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Abstract
Acute myeloid leukemia (AML) is a malignant tumor with a high incidence and poor prognosis.
Ferroptosis plays a crucial role in regulating carcinogenesis and tumor progression. However, a
combination therapy of traditional Chinese medicine and western medicine targeting AML using a
ferroptosis-related prognostic model is lacking. Herein, β-sitosterol and hydrastinine were shown to exert
a significant synergistic effect on AML. First, prognostic genes associated with ferroptosis were
evaluated and the prognosis model was obtained by bioinformatics. Second, the results of immune
infiltration analysis showed that the abundances of B cells, macrophages, T cells and monocytes were
significantly different between the high- and low-risk groups. Notably, these genes were associated with
296 drugs in the CellMiner database. Network pharmacology and molecular docking analyses showed
that β-sitosterol, the active ingredient in Tripterygium wilfordii, targeted oncogenes, CAS9 and PON1.
Combinatorial experiments further supported that hydrastinine and β-sitosterol significantly inhibited the
growth of AML cells and improved the drug sensitivity of AML cells to ferroptosis inducers. In conclusion,
our findings provide a potential strategy for the combined treatment of AML for integrative medicine.

1. Introduction
Acute myeloid leukemia (AML) is an extremely dangerous blood disorder, which occurs due to the
malignant proliferation of myeloid stem cells in the hematopoietic system [1]. In 2016, the World Health
Organization classified AML into the four following types: AML with myelodysplasia-related changes,
AML with reproducible genetic abnormalities, treatment-related myeloid neoplasms, and non-specific
AML [2]. AML is significantly heterogeneous, and the median survival of these patients is only four
months [3]. According to statistics in the US, more than 20,000 new AML cases were reported in 2019,
half of whom died and the five-year survival rate was only 28.3% [1]. The currently available treatment
options for AML include chemoradiation, radiotherapy, targeted therapy, immune therapy, and stem cell
therapy [4]. Among these, induction chemotherapy and hematopoietic stem-cell transplant are the most
commonly used strategies in clinical practice. The long-term prognosis of patients with AML remains a
cause of concern, despite the continuous improvement in treatment options [5]. In the last few years,
research into the molecular heterogeneity and nosogenesis of AML has progressed, along with the
improvement in the development of new drugs. However, the majority of AML patients are not cured, and
treatment resistance and high relapse rates remain significant problems. Consequently, it is urgent to find
new molecular mechanisms for providing more effective options for the precision treatment of AML
patients and improving their survival and quality of life [6, 7].

Ferroptosis was first reported by Stockwell in 2012 [8]. It is a novel iron-dependent form of regulated cell
death. It is distinct from apoptosis, cellular necrosis, and autophagy, owing to the oxidation of the
accumulated oxidized lipid oxides by ferrous ions to produce reactive oxygen species, which damage the
plasma membrane, eventually leading to cell death [9]. Ferroptosis occurs in the two following ways:
inhibition of the system xc − and glutathione peroxidase 4 (GPX4) and induction of lipid peroxidation or
mitochondrial dysfunction [10]. Ferroptosis is associated with various tumor types and treatment
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responses. Cancer cells contain higher levels of iron compared to normal cells [11]. Iron homeostasis
occurs abnormally in breast, ovarian, kidney, and lung cancers [12]. Inhibition of [Fe-S] cluster
biosynthetase (NFS1) stimulates the expression of transferrin receptor and downregulates intracellular
ferritin, causing an iron deficient response and leading to lung cancer cell death [8]. During tumorigenesis,
an essential correlation between mutations in cancer-related genes and activation of ferroptosis has been
reported, which can affect the efficacy of chemotherapy, radiotherapy, and immunotherapy [13], and thus,
the use of drugs that target ferroptosis signaling pathways can improve the effectiveness of disease
treatment. Ferroptosis plays a significant role in the progression of AML and resistance to treatment [14,
15]. Patients with leukemia have higher than normal total iron levels due to multiple blood transfusions
and are more prone to ferroptosis [16, 17]. AML patients exhibit iron accumulation and dependence like
solid tumors [18–20], and serum ferritin levels in these patients are inversely correlated to their prognoses
[21]. Growing evidence suggests that many inducers of ferroptosis have immense potential in tumor
therapy [22, 23]. Methods of ferroptosis or ferroptosis combined with chemotherapy for AML have
increasingly gained research attention. Erastin, an inducer of ferroptosis, can enhance the anti-cancer
activity of cytarabine and doxorubicin [14]. Garciaz found that ionomycin, a ferroptosis inducer, disrupted
mitochondrial metabolism in AML cells and reduced resistance to venetoclax in these patients [24].
Currently, cytogenetics and molecular risk levels serve as important references for the clinical diagnosis
of AML [25]. Some genes associated with iron deficiency have been documented and differences in AML
have been noted [26]. However, their molecular mechanisms have not been elucidated. Therefore, the
development of new diagnostic and therapeutic targets for AML aimed at improving the poor long-term
prognoses of these patients is necessitated.

In recent years, some traditional Chinese medicines and their active ingredients have attracted attention
because of their role in inducing the apoptosis of tumor cells. Radix Tripterygium wilfordii Hook.f. (LGT),
a traditional Chinese medicinal herb belonging to the genus Leigong vine and the family, Venomidae, was
first recorded in the Chinese Han Dynasty, "Shennong Materia Medica", and has a medicinal history of
more than 2,000 years [27]. It has a wide range of anti-inflammatory, immunosuppressive, bacteriostatic,
and anti-tumor effects and shows remarkable efficacy against many diseases, including various types of
cancers [28, 29]. LGT extract exerts an antitumor effect in various hematologic malignancies. Many
studies have elucidated the molecular mechanism of triptolide in inducing antitumor activity [30, 31].
Triptolide induces apoptosis in leukemic mice WEHI-3 cells by blocking the G0/G1 phase [28]. Triptolide
causes AML cell death by downregulating XIAP and Mcl-1[32].β-sitosterol is a valuable phytosterol
derived widely from various seeds in nature but is also found in certain botanicals and shows
antiproliferative effects on multiple cancers [33]. Low concentrations of β-sitosterol suppress proliferation
and induce apoptosis in colon, breast, prostate, liver, and mouse fibrosarcoma cancer cells [33]. β-
sitosterol is instrumental in cancer as its affects ceramide metabolism [34]. β-sitosterol extracted from
Ganoderma lucidum exerts its toxicity on liver cancer cells and induces apoptosis [35]. However, its
mechanism in AML has not been elucidated. Hydrastinine, the main alkaloid component in Hydrastis
canadensis, can be used as a hemostatic agent. Research on its role in blood diseases is little, and it is
worth exploring its function for providing new ideas for clinical treatment.



Page 4/25

In the present study, we performed LASSO analysis to develop a predictive model using ferroptosis-
associated genes in AML following the identification of differentially expressed genes (DEGs). The
prognostic model could predict changes in the immune microenvironment to a certain extent, as
evidenced by immune-infiltration analysis. Furthermore, β-sitosterol and hydrastinine, two natural active
substances, exerted a synergistic inhibitory effect on the development of AML and enhanced the drug
sensitivity of AML cells to ferroptosis inducers, thus providing new ideas for targeted therapy of AML.

2. Materials and Methods

2.1. Data Collection
TCGA-LAML dataset was used as the training set and included the mRNA sequencing data of 150
patients along with their corresponding clinical information. The GSE37642 dataset from the GPL570
platform was used as the test set and comprised 140 tumor samples.

2.2. Identification of DEGs
Rank sum tests were performed on the training dataset using R v3.6.0, and ferroptosis-related genes were
screened from the literature. The data type used for DEG identification was the new TPM value–
log2(TPM + 1). The data were normalized using the limma package before DEG identification. The
screening criteria were as follows: log fold change ≥ 1 and adjusted P-value < 0.05. The intersection of
the screened DEGs and ferroptosis-related genes was taken, and subsequently, UniCox analysis and
LASSO screening were performed.

2.3. Gene Set Enrichment Analysis (GSEA)
GSEA, a method of analyzing biological processes using the theories of computer science, has been used
for calculating and comparing consistent differences between two biological states. The differential
enrichment analysis for intersecting genes was performed based on different signaling pathways
obtained from differential analysis using the R package, clusterProfiler (v4.2.2). The gene enrichment in
the corresponding pathway was considered significant at P < 0.05.

2.4. Development and Validation of the Prognostic Risk
Model
The relationship between genes and overall survival (OS) was analyzed by LASSO-COX regression
analysis. The software package, glmnet, was employed to perform LASSO analysis. The prognostic risk
model for AML was established based on the LASSO risk score calculation formula. Subsequently, AML
patients were divided into high- and low-risk groups according to the median risk score. The plotted KM
curves were used for comparing OS between the two risk groups. For survival analysis, the SURVIVAL
package in R was utilized. The reliability of the prognostic model can be accessed by the ROC curve
analysis.

2.5. Estimation of Tumor-Infiltrating Immune Cells
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CIBERSORT, a machine learning method for support vector regression analysis, is the most frequently
used tool for assessing and analyzing immune cell infiltration. CIBERSORT was applied to assess the
proportion of immune cell types between high- and low-risk groups by the Wilcoxon rank-sum test. The
sum of all estimated immune cell type fractions in each sample was equal to 1.

2.6. Drug Sensitivity Screen for Therapeutic Targets
CellMiner (https://discover.nci.nih.gov/cellminer/home.do) is a database for drug susceptibility in the
NCI-60 cell line. RNA-seq data and NIC-60drug z-score values were downloaded from the CellMiner
database. z-score values correlate positively with drug sensitivity. FDA-approved was set as a screening
condition, and Pearson correlation analysis was performed for the drug z-score value and characteristic
gene expression. Pearson's correlation coefficient |(PCC)| > 0.3 and P < 0.05 were considered threshold
values.

2.7. Collection of TGV Active Ingredients
Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP), a
systemic pharmacology platform for Chinese herbal medicine, can be used to study the relationship
between drugs, targets, and diseases. To obtain the active ingredients of TGV in this database, the
screening criteria were set as oral bioavailability (OB) ≥ 30% and drug similarity (DL) ≥ 0.18. A total of 28
active components and 496 target genes of TGV were collected.

2.8. Molecular Docking Analysis
PDB files of the proteins were downloaded from RSCB-PDB (https://www.rcsb.org/). The mol2 files of
small molecules downloaded from TCMSP were converted into PDB files using Open Babel (v3.1.1).
Autodock vina (v1.2.0) was used to assess molecular docking. The software was used to remove water
molecules, separate proteins, add non-polar hydrogens, calculate the Gasteiger charge for the structure,
and save the PDB file in the PDBQT format. Small molecules converted into the PDB format were saved
as docking ligands in PDBQT format in Autodock vina (v1.2.0). The protein was used as the receptor and
the active compound was the ligand for docking. For the docked results, 9 conformations each were
generated. The conformation with the best affinity was chosen as the final docking and visualized in
Pymol (v2.5.3).

2.9. Cell lines and Cell Culture
THP1 and Kasumi cell lines were provided by the American Type Culture Collection (ATCC). The complete
medium for THP1 and Kasumi cells was RPMI-1640 medium, supplemented with 10% bovine serum
albumin (FBS), 100 µg/ml penicillin, and 100 µg/ml streptomycin. The cells were grown at 37°C in a
humidified atmosphere with 5% CO2.

2.10. CCK8 Assay to Detect Cell Viability
CCK8 assay was adopted for assessing cell viability. Briefly, 5x103 cells were inoculated into 96-well
culture plates and allowed to adhere overnight. The cells were cultured in fresh medium containing
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different concentrations of hydrastinine, CUDC-427, ASTX-660, PD183805, and β-sitosterol dissolved in
DMSO (final concentration, 0.1%). After 48 h of incubation, CCK-8 was added and the absorbance at 450
nm was measured on an EnSpire® Multi-plate Reader (Perkin Elmer, USA). Each group of experiments
was repeated thrice.

2.11. Iron assay
The iron assay was conducted using the iron assay kit (ab83366, Abcam, MA, USA). THP1 and Kasumi
cells were cultured in a 10 cm2 plate at a density of 5×106. After 24 h of incubation, the cells were treated
with Hydrastinine, β-sitosterol, Erastin, RSL3, or DMSO for 12 h. The cells were then collected in 5x
volumes of iron assay buffer on ice following the manufacturer’s instructions. Following that, the cells
were centrifuged at 13000 g for 10 min at 4℃. The supernatant was added to an iron reducer and
incubated at room temperature for 30 min. Next, 100 µL of the iron probe was added and incubated at
room temperature for 1 h. The absorbance at 593 nm was measured using a colorimetric microplate
reader.

2.12. Statistical Analysis
Statistical analyses were performed using R v3.6.0. KM curves and log-rank tests were used to compare
the OS between the two groups. Analysis of the ROC curves determined the predictive power of the model.
Univariate regression analysis was used to determine independent prognostic factors. All parameters
were set to default and P < 0.05 indicated a statistically significant difference.

3. Results

3.1. The ferroptosis-related genes in AML
Ferroptosis is crucial in AML. To investigate the ferroptosis status of AML, we performed the Cluster
analysis based on the expression matrix for 259 genes related to ferroptosis in the TCGA-LAML dataset,
and the patients were divided into k groups (k = 2–9) by different levels of ferroptosis. The Fig. 1 shows
the flow of the whole article. According to consensus clustering, k = 2 was the most optimal (Fig. 2A, S1A,
B). Differential analysis between groups 1 and 2 was performed using the limma package, and 711 up-
regulated and 135 down-regulated DEGs were identified (Fig. 2B, C, S1C). Further, GSEA analysis was
performed for these DEGs and found to be mainly enriched in the phagocytic vesicles and external side of
the plasma membrane (Fig. 2D, S1D).

3.2. Establishment and validation of a prognostic signature
based on ferroptosis-related genes
Next, 2553 AML oncogenes were obtained by univariate cox analysis (HR > 1, p < 0.05), and after
assessing the overlapping with DEGs, 245 candidate genes were obtained (Fig. 3A). To exclude false
positives, LASSO regression analysis was performed for these genes. Finally, 11 genes were identified
and the risk score was calculated as follows: Risk score = 0.01628 × Expression (PPIF) + 0.16354 ×
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Expression (TREML2) + 0.02348 × Expression (TCF15) + 0.00896 × Expression (IL2RA) + 0.00577 ×
Expression (CPEN8) + 0.28661 × Expression (CBR1) + 0.00253 × Expression (DDIT4) + 0. 10536 ×
Expression (UTF1) + 0. 04278 × Expression (PTP4A3) + 0. 05087 × Expression (SH3BGR) + 0. 07584 ×
Expression (CCDC167) (Fig. 3B-D). After setting the median risk score as the cut-off, 150 patients were
divided into high- and low-risk groups (Fig. S2). In the training set, the difference in patient survival time
was considered significant between the two risk groups (Fig. 3E), and the AUC value was 0.782 (Fig. 3F).
These results were validated in the test set GSE37642 (Fig. 4).

3.3. The correlation between immune cell infiltration and
prognostic signature in AML patients
To assess the relationship between the prognostic model and the immune microenvironment in AML, the
proportion and correlation of different immune cell types in the tumor microenvironment between the
high- and low-risk groups were analyzed (Fig. 5A-E). The same comparative analysis was performed
between the AML and normal groups (Fig. S3). The results showed that the immune infiltration of B cells,
naive cells, macrophages, M2 cells, T cells, CD4 memory resting cells, and monocytes was significantly
different (Fig. 5F). The level of immune infiltration of monocytes in the high-risk group was significantly
higher compared to the low-risk group (Fig. 5F and S3F). In conclusion, the changes in the immune
microenvironment markedly after the development of AML, and this can be attributed to the prognostic
model. In conclusion, the current results shows that the tumor immune microenvironment undergoes
significant changes after the development of AML, which is significantly related to the risk model. The
underlying mechanism of the results may be that characteristic genes lead to the remodeling of the
immune microenvironment.

3.4. Drug sensitivity based on the prognostic signature
This prognostic model was validated in multiple datasets and had a wide range of applications. However,
as a therapeutic target, its anti-tumor effects remain unclear. Therefore, it is essential to study the
targeted anti-cancer drugs. Correlational analysis for the expression of the 11 genes obtained based on
the GI50 data for drugs in the CellMiner database yielded 296 drugs with p < 0.05 and |cor| > 0.3. IL2RA, a
type I transmembrane protein, plays an important role in AML[36]. Hydrastinine, SM-406, GDC-0152, CO-
1686, CUDC-427, Sabutoclax, GSK-2194069, and ASTX-660 showed high sensitivity to IL2RA.
Hydrastinine had the highest correlation coefficient with IL2RA, indicating that with the increase in IL2RA
expression, the half-inhibitory concentration of the hydrastinine decreased, thus improving the therapeutic
effect (Fig. 6 and S4).

3.5. Molecular docking
Traditional Chinese medicine is widely used in tumor treatment, and therefore, assessing effective and
comprehensive treatment measures is necessary. The anti-AML effect of Tripterygium wilfordii has been
reported. The active components of triptolide and the corresponding target genes were found using the
TCMSP database (Fig. 7A), and the results showed that triptolide targeted the oncogene, TGFB1;
kaempferol targeted GSTP1, and β-sitosterol targeted CASP9 and PON1 (Fig. 7B). Molecular docking can
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be used for simulation of the active ingredients and assess the binding ability between the target and the
effective compound. The score for triptolide and TGFB1 was − 6.2 kcal/mol, for kaempferol and GSTP1, it
was − 7.3 kcal/mol, and for β-sitosterol and CASP9, it was − 7.9 kcal/mol (Fig. 7C and S5). β-sitosterol
had the highest docking score with CASP9, showing the best docking performance with two targeted
oncogenes. Therefore, β-sitosterol was assessed as a potential therapeutic drug.

3.6. Hydrastinine combined with β-sitosterol exerts a
synergistic antitumor effect in AML
Based on the Cellminer results, the top 5 drugs with the highest cor values were selected for CCK8
experimental validation, and the results of IC50s in THP1 cells were obtained (Fig. 8A and S6).
Hydrastinine had the optimal IC50 and cor values. To assess the inhibitory effect of integrative medicine
on AML, the combination of hydrastinine and β-sitosterol was tested in THP1 cells. The combinatorial
usage of the drugs was more effective in reducing cell viability than either alone (Fig. 8B, C). The results
of the CCK8 experiments in two different cells were consistent (Fig. 8D, E).

3.7. Hydrastinine combined with β-sitosterol improves the
sensitivity of ICC cells to ferroptosis inducers
Ferroptosis inducers are not effective in clinical application. However, our previous research showed that
Hydrastinine and β-sitosterol could affect ferroptosis by targeting ferroptosis genes. Therefore, we further
explored whether Hydrastinine and β-sitosterol can affect the ferroptosis of AML cells and the drug
sensitivity of ferroptosis inducers. Erastin and RSL3 were used in the DMSO group to treat THP1 cells.
Their IC50 values were 8.7 nM and 2.7 nM, respectively (Fig. 9A). However, in the combined use of
Hydrastinine and β-sitosterol, the IC50 values changed to 6.8 nM and 2.1 nM, which indicated that the
combined use of these two drugs increased the sensitivity of AML cells to ferroptosis inducers (Fig. 9B).
Furthermore, we added ferroptosis inducers to the DMSO and combined drug group to detect the level of
ions in the cells. The results showed that the combined drug group could significantly increase the level
of ferroptosis in AML cells (Fig. 9C-D). The above results indicated that the combined use of Hydrastinine
and β-sitosterol could enhance the sensitivity of AML cells to ferroptosis inducers.

4. Discussions
AML is the most prevalent form of leukemia in adults with extreme malignancy [37]. Current treatment for
AML relies on intense chemotherapy but these patients continue to be plagued by extremely poor
prognosis and high mortality rates. Treatment options for AML have changed significantly over the past
decade, particularly with the advent of the concept of ferroptosis [38, 39]. Ferroptosis is a regulated form
of death and its activation can be used to treat cancer, particularly malignancies resistant to conventional
therapies. However, studies on ferroptosis-related genes as targets for AML diagnosis and treatment are
scanty. We used LASSO analysis to establish a predictive model using ferroptosis-related genes for AML.
We assessed AML typing and the level of risk factors in each type by analyzing single-cell sequencing
data. Finally, we verified that β-sitosterol and hydrastinine exerted synergistic inhibition on AML cells. Our
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findings offer a novel predictive model for the diagnosis of AML using ferroptosis-related genes, while
also suggesting targets and potential treatment options for its treatment.

Ferroptosis is a non-apoptotic cell death form. It occurs due to the accumulation of intracellular iron
leading to lipid peroxidation and increased concentration of intracellularly generated ROS at lethal levels
[40, 41]. Growing evidence suggests that multiple inducers of ferroptosis have great cancer therapeutic
potential [22, 42]. Daolin Tang et al. suggest that erastin, a inducer of ferroptosis, selectively enhances the
sensitivity of HL-60 cells to chemotherapeutic agents in a Ras-independent manner [14]. Fei-hu Chen et al.
show that ferroptosis participates in the action of ATPR-induced differentiation of AML cells [16]. We
clustered the expression of 259 ferroptosis-related genes in AML, conducted differential analysis and
COX univariate analysis between the two groups of patients, and trained the genes obtained by LASSO to
obtain a risk score calculation formula for the model based on ferroptosis-related genes to predict the
prognoses of patients. In this risk model, interestingly, 11 signature genes were associated with various
cancers. For instance, PPIF, a peptidyl-prolyl cis-trans isomerase, is privy to the regulation of mPTP in
mitochondria and affects cell death. It can act as a suitable therapeutic target for different diseases [43].
Trigger receptor-2 (TREM2) expressed on myeloid cells is a crucial autoimmune negative regulator. It
binds to various tissue damage-related ligands and has anti-inflammatory and macrophage fusion
functions. It plays an essential role in the tumor environment [44]. TCF15 is involved in early mesoderm
transcriptional regulation and inhibits Id protein, rapidly downregulates Nanog, and accelerates somatic
cell lineage differentiation, associated with the tumor prognosis [45]. CPNE8 belongs to the copine family
and encodes a calcium-dependent protein, which is intimately linked to the occurrence of various types of
tumors; it inhibits the proliferation of AML cancer cells [46]. CBR1, G protein-coupled receptor, is a subtype
of the CBR family, known to exert anti-tumor effects [47]. DDIT4, a DNA damage response 1 or stress-
triggered protein, can be activated under various stress conditions, and dysregulated dit4 expression has
been observed in many malignancies [48]. UTF1 is expressed in early embryonic development and
primordial germ cells and maintains spermatogonial stemness. It is highly expressed in cancer cells and
associated with the transcriptional regulation [49]. PTP4A3, a phosphatase associated with tumor
metastasis, is consistently highly expressed in tumor cells and regulates the adhesion of tumor cells to
the extracellular matrix [50]. SH3BGR is localized in the matrix and participates in various life activities
like protein assembly; its role in the pathogenesis of cancer, however, is unclear [51]. CCDC167 is related
to cell proliferation and migration signaling and is aberrantly activated in several tumors [52].
Interestingly, interleukin-2 receptor subunit alpha (IL2RA) is a transmembrane protein, found mainly in the
spleen, lymph nodes, and other tissues, Treg cells, basophils, activated T cells, and other cell surfaces
[53]. IL2RA participates in the regulation of immune tolerance by affecting the activity of Treg cells. It is
highly expressed in activated Treg cells, and specific antibodies kill Treg cells to relieve
immunosuppression, crucial in anti-tumor therapy [54]. IL2RA promotes the proliferation of AML cells and
affects chemoresistance and poor prognosis of these patients [55]. However, the clinical potential of anti-
IL2RA therapy warrants further investigation. We aggregated the results from the training and test sets,
performed KM survival analysis, and calculated the AUC values, which verified that the risk coefficient
obtained from our prediction model was highly consistent for accurate prognoses of these patients. In



Page 10/25

summary, we verified the utility and credibility of the model in both the training and test sets through
several methods.

Infiltrating immune cells are essential in the tumor microenvironment (TME) of AML. Zhen Cai et al.
found that immune-related genes in the TME were linked to AML prognosis [56]. The level of immune
infiltration of naive B cells, macrophages.M2, CD4 resting memory T cells, and monocytes showed a
sharp rise in the cancer group compared to the normal group. Monocytes also showed significant
infiltration in the high-risk group. Naive B cells, i.e., B cells that are not stimulated by antigens, initiate the
formation of adaptive immunity and are associated with an active immune tumor environment and
patient prognosis [57]. Macrophage M2 is a type of macrophage which is alternatively activated. It
activates immune cells to respond to pathogens. Macrophages are important in the initiation and
regression phases of the inflammatory processes [58]. Resting memory T cells are a type of T cell
affecting secondary immune responses. Its main surface marker is CD4, which regulates or "helps" other
lymphocytes in their function [59]. Monocytes originate from hematopoietic stem cells in the bone
marrow, where they develop and mature. It is an essential component of the immune system [60].
Monocytes are involved in the immune responses and induce a specific immune response of
lymphocytes through antigen presentation [61]. Monocytes promote tumor cell metastasis by influencing
the microenvironment [62]. Taken together, we not only could predict clinical prognosis but also reflect the
immune cell infiltration status in the TME. Further investigations are warranted to assess whether the
prognostic model can be used as a judgment standard for immunotherapy.

Chemotherapeutic drug sensitivity analysis showed a positive correlation between risk fraction-related
genes and drug-inductive sensibility of several commonly used chemotherapeutic drugs, suggesting that
our prognostic model could be used to predict chemotherapy regimens. A combination of molecular
docking and network pharmacology analyses showed that β-sitosterol in triptolide targeted the AML
oncogenes, CASP9 and PON1. To further expand the clinical value of our study, we selected the drugs
showing the highest sensitivity, hydrastinine and β-sitosterol, for verification at the cellular level.
Hydrastinine and β-sitosterol showed a synergistic effect on inhibiting AML. Since 2017, many new
targeted drugs have gradually entered the clinical treatment stage for AML. The treatment plan is no
longer limited to the standard "3 + 7 protocol" and allogeneic hematopoietic stem cell transplantation [63].
The novel small molecule targeted drugs, antibody drugs, immunotherapy drugs, and CAR-T
immunotherapy have broad application prospects in treating AML [64]. Currently, the research and
development of AML-targeted therapy mainly include three directions. The first is several small molecule
targeted drugs, like IDH1/2 inhibitors, FLT3 inhibitors, BCL2 inhibitors, and XPO-1 inhibitors. The second
is CAR-T therapy. The current development and application of CAR-T therapy in AML is lagging behind
lymphatic and plasma cell tumors. Finally, it is the antibody drugs, including monoclonal antibodies,
double antibodies, and triple antibodies [65, 66]. Notably, 30% of AML patients carry FLT3 mutations, and
drugs that target FLT3 can improve the four-year survival in these patients by 16% [67]. Nevertheless, the
long-term prognosis for the majority of AML patients remains poor, and the precise treatment of the
disease and monitoring of immunity is incomplete. The research on analyzing the pathogenesis of AML
must continue for suggesting novel treatment strategies. In recent years, the natural compounds
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hydrastinine and β-sitosterol extracted from Hydrastis canadensis and LGT, respectively, have played an
essential role in the treatment of diseases. Research has demonstrated that β-sitosterol inhibits the
growth of cancer cells in the colon, breast, prostate, liver, and mouse fibrosarcoma but its role in AML is
unclear [33]. The role of hydrastinine in tumors is largely unclear. In this study, we found that hydrastinine
and β-sitosterol affected the expression of IL2RA, thereby synergistically inhibiting the occurrence and
development of AML. Moreover, the combinated use of the two drugs improved the drug sensitivity of
AML cells to ferroptosis inducers. Taken together, our findings provide a potent combination of TCM
treatment options against AML.

5. Conclusions
In conclusion, we constructed a ferroptosis-related prognostic model in AML. Based on the prognostic
model, a combination therapy of traditional Chinese medicine and western medicine was demonstrated
in AML cells. Moreover, the combination of the two drugs improved the drug sensitivity of AML cells to
ferroptosis inducers. Our research provides theoretical basis and potential therapeutic strategy for
targeting ferroptosis in AML.
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Figure 1
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Flow chart of the study

Figure 2

Cluster and differential genes analysis based on ferroptosis-related genes. (A) The consensus matrix of
all samples when k = 2. (B-C) Volcano plot (B) and heatmap (C) of ferroptosis-associated DEGs between
cluster 1 and cluster 2. The blue represents low-expressed DEGs and the red represents over-expressed
DEGs. (D) DEGs were enriched in 8 pathways through GSEA.
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Figure 3

Construction of LASSO model. (A) The forest plot of differentially expressed mRNAs for prognosis. (B)
LASSO regression coefficient profile of the 245 intersection genes. (C) LASSO deviance profile of the 245
intersection genes. (D) Heatmap of the expression values of genes with prognosis-related risk score in
training set. (E) Kaplan–Meier curves of patients between high-risk score and low-risk score groups for
overall survival. (F) ROC curves based on the risk score in the TCGA cohort.
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Figure 4

LASSO model validation. (A) Heatmap of the expression values of genes with prognosis-related risk score
in test set. (B) The risk score distribution of patients in the test cohort. (C) Kaplan–Meier curves of
patients between high-risk score and low-risk score groups for overall survival. (D) The survival status of
patients in the test cohort. (E) ROC curves based on the risk score in the test cohort.
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Figure 5

Differences in immune infiltration between high and low risk groups. (A-B) Distribution of various types of
immune cells in high-risk group and low-risk group. (C-D) Proportion of immune cells in high-risk group
and low-risk group. (E) Correlation analysis of immune cells in high-risk group and low-risk group. (F)
Comparison of the proportion of immune cells in high and low risk groups.
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Figure 6

Scatter plot of IL2RA expression and drug sensitivity. (A)Hydrastinine (B)CUDC-427 (C)ASTX-660 (D) SM-
406 (E)GDC-1052 (F)Sabutoclax (G)CO-1686
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Figure 7

Molecular docking. (A-B）The TGV targets in AML (C-K）The 3D map of the binding TGV.
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Figure 8

Hydrastinine combined with β-sitosterol has a synergistic antitumor effect on AML

（A) The value of EC50 of different drugs.(B-D) The result of a synergistic antitumor in different
combination of β-sitosterol and Hydrastinine in THP1 cells. (E)The result of a synergistic antitumor in
Kasumi cells.
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Figure 9

Hydrastinine combined with β-sitosterol enhance the sensitivity of AML cells to ferroptosis inducers （A)
The CCK8 assay of THP1 cells treating with Erastin and RSLE. (B) The CCK8 assay of THP1 cells treating
with Hydrastinine, β-sitosterol, and Erastin or RSL3. (C) The Fe2+ levels of THP1 cells with the treatment
of DMSO or Hydrastinine and β-sitosteroresult. (D) The Fe2+ levels of Kasumi cells with the treatment of
DMSO or Hydrastinine and β-sitosteroresult.

Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

Supplementarymaterials.pdf

https://assets.researchsquare.com/files/rs-3770830/v1/bc605f477d058a283b59ecbb.pdf

