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Traditional Chinese medicine (TCM) exerts integrative effects on complex diseases owing to the char-
acteristics of multiple components with multiple targets. However, the syndrome-based system of
diagnosis and treatment in TCM can easily lead to bias because of varying medication preferences among
physicians, which has been a major challenge in the global acceptance and application of TCM. Therefore,
a standardized TCM prescription system needs to be explored to promote its clinical application. In this
study, we first developed a gradient weighted disease-target-herbal ingredient-herb network to aid TCM
formulation. We tested its efficacy against intracerebral hemorrhage (ICH). First, the top 100 ICH targets
in the GeneCards database were screened according to their relevance scores. Then, SymMap and
Traditional Chinese Medicine Systems Pharmacology (TCMSP) databases were applied to find out the
target-related ingredients and ingredient-containing herbs, respectively. The relevance of the resulting
ingredients and herbs to ICH was determined by adding the relevance scores of the corresponding
targets. The top five ICH therapeutic herbs were combined to form a tailored TCM prescriptions. The
absorbed components in the serum were detected. In a mouse model of ICH, the new prescription
exerted multifaceted effects, including improved neurological function, as well as attenuated neuronal
damage, cell apoptosis, vascular leakage, and neuroinflammation. These effects matched well with the
core pathological changes in ICH. The multi-targets-directed gradient-weighting strategy presents a
promising avenue for tailoring precise, multipronged, unbiased, and standardized TCM prescriptions for
complex diseases. This study provides a paradigm for advanced achievements-driven modern innovation
in TCM concepts.
© 2025 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Most diseases are complex and are accompanied by a network
interplay of multifactorial pathophysiological dynamics [1].
Therefore, a multi-target therapy is needed for intractable diseases,
such as cancers and central nervous system diseases [2,3].

Traditional Chinese medicine (TCM) is a widely applied, multi-
component, and multi-target therapy that achieves integrated and
systemic efficacy in complex diseases. TCM prescriptions are
composed of functionally synergistic or complementary natural
medicines based on the records of ancient physicians or the TCM
theory. However, TCM formulation processes empirically rely on
symptom-based syndrome differentiation. As a result, the compo-
sition, doses, and efficacy of TCM prescriptions largely depend on
the personal experience and preferences of medical practitioners,
which can be optimized. More importantly, owing to the lack of a
certain standard, formulating an effective TCM prescription is
difficult for most physicians without sufficient systemic TCM
knowledge. This has been a major challenge for the global accep-
tance and application of TMC. Recently, a strategy that integrates
extensive ancient prescriptions and famous physician cases has
been widely used in TCM optimization. By leveraging big data, this
approach can be used to formulate new and effective prescriptions
by combining the core herbs [4—6]. However, owing to the selective
bias of herbs in the source data, this approach may further amplify
the contributions of herbs in commonly used classical formulas.
Therefore, a more quantitative, evidence-based, and easy-to-use
formulation strategy is required to improve the standardization
and curative power of TCM to promote its modernization and
globalization.

Modern research has achieved substantial advancements in
understanding the relationships between diseases, molecular tar-
gets, herbal ingredients, and herbs. However, in current TCM
practice, network relations are applied in an overly mechanical and
simple manner, where they merely serve to explain the mecha-
nisms of the actions of TCM using a network pharmacology
approach [2,7—-9]. Nevertheless, they are rarely used to create,
optimize, or standardize TCM prescriptions. In contemporary drug
research and development, the target-based drug discovery strat-
egy is often used [10]. This method identifies the disease-specific
targets and target-specific drugs to achieve precise therapy. Simi-
larly, we believe that the application of a target-ingredient-herb
interaction network may also help to discover new effective TCM
prescriptions for complex diseases with multi-targets.

In this study, we developed a multiple target-oriented gradient
weighting strategy to tailor TCM prescriptions for complex dis-
eases. This strategy merges ancient TCM theories with modern
scientific insights, particularly in pharmacology and disease path-
ophysiology. By incorporating a systematic data-driven approach
(target-herbal ingredient-TCM herb interaction) and weighting
interactions between disease targets and herbal components, the
method helps to optimize the prescription by covering multiple
biological pathways, thus improving treatment outcomes. More-
over, this new strategy introduces a more quantitative evidence-
based methodology that uses a gradient weighting system to
fine-tune the selection of herbs and their dosages. Consequently,
the precision of TCM formulations can be improved, making them
more reliable and reproducible in clinical practice. This strategy
enables the identification of novel combinations of herbs or herbal
components and creates more standardized prescriptions, poten-
tially accelerating the integration of TCM into modern healthcare
systems and contributing to the growing field of personalized
medicine.

Intracerebral hemorrhage (ICH) is a fatal disease. Its patho-
physiology involves primary assault (mass effect) and secondary
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injuries (brain edema, neuroinflammation, and oxidative stress,
etc.) [11]. Currently, no specific treatment is available for ICH [11]. In
addition, most mono-target drugs failed to improve the neurolog-
ical outcomes of patients with ICH in clinical trials [11,12]. Thus,
polypharmacy may be an alternative strategy for improving ICH
outcomes [12,13]. In the TCM theory, the pathological features of
ICH are the interaction of blood stasis, phlegm, and heat, etc..
Promising therapeutic effects of several TCM prescriptions have
been reported on ICH, such as Buyang Huanwu decoction, Xuefu
Zhuyu decoction (XFZYD), and Liangxue Tongyu decoction
[7,9,14,15]. However, a pathophysiologically customized TCM pre-
scription for ICH is still lacking.

Therefore, we selected ICH as an example and formulated a
tailored prescription based on our new strategy. Expert evaluations
and animal experiments validated the rationality and efficacy of the
novel TCM formula (Fig. 1).

2. Material and methods
2.1. Screening of ICH targets

The ICH-related genes were screened by searching“intracerebral
hemorrhage” in the GeneCards database (https://www.genecards.
org/) [16]. The top 100 genes and the relevance score were used
for further analyses.

2.2. Screening of the target-related ingredients and ingredient-
containing herbs

The target-related ingredients were searched using the SymMap
database (http://www.symmap.org; version: 2.0) by inputting the
top 100 ICH-related genes [17]. Ingredients with an oral bioavail-
ability (OB) > 30% were included. Then, the resulting ingredients
were entered into Traditional Chinese Medicine Systems Pharma-
cology (TCMSP) (https://tcmsp-e.com/tcmsp.php; version: 2.3) to
gain the ingredient-containing herbs [18]. The disease-target-
ingredients-herb network was constructed by Cytoscape (version
3.9.1).

2.3. Formulation of the new TCM prescription

The relevance of ingredients and herbs to ICH was determined
using the cumulative relevance scores of the corresponding targets,
as shown in Eqgs. (1) and (2) below:

n
Score B = ' Score Ai (1)
i=1

m
Score C = » _ Score Bi (2)
i=1

Score A refers to the relevance of the target to ICH, score B refers
to the relevance of the ingredient to ICH, and score C refers to the
relevance of the herb to ICH. i is the summation variable for the
arithmetic formula 3. It ranges from the starting value to the
ending value. n refers to the number of targets related to a specific
ingredient. m refers to the number of ingredients in a herb.

Based on the ranking of the integrated relevance scores, a new
TCM prescription that consists of the top-scoring herbs was
formulated when the cumulative score, number of ingredients, and
number of targets of the herbs did not increase with the number of
herbs. In this prescription, the composition and ratios of the herbs
were determined by the rank and ratios of the scores, respectively.
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Fig. 1. Flow chart of this study. The targets of diseases, target-binding ingredients, and
ingredient-containing herbs were collected. The relevance scores are gradient weighted.
A new traditional Chinese medicine (TCM) prescription is formulated according to the
rank of the relevant score. The rationality and effectiveness of the new prescriptions are
validated in a mouse model of intracerebral hemorrhage (ICH). PC: principal component.

2.4. Expert verification

Experienced Chinese physicians, Prof. Tao Tang (Institute of
Integrative Medicine, Department of Integrated Traditional Chinese
and Western Medicine, Xiangya Hospital, Central South University,
Jiangxi (National Regional Center for Neurological Diseases), China)
and Prof. Jiekun Luo (Institute of Integrative Medicine, Department
of Integrated Traditional Chinese and Western Medicine, Xiangya
Hospital, Central South University, China), confirmed the rationality
of the new TCM prescription.

2.5. Animals

Male C57 BL/6] mice (12 weeks old) were purchased from Hunan
Slake Jingda Laboratory Animal Co., Ltd. (Changsha, China). The
animals were housed in accordance with the Animals (Scientific
Procedures) Act 1986. All protocols were approved by the Center of
Laboratory Animals at Xiangya Hospital Central South University,
China (Approval No.: XY-20240312003).

2.6. Animal models

The mice were anesthetized using 0.3% pentobarbital sodium
(60 mg/kg) and fixed on a stereotaxic instrument. ICH was induced
by injecting type VII collagenase (0.075 U/0.5 pL, C0773; Sigma, St.
Louis, MO, USA) into the right globus pallidum (0.5 mm behind,
2.0 mm right to the bregma, and 4.0 mm below the skull). An equal
volume of distilled normal saline was used to replace collagenase in
the sham animals. The mice were kept on a thermostatic heating pad
to maintain their body temperature until they awoke. Additional soft
food and accessible water were available to the postoperative mice.

2.7. Doses and preparation of TCM formula

Dried herbs were obtained from the TCM Pharmacy of Xiangya
Hospital, Central South University (Changsha, China). The pre-
scriptions (Nao Yi Kang decoction (NYKD)) consisted of Hippophae
rhamnoides L. (Hippophae Fructus), Ginkgo biloba L. (Ginkgo
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Folium), Achyranthes bidentata Blume (Achyranthis Bidentatae Ra-
dix), Scutellaria barbata D. Don (Scutellariae Barbatae Herba), and
Carthamus tinctorius L. (Carthami Flos) at a ratio of 1:1:1:1:1 (im/m,
Table 1 [19]) according to their weighted scores. Plant names were
checked from http://www.theplantlist.org. According to the Chi-
nese Pharmacopoeia (2020 edition) [19], 9 g of each herb are used
by adult men weighing 70 kg. The human dose was then converted
to a medium dose for mice (5.79 g/kg) based on body surface area.
The low and high doses were half and two times the medium dose,
respectively. As positive control, XFZYD is composed of 11 herbs
(Table S1), and the dose of XFZYD was 12 g/kg (raw herbs) [20].

The mixed herbs were soaked twice (1 h in distilled water),
followed by decoction for 30 min. The extracts were then mixed,
filtered, and evaporated to obtain high concentrations. The result-
ing solution was stored at —80 °C. The high-dose decoction was
diluted to medium and low doses with distilled water immediately
prior to use.

2.8. Experimental design and drug administration

Part 1: the mice were randomly assigned to five groups: sham,
ICH, low-dose (Low), medium-dose (Medium), and high-dose
(High). Part 2: the mice were randomly assigned to one of three
groups: ICH, XFZYD, or NYKD. All mice underwent ICH or sham
surgery. The Longa test was performed after awaking up from
anesthesia. Mice with a Longa score of zero in the post-ICH groups
were excluded. Then, 0.4 mL of distilled water or TCM extracts were
daily administrated by gavage for three days. On days 1 and 3 after
ICH, the modified neurological severity score (mNSS) and foot fault
rate were recorded. The serum and brains were collected on the
third day after modeling.

2.9. Neurobehavioral test

2.9.1. mNSS

The mNSS was evaluated as previously reported [8,13]. It in-
cludes motor, sensory, reflex, and balance tests. The mNSS grades
range from O to 18. A higher score indicates worse performance.

2.9.2. Foot fault test

The mice were placed on a 2.5 cm x 2.5 cm grid. The number of
total and slipped steps in the forepaws within 1 min was recorded.
Foot fault rates were calculated as (contralateral faults-ipsilateral
faults)/total steps [8,13].

2.10. Blood coagulation assays

Prothrombin time (PT), activated partial thromboplastin time
(APTT), and fibrinogen (FIB) content were examined according to
the manufacturer's recommendations (R01002, R01102, and
R01302; Rayto Life and Analytical Sciences Co., Ltd., Shenzhen,
China) by a fully automatic blood coagulation analyzer (RAC-1830;
Rayto Life and Analytical Sciences Co., Ltd.).

2.11. Quality control of the TCM formula

The blood of mice was collected at 1 h after drug administration
through the angular vein under anesthesia. Serum was then
isolated.

The herbal ingredients of the herb in extracts and serum were
detected using an ultra-performance liquid chromatography
(UPLC) (Vanquish; Thermo Fisher Scientific Inc.,, Waltham, MA,
USA)-tandem mass spectrometry (MS/MS) (Q Exactive Focus;
Thermo Fisher Scientific Inc.) system. Qualitative analyses of the
primary and secondary MS data were performed by referencing a
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Table 1
Composition of Nao Yi Kang decoction (NYKD) [19].
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Chinese name Latin name Relevant scores*® Recommended Part used Origin area Batch number Ratios used (m/m)°
doses (g) [19]

Sha Ji Hippophae rhamnoides L. 2420.33 3-10 Fruit Xinjiang, China 710220901 9

Yin Xing Ye Ginkgo biloba L. 2241.68 9-12 Leaf Hunan, China 19052909 9

Niu Xi Achyranthes bidentata Blume 2082.87 5-12 Root Henan, China 23122910 9

Ban Zhi Lian Scutellaria barbata D. Don 2071.42 9-15 Whole plant Sichuan, China C061210701 9

Hong Hua Carthamus tinctorius L. 2008.89 3-10 Flower Xinjiang, China 23081106 9

2 The cumulative relevant scores of each herb to intracerebral hemorrhage.
b The ratios we used in animal experiments.

self-built MS database based on reference standards. Mixed quality
control samples and internal standards (L-2-chlorophenylalanine)
were used to examine the stability of the UPLC-MS/MS system.

2.12. Histopathological, immunohistochemical, and
immunofluorescence examination

The paraffin-embedded sections were used for staining. Slices
were deparaffinized and rehydrated prior to staining. For hema-
toxylin and eosin (H&E) staining, the slices were stained with he-
matoxylin (G1004; Servicebio, Wuhan, China) and eosin Y (G1001;
Servicebio) for 5 min and 20 s, respectively. The Nissl bodies of the
neurons were visualized after 8 min of staining in toluidine blue
(G1036; Servicebio). Apoptotic cells were detected using the ter-
minal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate nick-end labeling (TUNEL) kit (MA0224; Meilunbio,
Dalian, China). Immunoglobin leakage into the brain was assessed
by immunohistochemistry using an anti-mouse immunoglobulin G
(IgG)-horseradish peroxidase (HRP) polysome kit (SV0O001; Boster
Biological Technology Co., Ltd., Wuhan, China).

For immunofluorescence, the slices were boiled in citrate buffer
(pH 6.0, 100 °C, 20 min), incubated with primary antibodies (4 °C,
18 h), secondary antibodies (room temperature, 1 h), and 4',6-
diamidino-2-phenylindole (DAPI) (CO065; Solarbio, Beijing, China,
room temperature, 5 min), subsequently. The primary antibodies
used were mouse anti-glial fibrillary acidic protein (GFAP) (1:1500,
CSB-MAO009369A0m; Cusabio Biotech Co., Ltd.,, Wuhan, China),
mouse anti-proliferating cell nuclear antigen (PCNA) (1:1000,
2586; Cell Signaling Technology, Danvers, MA, USA), rabbit anti-
ionized calcium-binding adaptor molecule 1 (Ibal) (1:500, 17198;
Cell Signaling Technology), rabbit anti-PCNA (1:1000, 13110; Cell
Signaling Technology), rabbit anti-cluster of differentiation 86
(CD86) (1:200, 19589; Cell Signaling Technology), and rabbit anti-
arginase 1 (Argl) (1:1000, 93668; Cell Signaling Technology).
Secondary antibodies were Alex flour 488-conjugated donkey anti-
mouse IgG (H+L) (1:1000, 715-545-150; Jackson ImmunoResearch,
West Grove, PA, USA), Alex flour 488-conjugated donkey anti-rabbit
IgG (H+L) (1:1000, 711-545-152; Jackson ImmunoResearch), Cy3-
conjugated donkey anti-mouse IgG (H+L) (1:1000, 715-165-150;
Jackson ImmunoResearch), and Cy3-conjugated donkey anti-rabbit
IgG (H+L) (1:1000, 711-165-152; Jackson ImmunoResearch). For
double staining of Iba1/CD86 and Ibal/Argl, a tyramide signal
amplification system was used according to the manufacturer's
instructions (AFIHC023; Hunan Aifang Biotechnology Co., Ltd.,
Changsha, China).

The stained slices were scanned using a Pannoramic Midi
Scanner (3DHISTECH Kft, Budapest, Hungary) and processed with
the Caseviewer 2.3 (3DHISTECH Kft). Fluorescent images were ob-
tained using an M2 Imager microscope (Carl Zeiss AG, Oberkochen,
Germany).

2.13. Transcriptomic analysis

Total RNA was extracted from the right globus pallidus tissue.
Complementary DNA (cDNA) libraries were prepared using a TruSeq
Stranded Total RNA Library Prep Kit (RS-122-2001, [llumina, Inc., San
Diego, CA, USA), amplified by polymerase chain reaction (PCR), and
purified using AMPure XP beads (Beckman Coulter, Brea, CA, USA).
Sequencing was performed by Novogene Co., Ltd. (Beijing, China) on
a NovaSeq™ X Plus system (Illumina, Inc.).

Sequencing data were analyzed using the NovoMagic platform.
The differentially expressed genes (DEGs) were screened using the
edgeR package (3.22.5) that integrated P < 0.05 and fold change
(FC) > 2 or FC < 0.5. Enrichment, protein-protein interaction (PPI),
gene localization, and transcription factor analyses were performed
using Metascape (https://metascape.org/). The parameters used for
Metascape analyses were set to default.

2.14. Statistical analysis

All data were analyzed by investigators who were blinded to the
grouping information. High-throughput data were analyzed using
Student's t-test. Other data were analyzed using one-way analysis
of variance (ANOVA) and Dunnett's test with the aid of GraphPad
10.0. P < 0.05 was considered to be statistically significant. Data are
presented as mean + standard deviation (SD).

3. Results
3.1. The targets of ICH

We screened ICH-related targets on the GeneCards databases
based on relevance scores. The top 100 genes included COL4A1, ACE,
and COL4A2. (Table S2). PPI analysis showed that the core targets
were related to inflammation (IL6, IL1B, TNF, CXC3L, etc.), coagula-
tion cascade (PLAT, F2, F3, vWF, etc.), and vascular remodeling
(MMP9, TGFB1, etc.) (Fig. S1A). Gene Ontology (GO) analysis indi-
cated that the top 100 genes were associated to glia cell (astrocyte)
activation and development, vascular damage and remodeling,
blood coagulation, and inflammatory processes (Fig. S1B).

3.2. The ICH-targeting herbal ingredients

Potential ICH-curative herbal ingredients were collected from
the SymMap database and filtered using OB. The top 100 targets
were linked to 1904 ingredients. The predicted OB of the 488 in-
gredients was greater than 30% (Table S3). As weighted by the cu-
mulative relevance score to ICH, (—)-epigallocatechin-3-gallate,
quercetin, and wogonin were the top three components for ICH (the
largest rectangle, Fig. 2A).
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3.3. The potential ICH-curative herbs

The ingredients-containing herbs were searched in the TCMSP
database. Their curative effects were quantified by the cumulative
relevance score of ingredient-ICH interactions. The results indi-
cated that Hippophae rhamnoides L. (Hippophae Fructus), Ginkgo
biloba L. (Ginkgo Folium), Achyranthes bidentata Blume (Achyr-
anthis Bidentatae Radix), Scutellaria barbata D. Don (Scutellariae
Barbatae Herba), and Carthamus tinctorius L. (Carthami Flos) were
the top five potential drugs for ICH treatment (Fig. 2B and Table S4).
In addition, the top ingredients only partially contributed to the
cumulative scores (Fig. S2A) and proportions (Fig. S2B) for each
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herb, suggesting the multi-component and multi-functional prop-
erties of the herbs.

3.4. The ICH-tailored TCM formula and the related targets

Based on the trends of the number of ingredients, the number of
targets, and the cumulative relevance socres (Figs. 2C—E), the top
five herbs were selected to form a new TCM prescription. The herbs
used were Hippophae Fructus, Ginkgo Folium, Achyranthis Biden-
tatae Radix, Scutellariae Barbatae Herba, and Carthami Flos. Ac-
cording to the relevance score ratios, the constituent ratios of the
five herbs were 1:1:1:1:1 (m/m). The experienced Chinese
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physicians confirmed the rationality of the composition from the
perspective of TCM theory: the function of the formula is “pro-
moting the blood circulation to remove stasis and clearing heat for
detoxification”. Specifically, the monarchs are Ginkgo Folium
(promoting the blood circulation and removing stasis) and Scutel-
laria Barbatae Herba (clearing heat and detoxification), the minis-
ters are Carthami Flos (promoting the blood circulation) and
Achyranthis Bidentatae Radix (clearing heat), the assistant is Hip-
pophae Fructus (promoting blood circulation, protecting the spleen
and stomach, and preventing gastrointestinal complications), and
the guide is Achyranthis Bidentatae Radix (guiding the stasis and
heat toxins downward). Because the formula was tailored for ICH
(named Nao Yi Xue in Chinese), we named it NYKD (Table 1).

Then, we constructed an ICH-target-ingredient-herb network
of NYKD, based on the ICH-target, target-ingredient, and
ingredient-herb interactions (Fig. 3A). The network contained 5
herbs, 62 ingredients, and 54 targets (Fig. 3A). This complex
network reflects the multiple roles of NYKD in post-ICH patho-
physiology. In this network, 3 ingredients (quercetin, beta-
sitosterol, and stigmasterol) and 30 targets were shared among
the five herbs (Figs. 3B and C).

GO analysis of NYKD-related ICH targets also revealed the
multifunctionality of the prescription, including the regulation of
glial cell development and activation, vascular permeability, neu-
roinflammation, and blood coagulation (Fig. 3D).

3.5. The absorption of the potential ICH-curative ingredients

UPLC-MS/MS suggested that among all the ingredients detected
in NYKD solution and serum from NYKD treated mice, 22 in-
gredients were predicted to be ICH-curative by our strategy,
including quercetin, wogonin, baicalin, bilobalide, and kaempferol
(Fig. 4 and Tables 2 and S5).

Journal of Pharmaceutical Analysis 15 (2025) 101199
3.6. The therapeutic effects of the ICH-tailored TCM prescription

In the mouse model of ICH, NYKD improved the mNSS and foot
fault rate on the third day after ICH (Figs. 5A and B). Particularly,
the medium dose exhibited a remarkable curative effect. In addi-
tion, the medium dose of NYKD substantially reduced the hema-
toma volume (Figs. 5C and D). Furthermore, H&E staining showed
improved perihematomal cell disorganization, extracellular ma-
trix degradation, and neuroinflammation in the NYKD groups
compared to those in the ICH group (Fig. 5E). Nissl staining also
indicated that the number of survival neurons increased after
NYKD treatment (Figs. 5F and G). Moreover, brain IgG leakage
(Figs. 5H and I) and apoptosis (Figs. 5] and K) was mitigated by
NYKD. Taken together, NYKD was effective in a mouse model of
ICH, with the medium dose showing more remarkable effects.
Therefore, we selected the medium dose for further investigations.
Additional experiments indicated that the efficacy of NYKD was
equivalent to that of the classical TCM prescription XFZYD as
assessed by mNSS (Fig. S3A), foot fault rate (Fig. S3B), H&E
(Fig. S3C), Nissl (Figs. S3D and E), IgG leakage (Figs. S3F and G), and
TUNEL staining (Figs. S3H and I).

3.7. No general side effects were detected for the ICH-tailored TCM
prescription

To evaluate the side effects of NYKD on other tissues, histo-
logical examination of the heart, liver, spleen, lung, and kidney
slides using H&E demonstrated no obvious structural changes
among the groups (Fig. S4A). Moreover, NYKD may regulate
blood coagulation, which is thought to affect hematoma expan-
sion in the acute stage. However, our blood coagulation tests
showed no significant differences between the ICH and NYKD
groups in terms of the extrinsic coagulation pathway (PT),
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Fig. 4. The active ingredients in Nao Yi Kang decoction (NYKD) solution and mice serum. (A, B) The active ingredients in mice serum (A) and in NYKD solution (B) at positive mode.
(C, D) The active ingredients in mice serum (C) and in NYKD solution (D) at negative mode.
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Table 2

Journal of Pharmaceutical Analysis 15 (2025) 101199

The detected intracerebral hemorrhage (ICH) curative active ingredients in Nao Yi Kang decoction (NYKD) and mice serum.

Name MS? score  Formula m/z Retention MS adduct m/z of MS? fragments Related herbs
time (s)
Adenine 1.00 CsHsNs 136.0552 322897 [M+H]*" 136.062167, 119.035705, 137.045898, Carthamus tinctorius L.
131.019544, and 91.053894
Nicotinamine 1.00 CgHgN20 123.0553  37.7325 [M+H]" 123.055377, 124.038807, 80.049138, Hippophae rhamnoides L.
95.048961, and 96.044514
p-Coumaric acid 0.94 CoHgO3 165.0549 913795 [M+H]? 147.04454, 119.049286, 91.054023, Scutellaria barbata D. Don
165.091921, and 123.043796 Ginkgo biloba L.
Quercetin 0.99 Cy5H1007 303.0500 93.9897 [M+H]" 303.049448, 229.049883, 285.039962, Scutellaria barbata D. Don
257.044977, and 153.017905 Carthamus tinctorius L., Achyranthes
bidentata Blume, Hippophae rhamnoides
L., and Ginkgo biloba L.
Betaine 0.98 CsH11NO; 118.0862 105.0160 [M-+H]" 118.086677, 59.073245, 58.065298, Achyranthes bidentata Blume
92.656944, and 72.080654
Bilobalide 0.96 Cy5H1808 327.1077 125.5150 [M+H]" 309.097004, 327.108832, 57.070268, Ginkgo biloba L.
111.080769, and 149.060873
Baicalin 0.94 C1Hig011  447.0916 149.1695 [M-+H]" 271.058168, 447.090459, 153.017924, Scutellaria barbata D. Don, Carthamus
272.063973, and 68.997327 tinctorius L., and Achyranthes bidentata
Blume
Kaempferol 0.99 Cy5H1006 287.0554 152.9930 [M+H]" 287.055001, 153.018358, 121.029395, Carthamus tinctorius L., Achyranthes
92.658643, and 165.017607 bidentata Blume, Hippophae rhamnoides
L., and Ginkgo biloba L.
Palmatine 0.74 Cy1HoNOi  352.1525  181.0270  [M]* 352.15218, 180.137281, 334.140132, Achyranthes bidentata Blume
198.148986, and 278.113424
Wogonin 0.97 Cy6H1205 285.0757 362.4535 [M+H]" 285.077476, 270.053843, 57.069865, Scutellaria barbata D. Don and
284.293968, and 92.658769 Achyranthes bidentata Blume
Linolenic acid 0.81 Cy18H3002 279.2321 4241690 [M+H]" 149.023728, 121.100729, 175.148048, Carthamus tinctorius L., Hippophae
81.069544, and 95.085847 rhamnoides L., and Ginkgo biloba L.
Alpha-linolenic acid 0.98 Cy8H3002 2792321 701.3240 [M+H]" 81.069644, 67.054343, 95.085062, Carthamus tinctorius L., Hippophae
279.233949, and 109.101022 rhamnoides L., and Ginkgo biloba L.
Cholesterol 0.98 Ca7Hy60 369.3518 703.9790 [M+H]! 369.354642, 147.117442, 161.132647,  Scutellaria barbata D. Don, Carthamus
109.101031, and 95.085643 tinctorius L., and Hippophae rhamnoides
L.
Laricitrin 0.92 Cy6H120s 331.0455 122.3410 [M-H]~ 303.047885, 275.057593, 331.045518, Ginkgo biloba L.
92.675964, and 151.003699
Salicylic acid 0.98 C7HgO3 137.0244 161.9880 [M-H]~ 93.034843, 136.892189, 108.900204, Carthamus tinctorius L.
138.018549, and 94.037699
Rheic acid 0.81 Cy5HgO06 283.0248 187.4605 [M-H|~ 283.026162, 255.028606, 117.035045,  Hippophae rhamnoides L.
163.004024, and 72.992894
Luteolin 0.99 C15H1006 285.0404 210.8780 [M-H]~ 285.041868, 133.028612, 151.003994, Scutellaria barbata D. Don, Carthamus
286.044102, and 175.039365 tinctorius L., and Ginkgo biloba L.
Eugenol 0.92 Cy0H120; 163.0764 2247510 [M-H]|~ 148.053004, 162.838303, 119.050163, Ginkgo biloba L.
149.057401, and 73.070954
Eriodictyol 0.78 Cy5H1206 287.0561 2253950 [M-H] 151.004012, 135.044843, 92.67609, Scutellaria barbata D. Don
287.05604, and 107.013419
Isorhamnetin 0.99 Cy6H1207 315.0506 275.2680 [M-H]~ 315.051016, 300.029736, 151.004252,  Hippophae rhamnoides L. and Ginkgo
271.022891, and 164.011172 biloba L.
Baicalein 0.99 Ci5H1005 269.0457 296.4805 [M-H]|~ 269.044942, 92.68033, 268.164064, Scutellaria barbata D. Don,
79.957557, and 149.571221 Carthamus tinctorius L., and Achyranthes
bidentata Blume
Oleic acid 0.95 Cy8H340; 281.2482 783.1875 [M-H]|~ 281.246419, 82.308617, 206.352121, Scutellaria barbata D. Don, Carthamus

246.280228, and 135.280018

tinctorius L., Hippophae rhamnoides L.,
and Ginkgo biloba L.

MS: mass spectrometry.

intrinsic coagulation pathway (APTT), or FIB. Although APTT
tended to increase, FIB tended to decrease after NYKD treatment
(Figs. S4B—D).

3.8. The effects of the ICH-tailored TCM prescription on brain
transcriptomics

To further reveal the multi-target effects of NYKD on ICH, we
performed brain transcriptomics after ICH and NYKD treatment.
The principal component analysis (PCA) plot suggested distinct
transcriptomic profiles between the ICH and NYKD groups (Fig. 6A).
Most of the DEGs (1925/2405) were upregulated in the ICH group
compared to those in the sham group (Fig. 6B), whereas most of the
DEGs (1495/1806) were downregulated in the NYKD group

compared to those in the ICH group (Fig. 6C). Among the differ-
ential genes, 294 overlapped between the ICH vs. sham and NYKD
vs. ICH comparisons, and 150 were identified as protein-coding
genes (Fig. 6D). Functional analysis indicated that the NYKD-
regulated genes were mostly enriched in the processes of cell
activation and development (regulation of cell activation, leukocyte
activation, and response to growth factor), vascular permeability
and remodeling (extra cellular matrix (ECM) proteoglycans, extra-
cellular matrix assembly, elastic fiber formation, and basement
membrane organization), and inflammation (inflammation re-
sponses, leukocyte activation, and chemokine production) (Fig. 6E
and Table S6), which were well-matched with the results of GO
analysis of the NYKD-related ICH targets (Fig. 3D), although only
one DEG overlapped with the potential targets (Fig. S5).
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Fig. 5. The effects of Nao Yi Kang decoction (NYKD) on intracerebral hemorrhage (ICH). (A) The medium dose of NYKD substantially improved the modified neurological severity
score (mNSS) of ICH mice in the acute stage. (B) The medium dose of NYKD significantly reduces the foot fault rate after ICH. (C, D) The medium dose of NYKD substantially reduced
the hematoma volume after ICH: statistic diagram of hematoma volume (C) and representative diagram of brain slices showing hematoma volume (D). (E) Hematoxylin and eosin
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the hematoma: statistic diagram of survival neurons (F) and representative images of Nissl staing (G). (H, I) Inmunohistochemical analysis of immunoglobulin G (IgG) shows that
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3.9. The effects of the ICH-tailored TCM prescription on glial cell
activation and neuroinflammation

The functions of both the predicted targets and actual DEGs of
NYKD were enriched in cell activation and neuroinflammation.
Therefore, we examined two major ICH-activated inflammation-
associated glial cells: astrocytes and microglia. Immunofluores-
cence showed that pre-hematoma astrocytes (GFAP') were acti-
vated (intense GFAP staining and cellular hypertrophy) and
proliferated (GFAP™ and PCNA™) in the ICH mice (Figs. 7A and B).
Similarly, microglia were activated and proliferated (Ibal™ and
PCNA™) after ICH (Figs. 7C and D). In the NYKD group, the numbers
of proliferating astrocytes and microglia were significantly lower
than those in the ICH group (Figs. 7A—D). Moreover, pro-inflam-
matory microglia (M1, Iba1™, and CD86™) were markedly reduced
after NYKD intervention (Figs. 7E and F), whereas anti-
inflammatory and phagocytic microglia (M2, Ibal™, and Argl™)
tended to increase in the treated group (Figs. 7G and H).

10

4. Discussion

In this study, we established a multi-targets-oriented gradient
targets-compound-herb weighting strategy. Using this strategy, we
formulated a new TCM prescription (NYKD) for ICH treatment. The
five-herb prescription not only contains the classically used ICH-
curative herbs but also includes non-conventional but rational
members. The combination of herbs in NYKD also meets the TCM
theory. The in vivo study showed that NYKD achieved multiple
tailored effects in ICH mice, which was consistent with the function
of the potential targets of NYKD. Moreover, the efficacy of NYKD is
equal to that of the classical formula, XFZYD, although the new
formula consists of fewer herbs than those in XFZYD.

Traditionally, the symptom- and sign-based syndrome differ-
entiation has been the core step in disease diagnosis and pre-
scription formulation by traditional Chinese physicians. Although
this method is effective in some cases, it has several limitations.
First, the symptoms and signs may not specifically or precisely
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Fig. 7. Nao Yi Kang decoction (NYKD) inhibits glial cell activation and proliferation. (A, B) Immunofluorescent staining shows that NYKD inhibits astrocyte activation (green) and
decreases the number of proliferating astrocytes: representative images of glial fibrillary acidic protein (GFAP) and proliferating cell nuclear antigen (PCNA) double staining (A) and
statistic diagram of the number of double positive cells of GFAP and PCNA. (C, D) Immunofluorescent staining shows that NYKD inhibits microglia activation (green) and decreases
the number of proliferating microglia: representative images of ionized calcium-binding adaptor molecule 1 (Ibal) and PCNA double staining (C) and statistic diagram of the
number of double positive cells of Ibal and PCNA (D). (E, F) Immunofluorescent staining shows that NYKD decreased the number of M1 microglia: representative images of Ibal and
cluster of differentiation 86 (CD86) double staining (E) and statistic diagram of the number of double positive cells of Ibal and CD86 (F). (G, H) Immunofluorescent staining shows
that NYKD increases the number of M2 microglia: representative images of Ibal and arginase 1 (Arg1) double staining (G) and statistic diagram of the number of double positive
cells of Ibal and Arg1 (H). Data are presented as mean + standard deviation (SD) (n = 5). *"P < 0.001 and ***"P < 0.0001. ns: not significant. ICH: intracerebral hemorrhage; Medium:
medium dose; DAPI: diamidino-phenyl-indole.

reflect the pathophysiology of the disease. Therefore, TCM di- In our strategy, the reliability of the resulting formula largely
agnoses and prescriptions are relatively crude. Second, a selection relies on the relevance scores of the targets for ICH and the con-
bias exists with TCM combination therapy. The Chinese physician nections between the ingredients and targets. We obtained the
often formulates a prescription in reference to ancient records like relevance score of targets to ICH from GeneCards (the Human Gene

“Treatise on Febrile Diseases” (Shang Han Lun) and “Synopsis of Database) and the ingredient-target relations from SymMap. Both of
Prescriptions of theGolden Chamber” (Jingui Yaoliie). Although them are comprehensive and authoritative databases that are widely

these classical prescriptions have been proven effective in clinical used in network pharmacological research for TCM [21—23]. Gene-
practice for thousands of years, the enrollment of TCM is limited Cards integrates information from genomics, clinical trials, the
owing to the limitations of the ancient perceptions, personal fa- literature, and more than 190 specialized databases [16]. It computes
miliarity, and preference of locally distributed TCM. Recently, re- the relevance score of targets to diseases using the Elasticsearch 7.11

searchers applied the big data to analyze the law of TCM use in platform, which uses the well-recognized Boolean model to find
certain diseases and assist TCM formulation [4—6]. This strategy matching documents and a practical scoring function to calculate the
extends data coverage but cannot completely eliminate bias. Raw relevance. Because the source data are fuly covered, large-scale, and

TCM prescriptions that input the statistics originate from personal promptly updated, relevance scores in GeneCards database are
clinical experiences. Our strategy uses an extensively covered relatively reliable [16]. SymMap is an integrative database special-
target cluster instead of symptoms and signs to characterize a ized in TCM investigations [17]. Information about the compound-
disease and applies a weighted disease-target-herbal ingredient- target interactions was integrated from two well-known data-

herb network to direct TCM formulation. This provides a relatively bases: Hit 2.0 and TCMSP. Hit 2.0 collects the verified compound-
precise, multipronged, unbiased, and standardized approach for target relationships from the literature [24]. TCMSP includes
TCM formulations. compound-target interactions from experimental validation and

1
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predictive targets from the SysDT model, which have a concordance
of 82.83%, sensitivity of 81.33%, and specificity of 93.62% [18]. Since
its publication in 2019, SymMap has been cited more than 300 times
[17]. Therefore, the component-target interactions are credible.

The basic TCM pathogenesis of ICH involves blood stasis (Yuxue)
and toxic heat (Redu). Hippophae rhamnoides L. with Ginkgo biloba L.
are utilized to promote the blood circulation and remove stasis
(Huoxuehuayu), and Scutellaria barbata D. Don is used to clear heat
and detoxification (Qingrejiedu). They are the monarchies because
they address the principal underlying pathological mechanisms of
ICH. Second, Carthamus tinctorius L. promotes the blood circulation
(Huoxue), and Achyranthes bidentata Blume clears heat (Qingre),
which assists the monarch. Therefore, they became ministers. Third,
Hippophae rhamnoides L. is the assistant, because it promotes the
blood circulation, protects the spleen and stomach, and prevents
gastrointestinal complications after ICH and herb treatment (Huoxue
and Jianpi). Last, Achyranthes bidentata Blume also clears heat and
guides the stasis and heat toxins downward, which serves as the
guide. Taken together, the function of NYKD is promoting “blood
circulation and remove stasis” and “clearing heat and detoxification”,
which fully meets the primary pathophysiology of ICH.

Among the five herbs, Achyranthes bidentata Blume and Cartha-
mus tinctorius L. are the most commonly used in ICH-treating TCM
prescriptions, including XFZYD [20,25]. These results support the
rationale of our TCM strategy. In contrast, Hippophae rhamnoides L.,
Ginkgo biloba L., and Scutellaria barbata D. Don are seldom included
in traditional medicines. Previous research has indicated that Hip-
pophae rhamnoides L. can reduce vascular leakage in the brain [26];
Ginkgo biloba L. and its active ingredients can inhibit apoptosis and
improve the outcomes of patients with stroke [27—29]; and the
extract of Scutellaria barbata D. Don protects against neuronal in-
juries and reduces glial cell expression [30—32]. This suggests that in
addition to the classically used herbs, our strategy can underscore
the therapeutic potential of non-canonical herbs.

In animal experiments, NYKD improved post-ICH neurological
deficits through a multifactorial mechanism, including suppression
of neuronal damage, cell apoptosis, and vascular leakage, reduction
of hematoma volume, inhibition of astrocyte/microglia activation
and proliferation, and limition of neuroinflammation. This indicates
that this new strategy can be used to formulate effective TCM
prescriptions for complex diseases. Although the effects of NYKD
are almost equal but not superior to those of XFZYD in ICH mice, the
number of herbs in NYKD is much lower than that in XFZYD. This
indicates that NYKD may be a more convenient and less expensive
treatment option for patients with ICH. Therefore, the NYKD is
considered the optimal prescription [33].

The DEGs in the transcriptomics of NYKD-treated mice are less
consistent with the potential targets from network prediction. Most
herbal ingredients act by binding to target proteins and primarily
alter downstream function rather than expression levels [34]. The
function of NYKD validated by transcriptomics matches well with
the predicted function of NYKD in our study, where both of them
are enriched in the processes of cell activation and development,
vascular damage and remodeling, and inflammation.

Blood coagulation and hematoma absorption are the major pro-
cesses that after ICH outcomes [11]. First, rapid coagulation stops the
expansion of the hematoma, decreasing mortality and potentially
reducing brain injury [35]. In addition, the promoted absorption of
the hematoma relieves secondary brain damage and potentiates
neuronal repair [36,37]. TCM, classified as “Huoxuehuayu”, may
affect blood coagulation and resolution. The prescription highlighted
in the present study belongs to this catalog. Although NYKD tended
to increase the APTT and decrease the FIB levels, these changes were
slight and insignificant. Moreover, the hematoma did not enlarge at
the medium dose. This suggests that NYKD does not affect blood
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coagulation, and that it is safe to treat ICH with NYKD in the acute
stage. In addition, NYKD substantially increased the number of
phagocytic microglia (M2) and decreased hematoma volume. This
implies that NYKD facilitates hematoma absorption.

Our study has several limitations. First, because the quantitative
data about the amount of most ingredients in the herbs and the
binding affinity of compounds to the targets are lacking, we did not
integrate the intensity of herb-ingredient and ingredient-target
interactions into the gradient weighting strategy, which unavoid-
ably reduced the accuracy of the tailored prescription. Second, the
efficacy of this strategy requires further validation in other diseases
and models. Third, owing to the lack of highly credible databases
that include the TCM syndrome-related targets, we did not apply
this strategy to formulate TCM syndrome-specific prescriptions.
Future studies will focus on establishing a disease- and syndrome-
tailored TCM formulation platform to extend the application of our
multi-target-based weighting strategy to complex diseases.

5. Conclusion

We proposed a multi-target-directed gradient weighting strat-
egy to tailor disease-specific TCM prescriptions. Based on this
strategy, we formulated a five-herb TCM prescription for ICH
treatment. The new TCM formula also meets TCM theory and
contains both well-recognized and less commonly used herbs. In
animal models, tailored TCM prescriptions exert multifactorial ef-
fects on ICH. This novel strategy presents a promising avenue for
formulating and optimizing a precise, multipronged, unbiased,
standardized, and effective TCM prescription for complex diseases,
particularly for physicians without sufficient systematic TCM
knowledge. It provides a paradigm for modern achievements-
driven standardization and innovation of TCM conception and
will promote the modernization and globalization of TCM.
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