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Curcumin induces and enhances the PARP1-mediated
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Abstract. Diffuse large B-cell lymphoma (DLBCL) is
the most common subtype of non-Hodgkin lymphoma in
adults. Although the development and application of novel
therapeutic agents have improved patient survival, primary
drug resistance and the management of relapsed/refractory
disease remain major challenges. Curcumin, a natural poly-
phenol, exhibits broad-spectrum antitumor activity. However,
its anti-DLBCL efficacy and underlying mechanisms have
not been well characterized. The present study investigated
whether curcumin inhibited DLBCL by inducing parthanatos,
a form of programmed cell death. Results showed that
curcumin exerted a concentration-dependent, caspase-inde-
pendent cytotoxic effect on DLBCL cells, accompanied by
an increase in DAPI-positive/propidium iodide-positive cells.
Western blotting analysis revealed that curcumin upregu-
lated poly(ADP-ribose) and poly(ADP-ribose) polymerase 1
(PARP-1) expression in whole-cell lysates. Moreover, nuclear
expression levels of apoptosis-inducing factor (AIF) and macro-
phage migration inhibitory factor were significantly elevated
compared with their cytoplasmic levels. Immunofluorescence
staining further confirmed the increased nuclear localization of
PARP-1 and AIF. Furthermore, low-dose curcumin combined
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with ultraviolet B (UVB) irradiation synergistically induced
parthanatos in DLBCL cells. Notably, olaparib, a specific
PARP-1 inhibitor, attenuated activation of parthanatos induced
by curcumin alone or in combination with UVB. In summary,
the present findings suggest that curcumin inhibits DLBCL
cell proliferation through PARP1-mediated parthanatos and
exhibits synergistic effects with UVB irradiation.

Introduction

Diffuse large B-cell lymphoma (DLBCL), the most common
aggressive subtype of non-Hodgkin lymphoma (NHL),
accounts for 30-40% of newly diagnosed cases globally.
The 5-year overall survival rates range from 20 to 30% (1).
R-CHOP chemotherapy, the standard first-line immuno-
chemotherapy regimen for diffuse large B-cell lymphoma
(DLBCL) comprising rituximab (R), cyclophosphamide (C),
doxorubicin (H), vincristine (O) and prednisone (P), achieves
durable remission in ~60% of patients. However, 30-40% of
patients develop relapsed or refractory (R/R) disease, with a
subsequent median overall survival of only 6-12 months (2).
Conventional chemotherapy is often associated with poor
patient tolerance, prolonged treatment duration and notable
toxicity (2,3). Research efforts have increasingly focused on
addressing these clinical challenges and improving patient
outcomes in DLBCL (3). Resistance mechanisms to R-CHOP
are multifaceted, including CD20 downregulation, MYC and
BCL-2 co-expression, upregulation of anti-apoptotic proteins,
constitutive activation of NF-kB and ERK pathways and TP53
mutations (4,5). Overcoming this resistance requires exploring
alternative cell death pathways and combining novel agents,
such as natural compounds from traditional medicine, with
conventional therapies such as radiotherapy.

In the era of gene editing and artificial intelligence, tradi-
tional Chinese medicine (TCM) has gained renewed attention
because of its holistic approach and unique therapeutic
wisdom. Previous studies on TCM-derived compounds have
revealed novel avenues of modern medicine. For instance,
tanshinone inhibits vascular endothelial growth factor and
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angiogenesis (6), safranin modulates gut microbiota and
ameliorates metabolic syndrome (7) and curcumin has
demonstrated anticancer potential via epigenetic modula-
tion (8,9). Curcumin, a natural polyphenol derived from the
rhizome of Curcuma longa (Zingiberaceae), is the primary
active component of turmeric, which is a TCM (10). Turmeric
was first documented in the ‘Xinxiu Ben Cao’ (Newly Revised
Materia Medica) during the Tang Dynasty (11). Curcumin,
a natural polyphenol, curcumin has garnered considerable
interest because of its broad-spectrum antitumor activity (12).
It modulates multiple signaling pathways by inhibiting
NF-xB and STAT3, downregulating BCL-2 and activating
caspase-dependent apoptosis (13,14). Curcumin exhibits a wide
range of pharmacological activities, including anti-inflam-
matory (15), antibacterial (16), antioxidant (17), antitumor
(inhibiting proliferation and metastasis) (8), radiosensitizing
and chemosensitizing (18) and photobiological effects (19).
It can also induce multiple modes of cell death, including
apoptosis (20), autophagy (21), necrosis (22), necroptosis (23)
and ferroptosis (24). Its anticancer efficacy has been demon-
strated in both solid tumors (such as lung, colorectal and liver
cancers) and hematological malignancies (such as leukemia
and lymphoma) (25,26). Epigenetically, curcumin influences
tumor progression by inhibiting histone acetyltransferases and
modulating microRNA expression (27). Advanced delivery
systems (such as liposomes and nanoparticles) improve its
tumor-targeting efficiency and therapeutic efficacy (28). In
lymphoma, curcumin has been shown to overcome bortezomib
resistance (29) and enhance radiosensitivity (30), indicating its
potential as a treatment for DLBCL treatment. However, the
mechanism by which curcumin induces non-apoptotic cell
death, in particularly parthanatos, remains poorly understood,
and research in this area is limited. Thus, critical knowledge
gaps regarding its application in DLBCL therapy remain to be
addressed.

According to the Cell Death Nomenclature Committee,
cell death can be classified based on morphological,
biochemical and functional criteria (31). Physiologically
regulated programmed cell death includes apoptosis, necrop-
tosis, parthanatos, autophagy, ferroptosis and cyclophilin
D-dependent necrosis (31). Parthanatos was first described by
Wang et al (32) in 20009. Initially characterized in the context
of neurodegenerative diseases (32-35), its relevance has been
increasingly recognized in oncology, with roles identified
in neuroblastoma (35), lung cancer (36), breast cancer (37),
hepatocellular carcinoma (38), colon cancer (5), prostate
cancer (39), leukemia (40) and myeloma (41). It is character-
ized by rapid poly(ADP-ribose) (PAR) polymerase 1 (PARP-1)
activation, PAR polymer accumulation, apoptosis-inducing
factor (AIF)/macrophage migration inhibitory factor (MIF)
nuclear translocation and extensive DNA fragmentation (42).
Parthanatos is a distinct form of programmed cell death
that depends on PARP-1 and has been previously character-
ized (31). Unlike apoptosis and necrosis, parthanatos does
not involve cellular swelling, apoptotic body formation or
autophagosome accumulation. It is characterized by exces-
sive cytoplasmic accumulation of PAR polymers. This
accumulation leads to loss of mitochondrial membrane poten-
tial, translocation of AIF to the nucleus and extensive DNA
fragmentation, resulting in cell death (38). This pathway has

been extensively studied in neurodegenerative diseases (43).
In oncology, parthanatos can be triggered by DNA-damaging
agents (such as temozolomide) or PARP inhibitors, offering a
therapeutic advantage in p53-deficient tumors (5,42). Recent
studies have indicated that natural compounds (such as tanshi-
none) can induce parthanatos in leukemia cells (4,6). However,
systematic studies of parthanatos in DLBCL are lacking.

Materials and methods

Cells and reagents. The human DLBCL cell lines SU-DHL-4,
SU-DHL-6, SU-DHL-8, SU-DHL-10 and DoHH2 were
provided by Professor Fengting Liu. Curcumin and Q-VD-OPh
were obtained from MedChemExpress and olaparib was
acquired from Selleck Chemicals.

Preparation and storage of experimental drugs. To ensure
consistent drug concentrations and maintained bioactivity
under experimental conditions, the storage and preparation
protocols for all drugs used in the present study were stan-
dardized. Curcumin, Q-VD-OPh and olaparib were dissolved
in dimethyl sulfoxide (DMSO) to prepare stock solutions of
50, 1 and 50 mM, respectively. Aliquots were stored at -80°C
in a cryogenic freezer. Working concentrations were prepared
by diluting in complete RPMI-1640 medium (Gibco; Thermo
Fisher Scientific, Inc.) immediately before use.

Cell thawing and recovery. To ensure that post-thaw cells
retained their original biological functions, morphology and
capacity for normal proliferation and metabolism-thereby
providing a stable and healthy cellular source for subsequent
culture and pharmacological assays-the cryopreservation and
thawing procedures were carefully optimized. The cells were
recovered using standard cryopreservation reversal procedures.
Briefly, the water bath was pre-warmed to 37°C. Cryovials
containing frozen cells were promptly removed from the liquid
nitrogen and immersed in a water bath with gentle agitation to
accelerate thawing. After thawing, the external surfaces of the
cryovials were wiped with 75% ethanol and transferred to a
biological safety cabinet. The cell suspension was transferred
into a centrifuge tube containing 5 ml pre-warmed complete
medium [RPMI-1640 basal medium + 10% fetal bovine serum
(FBS; ZETA Life) + 1% penicillin-streptomycin (dual anti-
biotics); pre-warmed to 37°C), followed by centrifugation at
200 x g for 5 min at room temperature. The supernatant was
carefully aspirated and the cell pellet was gently resuspended
in fresh complete medium (RPMI-1640 basal medium + 10%
FBS + 1% penicillin-streptomycin). The resuspended cells
were then transferred into a labeled culture flask and incubated
in an upright position in a humidified incubator maintained at
37°C with 5% CO,.

Cell culture and passaging. To maintain cells in the loga-
rithmic growth phase and ensure consistent cell state and
absence of contamination during experiments, cell culture
and subculturing were performed according to the following
standard procedures.

Cell lines (SU-DHL-8, SU-DHL-10 and DoHH?2) were
maintained in RPMI-1640 (Gibco; Thermo Fisher Scientific,
Inc.) medium containing 10% FBS (ZETA Life) and 1%
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penicillin-streptomycin at 37°C in a humidified 5% CO, incu-
bator. The cells were routinely monitored for growth, medium
clarity and signs of contamination. Depending on the cell
condition, the culture medium was replaced every 2-3 days
to prevent bacterial contamination. All cell lines used in the
present study were suspension cultures. At a high density, the
cells formed aggregates and the medium became turbid upon
gentle agitation. The cells were subcultured or diluted when
reaching to appropriate densities to maintain exponential
growth.

Cell proliferation activity assay: Cell Counting Kit-8 (CCK-8)
method.Toevaluate theinhibitory effectof curcuminon DLBCL
cell proliferation and calculate its ICs, values, the following
procedures were performed: SU-DHL-8 and SU-DHL-10
cells were seeded in 24-well plates at 1x10° cells/well (n=5).
The cells were then treated with increasing concentrations of
curcumin (0, 10, 20, 40 and 60 uM). After 24 h, cell viability
was measured using a CCK-8 assay according to the manufac-
turer's protocol. Specifically, 10 ul CCK-8 solution was added to
each well and incubated for 1-1.5 h. Absorbance was measured
at 450 nm using a microplate reader. Cell viability was calcu-
lated as: (ODsample-ODblank)/(ODcontrol-ODblank) x100%,
with control groups set as 100% viability.

Cellular protein extraction. Following treatment, cells were
collected by centrifugation at 200 x g for 5 min at 4°C. The
supernatant was discarded, and the cell pellet was washed
with PBS, transferred to a new microcentrifuge tube and
centrifuged again under the same conditions. The supernatant
was then carefully removed. The cell pellet was resuspended
in 70-110 ul ice-cold lysis buffer (Beyotime Biotechnology)
supplemented with 1% protease and phosphatase inhibitors.
The suspension was vortexed for 15 sec at 5 min intervals and
incubated on ice for 30 min. The lysate was centrifuged at
15,000 x g for 20 min at 4°C. The supernatant was collected,
and the protein concentration was determined using a BCA
protein assay kit (cat. no. 23227; Thermo Fisher Scientific,
Inc.). Protein samples were mixed with 5X loading buffer (1:4
ratio) and denatured by heating at 95°C for 10 min. Samples
were either used immediately or stored at -80°C for subsequent
western blot analysis of relevant protein expression.

Cytoplasmic and nuclear protein isolation. Treated cells
were collected by centrifugation at 200 x g for 5 min at 4°C.
After discarding the medium, the cell pellet was washed with
PBS, transferred to a new tube and centrifuged as previously
described. The supernatants were carefully aspirated. The pellet
was resuspended in 200 ul ice-cold Cytoplasmic Extraction
Reagent A (cat. no. P0028-1; Beyotime Biotechnology)
containing 1% protease/phosphatase inhibitors, vortexed vigor-
ously for 5 sec and incubated on ice for 15 min. Cytoplasmic
Extraction Reagent B (10 ul) (cat. no. P0028-2; Beyotime
Biotechnology) was added, followed by vortexing for 5 sec,
incubation on ice for 1 min and vigorous shaking for 1 min.
The tube was vortexed again for 5 sec and centrifuged at
14,000 x g for 10 min at 4°C. The cytoplasmic supernatant was
transferred to a pre-chilled tube for immediate use or storage
at -80°C. The nuclear pellet was washed three times with
200 pl ice-cold PBS by centrifugation at 3,000 x g (4°C). The
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pellet was resuspended in 50 ul Nuclear Extraction Reagent
(cat. no. P0028-3; Beyotime Biotechnology) with inhibitors
and vortexed vigorously for 15-30 sec. The suspension was
incubated on ice with intermittent vortexing (15-30 sec every
1-2 min) for 30 min. After centrifugation at 14,000 x g for
10 min (4°C), the nuclear extract (supernatant) was collected.
The protein concentrations of the cytoplasmic and nuclear
fractions were determined separately using a BCA assay. The
fractions were mixed with 5X loading buffer (1:4) and dena-
tured at 95°C for 10 min. Samples were used immediately or
stored at -80°C for analysis of nuclear translocation of proteins
such as AIF and MIF.

Trypan blue exclusion assay. Cell suspensions were mixed
with an equal volume of 0.4% trypan blue solution. A 10 ul
aliquot was loaded onto a hemocytometer, incubated for
3 min at room temperature and viable cells were counted
using an automated cell counter. Cell viability was expressed
as a percentage of the control group (set as 100%). This was
conducted for direct evaluation of the effects of curcumin and
its combined treatments on cell viability.

Protein concentration determination by BCA assay. Protein
concentrations were determined using the BCA assay to
ensure consistent sample loading in western blot and related
experiments, as detailed in the following protocol.

Briefly, a working solution was prepared by mixing the
BCA reagents A and B in a 50:1 ratio. A standard curve was
generated by adding 0-20 pg standard protein to a 96-well
plate, followed by volume adjustment to 25 ul with deionized
water. Subsequently, 2 ul each protein sample was loaded into
the plate and also adjusted to 25 ul with deionized water. Then,
200 u1 BCA working solution was added to each well, followed
by incubation at 37°C for 30 min protected from light. Finally,
the absorbance was measured at 562 nm using a microplate
reader, and sample protein concentrations were calculated
based on a standard curve.

Western blot. Western blot was performed to detect the expres-
sion and localization changes of PAR polymers, PARP-1, AIF,
MIF and apoptosis- and necroptosis-related proteins, following
the detailed procedures below.

Whole-cell lysates were prepared using lysis buffer
(Sigma-Aldrich; Merck KGaA) with 1% protease/phospha-
tase inhibitors on ice for 30 min, followed by centrifugation
at 14,000 x g for 30 min at 4°C. Protein concentration was
determined using the BCA method. Nuclear and cytoplasmic
fractions were isolated using a commercial extraction kit
(cat. no. P0028; Beyotime Biotechnology) according to the
manufacturer's instructions. Proteins (20 pg) were sepa-
rated using 7.5, 10 and 12.5% SDS-PAGE gels according to
their molecular sizes and transferred to PVDF membranes.
Membranes were blocked with 5% skim milk and incubated
with primary antibodies at 4°C overnight. After washing with
TBST (0.1% Tween, 3x10 min), the membranes were incubated
with horseradish peroxidase-conjugated secondary antibodies
(1:5,000; cat. nos. ASO14 and AS0003; ABclonal Biotech. Co.,
Ltd.) for 1 h at room temperature. Signals were detected using
an ECL substrate and a chemiluminescence imaging system
(Tanon). The following primary antibodies were used: GAPDH
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(1:10,000; cat. no. 600-GAPDHLt; Trevigen Inc.), AIF (1:1,000;
cat. no. #4642; Cell Signaling Technology, Inc.), MIF (1:1,000;
cat. no. ab7207; Abcam), PAR (1:1,000; cat. no. #84510; Cell
Signaling Technology, Inc.), PARP (1:1,000; cat. no. #9542;
Cell Signaling Technology, Inc.), BCL-2 (1:1,000; cat.
no. #3498; Cell Signaling Technology, Inc.), BCL-6 (1:1,000;
cat. no. WL03134; Wanleibio Co., Ltd.), c-Myc (1:1,000; cat.
no. A5011; Selleck Chemicals), Bax (1:1,000; cat. no. A19684;
ABclonal Biotech Co., Ltd.), receptor interacting protein 1
(RIPI; 1:1,000; cat. no. #3493; Cell Signaling Technology, Inc.),
receptor interacting protein 3 (RIP3; 1:1,000; cat. no. #13526;
Cell Signaling Technology, Inc.), mixed lineage kinase domain
like pseudokinase (MLKL; 1:1,000; cat. no. #14993; Cell
Signaling Technology, Inc.), cleaved caspase-3 (1:1,000; cat.
no. #9661; Cell Signaling Technology, Inc.) and caspase-3
(1:1,000; cat. no. #9662; Cell Signaling Technology, Inc.).
Band intensities from three independent experiments were
quantified using ImageJ 1.53t software (National Institute of
Health).

Ultraviolet B(UVB)irradiation.UVB irradiation wasemployed
to mimic the DNA-damaging stimuli of radiotherapy, thereby
investigating the synergistic effects of curcumin combined
with ultraviolet treatment. A Bio-Rad UVB irradiation system
(Bio-Rad Laboratories, Inc.) was used, which emits ultraviolet
light at wavelengths of 280-320 nm to generate UV B radiation.
Before UVB exposure, the irradiation device was thoroughly
sterilized with 75% ethanol. Subsequently, the cells were
covered with 6-well plate lids and placed on a UV-transparent
tray and irradiated at an intensity of 50 mJ/cm?. Following UVB
exposure, the cells were returned to the incubator for further
incubation, allowing subsequent experiments to proceed. To
ensure consistency and comparability in the present study and
based on preliminary research findings (data not shown), the
UVB irradiation time for SU-DHL-8 cells across all groups
was set at 60 sec, whereas for SU-DHL-10 cells it was set at
120 sec across all groups.

Immunofluorescence staining. Immunofluorescence staining
was conducted to directly visualize the subcellular localiza-
tion of target proteins.

SU-DHL-10 cells (1x10° cells/ml) were seeded in 6-well
plates and treated as indicated for 24 h. Cells were fixed with
4% paraformaldehyde (20 min, room temperature), permea-
bilized with 0.5% Triton X-100 (20 min) and washed with
PBST. After blocking with 5% BSA (15 min, room tempera-
ture), cells were incubated with primary antibodies (AIF, cat.
no. #4642; 1:50; PARP-1, cat. no. #9542; 1:200; Cell Signaling
Technology, Inc.) overnight at 4°C. The cells were then incu-
bated with an FITC-conjugated secondary antibody (1:200; cat.
no. AS014; ABclonal Biotechnology Co., Ltd.) for 1 h at room
temperature counterstained with DAPI and mounted with an
anti-fade reagent. Images were acquired using a fluorescence
microscope (Nikon Corporation).

DAPI/PI staining. To distinguish between apoptotic and
non-apoptotic cell death, cell death modalities were assessed
via nuclear staining and membrane integrity markers.
SU-DHL-10 cells (1x10° cells/ml) were seeded in 6-well
plates, treated as indicated and incubated for 24 h. The cells

were harvested and incubated in the dark at room tempera-
ture for 20 min with a solution containing DAPI (1:100 in
PBS; Beijing Solarbio Science & Technology Co., Ltd.) and
propidium iodide (PI; 1:20 in PBS; Beyotime Biotechnology).
The cells were then washed three times with PBS. The
stained cells were visualized using a fluorescence microscope
(Nikon Corporation).

Statistics. Statistical analyses were performed using SPSS
22.0 (IBM Corp.) and GraphPad Prism 8.0.1 (Dotmatics).
For comparisons among multiple groups, one-way analysis of
variance (ANOVA) was used, followed by Tukey's HSD test
for post hoc pairwise comparisons. Data are presented as the
mean + SD from at least three independent experiments. A
P-value of <0.05 was considered statistically significant, and a
P-value of <0.01 was considered highly statistically significant.
All experiments were performed at least in triplicate.

Results

Curcumin induces non-apoptotic cell death. The effect of
curcumin on DLBCL cell viability was assessed using the
CCK-8 assay. Cells were treated with curcumin (0, 10, 20,
40 or 60 ymol/l) for 24 h. Curcumin significantly inhib-
ited the viability of SU-DHL-8 and SU-DHL-10 cells in a
concentration-dependent manner, with ICy, values of 22.12
and 39.22 ymol/l, respectively (Fig. 1A). To distinguish apop-
totic from non-apoptotic cell death, the pan-caspase inhibitor
Q-VD-OPh was used (44,45). Based on preliminary data and
literature (45), cells were treated with 20 nmol/l Q-VD-OPh
and 10 or 20 pymol/l curcumin for 24 h. In SU-DHL-8 cells,
co-treatment with Q-VD-OPh (Cur20 + Q) significantly
rescued cell viability compared with treatment with curcumin
alone (Cur20). By contrast, Q-VD-OPh had no protective
effect on SU-DHL-10 cells (Fig. 1B). Consistently, DAPI/PI
staining showed a significant increase in stained cells after
curcumin (20 gmol/l) treatment in both cell lines. This
increase was attenuated by Q-VD-OPh in SU-DHL-8 cells,
but not in SU-DHL-10 cells (Fig. 1C and D), indicating that
curcumin-induced death in SU-DHL-10 cells was largely
caspase-independent.

To investigate the mechanism of curcumin-induced cell
death, the basal expression of c-Myc, BAX, BCL-2 and
BCL-6 was examined. The effects of curcumin on caspase 3
and PARP-1 cleavage were assessed using western blotting.
SU-DHL-10 cells lacked BAX expression, but showed higher
levels of BCL-2, BCL-6 and c-Myc than SU-DHL-8 cells
(Fig. 1E). Upon curcumin treatment, cleaved caspase-3 and
cleaved PARP-1 levels significantly increased in SU-DHL-8
cells. This effect was suppressed by Q-VD-OPh. By contrast,
cleaved caspase-3 and cleaved PARP-1 were undetectable
in SU-DHL-10 cells under all conditions (Fig. 1G). These
results confirmed that curcumin induces caspase-dependent
apoptosis in SU-DHL-8 cells but triggers a non-apoptotic
cell death pathway in SU-DHL-10 cells. Although RIP1
expression was higher in SU-DHL-10 cells, the key necrop-
tosis mediators RIP3 and MLKL were expressed at very
low levels (Fig. 1F), which is consistent with a previous
report (46). Thus, necroptosis is unlikely to contribute to cell
death in SU-DHL-10 cells.
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Figure 1. Curcumin induces non-apoptotic cell death. (A) Percentage cell viability after 0, 10, 20,40 and 60 xM curcumin treatment for 24 h. (B) Cell viability
percentage with or without curcumin or Q-VD-OPH for 24 h. Representative images of DAPI*/PI* staining in (C) SU-DHL-8 and (D) SU-DHL-10 cells treated
with curcumin + Q-VD-OPH for 24 h. The percentage of DAPI*/PI* staining cell in SU-DHL-8 and SU-DHL-10 cells treated with curcumin + Q-VD-OPH
for 24 h. (E) The protein levels of BAX, BCL-2, BCL-6 and c-Myc in SU-DHL-8 and SU-DHL-10 cells. (F) The protein levels of RIP1, RIP3 and MLKL in
SU-DHL-8 and SU-DHL-10 cells. (G) The protein levels of cleaved caspase-3 and cleaved PARP-1 of SU-DHL-8 and SU-DHL-10 cells treated with 20 uM
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Curcumin causes the increase of PAR and upregulation of SU-DHL-10 cells were treated with 20 yM curcumin for
nuclear PARPI, AIF and MIF and nuclear translocation of 24 h, and the levels of PAR polymers were measured. The
AIF in DLBCL cells. To investigate the role of parthanatos, ~PARP-1 inhibitor olaparib (10 xM) and the pan-caspase
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inhibitor Q-VD-OPh (20 nM) were used for mechanistic
validation. Western blot analysis showed a significant increase
in PAR polymer levels in curcumin-treated SU-DHL-10
cells compared with those in the untreated control group
(Fig. 2A and B). This increase was significantly suppressed

by olaparib (Cur20 + Ola), but not by Q-VD-OPh (Cur20 + Q)
(Fig. 2A and B). Furthermore, curcumin treatment signifi-
cantly increased the nuclear protein levels of PARP-1, AIF
and MIF, which were reversed by olaparib (Fig. 2C and D).
Immunofluorescence staining consistently revealed the
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enhanced nuclear localization of both AIF and PARP-1
after curcumin treatment, which was attenuated by olaparib
treatment (Fig. 2E and F).

Curcumin combined with UVB induces non-apoptotic death.
SU-DHL-10 cells are relatively insensitive to DNA-damaging
stimuli such as UVB (47) (Fig. 3A). To explore the combined
effects of radiotherapy, SU-DHL-10 cells were treated with
a low-dose of curcumin and UVB irradiation for 24 h. The
CCK-8 assay showed that combined treatment with curcumin

(10 or 20 uM) and UVB significantly reduced cell viability
compared with single-agent treatments (Fig. 3B). Notably, the
addition of Q-VD-OPh to the curcumin (10 xM) and UVB
combination further decreased cell survival in the trypan blue
exclusion assay (Fig. 3C). DAPI/PI staining confirmed a syner-
gistic increase in cell death with the Curl0 + UV combination,
which was not inhibited by Q-VD-OPh (Fig. 3D and E).
Western blotting analysis confirmed the absence of cleaved
caspase-3 and cleaved PARP-1 in cells treated with curcumin
alone or in combination with UVB (Fig. 3F).
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Curcumin sensitizes the antitumor effects of UVB through
parthanatos. To determine whether parthanatos mediated
the combined effect, PAR polymer expression was evalu-
ated in SU-DHL-10 cells treated with curcumin and UVB.
The PAR polymer levels were significantly higher in the
CurlO + UV group than in either treatment alone. Olaparib,

but not Q-VD-OPh, effectively suppressed this increase
(Fig. 4A and B). Furthermore, the nuclear levels of PARP-1,
AIF and MIF were significantly elevated by the CurlO +
UV combination compared with the single treatments, and
this elevation was reversed by olaparib (Fig. 4C and D).
Immunofluorescence staining confirmed the enhanced nuclear
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translocation of AIF and PARP-1 induced by the Curl0 + UV
combination, which was inhibited by olaparib (Fig. 4E and F).

Discussion

In the present study, curcumin reduced the survival rate
of SU-DHL-8 and SU-DHL-10 cells in a dose-dependent
manner, and low-dose curcumin enhanced the cytotoxic
effects of DNA-damaging agents (UVB irradiation) on the
cells, consistent with the findings of Wang et al (48). In
the CCK-8 assay, the cell survival rates in the SU-DHL-8
Curl0 and SU-DHL-10 Cur20 groups were significantly
lower than those in the control group. Although a decrease
was observed in the trypan blue exclusion assay, the differ-
ence was not statistically significant. The difference in the
experimental principles between the two methods lies in the
fact that cells that have lost viability or membrane integrity
exhibit increased membrane permeability and are stained
blue by trypan blue, whereas normal live cells with intact
membrane structures exclude trypan blue, preventing it from
entering the cell. In the CCK-8 assay, WST-8 was reduced by
mitochondrial dehydrogenases in the presence of the electron
carrier 1-methoxy-5-methylphenazinium methyl sulfate to
form an orange-yellow soluble called formazan. The amount
of formazan generated was proportional to the number and
activity of viable cells. When the cell membrane is mildly
damaged, but not to an extent that affects cell survival, the
cells may not be stained or only lightly stained with trypan
blue. Automated counting machines may consider these cells
normal rather than damaged, resulting in the trypan blue exclu-
sion assay being less sensitive than the CCK-8 assay (49,50).
Furthermore, previous studies have shown that the CCK-8
assay is more sensitive than the trypan blue exclusion assay,
which is consistent with the present experimental results.

Apoptosis resistance is a major clinical obstacle that
contributes to the failure of traditional cancer therapies such
as chemotherapy and radiotherapy, as well as the development
of multidrug resistance. Developing novel anticancer agents or
drug combination strategies that bypass the apoptotic pathway
to induce cancer cell death is considered an effective approach
to overcome this challenge (51,52). The present experimental
results indicated that SU-DHL-10 cells did not express the
crucial apoptosis-promoting protein BAX, yet exhibited high
expression levels of c-Myc and the anti-apoptotic proteins
BCL-2 and BCL-6. Curcumin was capable of inducing
SU-DHL-10 cells death, and this process was not inhibited
by the broad-spectrum caspase inhibitor Q-VD-OPh. The key
molecular markers of apoptosis, cleaved caspase-3 and cleaved
PARP-1, were not detected during this process. Furthermore,
although SU-DHL-10 cells showed high of RIP1 expression,
they also showed low RIP3 and MLKL expression. This
finding is consistent with previous literature reporting that
SU-DHL-10 does not express RIP3 or MLKL (38). RIP1,
phosphorylated RIP3 and phosphorylated MLKL form the
key complex of necroptosis (53). RIP3 and MLKL are indis-
pensable molecules in this cell death pathway, and knockout
or inhibition of both can impede the occurrence of necrop-
tosis (54,55). Based on these observations, it was concluded
that curcumin induced non-apoptotic cell death in SU-DHL-10
cells but did not induce necroptosis.
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To the best of our knowledge, the present study is the
first report demonstrating curcumin-induced activation of
the parthanatos pathway in DLBCL cells. Curcumin signifi-
cantly increased PAR polymer accumulation, an effect that
was insensitive to Q-VD-OPh but was potently inhibited
by the PARP-1 inhibitor olaparib. Furthermore, curcumin
promoted the nuclear accumulation of PARP-1, AIF and MIF.
Immunofluorescence analysis confirmed the enhanced nuclear
translocation of PARP-1 and AIF, which was attenuated by
olaparib treatment These findings align with the established
hallmarks of parthanatos (56,57): Namely, cell death associated
with excessive PAR polymer formation, which is dependent on
PARP-1 activity (58).

Regarding the execution mechanism, AIF itself lacks
nuclease activity, whereas MIF possesses both exonuclease
and endonuclease activities capable of cleaving DNA. AIF
binds to MIF in the cytoplasm to form a complex that, upon
nuclear translocation, mediates large-scale DNA fragmenta-
tion and chromatin condensation upon its nuclear translocation
leading to cell death (59). Notably, AIF is required for nuclear
translocation of MIF, but not vice versa, highlighting the
pivotal role of AIF in this process (60).

The clinical PARP inhibitor olaparib exerts its effects
through mechanisms including inhibition of PARP enzymatic
activity and ‘trapping’ of PARP-DNA complexes, leading
to impaired DNA repair and genomic instability (61). In the
context of parthanatos, olaparib blocks the downstream conse-
quences of PARP-1 hyperactivation (61), thereby suppressing
curcumin-induced PARP-1-dependent cell death induced by
curcumin in SU-DHL-10 cells. Curcumin has been reported
to synergize with radiotherapy and chemotherapy, often by
promoting apoptotic cell death (62,63). Resistance to apop-
tosis is a major cause of treatment failure in conventional
cancer therapies. Therefore, strategies that bypass apoptotic
resistance by inducing alternative cell death pathways are of
great therapeutic interest (64-66). In the present study, UVB
radiation was used as a DNA-damaging stimulus, analogous
to radiotherapy (67). Notably, curcumin can protect healthy
tissues from UVB damage (68) while acting as a photosensi-
tizer in tumor cells (69), suggesting a selective advantage. As
anticipated, it was found that low-dose curcumin synergized
with UVB to induce parthanatos in SU-DHL-10 cells. These
results suggest that curcumin may serve as a radiosensitizer
via the induction of parthanatos. However, translational studies
are warranted to evaluate its clinical potential in combination
with radiotherapy.

It is important to note that the present findings are
primarily based on the SU-DHL-10 cell line, which serves
as a model for high-risk, treatment-resistant DLBCL. This
cell line models key features of resistance, including lack of
BAX expression (68), low levels of key apoptotic (such as
caspase-8) and necroptotic (such as RIP3 and MLKL) media-
tors (70,71), BCL-2 and MYC rearrangements characteristic
of double-hit lymphoma (72,73) and inherent insensitivity to
DNA damage (74). It should be noted that the SU-DHL-10
cell line used in the present study is a double-hit lymphoma
model characterized by concurrent rearrangements in the
MYC and BCL2 genes (75,76). Although the results obtained
with this cell line are promising, their molecular profiles
differ from those of major DLBCL subtypes such as germinal
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necroptosis and apoptosis. On the contrary, curcumin = UVB caused an increase

of curcumin + UVB, so it was speculated that curcumin + UVB did not cause
in PAR polymer in SU-DHL-10 cells, and an increase in AIF and MIF in the

nucleus, leading to chromatin shrinkage and DNA breakage, and eventually leading to parthanatos in DLBCL cells. DLBCL, diffuse large B-cell lymphoma;
PAR, poly (ADP-ribose); PARP-1, poly (ADP-ribose) polymerase-1; AIF, apoptosis-inducing factor; MIF, macrophage migration inhibitory factor; UVB, ultra-
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center B-cell or activated B-cell lymphoma, which may limit
the generalizability of the findings (77,78). Further validation
using a broader panel of DLBCL cell lines representing distinct
molecular subtypes, as well as primary patient-derived cells, is
necessary to comprehensively assess the therapeutic potential
of curcumin across heterogeneous DLBCL populations.
Curcumin, a multi-target natural compound, has demon-
strated notable antitumor potential in preclinical studies
DLBCL, particularly exhibiting a radiosensitizing effect when
combined with radiotherapy (79-81). However, translating
this potential into clinical practice faces multidimensional
and complex challenges; for instance, curcumin exhibits
extremely low oral bioavailability (typically <1%) due to
its poor water solubility, low intestinal absorption rate and
rapid hepatic first-pass metabolism (through reduction and
conjugation) (82-85). Moreover, the complexity of the in vivo
microenvironment may substantially influence these effects.
DLBCL is highly heterogeneous, and different molecular
subtypes may vary in their sensitivity to curcumin. Currently,
most studies are based on single cell lines or animal models
and lack stratified analyses across different patient subtypes.

Consequently, it remains difficult to identify the optimal
patient population that would benefit the most from curcumin
combined with radiotherapy. Future research must advance
synergistically across multiple fronts, including the opti-
mization of drug delivery systems, in-depth elucidation of
mechanisms of action, development of precise animal models
and rigorous clinical trial designs, to gradually promote the
clinical translation of curcumin in combination with radio-
therapy for DLBCL (86-88). Future development of targeted
delivery systems, such as the creation of curcumin nanocar-
riers that specifically accumulate in lymphoma lesions or
lymph node regions (such as CD19/CD20-targeted nanopar-
ticles), is key to achieving effective local radiosensitization
while minimizing systemic toxicity (89-91). Concurrently,
there is a need to leverage advanced preclinical models, such
as patient-derived xenograft models or humanized mouse
models, to more accurately simulate the radiation response
and tumor microenvironment of DLBCL, thereby optimizing
dosing regimens. Therefore, exploratory clinical trials should
be conducted to systematically evaluate the safety, toler-
ability and preliminary efficacy of curcumin combined with
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radiotherapy, while dynamically refining the timing and dosage
ratios (86,92,93). In summary, translating the radiosensitizing
effects of curcumin from the laboratory to clinical practice
for DLBCL requires deep collaboration across multiple
disciplines, including pharmaceuticals, radiation biology
and hematologic oncology. It is hoped that curcumin-based
combination regimens with novel targeted therapies or immu-
notherapies will demonstrate convincing synergistic effects in
specific DLBCL subtypes, thereby offering patients with more
effective and gentler treatment options.

In summary, the present study demonstrated that curcumin
induced parthanatos in DLBCL cells through PARP-1 over-
activation and AIF/MIF nuclear translocation. Furthermore,
it exhibited synergistic cytotoxicity with UVB irradiation
(Fig. 5). The present study provides a rationale for exploring
parthanatos induction as a novel therapeutic strategy for
R/R DLBCL and highlights the potential of curcumin as a
radiosensitizer, which warrants further investigation.
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