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Background: Epirubicin is a first-line chemotherapeutic drug for the clinical treatment of diffuse large B cell lymphoma
(DLBCL), but the overexpression of multidrug resistance (MDR) transporter proteins, especially P-glycoprotein (P-gp),
renders epirubicin ineffective. Some studies reveal the potential role of melatonin in chemotherapeutic synergy and
MDR.
Methods: The cell viability and apoptosis were determined by CCK-8 assay and acridine orange/ethidium bromide
(AO/EB) fluorescence staining assay. Immunofluorescence and immunohistochemical staining were used to detect
the expression of P-gp in DLBCL cells and tissues. Rhodamine-123 accumulation assay was used to evaluate the
pump function of P-gp. The possible mechanisms of melatonin sensitize DLBCL cells to epirubicin were explored by
western blotting, cytochrome C release, and pulldown assay.
Results:Melatonin significantly enhanced the epirubicin-induced cell proliferation suppression, epirubicin-induced ap-
optosis, and reduced the IC50 value of epirubicin. Further, melatonin synergized with epirubicin to promote the acti-
vation of the mitochondria-mediated apoptosis pathway and increased the accumulation of epirubicin in DLBCL cells
by inhibiting the expression and function of P-gp. Immunohistochemical staining studies revealed that P-gp expression
was positively correlatedwith P65 expression. Epirubicin was subsequently discovered to upregulate the expression of
P-gp by activating the NF-κB pathway in the DLBCL cells. Melatonin reduced the amount of P65 protein in the nucleus
and abrogated the ability of P65 to bind to the ABCB1 promoter, decisively suppressing P-gp expression.
Conclusions:Our results demonstrated thatmelatonin inactivates theNF-κB pathway and downregulates the expression
of P-gp, ultimately sensitizing DLBCL cells to the epirubicin that suppresses their growth.
Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most common B-cell non-
Hodgkin lymphoma (NHL), composing about 30%–35% of all NHLs [1].
More than half of DLBCL patients can be cured by using anthracycline-
based chemotherapy regimens, even in advanced stages [2]. However,
DLBCL is a heterogeneous diagnostic category, which many subtypes and
subpopulations are at high-risk for standard immune-chemotherapy failure
[3,4]. About one-third of patients have refractory disease or replase after
treatment, which remains a major cause of morbidity and mortality [5].
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Epirubicin is a cell-permeable antitumor drug belonging to the
anthracycline family, widely used in the treatment of DLBCL [6,7]. Similar
to other anthracyclines, epirubicin act by intercalating with cell DNA or
binding to DNA topoisomerase II, ultimately leads to hinders DNA/RNA
synthesis and proliferation of the tumor cells [8,9]. Despite epirubicin
being potent anticancer therapeutic agents, it's clinical usefulness is limited
due to chemotherapy resistance [10].

Melatonin is a highly conserved indoleamine that rhythmic secreted
from the pineal gland and other organs, including the retina, bone marrow
and the gastrointestinal tract [11]. Endogenous oscillators within the
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suprachiasmatic nucleus (SCN) control the circadian rhythm (light-dark
cycle) production of melatonin [12]. Previous reports have indicated that
high melatonin levels play positive and important roles in health and
anti-aging [13,14], however, the production of melatonin gradually de-
creases with age [15]. Melatonin exerts numerous physiological functions
through receptor-dependent and receptor-independent mechanisms [16].
In mammals, three binding receptors for melatonin have been identified:
the transmembrane receptors (MT1 and MT2), MT3 receptor located in
the cytosol and the nuclear retinoid orphan receptor/retinoid Z receptors
(ROR/RZR) [17,18].Melatonin helps coordinate circadian rhythms and en-
docrine processes via activation of MT1 and MT2, which belong to G
protein-coupled receptors [19,20]. MT3 may be a detoxification enzyme
and exhibits a low affinity for iodomelatonin [18]. Furthermore, melatonin
could participate in immunological processes by interactingwith ROR/RZR
[21]. Besides, melatonin directly detoxifies reactive oxygen species (ROS)
and reactive nitrogen species (RNS) by receptor-independent pathway
[22]. In addition to its abundant actions described above, various studies
investigated the effects of melatonin against cancer, including antiprolifer-
ative, proapoptotic and regulate epigenetic responses [23–25]. Meanwhile,
melatonin protects the normal cells from the harmful effects of chemother-
apy by its antioxidant properties and by reducing the therapeutic doses of
anticancer drugs [26]. Melatonin may be a promising supplementary com-
ponent in chemotherapy.

The problem of chemotherapy resistance comes along with the use of
cytotoxic agents [27]. In clinical situations, differences and change were
observed in the chemotherapy-sensitive of certain cancer cells. Resistance
could be divided into two types: single-agent resistance andmultidrug resis-
tance (MDR). The former resistance limited to the drugs to which patients
were exposed. The phenomenon that simultaneous insensitivity tomultiple
drugs with different mechanisms of action called multidrug resistance
(MDR), and has been recognized as a major reason for the failure of cancer
treatment [28]. The mechanism of MDR has always been a hotspot of can-
cer research. Based on extensive studies, the expression of members of the
ATP-binding cassette (ABC) family of drug efflux transporters, especially P-
glycoprotein was frequently considered to be the cause of MDR [29].

P-glycoprotein is a multidomain polytopic membrane protein encoded
by the ABCB1 gene located on chromosome 7, and it utilizes the energy
from ATP binding and hydrolysis to perform a vast array of transport func-
tions. [30,31]. The P-glycoprotein substrates include a broad spectrum of
antitumor drugs, such as anthracyclines, vinca alkaloids, podophyllotoxins,
and taxanes [32]. Normal expression of P-glycoprotein is observed in the
transport epithelium of the kidney, liver, and gastrointestinal tract
[33,34].P-gp in normal tissues can influence the absorption, tissue distribu-
tion, and/or elimination of drug and other xenobiotics. Nevertheless, over-
expression of P-gp is usually found in drug-resistance human tumors, in
particular acute myelogenous leukemia and breast cancer, causing a reduc-
tion of the intercellular drug concentrations through an ATP-dependent
pump [35,36]. Despite enormous and sustained efforts to develop and im-
plement effective P-gp modulators, subject to the difficulty in designing
clinical trials and the unacceptable patients toxicities due to adverse phar-
macokinetic interactions with coadministered anticancer drugs, still, no ef-
fective P-gp modulators could be used in clinical treatment [36,37].

The NF-κB pathway is an important crossroad where other pathways
converge as a phenotype of resistance that emerges in patients who fail
frontline and salvage immune-chemotherapy and its activation was consid-
ered to be the major mechanism of drug resistance in DLBCL [38,39]. Pre-
vious studies have demonstrated that inactivating theNF-κB pathway could
inhibit P-gp expression [40,41]. Melatonin also has been reported to have
an influence on the expression of P-gp and then increase the
chemotherapy-sensitive of colon cancer cells [42]. There are still unknowns
about the mechanism of melatonin reversing drug resistance.

Herein, we explored whether melatonin affects the chemotherapy-
sensitive of epirubicin in DLBCL cells or not and further investigated the de-
tailed underlyingmechanisms.Wefind that such sensitizationmay through
activation of the mitochondria-related apoptosis pathway and inhibiting P-
gp expression via the NF-κB signaling pathway.
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Materials and methods

Cell lines and cell culture

The human DLBCL cell lines SUDHL-10 and SUDHL-6 were obtained
from the China Center for Type Culture Collection (CCTCC, Wuhan,
China). All cells were grown in RPMI 1640 medium (Invitrogen, Carlsbad,
CA, USA) supplemented with 10% fetal bovine serum (Biological Indus-
tries, Inc., Israel), 100 μg/mL penicillin and 100 μg/mL streptomycin.
Cells were incubated at 37 °C in an incubator with 5% CO2.

Reagents and antibodies

Melatonin was purchased from J&K, Chemical Ltd., and epirubicin was
purchased from Pfizer, pharmaceutical Ltd. Melatonin and epirubicin were
dissolved in dimethyl sulphoxide (DMSO) and made into stock solution be-
fore adding into the complete culture medium. The maximum concentra-
tion of DMSO in the culture medium did not exceed 0.1%. The primary
antibodies for GAPDH, LaminB1, and P-glycoprotein were purchased
from Proteintech (Proteintech, Inc., USA). The antibodies for Bcl-2,
cleaved-PARP, IKKβ, p-IKKα/β, NF-κB P50, and P65 were purchased from
Cell Signaling Technology (Cell Signaling Technology, Inc., USA). The anti-
body for cytochrome c was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA).

Cell viability assay

Cell viability was determined using the CCK-8 assay. Briefly, SUDHL-10
and SUDHL-6 cell lines were seeded at 104 cells/well in 96-well plates. In
this study, three different groups contained cells suspended inmedium con-
taining various concentrations of melatonin and epirubicin, and six repli-
cated wells put up for each group. The control cells received 0.1% DMSO.
Following a continuous 48 h of incubation, add 10 μL Cell Counting Kit-8
(CCK-8) per 100 μL culturemedium. After incubated 4 h at 37 °C, record re-
sults using a microplate reader to measure the absorbance of the wells at
450 nm. The drug concentration required to cause 50% cell growth inhibi-
tion (IC50)was determined by interpolation from the dose-response curves.

Western blot analysis

After treatment, the cells were collected and washed with phosphate-
buffered saline (PBS). Lysis buffer was used to extract protein and the pro-
tein concentration was determined using a BCA protein assay kit. Protein
samples were separated by electrophoresis in a 10% or 12% sodium dode-
cyl sulfate-polyacrylamide mini gel (SDS-PAGE), electrophoretically trans-
ferred to polyvinylidene fluoride membranes (Millipore, USA). After
membranes were blocked 2 h with skimmilk, the specific primary antibod-
ies were used to immunoblotted. The protein bands were detected by en-
hanced chemiluminescence.

Acridine orange/ethidium bromide (AO/EB) fluorescence staining

The cells were grown on glass coverslips with poly-L-lysine and treated
with indicated doses of epirubicin with or without melatonin. After 48 h,
cells were washed with PBS to remove detached cells and then fixed with
95% ethanol for 15 min. After slightly drying cells, 5 μL AO/EB (50
μg/mL) was added with gently pipetted to mix before imaging by Leica
DM 14000B microscope with a digital camera.

Rhodamine-123 accumulation assay

Cell lines were incubated in 6-well plates and pretreated with 0.1%
DMSO or 1 mM melatonin for 48 h. After pretreatment, add 1 μg/mL
Rhodamine-123 (Rh-123) in culture medium and incubated in the dark at
37 °C in 5% CO2 for 90 min. The cells were harvested and washed twice
with ice-cold PBS, then analyzed immediately using flow cytometry
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(EPICS XL; Beckman Coulter) equippedwith 488 nm excitation and 525 nm
emission wavelengths.

Intracellular accumulation of epirubicin

Briefly, cell lines were treated as Rhodamine-123 accumulation assay
described above. Then cells were incubated with epirubicin at a final con-
centration of 1 μg/mL at 37 °C in 5% CO2 for 90 min. After incubation,
cells were harvested and washed twice with ice-cold PBS, and then ana-
lyzed immediately using flow cytometry (EPICS XL; Beckman Coulter)
equipped with 488 nm excitation and 575 nm emission wavelengths.

Immunofluorescence

For immunofluorescence analysis, cells were grown on glass coverslips
with poly-L-lysine were washed by PBS and fixed for 20 min at room tem-
perature (RT) with 4% paraformaldehyde. Incubating the samples for
3 min with PBS containing 0.2% Triton X-100 as needed, then blocked
with 10% bovine serum albumin (BSA) in PBS for 30 min. Antibodies
against Cytochrome-c or P-gp was diluted in the 1% blocking solution
and then were used to incubate the sample in a humidified chamber over-
night at 4 °C. Following wash the cells three times in PBS, 5 min each
wash, fluorescein isothiocyanate, and rhodamine-conjugated secondary an-
tibodies were added in 1% blocking solutions and incubated for 90 min at
room temperature in dark. Finally, the stained samples were mounted
with 4′6-diamidino-2-phenylindole (DAPI)-containing Vectashield solution
(Vector Laboratories Inc.) and examined with a Leica DM 14000B confocal
microscope.

Immunohistochemistry (IHC)

P-gp and P65 protein expression were analyzed in archived tissue of
DLBCL patients from The Second Hospital of Dalian Medical University
pathologically diagnosed with DLBCL. Immunohistochemical analysis of
P-gp and P65 was performed on formalin-fixed, paraffin-embedded tissue
sections. After deparaffinized and antigen retrieval performed, tissue sec-
tions were endogenous peroxidase blocked and incubated with a primary
polyclonal antibody against P-gp (1:100) and P65 (1:100). In every case tis-
sue, both P-gp and P65 proteins were determined.

Nuclear protein extraction

The cells were lysed in 250 μL cytoplasmic lysis buffer (10 mM Hepes,
pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 0.5% NP-40, 300 mM Sucrose) with
multiple protease inhibitors (1 mM Na3VO4, 10 mM NaF, 2.5 mM β-
glycerophosphate, 0.1 mMPMSF, 1 g/ml leupeptin and 0.5 mM dithiothre-
itol) on ice for 10 min, and then add 10%NP-40. The mixture was vortexed
briefly and centrifuged at 3000 rpm for 10min at 4 °C. The supernatantwas
transferred to a new tube and stored at−80 °C. The pellet was resuspended
and extractedwith 50 μL nuclei lysis buffer (20mMHepes, pH 7.9, 420mM
NaCl, 1.5 mMMgCl2, 0.1 mMEDTA, 2.5%Glycerol) withmultiple protease
inhibitors and kept on ice for 30 min. Nuclear proteins were extracted by
centrifugation at 14,000 rpm for 30 min at 4 °C. The supernatant was
then nuclei extract and protein concentration was determined by BCA
assay.

Pulldown assay

The biotin-labeled double-stranded oligonucleotide probe of theABCB1
promoter sequence was synthesized by PCR using biotin-labeled primers
from Sangon Biotech company (sense,5′-TGCACT-GTTTAGGGAGGGTT-
3′; antisense,5′-ACTCCG-AC CTCTCCAATTCT-3′). The nuclear proteins
(400 μg) were mixed with double-strand biotinylated ABCB1 promoter
probe (4 ugs), streptavidin agarose beads (50 mL) in 500 mL PBSI buffer
containing 0.5 mMPMSF, 10mMNaF, 25 mM, β-glycerophosphate and ro-
tated overnight at 4 °C. The beads were centrifuged, washed with PBSI
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buffer two times, then the beads were resuspended by loading buffer, and
cooked at 100 °C for 10min. The supernatant was analyzed bywestern blot.

Densitometric analysis

Scion Image Software (Frederick, MD, USA) was used to determine the
density of the protein bands from Western blot analysis. The data are
expressed as an arbitrary unit.

Statistical analysis

Analysis of variance and Student's t-test was used to compare the values
of the test and control samples. Spearman's rank correlation analyses were
used to confirm the relation between the level of the P-gp protein expres-
sion and NF-κB P65 expression level in DLBCL patients. All P-values are
given as two-sided, P<0.05 was considered to be a statistically significant
difference. Data are represented as mean ± standard deviation (SD).
Graphpad Prism softwarewas used for statistical analysis, and all the exper-
iments were done three times.

Results

Melatonin potentiated the epirubicin-mediated inhibition of cell proliferation

To investigate whether melatonin affects the cell proliferation inhibitor
mediated by epirubicin, we examined the effects of melatonin or epirubicin
alone or their combination on cell viability in SUDHL-10 and SUDHL-6 cell
lines by CCK-8 assay. As shown in Fig. 1A, treatment with melatonin alone
at the doses from 0 mM to 1.0 mM significantly inhibited cell viability in a
dose-dependent manner in SUDHL-10 and SUDHL-6 cell lines respectively.
Treatment of cells with epirubicin alone at the doses from 0 mg/L to
0.32 mg/L also suppressed DLBCL cell viability in a concentration-
dependent manner (Fig. 1A). Besides, the co-treated with melatonin
(1.0 mM) and various concentrations of epirubicin (0 mg/L to 0.32 mg/L)
for 48 h markedly increased the epirubicin-mediated suppression of
DLBCL cells viability as compared with epirubicin alone (Fig. 1A).

Next, to evaluate the degree of melatonin and epirubicin combination-
mediated the enhancement of the anti-proliferative effect, we analyzed
the IC50 values of epirubicin in SUDHL-10 and SUDHL-6 cell lines treated
with or without melatonin (1.0 mM). As shown in Fig. 1B, a combination
of epirubicin with melatonin significantly decreased the IC50 value com-
pared to the epirubicin action alone, IC50 folds reached 1.8 and 2.24
times in SUDHL-10 cells and SUDHL-6 cells respectively. The SUDHL-6
cells aremore sensitive tomelatonin than the SUDHL-10 cells. These results
demonstrated that the combinational use of melatonin and epirubicin re-
sulted in improved anti-proliferative effects in DLBCL cells compared with
epirubicin treatment alone.

Melatonin increased epirubicin-induced apoptosis

To determine whether the synergistic inhibition of cell proliferation in-
duced by epirubicin and melatonin is associated with the enhanced activa-
tion of the apoptosis pathway, we assess the effect of the combinational use
of melatonin and epirubicin on apoptosis by AO/EB staining. As shown in
Fig. 2A, co-treatment of epirubicin (0.1 mg/L) with melatonin (1.0 mM)
for 48 h induced apoptosis in SUDHL-6 cells. In the control group, the uni-
form green cells had normal morphology. In a single drug treatment group,
mild yellow-green staining began to appear in the cells. However, much
brighter orange-red fluorescence accumulated in the cell was observed in
the group treatedwith combined compounds and cell morphology changes.
We can also see the red-stained necrotic cells. These results indicated that
more apoptosis was induced inDLBCL cellswhen theywere exposed tomel-
atonin and epirubicin simultaneously but not to a single compound alone.

Then we detected the expression of some key proteins (Bcl-2, Bax,
cleaved PARP) involved in apoptosis induced by compound treatment in
SUDHL-6 cells by western blot analysis. As shown in Fig. 2B, the level of



Fig. 1.Effect ofmelatonin (MLT) and epirubicin (EPI) combination of DLBCL cells proliferation. (A) Human SUDHL-10 and SUDHL-6 cells were treatedwithMLT or EPI alone
or their combination at the indicated doses. At 48 h after treatment, the cell viability was determined by a CCK8 assay. The cells treatedwith vehicle control DMSOwere used
as the referent group with cell viability set at 100%. (B) The IC50 values of EPI for cell viability inhibition in cells treated with or without MLT determined. The data were
presented as mean ± SD of three separate experiments. The level of significant was indicated by *P < 0.05, **P < 0.01, ***P < 0.001.
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Bcl-2 was obviously attenuated in the combinational treatment group than
the single drug treatment group. By contrast, the expressions of Bax and
cleaved PARP were improved in the combinational treatment group with
Fig. 2. Effect of melatonin and epirubicin combination on SUDHL-6 cells apoptosis. Hum
combination for 48 h. (A) Acridine orange/ethidium bromide (AO/EB) fluorescence stai
cells. (B) The expression of Bcl-2, Bax, cleaved PARP proteins in SUDHL-6 cells were an
immunofluorescence imaging analysis from the inter-mitochondrial space into the cyto
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epirubicin andmelatonin. Besides, we also performed immunofluorescence
(IF) analysis to monitor the subcellular localization of cytochrome c, which
is an upstream molecule of the caspase cascade-dependent apoptotic
an SUDHL-6 cells were treated with MLT (1.0 mM) or EPI (0.1 mg/L) alone or their
ning assay was used to evaluate the appearance and extent of apoptosis in SUDHL-6
alyzed by Western blot. (C) The release of cytochrome c (cyto-c) was monitored by
sol.



Fig. 3.Melatonin and epirubicin combination impact the expression of P-glycoprotein (P-gp). Human SUDHL-10 and SUDHL-6 cells were treated with DMSO (0.1%), MLT
(1.0 mM) or EPI (0.1 mg/L) alone or their combination for 48 h. (A) Cells were lysed, and the expression of P-gp was analyzed byWestern blotting. (B) And the quantitative
analysis of the proteins was performed beside. (C) The membrane location of P-gp in SUDHL-6 cells was indicated by immunofluorescence imaging analysis. The phase
contrast, P-gp (red), and DAPI nuclear counterstain (blue). The data were presented as mean ± SD of three separate experiments. (**P < 0.01, ***P < 0.001).

Fig. 4.Melatonin suppressed the function of P-glycoprotein in DLBCL cells. SUDHL-10 and SUDHL-6 cells were treated with MLT or RPMI 1640 (control) for 48 h. Then cells
were incubated with 1 μg/mL Rhodamine-123 (Rho-123) dye or EPI for 90 min in dark. (A) The effect of MLT on intracellular Rho-123 accumulation in SUDHL-10 and
SUDHL-6 cells was measured by flow cytometry. (B) Quantitatively analysis of intracellular Rho-123 fluorescence. (C) The effect of MLT on intracellular EPI
accumulation in SUDHL-10 and SUDHL-6 cells was measured by flow cytometry. (D) Quantitatively analysis of intracellular EPI fluorescence. Each column shows the
mean ± SD of three independent experiments. (*P < 0.05, **P < 0.01, ***P < 0.001).

K. Liu et al. Translational Oncology 14 (2021) 100876
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signaling pathway. In SUDHL-6 cells, treatment with epirubicin (0.1 mg/L)
or melatonin (1.0 mM) alone for 48 h triggered the release of cytochrome c
from the inter-mitochondrial space into the cytosol, but the combined treat-
ment with these two drugs markedly elevated the release of cytochrome c
(Fig. 2C).

Melatonin inhibits epirubicin-induced P-glycoprotein expression

In order to identify the effect of melatonin on the expression of P-gp, we
firstly analyzed the expression of P-gp in different drug treatment groups by
western blot and found that epirubicin (0.1 mg/L) alone higher the expres-
sion of p-gp. However, co-treatment with melatonin (1.0 mM) and
epirubicin (0.1 mg/L) almost diminished the expression of p-gp compared
with epirubicin itself (Fig. 3A). Quantitative analysis of the protein bands
also showed that the treatment of epirubicin alone significantly promoted
the expression levels of p-gp (P < 0.05), on this base, co-treatment with
melatonin inhibited the expression of p-gp and the inhibition effect is
more pronounced in SUDHL-6 cells (Fig. 3B). The immunofluorescence
assay reconfirmed the effect of melatonin on the expression of P-gp
(Fig. 3C).

Melatonin inhibits the activity of the P-glycoprotein pump

Therefore, the activity of the P-gp drug pump can be gauged by the de-
gree of intracellular accumulation of Rho-123, which can in turn be deter-
mined by the measurement of intracellular fluorescence. As shown in
Fig. 4A, the intracellular accumulation of Rho-123 was detected using
flowcytometry. Comparedwith themelatonin untreated group, thefluores-
cence curve of themelatonin treatment group shifted to the right in SUDHL-
Fig. 5. Epirubicin induced the up-regulation of P-glycoprotein expression by activating
DLBCL tissue; representative pictures of each antibody staining are shown. (B) Scatterp
Spearman's coefficient tests were performed to assess statistical significance. (C) P-
treatment with EPI at various indicated concentrations. (D) Cells were treated with or
higher concentration of EPI (100 ng/mL) for 48 h. P-gp and P65 protein expression wer
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10 cells and SUDHL-6 cells. As shown in Fig. 4B, quantitative analysis of the
intracellular accumulation of Rho-123 showed that the fluorescence inten-
sity of the melatonin treatment group significantly enhanced than the mel-
atonin untreated group (P < 0.05).

The fluorescence characteristic of epirubicin was directly utilized to de-
termine intracellular drug concentration by flow cytometry and intracellu-
lar fluorescence was indirectly representative of epirubicin concentration.
The fluorescence curve of the melatonin treatment group shifted to the
right and the intracellular accumulation of epirubicin was increased in
the melatonin treatment group than the melatonin untreated group
(Fig. 4C, D). These results suggested that the function of P-gp-dependent ef-
flux could be inhibited by melatonin.

Epirubicin promotes the expression of P-gp by activating NF-κB pathway

In order to explore the relationship between P-gp protein and NF-κB
pathway in DLBCL, immunohistochemistry was performed on paraffin sec-
tions of DLBCL patients (n=26) using the anti-P-gp and anti-P65. And, the
HE staining showed the pathological structure of DLBCL (Fig. 5A). Subse-
quently, we found that the expression level of P-gp was positively corre-
lated with NF-κB P65 expression in DLBCL patients by spearman's rank
correlation analyses (Fig. 5B). To investigate whether epirubicin treatment
regulating the expression of P-gp by activating theNF-κB pathway, different
concentrations of epirubicinwere used to treat SUDHL-10 cells and SUDHL-
6 cells and then detected the expression of P65 and P-gp. As shown in
Fig. 5C, both expressions of P65 and P-gp were up-regulated as drug con-
centrations increased. In order to further confirm the expression of P-gp is
regulated by the NF-κB pathway, SUDHL-10 cells, and SUDHL-6 cells
were treated with an NF-κB-selective inhibitor QNZ (500 nM) after
the NF-κB signaling pathway. (A) HE staining and IHC analysis of P-gp and P65 in
lot showing the positive correlation between P-gp and P65 expression in patients;
gp and P65 protein expression were determined by Western blotting after 48 h
without NF-κB-selective inhibitor QNZ (500 nM) for 8 h after pretreatment with a
e determined by Western blotting.



Fig. 6. Melatonin inhibits the epirubicin-induced increase of P-glycoprotein expression by inhibiting the NF-κB signaling pathway. Human SUDHL-10 and SUDHL-6 cells
were treated with DMSO (0.1%), MLT (1.0 mM) or EPI (0.1 mg/L) alone or their combination for 48 h. (A) The expression level of the P65 protein was detected by
Western blot in the whole cell lysate. (B) The expression level of P50 and P65 protein were detected by Western blot in the nuclei. (C) The streptavidin-biotin pulldown
assay was performed to analyze the binding of P65 protein to the ABCB1 promoter. Nuclear extracts prepared from human SUDHL-6 cells were incubated with biotin-
labeled ABCB1 promoter probe and streptavidin agarose beads. The DNA-protein complexes were separated by SDS-PAGE, and the P65 protein bands were determined
by Western blot. (D) The expression level of p-IKKβ and IKKβ protein were detected by Western blot in the cytoplasm.
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pretreatment with a higher concentration of epirubicin (100 ng/mL). After
continuous incubation of 8 h, the expression of P65 and P-gp was detected
by western blot assay. As shown in Fig. 5D, the expression of P-gp was
inhibited after blocking the NF-κB pathway with specific inhibitors. All of
these results supported that epirubicin could induce the expression of P-
gp by activating the NF-κB pathway.

Melatonin inhibited epirubicin-mediated activating of NF-κB signaling and the
expression of P-gp

To explore whether the expression inhibition of P-gp by co-treatment
with melatonin and epirubicin through inhibiting the activation of NF-κB
pathway, we first determined the level of p65 in the whole cell lysate and
found that the treatment withmelatonin and epirubicin markedly inhibited
the expression of P65 in SUDHL-10 cells and SUDHL-6 cells (Fig. 6A). Fur-
ther, western blot assay was performed to examine the expression of p50/
p65 in the nuclei of cells and found that the co-treatment of melatonin
and epirubicin similarly reduced the expression of P50/P65 in the nuclei
(Fig. 6B). We determined the effect of the co-treatment on the binding of
P65 at theABCB1 promoter region. Pulldown assay indicated that the bind-
ing of P65 to theABCB1 promoter was reduced after co-treatmentwithmel-
atonin and epirubicin compared to epirubicin treatment alone in SUDHL-6
cells (Fig. 6C). These results indicated that the inhibition of P-gp expression
by co-treatment with melatonin and epirubicin might be mediated by
inhibiting the expression of NF-κB P65 in the cell nuclei and further
inhibiting its binding at ABCB1 promoter.

We then investigated the influence of the combinational use of melato-
nin and epirubicin on the IKKβ protein and its phosphorylated forms in the
cytoplasm. Fig. 6D shows that co-treatment with melatonin and epirubicin
significantly suppressed the phosphorylation of IKKβ in SUDHL-10 cells
and SUDHL-6 cells without affecting its overall expression. All of these
7

results supported that the NF-κB pathway was a potential target of co-
treatment with melatonin and epirubicin in DLBCL cells to finally suppress
P-gp expression.

Discussion

In our studies, we found that epirubicin had a much greater impact on
DLBCL cells than melatonin. In addition, melatonin sensitized epirubicin-
mediated anti-tumor growth in DLBCL cells, which was represented by
the improved cell viability suppression and apoptosis induction. The IC50
value of epirubicin was dramatically decreased under co-treatment with
melatonin in comparison with epirubicin treatment alone. Furthermore,
this joint scheme resulted in more activation of the mitochondria-
mediated apoptosis pathway, which through the release of cytochrome c
from the mitochondrial intermembrane space and modulation of several
pro- and antiapoptotic proteins including Bcl-2, Bax, and cleaved caspase
PARP, leading then to cell death. Some studies agree with our finding
that the inhibitory effect of melatonin on cell growth by inducing apoptosis
[43,44].

Our studies showed that the sensitivity of DLBCL cells to epirubicinmay
be affected by the melatonin influence on the expression or function of P-
gp. With the use of the cytostatic, the number of DLBCL cells sensitive to
epirubicin decreased and intracellular MDR proteins increased, including
P-gp. Evidence of this, as seen in our research, the expression of P-gp was
significantly increased after epirubicin alone treatment. P-gpmainly locates
in the cytomembrane and nuclear envelope, which could weaken the anti-
tumor effect of epirubicin by reducing the concentration of drugs in the cy-
toplasm and nuclear. However, in the case of melatonin co-treatment with
epirubicin, the expression of P-gp was significant decreases on the basis of
epirubicin alone promoting the increase of P-gp expression. And we clearly
demonstrated that treatment with melatonin increased the intracellular



Fig. 7.The schematic diagramof themolecularmechanisms ofmelatonin enhancing the sensitivity of DLBCL cells to epirubicin. The co-treatment of epirubicin andmelatonin
increased proliferation suppression and apoptosis inductionmight be achieved through activating the cytochrome c/caspase-dependent apoptotic signaling and inhibiting the
NF-κB signaling. The red symbol (┤) indicates negative regulation. Black colored arrow (→) indicates direct or indirect positive regulation.
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levels of rhodamine 123 or epirubicin by inhibiting the function of P-gp.
Previous reports have described the impact of melatonin and cytostatic on
the presence of P-gp in tumor cells [42,45]. The mechanism of such an im-
pact has not been elucidated.

Our further molecular mechanism studies indicated that epirubicin-
induced the increase of P-gp protein expression may be associated with ac-
tivation of the NF-κB pathway. In some publications, it has been suggested
that the upregulation of the NF-κB pathway as a possible mechanism for the
development of MDR in resistant cancer [41]. Immunohistochemistry re-
sults in archived tissue of DLBCL patients also showed that the expression
of P-gp is a positive correlation with the expression of the NF-κB P65. The
cytotoxic effects of epirubicin on tumor cells are linked primarily to directly
damage the DNA strand. And NF-κB is deemed as DNA damage-responsive
transcription factor [46,47]. In our vitro experiment,with an increased con-
centration of epirubicin, intracellular DNA damage gradually accumulates
and the expression of P-gp and P65 increased. Western blot data further
confirmed that the down-regulation of P-gp is associated with inhibition
of the NF-κB pathway. Kim JH et al. [48] carried out in vitro studies similar
to us and noted that inhibition of the NF-κB pathway may sensitize lym-
phoma cells to cytostatic.

In the present study, we also found that melatonin sensitizes DLBCL
cells to epirubicin may through inhibiting P-gp expression via the NF-κB
pathway. There are reports that melatonin has a varying physiological ef-
fect by suppressing the NF-κB pathway, including immunomodulatory
and anti-inflammatory [49–51]. We found that melatonin could reduce
8

the amount of NF-κB P65 protein in the nucleus and abrogating P65's bind-
ing to ABCB1 promoter to finally suppressing P-gp expression. Reducing of
NF-κB P65 protein in the nucleus may rely on the suppression of total P65
expression and the phosphorylation of IKKβ, the latter inhibiting the trans-
location of NF-κB P65 proteins from cell cytoplasm to the nucleus.

Based on the obtained results, the combinations of melatonin and
epirubicin increased the sensitivity of DLBCL cells to epirubicin, including
increase cell viability suppression and apoptosis induction. Furthermore,
we elucidated the underlying molecular mechanisms of such enhanced ac-
tion may be related to mitochondria-mediated apoptosis pathway and P-gp
(Fig. 7). The IHC studies demonstrated that the expression of P-gp was pos-
itively correlated with NF-κB P65 expression. And epirubicin, a DNA-
damaging cytotoxic, induces the expression of P-gp increased by activating
the NF-κB pathway. The co-treatment of melatonin was found could inhibit
the function of P-gp and the expression of P-gp through suppressing the NF-
κB pathway. There are still many unknown effects of melatonin on tumors.
But, our resultsmight not only provide a theoretical basis for melatonin as a
potential chemotherapy adjuvant, and provide a newdirection for the clinic
treatment of DLBCL, especially refractory/recurrent DLBCL.
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