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Abstract: To investigate the effects of Fructus Psoraleae (FP) on both the hypothalamic-

pituitary-adrenal (HPA) axis and the hypothalamic-pituitary-gonadal (HPG) axis in juvenile 

rats across pre-pubertal and post-pubertal stages, as well as to explore its potential implications 

for biological mechanical properties, a multidisciplinary approach combining network 

pharmacological analysis, animal experimentation, and biomechanical assessment was 

employed. Fructus Psoraleae’s potential pharmacological components and targets were 

identified via the TCMSP database. A GEO search for “precocious puberty” facilitated 

differential gene analysis with GEO2R. Protein interactions were examined using String, while 

DAVID analyzed biological processes. Molecular docking was performed using CB-Dock for 

validation. The effects of Fructus Psoraleae (FP) on the expression of endocrine-related 

proteins in the HPA and HPG axes of young rats were assessed via enzyme-linked 

immunosorbent assay (ELISA). Additionally, quantitative real-time polymerase chain reaction 

(qRT-PCR) was employed to evaluate the expression levels of relevant genes. Computational 

analysis revealed that FP contains 11 potential pharmacodynamic components and 19 potential 

targets associated with precocious puberty-related disorders. Notably, compounds such as 

isopsoralidin, bavachin, and psoralidin exhibited strong binding affinity to acetylcholinesterase 

(ACHE) targets. KEGG pathway analysis indicated their involvement in significant biological 

pathways, including the HIF-1 signaling pathway and AMPK signaling pathway. The ELISA 

results demonstrated notable differences between the FP group and the control group. During 

the pre-pubertal phase, the FP group exhibited significantly lower levels of corticotropin-

releasing hormone (CRH) compared to the control group (P < 0.05). Conversely, in the post-

pubertal stage, the FP group showed elevated levels of gonadotropin-releasing hormone 

(GnRH) relative to the control group (P < 0.01). From a biomechanical view, variations in 

hormone concentration may be linked to the regulatory effects of blood flow shear stress on 

the secretory activity of hypothalamic neurons. Furthermore, qRT-PCR analysis showed that 

estrogen receptor 1 (ESR1) expression was significantly upregulated in the FP group during 

the pre-pubertal stage (P < 0.01), while ACHE expression was notably reduced in the FP group 

during the post-pubertal period (P < 0.001). The findings suggest that Fructus Psoraleae does 

not exert a significant effect on the gonadal axis during the pre-pubertal phase; however, it may 

have the potential to activate the gonadal axis during the post-pubertal phase. Biomechanical 

factors may play a significant role in modulating these effects, offering fresh insights into the 

mechanism by which Fructus Psoraleae exerts its influence on the endocrine system. 
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1. Introduction 

Sexual precocity is defined as a type of abnormal puberty development, 

characterized by the appearance of secondary sexual characteristics before 7.5 years 

in females and before 9 years in males [1]. The initial signs often manifest as breast 

enlargement in girls and testicular enlargement in boys. 

The phenomenon of early sexual maturation is predominantly observed in 

females, with a reported ratio of girls to boys being approximately 15:20. In the United 

States, the estimated incidence ranges from 1 in 5000 to 1 in 10,000 girls [1,2]. 

Conversely, South Korea reports a prevalence of 55.9 cases per 100,000 girls, 

alongside a rate of 1.7 cases per 100,000 boys [3,4]. Early sexual maturation is 

categorized into two types: central precocious puberty (CPP) and peripheral 

precocious puberty (PPP) [5]. Notably, around 80% of these cases are classified as 

central precocious puberty, which is characterized by a dependence on gonadotropins 

[6]. 

The hypothalamic-pituitary-adrenal (HPA) axis and the hypothalamic-pituitary-

gonadal (HPG) axis play significant roles in the physiological development of children. 

The HPA axis primarily functions to manage stress responses and regulate metabolic 

processes, whereas the HPG axis serves as a central regulator of reproductive 

development and sexual maturation. A proper functionality of these two axes has an 

important impact on growth and development as well as physiological homeostasis in 

children [7]. Studies have shown that dysregulation of the HPA and HPG axes may 

lead to growth retardation, precocious puberty and other problems in children, so 

regulating the function of these two axes is important for promoting children’s health 

[8,9]. 

For the treatment of CPP, long-acting gonadotropin-releasing hormone agonists 

(GnRHa) represent the standard of care in managing this condition. These agents work 

by suppressing gonadotropin secretion, thereby halting the progression of sexual 

maturation. However, the most frequently reported side effects include headache, hot 

flashes, and injection-site reactions, with weight gain emerging as a particular concern 

among patients. Given these considerations, exploring complementary or alternative 

therapeutic approaches may be warranted in certain cases. 

Fructus Psoraleae (FP), a commonly employed herbal medicine in traditional 

Chinese medicine (TCM), is extensively used for treating osteoporosis and kidney 

deficiency. The seeds of this plant constitute the primary medicinal portion, which 

harbors diverse bioactive components including coumarins and flavonoids. These 

constituents exhibit significant potential in promoting bone health and enhancing 

immune function [10]. In addition, the potential of FP in promoting children’s growth 

and development has been gradually valued, especially in regulating endocrine and 

promoting bone development, which is through the estrogen receptor (ER) pathway, 

one of the important pathways in regulating children’s sexual development [11].  

The HPA and HPG axes are critical for growth and development and endocrine 

function in children; however, the specific mechanisms of FP in the regulation of these 

axes remain unclear and systematic studies on clinical applications are scarce. In this 

paper, we analyse the pharmacological effects of FP and the signalling pathways it 

may affect by combining Network pharmacology and experimental studies, and 
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explore its experimental results on the hormonal effects on growth and development 

in young rats. It aims to provide a theoretical rationale and robust data supporting the 

clinical application of FP, while evaluating its therapeutic potential. 

2. Materials and methods 

2.1. Animals 

Twenty SPF-grade SD young rats (1 week old, weighing approximately 30 ± 5 g) 

were obtained from the Guangdong Provincial Medical Laboratory Animal Centre. 

The experimental cohort included an equal number of male and female subjects, which 

were separately coded before random assignment into groups using numerical 

randomization. The animals were housed at the Guangzhou University of Chinese 

Medicine Laboratory Animal Centre under standard environmental conditions: 

temperature range 20–26 ℃, relative humidity 40%–70%, and a 12-h light/dark cycle. 

The young rats were housed in proximity to pregnant rats, which were provided with 

standard sterilized normal chow. Both pregnant and young rats had unrestricted access 

to food and water. This study adhered to the guidelines established by the 

Experimental Animal Welfare and Ethics Committee, as outlined in application form 

No. 20231007002 from the Experimental Animal Ethics Committee of Guangzhou 

University of Chinese Medicine. 

2.2. Drugs 

Fructus Psoraleae concentrated granules were provided by the Chinese herbal 

pharmacy of the First Affiliated Hospital of Guangzhou University of Chinese 

Medicine (Batch No. A210A593), and each 1 g of the formulated granules was 

equivalent to 6.7 g of herbs. 

Fructus Psoraleae concentrated granules (Batch No. A210A593) were supplied 

by the Chinese herbal pharmacy at the First Affiliated Hospital of Guangzhou 

University of Chinese Medicine. Each 1 g of granules corresponded to 6.7 g of herbs. 

2.3. Reagents 

AG RNAex Pro RNA Reagent (AG21101); Evo M-MLV Reverse Transcription 

Premix Kit (with gDNA removal reagent for qPCR) Ver.2 (AG11728); SYBR Green 

Pro Taq HS Premix qPCR Kit (AG11701); Rat Gonadotropin Releasing Hormone 

(GnRH) ELISA Kit (MEIMIAN:MM-0521R2); Rat Follicle Stimulating Hormone 

(FSH) ELISA Kit (MEIMIAN:MM-70867R2); Rat Luteinising Hormone (LH) ELISA 

Kit (MEIMIAN:MM-0624R2); Rat Testosterone (T) ELISA Kit (MEIMIAN:MM-

0577R2); Rat Estradiol (E2) ELISA Kit (MEIMIAN:MM-0577R2); Rat 

Corticotropin-Releasing Hormone (CRH) ELISA Kit (MEIMIAN:MM-0520R2); Rat 

Adrenocorticotropic Hormone (ACTH) ELISA Kit (MEIMIAN:MM-0565R2); Rat 

Cortisol ELISA Kit (MEIMIAN:MM-0574R2). 

2.4. Instruments 

Analytical balance (Beijing Sartorius Balance Co., Ltd., model ALC-210.2); full-

wavelength enzyme labeller (Thermo, USA, model MultiskanFC); centrifuge 
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(Germany eppendorf centrifuge, model centrifuge 5418); electric constant temperature 

water tank (Shanghai Boxun Industrial Co., Ltd. medical equipment factory, model: 

SSW-420-2S); clean bench (Suzhou Antai Air Technology Co., Ltd., model: LAD-

LCJT1B); real-time fluorescence quantitative PCR instrument (Thermo Fisher ABI 

QuantStudio5, USA).  

2.5. Network pharmacology studies 

The active components of the traditional Chinese herbal FP were identified and 

their mol2 structures were retrieved from the TCMSP database (available at tcmsp-

e.com/), with the screening criteria set as oral bioavailability (OB) ≥ 30% and drug-

likeness (DL) ≥ 0.18. The structural formula in mol2 format was subsequently 

uploaded to the PharmMapper database (accessible via http://www.lilab-

ecust.cn/pharmmapper/submitfile.html), where the Targets Set parameter was 

configured to “Human Protein Targets Only” (version 2010, containing 2241 targets) 

to identify active ingredient targets with a Z’-score of ≥ 1.5. 

The SMILES structures of the bioactive compounds were downloaded from the 

PubChem database (https://pubchem.ncbi.nlm.nih.gov/) and subsequently uploaded to 

the SwissTargetPrediction platform (http://www.swisstargetprediction.ch/). We set a 

cutoff point at Top 15 to retrieve the biological targets associated with each active 

compound. The predicted target proteins were then converted into their corresponding 

standard gene names using the Uniprot database (www.uniprot.org). The curated 

target genes from both PubChem and SwissTargetPrediction databases were compiled 

into an Excel spreadsheet, where duplicate entries were removed through a 

deduplication process to derive the final list of targets for FP analysis. 

We searched the GEO database of the National Center for Biotechnology 

Information (NCBI) (https://www. ncbi.nlm.nih.gov/geo/), and screened experimental 

data on human precocious puberty genes using the keyword ‘precocious puberty’ and 

differential gene analysis was performed with the GEO2R analysis tool. Two gene 

expression datasets, GSE7142 and GSE20872, were screened for eligibility. GSE7142 

included one child with hypothalamic malformations with precocious puberty and 

three children with hypothalamic malformations without precocious puberty, and the 

microarray platform was GPL96 ([HG-U133A] Affymetrix Human Genome U133A 

Array). GSE208722 includes 3 cases of hypothalamic neurons with Makorin Knobbed 

Finger Protein 3 (MKRN3 ) wild-type human induced pluripotent stem cells (hiPSCs) 

and 3 cases of MKRN3-deficient hiPSCs, and the microarray platform is GPL20301 

(Illumina HiSeq 4000). 

Differential genes were screened in R (version 4.0.3), and the downloaded data 

were background corrected and normalised by the RMA algorithm, with volcano plots. 

Differential genes were screened with P < 0.05, |logFC| > 2 conditions. The target 

genes of the diseases obtained from the above 2 datasets were imported into excel for 

removing duplicate values to obtain the final precocious puberty-related targets. 

Draw a Wayne diagram for the intersection of FP active ingredient targets and 

precocious puberty targets in R (version 4.0.3), and submit the intersected targets to 

the STRING database (www.string-db.org/), with the species of ‘Homo sapiens’ and 

the confidence interval > 0.150, to construct protein-protein interaction (PPI) data. 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GPL96
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GPL20301
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Download its tsv format file, import it into Cytoscape 3.6.1 software, and use Network 

Analysis plug-in to analyse the topology of the obtained PPI network. The core target 

points were obtained by filtering with the median of greater than degree, closeness and 

betweenness as the threshold value, and the PPI network graph was plotted to represent 

the magnitude of the degree value of degree in terms of the node’s colour shade change. 

The core targets were uploaded to the DAVID database 

(https://david.ncifcrf.gov/summary.jsp), with ‘Homo sapiens’ specified as the 

organism and a significance threshold of P < 0.05 applied for filtering. The top 10 

terms from Gene Ontology (GO) annotations, including Molecular Function (MF), 

Biological Process (BP), and Cellular Component (CC), were selected, along with the 

top 10 entries from Kyoto Encyclopedia of Genes and Genomes (KEGG). Network 

topology parameters of the active ingredients and targets were analyzed using 

Cytoscape software. The results were visualized in R as histograms and bubble charts 

to represent the enrichment analysis outcomes. 

The three-dimensional structures (PDB entries) of the five targets with the 

highest degrees within the protein-protein interaction (PPI) network were retrieved 

from the Protein Data Bank (https://www.rcsb.org/). These structures were then 

docked against the bioactive components of FP utilizing the CB-Dock platform 

(https://cadd.labshare.cn/cb-dock2/php/index.php), a computational docking tool. 

Molecular docking scores were calculated, and a heatmap visualization of these 

interactions was generated using the R programming language. 

2.6. Animal experiments 

All rats were randomly divided into 4 groups: pre-puberty-blank group, pre-

puberty-FP group, post-puberty-blank group, and post-puberty-FP group (n = 5 in each 

group). The clinical dosage of FP was 100 mg/kg, and the equivalent dose for rats was 

converted according to body surface area. After 3 days of acclimatization, both blank 

groups were orally administered with 10 mL/kg of PBS solution, while both FP groups 

received 10 mL/kg of FP granules based on the equivalent dose calculated according 

to daily body weight. The gavage was performed once a day for all groups. After 7 

days of gavage (23 days of age), the pre-puberty 2 groups were sacrificed. The post-

puberty 2 groups continued the gavage intervention for 7 days and were sacrificed 

after 14 days of gavage (30 days of age). 

Throughout the experimental duration, subjects were monitored for alterations in 

mental status, while body weight variations across all groups were measured and 

documented on a daily basis. 

Eye blood sampling was performed at the time of sacrifice in the pre-puberty 2 

groups and post-puberty 2 groups and serum was separated. Serum levels of GnRH, 

FSH, LH, T, E2, CRH, ACTH and CORT were measured according to the instructions 

of the ELISA kit. 

Based on the results of Network pharmacology, we chose ESR1, ESR2 and 

ACHE to explore the mechanism of FP’s effect on sexual development. Pre-puberty 

and post-puberty young rats’ ovaries or testes were selected. Total RNA from ovaries 

or testes was extracted using TRIzol and phenol-chloroform phase separation 

according to the manufacturer’s instructions, followed by the use of Evo M-MLV 
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Reverse Transcription Premixed Kit and SYBR Green Pro Taq HS Premixed qPCR 

Kit. Primer sequences for qRT-PCR are listed in Table 1. 

Table 1. Real-time polymerase chain reaction primers. 

PubChem CID Component Name Molecular Formula Molecular Weight (g/mol) 

10658 angelicin C11H6O3 186.16 

5468522 bakuchiol C18H24O 256.399 

6450879 bavachalcone C20H20O4 324.4 

14236566 bavachin C20H20O4 324.4 

5321800 bavachromene C20H18O4 322.4 

5281255 isobavachalcone C20H20O4 324.4 

193679 isobavachin C20H20O4 324.4 

5281806 psoralidin C20H16O5 336.3 

5280794 stigmasterol C29H48O 412.7 

14630492 sophoraccoumestan A C20H14O5 334.3 

12304285 isopsoralidin C20H16O5 336.3 

2.7. Statistical analysis  

The experimental results were statistically analyzed using GraphPad Prism 

software. Single-factor ANOVA was employed to assess differences in experimental 

data across groups. Significance was defined as a P-value less than 0.05. 

3. Results 

3.1. Network pharmacology 

Eleven potential active ingredients of FP were obtained from TCMSP database 

search, and the results were shown in Table 1, with 191 active compound targets. The 

up- and down-regulated genes of GSE7142H and GSE208722 were screened from 

GEO database, and the volcano diagram is shown in Figure 1. A total of 1172 disease 

targets were retrieved, and the intersection of drug component genes and disease genes 

was obtained in R. 19 intersected targets were obtained, and the Wayne diagrams are 

shown in Figure 1 and Table 2. A network diagram of drug-component-target-disease 

interactions was drawn using Cytoscape software, see Figure 1. 

https://pubchem.ncbi.nlm.nih.gov/compound/10658
https://pubchem.ncbi.nlm.nih.gov/#query=C18H24O
https://pubchem.ncbi.nlm.nih.gov/compound/6450879
https://pubchem.ncbi.nlm.nih.gov/#query=C20H20O4
https://pubchem.ncbi.nlm.nih.gov/compound/14236566
https://pubchem.ncbi.nlm.nih.gov/#query=C20H20O4
https://pubchem.ncbi.nlm.nih.gov/compound/5321800
https://pubchem.ncbi.nlm.nih.gov/#query=C20H18O4
https://pubchem.ncbi.nlm.nih.gov/compound/5281255
https://pubchem.ncbi.nlm.nih.gov/#query=C20H20O4
https://pubchem.ncbi.nlm.nih.gov/compound/193679
https://pubchem.ncbi.nlm.nih.gov/#query=C20H20O4
https://pubchem.ncbi.nlm.nih.gov/compound/5281806
https://pubchem.ncbi.nlm.nih.gov/#query=C20H16O5
https://pubchem.ncbi.nlm.nih.gov/compound/5280794
https://pubchem.ncbi.nlm.nih.gov/#query=C29H48O
https://pubchem.ncbi.nlm.nih.gov/compound/14630492
https://pubchem.ncbi.nlm.nih.gov/#query=C20H14O5
https://pubchem.ncbi.nlm.nih.gov/compound/12304285
https://pubchem.ncbi.nlm.nih.gov/#query=C20H16O5
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Figure 1. (a) Volcano plot of differentially gene expression in precocious puberty (GSE7142H database); (b) Volcano 

plot of differentially gene expression in precocious puberty (GSE208722 database); (c) The veen diagram about the 

target of precocious puberty and the target of Fructus Psoraleae; (d) The drug-target-disease network; (e) PPI network 

construction. 

Table 2. Characteristics of the 19 hub gene. 

Gene Description Degree Betweenness centrality Closeness centrality 

ESR1 Estrogen Receptor 1 16 0.17 0.90 

ACHE Acetylcholinesterase 15 0.19 0.86 

IGF1 Insulin Like Growth Factor 1 13 0.10 0.78 

ESR2 Estrogen Receptor 2 12 0.06 0.75 

IGF1R Insulin Like Growth Factor 1 Receptor 10 0.05 0.69 

GSR Glutathione-Disulfide Reductase 8 0.00 0.64 

PTPN1 Protein Tyrosine Phosphatase Non-Receptor Type 1 8 0.00 0.64 

NOS2 Nitric Oxide Synthase 2 7 0.01 0.62 

SERPINA1 Serpin Family A Member 1 7 0.02 0.62 

SLC6A2 Solute Carrier Family 6 Member 2 6 0.01 0.60 

SERPINA6 Serpin Family A Member 6 6 0.00 0.60 

SULT2A1 Sulfotransferase Family 2A Member 1 6 0.01 0.58 

PDPK1 3-Phosphoinositide Dependent Protein Kinase 1 6 0.00 0.60 

CHRM3 Cholinergic Receptor Muscarinic 3 5 0.01 0.58 

ADRA2A Adrenoceptor Alpha 2A 5 0.00 0.58 

CES1 Carboxylesterase 1 5 0.01 0.58 

CA12 Carbonic Anhydrase 12 4 0.00 0.56 

CHRNA7 Cholinergic Receptor Nicotinic Alpha 7 Subunit 4 0.01 0.55 

KCNA3 Potassium Voltage-Gated Channel Subfamily A Member 3 3 0.00 0.55 
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3.2. GO function and KEGG pathway enrichment analysis 

The 19 core targets in Table 2 were functionally annotated by DAVID, and the 

P values were sorted from smallest to largest, and the top 10 entries of each of the 

biological process (BP), cellular component (CC) and molecular function (MF) in the 

GO function annotations were selected, and the GO bubble diagrams and histograms 

were drawn by R for visual analysis, and the results are shown in Figure 2. Among 

them, 37 pathways are related to biological processes (BP), and the top 10 mainly 

include acetylcholine receptor signaling pathway, acetylcholine receptor signaling 

pathway, insulin-like growth factor receptor signaling pathway, positive regulation of 

MAPK cascade, cellular response to estradiol stimulus, and insulin receptor signaling 

pathway, intracellular steroid hormone receptor signaling pathway. 9 components 

related to cellular components (CC), mainly including plasma membrane, presynaptic 

membrane, postsynaptic membrane, basolateral plasma membrane, integrative 

component of plasma membrane. There are 16 molecular functions (MF), mainly 

including acetylcholine binding, insulin receptor binding, steroid binding, estrogen 

receptor activity, estrogen response element binding, steroid hormone receptor activity 

and others. 

A total of 15 signaling pathways were identified and analyzed through KEGG, 

with the results presented in Figure 2. These include Endocrine Resistance (Pathway), 

HIF-1 Signaling Pathway, Cholinergic Synapse, AMPK Signaling Pathway, FoxO 

Signaling Pathway, mTOR Signaling Pathway, Aldosterone-regulated Sodium 

Reabsorption, and Ovarian Steroidogenesis. 

 

Figure 2. (a) GO enrichment analysis (bubble diagram); (b) GO enrichment 

analysis(histogram); (c) KEGG enrichment analysis (bubble diagram); (d) KEGG 

enrichment analysis (histogram). 
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3.3. Docking results 

The active components of FP in Table 1 were docked molecularly with the top 5 

targets in terms of degree value in the PPI network diagram in Figure 3, and the 

binding strength of the target and the active compounds was evaluated according to 

the value of Vina Score, the lower the value of Vina Score, the more stable the 

molecular conformation was, and the results of the docking were plotted as a heatmap, 

see Figure 3. Most of the molecular docking results had a Vina Score < −7.0 indicating 

that all the 11 active compounds in FP showed better binding ability to the top 5 ranked 

targets. Among them, the ACHE showed the best binding to isopsoralidin, bavachin, 

psoralidin, bavachromene, and sophorus Psoraleae coumarin estane A. 

 

Figure 3. Five hub genes and the 11 significant Molecular Docking: (a) ACHE, 

isopsoralidin, −11.3 kcal/mol; (b) ACHE, bavachin, −10.9 kcal/mol; (c) ACHE, 

sophoraccoumestan A, −10.2 kcal/mol; (d) ACHE, bavachromene, −10.3 kcal/mol; 

(e) ACHE, psoralidin, −10.6 kcal/mol; (f) Heatmaps of the docking scores of hub 

genes combined with bioactive compound of Fructus Psoraleae. 

3.4. Body weight 

During the pre-puberty period, no statistically significant differences in body 

weight were observed between FP groups and control groups. However, during the 

post-puberty period, the FP groups exhibited slower weight gain compared to control 

groups, although no statistically significant difference was noted at the endpoint 

(Figure 4). In addition, the rats in the four groups had good mental status, similar 

appearance and development, no irritability or agitation, and no death during the 

dosing period. 
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Figure 4. (a) Appearance of rats in control group after oral administration of PBS; 

(b) Appearance of rats in control group after oral administration of Fructus 

Psoraleae; (c) Plot of weight change of pre-puberty; (d) Plot of weight change of 

post-puberty. 

3.5. ELISA results 

For pre-puberty, CRH expression in the FP groups was lower than that in the 

control groups (P < 0.05), suggesting that oral administration of FP may suppress pre-

puberty CRH expression. No statistical significance was observed for the remaining 

indicators, see Figure 5. For post-puberty, GnRH expression was higher in the FP 

groups than in the control groups (P < 0.01), suggesting that oral FP may promote 

post-puberty GnRH expression. The remaining indicators did not show statistical 

significance, see Figure 5. 

 

Figure 5. Effect of FP on hormone levels of HPA and HPG axis: (a) hormone levels of pre-puberty; (b) hormone 

levels of post-puberty. 

*P < 0.05; ** P < 0.01. 
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3.6. qRT-PCR measurement of ESR1, ESR2, ACHE 

We used qRT-PCR to measure the effect of FP group and control group on the 

mRNA expression of ESR1, ESR2, and ACHE. The results showed that before puberty，

the mRNA expression levels of ESR1 were higher in the FP group than in the control 

group (P < 0.01). After puberty, the mRNA expression of ACHE in FP group was 

significantly decreased compared with that in the control group (P < 0.001), see 

Figure 6. 

 

Figure 6. Effect of FP on ESR1, ESR2 and ACHE mRNA: (a) represents the relative 

mRNA expression of pre-puberty; (b) represents the relative mRNA expression of 

post-puberty. 

**P < 0.01; ***P < 0.001. 

4. Discussion 

Precocious puberty in children is a matter of great concern for paediatricians 

worldwide, as it not only affects the child’s body shape, but also imposes a burden on 

the child’s present and future psychological well-being. The mechanism of action of 

central precocious puberty (CPP), which is the largest part of the classification, is the 

early initiation of the HPG axis [1], and to a lesser extent the HPA axis also plays an 

influential role [12]. 

Current diagnostic approaches emphasize hormonal evaluation and imaging 

modalities to identify and monitor the progression of precocious puberty [13]. In terms 

of treatment, long-acting gonadotropin-releasing hormone agonists (GnRHa) remain 

the standard therapeutic option for CPP, as they effectively suppress gonadotropin 

secretion [14]. Notably, the most frequently reported side effects associated with 

GnRHa therapy include headaches, hot flashes, and injection-site reactions. Among 

potential challenges, weight gain represents a notable concern during treatment [15]. 
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Therefore it is essential to seek some complementary or replacement therapies. Fructus 

Psoraleae (FP), as a traditional Chinese herbal medicine, the main components of 

which include psoralen, coumarin and flavonoids, etc. Traditionally, it has been used 

to promote bone growth and improve sexual function, and it is often used in childhood 

precocious puberty disorders, but the mechanism of its action is still not clear enough. 

Therefore, this paper explores the effects of Fructus Psoraleae on the HPA and HPG 

axes in young rats through Network pharmacology and experiments to promote its 

application in modern medicine. 

In this paper, we identified 11 potential active components of Fructus Psoraleae 

through Network pharmacology, including angelicin, bakuchiol, isobavachin, 

psoralidin, stigmasterol, isopsoralidin and so on. Although there are no more studies 

to confirm the effects of the above active ingredients in humans or animals with 

precocious puberty disease, some studies have been done to confirm that some of the 

active ingredients have hormone-regulating effects. stigmasterol has good estrogenic 

activity [16], and its oxidation products have interfered with endogenous estrogenic 

effects [17], and in vitro experiments have also confirmed the estrogen-like effects of 

stigmasterol [18]. bakuchiol can regulate estrogen signalling by down-regulation of 

matrix aromatase and up-regulation of epithelial estrogen receptor β (ERβ) [19]. In in 

vitro experiments, the affinity of bakuchiol for estrogen receptor alpha (ERα) was 

higher than that for ERβ, and the application of bakuchiol to treat rats with ovarian 

removal model increased their plasma levels of estradiol [20]. Angelicin increases the 

expression of Erα [21], which promotes osteogenic differentiation, longitudinal bone 

growth, and positively regulates estrogen-deficient osteoporosis. isobavachin 

effectively regulates ER targets by binding to both ERα and ERβ isoforms of the 

estrogen receptor (ER) [22]. isobavachalcone has a high affinity for ERα and can delay 

bone loss in de-ovulated osteoporotic mice by increasing plasma estradiol levels [23]. 

In summary, it can be seen that most of the active ingredients of Fructus Psoraleae 

have estrogen-like physiological effects. 

Through KEGG pathway enrichment analysis, we identified that Fructus 

Psoraleae may exert its effects on precocious puberty via several signaling pathways, 

including HIF-1, AMPK, FoxO, and mTOR signaling pathways. 

HIF-1 exerts significant influence on endocrine system regulation, playing a key 

role in modulating glandular function and hormone secretion across multiple 

endocrine organs. Research has demonstrated that HIF-1 has a critical impact on the 

functionality of endocrine glands, such as the thyroid and ovarian glands, by affecting 

hormone synthesis and release while also participating in the regulatory mechanisms 

of reproductive physiology and metabolic processes [24,25]. HIF-1 further enhances 

its role in endocrine regulation by interacting with other signalling pathways, such as 

the mTOR and VEGF signalling pathways, and shows promise as a potential 

therapeutic target [26]. Chen et al. propose that CPP in TCM is influenced by an 

imbalance between kidney Yin and Yang. To investigate this, they employed a 

network pharmacological approach to analyze the therapeutic effects of Dabuyin Pill 

on CPP. Their study revealed that the underlying molecular mechanisms were 

significantly enriched in the HIF-1 signaling pathway [27]. This research is expected 

to provide novel insights and therapeutic strategies for the treatment of precocious 
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puberty and related disorders by elucidating the endocrine system’s response to FP 

through its modulation of the HIF-1 pathway. 

AMP-activated protein kinase (AMPK) is an important energy-sensing enzyme 

that plays a significant role in regulating cellular metabolism. Activation of AMPK 

stimulates fatty acid oxidation, suppresses lipid synthesis, and enhances glucose 

uptake and utilization, thereby maintaining cellular energy balance [28]. In addition, 

AMPK plays an important role in the regulation of cell growth, proliferation and 

apoptosis, especially while dealing with nutrient deficiencies and metabolic stress, 

AMPK maintains cellular homeostasis by regulating downstream signalling pathways 

(e.g., mTOR and SIRT1) [29]. Recent studies have also highlighted that the role of 

AMPK in endocrine regulation is becoming better understood and may be linked to 

the mechanisms underlying precocious puberty, suggesting that investigating the 

function of the AMPK signaling pathway in this condition could offer novel insights 

into potential therapeutic strategies [30]. The active ingredients in Fructus Psoraleae, 

such as isobavachalcone and other flavonoids, have been shown to be effective in 

activating the AMPK signalling pathway. Studies on FoxO signaling pathway and 

precocious puberty have been less frequently reported. Studies on FoxO signaling 

pathway have mainly focused on bone development and cancer, but in animal 

disciplines, some studies have revealed that FoxO signaling pathway can regulate the 

juvenile hormone of silkworm mutants to control insect development and delay insect 

growth [31].  

After molecular docking, we found that the main gene responsible for Fructus 

Psoraleae’s action on precocious puberty is ACHE. The ACHE gene encodes 

acetylcholinesterase (ACHE), whose main function is to catalyse the hydrolysis of the 

neurotransmitter acetylcholine, thereby terminating neural signalling. The ACHE gene 

is mapped to human chromosome 7q22.1 and features an intricate structure with 

multiple exons and introns; its transcript produces several homologues through diverse 

splicing patterns [32]. Studies have demonstrated that acetylcholine modulates the 

function of the HPG axis by binding to its receptor, thereby influencing the secretion 

of sex hormones. The expression level of the ACHE gene directly impacts 

acetylcholine metabolism, which in turn affects the synthesis and release of sex 

hormones [33]. For instance, experimental findings in specific animal models have 

revealed that inhibiting ACHE activity can result in elevated levels of sex hormones 

[34]. In addition, functional changes in the ACHE gene may further affect the onset of 

precocious puberty by influencing the development and function of reproductive 

organs [35]. 

And our animal experiments can also confirm the above points. We measured 

changes in HPG axis hormones during the pre-puberty and post-puberty periods by 

ELISA, and we found that oral administration of Fructus Psoraleae increased GnRH 

levels in rats during the post-puberty period. Meanwhile, by qRT-PCR measurements, 

we found that ACHE gene expression is reduced in the FP group during the post-

puberty period. Therefore, we hypothesised that after oral administration of Fructus 

Psoraleae, the ACHE gene is suppressed at the post-puberty stage, which leads to the 

elevation of GnRH. Interestingly, however, no changes in the HPG axis were detected 

in the FP group at the pre-puberty stage, which potentially suggests that the gonadal 

effects of Fructus Psoraleae on young rats are related to whether the animals are 
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developing or not. Oral administration of Fructus Psoraleae at the immature stage did 

not affect the HPG axis. 

Furthermore, our findings indicated that CRH expression during pre-puberty was 

significantly lower in the FP group compared to controls. This observation possibly 

reflects Fructus Psoraleae’s role in modulating the HPA axis activity and mitigating 

stress responses. The role of CRH in precocious puberty has been gradually attracting 

attention, and several studies have shown that CRH may affect the occurrence of 

precocious puberty through multiple mechanisms. Some studies have shown that 

Fructus Psoraleae may inhibit the overproduction of CRH by regulating the release of 

neurotransmitters, and has an antidepressant effect in mice [36]. In addition, early life 

adversity accelerates the hypothalamic drive for sexual maturation, leading to the 

onset of precocious puberty, which may be associated with abnormal secretion of CRH 

[37]. In animal experiments, CRH overexpression was found to be associated with 

disturbances in the estrous cycle and LH (luteinising hormone) dynamics in female 

mice, suggesting that CRH may influence the timing of sexual maturation by 

modulating the neuroendocrine activity of the hypothalamus [38]. In addition, CRH 

interacts with other hormones such as growth hormone and sex hormones. CRH has 

been found to inhibit the secretion of growth hormone [39], whereas the levels of sex 

hormones are also affected by CRH under stress, which may lead to changes in 

reproductive function [40]. For example, it has been shown that CRH leads to a 

significant reduction in progesterone levels in a dose-dependent manner [41]. 

Therefore, in our study, we found that the expression of CRH during pre-puberty was 

reduced in the FP group compared to the control group, although there was no 

significant change in the HPG axis, which may suggest that Fructus Psoraleae can 

down-regulate the HPA axis, and there is a potential to promote the increase of sex 

hormones. 

However, our study has the following shortcomings. Firstly, we did not 

differentiate the rats by sex during our experiments. According to previous studies, the 

maturation time of gonads and hormone secretion are different in animals of different 

sexes [42]. The current results of our study, which included both female and male rats, 

did not distinguish in detail the different effects of Fructus Psoraleae on female and 

male rats, which will be addressed in our next experiments. Secondly, we uncovered 

several potential mechanistic pathways through KEGG, but this experiment did not 

validate the relevant proteins on the pathways, which requires further research. 

FP is widely used in traditional medicine, and with in-depth research into its 

bioactive components, its potential in regulating the HPA axis and HPG expression is 

starting to gain recognition. Future research should investigate several critical areas to 

enhance the clinical application of FP in regulating HPG expression during puberty 

and modulating HPA axis function. A foremost priority is expanding study sample 

sizes and implementing multi-center trials, which are essential for improving both the 

reliability and generalizability of research outcomes. Large-scale clinical trials can 

give us a clearer picture of how effective and safe FP is. Second, we should look into 

how FP works, especially the differences between genders and age groups. We can do 

this through stratified analysis and studying the mechanisms to reveal the specific 

pathways through which FP regulates the HPA axis. Furthermore, future studies 

should also focus on assessing the long-term safety of FP. By conducting long-term 
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follow-up studies, we can learn about the long-term effects of FP on kids before 

puberty, particularly regarding potential risks to reproductive health and endocrine 

function. Finally, with the advancement of modern technology, research on FP that 

uses big data and AI will also be a key focus. By analyzing a large amount of clinical 

data, we can figure out the best uses and treatment plans for FP across different groups, 

thus achieving personalized treatment. 

5. Conclusion 

Our study found that Fructus Psoraleae has 11 potential pharmacological 

components and 19 potential targets to act on precocious puberty diseases, ACHE is 

the key gene, HIF-1 signaling pathway, AMPK signaling pathway and so on are the 

potential signalling pathways. The ELISA test of animal experiments found that the 

Chinese herb Fructus Psoraleae did not affect the gonadal axis significantly in pre-

puberty of normal development, but for normal post-puberty development there exists 

a potential possibility of initiating the gonadal axis, which indicating that Fructus 

Psoraleae affects gonadal secretion in post-puberty development. 
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