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Abstract 

Objective  The objective of this study was to examine the impact and underlying mechanisms of Aconitum Hetero-
phyllum in mitigating cellular inflammation.

Methods  Initially, the principal components of A.heterophyllum were obtained from relevant literature sources, 
and the corresponding protein targets of A.heterophyllum were searched on Pubchem and Swiss Target Prediction 
database. Subsequently, the genes linked with inflammation were gathered from PHARMGKB, OMIM, and GeneCards 
databases. The core targets were screened, and a protein–protein interaction (PPI) network was constructed using 
Cytoscape 3.9.1. For general targets, the gene ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) analysis were conducted. Molecular docking was further applied for the core targets and compounds. Finally, 
the RAW264.7 cellular inflammation model was constructed, and MTT assay, Griess assay and qRT-PCR assay were 
used to initially validate the anti-inflammatory effects of A. heterophyllum and its underlying mechanisms.

Results  In total, 35 compounds and 1322 targets were associated with A.heterophyllum, along with 3534 genes impli-
cated in inflammation. The intersection analysis yielded 244 common targets, contributing to the enrichment of 146 
pathways. Notably, results of molecular docking revealed strong binding between the active compounds and core 
targets. Furthermore, in vitro experiments indicated the anti-inflammatory potential of A.heterophyllum’s active ingre-
dient through the modulation of the EGFR/JAK2/STAT3 pathway and EGFR-AKT pathway, as well as inhibiting cellular 
NO release to reduce the inflammatory response.

Conclusion  A.heterophyllum exerts anti-inflammatory activity by inhibiting EGFR-AKT1 activity and inhibiting EGFR/
JAK2/STAT3 signal transduction.
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Introduction
Inflammation is a biological function. When external 
stimuli stimulate the body or cause tissue damages, 
the body will protect itself from infringement through 
the inflammatory responses [1]. Inflammation can be 
divided into acute inflammation and chronic inflam-
mation. Acute inflammation progresses rapidly, usually 
occurs immediately after infection or injury, and lasts 
for a short time. Chronic inflammation lasts for months 
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or years. There are many factors that cause chronic 
inflammation, such as long-term stimulation of foreign 
substances or external factors, and persistent acute 
inflammation [2]. Chronic inflammation is a common 
feature of diabetes, cancer, obesity, cardiovascular dis-
ease, autoimmune diseases and other chronic diseases 
[3]. Chronic inflammatory diseases affect more than 41 
million people worldwide each year, and more than 17 
million people die before the age of 70 [4]. The num-
ber of deaths due to non-infectious diseases in low-and 
middle-income countries accounts for nearly 80% of the 
total, with chronic disease deaths accounting for a large 
proportion [5]. At present, non-steroidal anti-inflam-
matory drugs  (NSAIDs) are widely used  due to their 
established efficacy, but sometimes they can cause seri-
ous adverse reactions and even life-threatening. This 
highlights a major public health challenge that requires 
the development of effective and low-toxic anti-chronic 
inflammation drugs to reduce the impact of chronic 
inflammatory diseases.

Aconitum heterophyllum is native to the Indus River 
Basin and the northern Himalayas at an altitude of 2000 
to 5000 m [6]. Aconitum heterophyllum has a wide range 
of biological activities such as anti-inflammatory [7], 
antibacterial [8], anti-renal injury [9], anti-hyperlipi-
demia [10], and regulation of the central nervous system 
[11]. The rich secondary metabolites of Aconitum hetero-
phyllum, such as atisine [12], heteratisine, bezoylhetera-
tisine [13] and atidine [14], have contributed to its wide 
range of biological activities. In recent times, the annual 
consumption of A.heterophyllum has exceeded 200 met-
ric tons [15], underscoring its commercial value. Aconi-
tum heterophyllum, as a non-toxic and widely used plant 
medicine, its mechanism of producing various biologi-
cal activities in the body is not very clear. Therefore, on 
the basis of the anti-inflammatory activity of Aconitum 
heterophyllum, the anti-inflammatory mechanism was 
explored in this research from the perspective of anti-
inflammatory activity. Network pharmacology provides 
a promising strategy for unraveling the biological basis 
of a multi-compound, multi-target system [16], thereby 
guiding the discovery of mechanisms underlying herbal 
formulas such as Huangqi Sijunzi Decoction [17], Bushen 
Hugu Decoction [18], and Wuzang Wenyang Huayu 
Decoction [19]. As the core methods of network phar-
macology, computational and system tools are applied to 
construct the protein–protein interactions, enabling us 
to extend the effects of an ingredient on a signal target to 
its systematic effect on a biological network [20]. Molec-
ular docking is applied to simulate compound ligand-
target binding. Both of these approaches were employed 
to investigate and explain the mechanisms through which 
A. heterophyllum exerts its anti-inflammatory effects, 

the results were validated in follow-up in  vitro cell 
experiments.

Materials
RAW 264.7 cells, the mouse monocyte-macrophage, 
were abtained from China Center for Type Culture Col-
lection. Lipopolysaccharide (LPS) was obtained from 
Sigma-Aldrich (St. Louis, MO, USA). Thiazolyl Blue 
(MTT) was obtained from Beijing Labgic Technology 
Co., Ltd. (Beijing, China). Fetal bovine serum (FBS) was 
obtained from Zhejiang TianHang Biotechnology Co. 
Ltd (Hangzhou, China). Dulbecco’s Modified Eagle’s 
Medium (DMEM) was obtained from ThermoFisher Bio-
chemical Products Co., Ltd (Beijing, China). Penicillin–
streptomycin solution (100×) was obtained from Beijing 
Aoqing Biotechnology Co., Ltd (Beijing, China). Griess 
Reagant was obtained from Beyotime Biotechnology Co., 
Ltd (Shanghai, China). TRNzol Universal Reagant was 
obtained from Tiangen Biotech (Beijing) Co., Ltd (Bei-
jing, China). ABScript II RT Master Mix for qPCR with 
gDNA remover and TB GreenTM Premix Ex TaqTM was 
obtained from Wuhan ABclonal Biotechnology Co., Ltd 
(Wuhan, China).

Methods
Network pharmacology analysis of the targets
The compounds of A. heterophyllum were obtained from 
published literature. All the potential pharmacological 
targets of A.heterophyllum were accessed from the Swiss 
Target Prediction (http://​swiss​targe​tpred​iction.​ch/). The 
data retrieval filters were set to “Probability > 0” to ensure 
the selection of reliable targets.

Furthermore, the related disease targets were searched 
and analyzed by selecting the species as “Homo sapi-
ens” and inputting the keywords “anti-inflammatory” or 
“inflammation” into GeneCards Database (http://​www.​
genec​ards.​org/), PHARMGKB (https://​www.​pharm​gkb.​
org/) and OMIM (https://​www.​omim.​org/). Then, dupli-
cate targets were subsequently removed and the remain-
ing targets were integrated into a comprehensive list, 
representing the collection of targets related to inflam-
mation for further investigation.

Construction of PPI network
The protein–protein interaction network was con-
structed by identifying the intersection targets between 
the A.heterophyllum-related genes and the disease tar-
gets. This network was developed using the STRING 
database (http://​string-​db.​org) with a confidence 
score set at “Highest confidence (> 0.9)” and the spe-
cies restricted to “Homo sapiens”. Cytoscape 3.9.1 was 
employed to build the compound-target-disease net-
work, with each component or target represented by a 
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node. Further, Cytoscape3.9.1 calculated the parameters 
of each node in the network diagram. Subsequently, 
the target nodes with degree values were selected and 
screened, focusing on those with degree values greater 
than or equal to twice the median degree value as the 
core targets, thus identifying the core targets, and con-
structing the network of “compound-target-disease”.

GO and KEGG enrichment analyses
The list of core targets was uploaded to the DAVID 
(https://​david.​ncifc​rf.​gov/) database with P < 0.05 as cut-
off values and selected the species as “Homo sapiens”. 
Gene Ontology (GO) analysis was performed to identify 
enriched biological processes (BP), cellular components 
(CC), and molecular functions (MF). Additionally, Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analysis 
was conducted to gain insights into the pathways refer 
to the biological processes. The enrichment results were 
then visualized using an online tool (http://​www.​bioin​
forma​tics.​com.​cn/).

Molecular docking
Twenty-two components associated with the core tar-
get were selected and docked with ten proteins from the 
core targets. The 3D structure files of the compounds 
and proteins were downloaded from the PubChem 
database (https://​pubch​em.​ncbi.​nlm.​nih.​gov/) and PDB 
database (https://​www.​rcsb.​org/) respectively. Then, the 
compounds were prepared by hydrogenation and desig-
nated as ligands in Autodock Vina 4. Similarly, the pro-
tein structures were prepared by removing water, adding 
hydrogens, and being designated as receptors in Auto-
dock Vina 4. After that, the docking box parameters, 
including center coordinates (center x/y/z) and box size 
(size x/y/z), were adjusted in Pymol to ensure that the 
target protein was fully encompassed within the docking 
box. Autodock Vina 4 accomplished molecular docking 
and evaluated free binding energies. Finally, the results 
were imported to Pymol and Ligplot for visualization.

Preparation of the total extract of A.heterophyllum
For sample preparation, roots of A.heterophyllum were 
collected from Pakistan by Dr. Sarfaraz Iqbal. The plant 
material was authenticated by Jun Li in the College of 
Pharmacy at South-Central Minzu University, Wuhan, 
Hubei, P.R. China. Approximately 15 kg of dried A. het-
erophyllum roots were finely powdered without any vis-
ible lumps and passed through a 30-mesh sieve. The 
powder was then soaked in ethanol with a volume frac-
tion of 97%, which was five times the volume of the 
A.heterophyllum powder for 24  h at room tempera-
ture. This maceration process was repeated six times. 
Afterward, the extract was filtered, and the solvent was 

recovered using a rotary evaporator, resulting in the total 
extract of A.heterophyllum. All the compounds were dis-
solved in DMSO and then diluted in Dulbecco’s Modified 
Eagle’s medium (DMEM, Hyclone, Logan, UT, United 
States) to achieve the desired concentrations. The final 
concentration of DMSO in the experimental samples was 
0.1%.

Cell cultures and treatments
The cells were cultured in DMEM supplemented with 
10%FBS and 1% penicillin–streptomycin solution (100 ×). 
The incubator temperature was 37 °C and filled with 5% 
CO2. To prepare the cells for experimentation, the fol-
lowing treatments were performed: (1) The cell suspen-
sion (5 × 103 cells/well) was plated into 96 well-plates and 
adhered for 12 h; (2) Transient serum starvation was per-
formed for 12 h to synchronize the cell cycle.

Effect of A.heterophyllum on cell viability of RAW264.7
RAW 264.7 cells in logarithmic growth phase were col-
lected and cells were inoculated in 96-well plates at 
1 × 103 cells/well. Cells were incubated for 12  h and 
were subjected to 12  h of starvation after treatment. 
After this, cells were treated with different concentra-
tions of A.heterophyllum (0–200 μg·mL−1) for 24 h. After 
A.heterophyllum treatment, MTT at a final concentration 
of 0.5 mg·mL−1 was added and the cells were incubated 
for 4 h. At the end of the incubation, the methylated filth 
was dissolved in DMSO and the absorbance was meas-
ured at 570 nm. The cell viability was expressed as a per-
centage of the control culture value.

Effects of A.heterophyllum on cell viability of damaged 
RAW 264.7
Cell viability was assessed using the MTT reduction 
assay. Briefly, RAW 264.7 cells (5 × 103 cells/well) were 
treated with A.heterophyllum at concentrations rang-
ing from 0.01 μg·mL−1 to 5 μg·mL−1 24 h at 37 °C. After 
treatment of the cells with A.heterophyllum, cells were 
incubated with LPS for an additional 24 h. Finally, after a 
4 h incubation with MTT (0.5 mg·mL−1), the methylated 
filth was dissolved in DMSO and the absorbance was 
measured at 570 nm. The cell viability was expressed as a 
percentage of the control culture value.

Nitric oxide measurement
The concentration of nitric oxide (NO) in the culture 
medium was determined by the Griess reaction. Specifi-
cally, the cells were pretreated with A.heterophyllum at 
concentrations ranging from 0.01 μg·mL−1 to 5 μg·mL−1 
for 24 h, followed by stimulation with 1  μg·mL−1 of 
lipopolysaccharide (LPS) for an additional 24 h at 37 °C. 
After that, 100 µL of supernatant from each well was 
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mixed with 100 µL of Griess reagent in a new 96-well 
plate. After incubating for 15 min at room temperature, 
the optical density (OD) was measured at 540 nm using 
a microplate reader, and the rate of NO inhibition was 
calculated.

Inhibition rate (%) = [(OD of model group—OD of 
drug administration group)/(OD of model group—OD of 
blank group)] × 100%

RNA Extraction and Quantitative Real‑Time Polymerase 
Chain Reaction (qRT‑PCR)
Quantitative Real-time PCR was employed to determine 
the gene expression. Total RNA was extracted from RAW 
264.7 cells using the Trizol reagent. For mRNA quanti-
fication, cDNA was synthesized from 1 μg of total RNA 
using the PrimeScript RT reagent kit, following the man-
ufacturer’s instructions. Reactions were performed in a 
20 μL volume according to the thermal cycler manufac-
turer’s protocol (Rox), using an ABI 7500 Real-Time PCR 
system under the condition: 5 min at 95 °C, followed by 
40 cycles of 10 s at 95 °C, and 34 s at 58 °C. The primer 
sequences used for the amplification of target genes are 
listed in Table 1.

Statistical analysis
All statistical analyses were conducted using Graph-
Pad Prism 8 software and Microsoft Excel software. 
Data were presented as mean ± standard deviation (SD) 
and were analyzed with one-way analysis of variance 
(ANOVA).

Results
Active compounds and potential targets of A.
heterophyllum
A total of 35 chemical compounds of A.heterophyllum 
were identified through a comprehensive literature 
review (Table  2). By retrieving the Swiss Target Predic-
tion database, 1322 potential targets of A.heterophyllum 
active ingredients were obtained. To focus on targets 

relevant to inflammation and anti-inflammatory pro-
cesses, target genes in GeneCards, PHARMGKB, and 
OMIM. After removing duplicate entries, 3534 disease-
related targets were identified, which were taken at the 
intersection with the compound targets and obtained 244 
common targets.

Network construction
The protein–protein interaction networks of intersection 
targets were constructed and visualized via the STRING 
platform and Cytoscape 3.9.1, as depicted in Fig. 1A. In 
this network, the size of each node corresponds to its 

Table 1  Primer sequences used for the amplification of target 
genes

Primer
Name

Forward primer (5’−3’) Reverse primer (5’−3’)

AKT1 CTT​TAT​TGG​CTA​CAA​GGA​ACGG​ CAG​TCT​GAA​TGG​CGG​TGG​T

EGFR GCC​ATC​TGG​GCC​AAA​GAT​ACC​ GTC​TTC​GCA​TGA​ATA​GGC​CAAT​

JAK2 TTG​TGG​TAT​TAC​GCC​TGT​GTATC​ ATG​CCT​GGT​TGA​CTC​GTC​TAT​

STAT3 AAT​CTC​AAC​TTC​AGA​CCC​GCC​
AAC​

GCT​CCA​CGA​TCC​TCT​CCT​CCAG​

iNOS AGT​GAA​GCA​AAG​CCC​AAC​AA TGG​ACG​GGT​CGA​TGTCA​

GADPH ACC​CAG​AAG​ACT​GTG​GAT​GG TCA​GCT​CAG​GGA​TGA​CCT​TG

Table 2  Information of 35 active compounds

No Name CAS Formula

1 atisine 466–43-3 C22H33NO2

2 hetisine 10,089–23-3 C20H27NO3

3 heteratisine 3328–84-5 C22H33NO5

4 hetidine 28,154–35-0 C21H27NO4

5 atidine 467–91-4 C22H33NO3

6 hetisinone 4829–55-4 C20H25NO3

7 heterophyllisine 15,266–41-8 C22H33NO4

8 heterophyllidine - C21H31NO5

9 8-methyllycaconitine 21,019–30-7 C39H55NO10

10 14-demethyllycaconitine - C38H53NO10

11 N-dethyllycaconitine-N-aldeuyde - C38H51NO11

12 swatinine - C25H41NO9

13 heterophyllinine-A - C22H33NO2

14 heterophyllinine-B - C25H39NO4

15 dihydroatisine 17,934–91-7 C22H35NO2

16 lycoctonine 26,000–17-9 C25H41NO7

17 6β-methoxy-9β-dihydroxylheteratisine - C24H37NO6

18 aconitine 302–27-2 C34H47NO11

19 dehydroacetylsepaconitine 52,341–40-9 C35H52N2O10

20 1α,11,13β-trihydroxylhetisine - C21H29NO3

21 6,15β-dihydroxylhetisine - C21H29NO2

22 iso-atisine 510–38-3 C22H33NO2

23 steviol 471–80-7 C21H34O3

24 atisenol 84,743–53-3 C20H30O2

25 lappaconitine - C32H44N2O8

26 lycaconitine - C36H48N2O10

27 anthorine 466–43-3 C22H33NO2

28 2-O-cinnamoyl hetisine - C29H34NO4

29 atisinium 50,510–23-1 C23H38NO2

30 aconitic acid 585–84-2 C6H6O6

31 ferulic acid 537–98-4 C10H10O4

32 cinnamic acid 140–10-3 C9H8O2

33 delphatine 25,488–62-4 C26H43NO7

34 13-hydroxylappaconitine - C33H48N2O9

35 6-dehydroacetysepvaconitine - C33H46N2O10
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degree value, which indicates the number of connections. 
The targets were arranged in descending order accord-
ing to their parameter matching score, and the top 55 
targets prominently displayed at the center of the graph, 
were screened as the core targets for further study. As 
shown in Fig. 1A, IL6, AKT1, EGFR, STAT3, TP53, SRC, 
HRAS, CTNNB1, and JAK2 exhibited higher weights 
compared to other targets, implying their important roles 
in A.heterophyllum-regulating anti-inflammatory sys-
tem. Furthermore, the compounds and core targets were 
imported to Cytoscape3.9.1 to build a compound-target-
disease network that provides insight into the complex 
effects of A.heterophyllum ingredients on inflammation. 
As illustrated in Fig.  1B, the orange triangles represent 
the compounds of A.heterophyllum, surrounded by cor-
responding targets.

GO and KEGG enrichment analysis
GO enrichment was performed to understand the mech-
anisms of the multi-component treatment system. In the 
STRING database, the 244 common targets were found 
to be involved in 66 cell components (CC), 111 molecu-
lar functions (MF), and 528 biological processes (BP). 
The top 20 terms of CC, MF and BP were presented as 
column charts. The main molecular functions iden-
tified were ATP binding, and protein kinase activity 
(Fig.  2A). The most highly enriched CC terms included 
plasma membrane, cytosol, andcytoplasm (Fig.  2B). 
From the biological process enrichment analysis, it can 
be claimed that the mechanism may be related to signal 
transduction, positive regulation of gene expression and 

protein phosphorylation (Fig.  2C). In order to explore 
the signaling pathways involved in the anti-inflamma-
tion of A.heterophyllum, KEGG enrichment analysis 
was conducted(Fig.  2D), revealing a vast array of path-
ways starting from pathways in cancer, PI3K-Akt signal-
ing pathway, and Proteoglycans in cancer. Notably, high 
enrichment of EGFR, STAT3, and JAK2 together with 
AKT1 for the EGFR tyrosine kinase inhibitor resist-
ance and PI3K-Akt signaling pathway suggests that 
A.heterophyllum may active these two pathways in the 
treatment of inflammation.

Molecular docking
Twenty-two components corresponding to the core tar-
get and top 10 core targets were selected to perform the 
molecular docking. The vina scores are shown in Table 3.

In general, when the binding energy of a ligand to a 
receptor is less than −5 kcal/mol, the two can be consid-
ered to have good and appreciable binding affinity. Lower 
binding energy indicates higher affinity, docking activity, 
and binding potential, resulting in a more stable confor-
mation. The results revealed that almost all receptor-
ligand interactions had binding energies below −5 kcal/
mol. Among them, JAK2, AKT1, EGFR, and STAT3 
exhibited relatively lower scores in all fractions. Thus, 
the docking results of the four targets between two key 
active ingredients with low binding energy are shown in 
Fig. 3. These findings strongly support the validity of the 
docking results, based on which we predicted that these 

Fig. 1  The results of network construction. A The PPI network map of the target protein. B The network of “compounds-targets-disease”; Yellow 
represents the disease. Orange represents the active components. Purple represents the common target of the active components and the disease
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compounds may play a significant role in the biological 
processes of anti-inflammatory.

Effect of A.heterophyllum on Cell Viability of RAW264.7
Subsequently, RAW264.7 cells were treated with vary-
ing concentrations of A.heterophyllum  solutions to 
identify an optimal dose for investigating its anti-inflam-
matory role. Results obtained from MTT illustrated that 
cell viability was partly inhibited by A.heterophyllum 
(12.5–200  μg·mL−1) indicating that A.heterophyllum 
caused prominent cell injury, compared with the nor-
mal control group. The RAW264.7 cells treated with 
A.heterophyllum at  3.126 and 6.25  μg·mL−1 showed 
a trend of slight reduction of cell viability, but there were 
no notable differences between these two concentrations 
(Fig.  4A). Given this, concentrations of A. heterophyl-
lum at 0.01–5 μg·mL−1 were applied for the subsequent 
experiments.

Effects of A.heterophyllum on Cell Viability of Damaged 
RAW 264.7
As shown in Fig. 4B, cells without pharmacological inter-
vention showed a decrease in cell viability (compared 

with the normal group, P < 0.01) after stimulation with 
LPS. Pre-incubating the cells with different concentra-
tions of A. heterophyllum for 24 h before stimulating the 
cells with LPS, the four concentrations of A. heterophyl-
lum were able to prevent the cells from being damaged to 
varying degrees (compared with the LPS group, P < 0.01).

A.heterophyllum inhibited the release of NO and decreased 
the expression of iNOS mRNA in LPS‑induced RAW264.7
Furthermore, to elucidate the anti-inflammatory role 
of A. heterophyllum, its potential effect on NO levels 
in RAW264.7 cells was investigated, given the estab-
lished involvement of NO in inflammatory processes. As 
Fig. 5A demonstrated, LPS stimulation-induced NO lev-
els for the model group were remarkably higher than that 
of the control group. However, upon the treatment with 4 
different concentrations (0.01, 0.1, 0.5, and 5 μg·mL−1) of 
A. heterophyllum, an evident download trend in NO lev-
els was observed.

The inhibitory effect appeared to slightly weaken with 
increasing concentrations. For each concentration of 
A.heterophyllum, 0.1  μg·mL−1 of  A.heterophyllum dem-
onstrated the highest efficacy in reducing NO expres-
sion levels. In addition, 0.01 μg·mL−1 of A. heterophyllum 

Fig. 2  GO function enrichment and KEGG pathway enrichment analysis (A): MF; (B): CC; (C): BP; (D): KEGG
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performed worse than that of 0.5 μg·mL−1 in this respect, 
indicating that 0.1  μg·mL−1 and 0.5  μg·mL−1 may be 
favorable for follow-up experiments. These findings 
showed that A.heterophyllum could attenuate the inflam-
matory response preliminarily.

Quantitative Real-time PCR assays were performed 
to assess the mRNA expression of pro-inflammatory 
marker iNOS. As expected, the model group exhibited 
significantly higher iNOS mRNA expression compared 
to the control group (Fig. 5B), which was partly reversed 
by A.heterophyllum (0.1 and 0.5  μg·mL−1). In accord-
ance with the results of the NO concentration measure-
ment, A.heterophyllum at a concentration of 0.1 μg·mL−1 
performed better in inhibiting the expression of iNOS 
mRNA compared to the concentration of 0.5 μg·mL−1.

A.heterophyllum bridle the expression levels of EGFR, 
STAT3, JAK2, and AKT1 mRNA in LPS‑induced RAW264.7
Next, the mRNA expression levels  of EGFR, STAT3, 
JAK2, and AKT1—genes implicated in inflamma-
troy pathology—were measured.  The qRT-PCR results 
demonstrated a similar trend in the expressions of 
these targets. LPS induced a remarkable activation in 
the expression of the four genes in RAW264.7 cells 
in comparison to the control group. Treatment with 
0.1  μg·mL−1 of  A.heterophyllum significantly abolished 

the LPS-induced effects, while 0.5  μg·mL−1 of  A.het-
erophyllum, not dramatically though, soothed the high 
expression as well. EGFR (Fig.  6A), JAK2 (Fig.  6B) and 
STAT3 (Fig.  6C) expressions experienced a relatively 
slight increment following LPS treatment and obvi-
ously dropped to levels under that of the control group 
upon 0.1 μg·mL−1 A.heterophyllum treatment. Regarding 
AKT1 (Fig. 6D), the treatment effects related to the two 
concentrations were not that different, both lower than 
those of the LPS group but slightly higher than the con-
trol group. Taken together, these experiments revealed 
that the LPS-induced the levels of mRNA expressions of 
iNOS, EGFR, STAT3, JAK2, and AKT1 were attenuated 
by A.heterophyllum, suggesting that their involvement in 
the development of inflammation, and the potential of 
A. heterophyllum as a treatment strategy to inhibit these 
targets.

Discussion
Inflammation, which is involved in the innate and adap-
tive immune systems, is a universal defense response to 
various damaging factors. The persistence of inflamma-
tion is a pathophysiological factor in various diseases. 
According to its duration time, inflammation is divided 
into acute and chronic inflammation. Acute inflamma-
tory demyelinating polyradiculoneuropathy and septic 

Table 3  Scors for molecular docking

Compound/Affinity (kal/mol) JAK-2 AKT EGFR STAT3 IL6 TP53 CTNNB1 HRAS SRC HSP90AA1

6-dehydroacetysepvaconitine −9.1 −9.5 −10.1 −8.3 −7.1 −7.9 −8.8 −6.3 −8.1 −7.2

8-methyllycaconitine −10.8 −11.2 −8.9 −8.8 −7 −8.1 −9.5 −6.7 −8.7 −9.9

atidine −9 −9.6 −8 −7 −6.6 −6.8 −6.9 −6.4 −7.6 −7.6

benzoylheteratisine −10.1 −10 −9 −8.1 −6.9 −7.7 −7.8 −8.5 −8.1 −8.8

dihydroatisine −9 −9.5 −7.9 −7.6 −6.5 −6.7 −7.3 −6.5 −7.7 −7.5

heterophyllisine −9 −9.9 −8.1 −7.5 −7 −6.6 −7.4 −6.6 −7.3 −7.8

iso-atisine −9.5 −9.7 −8.2 −8.6 −7.2 −7.1 −6.6 −7.1 −7.8 −7.8

lappaconitine −10.2 −10.2 −9 −7.9 −7.5 −8 −8.6 −6.9 −7.7 −8.8

anthorine −8.2 −6.9 −8.9 −7.8 −9.1 −6.4 −6.7 −8.2 −8.6 −7

atisinium −8.6 −6.5 −8.3 −7.8 −8.5 −6.2 −6.4 −7 −8.2 −6.3

heterophyllinine-A - - - - - - - - - -

lycoctonine −7.2 −5.7 −7.2 −6.7 −7.6 −5.2 −5.8 −6.3 −7.7 −5.7

atisenol −9.3 −7.1 −8.1 −7.4 −8.9 −7.3 −6.3 −7.1 −9.2 −7

hetisinone −8.6 −6.8 −8 −6.7 −7.7 −6.7 −7.2 −7.2 −7.9 −6.2

steviol −9 −6.7 −8.5 −7.5 −8.3 −6.5 −6.2 −7.6 −9 −6.4

aconitine −7.2 −7 −7.6 −7.8 −8.1 −6.1 −6.1 −6.4 −7.6 −5.5

hetidine −9.4 −7 −8.5 −8.2 −9.2 −6.8 −6.8 −7.5 −8.7 −7.4

13-hydroxylappaconitine −10 −7.1 −8.8 −8.7 −9.7 −7.1 −6.7 −7.4 −9.3 −6.3

cinnamic acid −6.2 −5.5 −6.8 −5.1 −7 −5.4 −4.7 −5.9 −6.3 −6

atisine −8.8 −6.9 −8.9 −7.7 −9.1 −6.4 −6.7 −8.2 −8.6 −6.8

ferulicacid −6.6 −6 −7.2 −5.7 −7.3 −5.4 −5.1 −7 −6.7 −6

lycaconitine −9.6 −7.6 −8.4 −7.6 −8.6 −7.6 −6.9 −6.3 −8.2 −6.2



Page 8 of 12Meng et al. Food, Nutrition and Health             (2025) 2:7 

Fig. 3  Molecular docking results of AKT1, JAK2, EGFR and STAT3 with compounds
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shock are typical acute inflammatory diseases, while 
chronic inflammation significantly affects the progres-
sion of atherosclerosis, cancer, obesity, and other dis-
eases [21]. Recent studies have already provided the 
long-term coexistence of acute and chronic inflamma-
tion in rheumatoid arthritis, chronic obstructive pul-
monary disease, asthma, and ulcerative colitis [22]. Due 
to social pressures and increased economic competi-
tiveness, many people in modern society have varying 
degrees of stress, which may also lead to sleep disorders 
when people feel too much pressure. Most people are 
likely to de-stress through poor lifestyle and dietary 
habits. Common risk factors for chronic inflamma-
tion include smoking, stress, sleep problems, obesity, 
unhealthy diet, etc. [23]. Therefore, chronic inflam-
mation is likely to lurk in most people’s bodies and 
pose a threat to life and health. Modern studies have 
shown that many traditional Chinese medicines have 

good anti-inflammatory effects while having small side 
effects and are easier to obtain, and have great develop-
ment value.

A.heterophyllum contains abundant secondary metabo-
lites, which, as clarified in modern studies, have explicit 
potential in the treatment of inflammatory conditions. 
For instance, atidine, as well as iso-atisine, could reduce 
inflammatory tissue injury driven by reactive oxygen 
species metabolism through radical scavenging effects 
[8]. Heteratisine competitively inhibits acetylcholinest-
erase and butyrylcholinesterase, which may explain 
its use in the treatment of neuropathic pain due to 
neuroinflammation11. Moreover, lappaconitine can sup-
press the release of the common inflammatory mediator, 
NO, thereby modulating inflammation [24]. Consider-
ing that the involved mechanisms are poorly reported, 
this research aims to probe into the mechanism by which 
A.heterophyllum attenuates inflammation.

Fig. 4  Results of cell viability assay. A Effect of A.heterophyllum on cell viability of RAW264.7. B Effects of A.heterophyllum on cell viability of damaged 
RAW 264.7. N = 6, mean ± SD. ##P < 0.01, compared with normal control; **P < 0.01, compared with the LPS group

Fig. 5  Effects of A.heterophyllum on NO release and iNOS mRNA expression level of LPS-induced RAW264.7. A NO release level; (B): iNOS mRNA 
expression level. N = 6, mean ± SD. ##P < 0.01, compared with normal control; **P < 0.01, compared with the LPS group
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Through constructing the PPI network, IL6, TP53, 
CTNNB1, especially JAK2, AKT1, EGFR, and STAT3 
were methodically obtained as the core targets. Pro-
inflammatory cytokines such as CCL-2 and CCL-5 would 
experience an intense upstream due to the upstream 
transactivation of EGFR [25]. The knocking out of JAK2 
would downregulate the expression of TNF-α and IL-6 
while increasing the expression of IL-10 [26]. Synergis-
tic interactions between NF-κB and STAT3 induce the 
hyper-activation of NF-κB, followed by the production of 
IL-6. This triggers a positive feedback loop of NF-κB acti-
vation by the IL-6–STAT3 axis and plays a role in chronic 
inflammation [27]. Molecular docking results indicated 
that the targets were capable of binding to chemical com-
pounds from A.heterophyllum, as the binding energy was 
generally less than −6  kcal/mol. These findings suggest 
that the anti-inflammatory effects of A. heterophyllum 
depend on the modulation of EGFR, JAK2, and STAT3.

Hypothesizing that EGFR, JAK2, STAT3, and AKT1 
could be blocked by A.heterophyllum, and then alle-
viate inflammation, qRT-PCR was introduced to test 
the expression levels of the targets’ mRNA. The results 
demonstrated that A.heterophyllum manifestly reduced 
the LPS-induced iNOS secretion in RAW264.7 cells in 
accordance with the data on NO release, and the increase 
in the expression of the four targets was diminished by 
A.heterophyllum remarkably. The autophosphorylation 
of active EGFR tyrosine residue dimer can recruit AKT1 
to the cell membrane and phosphorylate later. Then the 
PI3K-AKT signaling pathway is activated [25], leading 
to the significant production of the inflammatory fac-
tors IL-1β  [28]  and the subsequent induction of iNOS 
expression [29]. Thus, by inhibiting EGFR and AKT1, 
A.heterophyllum could decrease the activation of iNOS 
and partially contributes to the inflammatory response.

JAK2 has been shown to mediate through EGFR as well 
[30]. The JAK2/STAT3 signaling pathway is known to be 

Fig. 6  Effects of A.heterophyllum on LPS-induced inflammation on related genes. A The effect of the key components in A.heterophyllum on EGFR; 
(B): The effect of the key components in A.heterophyllum on JAK2; (C): The effect of the key components in A.heterophyllum on STAT3; (D): The effect 
of the key components in A.heterophyllum on AKT1. N = 3, mean ± SD. ##P < 0.01, compared with normal control; **P<0.01, compared with the LPS 
group



Page 11 of 12Meng et al. Food, Nutrition and Health             (2025) 2:7 	

over-activated in cells and animal models of inflamma-
tion, and plays a crucial role in regulating inflammation 
development [31]. According to the reports, phospho-
rylation of JAK2 and STAT3 can induce iNOS expres-
sion [32]. Excessive production of NO resulting from the 
excessive metabolism of iNOS can lead to sepsis, posing 
a risk of further progression into a systemic inflamma-
tory response syndrome [33]. Furthermore, activation of 
the JAK2/STAT3/NF-κB pathway strongly induced the 
expression of TNF-α [34], which in turn activates the 
NF-κB/iNOS pathway and promotes neuroinflammatory 
development [35]. The qRT-PCR results confirmed that 
EGFR, JAK2, STAT3, and iNOS were activated in inflam-
matory RAW264.7 cells, consistent with the aforemen-
tioned reports. Conversely, by inhibiting JAK2/STAT3 
pathway, A.heterophyllum can reduce the expression of 
iNOS and mitigate inflammatory response, aligning with 
the speculated mechanism.

Although further study is needed to clarify this mech-
anism in detail, these results suggested the protective 
effects of A.heterophyllum on LPS-induced inflammatory 
response through regulating EGFR/JAK2/STAT3 path-
way and EGFR/AKT1 pathway and inhibiting the expres-
sion of iNOS associated with the release of NO. This 
forms a complete negative regulation circuit that further 
alleviates the progression of inflammation.

Conclusion
The results of this study suggest that A.heterophyllum 
exerts anti-inflammatory activity by inhibiting EGFR-
AKT1 activity and inhibiting EGFR/JAK2/STAT3 signal 
transduction (Fig. 7).
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