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Abstract
BACKGROUND
[bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK35][bookmark: OLE_LINK36][bookmark: OLE_LINK49][bookmark: OLE_LINK50][bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK37]In traditional Chinese medicine (TCM), frankincense and myrrh are the main components of the antitumor drug Xihuang Pill. These compounds show anticancer activity in other biological systems. However, whether frankincense and/or myrrh can inhibit the occurrence of hepatocellular carcinoma (HCC) is unknown, and the potential molecular mechanism(s) has not yet been determined.

AIM
To predict and determine latent anti-HCC therapeutic targets and molecular mechanisms of frankincense and myrrh in vivo.

METHODS
[bookmark: OLE_LINK38][bookmark: OLE_LINK39][bookmark: OLE_LINK53][bookmark: OLE_LINK54][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK40][bookmark: OLE_LINK41][bookmark: OLE_LINK42]In the present study, which was based on the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (http://tcmspw.com/tcmsp.php), Universal Protein database (http://www.uniprot.org), GeneCards: The Human Gene Database (http://www.genecards.org/) and Comparative Toxicogenomics Database (http://www.ctdbase.org/), the efficacy of and mechanism by which frankincense and myrrh act as anti-HCC compounds were predicted. The core prediction targets were screened by molecular docking. In vivo, SMMC-7721 human liver cancer cells were transplanted as xenografts into nude mice to establish a subcutaneous tumor model, and two doses of frankincense plus myrrh or one dose of an EGFR inhibitor was administered to these mice continuously for 14 d. The tumors were collected and evaluated: the tumor volume and growth rate were gauged to evaluate tumor growth; hematoxylin-eosin staining was performed to estimate histopathological changes; immunofluorescence (IF) was performed to detect the expression of CD31, α-SMA and collagen IV; transmission electron microscopy (TEM) was conducted to observe the morphological structure of vascular cells; enzyme-linked immunosorbent assay (ELISA) was performed to measure the levels of secreted HIF-1α and TNF-α; reverse transcription-polymerase chain reaction (RT-qPCR) was performed to measure the mRNA expression of HIF-1α, TNF-α, VEGF and MMP-9; and Western blot (WB) was performed to determine the levels of proteins expressed in the EGFR-mediated PI3K/Akt and MAPK signaling pathways.

RESULTS
The results of the network pharmacology analysis showed that there were 35 active components in the frankincense and myrrh extracts targeting 151 key targets. The molecular docking analysis showed that both boswellic acid and stigmasterol showed strong affinity for the targets, with the greatest affinity for EGFR. Frankincense and myrrh treatment may play a role in the treatment of HCC by regulating hypoxia responses and vascular system-related pathological processes, such as cytokine-receptor binding, and pathways, such as those involving serine/threonine protein kinase complexes and MAPK, HIF-1 and ErbB signaling cascades. The animal experiment results were verified. First, we found that, through frankincense and/or myrrh treatment, the volume of subcutaneously transplanted HCC tumors was significantly reduced, and the pathological morphology was attenuated. Then, IF and TEM showed that frankincense and/or myrrh treatment reduced CD31 and collagen IV expression, increased the coverage of perivascular cells, tightened the connection between cells, and improved the shape of blood vessels. In addition, ELISA, RT-qPCR and WB analyses showed that frankincense and/or myrrh treatment inhibited the levels of hypoxia-inducible factors, inflammatory factors and angiogenesis-related factors, namely, HIF-1α, TNF-α, VEGF and MMP-9. Furthermore, mechanistic experiments illustrated that the effect of frankincense plus myrrh treatment was similar to that of an EGFR inhibitor with regard to controlling EGFR activation, thereby inhibiting the phosphorylation activity of its downstream targets: the PI3K/Akt and MAPK (ERK, p38 and JNK) pathways.

CONCLUSION
In summary, frankincense and myrrh treatment targets tumor blood vessels to exert anti-HCC effects via EGFR-activated PI3K/Akt and MAPK signaling pathways, highlighting the potential of this dual TCM compound as an anti-HCC candidate.
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Core Tip: Hepatocellular carcinoma (HCC) is a serious threat to human health, and its pathological process is closely related to blood vessels. Currently, powerful targeted drugs for HCC treatment are lacking. The discovery of new drugs is an urgent task. As a complementary and alternative therapy, traditional Chinese medicine has played an increasingly prominent role. This study introduces frankincense and myrrh derived from the classic anticancer Chinese patent medicine Xihuang Pill. Through prediction and verification, the findings confirmed that this frankincense and myrrh treatment targets tumor blood vessels through EGFR-activated PI3K/Akt and MAPK signaling pathways to exert anti-HCC effects. Frankincense and/or myrrh treatment might be a potential anti-HCC drug candidate.

INTRODUCTION
Primary liver cancer is one of the world's five most prevalent malignant tumors and the second-leading cause of cancer-related deaths. Among liver cancer types, hepatocellular carcinoma (HCC) is the most important histological subtype, and its incidence increases with each passing year. HCC is a highly invasive and metastatic cancer, and patients face a high risk of recurrence and serious complications in the middle and late stages. Worldwide, the prognosis of patients with HCC is extremely poor, with the morbidity and mortality basically the same, seriously threatening human health[1-3].
To support the high proliferation and metastasis rate of HCC, the hypoxia and inflammatory conditions formed during tumor growth cause a magnified response. In addition, the response involves activating oxygen-deficient inducible factors and inflammatory factors and further triggering factors involved in the angiogenesis process, such as VEGF, PDGF and nitric oxide synthase[4]. These responses are conducive to the establishment of an abnormal vascular network, which causes a transition from a nonangiogenic to an angiogenic phenotype. This tumor phenotype is characterized by structural disorder, morphological and functional abnormalities of tumor neovascularization. This transition further exacerbates hypoxic conditions and inflammatory cell penetration, promotes the malignant phenotype and epithelial-mesenchymal transition and contributes to metastatic potential; in addition, the effects of systemic treatments, particularly those dependent on the delivery of macromolecular therapeutic agents to tumors, are impaired, which attenuates the treatment effect[5,6].
[bookmark: OLE_LINK11][bookmark: OLE_LINK12]Among the pathways triggered by HCC, antiangiogenesis is considered to be a therapeutic target to block tumor growth. In addition, the "tumor blood vessel normalization" concept that has emerged in recent years. VEGF has been at the center of targeted drug development[4,7]. Among the targeted drugs, VEGF/VEGFR inhibitors and tyrosine kinase inhibitors, such as bevacizumab and sorafenib, are widely used in patients with advanced HCC. Recent progress in targeted therapy has directed attention to the treatment of HCC[8,9]. These targeted drugs and therapies have been developed to exert an antiangiogenic effect to promote vascular normalization; however, they induce side effects, such as cardiovascular, cerebrovascular, gastrointestinal tract, hand, foot and skin problems, to different degrees, and they frequently lead to drug resistance[9,10]. Furthermore, these drugs were found to cause the specific enhancement of tumor invasive and metastatic ability, and the low response rate has resulted in the inability of these drugs to prolong the survival of patients with advanced disease. All above leading to uncertainty of their true efficacy and survival benefits, and combined with their high price, has limited their clinical efficacy. Given this situation, there is an urgent need to find new therapeutic agents or components[11-13]. Naturally sourced products or components have curative effects and the advantages of fewer side effects, reduced drug resistance and lower costs[14]. Researchers hope to find therapeutic drugs to target HCC tumor blood vessels.
Frankincense and myrrh are the resins of Boswellia sylvestris and Radix dichotoma, respectively. They are applied in traditional Chinese medicine (TCM) to treat inflammation and diseases caused by blood stasis. They are the main components of the anti-HCC TCM prescription Xihuang Pill[15-17]. Frankincense, myrrh and their active components show anti-inflammatory and antiproliferative activities in many tumors. For instance, mastic acid, the active component of frankincense, inhibits the growth and metastasis of colorectal cancer by downregulating the expression of biomarkers of inflammation, proliferation, invasion and angiogenesis. Myrrh induces apoptosis and inhibits the proliferation and migration of gastric cancer cells by downregulating cyclooxygenase-2 expression[18,19]. Frankincense and myrrh are always simultaneously used in TCM. The role of frankincense and myrrh in multiple myeloma and liver cancer has been confirmed in previous studies[20,21]. Although frankincense and myrrh have shown promising cancer preventive activity, it has not yet been determined whether frankincense and/or myrrh can inhibit HCC by regulating hypoxia, inflammation and/or tumor blood vessels or their underlying molecular mechanisms.
In our research, we used network pharmacology to predict the potential therapeutic targets of frankincense and myrrh in the treatment of HCC and determined whether frankincense extract, myrrh extract and/or their combination produce anti-HCC effects. We evaluated the effects of these extracts on hypoxia, inflammation and tumor vessels in an HCC model for the first time and proposed a single-step study to establish a potential multimolecular mechanism. This study was performed to clarify the potential therapeutic significance of frankincense and/or myrrh as anti-HCC drug(s) and to promote the development of their natural product components for use in inhibiting tumor blood vessels, which is a promising HCC treatment strategy.

MATERIALS AND METHODS
Strategy for screening active components and predicting targets
The active components of frankincense and myrrh were obtained through the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP, http://tcmspw.com/tcmsp.php). According to the pharmacokinetic characteristics of these compounds, the active components were characterized for oral bioavailability (OB) ≥ 30% and drug-likeness (DL) ≥ 0.18[22]. Then, the potential targets of the active compounds in frankincense and myrrh in this database were investigated, and the targets were imported into the UniProt database (http://www.UniProt.org) through Perl (https://www.perl.org) to obtain the official gene names of the candidate targets.

Screening differentially expressed genes in HCC
The GeneCards human gene database (http://www.genecards.org/) and the Comparative Toxicogenomics Database (CTD, http://www.ctdbase.org/) were used to identify differentially expressed genes in HCC. The disease-related genes identified in both GeneCards and CTD were considered HCC-related genes.

Target cross-validation, construction of an active component-target network and a protein–protein interaction network
Perl was used to intersect the previously obtained differentially expressed genes of HCC with the potential targets of frankincense and myrrh. Thus, the active components and key targets possibly involved in the treatment of HCC with frankincense and myrrh were identified. Cytoscape (version 3.7.0) software was used to construct an active component-target network. The STRING platform (https://string-db.org/) was used to construct and visualize a protein–protein interaction network, wherein the species for network modeling was set to "Homo sapiens" and the minimum interaction score was 0.4[23].

Functional enrichment analysis of candidate targets
The R packages "BiocManager" and "ClusterProfiler" were used to perform gene ontology (GO) enrichment (to describe the possible cellular environment, molecular function and biological process categories of the gene products) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis (to classify the genome annotations and identify the most gene-enriched biological processes) on the basis of the key targets.

Molecular docking verification
The three-dimensional structures of the active components were obtained from the TCMSP database and considered ligands; the three-dimensional structure of each target protein was obtained from the RCSB Protein Data Bank (PDB, https://www.rcsb.org/), and each was considered a receptor. The AutoDock Tool (version 1.5.6) was used to standardize the receptors and ligands, which were converted into PDBQT format to obtain a three-dimensional grid box for the molecular docking simulation. Molecular docking analysis was performed with AutoDock Vina (Version 1.1.2). PyMOL (https://www.pymol.org/) was used to visualize the docked partners. When the binding energy was less than -5 kcal/mol, the ligand and receptor were considered to be effectively bound[24].

Chemicals
[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK13]Frankincense and myrrh extracts (manufacturing certificates: XTY20200827 and TY20200713, with quality inspection carried out with HPLC by the manufacturer) were obtained from New Tianyu Biological Technology (Xianyang, Shanxi, China). Gefitinib (ZD1839) was acquired from TargetMol (Boston, MA, United States). Fetal bovine serum and a mixed penicillin-streptomycin solution were obtained from Thermo Fisher Scientific (Waltham, MA, United States). Phosphate-buffered saline (PBS) and trypsin were obtained from HyClone (Logan, Utah United States). Dimethyl sulfoxide (DMSO) solvent was acquired from Sigma–Aldrich Biotechnology (St. Louis, MO, United States). Glutaraldehyde and paraformaldehyde were purchased from Leagene Biological Technology (Beijing, China). Osmium acid was obtained from Ted Pella (Redding, CA, United States). Enzyme-linked immunosorbent assay (ELISA) kits for TNF-α and HIF-1α were supplied by Cusabio Technology (Wuhan, Hubei, China). Rabbit anti-CD31 polyclonal antibody and goat anti-collagen IV polyclonal antibody were purchased from Abcam (Cambridge, London, United Kingdom), and mouse anti-α-SMA antibody was purchased from Boster Biological Technology (Wuhan, Hubei, China). CoraLite488-conjugated AffiniPure goat anti-mouse IgG (H+L), CoraLite594-conjugated goat anti-rabbit IgG (H+L), fluorescein (FITC)-conjugated AffiniPure donkey anti-goat IgG (H+L) and CoraLite594-conjugated donkey anti-rabbit IgG (H+L) were procured from Proteintech (Danvers, MA, United States). Antibodies against HIF-1α, TNF-α, EGFR, p-EGFR, PI3K, p-PI3K and p-p38 were purchased from Proteintech (Danvers, MA, United States). Antibodies against VEGF, MMP-9, Akt, p-Akt, ERK, p-ERK, p38, JNK, p-JNK, GAPDH and β-actin were purchased from Abcam (Cambridge, London, United Kingdom). Horseradish peroxidase (HRP)-conjugated secondary antibodies were purchased from Proteintech (Danvers, MA, United States). All the other reagents were of analytical grade.

SMMC-7721 cell culture and treatment
The SMMC-7721 human HCC cell line was commercially acquired and identified from the BeNa Culture Collection Biotechnology Research Institute (Beijing, China, Cell line identification number: 20160628-01). After reseeding, SMMC-7721 cells were cultured in DMEM complete medium (containing 10% fetal bovine serum, 100 U/mL penicillin and 100 μg/mL streptomycin) and placed in a humidified incubator (cultivation environment of 5.0% CO2 and 37°C).

Preparation of SMMC-7721 cells for subcutaneous transplantation into nude mice and subsequent treatments
[bookmark: OLE_LINK16]Healthy male athymic nude BALB/c (nu/nu) mice (body weight of 18–22 g and aged 4–6 wk) were obtained and raised in miniature cages at the experimental animal science center of Hunan University of Traditional Chinese Medicine. For our research, we followed animal care and used guidelines established by the institution and approved by the Animal Care and Use Committee (approval no. LL2020102801; Changsha, China). All animals were maintained at a room temperature of 25°C, a relative humidity of 45%, and a 12-h light-dark cycle with freely available sterile food and water in an specific-pathogen-free environment. The mice were maintained for 7 consecutive days to adapt to the environment. All parts of the study were conducted under the guidelines for reporting animal studies. The abovementioned SMMC-7721 cells cultured to the exponential growth phase were washed with PBS and resuspended. The concentration of the cells was adjusted to 1 × 107 cells/mL and prepared in suspension, and 0.1 mL of this cell suspension was injected subcutaneously under the skin of the right armpit area of each nude mouse to establish the models. When the tumor volume was greater than 50 mm3, the mice with these tumors were randomly assigned to 8 groups (n=5), and they received a low dose of frankincense extract (LF, equivalent to 1.5 g/kg/d of the native herb), high dose of frankincense extract (HF, equivalent to 3 g/kg/d of the native herbal medicine), low dose of myrrh extract (LM, equivalent to 1.5 g/kg/d of the native herb), high dose of myrrh extract (HM, equivalent to 3 g/kg/d of the native herb), low dose of frankincense + myrrh extracts (LFM, equivalent to 1.5 + 1.5 g/kg/d of each native herb), or high dose of frankincense + myrrh extracts (HFM, equivalent to 3 + 3 g/kg/d of each native herb) with ZD1839 (100 mg/kg/d) in gavage fluid. The mice in the control groups were given saline at a volume equal to the treatment volume. The intervention was maintained for 14 d; the mouse body and tumor weights were regularly measured (every three days), and the tumor volume was calculated (tumor volume = length × width2/2)[25,26]. At the end of the intervention, the mice were euthanized, and the tumor tissues were removed from the mice.

Histopathological examination
The tumor tissues obtained as described were fixed with 4% paraformaldehyde, and paraffin sections were prepared. After deparaffinization with xylene and dehydration with gradient ethanol, the sections were stained with hematoxylin and eosin, and finally, the slides were dried and mounted. The tissue structure of each sample was microscopically inspected, and images were collected.

ELISAs
The tumor tissues were cut into pieces, homogenized and centrifuged, and the tissue supernatant was collected. According to the protocols of the ELISA kit manufacturer, the levels of HIF-1α and TNF-α were quantified.

Immunofluorescence staining
[bookmark: OLE_LINK23][bookmark: OLE_LINK24]The treated tumor tissue sections were subjected to thermal antigen retrieval with EDTA buffer (pH = 9.0) and washed 3 times with 0.01 M PBS (pH = 7.4). Then, the cells were treated with 0.1% NaBH4 (30 min incubation) and Sudan black dye solution (5 min incubation) to reduce autofluorescence, and 5% BSA was selected to avoid nonspecific staining (it was allowed to bind the sections for 1 h at 37°C). To evaluate the microvascular condition of the tumor tissue, the sections were combined with the corresponding primary antibodies: rabbit anti-CD31 (1:50, endothelial marker), mouse anti-α-SMA (1:50, pericyte marker) and goat anti-collagen IV (1:50, basement membrane marker) and incubated overnight at 4°C for labeling. After washing with PBS, CoraLite488-conjugated AffiniPure goat anti-mouse IgG (H+L) (1:500), CoraLite594-conjugated goat anti-rabbit IgG (H+L) (1:500) and FITC-conjugated AffiniPure donkey anti-goat IgG (H+L) (1:100) were added as secondary antibodies and incubated at 37°C for 90 min. An upright fluorescence microscope and imaging system (Motic, Fujian, China) was used for visualization, image acquisition and analysis of fluorescence signals. By analyzing the levels of different fluorescence intensities, the endothelial cell (EC) area (red), pericyte area (green) and basement membrane area (green) were evaluated. The pericyte coverage of tumor microvessels was evaluated by integrating two-dimensional images, quantifying the fluorescence in each area, reported as the pericyte area (green area)/EC area (red area).

Transmission electron microscopy
Samples fixed with glutaraldehyde were rinsed with phosphoric acid buffer, fixed with osmic acid, dehydrated with an ethanol gradient, infiltrated and embedded with resin that was then polymerized. The ultramicrotome-cut sections were prepared and double stained with 3% lead citrate. Finally, the samples were observed and visualized by transmission electron microscopy (Hitachi, Chiyoda-ku, Tokyo, Japan).

[bookmark: OLE_LINK17][bookmark: OLE_LINK18][bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK19][bookmark: OLE_LINK20]Reverse transcription-quantitative polymerase chain reaction assay
[bookmark: OLE_LINK21][bookmark: OLE_LINK22]The extraction and purification of total RNA from tumor tissue was carried out with TRIzol reagent (Invitrogen, Waltham, MA, United States). cDNA was obtained by the reverse transcription of the total RNA using an RNA reverse transcription kit (CWBio tech, Beijing, China). Quantitative polymerase chain reaction (qPCR) was carried out using the SYBR Green chemistry method on a QuantStudio 6 Flex Real-Time PCR system (Thermo Fisher Scientific, Waltham, MA, United States), in which the amplification procedure was executed at 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 60 s. GAPDH was selected as the internal reference, and the primers were designed by Premier 5.0 software (Table 1).

[bookmark: OLE_LINK25][bookmark: OLE_LINK26]Western blot analysis
[bookmark: OLE_LINK27][bookmark: OLE_LINK28]On ice, the cryopreserved tumor tissue was homogenized by grinding, and the total protein was extracted with radioimmunoprecipitation assay lysis buffer (Applygen Technologies Inc., Beijing, China). A bicinchoninic acid protein detection kit (Thermo Fisher Scientific, Waltham, MA, United States) was used to determine the protein concentration according to the manufacturer's protocol. Equal amounts of protein samples were separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis, transferred to a polyvinylidene fluoride membrane and blocked with 5% BSA in PBS for 1 h. The membrane was incubated overnight at 4°C with the following specific primary antibodies against HIF-1α (1:1000), TNF-α (1:1000), VEGF (1:1000), MMP-9 (1:2000), EGFR (1:1000), p-EGFR (1:1000), PI3K (1:5000), p-PI3K (1:800), Akt (1:1000), p-Akt (1:5000), p38 (1:5000), p-p38 (1:1000), ERK (1:2000), p-ERK (1:3000), JNK (1:10000), p- JNK (1:2000), β-actin (1:5000) and GAPDH (1:5000). Furthermore, the membranes were incubated with the corresponding HRP-conjugated secondary antibody, anti-rabbit IgG (1:6000) or anti-mouse IgG (1:5000) antibody, for 2 h. A SuperSignal enhanced chemiluminescence detection kit (Thermo Fisher Scientific, Waltham, MA, United States) with a Bio–Rad ChemiDoc XRS+ System (Bio–Rad Laboratories, Inc., Hercules, CA, United States) was used to develop the immunoreactivity for blot detection and visualization. β-Actin and GAPDH were used as the protein loading controls.

Statistical analyses
The mean ± SE were applied to present quantitative data. One-way analysis of variance and Tukey’s post-test were used to confirm their significant differences, where a P value less than 0.05 (P < 0.05) was considered to be significantly different. The statistical analysis software GraphPad Prime 8.3.1 (GraphPad Software Inc., La Jolla, CA, United States) was used for all statistical tests.

RESULTS
[bookmark: OLE_LINK14][bookmark: OLE_LINK15]Network pharmacology-based analysis
Identification of frankincense and myrrh targets in HCC: The active components of frankincense and myrrh were obtained from the TCMSP database. After eliminating overlapping compounds, a total of 58 candidate bioactive components were identified, and 367 targets were retrieved. After merging duplicate lists, 177 targets were identified (Table 2). Furthermore, as shown in Figure 1A, 6900 human genes related to HCC were collected from the GeneCards and CTD databases, and after identifying overlapping genes and merging the data, the genes were mapped to the 177 candidate targets corresponding to frankincense and myrrh. It was concluded that the treatment of HCC by frankincense and myrrh is associated with 151 targets of 35 active components.

Construction of an active component-target network and a protein–protein interaction network
An active component target network diagram of frankincense and myrrh in the treatment of HCC was constructed for characterization (Figure 1B). The main active components highly effective against HCC in myrrh were quercetin (MOL000098, degree = 126), beta-sitosterol (MOL000358, degree = 19), stigmasterol (MOL000449, degree = 19), ellagic acid (MOL001002, degree = 18) and pelargonidin (MOL001004, degree = 14); in frankincense, the highly effective anti-HCC compounds were boswellic acid (MOL001255, degree = 3), 3-alpha-hydroxy-olean-12-en-24-oic-acid (MOL001243, degree = 3) and platylene (MOL001241, degree = 2). The constructed protein–protein interaction network (Figure 1C-D) revealed that AKT1 (degree = 104), IL-6 (degree = 97), VEGF (degree = 89), EGFR (degree = 76) and MAPK1 (degree = 76) were the high-degree targets, indicating that these highly correlated targets in the network may play a basic therapeutic role in treatment by frankincense and/or myrrh in HCC.

Enrichment analysis of the key frankincense and myrrh targets in HCC
To reveal the biological characteristics of anti-HCC targets of frankincense and myrrh, GO and KEGG enrichment analyses were performed. A total of 2053 GO terms were obtained. Among them, the target genes in the MF category (molecular function, 160) were mainly enriched in DNA-binding transcription factor binding, ligand-activated transcription factor activity, cytokine receptor binding, phosphatase binding and antioxidant activity; in the BP category (biological process, 1850), the target genes were mainly enriched in the response to oxygen level, hypoxia, oxygen content reduction, lipopolysaccharide and chemical stress; and in the CC category (cellular components, 43), the target genes were mainly enriched in transcriptional regulatory complex, serine/threonine protein kinase complex, protein kinase complex, etc. (Figure 2A-C). To explore the potential pathway of frankincense and myrrh compounds in HCC, KEGG pathway analysis was carried out (Figure 2D). The results showed that target genes were significantly enriched in the MAPK signaling pathway, HIF-1 signaling pathway, platinum resistance, EGFR tyrosine kinase inhibitor resistance, ErbB signaling pathway, etc.

Molecular docking analysis
According to network analysis, molecular docking was used to verify the binding of the key components of frankincense (boswellic acid, 3alpha-hydroxy-olean-12-en-24-oic-acid and platylene) and myrrh (quercetin, beta-sitosterol and stigmasterol) with key targets (AKT1, VEGFA and EGFR). The binding energy was calculated to assess the degree to which a component bound with a protein target. A lower binding energy indicates higher stability. The results showed that the representative components of frankincense and myrrh bind with high affinity to the active sites of protein targets. Boswellic acid (Figure 3A-C) and stigmasterol (Figure 3D and E) both showed strong affinity for their respective targets. The compounds showed the greatest affinity for EGFR (Table 3).

Experimental Validation
Frankincense and/or myrrh inhibits tumor growth in nude mouse models with subcutaneously transplanted human HCC tumor cells in vivo: To further verify and evaluate the effect of frankincense and/or myrrh in HCC treatment, human subcutaneously transplanted HCC tumor models were constructed. The tumors in the model control group continued to grow large. In contrast, in the intervention groups, the tumors did not increase significantly during the treatment time (Figure 4A and D). By the end of the treatment course, compared with that in the model control group, the tumor size of each drug intervention group was significantly reduced (P < 0.05; Figure 4C). The tumor inhibition rate was further studied to evaluate the effect of the extracts on tumor growth {tumor inhibition rate (%) = [(average tumor volume of the model control group-average tumor volume of the treatment group)/average tumor volume of the model control group] × 100%}. The tumor inhibition rates of LF, HF, LM, HM, LFM, HFM and ZD1839 were 29.8%, 33.2%, 29.9%, 44.8%, 36.9%, 45.6% and 49.1%, respectively. These observations indicated that frankincense and/or myrrh treatments significantly inhibited the size and growth rate of tumors in HCC models. In addition, the body weights of the mice in the model control and treatment groups were similar (Figure 4B), indicating that there was no serious toxicity induced during the frankincense and/or myrrh intervention.
A histological examination showed that most of the tumor cells in the model control group were large with abnormal morphology, large nuclei and obvious nucleoli. Mitotic features were more common, and evidence of mitosis and necrosis was observed under the microscope, indicating that the features of the tumor in this study were similar to general tumor characteristics. In contrast, the morphology of the tumor cells in the treatment groups was relatively regular, with few mitotic images or necrotic areas (Figure 4E). These results proved that frankincense and/or myrrh has a significant inhibitory effect on the growth of HCC in vivo.

Frankincense and/or myrrh improves tumor vascular morphology
CD31 specifically labels endothelial blood vessels, including mature and immature blood vessels, which is measured to distinguish blood vessels from peripheral cancer cells. In addition, α-SMA is a specific biomarker of perivascular cells covering mature blood vessels[27]. The assay results in this study showed that CD31 (red) was overexpressed in the tumors in the model control group, and the vascular morphology showed marked hypertrophy, malformation and discontinuous lumen. The expression of CD31 in each intervention group was decreased to varying degrees (P < 0.05). The intervention group treated with either frankincense plus myrrh or the inhibitor intervention group exhibited the thinning of the tube wall and a continuous lumen, which proves that frankincense plus myrrh in combination and the inhibitor may reduce tumor angiogenesis (Figure 5A and B).
Pericytes (green α-SMA) can be seen around the blood vessel (red, CD31). In the model control group, the thickness of the pericytes was uneven; the lumen was discontinuous, and the pericytes did not completely surround the vascular ECs. In each drug intervention group, the area with pericytes was increased, the area thickness was increased, the connection between areas was more complete, and the coverage of the pericytes was increased significantly (P < 0.05). Among the treatment groups, the pericyte coverage in the HFM group was significantly higher than that of the single-drug intervention groups (P < 0.05), and complete and continuous vascular endothelial cells were continuously covered by a layer of uniform pericytes, which were closely connected to each other, showing regularity and a closed luminal shape. The results showed that frankincense and/or myrrh might effectively increase the coverage of tumor perivascular cells and promote blood vessel maturation (Figure 5A and C).
The basement membrane is an important factor in blood vessel maturity and functional integrity[28]. Collagen IV labeled with green fluorescence enabled an examination of the morphology and expression of the basement membrane (Figure 6). In the model control group, the expression of collagen IV was high; the basement membrane distribution was scattered, and its thickness was uneven; in contrast, the expression of collagen IV in each drug intervention group was decreased to varying degrees (P < 0.01), and the basement membrane distribution was thinner. The expression of collagen IV in the ZD1839 group tended to be downregulated (P < 0.001), indicating that targeting EGFR had a certain effect on the vascular basement membrane, but the HFM group showed a more uniform and regular basement membrane distribution and a closed and regular lumen morphology. These findings indicate that frankincense and/or myrrh may affect the distribution and morphology of the basement membrane of tumor vessels.
The ultrastructure of tumor vascular cells was observed by TEM (Figure 7). In the model control group (Figure 7A), the connections between tumor vascular cells were loose, the cell gap was significantly enlarged, and the cell morphology was changed. Compared with that of the control, the effect of frankincense and myrrh treatment on EC junctions and pericytes (Figure 7B) caused significantly enhanced integrity of the surrounding and basement membranes, and the cell-to-cell connection was tight, indicating that frankincense and myrrh enhanced the morphological structure of tumor blood vessel cells.

Frankincense and/or myrrh inhibits the secretion of HIF-1α and TNF-α
HIF-1α is a recognized core mediator in the hypoxic environment of tumors. The proinflammatory cytokine TNF-α is the main mediator of tumor acceleration. These factors function together to form a signal transduction circuit and activate VEGF, and they are closely related to HCC angiogenesis[29,30]. To determine whether frankincense and/or myrrh has an effect on local hypoxia and inflammation-related factors in tumors, the main markers of these conditions, namely, hypoxia-inducible factor HIF-1α and proinflammatory cytokine TNF-α, were extensively studied. The results are shown in Figure 8A and B. ELISAs revealed that, compared with the model control group, the content of HIF-1α and TNF-α in the tumor body in each intervention group was significantly reduced (P < 0.05); compared with ZD1839 group, in both frankincense plus myrrh groups (LFM and HFM) groups, the degree of intervention on each factor was the same, indicating that frankincense and/or myrrh effectively enhanced the secretion of hypoxia-inducible factor HIF-1α and inflammatory factors TNF-α in the subcutaneously transplanted HCC tumors in nude mice.
These results were confirmed by the WB and RT-qPCR results. As shown in Figure 8C–G, compared with those in the model control group, the protein and mRNA expression levels of HIF-1α and TNF-α in the tumor body in each intervention group were significantly downregulated (P < 0.05); similarly, in both frankincense plus myrrh intervention groups (LFM and HFM) and in the ZD1839 group, no significant difference was found in the degree of intervention on HIF-1α or TNF-α expression. These results showed that frankincense and/or myrrh effectively downregulated the protein and mRNA expression levels of HIF-1α and TNF-α in HCC subcutaneously transplanted tumors in nude mice.

Frankincense plus myrrh inhibits the expression of VEGF and MMP-9
VEGF is the principal stimulator of tumor angiogenesis, and MMP-9 can cause abnormal proliferation of tumor blood vessels[31]. Therefore, with the prediction targets identified through network pharmacology, we sought to clarify the influence of frankincense and/or myrrh on tumor vascular-related factors, namely, the main markers VEGF and MMP-9.
As shown in Figure 9, compared with those in the model control group, in each intervention group, the protein and mRNA expression levels of VEGF and MMP-9 in the tumor were significantly downregulated (P < 0.05), and they were the lowest in the ZD1839 group. There was no significant difference in VEGF and MMP-9 intervention between the ZD1839 group and the frankincense plus myrrh intervention groups (LFM and HFM); compared with the effect of frankincense or myrrh treatment alone, the combined frankincense and myrrh treatment had a greater effect with regard to reducing the expression of VEGF and MMP-9 (P < 0.05). These results show that the inhibition of EGFR can interfere with the expression of VEGF and MMP-9, and frankincense plus myrrh can effectively reduce the protein and mRNA expression of VEGF and MMP-9 in HCC subcutaneously transplanted tumors.

Frankincense and/or myrrh has a regulatory effect on multiple signaling pathways
Changes in the vascular morphology of HCC are thought to be related to a variety of signaling pathways in the angiogenic process. Among these pathways, the EGFR, PI3K/Akt and MAPK signaling cascades are closely related to tumor blood vessels[32-34]. In our network pharmacology predictions, these signaling pathways and related proteins were the key pathways and protein targets of frankincense and/or myrrh anti-HCC effects. To further clarify and verify the signaling pathways potentially affected by frankincense and/or myrrh intervention, we studied whether these compounds have a regulatory effect on the abovementioned signaling pathways.
As depicted in Figure 10, upon extract intervention, compared with the model control group, the phosphorylation levels of EGFR, PI3K, Akt, ERK, p38 and JNK in the experimental groups were significantly downregulated (P < 0.05). Among these proteins, the levels of these phosphorylated proteins were lowest in the ZD1839 group, and the expression level of both frankincense plus myrrh interventions (LFM and HFM) was not significantly different from that of ZD1839. Frankincense or myrrh used alone had a less profound downregulating effect on the level of protein phosphorylation than their combined use and showed a significantly different effect on PI3K/Akt and MAPK pathway-related proteins (P < 0.05). These observations prove that the inhibition of EGFR downregulates the phosphorylation-induced activation of PI3K/Akt and MAPK and that frankincense plus myrrh effectively regulates the activation of EGFR and the PI3K/Akt and MAPK signaling pathways in subcutaneously transplanted HCC tumors in nude mice. 

DISCUSSION
HCC is an urgent global public health problem with a complex developmental process that is often associated with multiple pathways and proteins. Despite improvements in the understanding of the pathophysiological mechanisms of HCC, no practical breakthroughs have been achieved in HCC treatment[1,4]. TCM, as a complementary and alternative therapy for treating HCC, shows a multicomponent, multitarget and multipathway therapeutic pattern in its mechanism of action. In this study, the focus of investigation was the effects and mechanisms of frankincense plus myrrh in Xihuang Pill on HCC through network pharmacological prediction, molecular docking and in vivo model validation (Figure 11).
Within the active component-target network, highly active components may play the main therapeutic role upon frankincense plus myrrh treatment in HCC, with boswellic acid (MOL001255, OB = 39.55%, DL = 0.75) being the main active component in frankincense. Previous studies have indicated that boswellic acid exerts a negative effect on tumor growth, metastasis and microangiogenesis. Boswellic acid reduces the levels of phosphorylated ERK and p38, inhibiting the expression of TNF-α, CD31, MMP-9 and VEGF[18,35]. The main active component in myrrh, stigmasterol (MOL000449, OB = 43.83%, DL = 0.76), is known to inhibit tumor growth by similarly significantly reducing TNF-α transcription levels and Akt phosphorylation levels, reducing CD31-positive vascular content and macrophage recruitment for targeting tumor ECs and exerting an anti-inflammatory effect[36]. Studies have also demonstrated that stigmasterol in combination with cisplatin can inhibit cisplatin chemoresistance[37].
From the results of the drug target prediction, pathway and molecular docking analyses, it may be concluded that frankincense and myrrh exert a negative effect on HCC through the regulation of angiogenesis and morphology, which are important pathological features of HCC. The progression of HCC depends on the local pathological environment, and hypoxia and inflammation are two key factors that affect this environment. This environment is also associated with angiogenesis, and both the process of local aberrant angiogenesis and the formation of vascular networks accelerate tumor growth, invasion and metastasis. The interaction of these factors further promotes the propagation of HCC[38,39]. The signaling pathways that control these processes are often dysregulated in the pathological progression of HCC. Therefore, these pathways have become an important source of targets for HCC therapy. As predicted by network pharmacology, frankincense and myrrh may display therapeutic effects on HCC mainly by enhancing the secretion of hypoxia-inducible factor HIF-1α, inflammatory factor TNF-α, etc. This enhanced secretion of these factors results in the regulation of EGFR and its mediation of the PI3K/Akt and MAPK signaling pathways. An additional effect is the modulated expression of tumor angiogenesis-related factors (such as VEGF and MMP-9), angiogenesis itself, and other abnormal morphological structures. To test this hypothesis, the efficacy of frankincense and/or myrrh extracts on nude mouse models with subcutaneously transplanted human liver cancer cells was investigated.
[bookmark: OLE_LINK33][bookmark: OLE_LINK34][bookmark: OLE_LINK31][bookmark: OLE_LINK32][bookmark: OLE_LINK29][bookmark: OLE_LINK30]Persistent proangiogenic signaling in HCC diminishes the effect of the subsequent steps of normal vascular morphogenesis. This regulatory effect results in a dysfunctional vascular network with poor maturation and low stability characterized by EC hyperplasia, defective pericyte connections and basement membrane discontinuity and loosening. These effects contribute to disrupted vascular integrity and promote the growth of intravascular and metastatic cancer cells, exacerbating local hypoxia and inflammation and leading to the growth and spread of tumorous tissues. Restoring vascular connectivity and maintaining its integrity may be important strategies for the improvement of tumor vascularity and reduction in metastasis[40-42]. In this study, we found that treatment with frankincense and/or myrrh significantly reduced the volume and growth rate of tumors and improved the pathological morphology of tumors compared to the model control group. Frankincense and/or myrrh also lowered the expression levels of the EC-specific marker CD31 and reduced neointimal formation (P < 0.05) while upregulating pericyte coverage (P < 0.05), downregulating the expression of the basement membrane-specific marker collagen IV (P < 0.01) and increasing vascular maturation. In summary, these compounds improved EC connectivity, pericyte envelopment and basement membrane integrity, supporting the effects of frankincense and/or myrrh treatment on tumor growth and vascularity in a subcutaneous graft tumor model of HCC.
As HCC progresses, rapid tumor growth leads to the initiation of hypoxic responses and the onset of severe inflammation. This in turn results in increased angiogenesis with abnormal vessel morphology and the promotion of further tumor infiltration and metastasis[43]. HIF-1α, a recognized core mediator in the hypoxic environment of tumors, stimulates angiogenesis by acting in conjunction with TNF-α to drive VEGF production and upregulate MMP expression. HIF-1α has also been recognized as an independent novel marker in the prognosis of HCC. With activated HIF-1α, TNF-α is a major mediator of accelerated tumor inflammation[38,44,45]. It induces angiogenesis and enhances drug resistance by facilitating the establishment of a proinflammatory microenvironment around tumorous tissue. In this study, frankincense and/or myrrh was found to significantly reduce the production of both HIF-1α and TNF-α compared to the model control group (P < 0.05), demonstrating the effect of each extract on the respective markers associated with tumor hypoxia and inflammation.
VEGF is the most important factor in the stimulation of tumor angiogenesis. Often overexpressed in HCC, VEGF enhances vascular permeability and increases the expression of MMPs by protecting ECs from apoptosis. MMP-9 is a zinc-dependent protein hydrolase that degrades extracellular matrix components and increases capillary permeability, thereby promoting vascular leakage, EC dysregulation and tumor cell recirculation. It also significantly increases the levels of angiogenic cytokines while decreasing the levels of antiangiogenic factors, leading to the excessive proliferation and abnormal morphology of tumor vessels[31,46]. The results of this study showed that frankincense plus myrrh significantly downregulated the mRNA and protein expression levels of both VEGF and MMP-9 in subcutaneous HCC xenograft tumors (P < 0.05), with performance that was superior to that of the control group. This observation indicates that frankincense plus myrrh exerted an ameliorative effect on the abnormal morphology of tumor vessels, likely due to the reduced production of VEGF and MMP-9.
In the local pathological environment of HCC, the core factors of hypoxia and the inflammatory response, HIF-1α and TNF-α, function together to induce the expression of the angiogenesis-related factors VGEF and MMP-9, which in turn regulate the process of tumor vascularity, involving multiple signaling pathways. In this study, the regulation of these signaling pathways by frankincense and/or myrrh was examined and validated.
EGFR, which is also highly expressed in HCC, is a member of the tyrosine kinase receptor family and is recognized as a 'hub' for signaling convergence. Hypoxia and inflammation induce EGFR activation, leading to an increase in its intrinsic tyrosine kinase activity and the subsequent autophosphorylation and cross-phosphorylation of Tyr residues in its C-terminal tail. These activated receptors are recognized by effector molecules, activating the MAPK cascade of ERK, JNK and p38, as well as the PI3K/Akt pathway in the PKC mechanism. Thus, EGFR regulates several important processes in HCC, including tumor cell infiltration and angiogenesis. In this study, network pharmacology and molecular docking showed that components in the EGFR signaling pathway are important targets and participants in the mechanism of action for frankincense and/or myrrh against HCC[47-49]. In contrast to the model control group, frankincense and/or myrrh was able to reduce EGFR phosphorylation in subcutaneously transplanted HCC tumors and inhibit EGFR activation, which verified the hypothesis concerning the effect of frankincense and myrrh on EGFR.
PI3K, a phosphatidylinositol monoenzyme that is activated via EGFR, phosphorylates and activates Akt. It has been demonstrated that the PI3K/Akt pathway in tumor cells increases the secretion of VEGF, upregulates the activity of matrix metalloproteinase MMPs and engages in crosstalk with other transduction pathways to induce structurally abnormal blood vessel formation. Together, these factors cause aberrations in tumor vessels and ischemia during vascular development, which play important roles in regulating tumor vasculature[33,50]. The results obtained in this work showed that an EGFR inhibitor can reduce the phosphorylation-induced activity of tumor PI3K/Akt. Furthermore, frankincense and/or myrrh effectively reduced the phosphorylation of PI3K and Akt in tumors, suggesting that frankincense and myrrh have an inhibitory effect on the PI3K/Akt signaling pathway.
MAPK belongs to the family of extracellular signal-regulated kinases, which also includes ERK, p38 and JNK; all three of these kinases are activated through phosphorylation, with ERK mediating EC differentiation in blood vessels and p38 and JNK downregulating the expression of the pericyte marker α-SMA. In tumors, the MAPK signaling pathway has a number of effects: promoting the production of VEGF and MMP-9; increasing EC migration, tube formation and tumor angiogenesis; and acting synergistically with the PI3K/Akt pathway[34,50,51]. As detailed in this article, an EGFR inhibitor was found to downregulate the phosphorylation levels of ERK, p38 and JNK in subcutaneously transplanted HCC tumors. In the frankincense and myrrh treatment groups, the expression of p-ERK, p-p38 and p-JNK was lower extent than in the model control group. Thus, in the in vivo model, a possible conclusion is that the effect of frankincense and/or myrrh on tumor growth and vascularity may be partially achieved through the regulation of the MAPK signaling pathway.

CONCLUSION
In general, this study predicted and proved that frankincense and/or myrrh targets tumor blood vessels to exert anti-HCC effects. The molecular mechanism may involve EGFR-mediated PI3K/Akt and MAPK signaling pathways. This study highlights the potential of frankincense and/or myrrh as anti-HCC drug candidates.

ARTICLE HIGHLIGHTS
Research background
Hepatocellular carcinoma (HCC) has the characteristics of high morbidity, high recurrence rate, high metastasis rate and high mortality rate, which seriously threaten human health. Therefore, it is necessary to find new treatment methods. In traditional Chinese medicine (TCM), the anti-HCC activity of the antitumor drug Xihuang Pill has attracted attention.

Research conclusions
Frankincense and myrrh treatment targets tumor blood vessels to exert anti-HCC effects via EGFR-activated PI3K/Akt and MAPK signaling pathways.

Research results
There are 35 active ingredients in frankincense and myrrh, with 151 key targets, and they may play roles in the treatment of HCC by regulating the hypoxia response and vascular-system-related pathological processes. Compared with the control group, after treatment with frankincense and/or myrrh, the volume of transplanted subcutaneously HCC tumors was significantly reduced, and the pathological morphology was weakened. The expression levels of CD31 and collagen IV were downregulated; the coverage of cells around blood vessels was upregulated; the connections between cells were tightened, and the shape of blood vessels was improved. In addition, frankincense and/or myrrh treatment downregulated the expression levels of HIF-1α, TNF-α, VEGF and MMP-9 and downregulated the phosphorylation activity of EGFR and downstream target PI3K/Akt and MAPK (ERK, p38 and JNK) pathway-related proteins.

Research methods
Bioinformatics analysis was used to predict the efficacy and possible mechanism of frankincense and myrrh in HCC and to screen core predictive targets. BALB/c nude mice were introduced in vivo to establish an HCC subcutaneous tumor model. The tumor volume and growth rate were evaluated, and histopathological examination was used to detect tumor growth, proliferation and pathological changes. Immunofluorescence and transmission electron microscopy were used to observe the expression of CD31, α-SMA and collagen IV and the morphology of vascular endothelial cells and pericytes. Enzyme-linked immunosorbent assay was utilized to detect the secretion of HIF-1α and TNF-α. Reverse transcription-quantitative polymerase chain reaction was applied to detect the expression levels of HIF-1α, TNF-α, VEGF and MMP-9. Western blot was adopted to detect EGFR and its mediated PI3K/Akt, MAPK (ERK, p38 and JNK) core signaling pathways and other key proteins as well as HIF-1α and TNF-α protein expression.

Research objectives
To study the potential anti-HCC therapeutic targets and molecular mechanisms of frankincense and myrrh in vivo.

Research motivation
The main components of Xihuang Pill, frankincense and myrrh, have shown anticancer activities in other biological systems. However, whether frankincense and/or myrrh can inhibit the occurrence of HCC is unclear, and the underlying molecular mechanism has not yet been determined.

Research perspectives
The dual TCM compound frankincense and myrrh has the potential to become an anti-HCC drug candidate.
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Figure Legends
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Figure 1 Active component target network and protein-protein interaction network of frankincense and myrrh in the treatment of hepatocellular carcinoma. A: Wayne diagram of the targets; B: Compound-target network. Yellow oval node represents the key target, the green node represents the active ingredient of frankincense, and the red node represents the active ingredient of myrrh, The edges represent the interactions between them; C: Protein-protein interaction network. Circular nodes represent targets and edges represent interactions; D: The bar chart of the sorting of the core target. The abscissa represents the number of nodes, and the ordinate is the name of the core target.
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Figure 2 Enrichment analysis of frankincense and myrrh key targets on hepatocellular carcinoma. A-C: GO analysis; A: Biological process; B: Cellular component; C: Molecular function; D: KEGG analysis.
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Figure 3 The docking model of boswellic acid and stigmasterol with key targets. A: Boswellic acid with AKT1; B: Boswellic acid with VEGFA; C: Boswellic acid with EGFR; D: Stigmasterol with AKT1; E: Stigmasterol with VEGFA; F: Stigmasterol with EGFR.
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Figure 4 The effect of frankincense and/or myrrh in the tumor growth of human hepatocellular carcinoma subcutaneously transplanted tumor models A: Representative images of tumor size at the end of the experiment; B: Animal weight during the entire oral treatment process; C: Statistical graph of tumor size at the end of the experiment; D: Changes in tumor size during the entire oral treatment process; E: H-E staining of tumors in each group (100×, 400×), scale bars: 100 μm. LF: Low dose of frankincense extract; HF: High dose of frankincense extract; LM: Low dose of myrrh extract; HM: High dose of myrrh extract; LFM: Low dose of frankincense + myrrh extracts; HFM: High dose of frankincense + myrrh extracts. Data represents the mean ± SE. Compared with the model control, aP < 0.05, bP < 0.01, cP < 0.001.
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[bookmark: OLE_LINK51][bookmark: OLE_LINK52]Figure 5 The effect of frankincense and/or myrrh on CD31 and α-SMA (200×). A: Immunofluorescence staining of the tumor was indicated by CD31 antibody (red) and α-SMA antibody (green); B: The relative expression of CD31; C: The expression of α-SMA/CD31. Scale bars: 100 μm. LF: Low dose of frankincense extract; HF: High dose of frankincense extract; LM: Low dose of myrrh extract; HM: High dose of myrrh extract; LFM: Low dose of frankincense + myrrh extracts; HFM: High dose of frankincense + myrrh extracts. Data represents the mean ± SE. aP < 0.05 vs the model control; bP < 0.05 vs ZD1839; cP < 0.05 vs high dose of frankincense + myrrh extracts.
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Figure 6 The effect of frankincense and/or myrrh on collagen IV (400×). A: Immunofluorescence staining of the tumor was indicated by collagen IV antibody (green); B: The relative expression of collagen IV. Scale bars: 100 μm. LF: Low dose of frankincense extract; HF: High dose of frankincense extract; LM: Low dose of myrrh extract; HM: High dose of myrrh extract; LFM: Low dose of frankincense + myrrh extracts; HFM: High dose of frankincense + myrrh extracts. Data represents the mean ± SE. Compared with the model control, aP < 0.05, bP < 0.01, cP < 0.001.
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Figure 7 The effect of frankincense and myrrh on tumor vascular cell ultrastructure (10000×). A: The model control group; B: High dose of frankincense + myrrh extracts group; EC: Endothelial cells; P: Pericytes; →: Connection between cells.
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Figure 8 The effect of frankincense and/or myrrh on HIF-1α and TNF-α. A and B: The secretion of HIF-1α and TNF-α in tumor body was detected by enzyme-linked immunosorbent assay; C-E: The protein levels of HIF-1α and TNF-α in tumor body, the protein expression indicated with Western blot, and β-actin was used as internal control; F and G: The mRNA levels of HIF-1α and TNF-α in tumor body, the mRNA expression was analyzed using reverse transcription-polymerase chain reaction, with GAPDH was reference gene. LF: Low dose of frankincense extract; HF: High dose of frankincense extract; LM: Low dose of myrrh extract; HM: High dose of myrrh extract; LFM: Low dose of frankincense + myrrh extracts; HFM: High dose of frankincense + myrrh extracts. Data represents the mean ± SE. aP < 0.05 vs the model control; bP < 0.05 vs ZD1839.
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[bookmark: OLE_LINK57][bookmark: OLE_LINK58][bookmark: OLE_LINK55][bookmark: OLE_LINK56]Figure 9 The effect of frankincense and/or myrrh on VEGF and MMP-9. A-C: The protein levels of VEGF and MMP-9 in tumor body, the protein expression indicated with Western blot, and GAPDH was used as internal control; D and E: The mRNA levels of VEGF and MMP-9 in tumor body, the mRNA expression was analyzed using reverse transcription-polymerase chain reaction, with GAPDH was reference gene. LF: Low dose of frankincense extract; HF: High dose of frankincense extract; LM: Low dose of myrrh extract; HM: High dose of myrrh extract; LFM: Low dose of frankincense + myrrh extracts; HFM: High dose of frankincense + myrrh extracts. Data represents the mean ± SE. aP < 0.05 vs the model control; bP < 0.05 vs ZD1839; cP < 0.05 vs low dose of frankincense + myrrh extracts; P < 0.05 vs high dose of frankincense + myrrh extracts.
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[bookmark: OLE_LINK59][bookmark: OLE_LINK60][bookmark: OLE_LINK61]Figure 10 The effect of frankincense and/or myrrh on EGFR、PI3K/Akt、MAPK (ERK, p38, JNK) pathway components. A and B: The protein levels of EGFR, p-EGFR in tumor body; C-E: The protein levels of PI3K, p-PI3K, Akt, p-Akt in tumor body; F and G: The protein levels of EKR, p-ERK, p38, p-p38, JNK, p-JNK. The protein expression indicated with Western blot, and GAPDH was used as internal control. Data represents the mean ± SE. LF: Low dose of frankincense extract; HF: High dose of frankincense extract; LM: Low dose of myrrh extract; HM: High dose of myrrh extract; LFM: Low dose of frankincense + myrrh extracts; HFM: High dose of frankincense + myrrh extracts. Data represents the mean ± SE. aP < 0.05 vs the model control; bP < 0.05 vs ZD1839; cP < 0.05 vs low dose of frankincense + myrrh extracts; P < 0.05 vs high dose of frankincense + myrrh extracts.
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Figure 11 Schematic of frankincense and myrrh as potential anti hepatocellular carcinoma therapeutic agents.

Table 1 The RNA sequences used in this study
	Name
	Primer sequence
	Primer length

	HIF-1α
	F→TCCAGCAGACCCAGTTACAGA
R→GCCACTGTATGCTGATGCCTT
	182bp

	TNF-α
	F→AGCACAGAAAGCATGATCCG
R→CACCCCGAAGTTCAGTAGACA
	162bp

	VEGF
	F→GAACCAGACCTCTCACCGGAA
R→ACCCAAAGTGCTCCTCGAAG
	135bp

	MMP-9
	F→GCCCTGGAACTCACACGACA
R→GTAGCCCACGTCGTCCACC
	139bp

	GAPDH
	F→GCGACTTCAACAGCAACTCCC
R→CACCCTGTTGCTGTAGCCGTA
	122bp




Table 2 The effective candidate ingredients of frankincense and myrrh
	Mol ID
	Molecule name 
	OB (%)
	DL
	Medicine

	[bookmark: _Hlk51526026]MOL001215
	Tirucallol
	42.12
	0.75
	Frankincense

	MOL001241
	O-acetyl-α-boswellic acid
	42.73
	0.70
	Frankincense

	MOL001243
	3alpha-Hydroxy-olean-12-en-24-oic-acid
	39.32
	0.75
	Frankincense

	MOL001255
	Boswellic acid
	39.55
	0.75
	Frankincense

	MOL001263
	3-oxo-tirucallic, acid
	42.86
	0.81
	Frankincense

	MOL001265
	Acetyl-alpha-boswellic,acid
	42.73
	0.70
	Frankincense

	MOL001272
	Incensole
	45.59
	0.22
	Frankincense

	MOL001295
	Phyllocladene
	33.40
	0.27
	Frankincense

	[bookmark: _Hlk51526329]MOL000098
	Quercetin
	46.43
	0.28
	Myrrh

	MOL000358
	Beta-sitosterol
	36.91
	0.75
	Myrrh

	MOL000449
	Stigmasterol
	43.83
	0.76
	Myrrh

	MOL000490
	Petunidin
	30.05
	0.31
	Myrrh

	[bookmark: _Hlk51526431]MOL000979
	2-methoxyfuranoguaia-9-ene-8-one
	66.18
	0.18
	Myrrh

	MOL000988
	4,17(20)-(cis)-pregnadiene-3,16-dione
	51.42
	0.48
	Myrrh

	MOL000996
	Guggulsterol IV
	33.59
	0.74
	Myrrh

	MOL001001
	Quercetin-3-O-β-D-glucuronide
	30.66
	0.74
	Myrrh

	MOL001002
	Ellagic acid
	43.06
	0.43
	Myrrh

	MOL001004
	Pelargonidin
	37.99
	0.21
	Myrrh

	MOL001006
	Poriferasta-7,22E-dien-3beta-ol
	42.98
	0.76
	Myrrh

	MOL001009
	Guggulsterol-VI
	54.72
	0.43
	Myrrh

	MOL001013
	Mansumbinoic acid
	48.10
	0.32
	Myrrh

	MOL001019
	(7S,8R,9S,10R,13S,14S,17Z)-17-ethylidene-7-hydroxy-10,13-dimethyl-1,2,6,7,8,9,11,12,14,15-decahydrocyclopenta(a)phenanthrene-3,16-dione
	35.75
	0.48
	Myrrh

	[bookmark: OLE_LINK62][bookmark: OLE_LINK63]MOL001021
	7β,15β- dihydroxypregn-4-ene-3,16-dione
	43.11
	0.51
	Myrrh

	MOL001022
	11α-hydroxypregna-4,17(20)-trans-diene-3,16-dione
	36.62
	0.47
	Myrrh

	MOL001026
	Myrrhrrhanol C
	39.96
	0.58
	Myrrh

	MOL001027
	Myrrhrrhanone A
	40.25
	0.63
	Myrrh

	MOL001028
	(8R)-3-oxo-8-hydroxy-polypoda-13E,17E,21-triene
	44.83
	0.59
	Myrrh

	MOL001029
	Myrrhrrhanones B
	34.39
	0.67
	Myrrh

	MOL001031
	Epimansumbinol
	61.81
	0.40
	Myrrh

	[bookmark: OLE_LINK64][bookmark: OLE_LINK65]MOL001033
	Diayangambin
	63.84
	0.81
	Myrrh

	[bookmark: OLE_LINK66][bookmark: OLE_LINK67]MOL001040
	(2R)-5,7-dihydroxy-2-(4-hydroxyphenyl)chroman-4-one
	42.36
	0.21
	Myrrh

	[bookmark: OLE_LINK68][bookmark: OLE_LINK69]MOL001045
	(13E,17E,21E)-8-hydroxypolypodo-13,17,21-trien-3-one
	44.34
	0.58
	Myrrh

	[bookmark: OLE_LINK70][bookmark: OLE_LINK71]MOL001046
	(13E,17E,21E)-polypodo-13,17,21-triene-3,18-diol
	39.96
	0.58
	Myrrh

	[bookmark: OLE_LINK72][bookmark: OLE_LINK73]MOL001049
	16-hydroperoxymansumbin-13(17)-en-3β-ol
	41.05
	0.49
	Myrrh

	[bookmark: OLE_LINK74][bookmark: OLE_LINK75]MOL001052
	Mansumbin-13(17)-en-3,16-dione
	41.78
	0.45
	Myrrh

	[bookmark: OLE_LINK76][bookmark: OLE_LINK77]MOL001061
	(16S,20R)-dihydroxydammar-24-en-3-one
	37.34
	0.78
	Myrrh

	[bookmark: OLE_LINK78][bookmark: OLE_LINK79]MOL001062
	15α-hydroxymansumbinone
	37.51
	0.44
	Myrrh

	MOL001063
	28-acetoxy-15α-hydroxymansumbinone
	41.85
	0.67
	Myrrh

	[bookmark: OLE_LINK80][bookmark: OLE_LINK81]MOL001069
	3β-acetoxy-16β,20(R)-dihydroxydammar-24-ene
	38.72
	0.81
	Myrrh

	[bookmark: OLE_LINK82][bookmark: OLE_LINK83]MOL001088
	1α-acetoxy-9,19-cyclolanost-24-en-3β-ol
	44.40
	0.78
	Myrrh

	[bookmark: OLE_LINK84][bookmark: OLE_LINK85]MOL001092
	{(3R,5R,8R,9R,10R,13R,14R,17S)-17-[(2S,5S)-5-(2-hydroxypropan-2-yl)-2-methyloxolan-2-yl]-4,4,8,10,14-pentamethyl-2,3,5,6,7,9,11,12,13,15,16,17-dodecahydro-1H-cyclopenta(a)phenanthren-3-yl} acetate
	33.07
	0.80
	Myrrh

	[bookmark: OLE_LINK86][bookmark: OLE_LINK87]MOL001093
	Cabraleone
	36.21
	0.82
	Myrrh

	[bookmark: OLE_LINK88][bookmark: OLE_LINK89]MOL001095
	Isofouquierone
	40.95
	0.78
	Myrrh

	[bookmark: OLE_LINK90][bookmark: OLE_LINK91]MOL001126
	[(5aS,8aR,9R)-8-oxo-9-(3,4,5-trimethoxyphenyl)-5,5a,6,9-tetrahydroisobenzofurano(6,5-f)(1,3)benzodioxol-8a-yl] acetate
	44.08
	0.90
	Myrrh

	[bookmark: OLE_LINK92][bookmark: OLE_LINK93]MOL001131
	Phellamurin_qt
	56.60
	0.39
	Myrrh

	[bookmark: OLE_LINK94][bookmark: OLE_LINK95]MOL001138
	(3R,20S)-3,20-dihydroxydammar-24-ene
	37.49
	0.75
	Myrrh

	[bookmark: OLE_LINK96][bookmark: OLE_LINK97]MOL001145
	(20S)-3β-acetoxy-12β,16β,25-tetrahydroxydammar-23-ene
	34.89
	0.82
	Myrrh

	[bookmark: OLE_LINK98][bookmark: OLE_LINK99]MOL001146
	(20S)-3β,12β,16β,25-pentahydroxydammar-23-ene
	37.94
	0.75
	Myrrh

	[bookmark: OLE_LINK100][bookmark: OLE_LINK101]MOL001147
	(20R)-3β-acetoxy-16β-dihydroxydammar-24-ene
	40.36
	0.82
	Myrrh

	[bookmark: OLE_LINK102][bookmark: OLE_LINK103]MOL001148
	3β-hydroxydammar-24-ene
	40.27
	0.82
	Myrrh

	MOL001156
	3-methoxyfuranoguaia-9-en-8-one
	35.15
	0.18
	Myrrh

	MOL001164
	[(5S,6R,8R,9Z)-8-methoxy-3,6,10-trimethyl-4-oxo-6,7,8,11-tetrahydro-5H-cyclodeca(b)furan-5-yl] acetate
	34.76
	0.25
	Myrrh

	[bookmark: OLE_LINK104][bookmark: OLE_LINK105]MOL001175
	Guggulsterone
	42.45
	0.44
	Myrrh




Table 3 Virtual docking of biologically active ingredients from frankincense and myrrh for hepatocellular carcinoma targets
	Mol ID
	Molecule name
	Scores /(kcal∙mol-1)

	[bookmark: _Hlk39347050]
	
	AKT1
	VEGFA
	EGFR

	MOL000098
	Quercetin
	-7.6
	-5.7
	-7.2

	MOL000358
	Beta-sitosterol
	-8.1
	-6.9
	-9.2

	MOL000449
	Stigmasterol
	-8.6
	-6.8
	-9.6

	MOL001243
	3alpha-Hydroxy-olean-12-en-24-oic-acid
	-8.7
	-7.1
	-8.3

	MOL001255
	Boswellic acid
	-8.8
	-7.0
	-9.3
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