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Abstract
Myeloma is a type of malignant tumor that originates from plasma cells. The curcumin analog EF-24 has demonstrated promising 
antitumor activity. However, its role in myeloma cell proliferation was unclear. In this study, we found that EF-24 could inhibit 
the proliferation of multiple myeloma cells (MM.1S) by morphological observation and CCK-8 assay. RNA-sequencing analysis 
indicated that several genes associated with ferroptosis exhibited differential transcription, which was confirmed by RT-qPCR. 
Therefore, following detection of ferroptosis-related proteins (GPX4 and SLC7A11) and upregulation in the destruction of 
mitochondrial cristae and other ferroptosis factors, including MDA, GSH, ROS, and Fe2+ concentrations, were conducted in 
EF-24-treated MM.1S cells, which concluded that EF-24 could induce ferroptosis in myeloma cells. Conversely, the addition 
of the ferroptosis inhibitor (ferrostatin-1) could reverse the above changes activated by EF-24. Moreover, NOD/SCID mice 
grafted with MM.1S cells were constructed, and intravenous injection of EF-24 effectively decreased tumor growth and protected 
normal tissues, as observed by Hematoxylin-Eosin staining. In summary, our results confirm the EF-24-induced ferroptosis in 
myeloma cells and exhibited a protective role in model mice grown from implanted MM.1S cells in vivo.(International Journal 
of Biomedicine. 2025;15(4):746-751.)
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Introduction
Multiple myeloma (MM) is a clonal plasma cell 

malignancy originating from the bone marrow that accounts 
for approximately 13% of all hematologic cancers and is 
associated with a range of symptoms, including anemia, bone 
damage, hypercalcemia, and renal impairment.1,2 The treatment 
of MM has changed dramatically in recent years, with a series 
of advances in therapeutic approaches that have led to improved 
survival rates; however, the majority of patients eventually 
relapse.3 One of the major advances in the treatment of MM 
in the last decade has been the introduction of the novel drugs 
thalidomide, bortezomib, and lenalidomide.4 But obviously, it is 
not enough, and many more molecules or drugs against multiple 
myeloma need to be explored. 

Curcumin (Cur) is a bioactive polyphenolic compound 
found in turmeric, which has a variety of pharmacological 
activities, including anti-inflammatory, antiaging, antidiabetic, 
and antitumor functions, and so on.5,6 Although a large number 
of clinical trials have confirmed curcumin’s safety, its low 
water solubility, rapid metabolism, and poor bioavailability 

have not yet led to approval as a clinically applicable drug, 
limiting its application. As a result, beneficial curcumin 
derivatives or analogues are now being developed to replace 
curcumin.7 Among them, curcumin analog EF-24 shows 
potent antitumor activity and induces autophagy or apoptosis 
in various tumor cells.8-10 However, the effect of EF-24 on 
myeloma cell proliferation is unknown.

Ferroptosis is an oxidative, iron-dependent form of 
regulated cell death (RCD) that differs from other types in its 
morphology, biochemistry, and core regulators, as first proposed 
by Scott Dixon in 2012.11,12  Ferroptosis can be induced by 
inhibiting the cystine/glutamate transporter protein (SLC7A11/
xCT) and the enzyme glutathione peroxidase 4 (GPX4), which 
are critical for preventing ferroptosis.13 Studies have shown 
that ferroptosis is an adaptive response with tumor suppressive 
function.14 The discovery of ferroptosis as a new mode of cell 
death has opened a new way to think about and treat many 
diseases.15 In this study, the curcumin analogue EF-24 was 
first used to treat human multiple myeloma cells (MM.1S), and 
the current study demonstrated that EF-24 could inhibit cell 
proliferation and induce ferroptosis. Furthermore, the in vivo 
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antitumor effect of EF-24 was investigated in NOD/SCID mice 
grafted with MM.1S cells. 

The present study provided additional information and 
laid a solid foundation for future research on the antitumor 
properties of curcuminoids.

Materials and Methods
Cell Culture and Chemicals

The human multiple myeloma cell line MM.1S was 
purchased from Sebachem (Shanghai Biotechnology Co. Ltd.) 
and cultured in RPMI-1640 medium containing 10% FBS at 
37°C with 5% CO2. 

Cur analogue EF-24 (Sigma-Aldrich, Shanghai, China) 
was dissolved in dimethyl sulfoxide (DMSO) to prepare a 40 
mM master stock solution, which was stored at -20°C before 
use. Ferrostatin-1 (abbreviated Fer-1, HY-100579), Z-VAD-
FMK (HY-16658B), and wortmannin (HY-12420) were 
purchased from MedChemExpress (MCE, Shanghai, China). 
Anti-GPX4, SLC7A11, and α-tubulin primary antibodies were 
bought from ProteinTech (Wuhan, China). The IRDye® 800CW 
Goat anti-mouse IgG(H+L) and IRDye® 800CW Goat anti-
rabbit IgG(H+L) secondary antibodies were provided by Li-Cor 
Biotechnology (Lincoln, NE, USA). 

Cell Viability Assay

MM.1S cells were inoculated into 6-well plates (6×105/
well) and incubated overnight after treating the cells with 
different concentrations of EF-24 (0, 200, 400, 600, 800, 
and 1000 nM) for different times. Morphological changes in 
treated cells were observed with an inverted microscope and 
photographed. 

For cell viability analysis, MM.1S cells were inoculated 
into 96-well plates (1×104/well) overnight and treated with 
DMSO and a range of concentrations of EF-24 (0-1000 nM) for 
different times, respectively. Then, 10 µL of CCK-8 (Uelandy, 
Suzhou, China) was added to each well and incubated for 
another 4 h at 37 °C. Finally, cell absorbances were measured 
with a microplate spectrophotometer at 450 nm.

cDNA Extraction and RNA-Sequencing

MM.1S cells were treated with EF-24 (600 nM) for 24 h, 
then total RNA was extracted using TRIzol kit (Thermo Fisher, 
CA, USA). Transcriptome data were obtained using Illumina 
NovaseqTM 6000 (LC Bio Technology CO., Ltd., Hangzhou, 
China). GO function analysis, pathway function analysis, cluster 
analysis, and other in-depth mining analyses were performed on 
the selected differentially expressed genes. Quantitative analysis 
of three randomly selected cell death signal-related genes (p62/
SQSTM1, FTL, and GJA1) was conducted using quantitative 
real-time PCR (qRT-PCR).

qRT-PCR

MM.1S cells were inoculated into 6-well plates and 
cultured overnight, and then treated with EF-24 at different 
concentrations for 24 h. The total RNA samples were extracted 
from the treated cells using a conventional protocol. The 
RNA samples were reverse transcribed into cDNA. RT-qPCR 

was performed using a SYBR Green real-time fluorescence 
quantitative PCR system. The following primer sequences 
were used for the PCR procedures:

p62/SQSTM1-F: TACGACTTGTGTAGCGTCTGC, 
p62/SQSTM1-R: GTGTCCGTGTTTCACCTTCC 

FTL-F: CACGGACCCCCATCTCTGTG, FTL-R: 
TAGTCGTGCTTGAGAGTGAGC 

GJA1-F: CCAGCACCGTTTTTGTGGTT, GJA1-R: 
GGTCGAAATAGAAGCCCAGAGA. 

GAPDH (F: AATGACCCCTTCATTGAC, R: 
TCCACGACGTACTCAGCGC) was used as an internal 
control gene for mRNA quantification. The relative mRNA 
values for each group were calculated using the 2-∆∆Ct method.  

Western Blot

The treated MM.1S cells were lysed in lysis buffer 
containing 2% SDS, 25 mM Tris-HCl (pH 6.8), 2 mM PMSF, 
6% glycerol, 0.02% bromophenol blue, 1% β-mercaptoethanol, 
and protease inhibitors. Proteins were separated by SDS-
PAGE, and the target proteins in the gel were transferred to 
a nitrocellulose membrane (NC), which was then incubated 
with a primary antibody at 4°C overnight. After washing with 
TBST, the membranes were incubated with the appropriate 
secondary antibody for 1 h at room temperature. Immunoblots 
were processed using an Odyssey CLX infrared imaging 
system (LI-COR Biosciences, Cambridge, UK), and the 
fluorescence intensity of the blot was analyzed using the 
Odyssey application.  

MDA and GSH Assay

After MM.1S cells came to approximately 80% confluence 
in 6-well plates, the cells were exposed to EF-24 (2.5-20 µM) 
with Fer-1 (2 µM), or Z-VAD-FMK (5 μM), or wortmannin (5 
μM) for 24 h, respectively. Total malondialdehyde in treated cells 
was determined using a malondialdehyde assay kit (Nanjing 
Jiancheng, China) and normalized to protein concentration 
according to the manufacturer’s instructions. Similarly, for the 
detection of GSH in treated cells, the total amount of glutathione 
was determined using a glutathione assay kit (Beyotime 
Biotechnology, Shanghai, China) and normalized to protein 
concentration according to the manufacturer’s instructions.

Transmission Electron Microscopy (TEM)

After treatment with EF-24 (600 nM) for 24 h, the cells 
were fixed with a 2% paraformaldehyde-2.5% glutaraldehyde 
fixation mixture. Next, the cells were dehydrated continuously 
with graded concentrations (30%, 50%, 70%, 80%, 90%, and 
95%) of ethanol solution for 15 min. Anhydrous ethanol and 
acetone were then used to treat the cells for 20 min, respectively. 
After embedding, the cell samples were sectioned with a UC7 
Ultrathin Section Ultrathin Slicer. Finally, the cells were stained 
with uranyl acetate and alkaline lead citrate, respectively. The 
samples were observed and photographed using a transmission 
electron microscope (JEOL-JEM-1200EX, Japan).

ROS and Fe2+ Fluorescence Assay

MM.1S cells were inoculated into 6-well plates (1×105/
well) and cultured overnight. The cells were treated with EF-24 
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or EF-24 (5 µM) + Fer-1 (1 µM) for 24 h, respectively (Rousp-
treated cells for 30 min were used as a positive control). After 
aspiration of the waste liquid, DCFH-DA probe (10 mM, diluted 
in serum-free culture medium at 1:1000) was added to the wells 
for 15 min at 37°C. The cells were then thoroughly washed with 
serum-free cell culture solution and resuspended in PBS. ROS 
levels in different samples were measured using flow cytometry 
(BD FACSCantoTM II, USA).

As for the detection of Fe2+ concentrations in cells treated 
with the above-described methods, the cell supernatant was 
discarded, and the cells were washed three times with PBS. 
Finally, FerroOrange working solution (1 μM) was added into 
the wells, and the cell plates were visualized using a fluorescence 
microscope (ZEISS AxioObserver 3, Germany).

Hematoxylin-Eosin (HE) Staining 

SPF-grade female NOD/SCID mice (Beijing Viton 
Lever, n=6, 4-6 weeks old, weight 20~25 g) were purchased 
and fed in a SPF-grade sterile laminar flow animal rearing 
system. The density of MM.1S was adjusted to 7×107 cells/mL, 
and each mouse was inoculated with 150 μL subcutaneously 
on the dorsal surface of the left hind limb. The modeled mice 
were injected with saline and EF-24 (200 μL/per mouse, 20 
mg/kg) into the tail vein every 3 days, according to standard 
procedures. After 7 injections, the treated mice were sacrificed 
for histochemical analysis. Then, the heart, liver, spleen, 
lung, kidney, and tumor tissues of the mice were dissected for 
ultrathin sectioning. The tissue sections were stained with HE 
and photographed under a microscope.

Statistical Analysis

The significance of differences between groups was 
tested using t-test. GraphPad Prism 7.0c software was used for 
statistical analysis. A P-value <0.05 was considered statistically 
significant.

Results
EF-24 Inhibits MM.1S Cell Proliferation

Inverted microscopy revealed that the morphology of 
the EF-24-treated cells in the experimental group underwent 
significant changes, including fragmentation, shrinkage, and 
death, whereas the control group showed normal cell growth 
(Figure 1A). As the concentration increases, the damage to the 
treated cells gradually intensifies. In addition, we examined 
the effect of EF-24 on MM.1S cell proliferation using the 
CCK-8 assay (Figure 1B). The results showed that higher 
concentrations and longer treatment times were associated 
with greater decreases in cell viability, suggesting that EF-24 
inhibits MM.1S cell proliferation in a time- and concentration-
dependent manner.

EF-24 Induces the Expression of Ferroptosis-related Genes 
Differently in MM.1S Cells 

To explore the potential antitumor mechanism of EF-24 
against MM.1S, we first used transcriptomic analysis to identify 
differentially expressed genes in EF-24-treated MM. 1S cells. 
Three replicate samples from the EF-24-treated groups or the 

blank control groups were collected for RNA-seq analysis. 
The present results showed that 292 genes were upregulated 
and 539 were downregulated. Heat map and volcano plot 
analyses showed that among the upregulated genes, GJA1, 
FTL, and p62/SQSTM1 were the most differentially expressed 
(Figure 2A). 

Therefore, qRT-PCR was performed to identify 
transcriptional changes in the three genes in EF-24-treated 
MM.1S cells. Current results confirmed that GJA1, FTL, and 
p62/SQSTM1 mRNA levels were elevated compared with the 
blank control group (Figure 2B), consistent with transcriptome 
sequencing analysis. Given that genes such as GJA1 and FTL 
are involved in ferroptosis, we speculated that differential 
expression of ferroptosis-related genes in MM.1S cells may 
be associated with EF-24 treatment.

EF-24 Induces Ferroptosis in MM.1S Cells 
When ferroptosis occurs, several changes occur within 

the cell, including the accumulation of MDA, ROS, and Fe2+, 
depletion of GSH, and changes in mitochondrial morphology. 
Here, we firstly treated MM.1S cells with various concentrations 
of EF-24 and assessed changes in cellular MDA and GSH 
levels. Relative to the untreated cells, the experimental group 

Fig. 1. Effect of EF-24 on the proliferation of MM.1S cells. (A) 
Morphological changes of MM.1S cells after treatment with 
different concentrations of EF-24 for different times (original 
magnification, ×100). (B) Cell viability analysis of MM.1S cells 
treated with different concentrations of EF-24 for 24 and 48 h 
(n=3; *-P<0.05, **-P<0.01, and ***-P<0.001).

Fig.2. Transcriptomic analysis of cell-death-related genes 
in EF-24-treated MM.1S cells. (A) Volcano map analysis of 
transcriptome sequencing differential gene clustering after EF-
24 treatment of MM.1S cells. Several cell death-related genes 
were outlined in red. (B) RT-qPCR analysis of FTL, GJA1, 
and p62/SQSTM1 mRNA after 24 h of treatment with different 
concentrations of EF-24 (n=3; **- P<0.01 and *** - P<0.001).
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exhibited increased MDA levels and decreased GSH levels with 
a concentration-dependent effect (from 200 nM to 1000 nM) 
(Figure 3A; 3B), respectively. Subsequently, following treatment 
with EF-24 (600 nM), fluorescence microscopy analysis showed 
stronger orange-red fluorescence in the experimental group 
compared to the control (Figure 3C), suggesting elevated Fe2+ 
levels in the experimental group. Moreover, flow cytometry 
analysis was applied to detect the production of ROS in EF-
24-treated MM.1S cells, which showed that the ROS level 
had an increasing trend in a concentration-dependent manner 
(from 200 nM to 1000 nM of EF-24) (Figure 3D). Additionally, 
transmission electron microscopy of MM.1S cells treated with 
EF-24 (600 nM) showed that mitochondrial volume and cristae 
decreased or disappeared. At the same time, there were no 
apparent changes in the control group (Figure 3E). In summary, 
these results suggested that EF-24 indeed induced ferroptosis in 
MM.1S cells.

Furthermore, we continued to detect the expression of 
two key regulatory factors of ferroptosis, GPX4 and SLC7A11, 
which are considered upstream regulators of ferroptosis. 
The present study indicated that, after EF-24 treatment, the 
expressions of GPX4 and SLC7A11 were downregulated overall 
(Figure 3F), further supporting EF-24-induced ferroptosis.

Addition of Inhibitors Suppresses Ferroptosis in MM.1S 
Cells

To further confirm ferroptosis induced by EF-24 in 
MM.1S cells, after combination treatment with EF-24 (600 
nM) and the ferroptosis inhibitor ferrostatin-1 (2 μM), we 
found that MDA levels were reduced, while GSH levels were 
significantly increased compared to the EF-24-alone treatment 
group. However, the MDA levels in the groups treated with 
the combination of EF-24 and either the autophagy inhibitor 
wortmannin (5 μM) or the apoptosis inhibitor Z-VAD-FMK 
(5 μM) remained essentially unchanged or even slightly 
increased, while GSH levels remained essentially unchanged 
or even decreased (Figure 4A; 4B). Additionally, the number of 
intracellular orange-red fluorescence signals was significantly 
reduced in the combination treatment group with ferrostatin-1 
(Figure 4C), indicating that the addition of ferrostatin-1 led to 
a significant decrease in cellular Fe2+ levels in EF-24-treated 
MM.1S cells. Moreover, flow cytometry analysis showed that the 
ROS level in the combination treatment group was significantly 
lower than in the EF-24-alone treatment group. These results 
further confirmed that EF-24 induced ferroptosis in MM.1S cells. 

EF-24 Can Resist Tumor Progress in vivo
To further determine the in vivo antitumor proliferation 

ability of EF-24, NOD/SCID mouse models grafted with 

Fig.3. EF-24 induces ferroptosis in MM.1S cells. (A) and (B) 
Changes of MDA and GSH content in cells treated with different 
concentrations of EF-24 for 24 h, respectively. (C) Cells were 
treated with EF-24 (600 nM) for 24 h. The Fe2+ concentrations 
(yellow color) were observed by fluorescence microscopy. (D) 
Cells were treated with different concentrations of EF-24 for 24 
h, and ROS levels were detected using flow cytometry. (E) Cells 
were treated with EF-24 (600 nM) for 24 h, and the changes in 
mitochondria were observed by transmission electron microscopy. 
(F) Western blot analysis (Left) and statistical analysis (Right) of 
GPX4 and SLC7A11 after treatment with different concentrations 
of EF-24 for 24 h. Bars represent densitometric analysis of the 
ratio of GPX4 or SLC7A11 to GAPDH expression levels. (n=3; 
*-P<0.05, **-P<0.01, and ***- P<0.001).

Fig. 4. Ferrostatin-1 (Fer-1) inhibits EF-24-inducing ferroptosis 
in MM.1S cells. Expression of MDA (A) and GSH (B) in cells 
treated with EF-24 (600 nM), and EF-24 (600 nM) in combination 
with Ferrostatin-1 (2 μM), Z-VAD-FMK (5 μM), or Wortmannin (5 
μM) for 24 h, respectively. (C) Fluorescence microscopy for Fe2+ 

content after co-treatment of cells with EF-24 (600 nM) or EF-24 
(600 nM) with Fer-1 (2 μM), respectively. (D) ROS expression was 
detected by flow cytometry after cells were co-treated with EF-
24 (600 nM) or EF-24 (600 nM) with Fer-1 (2 μM), respectively 
(n=3; *-P<0.05, **-P<0.01, and ***-P<0.001).
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MM.1S cells were constructed, and EF-24 was administered 
to treat the mice. After 15 days of treatment, the overall tumor 
inhibition rate reached 47.25% in EF-24-injected mice, with 
tumor volumes and sizes significantly reduced compared to 
control mice. The current study suggested that EF-24 could 
block tumor progression in vivo.

In addition, tumor tissue from mice and normal organ 
tissue were collected for HE staining analysis. The results 
showed that normal heart, liver, spleen, lung, and kidney tissue 
from mice treated with EF-24 retained a relatively compact 
structure and had fewer cavities compared to the control 
groups (Figure 5).  Tumor tissue from mice treated with EF-
24 was significantly damaged by EF-24 and had more cavities 
per section (Figure 5). These results clearly demonstrated the 
ability of EF-24 to suppress tumor cell proliferation in vivo.

Discussion
Although significant progress has been made over 

the past two decades in the study of the physiopathological 
mechanisms underlying myeloma,16 myeloma remains a 
hitherto incurable plasma cell malignancy. Developing more 
antimyeloma strategies or drug molecules has become an 
urgent task.

In our previous study, we confirmed the anti-
proliferative and anti-migratory activities of the curcumin 
analogue EF-24 against breast cancer cells.17,18 Even recently, 
we have discovered that EF-24 has antiviral effects on 
rhabdovirus replication.19 In fact, compared with curcumin, 
EF-24 exhibited better bioavailability and antitumor activity. 
Several studies have demonstrated that EF-24 can inhibit 
cancer development through various pathways, including 
inhibition of the NF-κB and p38 pathways and regulation of 
ROS production.20,21 However, its role in myeloma remains 
unexplored. Therefore, this study aimed to investigate the 
mechanism of EF-24 against myeloma cell proliferation.

The current study confirmed that EF-24 had the ability 
to inhibit the proliferation of human multiple myeloma cells, 
MM.1S. Transcriptomic sequencing and subsequent qRT-
PCR analysis suggested that ferroptosis-related genes were 
regulated following EF-24 treatment in MM.1S cells. As a type 
of cell death caused by lipid peroxidation, ferroptosis plays 
an important role in tumor suppression and can provide new 
ideas and methods for cancer treatment.22 When ferroptosis 
occurs, a series of physiological and biochemical changes 

occurs within the cell.23 Therefore, experiments were performed 
to verify cell ferroptosis in EF-24-treated MM.1S cells by 
fluorescence microscopy, transmission electron microscopy, 
and flow cytometry. By promoting Fe2+ and ROS accumulation, 
increasing MDA levels, suppressing GSH, and reducing 
mitochondrial cristae, EF-24 triggers ferroptosis in MM.1S 
cells. GPX4 and SLC7A11, key regulators of ferroptosis, were 
also assessed by western blot, which showed downregulation 
of their expression in EF-24-treated MM. 1S cells, further 
confirming EF-24-Induced ferroptosis in MM.1S cells. 

In fact, for multiple myeloma (MM), some potential 
antitumor molecules or extracts had been developed and 
characterized in previous reports. Zhong et al.24 found that 
fingolimod (FTY720), a novel immunosuppressant, could 
induce ferroptosis and autophagy via the PP2A/AMPK pathway 
in myeloma cell lines U266 and RPMI8266, providing a new 
perspective on the MM treatment. Recently, Li et al.25 also 
identified several molecules or compounds that can significantly 
induce ferroptosis in MM cells, including ethanol extract of 
Eclipta prostrata, andrographolide,26 and shikonin.27 Liang et 
al.28 also found that the antimalarial drug artesunate (ART) 
could inhibit nuclear localization of SREBP2, downregulate 
IPP and GPX4, and eventually trigger ferroptosis in myeloma 
cells. All these compounds could be considered as potential 
drug candidates against myeloma. Our present study on the 
mediation of ferroptosis in MM.1S by EF-24 may identify a 
new candidate molecule for antimyeloma therapy.

We should note that although some compounds that 
sensitize myeloma cells to ferroptosis have been screened 
and are appealing alternative treatment strategies for multiple 
myeloma and other malignancies, only a limited number of 
ferroptosis regulators or factors have been identified.29 Further 
research should aim to elucidate the detailed mechanism of 
interaction between ferroptosis and myeloma-targeting drugs. 
Our current study certainly opens new possibilities for myeloma 
treatment and potential clinical applications.
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