in clinical settings for
its effectiveness in treating various conditions such as cancer (Fan et al.,
2016; Yu et al., 2021), rheumatoid arthritis (Yu et al., 2022), neuralgia
(Xie et al., 2018), and psoriasis (Karpova et al., 2002), among other
diseases. Currently, research on Aconitum pendulum has become more
extensive, particularly focusing on the “toxicity and effectiveness” of
aconitine alkaloids. Aconitine, hypaconitine, neoconitine, and other
alkaloids have shown beneficial pharmacological activities, but they are
also highly toxic. Aconitine, for example, has been reported to have a
potentially toxic oral dose of 0.2 mg, with 2-5 mg being a lethal dose
(Sun et al., 2018), Furthermore, aconitine can cause cardiotoxicity
(Zhou et al., 2013), neurotoxicity (An et al., 2022; Zhang et al., 2023),
and embryotoxicity (Xiao et al., 2007). Therefore, specific preparations
of Aconitum pendulum are necessary prior to its use. These preparations
involve a wide range of methods, including non-heating methods (such
as dipping, soaking, and bleaching in other liquid auxiliaries) and
heating methods (such as baking, simmering, frying, steaming, boiling,
or adding auxiliaries for steaming and boiling). Tibetan medicine pre-
pares Aconitum pendulum in two distinct ways: heated (zanba frying) and
unheated (barley wine infusion and Hezitang infusion). These two
methods have different effects on the herb’s chemical composition and
toxicity (Fig. 1). While traditional processing methods have been
documented in relevant literature and standards, they currently lack
controllable indicators and standardized processing methods. Therefore,
it is crucial to establish quality control measures for Aconitum pendulum
products processed using different methods.

The quality control of different processed products from Aconitum
pendulum is currently limited to studying individual products. Content
determination or fingerprinting of aconitum alkaloids is primarily done
using mass spectrometry or HPLC. While the processing technology of
Aconitum pendulum has been clarified in the early stage, there is still a
lack of research comparing the pharmacological components of different
processed Aconitum pendulum. 'H NMR offers advantages such as
comprehensive detection of chemical constituents, simultaneous detec-
tion of primary and secondary metabolites, rapid and accurate deter-
mination, and high exclusivity (Emwas, 2015; Ludwig and Viant, 2010).
Whereas, UPLC-Q-TOF-MS provides advantages like high sensitivity,
high resolution, high throughput, wide dynamic range, and ultra-fast
separation and identification (Kim et al., 2011). Both methodologies
have unique strengths in analyzing Aconitum pendulum and can

Arabian Journal of Chemistry 17 (2024) 105585

complement each other to provide a more detailed understanding.

This study investigated the metabolic compositions of raw products
of Aconitum pendulum (SP), barley wine products (QKJ), Hezitang
products (HZT), and zanba products (ZB) using metabolomics tech-
niques such as 'H NMR and UPLC-Q-TOF-MS. The metabolite differ-
ences between different processed products of Aconitum pendulum were
established by combining chemometrics methods including Principal
Component Analysis (PCA), Partial Least Squares Discriminant Analysis
(PLS-DA), and Orthogonal Partial Least Squares Discriminant Analysis
(OPLS-DA). This multidimensional perspective allows for the investi-
gation of the quality effects of Aconitum pendulum with different pro-
cessed products, and provides insights for follow-up quality control,
rational use of the medication in clinic, and its modernization, devel-
opment, and utilization.

2. Material and method
2.1. Sample sources and chemical reagents

Aconitum pendulum raw products, barley wine products, Hezitang
products, and zanba products were provided the College of Ethnomed-
icine Laboratory of Chengdu University of TCM. The concoction process
for barley wine products involved cutting Aconitum pendulum into 1.5
cm thickness and adding 5 times the amount of barley wine for soaking
and fermentation. After 24 h, the mixture was taken out, dried, and
powdered through a No. 4 sieve. Similarly, for Hezitang products,
Aconitum pendulum was cut into 1 cm thickness and soaked in 3 times the
amount of Hezitang for 24 h. The mixture was then taken out, dried, and
powdered through a No. 4 sieve. As for Zanba products, Aconitum
pendulum was cut into 2 cm thickness and stir-fried with 3 times the
amount of zanba powder at 140 °C for 60 min. The mixture was then
sun-dried, powdered through a No. 4 sieve, and subjected to the same
stir-frying process at 140 °C for 60 min. All the raw products from the
same batch were used for each concoction, resulting in a total of 6
batches for each kind of concoction. Approximately 10 g of each batch
sample was processed and stored in a refrigerator at —4 °C until analysis
was required.

D,0 (purity: 99.9 %, Batch No.: E090001) and CD30D (purity: 99.7
%, Batch No.: E090029) were purchased from Anhui Zesheng Science
and Technology Co. Ltd.; TSP, Batch No.: RH392646) was purchased
from Shanghai Eon Chemical Technology Co; KHyPO4 (Lot No.

Fig. 1. Aconitum pendulum products and different processed products. (A1) Aconitum pendulum Busch plant. (B1) Hordeum vulgare var. coeleste Linnaeus. (C1) Ter-
minalia chebula Retz. (D1) Zanba. (A2) SP powder. (B2) QKJ product powder. (C2) HZT product powder. (D2) ZB product powder.
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05.001.1872) was purchased from Chengdu Cologne Chemical Co; the
controls aconitine (Batch No.: MUST-22041410), hypaconitine (Batch
No.: MUST-22032312) and carotenoside (Batch No.: MUST-22060904)
were purchased from Chengdu Must Bio-technology Co. Ltd; benzoyla-
conitine (Batch No: B01011908014), 3-Deoxyaconitine (Batch No.:
T04311812016), 3-Acetylaconitine (Batch No.: Y02502204029), son-
goramine (Batch No.: Y13511804026), neoline (Batch No.:
N01902209015), montaflorin (Batch No.: M00902006015), f-sitosterol
(Batch No.: G00202005008) and hesperidin (Batch No.:
C00601910011) were purchased from Chengdu Ruifensidan Biotech-
nology Co., Ltd.

2.2. Sample handling for 'TH NMR and UPLC-Q-TOF-MS

Precisely 0.20 g of the raw product and the three artillery products
were weighed, placed in a stoppered conical flask, Then, 1.0 mL of
CD30D solution and 0.2 mL of D0 solution (containing 0.4 mg/mL TSP
and 12.32 mg/mL KHyPO4) were added. The mixture was shaken well,
tightly plugged, and subjected to ultrasonication for 30 min (300 W, 40
kHz). After cooling down, the mixture was filtered using a 0.22 pm
microporous filtration membrane. From the filtrate, 600 pL was taken
and transferred into a standard 5 mm NMR tube for 'H NMR
determination.

For UPLC-Q-TOF-MS analysis, 0.25 g of the raw Aconitum pendulum
and three types of artillery products (passed through a No. 4 sieve) were
precisely weighed. Each type of artillery product was prepared in 6
parallel samples. The samples were placed in stoppered conical flasks
and 25 mL of methanol solution was added. The flasks were tightly
stoppered and subjected to ultrasonication at a temperature below 25 °C
for 30 min (300 W, 40 kHz). After cooling down, the flasks were weighed
and the weight was adjusted to the full weight with the methanol so-
lution. The mixture was shaken well and filtered. The filtrate was then
centrifuged at high speed for 5 min, followed by passing the supernatant
through a 0.22 pm microporous membrane.

2.3. 'H NMR spectroscopy

A QCI inverse quadruple resonance ultralow temperature probe was
utilized for detection on an XEO 700 MHz model 24-bit autosampler
nuclear magnetic resonance spectrometer (Bruker BioSpin GmbH, Ger-
many). To suppress residual water peak signals, a Carr-Purcell-
Meiboom-Gill pulse sequence was employed. The measurement tem-
perature was set at 25 °C, with a spectral width of 11462.8 Hz, pulse
delay time of 4.0 s, sampling time of 1.5008 s, 64 acquisitions, and a
pulse width of 10.89 ps.

2.4. UPLC conditions

UPLC-Q-TOF-MS profiles were obtained using an ACQUITF UPLC I-
Class (Waters, USA) equipped with an ultra-high liquid chromatograph.
Chromatographic separation was performed on an Agilent SB-C;gRRHD
column (2.1 mm x 50 mm, 1.7 pm). The mobile phases consisted of 0.1
% formic acid in water as solvent A and acetonitrile as solvent B. The
flow rate was set at 0.3 mL/min, the column temperature was main-
tained at 30 °C, and the injection volume was 0.2 pL. Gradient elution
was employed for separation as follows: 0-1 min, 98-93 % A; 1-3 min,
93-89 % A; 3-8 min, 89-85 % A; 8-13 min, 85-70 % A; 13-16 min,
85-70 % A; 16-20 min, 70-64 % A; 20-26 min, 64-30 % A; 26-27 min,
30-15 % A).

2.5. MS conditions

A Xevo G2-XS TOF mass spectrometer (Waters, USA) was used in this
study. It was equipped with an electrospray ionization (ESI) source for
accurate mass detection and MS/MS fragmentation analysis. The in-
strument was operated under both positive and negative ion modes. The
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experimental conditions included a capillary voltage of 2000 V, a cone-
well voltage of 40 V, a desolventization temperature of 450 °C, an ion
source temperature of 150 °C, a desolventization gas flow rate of 600 L/
h, a cone gas flow rate of 50 L/h, a scanning time of 0.3 s, a scanning
interval of 30 s, a scanning range of m/z of 50-1200 Da, and a scanning
mode of MSe.

2.6. 'H NMR data analysis

The measured "H NMR free induction decay (FID) signals were used
to obtain the Fourier transform (FT) in the MestReNova 14.3.0 software.
The phase was adjusted and the baseline was corrected. Chemical shift
values for all samples were corrected using TSP peaks (0.0 ppm) as a
reference. Attribution of 'H NMR signals of 10 secondary metabolites,
including aconitine, hypaconitine, benzoylaconitine (BAC), 3-Acetyla-
conitine (AAC), p-sitosterol, hesperidin, linarin, neoline, songoramine,
and daucosterol, was determined using the ’standard addition charac-
terization’ test. This involved adding 2 mg of each control into the test
solution, dissolving them by sonication for 2 min, and then subjecting
them to 'H NMR determination (Bai et al., 1995; Fan et al., 2022; Sun
et al., 2009). The signal attribution was determined by comparing the
differences in the 'H NMR spectra before and after the addition of the
control using the MestReNova 14.0 software. Additionally, the signals
were cross-referenced with the SDBS (https://sdbs.db.aist.go.jp), BMRB
(https://bmrb.io), HMDB (https://hmdb.ca) databases, and relevant
literature for primary metabolites such as amino acids and sugars.

The spectra in the range of 0.00-10.0 ppm were segmented and in-
tegrated using MestReNoval4.3.0 software. The integration was per-
formed in units of 0.04 ppm and normalization was done with the total
peak area to eliminate concentration deviation of the chemical constit-
uents among different artillery products of the Aconitum pendulum. The
normalized integral data were output in ASCII format, and the corre-
sponding signal peak area values of each chemical shift segment were
obtained. The signals from the CD3OD solvent (3.30-3.35 ppm) were
subtracted to eliminate the effect of the solvent peaks on the sur-
rounding peaks. The final data matrix obtained was imported into
SIMCA 14.1 software for multivariate data analysis, specifically PCA, to
examine the intrinsic variations in the dataset and provide an overview
of the variations between the sample groups. Subsequently, the 'H NMR
data underwent PLS and OPLS for discrimination between different
sample groups. Metabolites relevant to motif isolation are represented
by the corresponding S-Plot plots, where each point represents a frag-
ment of the 'H NMR spectral region. Alignment tests were then per-
formed to validate the OPLS-DA model.

2.7. UPLC-Q-TOF-MS data analysis

Gross ion flow diagrams of all the samples were obtained by
analyzing and determining the UPLC-Q-TOF-MS of Aconitum pendulum
and its three artillery products. Three parallel determinations were
performed for each group. The mass spectrometry data were processed
and analyzed, comparing, and analyzing the retention time, primary and
secondary mass spectral information of the target compounds with
relevant literature for structural identification (such as tg, fragmentation
ion peaks, and fragmentation cleavage pattern). Data preprocessing was
conducted using Sever software, and the processed data were imported
into SIMCA 14.1 software for PCA, PLS-DA, and OPLS-DA analyses. The
VIP value >1 was used as the reference standard to screen the different
components between the raw product of Aconitum pendulum and the
three kinds of artillery products. The relative contents of the different
components were compared using GraphPad Prism 9.0.0 software.

2.8. Statistical methods

GraphPad Prism 9.0 software was utilized to perform a one-way
ANOVA for testing the significance of differences in metabolite levels
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among various processed products of Aconitum pendulum. Paired t-tests
were conducted to examine the differences between the raw product and
the three groups of processed products, and all statistical analyses
considered differences to be significant at a P < 0.05.
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2.9. 1H NMR methodological investigation

2.9.1. Precision inspection

To assess the precision of the Aconitum pendulum artillery products
test solution, five consecutive 'H NMR measurements were performed.
The obtained spectra were processed using 'H NMR data processing
methods, resulting in five groups of relative peak area integral values.
The first group of measurement data was taken as a reference, and the

8,17, 18 19,20,21,22,23,24,25,27 3.15.16
‘ ~ 15,16
18,19,20,23 4 |
24 14 182122 |
9,10,18,19,20,27 16.18 \ / 27\
\ 17 / 5,6
18 \/ 15,16 27 TSP
24
10 2 13 21 ‘ 2
7 21| | 26
19 / \ ! [ L 7
| A i J\ Y
L O B W VNS W I
B 15,16
8,17,18,19,20,21,22,23,24,25 3,15,16
18,21,02 TSP
18,24 18 15,16
9,10,18,20,27 7 \ 18,19,20 [
7 14 27
18 54 10 16,17 \ 516 1516 | A
\ \4
| (T ‘ I\ | 26
9 LT ‘ LU
o e UL\ 'l J MO W
10,12,13 7,13 5,6,8,10,13,17,18,23,24,25 15,16
9,10,18,27 |
[ 18,20 TSk
SLas 5,6 Il 15,16
24 181920
2428 28 24,28 18,21 6,11,13
11161 15,16 |12
18,20 10 13,27 415,16 ’
1|9 28 # / t \ J I 26
|
|
L Ry (
| M\UUU uJ UL M TSR I
6,18,21,22
18,19,20,21,22,23,24,25 15,16
(] an
3,6 15,16 TSP
10 14 21,22 ‘
21,22 \ 15,16 '
15,16
18,20 210 10 16, 17 2425 \
19 24 J ‘ ﬂ
|| i |
L T_ T T T_ L _ T T_ T T_ T T T T_ T
0 9.5 8.5 8.0 7 7.0 6.5 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
& (ppm)

Fig. 2. Representative 'H NMR spectra of Aconitum pendulum and three processed products. (A) SP product powder; (B) QKJ product powder; (C) HZT product
powder; (D) ZB product powder. 1, Isoleucine; 2, Valine; 3, Threonine; 4, Alanine; 5, Proline; 6, Glutamate; 7, Cystine; 8, Glycine; 9, Caffeic acid (CA); 10, Ferulic
acid (FA); 11, Quinic acid; 12, Gallic acid; 13, Chebulic acid; 14, Choline; 15, Saturated fatty acids; 16, Unsaturated fatty acids; 17, Sucrose; 18, 3-Acetylaconitine
(AAQ); 19, Aconitine; 20, Hypaconitine; 21, Neoline; 22, 14-O-acetylneoline; 23, Talatisamine; 24, Benzoylaconitine (BAC); 25, Fuziline; 26, Sterols; 27, Diisobutyl

phthalate; 28, Rutin.
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correlation coefficients between the five groups of data were calculated
using Excel software. The calculated correlation coefficients were 0.996,
0.995, 0.996, 0.997, and 0.993, respectively. These values indicate that
the instrument precision is excellent, as all of them are greater than 0.99.

2.9.2. Repeatability study

Five portions of Aconitum pendulum artillery products powder were
taken to prepare the test solution using the 'H NMR method. Separate 'H
NMR determination and data processing were conducted, resulting in
five sets of relative peak area integral value data. Using the Excel soft-
ware, the correlation coefficients between these data sets were calcu-
lated, with the first group of determination data serving as the reference.
The calculated correlation coefficients were 0.993, 0.992, 0.995, 0.995,
0.995, and 0.994, all of which were above 0.99, indicating excellent
reproducibility of the method.

3. Results
3.1. 'H NMR andlysis

The typical 'H NMR spectra of the raw product and its three artifacts
are displayed in Fig. 2. Through 'H NMR analysis of different artillery
products of Aconitum pendulum, a total of 24 chemical compositions
were identified from SP, 21 chemical compositions from QKJ, 25
chemical compositions from HZT, and 19 chemical compositions from
ZB.

The 'H NMR pattern can be roughly categorized into three regions.
The high-field region (3.1-0.0 ppm) mainly includes isoleucine, valine,
alanine, proline, glutamic acid, saturated fatty acids, unsaturated fatty
acids, sterols, and chebulinic acid. The middle-field region (5.5-3.1
ppm) consists of threonine, cystine, glycine, quinic acid, ferulic acid

Table 1
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(FA), saturated fatty acids, unsaturated fatty acids, choline, sucrose,
dibutyl phthalate, 14-O-acetylneoline, talatisamine, fuziline, and BAC.
The low-field region (10.00-5.5 ppm) contains caffeic acid (CA), rutin,
AAC, aconitine, hypaconitine, neoline, BAC, and other components. The
information about the metabolites identified by 'H NMR is shown in
Table 1.

3.2. UPLC-Q-TOF-MS analysis

UPLC-Q-TOF-MS is a rapid and sensitive analytical method used for
determining compounds in various artillery products of Aconitum
pendulum. The ion flow chromatograms of raw Aconitum pendulum and
three artillery products in positive ion mode are shown in Figs. 3-1 and
3-2. Based on mass spectrometry data and retention time, a total of 43
compounds were identified by SP, 40 compounds were identified by
QKJ, 45 compounds were identified by HZT, and 45 compounds were
identified by ZB. Table 2 provides information on the chemical com-
positions found in the raw Aconitum pendulum and its three artillery
products. This study aimed to examine the accurate m/z and retention
time of each constituent in the raw and three artillery products of Aco-
nitum pendulum. Both positive and negative ion modes were used, and it
was found that the positive ion mode provided better sensitivity and
higher ionization efficiency for the aconitum alkaloids. A more typical
ESI-MS/MS cleavage spectrum of the three aconitum alkaloids is shown
in Fig. 4.

BAC (C32H45NOq, Fig. 4A) had a retention time of 13.78 min, a
quasi-ionic peak [M + H]" of 604.2695, and the highest abundance of
fragment ions in the secondary fragments was m/z 586.2825 [M + H-
H,01%, followed by the loss of one molecule of methyl m/z 554.2521 [M
+ H-CH30H-H,0]" and loss of another molecule of methyl to gain m/z
522.2450 [M + H-2CH30H-H,0]". While benzoyl side chain cleavage

Chemical shifts and related information of metabolites in the 'H NMR spectra of Aconitum pendulum and three processed products.

No.  Compound Molecular formula SH (ppm) S Q H Z Ref.
1 CeH13NO, Isoleucine 0.96 (1), 1.01 (d) \/ \/ (Kerfah et al., 2015)
2 CsHy1NO, Valine 1.01 (d), 1.06 (d) v v vV vV (Kerfahetal, 2015)
3 C4HoNO3 Threonine 1.35 (d), 4.29 (m) v v (Wang et al., 2015)
4 C3HyNO, Alanine 1.48 (d) v v (An et al., 2015)
5 CsHoNO, Proline 2.15 (m), 2.51 (m), 3.73 (m) v vV (Roberts et al., 2016)
6 CsHoNO4 Glutamate 2.03 (m), 2.15 (m), 2.51 (m) v vV (Giessen etal, 2017)
7 CeH1oN204S,  Cystine 4.80 (s) v vV (Key et al., 2015)
8 C,HsNO, Glycine 3.54 (m) v vV (Ryu et al., 2018)
9 CoHgO4 Caffeic Acid (CA) 6.25 (s), 7.55 (t) v vV (Pariyani et al.,
2017)
10 CioHi04 Ferulic Acid (FA) 3.82 (m), 6.78 (dt), 7.55 (1) v v vV v (kedaetal, 2020)
11 C7H150¢ Quinic Acid 1.90 (p), 5.40 (m) \/ (Huang et al., 2018)
12 C7HgOs Gallic Acid 7.05 (m) \/ (Etienne et al., 2021)
13 Ci4H1201 Chebulic Acid 2.04 (tt), 3.67 (m), 4.41(m), 4.80 (m), 7.07 (m) v (Lee et al., 2007)
14  CsH;40N" Choline 3.20 (s) v v vV vV (Ryuetal, 2018)
15 — Saturated Fatty Acids ~ 0.89 (m), 1.35-1.27 (m), 1.57 (m), 2.50 (t) v v vy (Elisetal, 2019)
6 — Unsaturated Fatty 0.89 (m), 1.35-1.27 (m), 1.57 (m), 2.34 (m), 2.50 (1), 5.36 (m) v v vV v (@lisetal, 2019)
Acids
17 CypHpOpp Sucrose 4.13 (d), 5.36 (d) v v Vv Y (Kareletal, 2020)
18 CigH4oNO;» 3-Acetylaconitine 1.39-1.33 (m), 2.05-1.97 (m), 2.22 (m), 2.34 (m), 2.78 (dt), 3.17 (m), 3.21 (m), + v v v  (Heetal,2011)
(AAC) 3.75 (td), 3.82-3.76 (m), 4.09-3.95 (m), 4.88 (dd), 7.55 (1), 8.07 (d)
19 Cs4H4e/NOj;  Aconitine 1.38 (m), 3.11 (m), 3.16 (m), 3.28 (m), 3.75 (m), 4.88 (dd), 7.44-8.06 (m) v v VvV (Qietal,2016)
20  Cs3HusNOq Hypaconitine 1.35 (m), 2.34 (m), 3.16 (m), 3.26 (m), 3.28 (m), 3.75 (m), 4.88 (dd), 7.44-8.06 v v v v (Qietal, 2016)
(m)
21  CyqH3oNOg Neoline 1.13 (1), 1.94 (s), 2.06 (m), 2.25-2.17 (m), 2.34 (m), 2.76 (1), 3.34 (m), 3.44(m), v v v v  (Xiongetal, 2012)
3.75 (m), 4.13 (d)
22 CyeHyNO, 14-0-acetylneoline 1.13 (1), 2.06 (m), 2.34 (m), 3.34 (m), 3.43 (m), 3.64 (m), 4.13 (d) v v/ (Shim et al., 2003)
23 CyqH3oNOs Talatisamine 1.06 (d), 2.99 (1), 3.11 (m), 3.22 (m), 3.28 (m), 3.29-3.14 (m), 3.34 (m), 3.62(d), v v V V  (Zhaoetal, 2018)
4.86 (d)
24 CspH4sNOq Benzoylaconitine 1.13 (1), 3.28 (m), 3.31 (m), 3.34 (m), 3.75 (m), 4.53 (1), 5.01 (d), 7.55 (1),8.07 v v v v  (Huangetal, 2007)
(BAC) @
25 CyqH3oNOy Fuziline 1.13 (1), 3.31 (m), 3.34 (m), 3.43 (m), 4.06 (d), 4.13 (d) v vV v (Xiongetal, 2012)
26 — Sterols 0.69 (s) \/ \/ \/ \/ (Sun et al., 2021)
27 CigH204 Diisobutyl Phthalate ~ 1.06 (d), 2.06 (m), 4.13 (d), 7.44-8.06 (m) v vV (Glowinkowski et al.,
1997)
28 Co7H30016 Rutin 4.55 (s), 5.01 (m), 6.52 (s), 6.98 (m), 7.69 (m) \/ (Sharma et al., 2022)
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Fig. 3. Total ion current diagram of positive ion modes of test sample of different processed products of Aconitum pendulum. (A) SP product powder; (B) QKJ product
powder; (C) HZT product powder; (D) ZB product powder. The numbering sequence is the same as Table 2.

produces side chain benzoyl fragment ion m/z 105.0337 (C;Hs0O™).
Retention time of hypaconitine (C33H45NO1¢, Fig. 4B) was 15.71 min
with a quasi-ion peak [M + H]" of 616.3041, with fragment ions m/z
584.2991 [M + H-CH30H]" and m/z 556.1848 [M + H-CH3COOH]"
gained in the secondary mass spectra and loss of one molecule of methyl
and one molecule of acetic acid gained fragments m/z 524.2173 [M + H-
CH30H-CH3COOH] ™. With a retention time of 16.92 min and a quasi-
ionic peak [M + H]" of 646.3151, aconitine (C34H47;NO71, Fig. 4C)
lost one molecule of CH3COOH to gain the fragmentation ion m/z
586.4011 [M + H-CH3COOH]™, and went on to lose one molecule of
CgHsCOOH and three molecules of CH3OH to gain the fragmentation ion
m/z 368.1860 [M -+ H-CH;COOH-CgHsCOOH-3CH;OH] ™. Or loss of one
molecule of CH30H gains the fragment ion m/z 614.2960 [M + H-
CH30H] ™. When the parent ion loses one molecule of CH3COOH and one
molecule of CH3OH to gain the fragment ion m/z 554.2748 [M + H-
CH3COOH-CH30H] ", and continues to lose one molecule of CH30H to
gain the fragment ion m/z 522.2486 [M + H-CH3COOH-2CH3;0H] .

3.3. Chemometric data analysis

3.3.1. PCA analysis

PCA is a statistical method used for unsupervised dimensionality
reduction in multivariate data. It measures the variability of the data
using variance or sum of squared deviations, which simplifies the data
structure and reduces the dimensions of the raw data with high

variability. This is helpful in observing the distribution characteristics of
different sample data. Aconitum pendulum spectrogram data from
different batches and concoctions are often complex with many vari-
ables. PCA analysis can effectively reduce the complexity of the data and
characterize it with a few representative main variables. The most
commonly used tools in PCA analysis are the PCA principal component
cumulative contribution plots and score plots. These plots help deter-
mine if the metabolic fingerprints of each Aconitum pendulum sample are
unique enough to distinguish the raw Aconitum pendulum product from
the three artillery products and to identify biomarkers for each artillery
product. The score plot, where each point represents a separate sample,
groups together those with comparable variance.'H NMR (Fig. 5A) and
UPLC-Q-TOF-MS (Fig. 5B) obtained PCA score plots show a clear sepa-
ration between the raw product of Aconitum pendulum and the three
artillery products. The R?X and Q7 values for 'H NMR are 0.985 and
0.972, respectively, while for UPLC-Q-TOF-MS, they are 0.739 and
0.607. To investigate the underlying causes for the classification of
different artifacts of Aconitum pendulum and identify potential metabolic
markers for identification, a further load map analysis was conducted
(Fig. 5C and D). In this analysis, primary components were identified as
variables that contribute significantly, with a larger absolute value
indicating higher importance (Chen, 2009). The results suggest that
isoleucine, threonine, glycine, CA, FA, AAC, BAC, and choline may be
the major differential metabolites in the 'H NMR results. Additionally,
the UPLC-Q-TOF-MS results provided further confirmation that CA, FA,
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AAC, and BAC could be the main differential metabolites responsible for
the different processed products of Aconitum pendulum.

3.3.2. PLS-DA analysis and OPLS-DA analysis

Partial Least Squares (PLS) is a relatively new analytical method used
for multivariate statistical data analysis. PLS-DA (PLS-discriminant
analysis) is a commonly employed supervised pattern recognition
method that is particularly sensitive to variables with small correlations.
It focuses on identifying inter-group differences while minimizing
random differences within groups. This approach is beneficial for
studying differences between different groups and identifying the main
components responsible for these differences. PLS-DA has been found to
be more effective than PCA analysis (Ruiz-Perez et al., 2020). On the
other hand, OPLS-DA (Orthogonal Projections to Latent Structures
Discriminant Analysis) is another supervised pattern recognition
method commonly used for analyzing a single dependent variable,
especially in metabolomic screening of differential metabolites. OPLS-
DA combines orthogonal signaling and PLS-DA to identify differential
variables, model the relationship between metabolite expression and
sample categories, and enable sample category prediction (Boccard and
Rutledge, 2013). PLS-DA score plot results obtained by 'H NMR
(Fig. 6A) and UPLC-Q-TOF-MS (Fig. 6B) were generally consistent with
the PCA results (R*X = 0.933, Q% = 0.992, R?Y = 0.993 for 'H NMR; R%X
=0.781, Q% = 0.976, R?Y = 0.990 for UPLC-Q-TOF-MS). The correlation
information between 'H NMR and OPLS-DA of UPLC-Q-TOF-MS is dis-
played in Table 3. A total of 25 differential constituents were identified
among the four concocted samples of SP, QKJ product group, HZT

product group, and ZB product group using VIP > 1 as the screening
principle (Fig. 6C). These constituents include benzoic acid, 1,3,6-tri-o-
galloyl-p-D-glucose, gallic acid, ellagic acid, bergapten, benzoyldeox-
yaconine, benzoylmesaconine, 16-epi-pyroaconitine, FA, flavumoline B,
CA, hypaconine, BAC, szechenyianine E, aconine, 3-Deoxyaconitine,
ranaconitine, hypaconitine, lappaconine, aconine, neoline, songor-
amine, AAC, 3-Deoxyjesaconitine, and szechenyine. For validation of
each OPLS-DA model within the PLS-DA models, a random permutation
test was performed (Fig. 7). The values of QZ and R? in the permutation
tests were higher than those in the actual models, indicating a high level
of portability and superior fit.

Among the OPLS-DA score plots, the horizontal coordinate repre-
sents the score value of the main component (Tp), allowing us to observe
the difference between groups based on the direction of the horizontal
coordinate. On the other hand, the vertical coordinate represents the
score value of the orthogonal component (TO), enabling us to observe
the difference between groups (or within a group) based on the vertical
coordinate. In the S-plot, the vertical coordinates represent the co-
correlation of major components with metabolites, while the vertical
coordinates denote the correlation coefficients of key components with
metabolites. The closer the coordinates are to the two corners, the more
important the metabolites are (Triba et al., 2015; Worley and Powers,
2016). The OPLS-DA scoring plots of raw and artillery products in the 'H
NMR data reveal distinct clustering between samples in the SP group
and the artillery products group. The samples in the SP and QKJ prod-
ucts groups (Fig. 8A1), the SP and HZT products groups (Fig. 8B1), and
the SP and ZB products groups (Fig. 8C1) are clearly separated. The
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Table 2
Identification form of UPLC-Q-TOF-MS for chemical composition in different processed products of Aconitum pendulum.
NO. tr/ Formula Name Ton Measured ppm Ms? S Q H Z Ref.
min value

1 0.84  GCeHy206 D-glucose M+  181.0636 1 109.02841 v v v v (Ullahetal,
H]* 2009)

2 0.92  G;H;206 Quinic acid M- 191.0624 —4.2  101.0244, 113.0244 v v v v (ilinsin and
H]™ Bursal, 2018)

3 2.06  CoHgOy4 Caffeic acid (CA) M — 179.0422 —-0.4 163.0392,135.0137,107.0217 + v v v (Gongetal,
H] 2020)

4 3.13 C12HgO4 Bergapten M + 217.0425 1.1 203.0339 \/ (Li et al., 2014)
H]*

5 3.14  GHeO, Benzoic acid M — 121.0367 -0.7  107.0491 v vV (Zhangetal,
HI~ 2010)

6 3.76  Cy3H3NOg Lappaconine M+  424.2623 0.5 374.2326 v v vV vV (Zhangetal,
H]* 2020)

7 3.76  C14H1404 Marmesin [M+  247.0902 3.7 161.0961 v v (Kimetal, 2011)
H]*

8 3.9 CooHo9NO3 Songoramine* M + 356.2134 -3.8 192.1383 \/ (Ye et al., 2021)
HI*

9 4.07  CoqH3oNOg Mesaconine [M+  486.2633 1.6 454.2799, 436.2772 v v vV (iuetal,2017)
H*

10 415  CyqH3oNO; Fuziline [M+  454.2732 1.2 436.2694 v v vV v (Chenetal,
H]* 2014)

11 474 CysHqNOg Aconine M+  500.2788 1.3 482.2748, 450.2486 v v vV iuetal, 2017)
HI*

12 476 CioH1004 Ferulic acid (FA) M+  195.0577 -1 149.0744, 134.0362 v v VvV (Heetal, 2012)
H]*

13 513  CyqH3oNOg Hypaconine M+  470.2674 0.4  438.2486, 406.2350 v Vv vV iuetal, 2017)
HI*

14 6.54  Cp4H3oNOg Neoline* M + 438.2784 1.5 420.2745, 388.2482 v v vV Y (iuetal, 2017)
HI*

15 7.94  CoyHpO1g 1,3,6-tri-o-galloyl-p-D- M-  635.0988 3.9 169.0137 v v v Vv (Gongetal,

glucose H]™ 2020)

16 7.94  C;HeOs Gallic acid M+ 1710217 1.1 127.0390, 109.0284 v vV (Sunetal, 2014)
H*

17 8.22  CyqH3oNOs Talatisamine M+  422.2826 —-0.6  358.2377 v v v (iuetal, 2017)
H]*

18 8.3 Cp2H33NO, Atisine M+  344.2508 —0.8  326.2478, 282.1852 v v vV v (Chenetal,
HI* 2021)

19 9.7 C26H41NOy Delcorine [M+  480.2888 1 462.2850, 430.2588 v v Vv vV (Songetal,
H* 2007)

20 9.94  CyHxuN»0»  Quinine M+ 3251841 1 278.1414 v v vV vV (Marcsisinetal,
HI* 2013)

21 10.86  C14HeOg Ellagic acid [M—  301.0061 —-0.7  166.9986, 123.0067 v v vV v (Ferreresetal,
H] 2013)

22 11.86  CyyH4NOg Deltaline [M+  508.2853 4.2 494.3112, 462.2850 v v v v (Chenetal,
HI* 2019)

23 1217 Cy4HgsNOs Szechenyianine F M+  421.2744 ~1.5  404.2432, 154.1226 v v vV vV (Shenetal,
HI* 2018)

24 1346  Cg3HysNO;»  Beiwutine M+  648.2965 3.6 586.3011 v v vV (iuetal, 2017)
HI*

25 13.7 C32HasN2Og  Ranaconitine [M+  601.3050 0.5 584.2728, 551.3116,372.1806 / v v/ v/  (Zhangetal,
HI* 2020)

26  13.78  C3HysNOjp  Benzoylaconitine (BAC) M+  604.2695 2.5 586.2825, 554.2521, v v VvV uetal, 2020)
HI* 522.2450, 105.0337

27 14.00  GCs;HasNOy 14-O-acetylneoline [M+  542.3024 —2.8  135.0441, 118.0413 v v (Wangchuk et al.,
H]Y 2015)

28 14.03  C3Hy3NO, 14-Benzoylneoline M+  542.3037 —0.4  460.2694, 432.2381, NARRY v (Chenetal,
HI* 135.0441, 107.0491 2014)

29 14.15  C3,H43NOg 16-epi-pyroaconitine M + 586.2940 0.4 554.2748, 522.2486 v v v v (Shaoand Kong,
HI* 2019)

30  14.60  CseHsiNsO;o  Avadharidine [M+  686.3580 0.8 669.3256 v v v v (Shammaetal,
HI* 1979)

31 14.64  C33H4sNOj;  Mesaconitine M+  632.2991 0.3 572.2854, 540.2805 v v VvV (iuetal, 2017)
HI*

32 14.86  C3oHysNOg Benzoyldeoxyaconine [M+  588.3084 -1.8  558.2905 v v vV (iuetal,2017)
H]*

33 15.65  C3Hs:NOj3  3-O-Acetyljesaconitine M+  718.3372 1.6 658.3221, 626.2232 v v vV vV (Morietal,1991)
HI*

34 15.71  Cs3H4sNOyo  Hypaconitine* M + 616.3041 —0.4  584.2991,556.1848,524.2173 y v v/ v/ (Chenetal,
H]™ 2014)

35 15.83  C36HaNO1»  3-Acetylaconitine* (AAC) [M+  688.3253 ~0.2  107.0491 v v VvV (Weietal, 2015)
HI*

36 16.05  C3H43NOjo  Benzoylmesaconine* M + 590.2913 4.3 558.2698 v v v v (Zhangetal,
H]* 2008)

(continued on next page)
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NO. tr/ Formula Name Ion Measured ppm Ms? S Q H Z Ref.
min value

37 16.91  C3sHuNO;;  3-Deoxyjesaconitine M + 660.3310 0.7 508.2694, 135.0441 v v Vv v (Morietal,1991)
HI*

38 1692  Ca4HyNO;;  Aconitine* [M+  646.3151 0.3 614.2960, 586.4011, v v vV  (Zhangetal,
H]* 554.27484, 522.24863, 2008)

368.18602

39 17.59  C3H3;NOg Flavumoline B M+  540.2517 —0.4  107.0491 v v (Zhangetal,
HI* 2021)

40 17.76  C34H4NOj,  3-Deoxyaconitine™ M + 630.3201 0.1 598.3011, 538.2799, 510.2486 / v/ v v/  (Morietal,1991)
H]*

41 18.48  C3eHsNOj;  Szechenyine M+  674.3450 -1.8  644.3229 v v v vV (Shenetal,
H]* 2018)

42 19.21  GCgHy02 p-tyrosol M+  139.0680 -0.3  105.0699 v v v vV (Guoetal,2014)
H]*

43 20.81 C19H2g02 Dehydroepiandrosterone M — 287.2102 4.3 271.2056 \/ \/ (Yoo and Napoli,
HI~ 2019)

44 22.77  Ci6H2204 Dibutyl phthalate M+  279.1520 0.6 149.05971 v v v v (Changetal,
HI* 2013)

45 23.67  CsoHssNOj;  Szechenyianine E M + 714.3790 2.2 586.30101, 570.3061, v v v v (Songetal,
HI* 107.0491 2018)

46 28.4 C1gH3402 Oleic acid [M+  283.2555 -1.4  109.1012 v v Vv vV (haoetal,
HI* 2021)

47 30.06  C3HsoN,O;9  Methyllycaconitine [M-  681.3457 -1.1  107.0491 v v vV vV (Nirogietal,
HI~ 2011)

48 3126 CgHgOs p-coumaric acid [M+  165.0480 3.7 119.0491 v v Vv (ietal,2012)
H*

Note: \/ ”: the component is present in the concoction; “*”: use the control to compare the components.

results of S-Plot plots for the SP and QKJ product groups (Fig. 8A2) show
that the SP group has higher levels of aconitine, hypaconitine, BAC,
AAC, and CA, whereas the QKJ group has higher levels of glycine.
Fig. 8B2 displays the comparison between SP and HZT samples, with
higher contents of aconitine alkaloids, FA, CA, glycine, and threonine in
the SP group, and higher contents of quinic acid, chebulic acid, gallic
acid, cystine, and rutin in the HZT samples. In Fig. 8C2, most of the
characterized metabolites in the SP group have higher levels compared
to the ZB group, while the contents of a few compounds do not show
significant differences from the ZB group.

Meanwhile, the analysis of the artillery product groups revealed
clear clustering between different products. The Heated ZB and un-
heated QKJ product groups (Fig. 9A1), ZB and HZT product groups
(Fig. 9B1), as well as samples in the QKJ and HZT product groups
(Fig. 9C1) were clearly separated based on unheated artifacts. The S-Plot
of ZB and QKJ product groups (Fig. 9A2) showed that the QKJ group had
higher content of cystine, glycine, BAC, AAC, etc., while the ZB group
had higher content of proline, glutamic acid, ferulic acid, etc., and
similar levels of valine and alanine for both concoctions. Fig. 9B2
illustrated a comparison between the ZB and HZT product groups, where
the HZT group had higher levels of AAC, FA, and glycine, while the ZB
group had higher levels of BAC, choline, threonine, and isoleucine. In
Fig. 9C2, the QKJ group had higher levels of BAC, choline, glycine,
threonine, and isoleucine, whereas the HZT group had higher levels of
AAG, FA, CA, quinic acid, and gallic acid.

UPLC-Q-TOF-MS results (Fig. 8D1, E1, F1) further confirmed the
differential metabolites mentioned earlier (compounds with VIP > 1 in
the OPLS-DA results). For example, songoramine was not detected in
any of the concoctions. Comparing the SP and QKJ product groups
(Fig. 8D2), most of the alkaloids such as 16-epi-pyroaconitine, 3-Deoxy-
aconitine, AAC, aconitine, fuziline, and hypaconitine showed decreased
levels in the QKJ group after concoction. Additionally, two alkaloids,
songoramine and talatisamine, were not found in the QKJ group. In the
HZT samples, new constituents like 14-O-acetylneoline, bergapten, and
gallic acid appeared compared to SP. The levels of 1,3,6-tri-o-galloyl-
B-D-glucose, benzoic acid, and ellagic acid increased, while the levels of
other compounds decreased (Fig. 8E2). Fig. 8F2 shows that group ZB
had two additional components, flavumoline B and gallic acid.
Furthermore, group ZB had increased levels of benzoic acid,

benzoyldeoxyaconine, benzoylmesaconine, and quinic acid, while the
levels of other compounds decreased. Within the concoctions, the QKJ
group in ZB had higher levels of aconitine, BAC, and AAC compared to
QKJ, while aconine, neoline, 16-epi-pyroaconitine, and lappaconine
were more abundant in the ZB group. The levels of 3-Deoxyaconitine
were similar in both concoctions (Fig. 9D2). Comparing the ZB and
HZT product groups, the HZT group had higher levels of AAC, FA,
aconitine, and 3-Deoxyaconitine, whereas the ZB group had higher
levels of lappaconine, neoline, and 16-epi-pyroaconitine (Fig. 9E2). In
the non-heated concoctions, the QKJ group had higher contents of BAC
and 16-epi-pyroaconitine, while the contents of 3-Deoxyaconitine, AAC,
neoline, ellagic acid, and gallic acid were higher (Fig. 9F2).

3.4. Screening of characteristic chemical markers

3.4.1. Paired t-test

To identify the chemical markers for the raw and three artillery
products of Aconitum pendulum, this study examined the differences in
the levels of components using 'H NMR and UPLC-Q-TOF-MS. The signal
intensities of the 'H NMR signals and the peak areas of the chromato-
grams in UPLC-Q-TOF-MS were directly proportional to the molar
concentrations of the compounds, allowing the peak areas to represent
the contents of the compounds. The normalized peak areas of the
components in the raw product and the three artillery products of
Aconitum pendulum were used as an index for evaluating the significant
differences in the metabolic fractions through paired t-test analysis
(Fig. 10).

The 'H NMR results showed a significant decrease in the contents of
BAC, AAC, choline, FA, threonine, and isoleucine in Aconitum
pendulum after concoction (P < 0.01 or P < 0.001). However, the
contents of CA were significantly increased in the concoctions, except
for the HZT group (P < 0.001). On the other hand, glycine showed a
significant decrease, except for the QKJ group (P < 0.001). The content
of the remaining 20 components did not show a statistically significant
difference (P > 0.05). The results of '"H NMR and UPLC-Q-TOF-MS
consistently showed a similar trend in the chemical markers with sig-
nificant differences. However, there were significant differences when
comparing different groups, which could be attributed to the difference
in detection sensitivity between 'H NMR and UPLC-Q-TOF-MS. Based on
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Fig. 4. Secondary mass spectrogram and pyrolysis pathway of Aconitum Alkaloids. (A) Benzoylaconitine (BAC); (B) Hypaconitine; (C) Aconitine.

the screening criteria of VIP > 1 and P < 0.05, 20 compounds were
identified as potential chemical markers using the UPLC-Q-TOF-MS
technique. These compounds include 1,3,6-tri-o-galloyl-p-D-glucose,
ellagic acid, benzoyldeoxyaconine, benzoylmesaconine, 16-epi-pyroa-
conitine, FA, CA, hypaconine, BAC, szechenyianine E, aconitine, 3-deox-
yaconitine, ranaconitine, hypaconitine, lappaconine, aconitine, neoline,

10

AAC, 3-Deoxyjesaconitine, and szechenyine.

Compared to the traditional HPLC method, the 'H NMR metab-
olomics technique addresses the limitations of detecting primary me-
tabolites such as sugar, fatty acid, and choline that cannot be detected by
traditional chromatographic methods. Additionally, the 'H NMR pro-
files of Aconitum pendulum show significant changes after concoctions,
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Fig. 5. PCA analysis score chart and load chart of different processed products of Aconitum pendulum. (A) PCA score map of 'H NMR; (B) PCA score chart of UPLC-Q-
TOF-MS; (C) PCA load diagram of H NMR; (D) PCA load diagram of UPLC-Q-TOF-MS.

and their simplicity and reproducibility make them suitable for rapidly
differentiating between different processed products. However, for
compounds with lower content, more sophisticated instruments are
required for analysis due to graph resolution and detection method
precision. In this regard, UPLC-Q-TOF-MS can better assist in identifying
and supplementing the required results. By supplementing the 'H NMR
results more accurately, UPLC-Q-TOF-MS improves the accuracy of the
study’s conclusion. Consequently, BAC, AAC, CA, and FA were identified
as differential markers for distinguishing between raw and concocted
products of Aconitum pendulum using the combined results of 'H NMR
and UPLC-Q-TOF-MS.

3.4.2. Differential component heat map analysis
To analyze the distribution of the 20 differential constituents ob-
tained from the UPLC-Q-TOF-MS results in the raw and three artillery
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products of Aconitum pendulum, GraphPad Prism 9.0.0 was utilized. The
distribution of 1,3,6-tri-o-galloyl-B-D-glucose, FA, ellagic acid, CA,
benzoyldeoxyaconine, and benzoylmesaconine as differential constitu-
ents was analyzed using a heat map (Fig. 11). The color shades in the
heat map represent the levels of differential compounds, with red indi-
cating high levels and blue indicating low levels. The analysis revealed
that the SP group had a high content of aconitine compounds, particu-
larly aconitine, 3-Deoxyaconitine, BAC, and neoline, compared to the
concocted product group. The differences between heated concoctions
(the zanba system) and unheated concoctions (the QKJ system and the
HZT system) were significant, with a significant increase in the contents
of 16-epi-pyroaconitine and benzoyldeoxyaconine in the heated con-
coctions. The differences in components between the QKJ system and
the HZT system were relatively smaller, but the HZT group showed
higher content differences in aconitine, 3-Deoxyaconitine, and ellagic
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Acetyljesaconitine; 39: 14-Benzoylneoline; 40: p-tyrosol; 41: D-glucose; 42: p-coumaric acid; 43: Szechenyianine F; 44: Quinic acid; 45: 14-O-acetylneoline; 46:

Avadharidine; 47: Methyllycaconitine; 48: Quinine.

Table 3
OPLS-DA analysis information of different processed Aconitum pendulum prod-
ucts based on 'H NMR and UPLC-Q-TOF-MS technology.

Detection Index SP vs SP vs SP vs ZB vs ZB vs QKJ vs
QKJ HZT ZB QKJ HZT HZT
1H NMR R*X 0.785 0.885 0.784 0.788 0.829 0.864
[1]
R*X 0.862 0.935 0.886 0.867 0.910 0.899
Q¢ 0.998 0.998 0.998 0.993 0.994 0.998
R’y 0.999 0.999 0.999 0.998 0.998 0.999
UPLC-Q- R*X 0.662 0.672 0.587 0.628 0.658 0.639
TOF-MS [1]
R* 0.739 0.748 0.684 0.701 0.712 0.710
fodd 0.981 0.998 0.990 0.992 0.993 0.994
R%*y 0.997 0.989 0.999 0.999 0.999 0.999
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acid, which resulted in significant component differences with the other
artillery product groups.

4. Discussion

Using 'H NMR and UPLC-Q-TOF-MS metabolomics techniques, this
study was the first to simultaneously examine and characterize the
overall chemical composition of the raw product of Aconitum pendulum
and three different products of the concoction. A total of 28 compounds,
including primary and secondary metabolites of aconite alkaloids, sac-
charides, acids, sterols, flavonoids, amino acids and fatty acids, were
identified by 'H NMR, offering a new technical means for the identifi-
cation of the raw and the concocted products of Aconitum pendulum.
Additionally, 48 compounds, including 33 alkaloids, 8 organic acids, 2
sugars and 5 other compounds, were detected and identified more
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accurately by combining with UPLC-Q-TOF-MS metabolomics method.
Furthermore, the combination of PCA, PLS-DA, OPLS-DA, paired t-test,
and difference heat map analysis methods revealed that the primary
metabolites (sugar and amino acid components) and secondary metab-
olites (aconitine alkaloid components and organic acid components) of
the raw Aconitum pendulum products were changed after concoction. CA,
FA, AAC and BAC were identified as chemical markers for the objective
identification of the raw and three processed products of Aconitum
pendulum. The validity of the identified chemical markers is crucial for
the practical application of our findings. To ensure their reproducibility
and reliability, we implemented rigorous method validation. In our
study, samples were analyzed in triplicate, and the resulting data
exhibited minimal variance, demonstrating consistent reproducibility of
the measurement techniques employed. This repeatability is further
supported by the low standard deviation among technical replicates.
Additionally, stability assessments were conducted to verify that the
identified markers, such as 3-Acetylaconitine and benzoylaconitine,
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remained stable under the analytical conditions used.

Among the four selected chemical markers, AAC and BAC are the
main active ingredients of the herb Aconitum pendulum. According to
modern pharmacology, AAC has obvious analgesic (Lu et al., 1988; Zhu,
1991), anti-inflammatory (Tang et al., 1984), and anti-arrhythmic
(Wang et al., 2023) activities. BAC also has anti-inflammatory (Zhou
et al., 2021), anti-myocardial injury (Chen et al., 2022), and treatment
of mitochondrial dysfunction-related disorders (Deng et al., 2019),
which are basically the same pharmacological activities as those of the
Aconitum pendulum herbs. CA and FA are abundant natural phenolic
compounds in nature. They have antioxidant, anti-inflammatory, anti-
cancer and other pharmacological activities (Costa et al., 2017; Sitarek
et al., 2018; Zhou and Weng, 2019), and plays an important role in the
treatment of rheumatoid arthritis, diabetes, cardiovascular disease,
cancer and other diseases (Al-Ishaq et al., 2020; Sri et al., 2003; Zhang
et al., 2018). These four chemical markers share pharmacological ac-
tivities with the anti-inflammatory and analgesic, anti-tumor, and
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antioxidant pharmacological activities of Aconitum pendulum them-
selves, but they still have some toxicity while acting as pharmacological
components. Yet, AAC and BAC are both toxic and can cause heart
failure (Liu et al., 2017). The present study found that the content of
AAC and BAC was considerably reduced after the concoction of Aconi-
tum pendulum, indicating that its content in the herb was significantly
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reduced after concoction, which may affect its clinical efficacy, although
the reduction in the compound content also represents that concocting
reduces the toxicity of Aconitum pendulum herbs. According to relevant
literature research, different processing methods may analyze the
alkaloid chemical components in Aconitum pendulum through the prin-
ciples of ester hydrolysis and high-temperature thermal decomposition,
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Fig. 11. Heat map of differences in composition between different processed products of Aconitum pendulum.

leading to a decrease in the content of toxic components (Wang et al.,
2010). For example, Li’s research has shown that after being processed
with Hezitang or barley wine, the alkaloid components of Aconitum
pendulum are mainly decomposed into low toxicity benzoylaconine
through ester bond hydrolysis, and then further converted into aconine.
After the Aconitum pendulum is fried in zanba, in addition to the above
hydrolysis pathway, it is also transformed into MDAs (such as 16-epi-
pyroaconitine) through pyrolysis, which significantly reduces the con-
tent of toxic ingredients (Li et al., 2022).

The present study found that, apart from the aconitine alkaloid
constituents, the primary metabolites (amino acid components) also
changed after the concoction of Aconitum pendulum. The 'H NMR results
showed a significant decrease in the content of threonine and isoleucine
in the processed Aconitum pendulum compared to the raw Aconitum
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pendulum. Additionally, the content of glycine decreased in the HZT and
7B products, but increased significantly in the QKJ product. This may be
attributed to the process of Aconitum pendulum with barley wine. The
UPLC-Q-TOF-MS analysis identified some additional constituents, such
as bergapten, 14-O-acetylneoline, flavumoline B, and gallic acid, which
might have been introduced during the concoction process or using
concoction auxiliaries. Further studies are needed to understand the
reasons to produce these additional constituents.

As an herb with dual toxicity and potency, Aconitum pendulum re-
quires a specific concocting method when used in traditional medicine.
However, the concocting method of Aconitum pendulum varies across
different regions, resulting in differences in the constituents and me-
dicinal effects of the herb. So far, research on Aconitum pendulum artil-
lery products has been limited to studying the chemical composition of
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individual products, without considering different artillery products.
Therefore, it is important to screen the chemical markers of the raw
product and its three different concoctions to understand the variations
in medicinal constituents of Aconitum pendulum. These screened chem-
ical markers can be used in future pharmacological studies and phar-
macodynamic evaluations to compare the differences in
pharmacodynamic effects among different concoctions. By combining in
vitro and in vivo compositional analyses, pharmacology, pharmacody-
namic studies, and other fields, the changes in chemical composition and
pharmacodynamic effects of different concoctions on Aconitum
pendulum can be comprehensively evaluated. This will provide a theo-
retical basis for the clinical use of Aconitum pendulum.

5. Conclusion

In conclusion, through the utilization of 'H NMR and UPLC-Q-TOF-
MS metabolomics techniques, we have investigated the variations in
the overall chemical compositions of raw and three differently processed
Aconitum pendulum products. Our findings revealed that the concoction
process significantly altered the chemical composition of the plant.
Specifically, we observed significant reductions in the levels of FA, AAC,
and BAC, while there was a remarkable increase in the content of CA.
These four components can serve as chemical markers for the targeted
identification of both raw and concocted Aconitum pendulum products.
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