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[ABSTRACT] Compound Shenhua Tablet, a medicine comprising seven herbs, is employed in treating IgA nephropathy. This study
aimed to meticulously analyze its chemical composition. Based on a list of candidate compounds, identified through extensive literat-
ure review pertinent to the tablet’s herbal components, the composition analysis entailed the systematic identification, characterization,
and quantification of the constituents. The analyte-capacity of LC/ESI-MS-based and GC/EI-MS-based assays was evaluated. The
identified and characterized constituents were quantified to determine their content levels and were ranked based on the constituents’
daily doses. A total of 283 constituents, classified into 12 distinct categories, were identified and characterized in the Compound Shen-
hua Tablet. These constituents exhibited content levels of 1-10 982 pg-g ', with daily doses of 0.01-395 pumol-d"". The predominant
constituents, with daily doses of > 10 umol-d ", include nine organic acids (citric acid, quinic acid, chlorogenic acid, cryptochlorogen-
ic acid, gallic acid, neochlorogenic acid, isochlorogenic acid C, isochlorogenic acid B, and linoleic acid), five iridoids (specnuezhenide,
nuezhenoside G13, nuezhenidic acid, secoxyloganin, and secologanoside), two monoterpene glycosides (paeoniflorin and albiflorin), a
sesquiterpenoid (curzerenone), a triterpenoid (oleanolic acid), and a phenylethanoid (salidroside). Additionally, there were 83, 126, and
55 constituents detected in the medicine with daily doses of 1-10, 0.1-1, and 0.01-0.1 pmol-d "', respectively. The combination of the
LC/ESI-MS-based and GC/EI-MS-based assays demonstrated a complementary relationship in their analyte-capacity for detecting the
constituents present in the medicine. This comprehensive composition analysis establishes a solid foundation for further pharmacolo-
gical research on Compound Shenhua Tablet and facilitates the quality evaluation of this complex herbal medicine.
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cines are typically prepared from multi-herb combinations,
leading to intricate chemical compositions. The identification
of pharmacologically active constituents within these mix-
tures is crucial for guiding their therapeutic use in clinical set-
tings. However, pinpointing specific compounds for phar-
macodynamic studies from such complex herbal mixtures
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presents a significant challenge in the identification process.
To address this challenge, researchers have developed a multi-
compound pharmacokinetic methodology "', This methodo-
logy is designed to identify bioavailable compounds, in both
unchanged and metabolized forms, at targeted action sites
post-administration. It examines their exposure levels, dispos-
ition, and pharmacokinetic profiles, which are essential for
understanding their pharmacodynamic effects. Comprehens-
ive and precise composition analysis of herbal medicine is
crucial to ensure that the multi-compound pharmacokinetic
investigation complies with the principle of “precision-
without-omission” ¥, This principle involves identifying the
potentially important compounds and accurately characteriz-
ing their disposition and pharmacokinetics, ensuring that no
such compound is overlooked. Furthermore, a thorough un-
derstanding of the chemical composition of herbal medicine
is essential for developing a multi-analyte assay that can be
used for the quality evaluation of the medicine . This pro-
cess is important for selecting marker constituents and min-
imizing interference from co-eluting non-target constituents
during marker measurements. Additionally, the comparative
analysis of composition profiles serves as an effective meth-
od for authenticating herbal materials and distinguishing
between closely related herb species, such as differentiating
Panax ginseng roots and P. notoginseng roots based on their
saponin constituents *7'. For a comprehensive understanding
of the chemical composition of a complex herbal medicine,
high “analyte-capacity” is an essential performance character-
istic of the assay . Analyte-capacity refers to the ability of
the assay to detect a broad spectrum of analytes and their
classes, and to effectively resolve these from coexisting com-
pounds in the sample using MS or chromatography in a single
analytical run.

Immunoglobulin A nephropathy (IgAN) is the most pre-
valent form of primary glomerulonephritis, characterized by
an autoimmune response . This condition often progresses
to end-stage renal disease in 30%—40% of patients within
20—-30 years after diagnosis. Currently, there are no therapies
designed specifically for IgAN, with clinical management
primarily focusing on controlling blood pressure and pre-
serving renal function. In this context, Compound Shenhua
Tablet, a traditional Chinese herbal medicine, has gained at-
tention for its application in managing IgAN. This medicine
is formulated from a combination of seven herbs: Astragalus
membranaceous roots (Huangqi in Chinese; Astragali Radix),
Ligustrum lucidum fruits (Nvzhenzi; Ligustri Lucidi Fructus),
Curcuma phaeocaulis thizomes (Ezhu; Curcumae Rhizoma),
Atractylodes macrocephala rthizomes (Baizhu; Atractylodis
Macrocephalae Rhizoma), Paeonia lactiflora roots (Baishao;
Paeconiae Radix Alba), Sparganium stoloniferum rhizomes
(Sanleng; Sparganii Rhizoma), and Lonicera japonica flower
buds (Jinyinhua; Lonicerae Japonicae Flos). The efficacy of
Compound Shenhua Tablet was evaluated in a double-blind,
randomized controlled clinical trial involving 131 IgAN pa-
tients. The trial, conducted over 12 weeks, demonstrated a

®

significant decrease in proteinuria (P < 0.01) and a low incid-
ence of adverse reactions . Furthermore, pharmacological
studies have indicated that the herbal medicine demonstrates
efficacy in mitigating renal ischemia-reperfusion injury and
inhibiting the proliferation of mesangial cells in rats with
chronic anti-Thy-1 nephritis "', The purpose of this invest-
igation was to analyze the composition of Compound Shen-
hua Tablet. The analyte-capacity of the assays was evaluated
to ensure an accurate and comprehensive composition analys-
is, which serves as the basis for subsequent pharmacological
studies on the medicine and contributes to the evaluation of
its quality.

Materials and Methods

Establishment of herb libraries for the composition analysis
of Compound Shenhua Tablet

Herb libraries were established or updated by using liter-
ature-mined information for the component herbs of Com-
pound Shenhua Tablet. These libraries comprise extensive
lists of constituents, featuring their names, chemical abstracts
service (CAS) numbers, structural details, molecular formu-
las, accurate molecular masses, electrospray ionization pro-
files, collision-induced fragmentation profiles, and the avail-
ability of reference compounds. To facilitate the construction
of the libraries, we conducted literature mining, which in-
volved the retrieval, extraction, and review of information.
This process aimed to achieve three key objectives:
(1) compiling a comprehensive list of all known constituents
present in the herbs used to prepare the medicine; (ii) identi-
fying potential chemical transformations that may occur dur-
ing the manufacturing process of the medicine; (iii) explor-
ing the pharmacological activities and effects of the com-
pounds directly related to the medicine, including any poten-
tial toxic effects. To this end, research and review articles
were sourced from the Embase, Scifinder, and China Nation-
al Knowledge Infrastructure databases, encompassing all
available publications up to March 2023. The search strategy
employed specific terms related to the constituent herbs of
Compound Shenhua Tablet. For type-(i) information, “Astr-
agalus membranaceus”, “Huangqi”, “Ligustrum lucidum”,
“Nvzhenzi”, “Curcuma phaeocaulis”, “Ezhu”, “Atractylodes
macrocephala”, “Baizhu”, “Paeonia lactiflora”, “Baishao”,
“Sparganium stoloniferum”, “Sanleng”, “Lonicera japonica”,
“Jinyinhua”, “Compound Shenhua Tablet”, and “Shenhua Pi-
an” combined with “constituent”, “chemical composition”,
“chemical component”, and “chemical ingredient” were util-
ized. For type-(ii) information, combinations of the names of
the component herbs with terms like “conversion”, “chang-
es”, and “instability” were employed. For type-(iii) informa-
tion, “Compound Shenhua Tablet”, “Shenhua Pian”, and the
names of constituents of the medicine were used in conjunc-
tion with “immunoglobulin A nephropathy”, “IgAN”, “pro-
teinuria”, “renal function”, “anti-inflammation”, “anti-prolif-
eration”, and “mitigation of renal injury”. Furthermore, we
conducted a thorough screening of the reference lists in key
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articles to identify any additional relevant articles for inform-
ation extraction. To ensure the accuracy and reliability of the
information extracted, four authors independently reviewed
the titles and abstracts of the retrieved articles for relevance.
The screening results were then cross-verified by another au-
thor. The relevant information from each article was inde-
pendently extracted by the authors, with a final verification
step by two authors to confirm the precision and correctness
of the extracted information.
Compound Shenhua Tablet, herb materials, and chemicals

Compound Shenhua Tablet [Nanjing Suzhong Pharmacy
Research (Nanjing, China)], is standardized to contain a min-
imum of 0.13 mg of astragaloside IV from Huangqi (d4s-
tragalus membranaceus roots), 3.0 mg of nuezhenide from
Nvzhenzi (Ligustrum lucidum fruits), and 1.5 mg of paeoni-
florin from Baishao (Paeonia lactiflora roots). For this study,
samples from six distinct batches of compound Shenhua Tab-
let were obtained. Additionally, samples of the individual
component herbs used in the formulation were collected, in-
cluding Huangqi, Nvzhenzi, Ezhu (Curcuma phaeocaulis
rhizomes), Baizhu (Atractylodes macrocephala rhizomes),
Baishao, Sanleng (Sparganium stoloniferum rhizomes), and
Jinyinhua (Lonicera japonica flower buds). Essential oil
samples from Baizhu and Ezhu, all sourced from Nanjing Su-
zhong Pharmacy Research, were also included in the study.

Reference standards for the compounds reported for the
component herbs of Compound Shenhua Tablet were ob-
tained from Shanghai Standard Technology (Shanghai,
China), Chroma-Biotechnology (Chengdu, China), Alfa Bio-
technology (Chengdu, China), Yuanye Biotechnology
(Shanghai, China), and Biopurify Phytochemicals (Chengdu,
China) (Table S1); their purity was > 98%. High-perform-
ance liquid chromatography (HPLC)-grade methanol, formic
acid, and dimethyl sulfoxide were obtained from Sigma-Ald-
rich (St. Louis, MO, USA). HPLC-grade water was prepared
in-house using a Millipore Milli-Q Integral 3 cabinet water
purifying system (Bedford, MA, USA).
Conditions and sample preparation for liquid chromato-
graphy/mass spectrometry-based composition analysis of
Compound Shenhua Tablet

To analyze the nonvolatile polar constituents in Com-
pound Shenhua Tablet, we employed a Waters Synapt G2
high-definition time-of-flight mass spectrometer (Manche-
ster, UK), interfaced with a Waters Acquity ultraperform-
ance liquid chromatography (UPLC) separation module (Mil-
ford, MA, USA) via a LockSpray electrospray ionization
(ESI) source. This mass spectrometer setup was selected
based on literature-mined data, compiled in the herb libraries’
compound lists. Before composition analysis, 100 mg
samples of pulverized compound Shenhua Tablet and each
component herb were subjected to ultrasound-assisted extrac-
tion three times using 6 mL of 50% methanol for 30 min. Fol-
lowing centrifugation, the supernatants from each sample
were combined and made up to 25 mL with 50% methanol.
These solutions were further diluted at 1-, 10-, and 100-fold

®

with 50% methanol for composition analysis.

Liquid chromatographic (LC) separation was achieved
on a Waters Acquity HSS T3 column (100 mm % 2.1 mm i.d.,
1.7 pm; Dublin, Ireland) with a mobile phase, consisting of
solvents A (water/methanol, 99 : 1, V/V; containing 20
mmol-L™" formic acid) and B (water/methanol, 1 : 99, V/V;
containing 20 mmol-L™" formic acid). The mobile phase was
delivered at 0.3 mL-min"', using a 42-min gradient program
that consisted of 0—2 min at 2% solvent B (gradient curve, 6),
2—-32 min from 2% to 98% solvent B (6), 32—37 min at 98%
solvent B (6), and 3742 min at 2% solvent B (1). The ESI
source functioned in the positive (capillary, 3.0 kV) and neg-
ative ion modes (2.5 kV) at 120 °C, with the sampling cone
at 40 V (positive mode) and —25 V (negative mode) and the
extraction cone at 4.0 V. The mass spectrometer, operated in
sensitivity mode, achieved a resolution > 10 000 and was ex-
ternally calibrated using sodium formate (5 mmol-L™"; 10
pL-min"") over an m/z range of 50—1500. Mass shifts during
acquisition were corrected with leucine encephalin (m/z
554.2615 in the negative ion mode, m/z 556.2771 in the posit-
ive ion mode). MS® data acquisition (in centroid; m/z
50—1500) was achieved using low collision energy (trap colli-
sion energy, 4 V; transfer collision energy, off) and high col-
lision energy (ramp trap collision energy, 30—50 V; ramp
transfer collision energy, off) with a scan time of 0.3 s. MS®
data acquisition time was set over a retention time range of
0.5-40 min. For LC/ESI-MS-based composition analysis,
peak intensity thresholds were set at > 500 counts for low en-
ergy and > 100 counts for high energy, with a mass accuracy
tolerance for elemental composition analysis ranging from
—10—10 ppm. To identify the constituents of Compound
Shenhua Tablet, we subtracted the chromatograms obtained
by ESI-MS from those of a 50% methanol blank, prepared
and analyzed under the same conditions but without the addi-
tion of pulverized medicine.

We characterized constituents with established names/
structures and available reference standards by comparing
their chromatographic retention times, accurate molecular
masses, ionization profiles, and fragmentation profiles against
those of the standards. For constituents with known names/
structures but without reference standards, characterization
was based on literature-mined data, which included the chro-
matographic elution orders and MS-associated ionization and
fragmentation data of previously characterized type A con-
stituents.

Conditions and sample preparation for gas chromato-
graphy/mass spectrometry-based composition analysis of
Compound Shenhua Tablet

For the volatile nonpolar constituent analysis of Com-
pound Shenhua Tablet, specifically those originating from
Ezhu and Baizhu, we employed a Trace GC Ultra Gas Chro-
matograph with a programmable temperature vaporizer in-
jector (Thermo Fisher Scientific, Milan, Italy). This system
was coupled to an electron ionization (EI)-based Trace DSQ
1I single quadrupole mass spectrometer (Thermo Fisher Sci-
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entific, Austin, TX, USA). In preparation for the composi-
tion analysis, 100 mg of each pulverized medicine sample
was initially mixed with 1 mL of water. This mixture was
then subjected to ultrasonic-assisted extraction three times,
each with 3 mL of n-hexane. Following centrifugation, the
supernatants from these extractions were combined and made
up to 10 mL with n-hexane. For some compounds, 10- or 100-
fold dilutions were prepared in n-hexane for subsequent ana-
lysis.

Gas chromatographic (GC) separation was conducted on
a TR-5MS capillary column (30 m x 0.25 mm i.d., 0.25 pm
film thickness; Thermo Fischer Scientific, Cheshire, UK).
Helium gas, with a purity of 99.999%, served as the carrier,
flowing at a rate of 1.5 mL-min . The GC temperature pro-
gram spanned 42 min, starting with an initial 2 min at 60 °C,
2-37 min from 60 to 165 °C (3 °C-min""), 37-40 min from
165 to 240 °C (25 °C-min”"), and 40—42 min at 240 °C. The
mass spectrometer was operated in electron impact mode at
70 eV. The temperatures of the transfer line and ion source
were both set at 250 °C. The chromatograms of the medicine
detected by El-mass spectrometry (EI-MS) were subtracted
by that of an n-hexane blank to identify the peaks of volatile
constituents of the medicine. The n-hexane blank sample was
prepared and analyzed under conditions similar to those for
the medicine samples, except that no pulverized medicine
sample was added. Additionally, for the analysis of the medi-
cine’s volatile nonpolar constituents, diluted essential oil
samples from Ezhu and Baizhu (1000-fold dilution with n-
hexane) were also examined as reference samples.

Constituents with known names/structures and available
reference standards were characterized by comparing them to
their respective standards. This involved evaluating their
chromatographic retention time and electron ionization pro-
file. For those constituents known by name/structure but lack-
ing reference standards, characterization involved matching
their EI mass spectra with those in the MS database provided
by the National Institute of Standards and Technology (NIST;
Gaithersburg, MD, USA).
Simulated compound conversion studies

To elucidate the variations in isoflavonoid profiles
between Compound Shenhua Tablet and its constituent herb,
Huangqi (Astragalus membranaceus roots), we conducted a
simulated compound conversion study, in which pulverized
herb (30 g) was subjected to reflux extraction using 60% eth-
anol (300 mL) at 90 °C for 24 h. Post-extraction, three dis-
tinct samples were prepared for comparative analysis: the ori-
ginal pulverized Huanggqi herb, its 60% ethanol extract, and
the Compound Shenhua Tablet. These samples were sub-
sequently analyzed for their isoflavonoid content using liquid
chromatography coupled with LC/ESI-MS.
Data processing

To ensure the adequacy of analyte-capacity for the com-
prehensive composition analysis of Compound Shenhua Tab-
let, we employed a detailed data processing strategy. This
strategy involved in silico calculations of molecular

descriptors for all compounds identified in the candidate
compound lists. These lists not only included compounds re-
ported in the component herbs of the medicine but also those
potentially chemically converted during the medicine’s man-
ufacturing process. Key molecular descriptors critical to the
effectiveness of various analytical stages were calculated.
These descriptors included molecular mass (MW), distribu-
tion coefficient (Log D) at pH 7, aqueous solubility (Log S) at
pH 7, the sum of hydrogen bond donors and hydrogen bond
acceptors (HBD + HBA), dissociation constant (pK,), and
boiling point (BP). These parameters play a pivotal role in
determining the efficiency of analyte recovery during sample
preparation, chromatographic retention and separation, and
detection and resolution by MS. For this purpose, the
ACD/Percepta software (ACD/Labs 2012 release; Toronto,
ON, Canada) was employed. The retrospective assessment of
the LC/ESI-MS-based assay’s analyte-capacity involved ex-
amining compounds detected in assays of other herbal medi-
cines, including those that underwent chemical transforma-
tions during their manufacturing " '*'¥. This analysis also
incorporated the constituents and chemically converted com-
pounds identified in Compound Shenhua Tablet. Similarly,
the GC/EI-MS-based assay’s analyte-capacity was evaluated
based on the constituents detected in Compound Shenhua
Tablet. The critical stage of this process was the comparative
analysis of “assay analyte-capacity” and “required analyte-ca-
pacity” datasets. This comparison was crucial to confirm whe-
ther the combined LC/ESI-MS and GC/EI-MS assays pro-
vided an analyte-capacity sufficient for a thorough composi-
tion analysis of Compound Shenhua Tablet.

Each detected and characterized constituent is assigned a
unique three-digit ID number, displayed in bold, which en-
codes crucial information about its source and classification.
Source herb: The first digit of the ID reflects the specific
component herb from which the constituent is derived. The
numbering scheme is as follows: ‘1°, ‘2°, ‘3 and 4°, ‘5’, “6’,
‘7’, and ‘8’ represent Huangqi, Nvzhenzi, Ezhu, Baizhu, Bai-
shao, Sanleng, and Jinyinhua, respectively. Compound class:
the second and third digits in the ID number categorize the
compound into its respective classes: 01-49, 51- 79, and
81-99 are designated for terpenoids, phenols and organic
acids, and other compound classes, respectively.

In the composition analysis of Compound Shenhua Tab-
let, information regarding both the content level and associ-
ated daily dose of identified constituents was provided. The
constituent daily dose was calculated by multiplying the con-
tent level of each constituent by the recommended daily in-
take of the medicine (15 tablets-d™"). This metric is particu-
larly advantageous for comparative analysis across various
herbal medicines, especially those containing identical con-
stituents. Its significance lies in its immunity to variations in
formulation excipients and dosage regimens that are often
different across medicinal products. Furthermore, the con-
stituent daily dose plays a significant role in determining the
systemic exposure levels of constituents upon administering
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the medicine. This exposure encompasses both the un-
changed and metabolically altered forms of these constitu-
ents. In this analysis, all detected and characterized constitu-
ents within Compound Shenhua Tablet were ranked based on
their constituent daily doses in a descending order and graded
into 100-1000, 10-100, 1-10, and 0.01-1 pmol-d™". Constitu-
ents with a daily dose < 0.01 umol-d™" were excluded from
subsequent analysis. This decision was made based on the un-
derstanding that such compounds are unlikely to achieve
pharmacologically significant exposure in the body, wheth-
er in their original form or as metabolites, post-administra-

tion 31,

Results

Literature-mined information facilitating composition analys-
is of Compound Shenhua Tablet

The composition analysis of Compound Shenhua Tablet
was significantly enhanced by literature reviews focusing on
the chemical constituents of its component herbs. Below is a
summary of the insights gained from these reviews: Huangqi:
reviews by CHU et al., SU et al., and CHANG et al. detailed
the chemical constituents present in Astragalus mem-
branaceus var. mongholicus roots and A. membranaceus
1921 leading to the identification of 159 candidate
compounds across three classes for Huangqi. Nvzhenzi: com-
prehensive analyses by LI et al., SHANG et al., and CAO et

al. provided insights into the constituents of Ligustrum lu-
[22-24]

roots

cidum fruits , resulting in a list of 146 candidate com-
pounds spanning six classes for Nvzhenzi. Ezhu: research by
CHANG et al., LI et al., and WU et al. covered Curcuma
phaeocaulis thizomes, C. Kwangsiensis rhizomes, and C.
327 identifying 190 candidate com-

pounds across five classes for Ezhu. Baizhu: ZHU ef al. and

wenyujin rhizomes

YANG et al. focused on Atractylodes macrocephala

. 28,29
rthizomes %%

, compiling a list of 96 candidate compounds in
seven classes for Baizhu. Baishao: investigations by WU et
al. and YANG et al. into Paeonia lactilora roots ***" led to
the identification of 120 candidate compounds across five
classes for Baishao. Sanleng: studies by JIA et al. and LU et

B2 31 result-

al. explored Sparganium stoloniferum rhizomes
ing in 83 candidate compounds in eight classes for Sanleng.
Jinyinhua: reviews by LI et al., ZHENG et al., and PAN et al.
highlighted the constituents of Lonicera japonica flower
buds P**%, culminating in a list of 183 candidate compounds
across five classes for Jinyinhua. After literature mining,
terpenoids, phenols, and organic acids were identified as im-
portant constituents for Compound Shenhua Tablet due to
their pharmacological or toxicological activities. This pro-
cess led to the creation of targeted candidate compound lists
for each of the seven herbs, facilitating a comprehensive
composition analysis of the medicine.
Analyte-capacity of LC/MS-based and GC/MS-based assays
for composition analysis of Compound Shenhua Tablet

The analyte-capacity required for the composition ana-

lysis of Compound Shenhua Tablet is depicted in Fig. 1A, de-
tailed the molecular descriptors, MW, Log Dyy7, Log Sy,
HBD + HBA, pK,, and BP. These parameters were calcu-
lated for all compounds listed as potential constituents in the
candidate compound lists of the medicine’s component herbs.
Meanwhile, the retrospective assessment of the analyte-capa-
city of the LC/ESI-MS-based assay was conducted using data
from constituents previously detected in other herbal medi-
cines and those identified in Compound Shenhua Tablet.

The LC/ESI-MS-based assay’s analyte-capacity was ret-
rospectively evaluated with constituents previously detected
and characterized in other herbal medicines (Fig. 1B), as well
as those in Compound Shenhua Tablet (Fig. 1C). This evalu-
ation facilitated a comparison between the analyte-capacity
required and that provided by the assay. This comparison re-
vealed certain limitations in the LC/ESI-MS-based assay, par-
ticularly in detecting compounds with a Log S,7 value less
than —6, an HBD + HBA value ranging from 0 to 1, or a BP
lower than 300 °C. Conversely, as shown in Fig. 1D, the
GC/EI-MS-based assay could be a complement to the LC/ESI-
MS-based assay for detecting compounds that were challen-
ging for LC/ESI-MS, especially those with a Log Spy; of
—8.5—=6, an HBD + HBA of 0—1, or BP of 150-300 “C. Ad-
ditionally, the GC/EI-MS-based assay enhanced the detec-
tion of compounds with a MW < 220 Da or Log Dy; of
4.0—6.5 or without pK,. The data revealed a positive correla-
tion between MW and HBD + HBA and BP. The detected
constituents with MW < 220 Da normally had no HBD and
0—2 HBA, and these compounds generally exhibited a BP of
<300 C. Fig. 1 also elucidates the the overlapping detection
capabilities of the LC/ESI-MS-based and GC/EI-MS-based
assays in the comprehensive composition analysis of Com-
pound Shenhua Tablet.

Constituents originating from Huangqi (Astragalus mem-
branaceus roots) in Compound Shenhua Tablet

The analysis of Compound Shenhua Tablet via LC/ESI-
MS identified 24 constituents (daily dose > 0.01 pmol-d™")
originating from Huangqi, i.e., ten cycloartane triterpene
saponins (101-110), 13 isoflavonoids (151-163; comprising
four aglycones with their respective glycosides), and an or-
ganic acid (171, citric acid) (Table S2 and Fig. 2A). Gener-
ally, the saponins predominantly ionized as sodiated mo-
lecules ([M + Na]") in the positive ion mode (used for colli-
sion-induced dissociation), and, to a less extent, as formate
adducts ([M + HCOOQ]) in the negative ion mode. The triter-
pene saponins generated characteristic fragment ions includ-
ing the aglycone residues at m/z 473.3631 and ions of its de-
hydrated species at m/z 455.3525, 437.3420, and 419.3314.
The isoflavonoids predominantly ionized as [M + Na]" and,
in some cases, as protonated molecules ((M + H]") in the pos-
itive ion mode (used for collision-induced dissociation) and
as formate adducts ([M + HCOOY] ) in the negative ion mode.
They displayed characteristic fragment ions such as aglycone
residues at m/z 285.0763, 269.0841, and 303.1269, along with
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Fig. 1 Comparison of the analyte-capacity required for composition analysis of Compound Shenhua Tablet with that of the

LC/ESI-MS-based and the GC/EI-MS-based assays. (A) The required analyte-capacity was evaluated with all compounds in the
candidate compound lists of the medicine’s component herbs. (B) LC/ESI-MS-based assay’s analyte-capacity was retrospectively
evaluated with compounds previously detected in other herbal medicines. (C) LC/ESI-MS-based assay’s analyte-capacity was
evaluated with constituents detected in Compound Shenhua Tablet. (D) GC/EI-MS-based assay’s analyte-capacity was evaluated
with constituents detected in Compound Shenhua Tablet. MW, molecular mass; Log D, distribution coefficient; Log S, aqueous
solubility; HBD + HBA, hydrogen bond donors plus hydrogen bond acceptors; pK,, dissociation constant; and BP, boiling point.

losses of CH3;, CH30H, and/or CO. Citric acid ionized as
[M + Na]™ and deprotonated molecules ((M — H]  in the pos-
itive and negative ion mode, respectively. Astragaloside I
(101), astragaloside II (102), isoastragaloside I (103), calyc-
osin-7-0-f-D-glucoside (151), calycosin (152), formononet-
in (153), isomucronulatol-7-O-B-D-glucoside (154),
methylnissolin-3-O-$-D-glucoside (155) were the major con-
stituents originating from Huangqi, each with a daily dose of
1-10 pmol-d™" in Compound Shenhua Tablet. Their respect-

and

ive content levels in the medicine are also shown in Table S2
and Fig. 3A. Citric acid, with a constituent daily dose of 395
pmol-d™" in Compound Shenhua Tablet, was found to origin-
ate not only from Huangqi but also from the other six com-
ponent herbs. Fig. 4 shows the chemical structures of these
compounds. Significant differences in the compound profile
were observed for several isoflavonoids, i.e., calycosin-7-O-f-
D-glucoside-6"-O-malonate, isomucronulatol-7-O-f-D-gluc-
methylnissolin-3-O-4-D-glucoside-6"-
O-malonate, and formononetin-7-O-f-D-glucoside-6"-O-mal-

oside-6"-O-malonate,

onate, significantly present in A. membranaceus var. mong-
holicus roots, but limitedly in the medicine (Fig. 5). In 60%
ethanol, these isoflavonoids could be converted, at 90 °C in a
time-dependent manner, into 151, 154, 155, and 158, respect-

®

ively; these findings were consistent with those by LIU et al.
who reported conversion of formononetin-7-O-f-D-glucoside-
6"-O-malonate into 158 ®”. Although astragaloside IV (105)
is a minor constituent in Compound Shenhua Tablet, the
medicine’s quality specification that stipulates a lower limit
for the content level of this compound was based on the
deacetylated species of 101, 102, 103, and isoastragaloside
II (104) under basic conditions for sample preparation of as-
say P%*1 Based on the content levels of 101-104 in Com-
pound Shenhua Tablet (Table S2), the mean content level of
the artificial astragaloside IV was calculated to be 0.49 £ 0.01
mg per tablet, which well meets the required level (> 0.13 mg
per tablet) for the compound in the medicine.
Constituents originating from Nvzhenzi (Ligustrum lucidum
fruits) component of Compound Shenhua Tablet

A total of 47 constituents (compound dose, > 0.01
pmol-day ") originating from Nvzhenzi, i.e., 27 iridoids
(201-227;
iridoids), five triterpenes (231-235), ten phenylethanoids
(251-260), and five flavonoids (271-275), were detected in
Compound Shenhua Tablet by LC/ESI-MS (Table S2 and
Fig. 2B). Generally, the iridoids predominantly ionized as
[M + Na]" in the positive ion mode and as [M — H] in the

comprising secoiridoids and cyclopentane
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Fig.2 Stacked liquid chromatograms of nonvolatile con-
stituents detected by ESI-MS in a typical sample of Com-
pound Shenhua Tablet. Each constituent has an ID number
and its name is shown in Table S2. The constituents with IDs
marked in red, blue, and black represent terpenoids,
phenols/organic acids, and others, respectively. (A) The con-
stituents originating from Huangqi (A. membranaceus
roots); (B) The constituents from Nvzhenzi (L. lucidum
fruits); (C) The constituents from Ezhu (C. phaeocaulis
rhizomes); (D) The constituents from Baizhu (A. macroceph-
ala rhizomes); (E) The constituents from Baishao (P. lactilora
roots); (F) The constituents from Sanleng (S. stoloniferum
rhizomes); (G) The constituents from Jinyinhua (L. japonica
flower buds).

negative ion mode (used for collision-induced dissociation), a
pattern also observed in triterpenes, phenylethanoids and

flavonoids. The iridoids are characterized by an iridoid back-
bone, a glycosyl group, and a phenylethanoid moiety, produ-
cing characteristic fragment ions of the iridoid aglycone
residue at m/z 223.0606 and of phenylethanoid glycoside
residue at m/z 299.1131. Phenylethanoids typically generated
characteristic fragment ions of a phenylethanol group at m/z
119.0497 and a caffeoyl group (if present) at m/z 161.0317.
Specnuezhenide (201), nuezhenoside G13 (202), nuezhenidic
acid (203), oleanolic acid (231), and salidroside (251) were
the major constituents originating from Nvzhenzi, each with a
daily dose of 10-125 pmol-d”" from Compound Shenhua
Tablet, while there were also 16 iridoids, four triterpenes, and
seven phenylethanoids (each with a daily dose of 1-10
pmol-d™"). The content levels of these constituents in the
medicine are shown in Table S2 and Fig. 3B, and their chem-
ical structures are shown in Fig. 4. The quality specification
of the medicine stipulates a lower limit for the content level
of specnuezhenide, i.e., > 3.0 mg per tablet. Using the cur-
rent assay for composition analysis of the medicine, the mean
content level of 201 was determined to be 5.7 = 0.1 mg per
tablet.
Constituents originating from Ezhu (Curcuma phaeocaulis
rhizomes) in Compound Shenhua Tablet

The LC/ESI-MS analysis of Compound Shenhua Tablet
revealed a total of 47 constituents (compound dose, > 0.01
pmol-dfl) derived from Ezhu, i.e., 42 sesquiterpenes
(301-342), and five diarylheptanoids (351-355) (Table S2
and Fig. 2C). Generally, the sesquiterpenes primarily ionized
as [M + Na]" and [M + H] (often to less extent) in the posit-
ive ion mode (with collision-induced dissociation) while
showing minimal ionization in the negative ion mode. The di-
arylheptanoids predominantly ionized as [M + Na]" and pro-
tonated molecules ([M + H]") in the positive ion mode and as
[M —HJ in the negative ion mode (for acquiring collision-in-
duced dissociation data). Considering that Ezhu undergoes
steam distillation to extract essential oils during the manufac-
turing process of Compound Shenhua Tablet, GC/EI-MS was
also applied to analyze the volatile constituents from this
herb. This analysis identified 33 volatile constituents (com-
pound dose, > 0.01 pmol-d™") from Ezhu, i.e., 21 sesquiter-
penes (301, 302, 401-419), ten monoterpenes (421-430), and
two other compounds (441, 442) (Table S3 and Fig. 6A).
Curzerenone (301) was identified as the primary constituent
from Ezhu, with a daily dose of 24 pmol-d™' in the tablet.
Moreover, 15 other sesquiterpenes and two monoterpenes,
each with a daily dose of 1-10 pmol-d™". Notably, 302 and
303 were constituents originating from both Ezhu and Baizhu
(Atractylodes macrocephala rhizomes).
Constituents originating from Baizhu (Atractvlodes macro-
cephala rhizomes) in Compound Shenhua Tablet

A total of 19 constituents (compound dose, > 0.01
umol-day ') originating from Baizhu, i.e., nine sesquiter-
penes (501-509), an organic acid (551, linoleic acid), and
nine polyacetylenes (581-589) were detected in Compound
Shenhua Tablet by LC/ESI-MS (Table S2 and Fig. 2D). Gen-

—184-



ZHANG Haiyan, et al. / Chin J Nat Med, 2024, 22(2): 178-192

600 ~ 20000

= o

% 450 & 15 000

& =

< 300 Z 10000

=1 &

e =1

£ 150 l - & 5000 I
S | | (i | [T oM.
~1000 ~ 1000

z 100 Z 100

s s

g 10 g 10
i Ilm lnng “IIIHHU maa & g

8 001 BINISINININ NEAR g Lol

101 103 105107 109 151 153 155 157159 161 163

201203205207209 211 213215217219 221 223225227 231233235 251253255257 259 271 273 275

102 104 106 108 110 152 154 156 158 160 162 202204206208210212214216218 220222224226 232234 252 254256258260 272274
Compound ID Compound ID
~1000
& 750
500
250
0 B e e n mn - . Emmm -

o
S

e
P

Dose/(umol-day™) Content/(pg-g
S

301 303 305307 309 311 313 315 317 319 321 323 325 327 3

302 304 306 308 310 312 314 316 318 320 322 324 326 328 33() 332 334 336 338 ‘640 342 352 354

‘ HWHHH Il ||_||-||-||-|—|ﬂ—|| HHHH |—|r|'lﬂﬂl‘|r| Al HHH II.II A “HHHH [ Hﬂ

355401 403 405 407 409 411 413 415 417 419 421 423 425427429 441

402 404 406 408 410 412 414 416 418 422424 426 428 430 442

Compound 1D
o 600 26000
§450 £04500
< 300 | 53000
£ 5
2 150 I.I_I 2 1500
S o e | 3 0 | |
7. 100 < 100
R g 10
S ]
1 i L ARANAnn
E0.0I Dﬂ |ﬂ|_| ‘ ‘ H—H:—“ “ |]HH DH| |J..]|—J—l|:|_l % 0.01 |_||—||—||_|r||—”—|['||]l'| |—||_||_|
501 503 505 507 509 511 513 515 517 519 521 523 525 581 583 585 587 589 A 601 603 605 607 609 611 613 615 617 619 621 623 625 627 651 653 655

502 504 506 508 512 514 516 518 520 522 524 526 582 584 586 588 602 604 606 608 610 612 614 616 618 620 622 624 626 652 654
Compound ID Compound ID

=500 =~ 8000 220 000

on 0 o0

& 375 i’e 6000 & 15 000

= 250 S 4000 =10 000

] 5 5

2125 £ 2000 = 5000

8 0 I (3 0 oS = [} = 8 o B
~ 1000 2> 1000 ~ 1000

0 0

Z 100 £ 100 & 100

s 10 ° 10 5 10

g

E E — . o E

N || [ IR ||| || e o W MM 2

5 0.01 |—‘I |—||_||—|—| Imm— A 0.01 Bl L | i |—|-||— il I || 8 0.01

751 753 755757 761 763 765 767 769 771 781 801803805807809 811 813815 817819821823 831 851853855857860862 871873875877 171858
752754756 758 762 764 766 768 770 802804806808810812814816818820822824 832 852854856859861863 872874876878 551
Compound ID Compound ID Compound ID

Fig. 3 Content levels and daily doses of constituents detected in Compound Shenhua Tablet. Each constituent has an ID num-
ber and its name is shown in Tables S2 and S3. The constituents with bold IDs marked in red, blue, and black represent terpen-
oids, phenols/organic acids, and other classes, respectively. (A) Data of constituents originating from Huangqi (A. membranaceus
roots); (B) Data of constituents from Nvzhenzi (L. lucidum fruits); (C) Data of constituents from Ezhu (C. phaeocaulis roots and
rhizomes); (D) Data of constituents from Baizhu (A. macrocephala roots and rhizomes); (E) Data of constituents from Baishao (P.
lactilora roots); (F) Data of constituents from Sanleng (S. stoloniferum rhizomes); (G) Data of constituents from Jinyinhua (L. ja-
ponica flower buds); (H) Data of the constituents citric acid (171), linoleic acid (551), and linolenic acid (858) from all the seven

component herbs.

erally, the sesquiterpenes predominantly ionized as [M + Na]”
and [M + H]" (often to less extent) in the positive ion mode
(with collision-induced dissociation) while exhibiting poor
ionization in the negative ion mode. Similar to Ezhu, Baizhu
undergoes steam distillation to extract essential oils. These
oils are then integrated with a combined herbal extract in the
production of Compound Shenhua Tablet. Accordingly,

GC/EI-MS was also employed to analyze the volatile con-
stituents from Baizhu. This analysis revealed the presence of
16 volatile constituents (compound dose, > 0.01 pmol-d™")
originating from Baizhu, i.e., 16 sesquiterpenes (511-526)
(Table S3 and Fig. 6B). Linoleic acid (551) demonstrated a
constituent daily dose of 13 pmol-d™" in Compound Shenhua

Tablet, indicating its derivation not only from Baizhu but also
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Fig. 6 Stacked gas chromatograms of volatile constituents
detected by EI-MS in a typical sample of Compound Shen-
hua Tablet. Each constituent has an ID number and its name
is shown in Table S3. The constituents with IDs marked in
red represent terpenoids. (A) The constituents originating
from Ezhu (C. phaeocaulis rhizomes); (B) The constituents
from Baizhu (A. macrocephala rhizomes).

from the other six component herbs. Atractylenolide III
(501), 8p-methoxyatractylenolide (502), atractylenolide II
(503), atractylenolide I (504), atractylon (511), y-elemene
(512), y-selinene (513), S-selinene (514), and 144-methylbu-
tyryltetradeca-2E,8Z,10E-trien-4,6-diyne-1-ol (581) were the
major constituents, originating from Baizhu, each with a daily
dose of 1-10 pmol-d "' in Compound Shenhua Tablet. Their
respective content levels in the medicine are provided in
Tables S2 and S3 and Fig. 3D.
Constituents originating from Baishao (Paeonia tactilora
roots) in Compound Shenhua Tablet

A total of 32 constituents (compound dose, > 0.01
pmol-day™") originating from Baishao, i.e., 27 monoterpene
glycosides (601-627) and five tannins (651-655), were detec-
ted in Compound Shenhua Tablet by LC/ESI-MS (Table S2
and Fig. 2E). Generally, the monoterpene glycosides predom-
inantly ionized as [M + Na]" in the positive ion mode and as
[M + HCOO] and [M — H] in the negative ion mode (used
for collision-induced dissociation). The tannins exhibited a
similar ionization pattern, predominantly ionizing as [M +
Na]” and [M + H]" in the positive ion mode and as [M — H]
in the negative ion mode, the latter being essential for colli-
sion-induced dissociation. A notable feature of the monoter-
pene glycosides was the common fragment ion at m/z
121.0290 ([benzoic acid — H] ). Additionally, galloylated
monoterpene glycosides were identified by a characteristic
fragment ion at m/z 169.0137 ([gallic acid — H] ). Among
these constituents, paeoniflorin (601), albiflorin (602), and
gallic acid (651) were prominent, each presenting a daily
dose of 30-64 pmol-d™' in Compound Shenhua Table. Fur-
thermore, five additional monoterpene glycosides were detec-
ted, each with a daily dose of 1-10 pmol-d”". The quality spe-
cification of the medicine stipulates a lower limit for the con-
tent level of paeoniflorin, i.e., > 1.5 mg per tablet. Using the
current assay for composition analysis of the medicine, the
mean content level of 601 was determined to be 4.3 + 0.0003

mg per tablet.
Constituents originating from Sanleng (Sparganium stolon-
yferum rhizomes) in Compound Shenhua Tablet

In the LC/ESI-MS analysis of Compound Shenhua Tab-
let, 20 constituents originating from Sanleng were identified,
each with a compound dose of > 0.01 pmol-d”', i.e., eight or-
ganic acids (751-758), 11 phenylpropanoids (761-771), and
a flavonoid (781) (Table S2 and Fig. 2F). These constituents
predominantly ionized as [M — H] in the negative ion mode
(with collision-induced dissociation) but showed poor ioniza-
tion in the positive ion mode. The coumaroyl phenylpro-
panoids presented a common fragment ion at m/z 163.0395
([coumaric acid — HJ]). 6,9,10-Trihydroxy-7-octadecenoic
acid (751), azelaic acid (752), malyngic acid (753), and 2-caf-
feoylglycerol (761) were the major constituents originating
from Sanleng, each with a daily dose of 1-10 pmol-d™" in
Compound Shenhua tablet. Their respective content levels in
the medicine are also shown in Table S2 and Fig. 3F.
Constituents originating from Jinyinhua (Lonicera japonica

flower buds) in Compound Shenhua Tablet

In the LC/ESI-MS analysis of Compound Shenhua Tab-
let, a total of 47 constituents originating from Jinyinhua were
identified, each with a compound dose of > 0.01 pmol-d™),
i.e.,, 24 iridoids (801-824), two triterpene saponins (831,
832), 13 organic acids (851-863), and eight flavonoids
(871-878) (Table S2 and Fig. 2G). Generally, the iridoids
primarily ionized as [M + Na]" in the positive ion mode and
[M — H] (to less extent) in the negative ion mode (used for
collision-induced dissociation). Secoxyloganin (801), secolo-
ganoside (802), quinic acid (851), chlorogenic acid (852),
cryptochlorogenic acid (853), neochlorogenic acid (854), iso-
chlorogenic acid C (855), and isochlorogenic acid B (856)
were the major constituents originating from Jinyinhua, each
with a daily dose of 10-218 pmol-d™" in Compound Shenhua
Tablet. Additionally, four iridoids, one triterpene, six organic
acids, and two flavonoids were detected, each with a daily
dose of 1-10 pmol-d™". The content levels of these constitu-
ents in the medicine are shown in Table S2 and Fig. 3G, and
their chemical structures are depicted in Fig. 4.

Discussion

Gaining a comprehensive understanding of the chemical
composition of herbal medicine is essential as it serves as the
foundation for multi-compound pharmacokinetic investiga-
tions and the development of quality evaluation assays.
Chemical constituents present in herbal medicines are cat-
egorized into three types: type A, B, and C. Type A constitu-
ents are those with known names/structures and reference
standards readily available. Type B constituents are also iden-
tifiable by their names and structures; however, they lack cor-
responding reference standards. Type C constituents present
the greatest challenge, as they are compounds with unknown
names or structures, rendering the acquisition of reference
standards impossible. In the current investigation of Com-
pound Shenhua Tablet, a candidate-compound-list-guided ap-
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proach was employed for the development of compositional
assays. This approach involved the compilation of a candid-
ate compound list through extensive literature mining, en-
compassing constituents reported in each of the medicine’s
component herbs. Additionally, the lists included compounds
that are generated through chemical conversions of certain
constituents in the manufacturing process of the medicine.
All the compounds included in these lists fall under types A
and B. The success of this candidate-compound-list-guided
approach relies on the wealth of existing phytochemical and
analytical research associated with the component herbs of
the medicine. This aspect can be determined by examining
the volume of related publications and the availability of
commercially sourced or in-house preparable reference stand-
ards. The composition analysis of the medicine involved the
detection of its constituents, followed by the characterization
of the detected constituents. The subsequent quantification is
essential for ranking and grading the characterized constitu-
ents. In the analysis of Compound Shenhua Tablet, the detec-
tion of types A and B constituents was guided by pre-analys-
is information, including names, molecular formulas, molecu-
lar masses, and structures, as outlined in the candidate com-
pound lists. The results obtained from this analysis were then
verified by conducting similar analyses on the component
herbs. Substantial disparities in constituent occurrence
between the medicine and its component herb indicated pos-
sible occurrence of chemical conversions. These suspected
conversions were then investigated through simulated com-
pound conversion studies. Type C constituents were found by
subtracting the chromatograms of the associated blank
sample from those of the medicine and its component herbs,
while excluding type A and B constituents. Only major type
C constituents were highlighted and applied to further charac-
terization and quantification. Type A constituents were char-
acterized through direct comparisons with their respective
reference standards, focusing on chromatographic retention
time, accurate molecular mass, ionization profile, and frag-
mentation profile. Type B constituents, on the other hand,
were characterized by comparing them with literature-
sourced data, which included their chromatographic elution
order in relation to one or two characterized type A constitu-
ents, as well as MS-associated ionization and fragmentation
information. Quantification strategies varied based on the
type of constituent. Type A constituents were quantified us-
ing calibration curves derived from reference compounds,
while type B constituents were quantified using calibration
methods involving structurally similar type A compounds. In
instances where a type B or C constituent displayed either a
high constituent daily dose (e.g., > 10 pmol-d™") or a signific-
ant detection response, additional steps were taken to en-
hance the composition analysis, which involved isolating the
phytochemical from the component herb and conducting in-
depth characterization, including nuclear magnetic resonance
spectrometry-based analysis, to transition the compound into
a type A constituent.

®

Analyte-capacity is a crucial characteristic of assays used
for analyzing complex samples, such as multi-herb medi-
cines. It refers to the total number of analytes and their
classes that can be detected by mass spectrometry (MS) and
distinguished from coexisting compounds in the sample,
either by MS or chromatography, within a single analytical
run. For an assay to be effective in the context of multi-herb
medicines, its three tandem components—sample preparation,
chromatographic separation, and MS detection—must exhibit
matching analyte-capacity. In our study, we developed and
employed a retrospective method to evaluate the assay’s ana-
lyte-capacity. This evaluation involved a comparison between
the assay’s actual capability and the required analyte-capa-
city, which was determined based on all compounds included
in the candidate compound lists of the medicine’s component
herbs. The assessment of analyte-capacity utilized several
molecular descriptors: MW, Log Dpys, Log Spy7, HBD +
HBA, pK,, and BP. These descriptors are associated with the
analyte recovery by sample preparation, retention and separa-
tion by chromatography, and/or detection and resolution by
MS. The current development of the concept of analyte-capa-
city allows us to define a complementary relationship
between the LC/ESI-MS-based and GC/EI-MS-based assays
for composition analysis of Compound Shenhua Tablet. Suc-
cessful assay development for the composition analysis of
complex herbal medicines is centered on effectively detect-
ing, accurately characterizing, and precisely quantifying the
major and potentially important constituents. This approach
prioritizes a comprehensive analysis of key compounds over
merely tallying the total number of detected constituents. In
this context, the concept of analyte-capacity serves as a cru-
cial performance metric. It aids in enhancing assay develop-
ment, facilitating more thorough and precise analyses by in-
corporating advanced techniques, including multidimension-
al chromatographic separation. The analyte-capacity is differ-
ent from the peak capacity, a concept proposed by Gidd-
ings ™. Peak capacity relates to the maximum number of
ideally spaced peaks a chromatographic system can resolve
under optimal conditions and is a measure of the quality of
chromatographic separation, especially in gradient mode.
This aspect of chromatographic separation has been extens-
ively reviewed, focusing on unidimensional separations by

Neue ™

and on multidimensional separations by Stoll et
al. ™. In traditional chromatography combined with ultravi-
olet or other universal detection methods, co-elution occurs
when the number of compounds in a sample exceeds the sys-
tem’s peak capacity. However, in chromatography/MS-based
measurements, the selective nature of MS detection typically
resolves most co-eluted compounds. Chromatographic separ-
ation in this context is primarily needed for resolving isobar-
ic compounds. For chromatography/MS-based composition
analysis of a complex herbal medicine, the analyte-capacity
offers significant advantages over peak capacity as a perform-
ance measure. Unlike peak capacity, which focuses solely on
chromatographic separation, analyte capacity provides a more
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comprehensive assessment. It takes into account the synergy
between sample preparation, chromatographic separation, and
MS detection.

In Compound Shenhua Tablet, a total of 283 constitu-
ents were detected, with daily doses ranging from 0.01 to 395
pmol-d™". The results reflect the entirety of the medicine’s
formula, as each component herb, which is believed to con-
tribute to the therapeutic action of the medicine, had its con-
stituents detected. Among the 12 classes of constituents de-
tected, the most significant classes in terms of their total con-
stituent daily doses in the medicine are organic acids,
iridoids, monoterpene glycosides, and sesquiterpenoids (Fig.
7). Organic acids, including chlorogenic acid (852) and gal-
lic acid (651), garnered attention for their anti-inflammatory
and antioxidant activities. Research has also highlighted their
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ability to enhance renal function in rats, notably by reducing
proteinuria . Iridoids, such as specnuezhenide (201),
have shown protective effects against renal injury in rats with
diabetic nephropathy ™”. Monoterpene glycosides, such as
paconiflorin (601) and albiflorin (602), have been found to
inhibit rat mesangial cell proliferation and inflammatory re-
sponse “**1. Sesquiterpenes, such as germacrone (302), cur-
dione (303), and f-elemene (401), have been shown to pos-
sess anti-tumor activities against various cancer cells °”. Ig-
AN is a multifactorial disease. The therapeutic action of
Compound Shenhua Tablet is likely to be multifaceted and is
attributed to multiple active constituents. Understanding how
this intricate herbal formulation delivers therapeutic benefits
necessitates a transition from initial composition analysis to

in-depth multi-compound pharmacokinetic investigations.
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Fig. 7 Percentage daily doses of constituents in the total daily dose of all constituents of the class originating from each compon-
ent herb of Compound Shenhua Tablet. Each constituent has an ID number and its name is shown in Tables S2 and S3. The con-
stituents with bold IDs marked in red, blue, and black represent terpenoids, phenols/organic acids, and others, respectively. (A)
Data of constituents originating from Huangqi (A. membranaceus roots); (B) Data of constituents from Nvzhenzi (L. lucidum
fruits); (C) Data of constituents from Ezhu (C. phaeocaulis rhizomes); (D) Data of constituents from Baizhu (A. macrocephala
rhizomes); (E) Data of constituents from Baishao (P. lactilora roots); (F) Data of constituents from Sanleng (S. stoloniferum
rhizomes); (G) Data of constituents from Jinyinhua (L. japonica flower buds); (H) Data of the constituents citric acid (171), li-
noleic acid (551), and linolenic acid (858) from all the seven component herbs. Germacrone (302) and curdione (303) originated
not only from Ezhu but from Baizhu as well, while secologanoside (802), quinic acid (851), caffeic acid (860), protocatechuic acid
(862), and luteolin-7-O-f-D-glucoside (872) not only from Jinyinhua but from Nvzhenzi as well.
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These investigations are pivotal for identifying and evaluat-
ing the key compounds from all the component herbs of the
medicine, particularly in relation to their pharmacodynamic
effects. The primary objective of these pharmacokinetic stud-
ies is to pinpoint compounds that are bioavailable at the tar-
geted sites of action in their original or metabolized forms
and that maintain significant exposure levels following the
administration of the medicine. To achieve a reliable identi-
fication of potentially important compounds in the pharma-
cokinetic investigation, without overlooking any such com-
pound (i.e., “precision without omission”), a comprehensive
and precise composition analysis of the medicine is crucial,
because the individual doses of constituents obtained through
the analysis play a role in determining the levels of systemic
exposure to the unchanged and/or metabolized compounds. In
addition to composition analysis, the pharmacokinetic invest-
igation integrates multiple studies and methods. These in-
clude a human pharmacokinetic study as the primary study,
two types of supportive studies conducted in experimental an-
imals and in vitro settings, and three groups of supportive
techniques related to literature mining, sample analysis, and
data processing 7.

The current composition analysis has several limitations.
A significant challenge in this analysis is the co-elution or in-
adequate chromatographic resolution of isobaric constituents,
which are not distinguishable by MS alone. The strategies in-
volving multidimensional chromatography and/or enantio-
meric chromatography (for the resolution of herbal enan-
tiomers) can provide useful solutions to this type of analytic-
al challenge ®'~**. In addition, quantification of a type B con-
stituent of Compound Shenhua Tablet was based on the re-
gression equation of a structurally similar type A constituent
for calibration, and the selection of the type A constituent is
crucial for the accuracy of quantification of the type B con-
stituent. However, the way to properly define a type A con-
stituent possessing close structural similarity to the type B
constituent remains to be delineated, such as correlation
between the ionization response and the physicochemical
properties of the analyte . Furthermore, when GC/EI-MS
was used in the composition analysis of Compound Shenhua
Tablet, putative identification of compounds involved search-
ing for a closely matched mass spectrum within the NIST
database containing previously collected EI-MS reference
spectra. A limitation arises when the database lacks a refer-
ence spectrum for a specific target compound, a situation not
uncommon in the analysis of herbal medicines. Some con-
stituents of these medicines might not be included in the data-
base. The recent development of competitive fragmentation
modeling for electron ionization presents a promising solu-
tion to this gap . This innovative approach offers an altern-
ative strategy for the identification of compounds in cases
where no reference standards are available, particularly for
metabolomics measurements. Its potential application in
GC/EI-MS-based composition analysis of herbal medicines
could significantly enhance the capability to identify and

characterize previously challenging compounds due to the ab-
sence of reference spectra in standard databases.

The analysis of herbal medicine centers around obtain-
ing comprehensive and precise information. In this investiga-
tion, we achieved a thorough and accurate understanding of
the composition of the Compound Shenhua Tablet by focus-
ing on five key stages. Pre-analysis literature mining: this ini-
tial stage involved extensive research to collect pertinent in-
formation essential for guiding the development of the analyt-
ical assay. Sample collection: this stage included the collec-
tion of diverse samples, encompassing different batches of
Compound Shenhua Tablet, the component herbs, and essen-
tial oils from Baizhu and Ezhu. Additionally, samples from a
simulated compound conversion study were gathered to as-
sess changes in constituents during the manufacturing pro-
cess. Analyte prediction: at this stage, we generated lists of
candidate compounds. Assay development: the assay’s devel-
opment was a crucial stage, with a focus on fulfilling the ana-
lyte capacity requirements. Data processing: the final stage
involved evaluating the assay’s analyte-capacity. This step in-
cluded the rigorous ranking and grading of a substantial num-
ber of herbal constituents based on their daily doses and con-
tent levels. We considered this analysis approach as the “one
core and five elements” model. In summary, a total of 283
constituents with a daily dose of 0.01-395 pumol-d™" (content
level, 1-10 982 pg-g™") were detected in Compound Shenhua
Tablet via LC/ESI-MS and GC/EI-MS. The detected constitu-
ents are classified into 12 classes, i.e., organic acids (originat-
ing from Huanggqi, Jinyinhua, Baizhu, and Sanleng), iridoids
(from Nvzhenzi and Jinyinhua), monoterpene glycosides
(from Baishao), sesquiterpenes (from Ezhu and Baizhu), iso-
flavonoids (from Huanggqi), monoterpenes (from Ezhu and
Baizhu), triterpenes (from Nvzhenzi), triterpene saponins
(from Nvzhenzi, Huangqi, and Jinyinhua), phenylethanoids
(from Nvzhenzi), tannins (from Baishao), flavonoids (from
Nvzhenzi and Jinyinhua), phenylpropanoids (from Sanleng).
The major constituents (compound dose, > 10 umol-d™") were
the organic acids citric acid (171), quinic acid (851), chloro-
genic acid (852), cryptochlorogenic acid (853), gallic acid
(651), neochlorogenic acid (854), isochlorogenic acid C
(855), isochlorogenic acid B (856), and linoleic acid (551);
the iridoids specnuezhenide (201), nuezhenoside G13 (202),
secoxyloganin (801), and secologanoside (802); the monoter-
pene glycosides paeoniflorin (601) and albiflorin (602); the
sesquiterpenoid curzerenone (301); the triterpene oleanolic
acid (231); and the phenylethanoid salidroside (251). For pre-
cise and comprehensive composition analysis of such a com-
plex herbal medicine, it is essential for the assay to have a
high analyte-capacity. This capacity is crucial for the accur-
ate identification and quantification of a wide spectrum of
constituents in a single assay. In this study, we explored the
concept of analyte-capacity within the context of composi-
tion analysis assays, introducing a method for its assessment.
This method is retrospective, focusing on evaluating the as-
say’s capacity to meet the demands of analyzing complex
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herbal formulations. Though still in developmental stages,
this concept and its assessment method have proven to be in-
valuable in evaluating the effectiveness of our assay for ana-
lyzing herbal medicine compositions. These tools also guide
us in making necessary modifications to the assay for its in-
tended use.

Supporting Information

Supporting information for this paper can be accessed by
scanning the QR code or by requesting it via email from the
corresponding authors.
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