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Abstract Tiebangchui, which mainly originates from the dried root of Aconitum pendulum Busch,
is an important traditional Tibetan medicine and has long been used for the treatment of various
types of cold and pain. However, the excellent pharmacological activities of Tiebangchui are accom-
panied by high toxicity caused by Aconitum alkaloids. To ensure clinical medication safety, Tie-
bangchui is only used after processing. Stir-frying with Zanba is an effective and unique
processing method in traditional Tibetan medicine, but chemical variations in raw and processed
Tiebangchui are rarely reported. In this study, an integrated method combining ultra-high-
performance liquid chromatography-quadrupole time-of-flight mass spectrometry (UPLC-Q-
TOF-MS) and desorption electrospray ionization mass spectrometry imaging (DESI-MSI) was
applied to explore chemical constituent variations, transformation mechanisms, and in situ spatial
distributions of metabolites in raw Tiebangchui and its series of processed products. Three impor-
tant diterpenoid alkaloids were quantified by HPLC. Results revealed visible differences between
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raw Tiebangchui and its Zanba stir-fried products, and 60 min was demonstrated to be the proper
processing time. A total of 64 components were detected, and 32 of them were considered as meta-
bolic markers to distinguish raw Tiebangchui and its processed products stir-fried for different time.
Chemical changes were also visualized by DESI-MSI: the contents of aconitine and 3-
deoxyaconitine significantly decreased, and those of benzoylaconine, benzoyldeoxyaconine, 16-
epi-pyrodeoxyaconitine, and 16-epi-pyroaconitine markedly increased. Transformations from
diester-diterpenoid alkaloids to monoester-diterpenoid alkaloids through hydrolysis and pyrolysis
were found to be the major detoxication processes during Zanba stir-frying. In summary, UPLC-
Q-TOF-MS based metabolomics, DESI-MSI, and quantitative combined approach could be an effi-
cient method to characterize chemical variations in Tiebangchui and its Zanba processed products
with different stir-frying time. The wide application of this method would contribute to the process
monitoring and safe control of Tiebangchui and other toxic Aconitum medicine.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

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

1. Introduction

Tiebangchui (TBC), which mainly consists of the dried roots of Aconi-
tum pendulum Busch (Fam. Ranunculaceae), is a famous Tibetan med-
icine (TM) over thousands of years. TBC was initially documented in
the classic TM literatures ““Four Medical Tantra” (Yutuo 2005). “Jing
Zhu Materia Medica” and “Lan Liu Li” also detailed its botanical ori-
gins, main efficacies and functions, usage, and dosage (Disi 2012;
Dimaer 1982). TBC has long been used to treat fever, arthritis, and
traumatic injury in the form of various prescriptions, such as Wuwei
shexiang pill, Jiuwei hezi pulvis, and Bawei chenxiang pulvis, owing
to its outstanding pharmacological activities in expelling cold, relieving
pain, dispelling wind, and calming shock (Li et al., 2022; Feng et al.,
2023). However, “Jing Zhu Materia Medica” and recent studies indi-
cate that raw TBC has high toxicities, including cardiotoxicity, neuro-
toxicity, and gastrointestinal toxicity (Dimaer 1982; Zhang 1981; Zhao
et al., 2018). Therefore, TBC is only used internally after processing to
ensure the clinical safety.
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About hundreds of chemical constituents were isolated and identi-
fied from TBC, and the primary components are Aconitum alkaloids
(Li et al., 2022). Cjo-diterpenoid alkaloids are the most abundant
and are categorized as follows based on the substituting groups of
the diterpenoid alkaloid framework (Fig. 1): high-toxic diester-
diterpenoid alkaloids (DDAs), moderate-toxic monoester-diterpenoid
alkaloids (MDAs) and lipo-diterpenoid alkaloids (LDAs), and non-
toxic non-esterified diterpene alkaloids (NDAs) (Wang et al., 2010).

Paozhi is an essential processing method used to attenuate toxicity
and retain efficacy for the safe use of toxic medicines (Xue et al., 2022).
According to ancient literatures and modern studies, heating is one of
the effective processing methods for TBC, and highly toxic DDAs can
be hydrolyzed, pyrolyzed, esterificated and transesterificated into
MDA s with low toxicities and then into non-toxic NDAs by extending
the heating time (Wang et al., 2010; Liu et al., 2022; He et al., 2022;
Qiu et al., 2021). Esterification is reversible during continuous heating,
and the contents of DDAs and MDAs are in a dynamic conversion
process (Liu et al., 2022; Zhou et al., 2015). As Aconitum alkaloids
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are toxic and therapeutic components of TBC, efficacy preservation
should be ensured during toxicity attenuation; as such, time monitor-
ing and processing control are crucial.

Zanba, powder of highland barley (Hordeum vulgare L. var. nudum
Hook. f), is an important grain for people in the Qinghai-Tibet Plateau
and a processing excipient to attenuate toxicity and preserve efficacy of
TBC. According to ““Processing Specification of Tibetan Medicine of
Qinghai Province  (2010)” (Qinghai Medical Products
Administration, 2010), processing is described as follows: raw TBC
stir-fries with Zanba until Zanba turns to yellow, removal of Zanba,
and air drying of TBC. However, the specific processing parameters
are not yet clear. Our research group have previously optimized the
processing parameters, including the optimal slice thickness of TBC,
the amount of Zanba, the processing temperatures, and the processing
time based on CRITIC combined with Box-Behnken response surface
method. Finally, the optimal processing parameters were set as fol-
lows: the slice thickness of TBC is 2 cm, the amount of Zanba is three
times to raw TBC, the processing temperature is 125 °C, and the pro-
cessing time is 60 min. However, the mechanism for the toxicity atten-
uation and efficacy reservation of Zanba processed TBC, especially
chemical variations with the expending processing time, still remains
unknown. Therefore, an unambiguous strategy should be developed
to reveal changes in the chemical compositions of TBC during stir-
fried with Zanba.

Ultra-performance liquid chromatography-quadrupole-time-of-fli
ght-mass spectrometry (UPLC-Q-TOF-MS) is a metabolomics plat-
form that has high sensitivity, selectivity, and excellent separation per-
formance that can be applied to rapid and simultaneous qualitative
analysis of multiple compounds. UPLC-Q-TOF-MS based metabolo-
mics has been increasingly applied to the chemical constituent investi-
gations, quality control, and of chemical transformations during
processing of herbal medicines (Xie et al., 2022; Fan et al., 2022). Mass
spectrometry imaging (MSI) is a powerful technology used to visualize
the spatial and temporal distribution of chemical constituents in tissue
sections without performing any tagging or labeling chemistry (Huang
et al., 2022). Ionization methods including desorption electrospray ion-
ization (DESI), secondary ion mass spectrometer (SIMS), and matrix-
assisted laser desorption/ionization (MALDI) are commonly applied
for MSI (Beng et al., 2021; Li et al. 2023). DESI-MSI allows 2D chem-
ical imaging in the atmosphere with minimal or no pre-treatment steps
and is becoming a well-accepted method for the phytochemical analy-
sis and characterization (Tong et al., 2022).

In this study, UPLC-Q-TOF-MS based metabolomics and DESI-
MSI together with HPLC quantification were integrally used to inves-
tigate dynamic chemical variations in TBC stir-fried with Zanba under
prolonged processing time. Stir-frying times from 0 min to 120 min
with every 20 min intervals were set as the only variable, and other pro-
cessing parameters are consistent with the optimal processing technol-
ogy according to the previous results by our research group. The
results are expected to reveal the chemical mechanism of toxicity atten-
uation and efficacy preservation of TBC stir-fried with Zanba.

2. Materials and methods

2.1. Chemical reagents and materials

LC-MS-grade acetonitrile and methanol were purchased from
Fisher Chemicals (Pittsburg, USA). Formic acid was obtained
from Chengdu Kelong Chemical Co., Ltd. (Chengdu, China).
Acetic acid and triethylamine of HPLC-grade were acquired
from Chengdu Chron Chemical Co., Ltd. (Chengdu, China).
Deionized water used throughout the experiment was pur-
chased from Watsons (Watsons Water, Beijing, China). Other
reagents were of analytical grade. Reference standards refer-
ence standards (HPLC greater than 98%) of aconitine, 3-
acetylaconitine, 3-deoxyaconitine, benzoylaconine, benzoylhy-

pacoitine, benzoylmesaconine, aconine, 12-epi-napelline, and
neoline were purchased from PUSH Biotechnology Co., Ltd.
(Chengdu, China); hypaconitine and mesaconitine were pur-
chased from Sichuan Victory Biological Technology Co.,
Ltd. (Chengdu, China); fuziline was purchased from Look-
chem Pharmaceutical Technology Co., Ltd. (Chengdu, China);
and yunaconitine (DSTDB005502) was purchased from Desite
Biotechnology Co., Ltd. (Chengdu, China).

2.2. Preparation of Zanba stir-fried TBC

TBC was collected in October 2021 from Huzhu Tu Autono-
mous County, Haidong City, Qinghai Province and authenti-
cated by Prof. Yi Zhang of School of Ethnic Medicine,
Chengdu University of Traditional Chinese Medicine
(Chengdu, China). Dried TBC (200 g) samples were cut into
homogeneous pieces (2 cm) and randomly divided into seven
groups, and one of which was selected as raw TBC (without
stir-frying with Zanba, 0 min). The rest of the samples
(180 g) were placed into a frying pan and stir-fried with
540 g of Zanba at 125 °C (1:3 of raw TBC to Zanba according
to the previous results of our research group). About 30 g of
TBC was collected at 20, 40, 60, 80, 100, and 120 min. The pro-
cedure was repeated by a total of nine times. All the samples
were smashed using a pulverizing machine, and the powder
was filtered with No. 4 sieve of Chinese Pharmacopoeia for
the flowing analysis.

2.3. UPLC-Q-TOF-MS analysis

2.3.1. Sample preparation

Raw TBC powder (0.25 g) was ultrasonically extracted with
25 mL of methanol at 25 °C for 30 min (300 w, 40 kHz).
The sample was added with methanol to compensate for
weight lost during extraction. After centrifugation
(13000 rpm) for 5 min, the supernatant was collected and fil-
tered through a 0.22 pm membrane filter. The processed
TBC sample preparation was the same for the raw TBC
sample.

2.3.2. Standard solution preparation

Each reference standard was dissolved in methanol at a con-
centration of 1 mg/mL as a stock solution. The solution was
mixed and diluted with methanol to prepare a mixed reference
solution (10 pg/mL for each compound). The mixed reference
solution was centrifuged at 13,000 rpm for 10 min, and the
supernatant was stored at 4 °C before analysis.

2.3.3. Liquid chromatographic conditions

UPLC-Q-TOF-MS data were obtained using the Waters
ACQUITY UPLC® and SYNAPT™ HDMS™ systems
(Waters Corporation, Milford, USA) equipped with an elec-
trospray ion source and hybrid quadrupole-time-of-flight (Q-
TOF) mass spectrometer with the MSE model. The chromato-
graphic column was ACQUITY UPLC BEH C;g Column (2.
I mm x 50 mm, 1.7 pm). The mobile phase of the eluent con-
sisted of 0.1% formic acid in water (A) and acetonitrile (B),
and the flow rate was 0.3 mL/min. The column temperature
was 35 °C. The gradient elution program was set as follows:
0-1 min, 2%-7% B; 1-3 min, 7%-11% B; 3-8 min, 11%-—



4

C.-Y. Li et al.

15% B; 8-13 min, 15%-30% B; 13-16 min, 30%-36% B; 16—
20 min, 36%-70% B; 20-26 min, 70%—-85% B; 26-27 min,
85%-85% B. Two microliters of the sample solution and the
standard solution were injected into the UPLC-Q-TOF-MS
system for analysis.

2.3.4. MS spectrometry conditions

Full-scan data were acquired in positive ion mode from 100 Da
to 1200 Da with a 0.3 s scan time by using a capillary voltage
of 2000 V, desolvation temperature of 450 °C, sample cone
voltage of 40 V, extraction cone voltage of 4 V, source temper-
ature of 150 °C, cone gas flow of 50 L/h, and desolvation gas
flow of 800 L/h. The mass spectrometer was calibrated across
the mass range of 100-1200 Da by using sodium formate solu-
tion. Data were centroided, and mass was corrected during
acquisition using an external reference (Lock-Spray™) con-
sisting of 0.2 ng/mL leucine enkephalin infused at a flow rate
of 10 pL/min via a lockspray interface, generating a reference
ion at 556.2766 Da (M + H] ™). The lockspray scan time was
set at 0.3 s with the interval of 30 s, and data were averaged
over three scans.

2.3.5. Data analysis

MS raw data files were imported into Progenesis QI (Waters,
Milford, USA) to conduct peak recognition, peak alignment,
baseline correction, deconvolution, and normalization. A com-
pounds database containing relative molecular mass, molecu-
lar formula, CAS number, and the mol. file of the
compounds, which have been reported in the Aconitum genus,
was established by searching the relative literature and web-
sites (CNKI, ChemSpider, Web of Science, PubMed, SciFin-
der, etc.). Besides, a database of 13 reference substances
including aconitine, 3-deoxyaconitine, benzoylmesaconine,
12-epi-napelline, neoline, benzoylaconine, 3-acetylaconitine,
fuziline, aconine, hypaconitine, mesaconitine, benzoylhypa-
coitine, and yunaconitine, has also been established. Then,
the databases were imported into the UNIFI platform
attached to Waters ACQUITY UPLC® and SYNAPT™
HDMS™ systems for matching of target compounds. The
compounds were firstly identified through reference substances
database, while compounds without controls were referred to
the aforementioned compounds database and published litera-
tures with the following parameters: mass error was within
5 ppm, retention time, accurate m/z, and MS/MS data. A
three-dimensional data matrix containing retention time, exact
mass (m/z), and intensity of peak was obtained. The resultant
data matrices were fed into SIMCA-P 14.1 (Umetrics, Umea,
Sweden) for principal component analysis (PCA), partial
least-squares-discriminant analysis (PLS-DA), and orthogonal
projection to latent structures discriminant analysis (OPLS-
DA).

2.4. DESI-MSI analysis

Raw and processed TBC samples stir-fried with Zanba for dif-
ferent time were sliced into 5 mm cross-sectional thickness. All
the samples were fixed on glass slides for DESI-MSI analysis.
A Waters Synapt XS HDMS Q-TOF mass spectrometer
equipped with a DESI source (Waters Corporation, Milford,
USA) was used for imaging. The DESI parameters were as fol-
lows: positive ionization mode; spray solvent consisting of

90% MeOH, 10% H,0, 0.1% formic acid, and 0.1% leucine
enkephalin (LE) delivered at 2 pl/min; capillary voltage of
3.0 kV; and mass range of 100-1500. High-definition image
(HDI) v1.5 software (Waters Corporation, Milford, MA, Uni-
ted States) was used to visualize images with LE as the lock
mass (m/z 556.2766) for MS resolution.

2.5. HPLC analysis

2.5.1. Sample preparation

About 2.0 g of raw TBC powder was ultrasonically extracted
with 3 mL of ammonia test solution and 50 mL of ethyl
acetate-isopropanol (1:1, v/v) for 30 min. The extraction sol-
vent was used to compensate for the weight lost during extrac-
tion. The filtrate (25 mL) was accurately measured and
evaporated under reduced pressure to dryness at 40 °C. The
residue was dissolved in 3 mL of 0.05 M hydrochloric acid—
methanol solution. The solution was centrifuged at
12000 rpm for 10 min at 4 °C, and the supernatant was used
as the sample solution. In brief, 2 pL of the solution was
injected into UPLC-PDA system for analysis. Aconitine, 3-
deoxyaconitine, and benzoylaconine reference standards were
dissolved in 0.05 M hydrochloric acid—methanol solution to
prepare a stock solution with a concentration of 1 mg/mL.
The stock solution was mixed and diluted with 0.05 M
hydrochloric acid—methanol solution to obtain the mixed ref-
erence solution containing aconitine, 3-deoxyaconitine, and
benzoylaconine with concentrations of 0.56, 0.18, and
0.06 mg/mL, respectively. The mixed reference solution was
stored at 4 °C. Two microliters of the mixed reference solution
were injected into the UPLC-PDA system for detection.

2.5.2. Liquid chromatographic conditions

HPLC analysis was conducted on Waters ACQUITY UPLC®
and systems (Waters Corporation, Milford, USA) equipped
with Binary Solvent Manager, Sample Manager FTN-1, and
PDA el Detector. The column was ACQUITY UPLC BEH
Cig Column (2.1 mm x 50 mm, 1.7 pum). The mobile phase
consisted of 0.2% glacial acetic acid aqueous solution (solvent
A, pH adjusted to 6.5 by adding triethylamine) and acetonitrile
(solvent B) using the following gradient: 21%-29% B for 0—
3 min and 29%-35% B for 3-7 min. The flow rate was kept
at 0.4 mL/min, and the injection volume was 2 pL. The column
temperature was set at 30 °C, and the UV detection wavelength
was set at 235 nm.

2.5.3. Method validation

Linearity, precision, repeatability, stability, and recovery were
studied to validate the quantitative method. Calibration curves
were established by plotting the peak area (y) of aconitine, 3-
deoxyaconitine, and benzoylaconine to their six corresponding
different concentrations (x). Six replicates of the TBC sample
solution were prepared to evaluate repeatability. The mixed
reference solution was run six times to investigate precision.
The sample solution placed at 25 °C was analyzed at 0, 4, 8,
12, 24, and 48 h for stability testing. Recovery was determined
by investigating spiked samples. A known amount of the stan-
dards was added to the sample solution in triplicate, followed
by extraction and analysis based on the established procedures.
Relative standard deviation (RSD) was used to evaluate
method repeatability, precision, stability, and recovery.
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3. Results

3.1. Identification of metabolites accumulated in raw TBC and
processed products

With increasing stir-frying time, the color of TBC and Zanba
gradually darkened (Fig. 2). Toxic and active components of
raw and Zanba stir-fried TBC were observed. A total of 64
compounds were detected in raw TBC and stir-fried samples
for different time points (Table 1, Fig. 3 and Supplementary
Fig. S1), of which 40 compounds, including 36 Cjo-
diterpenoid alkaloids (14 DDAs, 18 MDAs and 4 NDAs),
three C,o-diterpenoid alkaloids, and one other alkaloid were
identified from the raw mass spectrometry data of TBC. Seven
chemical compounds were definitively identified by the corre-
sponding reference substances. Other compounds were puta-
tively identified using Aconitum compounds database,
published literatures, online databases such as SciFinder
(https://scifinder.cas.org/) and by comparing accurate mass
weight, characteristic fragment, cleavage pathway, and reten-
tion time.

Co-diterpenoid alkaloids are the major type components of
TBC, and the fragmentation pathway was investigated previ-
ously (Lei et al., 2021). The neutral losses of H,O
(18.0105 Da), MeOH (32.0263 Da), and AcOH (60.0211 Da)
were characteristic and diagnostic fragments in positive mode.
Compound 39 showed a [M + H]" ion at m/z 646.3227 in the
full-mass spectrum scans (Fig. 4A). A series of characteristic

fragments were identified at m/z 614.2958, 596.2852,
586.3011, 554.2749, and 536.2643, corresponding to
[M + H-MeOH]", [M + H-MeOH-H,O]", [M + H-
AcOH]", [M + H-AcOH-MeOH]" and [M + H-AcOH-
MeOH-H,0] ", respectively, which are assigned to aconitine
by comparing with the reference standard. Compound 32
(Fig. 4B) was identified as 16-epi-pyroaconitine with a precur-
sor ion [M + H]™ at m/z 586.3016 and fragment ions at
568.2901 [M + H-H,O]", 5542747 [M + H-MeOH]",
536.2642 [M + H-MeOH-H,0]", 522.2485 [M + H-
2MeOH] ™", and 504.2380 [M + H-2MeOH-H,O]". Finally,
a total of 36 C,o-diterpenoid alkaloids were tentatively identi-
fied based on comparison with the Aconitum compounds data-
base, published literatures, online databases and reference
substances.

C,o-diterpenoid alkaloids, another major type of con-
stituents of TBC, exhibit satisfactory mass spectrum responses
in positive ion mode. Neutral losses of H,O (18.0105 Da) were
found in the MS spectra. Compound 14 (Fig. 4C) displayed a
[M + H]" ion at m/z 402.2644. Other fragment ions at m/z
384.2531, 324.2321, and 306.2234 were generated from
[M + H-H,0]", [M + H-H,0-AcOH]", and [M + H-
2H,0-AcOH] ™, respectively. Finally, compound 14 was tenta-
tively inferred as lucidusculine by comparing it with a litera-
ture report (Wada et al., 1994). Compound 4 (Fig. 4D) was
regarded as 12-epi-napelline, which comprised a quasi-
molecular ion [M + H]" at m/z 360.2539 and fragment ions
at m/z 342.2429 and 324.2325 for the losses of H,O (Zhang

Fig.2  The original plants of (A) 4. pendulum in their natural habitats and (B) the fresh roots; (C) the original plants of Hordeum vulgare
L. var. nudum Hook. f and (D) powder of the seeds (Zanba); (E) TBC stir-fried with Zanba for different time points and (F) the

corresponding Zanba.
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Table 1 Identification of the major chemical constituents in raw and Zanba stir-fried TBC by UPLC-Q-TOF-MS.
No. tr Molecular [M + H|T MSF fragmentation Identification Mass Ref.
(min) formula Measured error
(m[z) (ppm)
14 2.24 Cy3H37NOg 4242699 406.2587, 388.2479, Senbusine A -0.9 (Yan et al., 2010; Ye et al., 2021)
378.2629, 370.2390,
356.2219
Pt 295 Cy5H4NOg  500.2860 482.2755, 468.2591, Aconine 1.0 (Yang et al., 2014; Qin et al., 2016)
450.2491, 432.2395,
418.2228
34 2.96 CyH3NO; 358.2382 340.2271, 322.2185, Songorine 1.1 (Yan et al., 2010; Yang et al.,
312.1966, 310.1813 2014; Zhang et al., 2012; Sun
et al., 2012)
4Bk 3.05 C,yH33NO3;  360.2539 342.2429, 324.2325 12-epi-napelline 1.9 (Zhang et al., 2006; Dai et al.,
2023)
%A% 399 C,yH3oNOg  438.2856  420.2744, 406.2585, Neoline 2.7 (Yan et al., 2010)
402.2644, 388.2472,
384.2530
(i 4.04 C,sH3oNOg 482.2754 450.2484, 432.2381, 18- —0.8 (Lei et al., 2021)
420.2743, 388.2479, Demethylpubescenine
374.2311
7He 421 CyHuNO, 342.1693  324.1978 Fuzitine 0.6 (Lei et al., 2021; Zhang et al.,
2016; Zhang et al., 2012)
g4 440 C,sH4NOg 484.2910 452.2642, 434.2535, Pseudoaconine 1.7 (Xu et al., 2015)
420.2347, 402.2274,
384.2151
9 444 CysH4NOg  496.2910 478.2769, 464.2644, 8-Acetyl-15-hydroxy- 1.8 (Lei et al., 2021; Sun et al., 2012)
460.2692, 432.2383, neoline
428.2431
10 4.63 Cy,sH3/NO;  476.2648 444.2375, 426.2284, Unknown 1.0 -
412.2123
11 522 Co4yHyyN4,O4 453.3441 435.3332 Unknown 1.1 -
2= 5.58 CysH3oNO;  466.2805 434.2529, 418.2600, 14-O-Acetylsenbusine  —0.1 (Lei et al., 2021)
406.2576, 342.1700, A
327.1465
13# 5.71 CysH4NOg  496.2910 478.2799, 436.2696 ™", 14-0- 0.0 (Lei et al., 2021)
418.2588, 404.2441, Acetyldelectinine
386.2335
14%5 591 C,4H3sNO, 402.2644 384.2531, 324.2321, Lucidusculine 1.0 (Wada et al., 1994)
306.2234
15%4 6.01 CysHyNO;  480.2961 462.2856, 448.2698, 14-Acetylneoline 0.6 (Yang et al., 2014; Yan et al.,
430.2592, 416,2439, 2010)
398.2326
16 7.52 CyoHsoNOy  566.4268 548.4148, 534.5408 Unknown 3.5 -
17 9.52 C;gH33N;05 340.2600 661.5002, 435.3332 Unknown 0.0 -
18 10.27 C;3H34NsOs  340.2560 661.4911 Unknown —0.5 -
19 10.83 CyyHyyN,O4 453.3441 887.6743 Unknown 0.9 -
202 11.07 C;3;H4NOg  556.2910 538.2777, 524.2642, Pyrohypaconitine 0.0 (Xu et al., 2015; Dai et al., 2023;
506.2533, 492.2381, Ren et al., 2023)
474.2263
214 11.22  C;H43NOyy  602.2965 570.2701, 552.2606 N- —0.3 (Lei et al., 2021)
demethylhypaconitine
20%5% 1149 C3pHusNOp  604.3122 586.3013, 572.2854, Benzoylaconine 1.7 (Yan et al., 2010; Yang et al.,
568.2904, 554.2749, 2014)
482.2792
23 12.01 C;,HysNOy  588.3173 570.2870, 556.2939, Unknown -1.2 -
538.2796
24 12.05 C;5H4pNO;;  604.2758 586.2667, 544.2542, Unknown 0.8 -
526.2438, 508.2430
25 12.37 C;3H43NOy  586.3016 568.2906, 554.2750 14-Benzoyl-16- —0.5 (Xu et al., 2015)
ketoneoline
264 12.38 C34Hy7NO;;  646.3227 614.2935, 596.2902, Karaconitine —0.5 (Lei et al., 2021)

586.3001, 568.2902,
536.2634
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Table 1 (continued)

No. tr Molecular M + Ht MSF fragmentation Identification Mass Ref.
(min) formula Measured error
(m[z) (ppm)
274 12.55 C3;H4NOy  572.2860 554.2795, 540.2648, Pyromesaconitine -0.7 (Yan et al., 2010)
522.2487
28 12.57 C3¢Hs5;NO;>, 690.3490 658.3184, 640.3088 Pseudaconitine -0.3 (Rahman et al., 2000)
29%4 12.71 C;,H4sNOoy  588.3173 556.2904, 492.2383, Benzoyldeoxyaconine 2.9 (Yang et al., 2014; Huang et al.,
434.2561, 416.2469, 2015)
402.2273
30* 13.15 C;,H43NO;; 618.2914 600.3190, 586.3007, N- 0.0 (Lei et al., 2021; Zhi et al., 2020)
558.2704, 554.2795 demethylmesacontine
31 13.35 C5H4NO;, 588.2809 570.2701, 528.2632, Palyschistine C 0.5 (Wang et al., 1985)
510.2514
3018 13.47 C;,H43NOg  586.3016 568.2901, 554.2747, 16-epi-pyroaconitine 4.6 (Wang et al., 2010)
536.2642, 522.2485,
504.2380
334 13.52 C34H47NOy,  662.3177 630.2941, 602.2958, Aconifine 0.3 (Yang et al., 2014; Wang et al.,
420.2375 2017)
345 13.73 C;,H43NOg  586.3016 568.2893, 554.2713, Dehydrated —1.5 (Lei et al., 2021)
536.2656 benzoylaconine
35 13.80 C;H43NOg  570.3067 552.2606, 538.2796, Dehydrated 0.4 (Lei et al., 2021)
506.2543 benzoyldeoxyaconine
362 1413 C3HuNOj,  602.2965  542.2746, 526.2780, N- 0.7 (Yang et al., 2014; Tian et al.,
510.2481, 482.2726, deethyldeoxyaconitine 2022)
478.2224
374 14.28 C34Hy4sNO;, 628.3122 596.2834, 568.2893, Anhydroaconitine —1.6 Xu et al., 2015)
536.2656, 504.2379
384 1449 C;,H43NOg  570.3067 538.2800, 506.2539, 16-¢pi- 3.7 (Wang et al., 2010)
474.2277, 416.2448, pyrodeoxyaconitine
384.2177
39%5% 1471 C3yHuNOp,  646.3227  614.2958, 596.2852, Aconitine 0.3 (Yang et al., 2014; Sun et al., 2016)
586.3011, 554.2749,
536.2643
40%4 14.77 C;,H43NOg  570.3067 538.2801, 506.2537, 6-O-benzoyleldelidine  —2.3 (Lei et al., 2021)
416.2457
41%5% 1542 CygHaNO;» 688.3333 656.3081, 628.3124, 3-Acetylaconitine 0.6 (Lei et al., 2021; Ren et al., 2023)
624.2843, 610.3017,
596.2861
42 15.63 C;34H47NOy  614.3329 582.3051, 550.2762, Chasmaconitine 0.0 (Lei et al., 2021)
522.2840, 490.2582,
458.2314
43%5% 1583 CyyHyNOy,  630.3278 598.3009, 580.2900, 3-Deoxyaconitine —0.6 (Xu et al., 2015; Ye et al., 2021)
566.2742, 552.2939,
538.2800
44 17.50 C;3Hs5;NO;; 674.3540 642.3289, 624.3152 Szechenyine 0.3 (Sun et al., 1989)
45 17.78 C39H49NO;; 708.3384 586.3007 Unknown —0.6 -
46 17.92 C;¢H35NO,  274.2746 256.2633, 224.1303 Unknown —-1.8 -
47 19.40 C;gH3oNO, 302.3059 284.2978 Unknown 0.0 -
48 19.56 C;33H4sNO,  520.3427 502.3281, 488.2751 Unknown —4.2 -
49 19.78 Cy43H1N,O  577.1341 559.0853, 545.3298 Unknown 2.1 -
50 19.78 Cs5oH7sNO;3 898.5317 866.5458 Unknown 0.7 -
51 20.01 C5H4sNO,  496.3427 478.3297, 464.2777 Unknown —4.2 -
5% 20.23 Cs5oH75sNO;, 882.5368 864.5238 10-OH-14- 0.6 (Lu et al., 2010)
benzoylaconine-
linoleate
53 20.41 C4H;NgO, 301.1413 149.0236, 184.0731 Unknown 1.7 -
54 20.55 C4HsNgO, 866.5418 628.3145, 586.3007 Unknown —0.1 -
55 20.95 C,y0H4NO,  330.3372 312.3245 Unknown -1.5 -
56 21.55 Cs50H75sNO;; 866.5418 848.5304, 834.5149, 14-Benzoylaconine-8- 0.1 (Zhang et al., 2006)
816.5050, 684.5182, linoleate
522.2492
57 21.67 CsoH;5NO;, 882.5368 866.5458, 586.3007 Unknown —0.1 -
58 2220 CsoH;3NO;, 880.5211 866.5458, 586.3007 Unknown 0.9 -

(continued on next page)
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Table 1 (continued)

No. tr Molecular M + H* MSE fragmentation Identification Mass Ref.
(min) formula Measured error
(m[z) (ppm)
59 24.05 CugH75sNO;; 842.5418 810.5260, 586.3007, Unknown 0.9 -
554.2795
60 2421 Cs50H75sNOjo 850.5469 826.5487, 570.3038 Unknown 0.4 -
61 2472 C;gH3sNO 284.2953 266.2533, 224.1303 Unknown —0.7 -
62 25.55 Cs50H75NO;, 850.5469 818.5196, 570.3063, 3-Deoxyaconine-8- —0.2 (Zhang et al., 2006)
538.2798, 506.2539, linoleate
474.2310
63 25.63 Cs5o0H7;3NO;; 864.5262 846.5110, 832.5063 Unknown 0.2 -
642 26.05 CygH75sNO;, 826.5469 794.5195, 570.3062, 14- —0.1 (Lu et al., 2010)
538.2799, 474.2279, Benzoyldeoxyaconine-

458.2525

8-palmitate

*: The components confirmed by comparison with the reference standards; #: Metabolic markers between raw TBC and stir-fried for 60 min. A:

Metabolic markers between stir-fried for 60 min and 100 min;

Table 2 The contents of three alkaloids of TBC and its Zanba (ZB) stir-fried products.

Samples Content of DDAs (mg/g) Content of MDAs(mg/g) Proportion of MDAs (%) Proportion of DDAs (%)
Aconitine 3-Deoxyaconitine Benzoylaconine
0 min 1.7423 0.5729 0.1979 0.0198 0.2315
ZB 20 min 1.1510 0.3144 0.2347 0.0235 0.1465
ZB 40 min 0.1104 0.0465 0.8829 0.0883 0.0157
ZB 60 min 0.0377 0.0206 0.9258 0.0926 0.0058
ZB 80 min 0.0244 0.0161 1.4342 0.1434 0.0041
ZB 100 min 0.0136 = 1.1180 0.1180 0.0014
ZB 120 min 0.0160 - 1.4208 0.1421 0.0016

et al., 2016). At last, three C,j-diterpenoid alkaloids (com-
pounds 3, 4, 14) were tentatively identified based on compar-
ison with the literature and reference substances.

Compound 7 (Fig. 4E) exhibited a [M + H]" ion at m/z
342.1693, while the characteristic ion fragment of m/z
324.1978 [M + H-H,0]". By comparing the accurate mass
weight, characteristic fragment, and retention time with the
Aconitum compounds database, published literatures, and
online databases (Zhang et al., 2016; Zhang et al., 2012), com-
pound 7 was finally identified as fuzitine, known mostly in the
form of its salts.

3.2. PCA and PLS-DA of raw and processed TBC with different
stir-frying time

PCA and PLS-DA were used to discover chemical variations
in raw and Zanba stir-fried TBC at different processing time.
Based on the PCA score plots (R®X = 0.604 and
Q? = 0.426) (Fig. 5A), all the samples were separated into four
major groups. Raw TBC and Zanba stir-fried TBC for 20 min
were highly different from those stir-fried for more than
40 min. Obvious chemical changes were detected between
raw and 20 min stir-fried TBC group and those processed more
than 40 min. No remarkable variations were found in TBC
stir-fried for 60 and 80 min as well as in groups stir-fried for
more than 100 min. Hence, component transformations tended
to be stable after processing for 60 min. In addition, the PLS-

DA result (R°X = 0.346, R?Y = 0.378, and Q* = 0.32)
(Fig. 5B) showed superior separation among raw TBC and
those stir-fried for different time points. All the samples were
separated into four major clusters, and the samples stir-fried
for a longer time were located closer, indicating good agree-
ment with the PCA model. PCA and PLS-DA results prelimi-
narily concluded that the components of TBC changed
significantly during the first 40 min of stir-frying, but the vari-
ations in TBC components gradually stabilized after 60 min of
stir-frying. The 3D score plots of PCA and PLS-DA for raw
and Zanba stir-fried TBC with different processing times were
shown in Supplementary Fig. S2.

3.3. Quantification of main alkaloids in raw and Zanba stir-fried
TBC

A rapid HPLC quantification was further developed to inves-
tigate changes in the content of major alkaloids (benzoyla-
conine, aconitine, and 3-deoxyaconitine) of raw and Zanba
stir-fried TBC for different times. Linearity, precision, repeata-
bility, stability and recovery tests were studied to validate the
HPLC quantification. Supplementary Table S1 presented
regression equation, correlation coefficients (1), linear ranges
as well as limits of detection (LOD) and limits of quantifica-
tion (LOQ) of three alkaloids. All alkaloids showed good lin-
earities (+° = 1.000) within suitable concentration ranges. The



Dynamic variations in the chemical constituents

0 min
39 43
100% = ! ;
2
iy
5 50% = 56
£ 4950 | &
° 53
s i 45 51
4‘446 48, 15‘2
0% = —L”".‘. r—T—r=—7—7—=r—7 Time(min)
0.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00
2 60 min
100% = i
’ PR
J 1
z 2,3 37
‘% o, : 51
§ 50% 4 14“]5 25,26 40 -
k= : & ‘ %9,/ 6 49! 61
& 4 o2 ‘ T ‘
[ 43 45; 47
. L RJM i, 2
0% T T T | L p— Time(min)
0.00 2.00 4.00 6.00 8.00 10 00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00
100 min
22 32
100% = : 8
J 29
T (|34
iy 37
& {
s 50% = 9
o Il
= | 14,15
B i i
i STy s 46 4749 5355
") a5y
0% v — — — 1“ v ““M 1 Time(min)
0.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 2000 2200 2400 2600 28.00

Fig. 3 Base peak chromatograms of the representative samples (The peaks unambiguously identified have been numbered consistent

with that of Table 1 and Fig. 6).

LODs were in the range of 0.02-0.15 pg/mL, while the LOQs
were in the range of 0.05-0.38 ug/mL. The RSDs of precision,
repeatability, and stability were in the range of 0.02-0.72%,
0.44-1.74%, and 1.37-1.57%, respectively., and the recoveries
of three alkaloids ranged from 98.68% to 100.94% (Supple-
mentary Table S2). All these results indicated that the estab-
lished HPLC method is stable, accurate and feasible.

Table 2 and Supplementary Figs. S3 and S4 showed that
the contents of two DDAs continuously decreased with the
extended processing time and decreased below 0.02% after
40 min of stir-frying. By contrast, benzoylaconine (MDA),
which is considered as one of the active ingredients of TBC,
increased and remained over 0.09% after stir-frying for

60 min. Given the lack of limitations of the contents of DDAs
and MDAs in the current standard of TBC, the present study
referenced the content limitations of Fuzi, another famous and
commonly used Chinese medicine from the same genus (A4. car-
michaelii Debeaux). According to the Chinese Pharmacopeia
(CP) (2020 Edition), the MDA contents should not be less than
0.01% and the DDA contents should not be more than 0.02%.
Herein, the content of MDAs and DDAs of TBC met the
requirements of Fuzi in CP after stir-frying for 40 min and
became stable after 60 min. Based on the PCA, PLS-DA,
and HPLC results, 60 min was found to be the appropriate
Zanba stir-frying time for toxicity attenuation and efficacy
reservation of TBC.
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Fig.4 MS/MS spectra of five representative identified compounds (A, compound 39 aconitine; B, compound 32 16-epi-pyroaconitine; C,
compound 14 lucidusculine; D, compound 4 12-epi-napelling, E, compound 7 fuzitine).
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3.4. Discovery of stir-frying-associated metabolic markers for
the discrimination of raw and processed TBC

To discover the crucial variable constituents of raw TBC and
the processed products, OPLS-DA was employed to investi-
gate the metabolic changes between raw TBC and TBC stir-
fried with Zanba for 60 min. Moreover, 100 min was selected
as another key time point because no obvious changes has
been observed for longer processing time. As shown in
Fig. 6A and C, raw TBC and TBC stir-fried with Zanba for
60 and 100 min were distinctively separated from each other.
The corresponding scatter plot (S-plot) derived from the load-
ing of the OPLS-DA score plot highlighted the variables most
responsible for differences among the groups (Fig. 6B and D).
The good values of R*X, R?Y, and Q? evidently supported
that the OPLS-DA model obtained satisfactory predictive per-
formance and matrix variance explanation ability. Combining
S-plot and the VIP value (VIP greater than 1), a total of 23

(A) PCA and (B) PLS-DA score plots of raw and Zanba stir-fried TBC for different time points.

potential metabolic markers, including aconine, benzoyla-
conine, 16-epi-pyrodeoxyaconitine, 3-deoxyaconitine, and aco-
nitine were detected to discriminate raw TBC and those stir-
fried for 60 min. Meanwhile, 29 metabolites including 16-epi-
pyroaconitine, benzoyldeoxyaconine, and aconifine were used
to differentiate TBC stir-fried for 60 and 100 min. A total of
32 metabolic markers to distinguish raw Tiebangchui and its
processed products stir-fried for different times were detailed
in Table 1 and Fig. 7.

3.5. In situ metabolite profiling of TBC and its processed
products by DESI-MSI

A comprehensive spatial distribution of metabolic markers of
TBC and its processed products under different stir-frying time
with Zanba was analyzed by DESI-MSI under previously
established conditions (Liu et al., 2022). Visualized by DESI-
MSI, most of the metabolic markers were presented, including
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Fig. 6 OPLS-DA score plots and S-plots based on raw and processed TBC stir-fried with Zanba for 60 min (A and B), TBC stir-fried
with Zanba for 60 min and 100 min (C and D).

aconitine (39, m/z 646.3231), 3-deoxyaconitine (43, m/z 4. Discussion
630.3284), benzoylaconine (22, m/z 604.3109), benzoyldeoxya-

conine (29, m/z 588.3051), 16_ER i—.pyrodeoxyaconitine (38’ mjz Like Fuzi (4. carmichaelii Debx.) and Caowu (A. kusnezoffii
570.3069), and 16-epi-pyroaconitine (32, m/z 586.3015) in the Reichb.) from the same genus of Aconitum, TBC is commonly

t%ssu?)s]:f)sfltlll\z ;e,s ted sample(si.m lposgl\fe Ill;_l,Odeé Thedreglgs?ntai used in treatment of fever, arthritis, rheumatic arthralgia and
EVISSI M S-' 1mag?s a}r]e ISP a}l;elhm 1gk. » an ah 1t1(()ing traumatic injury. Toxicity and efficacy are interdependent in
-M5 images ol other metabolic markers are showed I g qye (o jts large amounts of high toxic DDAs, such as aco-

Supplemenlvar'y Figs. 85 and S6. Amp ng W,hwh’ 14-0- nitine, and 3-deoxyaconitine, as well as moderate toxic MDAs,
acetyldelectinine (13, m/z 496.2910), lucidusculine (14, m/z including benzoylaconine, benzoyldeoxyaconine, and 16-epi-

402.2644), and 6.-O-benzoylelde11dme. (,49’ mjz 570'3067? were pyroaconitine. Therefore, the appropriate processing methods
not Qetected owing to the low sen§1t1v1ty. As shown m Fhe for attenuating toxicity and reserving efficacy is an essential
MS images (F1g._ 8)’ the concentrations of DDAS (aconitine prerequisite for the safe use of TBC. Our research group sys-
and 3-deoxyaconitine) gradually decreased with the prolonged temically discussed the changeable rules of the key ester-

%OCC.S SIng ;:)me;. a d?maltm def:rease. was onervedd frforn diterpenoid alkaloids of steaming, water decocting, and
min_ to min, and a lower intensity was detected after sand-frying of TBC. The results showed that the DDAs can

80 min of stir-ffying. By contrast, the level.s of MDAs such be hydrolyzed into MDAs and further hydrolyzed into non-
as benzoylaconine and benzoyldeoxyaconine were hardly toxic NDAs during prolonged steaming, water-decocting, or

dgectgd mn raW.TBC ,(0 min) and the, 1n1t1.al sFage of Zanba sand-frying (Wang et al., 2010). It has been considered as the
s.tlr-frylng (20 min). W.lth prolonged stir-frying time, the 1nt§n- major chemical transformations for toxicity attenuation and
sities of these MDAS '1ncreased gradually from 40 to 60 min, efficacy reservation of TBC. However, composition changes
and showed. obvious inereases after 80, min. DDAs of TBC in the characteristic processing method of Tibetan medicine,
hydrolyzed into MDAs is one of the important reasons for namely, stir-frying with Zanba, have been rarely reported.

the current results. In addition, two MDAs, namely, 16-epi- In this study, UPLC-Q-TOF-MS based metabolomics and

gyrodegxyaco}? itine and . I?ieﬁi-pyroalcomtme, hwere or.lly DESI-MSI visualization together with HPLC quantitative
ctected in the Zanba stir-fried samples, and the intensity method were performed to investigate dynamic changes in

incre'ase('i markedly aftctr 80 min of s'tir-frying, indicat.ing that the chemical constituents of TBC during stir-frying with
the in situ transformation of alkaloids occurred during stir- Zanba. Firstly, UPLC-Q-TOF-MS was applied for identifying

frying. The results showed good agreement with the UPLC- the toxic and active components in raw TBC and Zanba
Q-TOF-MS and HPLC data.



Dynamic variations in the chemical constituents 13

RS OMe

& ---2--OH
e\ &
R2 oH R

53

MeO R
1R'=0H,R?=H,R®=0H,R*=H,R%=H 3 4 5R'= OMe, R2= OMe, R®=H, R*= OH, R®= OH
2 R'= OMe, R?= OH, R®= OMe, R*= OH, R®= OH 6 R'= OH, R?= OH, R3= OH, R* = OMe, R® = OAc

Ef ey
R2MC ,
MeO CI)Me

=0OMe, R?=0H, R®=0H, R*=H, R°=OH 12R"'=OH, R?= OMe, R®*= OH, R*=H
=0OH, R?=H, R®=0Ac, R*=0H, R°=H 13 R'=OMe, R?= OH, R®= OMe, R*= OH

21R'=H, R?=H, R®= OAc
22R'=Et, R?=0H, R®=OH

29 R'=Et,R2=H, R®= OH 33
30R"'=H, R2= OH, R®= OAc

MeO (I)Me
52 R' = OH, R? = Olinoleoyl, R®= OH
64 R'=H, R? = Opalmityl, R®= H

Fig. 7 Chemical structures of metabolic markers of raw and Zanba stir-fried TBC processed for different times.

stir-fried products with different processing time. As a result, a pyroaconitine etc., were identified in raw and processed
total of 64 metabolites have been detected, and 40 of them TBC. It has been reported that both of Fuzi and Caowu are
have been identified. Among these metabolites, 39 diterpene abundant with aconitine, mesaconitine, hypaconitine in raw

alkaloids including aconitine, benzoylaconine, and 16-epi- medicinal materials, and benzoylaconine, benzoylmesaconine,
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and benzoylhypacoitine etc., in their corresponding heated
processing products. Unlike Fuzi and Caowu, the present
results indicated that aconitine, 3-deoxyaconitine, benzoyla-
conine, 16-epi-pyroaconitine and other hydrolyzed products
are the major alkaloids of raw and Zanba stir-fried TBC, while
mesaconitine, hypaconitine are hardly to be detected although
all three medicines are originated from the same genus Aconi-
tum. Therefore, aconitine, 3-deoxyaconitine, and benzoyla-
conine of TBC were selected as the indicators to evaluate the
toxicity attenuation and efficacy reservation effect of Zanba
stir-frying.

PCA and PLS-DA comprehensively unveiled the differ-
ences in raw and Zanba stir-fried TBC with different process-
ing times, and the samples were separated into four major
groups. Combining the HPLC quantitative results, 60 min
was selected as the suitable stir-frying time for toxicity attenu-
ation and efficacy reservation of TBC, and three processing
stages were defined: (1) stir-frying with Zanba for 20-40 min
belonged to inadequate processing stage and the high toxic
DDAs were still on relatively high-level; (2) stir-frying with
Zanba for 60 min belonged to moderate processing stage,
and the contents of DDAs and MDAs met the content limita-
tions referenced of Fuzi in CP (2020 Edition); (3) stir-frying
with Zanba for 80-100 min belonged to over processing stage,

m/z 588.3051

Min (0) Max (02)

Fig. 8 DESI-MS images of six major metabolic markers in raw and processed TBC stir-fried for different times.

and the contents of both DDAs and MDAs were insufficient.
This result was in good accordance with the optimized process-
ing technology by our research group, and gave further proof
that 60 min is the appropriate processing time.

Additionally, DESI-MSI was successfully utilized to visual-
ize the variation characteristics of metabolic markers between
raw and Zanba stir-fired TBC with different processing time.
DESI-MSI results clearly presented the crucial variable con-
stituents and their variation characteristics in a visual way,
which are also consist with HPLC and UPLC-Q-TOF-MS
results. Therefore, this integrated strategy not only reveal the
possible chemical transition characteristics of TBC processed
with Zanba with prolonged time, but also provide an efficient
quality evaluation and control method for the safe use of TBC.

The chemical mechanism for the transformation of toxic
and effective components was proposed in the present study.
Previous studies demonstrated that transformations from
high-toxic DDAs into moderate-toxic MDAs and then into
non-toxic NDAs by hydrolysis, pyrolysis, esterification, and
transesterification were effective chemical transformations in
attenuating toxicity of Aconitum medicines (Wang et al.,
2010; Liu et al., 2022; He et al., 2022; Qiu et al., 2021). The
transformation from DDAs to MDAs was also the predomi-
nant pathway illustrated in this study. The ester bond at Cg
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Fig. 9 Proposed mechanism for the transformation of ester type alkaloids in TBC during stir-fried with Zanba.

position of aconitine was firstly cleaved and transformed into
benzoylaconine through hydrolysis reaction, then dehydrated
into the enol form IM I. The keto-enol tautomerism could
easily happen at this stage, hence the hydroxy group at Cjs
position of IM I was tautomerized into carbonyl group and
deliver pyroaconitine through pyrolysis, further into 16-epi-
pyroaconitine (Fig. 9 Path A). 3-Deoxyaconitine showed the
same hydrolysis and pyrolysis processes (Fig. 9 Path B). After
these two major stages, the effects of toxicity attenuation and
efficacy reservation were achieved (Wang, et al., 2021). The
alkaloid transformations were in accordance with the previous
reports (Qiu et al., 2021; He et al., 2022).

5. Conclusions

In this study, UPLC-Q-TOF-MS based metabolomics and DESI-MSI
visualization coupled with HPLC quantitative analysis were developed
for characterizing chemical variations in raw TBC and its Zanba stir-
fried products with different processing time. Dynamic changes in
alkaloids were clearly observed, and 60 min of stir-frying was consid-
ered as appropriate time point for toxicity attenuation and efficacy
reservation of TBC based on the results of multivariate statistical anal-
ysis, HPLC quantification, and DESI-MSI. A total of 32 metabolic
markers were detected to discriminate raw TBC and those stir-fried
for different time. The results revealed two major chemical transforma-
tions, including hydrolysis and pyrolysis of DDAs into MDAs in TBC
are the key detoxication pathways during Zanba stir-frying. The com-
prehensive analysis developed in this study is an efficient strategy for

the processing procedure monitoring and safe control of TBC. The
wide application of the proposed method could help unveil the pro-
cessing mechanism of Aconitum medicines and other toxic traditional
Chinese medicines.
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