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Abstract

Acute myelocytic leukemia seriously impairs the health and lifespan of patients; thus, effective treatment methods for acute
myelocytic leukemia need to be urgently determined. This study aimed to investigate the role of calycosin in acute myelocytic
leukemia and elucidate its mechanism of action. Cells were treated with calycosin and then subjected to cell counting Kit-8,
flow cytometry, and western blot assays to detect cell viability, cells apoptosis, and apoptosis-related proteins, respectively. To
demonstrate that calycosin induces ferroptosis in acute myelocytic leukemia cells, the levels of iron ion, lipid- reactive oxygen
species (ROS), cysteine, glutathione, and glutathione peroxidase 4 were measured using corresponding kits. The ferroptosis-
related genes Ptgs2 and Chacl were detected using reverse transcription quantitative polymerase chain reaction (RT-qPCR).
The solute carrier family 7a member 11 (SLC7A11) and phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/protein kinase
B signaling pathways were analyzed by western blotting. We found that calycosin inhibited cell viability and increased the
level of apoptosis in acute myelocytic leuke cells. It also increased the iron ion levels, accompanied by an increase in lipid ROS
levels, and increased the expression of ferroptosis-related genes. In contrast, cysteine, glutathione, and glutathione peroxidase
4 expressions, as well as SLC7A11 expression, were decreased by calycosin. Calycosin inhibited PI36/AKT signaling in a
dose-dependent manner. However, these effects were reversed by SLC7A11 overexpression. Thus, calycosin can alleviate
acute myelocytic leukemia and may be a novel treatment strategy for patients with acute myelocytic leukemia.
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Introduction characterized by rapidly growing abnormal cells that accumu-
late in the bone marrow and blood and interfere with normal
Acute myeloid leukemia (AML) is one of the most common  blood cells. Symptoms include fatigue, shortness of breath,
types of leukemia and has a 5-year survival rate of less than ~ and easy bruising and bleeding, and AML is associated with
33%. The treatment of AML is challenging. It was estimated ~ an increased risk of infection (Rubnitz et al. 2010). Acute
that AML affected 1 million people and caused 147,000 myeloid leukemia progresses rapidly and becomes fatal within
deaths worldwide in 2015 (Kouchkovsky and Abdul-Hay weeks or months usually, if left untreated. Therefore, it is cru-
2016). Acute myeloid leukemia is most commonly observed  cial to identify effective drugs for treating AML.
in older adults, and men are more affected than women. Calycosin (1) is a natural isoflavone found in Astragalus
Moreover, the survival rate of patients with AML is sig-  membranaceus Fisch. ex Bunge (Syn. of A. mongholicus
nificantly different for different age groups—approximately ~ Bunge, Fabaceae), and has anti-oxidative, anti-radiation,
35% for patients under 60 years and 10% for patients over ~ anti-cancer, anti-viral, and anti-lipid effects (Deng et al.

60 years (Vago and Gojo 2020). Acute myeloid leukemia is ~ 2021a, b). Calycosin has been reported to treat myocar-
dial fibrosis via transforming growth factor-beta receptor 1

(TGFBR1) (Chen et al. 2022) and to inhibit the invasion
P4 Ying Xiao and migration of breast cancer cells (Zhang et al. 2021).
Xiaoying @purenyy.com Yan et al. (2019) reported that calycosin protects against
Department of Hematology, Puren Hospital Affiliated cerebral ischemia-reperfusion injury through the SIRT1

to Wuhan University of Science and Technology, No.1 Benxi signaling pathway. However, whether calycosin has a thera-
Street, Qingshan District, Wuhan 430081, China peutic effect on AML and its mechanism of action remain
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unclear. Therefore, this study aimed to determine the effects
of calycosin on AML.

HO

Ferroptosis was first identified by Dr. Brent R. Sock-
well at the Columbia University in 2012. It is a newly
discovered iron-dependent programmed cell death that dif-
fers from apoptosis, necrosis, and autophagy (Jiang et al.
2021). Ferroptosis is implicated in the progression of sev-
eral diseases, and its potential role in Parkinson’s disease
has been demonstrated previously (Tian et al. 2020). Fer-
roptosis has been reported to be a novel therapeutic direc-
tion for treating cardiovascular diseases (Fang et al. 2023).
Furthermore, it is involved in the development of many
cancers (Mou et al. 2019; Zhang et al. 2022). Although
the relationship between ferroptosis and AML has been
previously studied, it remains unclear whether calycosin
causes ferroptosis in AML.

The phosphatidylinositol 3-kinase (PI3K) and protein
kinase B (AKT) signaling pathway, which is a classical
and important signaling pathway axis (Wang et al. 2022a,
b), has been reported to be involved in many physiologi-
cal processes of diseases, such as metastasis (Chen et al.
2016), cell proliferation (Xie et al. 2019), and glucose
metabolism (Hoxhaj and Manning 2020). In addition,
the PI3K/AKT pathway has been confirmed to be associ-
ated with several conditions in humans, such as fracture
healing (Wang et al. 2017), Alzheimer’s disease (Long
et al. 2021), and ischemia-reperfusion injury (Feng et al.
2020). PI3K/AKT is activated in various tumors, includ-
ing AML (Nepstad et al. 2020; He et al. 2021; Wang et al.
2022a, b). The PI3K/AKT signaling pathway is closely
related to cell growth, apoptosis, and ferroptosis (Hao
et al. 2022; Xu et al. 2023). Research has shown that
inhibiting the PI3K/AKT signaling pathway is a key strat-
egy for treating AML (Sandhofer et al. 2015). In addi-
tion, research has shown that calycosin can inhibit the
PI3K/AKT signaling pathway in various situations (Xue
et al. 2017; Zhu et al. 2022). However, whether calycosin
attenuates AML through the PI3K/AKT pathway has not
been investigated yet.

Solute carrier family 7 member 11 (SLC7A11) plays a
role in regulating amino acid transport (Sato et al. 1999).
High levels of SLC7A11 are associated with the malignant
behavior of cancer cells (Yan et al. 2023). Meanwhile, stud-
ies have shown that inhibition of SLC7A11, a key factor in

ferroptosis (Koppula et al. 2021), can inactivate the PI3K/
AKT signaling pathway (Zhu et al. 2020; Jiang et al. 2023).
Therefore, calycosin may affect AML cell ferroptosis by
SLC7A11 through the PI3K/AKT pathway.

Thus, the present study aimed to determine the effect of
calycosin on AML and elucidate its underlying mechanisms.

Materials and Methods
Cell Culture and Stimulation

U-937, a human histiocytic lymphoma cell line, was pur-
chased from Procell (Wuhan, China). The cells were cul-
tured in RPMI-1640 medium (Biological Industries, Israel)
supplemented with 1% penicillin and streptomycin (P/S) (BI,
Israel) and 15% fetal bovine serum (FBS) (Sigma, USA) in
an atmosphere of 5% CO, at 37 °C. Next, U937 cells were
treated with 0, 20, 40, and 80 pM (Chang et al. 2023) of
calycosin (99.93% purity, Lote S903801, Selleck, China)
for 24 h until samples were collected for subsequent assays.

Cell Counting

Cell growth was evaluated using CCK-8 kit (Fcmacs, Nan-
jing, China). After calycosin treatment, U937 cells were
seeded in 96-well plates at 3 x 10* cells and cultured in 10 pl
solution for 2 h at 37 °C and 5% CO, in dark. The OD values
were calculated at 450 nm using an ultraviolet spectropho-
tometer (Infinite Pro; Tecan).

Cell Apoptosis

Calycosin-induced cells (1 x 10%) were harvested in a 500 pl
solution containing 5 pl Annexin V-FITC and 5 pl pro-
pidium Iodide (Beyotime, Shanghai, China) at room tem-
perature in dark for 30 min. Then, cell apoptotic rate was
analyzed using flow cytometry (FCM) (C6; Thermo Fisher,
USA) with Kaluza analysis software (v.2.1.1.20653; Beck-
man Coulter, Inc.).

Cell Transfection

To overexpress SLC7A11 in U937 cells, SLC7A11 overex-
pression plasmid (SLC7A11-plasmid) and control-plasmid
were obtained from Santa Cruz Biotechnology (USA) and
transfected into cells grown to 60% confluence using jet-
PRIME (Polyplus, France). Subsequently, cells were col-
lected after culturing for 24 h at 37 °C and 5% CO,.
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Iron Assay

Iron levels in U937 cells were measured using an iron assay
kit (Novus, USA). Briefly, the culture medium and cells were
first digested with trypsin (Thermo Fisher, NY, USA), and
then, the samples were harvested and centrifuged at 1000 g
for 5 min. Iron assay buffer was co-cultured with the samples
for 30 min, and thereafter, the samples were collected after
centrifugation at 15,000 g for 5 min. Values were measured
using a microplate reader (Wix, China).

Lipid ROS Detection

Lipid ROS levels were measured using BODIPY C11 probe
(D3861; Thermo Fisher). Briefly, cells were pretreated with
BODIPY C11 for 12 h after calycosin treatment for 24 h
or before transfection. Then, lipid ROS in the cells were
detected using FCM (C6; Thermo Fisher, USA).

Cysteine, Glutathione, and Glutathione Peroxidase 4
Measurements

The cysteine (ELK9092; ELK Biotechnology), glutathione
(GSH, A006-2; Nanjing Jiancheng Biotechnology), and glu-
tathione peroxidase 4 (GPX4, ELK4775; ELK Biotechnol-
ogy) levels in the cells were measured using correspond-
ing biochemical assay kits after co-culture with calycosin,
according to the manufacturer’s instructions. The OD value
of each well was determined at 525 nm.

RT-qPCR Assay

Following the manufacturer’s protocol, total RNA was iso-
lated from the cells using TRIzol reagent (Multi Sciences,
Hangzhou, China), and cDNA was obtained by reverse tran-
scribing the isolated RNA using an RT-PCR kit (Yeasen,
China) and RT-gqPCR analysis was conducted using Perfect-
Start® SYBR qPCR Mix (Vazyme, Nanjing, China). The
expression levels were calculated using the 2 — AACt assay
(Livak and Schmittgen 2001). The relevant primer sequences
are listed in Table 1.

Western Blot Assay

Calycosin-treated U937 cells were lysed using RIPA buffer
(CST, USA). Then, a 10% gel was used to detach the pro-
teins, which were then transferred to PVDF membranes
(Whatman, USA). Next, 1 X PBST (Univ, China) and 5%
non-fat milk powder (CST, USA) were used to block the
PVDF membranes. The PVDF membranes were then
cultured for 12 h with primary antibodies against Bcl-2
(ab196495, 1: 1000, Abcam), Bax (#2772, 1: 2000, CST),
SLC7A11 (ab175186, 1: 2000, Abcam), PI3K (ab191606,
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Table 1 Primer sequences for PCR

Gene Primer sequence(5’-3’)
Bcl-2 F GGTGGGGTCATGTGTGTGG

R CGGTTCAGGTACTCAGTCATCC
Bax F CCCGAGAGGTCTTTTTCCGAG

R CCAGCCCATGATGGTTCTGAT
Ptgs2 F CTGGCGCTCAGCCATACAG

R CGCACTTATACTGGTCAAATCCC
Chacl F GAACCCTGGTTACCTGGGC

R CGCAGCAAGTATTCAAGGTTGT
SLC7A11 F GGTCCATTACCAGCTTTTGTACG

R AATGTAGCGTCCAAATGCCAG
B-actin F CCATCGCCAGTTGCCGATCC

R GCGAGAGGAGCACAGATACCACCAA

1: 1000, Abcam), p-PI3K (ab182651, 1: 500, Abcam), AKT
(#4691, 1: 3000, CST), p-AKT (#4060 1: 1000, CST), and
GAPDH (ab181602, 1: 10,000, Abcam). The membranes
were blocked with secondary antibodies (Arigo, Taiwan,
China) the following day. The immunoblot pattern was pho-
tographed using an image capture system (Wix, USA), and
the grayscale value of the target was counted using Image].

Statistical Analysis

The results were analyzed via SPSS v.20.0 (IBM Corp.,
Armonk, NY, USA) and expressed as mean + standard devi-
ation (SD) of three independent measurements. Student’s
t-test was used to analyze two cohorts, whereas Tukey’s mul-
tiple comparison test was used to compare multiple groups.
Statistical significance was set at p <0.05.

Results and Discussion
Apoptosis of Tested Cells

To elucidate the effect of calycosin on AML, U937 cells
were treated with different concentrations (0, 20, 40, and
80 pM) of calycosin for 24 h, followed by subsequent assays.
The CCK-8 results showed that calycosin inhibited cell
viability in a dose-dependent manner, and this inhibitory
effect increased with time (Fig. 1A). Further, we found that
the apoptotic rate of U937 cells was enhanced by calycosin
(Fig. 1B and C). Apoptosis-related proteins were detected
using a western blot assay and qPCR. We observed that the
protein and mRNA levels of Bcl-2 were decreased in the cal-
ycosin-treated group, whereas those of Bax were increased
(Fig. 1D-F), which indicated that calycosin inhibited the
proliferation of AML cells.
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Fig. 1 Effect of calycosin (1) on U937 cells. A. CCK-8 assay was 2. "p<0.05, “p<0.01, *p<0.001. Data are presented as mean =+ SD
conducted to assess cell viability. B and C. Cell apoptosis rate was of three independent experiments
detected by FCM. D-F. The protein and mRNA level of Bax and Bcl-
Ferroptosis Induction increased following calycosin treatment (Fig. 2D and E). At
the same time, the levels of Cys, GSH, and GPX4 decreased
Calycosin inhibited the cell viability and increased the level ~ in the calycosin-treated group (Fig. 2F-H). These results
of apoptosis in AML cells. To investigate the mechanism  indicated that calycosin induced ferroptosis in AML cells.
underlying this phenomenon, ferroptosis-related assays were
performed. U937 cells were again treated with various con-
centrations of calycosin for 24 h, and samples were collected ~ Suppression of SLC7A11
for detection. As shown in Fig. 2A and B, the concentrations
i 2+ i i i SLC7A1l1 is a ki tein that lates fi tosis (K 1
of iron and Fe“" increased in the calycosin-treated group in is a key protein that regulates ferroptosis (Koppula
a dose-dependent manner. The FCM assay indicated that et al. 2021). As shown in Fig. 2, we confirmed that caly-
the level of lipid ROS was enhanced in the calycosin-treated ~ cosin caused ferroptosis in AML cells. Thus, we attempted
group, and the ROS accumulation level increased with  to examine the effect of calycosin on the expression level
increasing calycosin concentration (Fig. 2C). The mRNA  of SLC7A11. Western blotting and RT-qPCR were used
levels of ferroptosis-related genes (Ptgs2 and Chacl) were  to calculate the SLC7A11 levels. We found that calycosin
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Fig.2 Effect of calycosin (1) on ferroptosis in U937 cells. A. The
concentrations of iron ions in calycosin-induced U937 cells. B. The
level of Fe?*. C. The release of lipid ROS. D and E. The mRNA level

of ferroptosis-related gene Chacl and Ptgs2. F-H. The levels of Cys,
GSH, and GPX4. "p<0.05, “p<0.01, “*p<0.001. Data are pre-

sented as mean + SD of three independent experiments
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downregulated SLC7A11 expression in a dose-dependent
manner (Fig. 3A and B).

PI3K/AKT Pathway Inhibition

To identify the pathway through which calycosin regulates
ferroptosis in AML cells, the PI3K/AKT pathway, a classical
signaling pathway reported to be associated with ferropto-
sis, was analyzed using western blotting. U937 cells were
treated with 0, 20, 40, and 80 pM of calycosin for 24 h. We
observed that calycosin reduced the protein levels of p-PI3K
and p-AKT in a dose-dependent manner and decreased the
ratios of p-PI3K/PI3K and p-AKT/AKT (Fig. 4A—C). These
results suggested that the PI3K/AKT signaling pathway
plays a key role in calycosin-stimulated AML cells.

SLC7A11 in Ferroptosis

To demonstrate the role of SLC7A11 in calycosin-induced
ferroptosis, we constructed an SLC7A11-plasmid and per-
formed in vitro transfection experiments to overexpress
SLC7A11. U937 cells were transfected with control-plasmid
and SLC7A11-plasmid for 24 h, and the efficiency of trans-
fection was calculated by western blot assay and RT-qPCR.
The results showed that the SLC7A11-plasmid notably
increased SLC7A11 expression in U937 cells compared with
the control-plasmid (Fig. 5SA and B). The SLC7A11 level
was measured after U937 cells were treated with 80 pM
calycosin and simultaneously transfected with SLC7A11-
plasmid. The protein and mRNA levels of SLC7A11 after
calycosin treatment was substantially reduced; however,

Fig. 3 Effect of calycosin (1) on A
SLC7A11. A. Western blot
assay was used to determine the

protein level of SLC7A11. B. Calycosin (uM)

these effects were clearly reversed by the SLC7A11-plasmid
(Fig. 5C and D).

Repression of the PI3K/AKT Pathway

To explore whether calycosin induced ferroptosis in AML
cells by affecting the PI3K/AKT pathway through SLC7A11,
U937 cells were treated with 80 pM calycosin for 24 h and
simultaneously transfected with SLC7A11-plasmid. The
concentrations of iron and Fe** were increased in the caly-
cosin group compared with the control group; however, the
SLC7A11-plasmid disrupted this effect (Fig. 6A and B). The
accumulation of lipid ROS was increased after calycosin
treatment, but this phenomenon was also reversed by the
SLC7A11-plasmid co-transfection (Fig. 6C). The mRNA
levels of Chacl and Ptgs2 were enhanced in the calyco-
sin group, but co-transfection with the SLC7A11-plasmid
reduced their expression levels (Fig. 6D and E). The levels
of Cys, GSH, and GPX4 were lower in the calycosin group
than in the control group, whereas this phenomenon was
reversed by SLC7A11-plasmid co-transfection (Fig. 6F-H).

In comparison with controls, calycosin notably decreased
the protein levels of p-PI3K and p-AKT and decreased the
ratios of p-PI3K/PI3K and p-AKT/AKT; however, these
alterations were significantly reversed after SLC7A11-
plasmid co-transfection (Fig. 7A—C). Taken together, these
results suggested that calycosin induced ferroptosis in AML
cells by affecting the activation of the PI3K/AKT signaling
pathway via SLC7A11.

The American Cancer Society estimates for leukemia in
the US in 2021 were as follows: among 61,090 new cases and
23,660 deaths from all types of leukemia, AML accounted

The mRNA level of SLC7A11 0
was detected using RT-qPCR.
“p<0.01, ™p<0.001. Data are
presented as mean + SD of three
independent experiments
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for 20,240 cases, mostly comprising adult patients. Approxi-
mately 11,400 deaths were attributed to AML, and almost
all these patients were adults (Kayser and Levis 2019). Cur-
rently, AML is one of the most common types of leukemia
in adults. The goal of AML treatment is to achieve complete
remission (CR; bone marrow and blood cell counts return
to normal), preferably a complete molecular remission and
maintenance (Chopra and Bohlander 2019). In most AML
cases, remission occurs in approximately two-thirds of the
patients treated with standard induction chemotherapy. If
remission is achieved, patients typically undergo additional
chemotherapy (consolidation) to remove any remaining leu-
kemic cells (Wojcicki et al. 2020). At present, most treat-
ment methods for AML involve chemotherapy; however,
chemotherapy is harmful to patients. Thus, it is crucial to
explore new and safe therapies for treating AML.

Relative SLC7A11 mRNA

Relative SLC7A11 mRNA
expression

expression

1.5

—
o
1

o
a
1

0.0-

SLC7A1l-plasmid co-transfection. “p<0.001 vs. control-plasmid;
###1 <0.001 vs. control; ¥¥%p <0.001 vs. calycosin + control-plasmid.
Data are presented as mean + SD of three independent experiments

Our study demonstrated that calycosin inhibited the via-
bility of U937 cells and promoted cell apoptosis. Addition-
ally, calycosin induced ferroptosis in U937 cells by repress-
ing the PI3K/AKT pathway through SLC7A11. Recent
studies have shown that calycosin is biologically active in
various human diseases. Ma et al. (2022) showed that caly-
cosin ameliorates atherosclerosis by regulating autophagy.
Meanwhile, Jin et al. (2022) demonstrated that calycosin
optimizes bone loss in a rat model. In addition, previous
studies have indicated that calycosin can be a potential
treatment for human papillary thyroid carcinoma (Qu et al.
2022). Recently, Huang et al. (2022) reported that calycosin
alleviates diabetic nephropathy by regulating ferroptosis.
However, to our knowledge, no studies have investigated
the effects of calycosin on AML. Therefore, in this study, we
aimed to explore the effects of calycosin on AML.
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level of Cys, GSH, and GPX4 was calculated by corresponding Kit.

p<0.001 vs. control; #p<0.01 vs. calycosin + control-plasmid.
Data are presented as mean + SD of three independent experiments
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Fig. 7 Effect of SLC7A1l on calycosin-induced inhibition of PI3K/
AKT in U937 cells. A. The protein level of PI3K, p-PI3K, AKT,
and p-AKT. B and C. The ratio of p-PI3K/PI3K and p-AKT/AKT.

Ferroptosis is a regulated form of cell death character-
ized by iron-dependent accumulation of lipid peroxides to
lethal levels (Liang et al. 2022). Sensitivity to ferroptosis is
tightly linked to many biological processes (Li et al. 2020),
including amino acid, iron, and polyunsaturated fatty acid
metabolism, as well as GSH, phospholipid, NADPH, and
coenzyme Q10 biosynthesis. Moreover, ferroptosis is closely
related to conditions, such as Alzheimer’s disease (Lei et al.
2021), cancer (Zhao et al. 2022), stroke (Li et al. 2021),
and traumatic brain injury (Geng et al. 2021). Ferroptosis
is mainly regulated by System Xc- and GSH metabolism,
GPX4 activity, and ROS production (Yan et al. 2021). Sys-
tem Xc- is composed of SLC3A2 and SLC7A11 dimers
embedded on the surface of the cell membrane. SLC7A11 is

@ Springer

“*p<0.001 vs. control; #p<0.01, #¥p <0.001 vs. calycosin+ con-
trol-plasmid. Data are presented as mean+SD of three independent
experiments

the main functional subunit that transports cystine into cells
for GSH synthesis (Tang et al. 2021). Therefore, inhibition
of SLC7A11 expression induces ferroptosis.

The PI3K/AKT signaling is a critical cytoprotective
mechanism, and growing evidence suggested that the PI3K/
AKT signaling pathway plays a critical role in human dis-
eases. Yang et al. (2021a) found that betulin target human
ovarian cancer cells and inhibit cell migration and inva-
sion via the PI3K/AKT signaling pathway. Wang and Chen
(2021) suggested that EMT in oral squamous cell carcinoma
cells is inhibited by the inactivation of PI3K/AKT. Deng
et al. (2021a, b) demonstrated that the PI3K/AKT pathway is
associated with hepatocellular carcinoma, while Yang et al.
(2021b) highlighted the key role of the PI3K/AKT signaling
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pathway in esophageal squamous cell carcinoma. In the pre-
sent study, we found that calycosin induces ferroptosis via
the PI3K/AKT pathway.

Conclusion

We demonstrated that calycosin inhibits the growth of AML
cells, increases cell apoptosis, induces ferroptosis, and sup-
presses PI3K/AKT pathway in AML cells. Therefore, caly-
cosin may serve as a novel therapeutic strategy for AML
treatment.
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