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Triggering of dendritic cell apoptosis by xanthohumol
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Xanthohumol, a flavonoid from beer with anticancer activity is known to trigger apoptosis in

a variety of tumor cells. Xanthohumol further has anti-inflammatory activity. However, little

is known about the effect of xanthohumol on survival and function of immune cells. The

present study thus addressed the effect of xanthohumol on dendritic cells (DCs), key players

in the regulation of innate and adaptive immunity. To this end, mouse bone marrow-derived

DCs were treated with xanthohumol with subsequent assessment of enzymatic activity of acid

sphingomyelinase (Asm), ceramide formation determined with anti-ceramide antibodies in

FACS and immunohistochemical analysis, caspase activity utilizing FITC conjugated anti-

active caspase 8 or caspase 3 antibodies in FACS and by Western blotting, DNA fragmen-

tation by determining the percentage of cells in the sub-G1 phase and cell membrane

scrambling by annexin V binding in FACS analysis. As a result, xanthohumol stimulated

Asm, enhanced ceramide formation, activated caspases 8 and 3, triggered DNA fragmenta-

tion and led to cell membrane scrambling, all effects virtually absent in DCs from gene

targeted mice lacking functional Asm or in wild-type cells treated with sphingomyelinase

inhibitor amitriptyline. In conclusion, xanthohumol stimulated Asm leading to caspase

activation and apoptosis of bone marrow-derived DCs.
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1 Introduction

Xanthohumol, a flavonoid from beer [1–3], has been shown

to elicit anti-inflammatory, antiangiogenic, anticancer,

antibacterial, antifungal, antimalarial and antiviral effects

[4]. It may further favourably influence sleep disorders and

menopausal symptoms in women [5]. Xanthohumol can

cyclize to form the weak estrogen isoxanthohumol under the

acidic conditions of the stomach [6]. In addition, isoxan-

thohumol can be metabolized by human liver enzymes to

form the potent estrogen 8-prenylnaringenin [6]. Therefore,

xanthohumol might function as a pro-estrogen, if it is

absorbed and transported to the liver following oral

administration [7]. However, in vivo rodent studies indicate

that orally administered xanthohumol is not detected in

plasma and that a majority of this dose is excreted

unchanged with the faeces [8, 9]. In the Caco-2 cell line, a

cell model used for the prediction of intestinal drug

absorption in humans [10], xanthohumol was shown to

readily enter the cells, but then it becomes trapped and does

not exit quickly [7]. The anticarcinogenic effect of xantho-

humol is thought to result from inhibition of cell prolif-

eration and stimulation of apoptosis [11–26]. The effect of

xanthohumol on the immune response has been attributed

to an influence on the function of lymphocytes [18, 27–29] or

macrophages [4, 30]. In lymphocytes, immunosuppressive

effects of xanthohumol were reported, which include inhi-

bition of T-cell proliferation, cell-mediated cytotoxicity and
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Th1 cytokine (IL-2, IFN-g and TNF-a) production, effects

attributed to suppression of NF-kB [29]. In contrast,

xanthohumol treatment of mouse EL-4 T cells activated with

phorbol 12-myristate 13-acetate plus ionomycin significantly

increased IL-2 production through the enhancement of IL-2

promoter, NF-AT and AP-1 activity with no effect on NF-kB

activity [27]. In LPS- and IFN-g-stimulated mouse macro-

phage RAW 264.7 cells xanthohumol inhibited the produc-

tion of NO by suppressing the expression of inducible NO

synthase [30]. In LPS-activated RAW264.7 cells xanthohu-

mol was also shown to reduce the expression of the LPS

receptor components such as TLR4 and MD2 resulting in

the suppression of NF-kB activation [4]. In the IFN-g-

stimulated RAW264.7 cells, the binding activity of STAT-1a
and IRF-1 was inhibited by xanthohumol [4]. Several flavo-

noids were shown to inhibit dendritic cell (DC) growth and

functional differentiation [31], to have an inhibitory effect on

the production of cytokines [32–36], formation of ROS and

NO, and change in intracellular Ca21 levels [34], to induce

apoptosis [37], to suppress cell surface molecule expression

and antigen presentation [35, 37, 38] and to enhance antigen

capture via mannose receptor-mediated endocytosis [35].

At least in theory, xanthohumol may influence the

immune system by modifying the survival of DCs, antigen-

presenting cells operating at the interface of the innate and

adaptive immune system [39–41]. DCs are located

throughout the body to capture and internalize invading

pathogens, and subsequently process and present antigen

on MHC class I and class II molecules to CD81 and CD41

T cells, respectively [40]. DCs further counteract potentially

harmful immune responses against nonpathogenic anti-

gens [42]. Since DCs are in contact with the intestinal lumen

[43], they may be exposed to relatively high nutrient

concentrations. An inappropriate immune response to

microbial antigens of commensal microorganisms in

genetically susceptible individuals may lead to chronic

inflammatory diseases, such as Crohn’s disease or ulcerative

colitis [44].

The present study explored, whether xanthohumol affects

DC survival. To this end, bone marrow-derived mouse DCs

were exposed to xanthohumol and ceramide formation,

caspase activity, DNA fragmentation as well as cell

membrane scrambling determined.

2 Materials and methods

2.1 Mice and cell culture

DCs were obtained from bone marrow of 7–12 wk old acid

sphingomyelinase (Asm) knockout (asm�/�) mice, completely

lacking functional Asm on C57/BL6 genetic background and

their age and sex matched wild-type littermates (asm1/1). All

animal experiments were conducted according to the guide-

lines of the American Physiological Society as well as the

German law for the welfare of animals and were approved by

local authorities. The asm�/� mice [45, 46] were a kind gift of

Dr. Verena Jendrossek (University of T .ubingen, Germany)

and were originally obtained from Dr. R. Kolesnick (Sloan

Kettering Cancer Memorial Center, NY, USA). DCs were

cultured as previously described [47–49] with slight modifi-

cations. Briefly, bone marrow cells were flushed out of the

cavities from the femur and tibia with PBS (in mM: 155.2

NaCl, 1.5 KH2PO4, 2.7 Na2HPO4, pH 7.2, GIBCO, Carlsbad).

Cells were washed twice with RPMI and seeded out at a

density of 2� 106 cells per 60– mm dish. Cells were cultured

for 8 days in RPMI 1640 (GIBCO) containing: 10% fetal calf

serum (FCS), 1% penicillin/streptomycin, 1% glutamine, 1%

non-essential amino acids and 0.05% b-mercaptoethanol.

Cultures were supplemented with Granulocyte-macrophage

colony-stimulating factor (GM-CSF, 35 ng/mL, Preprotech

Tebu) and fed with fresh medium containing GM-CSF on

days 3 and 6. Nonadherent and loosely adherent cells were

harvested after 8 days of culture. At day 8, 480% of the cells

expressed CD11c, which is a marker for mouse DCs. Experi-

ments were performed in the absence or in the presence of

different concentrations of xanthohumol (2–50mM, Sigma-

Aldrich, Germany) in the absence and in the presence of

amitriptyline (0.5mM, Sigma-Aldrich, Germany) at day 9.

2.2 Asm activity assay

The activity of the Asm was measured, as previously

described [50]. Briefly, 2.5� 105cells were incubated with

xanthohumol (20 mM) for different time spans: 30 min; 1, 2,

5, 8, 20, 22 or 24 h, frozen in liquid nitrogen and kept at

�801C. Then the cells were lysed in 50mL of ice-cold buffer

containing 50 mM sodium acetate (pH 5.0), 1% NP40. After

10 min lysis on ice, the lysates were diluted to 0.1% NP40 in

a final volume of 200 mL. The lysates were incubated

with 0.02 mCi of [14C]sphingomyelin for 30 min at 371C. The

reaction was stopped by addition of 1 mL v/v of

CHCl3:CH3OH. The substrate was dried before use and

resuspended in 50 mM sodium acetate (pH 5.0), 0.1% NP40

followed by 10 min bath sonication to promote the forma-

tion of micelles. Phases were separated by 5 min centrifu-

gation at 14 000 rpm, and an aliquot of aqueous phase was

applied for liquid scintillation counting. Hydrolysis of

[14C]sphingomyelin by sphingomyelinase results in release

of [14C]choline chloride into the aqueous phase, whereas

ceramide and unreacted [14C]sphingomyelin remain in the

organic phase. Therefore, the release of [14C]choline chloride

(pmol/105 cells/h) serves to determine the activity of the

Asm.

2.3 Ceramide formation in FACS

For detection of ceramide formation, mouse DCs were

stained for 60 min at 371C with anti-ceramide antibodies

(Mouse IgM, Alexis) at a dilution of 1:10 in PBS containing
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0.1% FCS. After three washes with PBS/0.1% FCS, cells

were stained with FITC-labelled goat anti-mouse IgG anti-

body at a dilution of 1:400 (Invitrogen, UK) in PBS/0.1%

FCS for 30 min at 371C. Unbound secondary antibodies

were removed by washing the cells with PBS/0.1% FCS.

Cells were then analyzed by flow cytometry (FACS Calibur,

BD Biosciences).

2.4 Immunocytochemistry for ceramide formation

Untreated or xanthohumol-treated (20 mg/mL, 24 h) DCs

were smeared onto glass slides, rinsed in PBS and fixed with

4% formaldehyde in PBS for 15 min at room temperature.

After three washing steps with PBS for 5 min, slides were

permeabilized and blocked in PBS containing 5% goat

serum (Invitrogen, Karlsruhe, Germany) and 0.3% Triton X-

100 for 60 min and then incubated overnight at 41C with

anti-ceramide antibodies (Mouse IgM, Alexis) at a dilution

of 1:10 in antibody dilution buffer (including PBS, 1% BSA

and 0.3% Triton X-100). The slides were washed again three

times for 5 min and then incubated with goat anti-mouse

IgG-FITC (Invitrogen, Germany) in antibody dilution buffer

for 90 min at 1:500 dilution at room temperature in dark.

After three washing steps with PBS, nuclei were stained

with DRAQ5 (1:1000, BioStatus, Shepshed Leicestershire,

UK) in PBS containing 0.5% Triton X-100 for

10 min and washed final two times with PBS. Stained slides

were mounted using Prolongs Gold antifade reagent

(Invitrogen, Germany). Images were taken on a Zeiss

LSM 5 EXCITER Confocal Laser Scanning Microscope (Carl

Zeiss MicroImaging GmbH, Germany) with immersion

Plan-Neofluar 10_/1.3 NA DIC objective and camera

function.

2.5 Caspase 8 and caspase 3 activation assay

Caspase 8 and caspase 3 activity was determined using kits

from Biovision according to the manufacturer’s instruction.

Briefly 1� 106 cells were washed twice with cold PBS, fixed

and permeabilized with ‘‘Cytofix/Cytoperm’’ solution and

then by washing twice with ‘‘Perm/Wash’’ buffer. Then cells

were stained with FITC conjugated anti-active caspase 8 or

caspase 3 antibody in ‘‘Perm/Wash’’ buffer for 60 min. After

two washing steps, the cells were analyzed by flow cytometry

(FACS Calibur, BD Biosciences).

2.6 DNA fragmentation

In total, 5� 105 cells were fixed with 2% formaldehyde for

30 min on ice and then incubated with 70% ethanol for

15 min at 371C. Cells were then treated with RNase A

(40 mg/mlL) for 30 min at 371C, washed and resuspended in

200 mL PI (50 mg/mL, Sigma). The DNA content of the

samples was analyzed by flow cytometry (FACS Calibur, BD

Biosciences).

2.7 Phosphatidylserine translocation

Apoptotic cell membrane scrambling was evidenced from

annexin V binding to phosphatidylserine at the cell surface

[51]. To this end, the percentage of phosphatidylserine-

translocating cells was evaluated by staining with FITC-

conjugated Annexin V. In brief 4� 105 cells were harvested

and washed twice with Annexin washing buffer (AWB,

10 mM Hepes/NaOH, pH 7.4, 140 mM NaCl, 5 mM CaCl2).

The cell pellet was resuspended in 100 mL of Annexin-V-

Fluos labelling solution (Roche) (20 mL Annexin-V-Fluos

labelling reagent in 1 mL AWB), incubated for 15 min at

room temperature. After washing with AWB, they were

analyzed by flow cytometry.

2.8 Immunoblotting

DCs (2� 106 cells) were washed twice in PBS and then

solubilized in lysis buffer (Pierce) containing protease

inhibitor cocktail (Sigma-Aldrich, Taufkirchen, Germany).

Samples were stored at �801C until use for Western blot-

ting. Cell lysates were separated by 12% SDS-PAGE and

blotted on nitrocellulose membranes. The blots were

blocked with 5% nonfat-milk in triethanolamine-buffered

saline and 0.1% Tween-20. Then the blots were probed

overnight with antibodies detecting caspase 8 or caspase 3

full length and fragments resulting from cleavage

(17–18 kDa) or a/b-tubulin (Cell signaling) diluted (1:1000)

in blocking buffer, washed five times, probed with second-

ary antibodies (anti-mouse or anti-rabbit, GE healthcare,

M .unchen, Germany) diluted 1:5000 for 1 h at room

temperature and washed final five times. Antibody binding

was detected with the enhanced chemiluminescence kit

(Amersham, Freiburg, Germany). Densitometer scans of

the blots were performed using Quantity One (BioRad,

Munich, Germany).

2.9 Statistics

Data are provided as means7SEM, n represents the

number of independent experiments. Differences were

tested for significance using ANOVA. po0.05 was consid-

ered statistically significant.

3 Results

Bone marrow-derived DCs were cultured from either wild-

type mice or mice lacking functional acid sphingomyelinase

(Smpd1�/�). The cells were grown in GM-CSF containing
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media for 8 days and in the following exposed for 24 h to

xanthohumol (20 mM). As illustrated in Fig. 1A–C, admin-

istration of xanthohumol within 24 h stimulated ceramide

formation in DCs from wild-type mice but not in DCs from

asm�/� mice and not in wild-type cells treated with sphin-

gomyelinase inhibitor amitriptyline (Fig. 1C). The observa-

tion revealed a stimulating effect of xanthohumol on the

acid sphingomyelinase of wild-type mice. The effect on

ceramide formation reached statistical significance at 20mM

xanthohumol (Fig. 1D). LPS, which leads to DC activation

through TLR4, is known to result in enhanced DC survival

by inhibition of DC apoptosis [40]. As shown in Fig. 1D, the

production of ceramide was slightly, but significantly,

decreased by LPS treatment (100 nM, 24 h, Fig. 1C).

Figure 1. Effect of xanthohumol on ceramide formation in DCs, (A) Immunohistochemistry of anti-ceramide FITC-coupled-antibody

binding and nuclei staining in a representative experiment on wild-type (asm1/1, left panels) and Asm knockout (asm�/�, right panels) DCs

either untreated (control, upper panels) or incubated for 24 h with xanthohumol (20mg/mL, lower panels). (B) Histograms of anti-ceramide

FITC-coupled-antibody binding as obtained by FACS analysis in a representative experiment on asm1/1 (upper panel) and asm�/� (lower

panel) DCs either untreated (control, dotted line) or incubated for 24 h with xanthohumol (20 mM, black line). (C) Arithmetic means

(n 5 3–8) of the percentage of asm1/1 (left bars) and asm�/� (right bars) DCs presenting ceramide at the cell surface. Ceramide formation is

shown prior to (control, white bars) and 24 h following (black bars) treatment with xanthohumol (20mM) either in the absence or in wild-

type cells also in the presence of amitriptyline (0.5mM, hatched bars).�po0.05 and ���po0.001 represent significant difference from wild-

type xanthohumol-treated cells and po0.01 represents significant difference between xanthohumol-treated asm1/1 and asm�/� DCs,

ANOVA. (D) Dose-dependent effect of xanthohumol on ceramide formation. Arithmetic means (n 5 4–6) of the percentage of wild-type

DCs presenting ceramide at the cell surface. Ceramide formation is shown in untreated cells (control, white bars) or in DCs either treated

with LPS (0.1 mg/mL, 24 h, dotted bars) or xanthohumol (2–50 mM, 24 h, black bars). �po0.05 and ���po0.001 represent significant

difference from control, ANOVA.
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We further determined the enzymatic activity of Asm in

wild-type DCs treated with xanthohumol for different time

periods. No increase of Asm activity was observed at 30 min,

1 h, 2 h and 5 h of xanthohumol treatment. Activation of

Asm could be observed after 8 h and reached its maximum

at 22 h of incubation with xanthohumol (8 h: 14075%, 20 h:

160711%, 22 h: 175713%, 24 h: 150710% of Asm activity

in untreated cells, n 5 4).

Figure 2. Effect of xanthohumol on caspase 8 activity in DCs, (A) Histograms of caspase 8 activity as obtained by FACS analysis in a

representative experiment on asm1/1 (left panel) and asm�/� (right panel) DCs either untreated (control, dotted line) or incubated for 24 h

with xanthohumol (20mM, black line). (B) Arithmetic means (n 5 4–8) of the percentage of asm1/1 (left bars) and asm�/� (right bars) DCs

with activated caspase 8. Caspase activation is shown prior to (control, white bars) and 24 h following (black bars) treatment with

xanthohumol (20mM) either in the absence or in wild-type cells also in the presence of amitriptyline (0.5 mM, striped bars). ���po0.001

represents significant difference from wild-type xanthohumol-treated cells and ]]]po0.001 represents significant difference between

xanthohumol -treated asm1/1 and asm�/� DCs, ANOVA. (C) Dose-dependent effect of xanthohumol on caspase 8 activation. Arithmetic

means (n 5 4–6) of the percentage of wild-type DCs with activated caspase 8. Caspase 8 activity is shown in untreated DCs (control, white

bars) or DCs treated with either LPS (0.1 mg/mL, 24 h, dotted bars) or xanthohumol (2–50mM, 24 h, black bars).���po0.001 represent

significant difference from control condition, ANOVA. (D) Original Western blot of DCs from asm1/1and asm�/� mice, which were either

treated with xanthohumol (20 mM, 24 h) or left untreated (control). Protein extracts were analyzed by direct Western blotting using

antibodies directed against caspase 8. Protein loading was controlled by anti-a/b-tubulin antibody. One representative experiment out of

three is shown. (E) Arithmetic mean7SEM (n 5 3–5) of cleaved protein of caspase 8 as the ratio of cleaved caspase 8:a/b-tubulin.
���po0.001 indicates significant difference between control and xanthohumol-treated cells, ]]]po0.001 indicates difference between

xanthohumol-treated asm1/1 and asm�/� DCs, ANOVA.
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As ceramide is known to stimulate suicidal cell death, a

second series was performed to elucidate the effect of

xanthohumol on caspase activation. The administration

of xanthohumol was indeed followed by activation of

caspase 8 in wild-type DCs as obvious from FACS analysis

(Figs. 2A–C) and Western blotting (Fig. 2D and E). This

Figure 3. Effect of xanthohumol on caspase 3 activity in DCs, (A) Histograms of caspase 3 activity as obtained by FACS analysis in a

representative experiment on asm1/1 (left panel) and asm�/� (right panel) DCs either untreated (control, dotted line) or incubated for 24h

with xanthohumol (20mM, black line). (B) Arithmetic means (n 5 3–8) of the percentage of asm1/1 (left bars) and asm�/� (right bars) DCs with

activated caspase 3. Caspase activation is shown prior to (control, white bars) and 24h following (black bars) treatment with xanthohumol

(20mM) either in the absence or in wild-type cells also in the presence of amitriptyline (0.5mM, striped bars). ���po0.001 represents

significant difference from wild-type xanthohumol-treated cells and ]]]po0.001 represents significant difference between xanthohumol-

treated asm1/1 and asm�/� DCs, ANOVA. (C) Dose-dependent effect of xanthohumol on caspase 3 activation. Arithmetic means (n 5 4–6) of

the percentage of wild-type DCs with activated caspase 3. Caspase 3 activity is shown in untreated DCs (control, white bars) or DCs treated

with either LPS (0.1mg/mL, 24 h, dotted bars) or xanthohumol (2–50mM, 24 h, black bars). ���po0.001 represents significant difference from

control condition, ANOVA. (D) Original Western blot of DCs from asm1/1and asm�/� mice, which were either treated with xanthohumol

(20mM, 24h) or left untreated (control). Protein extracts were analyzed by direct Western blotting using antibodies directed against caspase 3.

Protein loading was controlled by anti-a/b-tubulin antibody. One representative experiment out of three is shown. (E) Arithmetic mean7SEM

(n 5 3–5) of cleaved protein of caspase 3 as the ratio of cleaved caspase 3:a/b-tubulin �po0.05 indicates significant difference between control

and xanthohumol-treated cells, ]po0.05 indicates difference between xanthohumol-treated asm1/1and asm�/� DCs, ANOVA.
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effect reached statistical significance at the concentration of

xanthohumol Z20 mM (Fig. 2C). In contrast, little stimula-

tion of caspase activation was observed in DCs derived from

asm�/� mice (Figs. 2A, B, D and E) or in wild-type DCs

treated with amitriptyline (Fig. 2B), indicating that the effect

of xanthohumol on caspase activation was secondary to

stimulation of ceramide formation.

Similar to caspase 8, caspase 3 activity was activated by

administration of xanthohumol in wild-type DCs. Again,

xanthohumol at concentrations above 20mM stimulated the

caspase 3 only in wild-type DCs but not in DCs from asm�/�

mice (Fig. 3). Amitriptyline treatment resulted in a signifi-

cant reduction of caspase 3 activation by xanthohumol in

wild-type cells (Fig. 3B). Thus, activation of caspase 3,

similar to that of caspase 8, was significantly stimulated by

xanthohumol by a mechanism requiring functional acid

sphingomyelinase.

As activation of caspases is known to trigger suicidal cell

death, additional experiments were performed to determine

the effect of xanthohumol on DNA fragmentation, a hall-

mark of apoptosis. Xanthohumol treatment at concentra-

tions Z20mM was indeed followed by an increase of cells in

the sub-G1 phase, a known marker for fragmented DNA

(Fig. 4). In contrast, administration of xanthohumol did not

elicit DNA fragmentation in DCs from asm�/� mice

(Figs. 4A and B) or in wild-type amitriptyline-treated DCs

(Fig. 4B).

Apoptosis is further known to stimulate cell membrane

scrambling with subsequent phosphatidylserine exposure at

the cell surface. Quantitative assessment of phosphati-

dylserine exposure was accomplished by determination of

annexin V binding. As shown in Fig. 5, xanthohumol at

concentrations Z10 mM stimulated annexin V binding only

in wild-type DCs but not in DCs from asm�/�mice (Figs. 5A

and B) and to a much lesser extent in wild-type cells treated

with amitriptyline (Fig. 5B).

4 Discussion

According to the present study, xanthohumol stimulates the

acid sphingomyelinase (Asm) in DCs leading to ceramide

formation, caspase activation and stimulation of suicidal cell

death. The sequence of events in xanthohumol-induced

apoptosis could be the following: DC stimulation

with xanthohumol leads to translocation of Asm from an

Figure 4. Effect of xanthohumol on DNA fragmentation in DCs, (A) Histograms of DNA content in sub-G1 fraction as obtained by FACS

analysis in a representative experiment on asm1/1 (left panel) and asm�/� (right panel) DCs, which remained either untreated (control,

dotted line) or were incubated for 24 h with xanthohumol (20 mM, black line). (B) Arithmetic means (n 5 3–8) of the percentage of asm1/1

(left bars) and asm-/- (right bars) DCs with fragmented DNA. DNA fragmentation is shown prior to (control, white bars) and 24 h following

(black bars) treatment with xanthohumol (20mM) either in the absence or in wild-type cells also in the presence of amitriptyline (0.5 mM,

striped bars). ��po0.01 and ���po0.001 represent significant difference from wild-type xanthohumol-treated cells and ]]po0.01 repre-

sents significant difference between xanthohumol-treated asm1/1 and asm�/� DCs, ANOVA. (C) Dose-dependent effect of xanthohumol

on DNA fragmentation. Arithmetic means (n 5 4–6) of the percentage of wild-type DCs with fragmented DNA. DNA fragmentation is

shown in untreated DCs (control, white bars) or DCs treated with either LPS (0.1 mg/mL, 24 h, dotted bars) or xanthohumol (2–50mM, 24 h,

black bars) treated DCs. ��po0.05, and ���po0.001 represent significant difference from control condition, ANOVA.
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intracellular compartment onto the cell surface. In

lymphocytes, electron microscopy studies localized Asm in

intracellular vesicles of unstimulated cells, which appeared

to fuse with the cell membrane upon stimulation with the

Fas ligand [52]. This resulted in exposure of the Asm on the

extracellular membrane leaflet and subsequent formation of

ceramide. Ceramide formation results in caspase 8 auto-

catalysis that initiates apoptosis induction. Caspase 8 can

then directly activate caspase 3. The activation of caspase 3

executes apoptosis by triggering DNA fragmentation and

proteolysis of intracellular proteins.

A wide variety of stimuli, including Fas ligand, TNF-a,

g-irradiation, anti-tumor reagents and heat shock trigger the

release of ceramide [53]. Most of these stimuli activate the

acid sphingomyelinase, which belongs to a class of enzymes

that hydrolyze sphingomyelin and thus generate ceramide

[53]. However, ceramide can be also generated by ceramide

synthase, a key enzyme involved in de novo sphingolipid

biosynthesis [54]. Moreover, neutral and alkaline sphingo-

myelinases have been also described [53]. Ceramide forma-

tion in DCs obtained from asm�/� mice could be thus

mediated by these enzymes.

Xanthohumol has previously been shown to trigger

apoptosis in a wide variety of cells including adipocytes [55,

56], preadipocytes [57], leukemia cells [12, 13, 18, 21], breast

cancer cells [14, 17, 23, 24, 26], prostate cancer [11], hepa-

tocellular carcinoma cells [19], colon cancer cells [25], Bcr/

Abl-transformed cells [22], fibrosarcoma [16] and Kaposi’s

sarcoma [20]. An effect of xanthohumol on DC survival has

never been reported.

Xanthohumol is partially effective through activation of the

death receptor- and mitochondrial pathway [25], nuclear

factor-kB NFkB and p53 modulation [11, 18, 22, 58]. More-

over, xanthohumol has been shown to inhibit diacylglycerol

acyltransferase [16] and to upregulate the function of the

E-cadherin/catenin complex [26]. Xanthohumol may increase

the cellular content of reactive oxidant species but at the

same time may exert antioxidant activity [59]. Moreover,

Figure 5. Effect of xanthohumol on cell membrane scrambling in DCs, (A) Histograms of annexin V binding as obtained by FACS analysis

in a representative experiment on asm1/1 (left panel) and asm�/� (right panel) DCs either untreated (control, dotted line) or incubated for

24 h with xanthohumol (20 mM, black line). (B) Arithmetic means (n 5 3–8) of the percentage of asm1/1 (left bars) and asm�/� (right bars)

DCs with annexin V binding. Annexin V binding is shown prior to (control, white bars) and 24 h following (black bars) treatment with

xanthohumol (20mM) either in the absence or in wild-type cells also in the presence of amitriptyline (0.5 mM, striped bars). ���po0.001

represents significant difference from wild-type xanthohumol-treated cells and ]]]po0.001 represents significant difference between

xanthohumol-treated asm1/1 and asm�/� DCs, ANOVA. (C) Dose-dependent effect of xanthohumol on annexin V binding. Arithmetic

means (n 5 4–6) of the percentage of wild-type DCs with annexin V binding is shown in untreated (control, white bars) or either LPS-

(0.1 mg/mL, 24 h, dotted bars) or xanthohumol- (2–50 mM, 24 h, black bars) treated DCs. ���po0.001 represent significant difference from

control condition, ANOVA.
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xanthohumol has been shown to upregulate the detoxification

enzyme NADPH-quinone oxidoreductase [60]. An involve-

ment of sphingomyelinase and/or ceramide in the effects of

xanthohumol has never been published. Ceramide is a well

known stimulator of apoptosis in a variety of cell types [61–66]

and may thus participate in the stimulation of apoptosis by

xanthohumol in other cell types as well.

In contrast to its proapoptotic effect on nucleated cells,

xanthohumol protects erythrocytes against suicidal cell

death [67], which is, similar to apoptosis of nucleated cells,

stimulated following activation of sphingomyelinase and

subsequent formation of ceramide [51, 64, 68–70]. The

mechanisms accounting for the differences between nucle-

ated cells and erythrocytes during suicidal death remain to

be elucidated. Clearly, the suicidal death of erythrocytes

lacking nuclei is not expected to be under genomic regula-

tion by transcription factors such as NFkB [64].

The xanthohumol-induced apoptosis may suppress the

immune response, an effect, which, at least in theory, may

contribute to the anti-inflammatory action of the nutrient

[4]. This does, of course, not rule out additional mechanisms

contributing to the anti-inflammatory effect of xanthohu-

mol.

Xanthohumol is a component of regular beer, although

in very low amounts (100 mg/L). Whether levels of xantho-

humol used in our study in vitro are achievable in vivo is not

clear. In leukaemia cells, apoptotic effects of xanthohumol

were observed at concentrations 5–10 mM [12]. Xanthohumol

potentiates TNF-induced apoptosis several-fold at the

concentration of 50 mM in both myeloid and leukaemic cells

[18]. It was shown that xanthohumol could at a concentra-

tion of 25mM inhibit the growth of human endothelial cells

in culture [71]. Comparable dosages (20 mM in the drinking

water), when given orally to mice, inhibited the angiogen-

esis and tumor growth in mice [71]. In another study

xanthohumol administration in concentrations of 500 mM

(in the drinking water) for 4 wk did not affect any major

organ functions in mice [72].

Reduced apoptosis in DCs matured in the presence of

LPS fits well to the previous studies, where it was shown

that LPS and TNF-a can increase DC survival through

upregulation of Bcl-XL and Bcl-2 [73]. Moreover, mature

DCs highly express the caspase 8 inhibitory protein cFLIP,

whereas only low levels are detected in immature DCs [74].

Though DCs at all stages of maturation express death

receptors, the death ligand sensitivity was shown to depend

on DC maturation and inversely correlated with expression

levels of cFLIP [74].

In conclusion, xanthohumol stimulates ceramide

formation and apoptotic death of DCs. The effect is expected

to affect the immune response.

This work was supported by the Deutsche Forschungsge-
meinschaft (SFB 766).

The authors have declared no conflict of interest.

5 References

[1] Intelmann, D., Haseleu, G., Hofmann, T., LC-MS/MS quan-

titation of hop-derived bitter compounds in beer using the

ECHO technique. J. Agric. Food Chem. 2009, 57, 1172–1182.

[2] Keukeleire, J. D., Janssens, I., Heyerick, A., Ghekiere, G.

et al., Relevance of organic farming and effect of climato-

logical conditions on the formation of alpha-acids,

beta-acids, desmethylxanthohumol, and xanthohumol in

hop (Humulus lupulus L.). J. Agric. Food Chem. 2007, 55,

61–66.

[3] Kodama, S., Yamamoto, A., Sato, A., Suzuki, K. et al.,

Enantioseparation of isoxanthohumol in beer by hydro-

xypropyl-gamma-cyclodextrin-modified micellar electro-

kinetic chromatography. J. Agric. Food Chem. 2007, 55,

6547–6552.

[4] Cho, Y. C., Kim, H. J., Kim, Y. J., Lee, K. Y. et al., Differential

anti-inflammatory pathway by xanthohumol in IFN-gamma

and LPS-activated macrophages. Int. Immunopharmacol.

2008, 8, 567–573.

[5] Guo, J., Nikolic, D., Chadwick, L. R., Pauli, G. F. et al.,

Identification of human hepatic cytochrome P450 enzymes

involved in the metabolism of 8-prenylnaringenin and

isoxanthohumol from hops (Humulus lupulus L.). Drug

Metab. Dispos. 2006, 34, 1152–1159.

[6] Nikolic, D., Li, Y., Chadwick, L. R., Pauli, G. F. et al., Meta-

bolism of xanthohumol and isoxanthohumol, prenylated

flavonoids from hops (Humulus lupulus L.), by human liver

microsomes. J. Mass Spectrom. 2005, 40, 289–299.

[7] Pang, Y., Nikolic, D., Zhu, D., Chadwick,L. R. et al., Binding

of the hop (Humulus lupulus L.) chalcone xanthohumol to

cytosolic proteins in Caco-2 intestinal epithelial cells. Mol.

Nutr. Food Res. 2007, 51, 872–879.

[8] Avula, B., Ganzera, M., Warnick, J. E., Feltenstein, M. W.

et al., High-performance liquid chromatographic determi-

nation of xanthohumol in rat plasma, urine, and fecal

samples. J. Chromatogr. Sci. 2004, 42, 378–382.

[9] Nookandeh, A., Frank, N., Steiner, F., Ellinger, R. et al.,

Xanthohumol metabolites in faeces of rats. Phytochemistry

2004, 65, 561–570.

[10] Yano, K., Masaoka, Y., Kataoka, M., Sakuma, S. et al.,

Mechanisms of membrane transport of poorly soluble

drugs: Role of micelles in oral absorption processes.

J. Pharm. Sci. 2010, 99, 1336–1345.

[11] Colgate, E. C., Miranda, C. L., Stevens, J. F., Bray, T. M.

et al., Xanthohumol, a prenylflavonoid derived from hops

induces apoptosis and inhibits NF-kappaB activation in

prostate epithelial cells. Cancer Lett. 2007, 246, 201–209.

[12] Dell0Eva, R., Ambrosini, C., Vannini, N., Piaggio, G. et al.,

AKT/NF-kappaB inhibitor xanthohumol targets cell growth

and angiogenesis in hematologic malignancies. Cancer

2007, 110, 2007–2011.

[13] Diller, R. A., Riepl, H. M., Rose, O., Frias, C. et al., Synthesis

of demethylxanthohumol, a new potent apoptosis-inducing

agent from hops. Chem. Biodivers. 2005, 2, 1331–1337.

[14] Gerhauser, C., Alt, A., Heiss, E., Gamal-Eldeen, A. et al.,

Cancer chemopreventive activity of xanthohumol, a natural

S222 N. T. Xuan et al. Mol. Nutr. Food Res. 2010, 54, S214–S224

& 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com



product derived from hop. Mol. Cancer Ther. 2002, 1,

959–969.

[15] Gerhauser, C., Beer constituents as potential cancer chemo-

preventive agents. Eur. J. Cancer 2005, 41, 1941–1954.

[16] Goto, K., Asai, T., Hara, S., Namatame, I. et al., Enhanced

antitumor activity of xanthohumol, a diacylglycerol acyl-

transferase inhibitor, under hypoxia. Cancer Lett. 2005, 219,

215–222.

[17] Guerreiro, S., Monteiro, R., Martins, M. J., Calhau, C. et al.,

Distinct modulation of alkaline phosphatase isoenzymes by

17beta-estradiol and xanthohumol in breast cancer MCF-7

cells. Clin. Biochem. 2007, 40, 268–273.

[18] Harikumar, K. B., Kunnumakkara, A. B., Ahn, K. S., Anand, P.

et al., Modification of the cysteine residues in IkappaBalpha

kinase and NF-kappaB (p65) by xanthohumol leads to

suppression of NF-kappaB-regulated gene products and

potentiation of apoptosis in leukemia cells. Blood 2009, 113,

2003–2013.

[19] Ho, Y. C., Liu, C. H., Chen, C. N., Duan, K. J. et al., Inhibitory

effects of xanthohumol from hops (Humulus lupulus L.) on

human hepatocellular carcinoma cell lines. Phytother. Res.

2008, 22, 1465–1468.

[20] Larghero, P., Vene, R., Minghelli, S., Travaini, G. et al.,

Biological assays and genomic analysis reveal lipoic acid

modulation of endothelial cell behavior and gene expres-

sion. Carcinogenesis 2007, 28, 1008-1020.

[21] Lust, S., Vanhoecke, B., Janssens, A., Philippe, J. et al.,

Xanthohumol kills B-chronic lymphocytic leukemia cells by

an apoptotic mechanism. Mol. Nutr. Food Res. 2005, 49,

844-850.

[22] Monteghirfo, S., Tosetti, F., Ambrosini, C., Stigliani, S. et al.,

Antileukemia effects of xanthohumol in Bcr/Abl-trans-

formed cells involve nuclear factor-kappaB and p53 modu-

lation. Mol. Cancer Ther. 2008, 7, 2692–2702.

[23] Monteiro, R., Faria, A., Azevedo, I., Calhau, C., Modulation

of breast cancer cell survival by aromatase inhibiting hop

(Humulus lupulus L.) flavonoids. J. Steroid Biochem. Mol.

Biol. 2007, 105, 124–130.

[24] Monteiro, R., Calhau, C., Silva, A. O., Pinheiro-Silva, S. et al.,

Xanthohumol inhibits inflammatory factor production and

angiogenesis in breast cancer xenografts. J. Cell Biochem.

2008, 104, 1699–1707.

[25] Pan, L., Becker, H., Gerhauser, C., Xanthohumol induces

apoptosis in cultured 40–16 human colon cancer cells by

activation of the death receptor- and mitochondrial path-

way. Mol. Nutr. Food Res. 2005, 49, 837–843.

[26] Vanhoecke, B., Derycke, L., Van, M., V., Depypere, H. et al.,

Antiinvasive effect of xanthohumol, a prenylated chalcone

present in hops (Humulus lupulus L.) and beer. Int. J Cancer

2005, 117, 889–895.

[27] Choi, J. M., Kim, H. J., Lee, K. Y., Choi, H. J. et al., Increased

IL-2 production in T cells by xanthohumol through

enhanced NF-AT and AP-1 activity. Int. Immunopharmacol.

2009, 9, 103–107.

[28] Wang, Q., Ding, Z. H., Liu, J. K., Zheng, Y. T., Xanthohumol,

a novel anti-HIV-1 agent purified from Hops Humulus

lupulus. Antiviral Res. 2004, 64, 189–194.

[29] Gao, X., Deeb, D., Liu, Y., Gautam, S. et al., Immunomo-

dulatory activity of xanthohumol: inhibition of T cell

proliferation, cell-mediated cytotoxicity and Th1 cytokine

production through suppression of NF-kappaB. Immuno-

pharmacol. Immunotoxicol. 2009, 31, 477–484.

[30] Zhao, F., Nozawa, H., Daikonnya, A., Kondo, K. et al., Inhi-

bitors of nitric oxide production from hops (Humulus

lupulus L.). Biol. Pharm. Bull. 2003, 26, 61–65.

[31] Lee, J. A., Hwang, J. A., Sung, H. N., Jeon, C. H. et al.,

2,3,7,8-Tetrachlorodibenzo-p-dioxin modulates functional

differentiation of mouse bone marrow-derived dendritic

cells Downregulation of RelB by 2,3,7,8-tetrachlorodibenzo-

p-dioxin. Toxicol. Lett. 2007, 173, 31–40.

[32] Dai, J., Patel, J. D., Mumper, R. J., Characterization of

blackberry extract and its antiproliferative and anti-inflam-

matory properties. J. Med. Food 2007, 10, 258–265.

[33] Dijsselbloem, N., Goriely, S., Albarani, V., Gerlo, S. et al.,

A critical role for p53 in the control of NF-kappaB-dependent

gene expression in TLR4-stimulated dendritic cells exposed

to Genistein. J. Immunol. 2007, 178, 5048–5057.

[34] Kim, Y. J., Choi, S. E., Lee, M. W., Lee, C. S., Taxifolin

glycoside inhibits dendritic cell responses stimulated by

lipopolysaccharide and lipoteichoic acid. J. Pharm. Phar-

macol. 2008, 60, 1465–1472.

[35] Lee, J. S., Kim, S. G., Kim, H. K., Lee, T. H. et al., Silibinin

polarizes Th1/Th2 immune responses through the inhibition

of immunostimulatory function of dendritic cells. J. Cell

Physiol 2007, 210, 385–397.

[36] Li, C. Y., Suen, J. L., Chiang, B. L., Lee Chao, P. D. et al.,

Morin promotes the production of Th2 cytokine by modu-

lating bone marrow-derived dendritic cells. Am. J. Chin

Med. 2006, 34, 667–684.

[37] Yoneyama, S., Kawai, K., Tsuno, N. H., Okaji, Y. et al.,

Epigallocatechin gallate affects human dendritic cell differ-

entiation and maturation. J. Allergy Clin. Immunol. 2008,

121, 209–214.

[38] Kang, H. K., Ecklund, D., Liu, M., Datta, S. K., Apigenin, a non-

mutagenic dietary flavonoid, suppresses lupus by inhibiting

autoantigen presentation for expansion of autoreactive Th1

and Th17 cells. Arthritis Res. Ther. 2009, 11, R59.

[39] Adler, H. S., Steinbrink, K., Tolerogenic dendritic cells in

health and disease: friend and foe! Eur. J. Dermatol. 2007,

17, 476–491.

[40] Banchereau, J., Briere, F., Caux, C., Davoust, J. et al.,

Immunobiology of dendritic cells. Annu. Rev. Immunol

2000, 18, 767–811.

[41] van Duivenvoorde, L. M., Han, W. G., Bakker, A. M., Louis-

Plence, P. et al., Immunomodulatory dendritic cells inhibit

Th1 responses and arthritis via different mechanisms.

J. Immunol. 2007, 179, 1506–1515.

[42] Cerovic, V., McDonald, V., Nassar, M. A., Paulin, S. M. et al.,

New insights into the roles of dendritic cells in intestinal

immunity and tolerance. Int. Rev. Cell Mol. Biol 2009, 272,

33–105.

[43] Edelman, S. M., Kasper, D. L., Symbiotic commensal

bacteria direct maturation of the host immune system. Curr.

Opin Gastroenterol. 2008, 24, 720–724.

Mol. Nutr. Food Res. 2010, 54, S214–S224 S223

& 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com



[44] Silva, M. A., Intestinal dendritic cells and epithelial barrier

dysfunction in Crohn’s disease. Inflamm. Bowel Dis. 2009,

15, 436–453.

[45] Horinouchi, K., Erlich, S., Perl, D. P., Ferlinz, K. et al., Acid

sphingomyelinase deficient mice: a model of types A and B

Niemann-Pick disease. Nat. Genet. 1995, 10, 288–293.

[46] Lin, T., Genestier, L., Pinkoski, M. J., Castro, A. et al., Role of

acidic sphingomyelinase in Fas/CD95-mediated cell death.

J. Biol. Chem. 2000, 275, 8657–8663.

[47] Inaba, K., Inaba,M., Romani, N., Aya, H. et al., Generation of

large numbers of dendritic cells from mouse bone marrow

cultures supplemented with granulocyte/macrophage

colony-stimulating factor. J. Exp. Med. 1992, 176,

1693–1702.

[48] Matzner, N., Zemtsova, I. M., Nguyen, T. X., Duszenko, M.

et al., Ion channels modulating mouse dendritic cell func-

tions. J. Immunol. 2008, 181, 6803–6809.

[49] Shumilina, E., Zahir, N., Xuan, N. T., Lang, F., Phospho-

inositide 3-kinase dependent regulation of Kv channels in

dendritic cells. Cell Physiol. Biochem. 2007, 20, 801–808.

[50] Grassme, H., Jendrossek, V., Riehle, A., von Kurthy, G. et al.,

Host defense against Pseudomonas aeruginosa requires

ceramide-rich membrane rafts. Nat. Med. 2003, 9, 322–330.

[51] Wang, K., Mahmud, H., Foller, M., Biswas, R. et al., Lipo-

peptides in the triggering of erythrocyte cell membrane

scrambling. Cell Physiol. Biochem. 2008, 22, 381–386.

[52] Grassme, H., Schwarz, H., Gulbins, E., Molecular mechan-

isms of ceramide-mediated CD95 clustering. Biochem.

Biophys. Res. Commun. 2001, 284, 1016–1030.

[53] Gulbins, E., Li, P. L., Physiological and pathophysiological

aspects of ceramide. Am. J. Physiol. Regul. Integr. Comp

Physiol 2006, 290, R11–R26.

[54] Wang, E., Norred, W. P., Bacon, C. W., Riley, R. T. et al.,

Inhibition of sphingolipid biosynthesis by fumonisins.

Implications for diseases associated with Fusarium monili-

forme. J. Biol. Chem. 1991, 266, 14486–14490.

[55] Yang, J. Y., Della-Fera, M. A., Rayalam, S., Baile, C. A., Effect

of xanthohumol and isoxanthohumol on 3T3-L1 cell apop-

tosis and adipogenesis. Apoptosis 2007, 12, 1953–1963.

[56] Yang, J. Y., Della-Fera, M. A., Rayalam, S., Baile, C. A.,

Enhanced effects of xanthohumol plus honokiol on apop-

tosis in 3T3-L1 adipocytes. Obesity. (Silver Spring) 2008, 16,

1232–1238.

[57] Mendes, V., Monteiro, R., Pestana, D., Teixeira, D. et al.,

Xanthohumol influences preadipocyte differentiation:

implication of antiproliferative and apoptotic effects.

J. Agric. Food Chem. 2008, 56, 11631–11637.

[58] Albini, A., Pfeffer, U., A new tumor suppressor gene: inva-

sion, metastasis, and angiogenesis as potential key targets.

J. Natl. Cancer Inst. 2006, 98, 800–801.

[59] Vogel, S., Heilmann, J., Synthesis, cytotoxicity, and anti-

oxidative activity of minor prenylated chalcones from

Humulus lupulus. J. Nat. Prod. 2008, 71, 1237–1241.

[60] Dietz, B. M., Kang, Y. H., Liu, G., Eggler, A. L. et al.,

Xanthohumol isolated from Humulus lupulus Inhibits

menadione-induced DNA damage through induction of

quinone reductase. Chem. Res. Toxicol. 2005, 18,

1296–1305.

[61] Carpinteiro, A., Dumitru, C., Schenck, M., Gulbins, E.,

Ceramide-induced cell death in malignant cells. Cancer Lett.

2008, 264, 1–10.

[62] Grassme, H., Becker, K. A., Zhang, Y., Gulbins, E., Ceramide

in bacterial infections and cystic fibrosis. Biol. Chem. 2008,

389, 1371–1379.

[63] Jana, A., Hogan, E. L., Pahan, K., Ceramide and neurode-

generation: susceptibility of neurons and oligodendrocytes

to cell damage and death. J. Neurol. Sci. 2009, 278, 5–15.

[64] Lang, F., Gulbins, E., Lerche, H., Huber, S. M. et al., Eryp-

tosis, a window to systemic disease. Cell Physiol. Biochem.

2008, 22, 373–380.

[65] Perrotta, C., De Palma, C., Clementi, E., Nitric oxide and

sphingolipids: mechanisms of interaction and role in

cellular pathophysiology. Biol. Chem. 2008, 389, 1391–1397.

[66] Smith, E. L., Schuchman, E. H., The unexpected role of acid

sphingomyelinase in cell death and the pathophysiology of

common diseases. FASEB J. 2008, 22, 3419–3431.

[67] Quadri, S. M., Mahmud, H., Föller, M., Lang, F., Inhibition of
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