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5,7-Dimethoxyflavone Augments Oolonghomobisflavan B-Mediated
Apoptotic Cell Death in Multiple Myeloma Cells through Activation of the
67LR/cGMP/ASM Signaling Axis
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Abstract — Oolonghomobisflavan B (OHBFB) is a prominent and specific polyphenolic constituent of oolong
tea. We previously identified a cell membrane receptor for OHBFB and showed that it induces cancer-selective
cell death in vitro and in vivo, although its standalone anticancer efficacy is limited. 5,7-Dimethoxyflavone (5,7-
DMF), a principal bioactive component of black ginger (Kaempferia parviflora), also exhibits anticancer activity.
Here, we demonstrate that 5,7-DMF synergistically enhances the anticancer effect of OHBFB in multiple myeloma
cells by boosting OHBFB-induced intracellular cyclic guanosine monophosphate (cGMP) production. Moreover,
co-treatment with OHBFB and 5,7-DMF triggers apoptotic cell death in multiple myeloma cells, accompanied by
activation of the cGMP/acid sphingomyelinase (ASM) pathway. In summary, 5,7-DMF amplifies the anticancer
activity of OHBFB by upregulating cGMP in multiple myeloma cells.
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Introduction

Oolong tea and one of its major polyphenolic constituents,
oolonghomobisflavan B (OHBFB), exhibit anticancer
properties.' We previously identified the 67-kDa laminin
receptor (67LR) as the cell-surface sensor for OHBFB.**
67LR is overexpressed across many cancer types, including
multiple myeloma.>'® Consistent with this, OHBFB
selectively induces apoptosis in cancer cells while sparing
normal cells by targeting 67LR.° OHBFB triggers apoptosis
in several malignancies—such as multiple myeloma, pan-
creatic cancer, and prostate cancer—via cGMP-dependent
mechanisms,® supporting its potential for clinical evalua-
tion.”!" Nonetheless, at physiological concentrations, OHBFB
alone does not elicit sufficiently robust anticancer effects.

c¢GMP is a second messenger that mediates diverse
physiological actions, including anticancer effects.® Intra-
cellular cGMP levels are elevated by soluble guanylate
cyclase (sGC), the receptor for nitric oxide (NO).*'*!7
Cyclic nucleotide phosphodiesterases (PDEs) are key
regulators of cGMP and/or cAMP signaling, hydrolyzing
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and thereby inactivating these messengers in mammalian
tissues. PDES5 is a cGMP-specific enzyme that degrades
intracellular cGMP."®?! Inhibition of PDE activity has
emerged as a therapeutic strategy in various diseases.'®>’;
PDES inhibitors, for example, are clinically effective for
erectile dysfunction”? and have been shown to enhance
cGMP-dependent apoptotic pathways in multiple cancer
cell types.®’

Black ginger (Kaempferia parviflora), commonly referred
to as black turmeric, contains diverse flavonoids and is
particularly rich in polymethoxyflavones. Among them,
5,7-dimethoxyflavone (5,7-DMF) is a major component
and a potent PDES inhibitor.>> Multiple studies also report
health-promoting activities of 5,7-DMF, including anticancer
effects.>*2° In this study, we selected 5,7-dimethoxyflavone
(5,7-DMF) as a mechanistically aligned partner to potentiate
OHBFB-mediated anticancer activity. Because OHBFB
activates a 67LR-linked, cGMP-dependent signaling axis,
we hypothesized that sustaining intracellular cGMP would
amplify downstream pro-apoptotic outputs such as ASM
activation; notably, 5,7-DMF (a major polymethoxyflavone
from Kaempferia parviflora) has been reported to exhibit
PDES-inhibitory activity and thus may promote cGMP
accumulation. Moreover, our prior work showed that 5,7-
DMF synergistically enhanced catechin-mediated apoptosis
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in multiple myeloma cells in association with increased
c¢GMP signaling, supporting its use here as a mechanistic
probe. Although many dimethoxyflavone analogs exist,
they are not equally characterized for cGMP modulation
and synergy in MM models, and systematic structure—
activity comparisons will be addressed in future studies.

Here, we demonstrate that 5,7-DMF synergistically
potentiates the anticancer activity of OHBFB in multiple
myeloma cells, concomitant with enhanced OHBFB-induced
upregulation of intracellular cGMP.

Experimental

Cell culture — 5,7-dimethoxyflavone (5,7-DMF; purity
>98.0% by HPLC) was purchased from Wako (Tokyo,
Japan). Bay 41-2272 was obtained from Enzo Life Sciences
(Crescent, Ex, UK). oolonghomobisflavan B (OHBFB) was
obtained from Nagara science (Kyoto, Japan). Catalase,
and superoxide dismutase (SOD) were obtained from
Sigma-Aldrich (St Louis, MO, USA). The human multiple
myeloma cell line U266, at a density of 5 x 10* cells/mL,
was cultured in RPMI 1640 supplemented with 1% (v/v)
foetal bovine serum, 200 U/mL catalase, and 5 U/mL
superoxide dismutase (SOD) from Sigma-Aldrich (St Louis,
MO, USA) at 37°C, 100% humidity, and 5% CO,. After
72 h, cell viability was determined using trypan blue staining
assay.

Analyzed apoptotic cell death — 2 x 10* cells/mL of
U266 cells were cultured in 1% FBS-RPMI 1640 at 100%
humidity and 5% CO,, at 37°C. Apoptotic cells were
determined using a flow cytometric test. Annexin-V+ cells
were evaluated by combining early Annexin-V+ propidium
iodide— and late Annexin-V+ propidium iodide+ cells
after treatment with OHBFB or/and 5,7-DMF. The analysis
was performed after 72 hours using a Verse™ system
from BD.

Western blot analysis — U266 cells were seeded onto a
12-well plate at a density of 1 x 10° cells/well or 5 x 10*
cells/well and treated with 1 uM OHBFB or/and 10 pM
5,7-DMF for 3 h or 72 h. After treatment, cells were lysed in
a solution containing 50 mM Tris-HCI (pH 7.5), 150 mM
NaCl, 1% Triton X-100, 2 mg/mL aprotinin, 50 mM NaF,
1 mM phenylmethanesulfonyl fluoride, 30 mM Na,P,0,,
1 mM pervanadate, and 1 mM ethylenediaminetetraacetic
acid. SDS-PAGE (sodium dodecyl sulphate-polyacrylamide
gel electrophoresis) was performed as previously described.’
Approximately 50 pg of protein was suspended in Laemmli
sample buffer (0.1 M Tris-HCI buffer, pH 6.8; 0.05%
mercaptoethanol; 1% SDS; 0.001% bromophenol blue;
and 10% glycerol) and boiled before electrophoresis on

Natural Product Sciences

SDS-polyacrylamide gels. The gels were then transferred
to Trans-Blot nitrocellulose membranes (Bio-Rad) using
electrob-lotting. Primary antibodies were incubated in
Tween 20-TBS containing 1% BSA. The blots were
washed with Tween 20-TBS and then incubated in anti-
rabbit HRP conjugates (secondary antibody). The primary
antibody used at a 1:3000 dilution was incubated overnight
at 4°C, followed by the secondary antibody at a 1:10000
dilution for 1 hour. The anti-eNOS (H-159) antibody was
purchased from Santa Cruz Biotechnology, the anti-
Laminin-R (MLuC5) antibody was purchased from Santa
Cruz Biotechnology, the anti-IgM (A-7) antibody was
purchased from Santa Cruz Biotechnology, the anti-
67 kDa Laminin Receptor (RPSA/2699) antibody was
purchased from abcam (Cambridge, UK), and the anti-§
actin antibody was purchased from Sigma-Aldrich (St
Louis, MO, USA).

Quantitative reverse transcription PCR (qRT-PCR)
— U266 cells were cultured with the presence of 1 uM
OHBFB or/and 10 uM 5,7-DMF. After 3 h, the culture
medium was removed, and the cells were washed 2 times
with PBS. After then, cells were collected by centrifugation
at 500 x g for 5 min. Total RNA was isolated using the
Qiagen RNeasy Mini Kit from QIAGEN (Hilden, Germany)
according to the manufacturer’s instructions. Primers were
used for homo sapiens ribosomal protein SA (RPSA,
67LR), Forward: 5'- GCAGCAGGAACCCACTTAGG-3',
Reverse: 5'-GCAGCAGCAAACTTCAGCAC-3'; Human
GAPDH primer, Forward: 5-CCACTCCTCCACCTT
TGACG-3' (upstream), Reverse: 5-CCACCACCCTGT
TGCTGTAG -3'. cDNA was synthesized from total RNA
using the cDNA Master Mix from Applied Biosystems
(CA, USA). gqRT-PCR was conducted using 2 mL cDNA
and SYBR Green PCR 2 x Master Mix from Applied
Biosystems (CA, USA) with 40 cycles of 15 seconds at
95°C, 60 seconds at 60°C according to the manufacturer’s
instructions. The data were analyzed using v2.1 StepOne
software from Applied Biosystems (CA, USA).

c¢GMP assays — Measurements of intracellular cGMP
production were carried out using the TRFRET cGMP
assay kit (Perkin-Elmer) following the manufacturer’s
protocol. The cells were treated with OHBFB and/or 5,7-
DMF for 3 hours in 96-well plates, and the plate assessment
was performed using the EnVision™ Plate Reader (Perkin-
Elmer).

ASM activity measurement — U266 cells were lysed
with lysis buffer and incubated for 1 hour at 4°C, followed
by centrifugation for 20 minutes at 15,000 x g. The resulting
supernatant was incubated with substrate buffer, including
200 mM sodium acetate, 1% Triton X-100, and 400 pmol
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BODIPY-C12 sphingomyelin in dH,O, for 18 hours at
37°C. BODIPY-C12-sphingomyelin was obtained from
Sigma-Aldrich (St. Louis, MO, USA).

Statistical analysis — Our data are indicated as mean +
SEM. Calculation the ICs, values and isobologram methods
were determined by using the Graphpad software. Tukey’s
test was used to assess the significance of differences
between experimental variables. Statistical analyses were
performed using KyPlot software (Kyens Lab, Tokyo,
Japan).

Results and Discussion

We used commercially purchased standards for both
compounds, 5,7-dimethoxyflavone (5,7-DMF) and oolong-
homobisflavan B (OHBFB) (Fig. 1). OHBFB (Fig. 1A) is
a dimer of (—)-epigallocatechin-3-O-gallate (EGCG), a
major catechin-derived polyphenol, and 5,7-DMF (Fig. 1B)
is a polymethoxyflavone abundant in Kaempferia parviflora.
Establishing these structures provides context for their
complementary actions on 67LR and ¢cGMP signaling
described below.

Consistent with prior reports that OHBFB selectively
induces apoptosis via the 67-kDa laminin receptor
(67LR),%*?7 its efficacy at physiological concentrations is
limited.”® We therefore evaluated combination effects with
5,7-DMF in U266 and RPMI 8226 multiple myeloma (MM)
cells. In U266 cells, OHBFB and 5,7-DMF displayed ICs
values of 5.16 uM and 65.45 uM, respectively, whereas
their combination yielded markedly lower apparent ICsg
values (3.70 uM or 2.16 uM depending on the mixing ratio),
indicating enhanced potency (Fig. 2A-D). Isobologram
analysis, constructed from single-agent ICsos (x-axis:

(A)
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HO
HO
HO
HO
OH

Oolonhomobisflavan B

OHBFB 5.16 uM; y-axis: 5,7-DMF 65.45 uM), showed
combination data points falling below the line of additivity,
demonstrating synergy in both U266 and RPMI 8226
cells (Fig. 2E, F). Importantly, the same concentrations of
OHBFB and/or 5,7-DMF did not reduce viability of
normal PBMCs over 72 h (Fig. 2G-1), supporting cancer
selectivity of the combination.

OHBFB has been reported to induce anticancer effects
via apoptosis in cancer cells.*” In U266 cells, neither 1 pM
OHBFB nor 10 uM 5,7-DMF alone induced significant
apoptosis; however, the combination (1 uM OHBFB +
10 uM 5,7-DMF) robustly increased apoptotic cell death
(Fig. 3). These data indicate that 5,7-DMF effectively
lowers the apoptotic threshold for OHBFB in MM cells,
converting subeffective single-agent doses into a pro-
apoptotic regimen.

Mechanistic studies implicated potentiation of cGMP
signaling and downstream acid sphingomyelinase (ASM)
activation. OHBFB increased intracellular cGMP at 5 uM
but not at 0-2.5 uM (Fig. 4A), establishing a concentration
threshold for second-messenger engagement. Addition of
5,7-DMF significantly boosted OHBFB-induced ¢cGMP
(Fig. 4B) and synergistically enhanced ASM activity (Fig. 4C),
consistent with 5,7-DMF functioning as a PDES inhibitor
that preserves the cGMP pool. To further probe the pathway,
we combined 5,7-DMF with the soluble guanylate cyclase
(sGC) stimulator Bay 41-2272. The combination increased
c¢GMP production (Fig. 4D) and augmented Bay 41-
2272—elicited ASM activation (Fig. 4E), reinforcing that
PDES inhibition amplifies cGMP-dependent signaling
downstream of sGC. Notably, while OHBFB engages
c¢GMP signaling, our data indicate that combination with
10 uM 5,7-DMF does augments cGMP availability, thereby

(B)

5,7-dimethoxyflavone (5,7-DMF)

Fig. 1. Molecular structure of oolonghomobisflavan B (OHBFB) and 5,7-dimethoxyflavone (5,7-DMF). Based on chemical structure of

(A) OHBFB and (B) 5,7-DMF.
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Fig. 2. 5,7-DMF synergistically potentiates cell death effect of OHBFB in multiple myeloma cells. (A, B) Based on chemical structure of
OHBFB and 5,7-DMF. (A-D) The human multiple myeloma cell line U266 was cultured with or without 5,7-DMF and/or OHBFB at the
indicated concentration for 72 h, and the viability of U266 was measured by trypan blue staining assay. (E, F) The combination effect of
OHBFB and 5,7-DMF was measured by isobologram analysis in U266 (E) and RPMI 8226 (F) cells. Data are presented as mean = SEM
(n=3), Tukey’s test, *p <0.05, **p <0.01, ***p <0.001.

facilitating ASM-mediated, ceramide-linked apoptosis. combination’s effects on viability (Fig. 5A), intracellular

Because anti-67LR antibody treatment is widely used cGMP (Fig. 5B), and ASM activity (Fig. 5C), establishing
to assess the role of 67LR in OHBFB-induced cell death,® we 67LR as an essential upstream node. In contrast, qRT-PCR
tested its necessity for the combination effect. Pretreatment showed that OHBFB and/or 5,7-DMF did not alter 67LR
with an anti-67LR antibody significantly attenuated the mRNA levels (Fig. 5D), indicating that synergy arises



Vol. 32, No. 1, 2026

A Control

OHBFB

OHBFB
_ *t5,7-DMF

PI

5,7-DMF

Alexa Fluor 488 Annexin V

g o N ®
o © ©o ©
L " N )

w
o
1

Annexin V* cells (%)
N B
o o

-
o
"

0 A
OHBFB = + = +

5,7-DMF - 4+ 4

Fig. 3. Combination of OHBFB and 5,7-DMF induces apoptotic cell death in U266 cells. U266 cells were treated with OHBFB (1 uM)
and/or 5,7-DMF (10 uM) for 72 h. Apoptotic cells were stained with propidium iodide and Annexin V-Alexa Fluor 488. Data are

presented as mean + SEM (n = 3). ***p < 0.001.
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Fig. 4. 5,7-DMF potentiated OHBFB-induced apoptosis via activation of cGMP/ASM pathway. (A) U266 cells were treated with
OHBFB (1 uM) and/or 5,7-DMF (10 uM). After one hour, intracellular cGMP levels were measured. (B-D) U266 cells were treated with
OHBFB, Bay 412272 and/or 5,7-DMF. After 1 h, (B, D) intracellular cGMP levels or (C) ASM activity were determined. (E) U266 cells
were treated with Bay 412272 (1 uM) and/or 5,7-DMF (10 uM). After 72 h, ASM activity was assessed using TLC. Data are presented

as mean + SEM (n = 3). *p <0.05, **p <0.01, ***p < 0.001.

from functional amplification of 67LR-linked signaling
rather than transcriptional upregulation of the receptor.
Together, these findings define a 67LR — ¢cGMP —
ASM axis as a tractable vulnerability in multiple myeloma
and show that preserving cGMP signaling can enhance cancer-
selective apoptosis via downstream ASM activation.”>
The combination triggers apoptosis at doses where single
agents are ineffective and spares normal PBMCs, supporting
a favorable therapeutic window. These results align with
prior reports that pharmacologic PDES inhibition augments
polyphenol-driven, 67LR-dependent cGMP signaling and

apoptosis; for example, vardenafil synergizes with EGCG
in myeloma models.® We previously reported that 5,7-
dimethoxyflavone (5,7-DMF) potentiates EGCG-induced
apoptosis in U266 multiple myeloma cells by enhancing
intracellular cGMP signaling and activating downstream
ASM/caspase-3 pathways. In the present study, we extend
this cGMP-centered synergy framework to a distinct,
oolong-tea—derived polyphenol ligand, oolonghomobisflavan
B (OHBFB), which—despite structural relatedness to
EGCG—constitutes a different natural product entity and
therefore warrants independent validation. Importantly,
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Fig. 5. Combined OHBFB and 5,7-DMF induce cell death via 67LR in u266 cells without affecting normal cells. (A) After a 2 h pre-
treatment with control IgM antibody or MLuC5 (anti-67LR antibody), U266 cells were exposed to 1 uM OHBFB and/or 10 uM 5,7-
DMF for 72 h. Cell viability was evaluated using the trypan blue method (»=3). (B) Primary peripheral blood mononuclear cells
(PBMC) were subjected to treatment with 1 uM OHBFB and/or 10 uM 5,7-DMF for 72 h, and the mRNA expression of 67LR was
quantified using real-time PCR analysis (#» = 3). n.s.: not significant. Data are presented as mean + SEM (n = 3). ***p < 0.001.

we demonstrate synergistic cytotoxicity in two multiple
myeloma cell lines (U266 and RPMI 8226) and show that
the effective combination doses do not reduce the viability
of normal PBMCs, supporting cancer selectivity. Mecha-
nistically, we further establish that 67LR is required not
only for the viability phenotype but also for combination-
induced cGMP accumulation and ASM activation, thereby
defining a functional 67LR — cGMP — ASM signaling
axis as the key vulnerability engaged by OHBFB/5,7-DMF
co-treatment. However, a key limitation of this study is
that PDES involvement was not validated by direct
enzymatic activity measurements or pharmacological
benchmarking with a selective PDES inhibitor. Future work
should include PDES activity assays and/or comparative
experiments using PDES-specific inhibitors (and, where
feasible, genetic approaches such as PDESA knockdown/
overexpression) to confirm whether PDES is the primary
mediator of the cGMP-related effects observed with 5,7-
DMEF. Mechanistically, ASM activation promotes ceramide-
dependent apoptosis in cancer cells, supporting the central
role of the cGMP/ASM axis in this context.*® Although

our combination data were generated in MM cell lines, in
vivo validation will be important; notably, OHBFB binds
67LR with micromolar affinity and suppresses tumor
growth in vivo in melanoma, underscoring the translational
potential of 67LR-targeted polyphenols. The broader
relevance of 67LR/cGMP-mediated apoptosis has been
demonstrated in other cancers (e.g., coptisine in hepato-
cellular carcinoma), further supporting this axis as a
therapeutically actionable pathway.** Beyond biology,
combination optimization and pharmacodynamics will
require careful modeling; recent MM studies provide
frameworks to quantify and predict clinical synergy from
single-agent and fixed-ratio data.*> Finally, prospective work
should characterize pharmacokinetics, potential drug—
drug interactions, and dosing schedules i vivo to translate
these mechanistic synergies into effective therapies.

In conclusion, 5,7-DMF synergistically potentiates
OHBFB-induced apoptosis in multiple myeloma by
functionally amplifying 67LR/cGMP/ASM signaling. By
overcoming the efficacy ceiling of OHBFB at physiological
concentrations while sparing normal PBMCs, this natural
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product-based combination offers a promising, cancer-
selective approach. Future work should evaluate efficacy
in vivo, delineate ceramide-mediated apoptotic mechanisms,
and optimize translational dosing paradigms.
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