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Influence of apple polyphenols on inflammatory
gene expression
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Apples (Malus spp., Rosaceae) and products thereof contain high amounts of polyphenols which show
diverse biological activities and may contribute to beneficial health effects, like protecting the intestine
against inflammation initiated by chronic inflammatory bowel diseases (IBD). IBD are characterized
by an excessive release of several proinflammatory cytokines and chemokines by different cell types
which results consequently in an increased inflammatory response. In the present study we investigated
the preventive effectiveness of polyphenolic juice extracts and single major constituents on inflamma-
tory gene expression in immunorelevant human cell lines (DLD-1, T84, MonoMac6, Jurkat) induced
with specific stimuli. Besides the influence on proinflammatory gene expression, the effect on NF-jB-,
IP-10-, IL-8-promoter-, STAT1-dependent signal transduction, and the relative protein levels of multi-
ple released cytokines and chemokines were studied. DNA microarray analysis of several genes known
to be strongly regulated during gastrointestinal inflammation, combined with quantitative real-time
PCR (qRT-PCR) revealed that the apple juice extract AE04 (100–200 lg/mL) significantly inhibited
the expression of NF-jB regulated proinflammatory genes (TNF-a, IL-1b, CXCL9, CXCL10), inflam-
matory relevant enzymes (COX-2, CYP3A4), and transcription factors (STAT1, IRF1) in LPS/IFN-c
stimulated MonoMac6 cells without significant effects on the expression of house-keeping genes. A
screening of some major compounds of AE04 revealed that the flavan-3-ol dimer procyanidin B2 is
mainly responsible for the anti-inflammatory activity of AE04. Furthermore, the dihydrochalcone agly-
cone phloretin and the dimeric flavan-3-ol procyanidin B1 significantly inhibited proinflammatory gene
expression and repressed NF-jB-, IP-10-, IL-8-promoter-, and STAT1-dependent signal transduction
in a dose-dependent manner. The influence on proinflammatory gene expression by the applied poly-
phenols thereby strongly correlated with the increased protein levels investigated by human cytokine
array studies. In summary, we evaluated selected compounds responsible for the anti-inflammatory
activity of AE04. In particular, procyanidin B1, procyanidin B2, and phloretin revealed anti-inflamma-
tory activities in vitro and therefore may serve as transcription-based inhibitors of proinflammatory
gene expression.
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1 Introduction

Polyphenols, one of the most common groups of plant sec-
ondary metabolites, have received considerable interest

over the past few years due to their presumed role in the pre-
vention of various degenerative diseases [1]. Apples (Malus
spp., Rosaceae) represent an important source of polyphe-
nols and other phytochemicals [2–4]. The main structural
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classes include hydroxycinnamic acids, flavonols (querce-
tin glycosides), flavan-3-ols (catechins and oligomeric pro-
cyanidins), dihydrochalcones (phloretin glycosides), as
well as triterpenoids in apple peel and anthocyanins
depending on the apple variety under study [5–7]. Major
apple polyphenols are 5-caffeoylquinic acid (chlorogenic
acid), procyanidins, and dihydrochalcones such as phloretin
29-O-glucoside (phloridzin) and phloretin 29-O-xylogluco-
side [8, 9].

Several lines of evidence suggest that apples and apple
products, such as apple juice and extracts, possess a wide
range of biological activities which may contribute to health
beneficial effects against cardiovascular disease, asthma
and pulmonary dysfunction, diabetes, obesity, cancer, and
inflammation (reviewed by Boyer and Liu [10]). In this con-
text, apple extracts and their constituents, especially oligo-
meric procyanidins, have shown to influence multiple
mechanisms relevant for cancer prevention in in vitro stud-
ies. These include anti-mutagenic activity, modulation of
carcinogen metabolism, antioxidant activity, anti-inflam-
matory mechanisms, modulation of signal transduction
pathways, anti-proliferative and apoptosis-inducing activ-
ity, as well as novel mechanisms on epigenetic events and
innate immunity (reviewed by Gerh�user [11]).

In addition, some polyphenols are known to possess anti-
inflammatory activity in vitro and in vivo, which have been
attributed to the modification of signal transduction path-
ways [12]. Furthermore, some polyphenols have been found
to inhibit the arachidonic acid pathway by inhibiting cellu-
lar enzymes such as phospholipase A2 (PLA2), cyclooxyge-
nase (COX), or lipoxygenase (LOX). For instance, the fla-
van-3-ols (– )-epigallocatechin (EGC); (– )-gallocatechin
(GC); (– )-epicatechin gallate (ECG); (– )-catechin gallat
(CG); as well as (–)-epigallocatechin gallate (EGCG) have
been shown to inhibit COX-1/COX-2 activity in different
human and murine cell lines [13–16]. In addition, polyphe-
nols are capable of acting on the cytokine system by affect-
ing the balance between pro- and anti-inflammatory cyto-
kine expression [17]. Quercetin and some catechins, for
instance, inhibit TNF-a and IL-1b expression due to the
enhancement of the release of IL-10 [18].

One of the most important anti-inflammatory activities
of some phenolic compounds is their ability to modulate the
activation of nuclear factor-jB (NF-jB). NF-jB plays a
major role in coordinating the transcriptional induction of a
wide range of genes. Some of these genes encode for sev-
eral cytokines (e.g., TNF-a, IL-1b, IL-6, IL-2), chemokines
like IL-8 and IFN-c-inducible Protein-10 (CXCL10, IP-10)
or proinflammatory enzymes such as COX-2, which are
involved in the development and progression of inflamma-
tory processes. Several of these gene products such as TNF-
a or IL-1b also directly activate the NF-jB pathway which
results in an amplification loop, increasing the length and
duration of the inflammatory response. In resting cells, NF-
jB is sequestered in an inactive form in the cytoplasm by

interaction with inhibitors, like IjB-a and related proteins.
In response to stimulation, IjB is phosphorylated on two
serine residues by the IjB kinases (IKK) complex. Ubiqui-
tination and degradation of IjB leads to translocation of
NF-jB into the nucleus, DNA binding of the transcription
factor, and subsequent activation of transcription [19]. The
interaction of polyphenols with the NF-jB pathway can
thereby occur at multiple steps in the activation process [20,
21]. For instance, EGCG has been shown to block the acti-
vation of IKK and therefore the degradation of IjB-a [22,
23], whereas the flavonol quercetin was found to inhibit the
recruitment of the NF-jB cofactor CBP/p300, hence inhib-
iting the TNF-a-induced expression of the proinflammatory
cytokine IP-10 in primary murine small intestinal Mode-K
epithelial cells [24].

Some of the most important chronic inflammatory dis-
eases influenced by nutritive constituents are represented
by inflammatory bowel diseases (IBD). IBD are either char-
acterized by an excessive T helper 1 (TH1)-cell response
that is associated with increased secretion of IL-12, IFN-c,
and TNF-a, or an excessive TH2-cell response that is associ-
ated with increased secretion of IL-4, IL-5, and IL-13 [25].
The two major forms of IBD are the TH1-mediated Crohn's
disease and the TH2-mediated ulcerative colitis. In addition
to intestinal epithelial cells, macrophages also play a deci-
sive role in the inflammatory process of IBD. The antigen
presenting macrophages of the intestinal immune system
are producing a multitude of proinflammatory cytokines
(e.g., IL-1, TNF-a), which results in the activation of
T-cells and consequently leads to an increased inflamma-
tory response. Nutritional inhibitors could therefore be use-
ful as anti-inflammatory agents in the treatment of such dis-
eases.

In initial studies we observed an inhibitory effect of the
polyphenol enriched apple juice extract AE04 on inflam-
matory gene expression in LPS/IFN-c stimulated Mono-
Mac6 cells. The objectives of the present study were to elu-
cidate the influence of the major constituents procyanidin
B1, procyanidin B2, phloretin, and phloridzin on the expres-
sion of proinflammatory marker genes in human immunor-
elevant and epithelial colon carcinoma cell lines using qRT-
PCR. Moreover, we studied the influence of the polyphe-
nols on NF-jB-, STAT1-, IP-10 (CXCL10)-, and IL-8-pro-
moter-dependent reporter gene activity as well as their abil-
ity to inhibit the production of multiple cytokines and che-
mokines.

2 Materials and methods

2.1 Cell lines, media, chemicals, and stimuli

T84 cells (ATCC CCL-248), a human colon epithelial cell
line, derived from a lung metastasis of colon carcinoma,
was obtained from American Type Culture Collection
(Rockville, MD, USA). The human colon adenocarcinoma
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cell line DLD-1 (DSMZ ACC278), the human leukemia T-
cell line Jurkat (DSMZ ACC282), and the human mono-
cytic leukemia cell line MonoMac6 (DSMZ ACC124) were
obtained from the German Collection of Microorganisms
and Cell Cultures (DSMZ Braunschweig, Germany). Cell
media DMEM (high glucose), Ham's Nutrient Mixture F12
(Ham's F12) and RPMI 1640, as well as the medium supple-
ments glutamin, penicillin/streptomycin, and fetal calf
serum (FCS) were purchased from Invitrogen (Karlsruhe,
Germany), catalase (from bovine liver) from Sigma–
Aldrich (Taufkirchen, Germany).

All solvents and chemicals used were of analytical grade
or in compliance with the standards needed for cell culture
experiments. 5-caffeoylquinic acid (chlorogenic acid); (– )-
epicatechin; phloretin 29-O-glucoside (phloridzin); procya-
nidin B1; procyanidin B2; phloretin; (+)-catechin; resazurin
sodium salt; and saponin were purchased from Sigma–
Aldrich. Phloretin 29-O-xyloglucoside was isolated from
extracts of apple juice treated with laccase according to
Will et al. [26].

Human recombinant cytokines TNF-a (Biochrom AG,
Berlin, Germany), IL-1b (Axxora, L�rrach, Germany), and
IFN-c (BioVision, CA, USA) were stabilized after resus-
pension by adding 0.1% BSA (solved in DPBS). LPS, as
well as 12-O-tetradecanoylphorbol-13-acetate (TPA) and
ionomycine were acquired from Sigma–Aldrich.

Cell culture consumable material (e.g., cell culture
flasks, petri dishes, well plates, etc.) were purchased from
Greiner Bio-One (Essen, Germany).

2.2 Cell culture and stimulation protocols

T84 cells were maintained in 75 cm2 flasks in DMEM/
Ham's F12 (1:1) supplemented with 10% FCS, 100 units/
mL penicillin, 100 lg/mL streptomycin, and 2 mM L-gluta-
mine in a 5% CO2 humidified incubator at 378C. Initially
cells were seeded out in six-well plates in 2 mL fresh
medium per well at a density of 56105 cells per mL. Cells
were starved for 16 h in DMEM/Ham's F12 (1:1) with 0.5%
FCS after 48 h of cultivation. Later on, cells were pretreated
with test compounds dissolved in DMSO in serum-free
medium containing 100 units/mL catalase for 1 h. Stimula-
tion with a cytokine mixture (CM) consisting of 10 ng/mL
TNF-a, 5 ng/mL IL-1b, and 10 ng/mL IFN-c was perform-
ed for 4 h (qRT-PCR) and 16 h (proteome profiling),
respectively. The final DMSO concentration was 0.5%.

The human colon adenocarcinoma cell line DLD-1, the
human leukemia T-cell line Jurkat and the human monocytic
leukemia cell line MonoMac6 were grown in RPMI 1640
medium containing 25 mM HEPES buffer and 2 mM L-glu-
tamine and supplemented with 10% FCS, 100 units/mL pen-
icillin, and 100 lg/mL streptomycin at 378C and 5% CO2.
For qRT-PCR analysis, DLD-1 cells were plated into six-well
plates at a density of 56105 cells per well. After starving in
RPMI 1640 medium with 0.5% FCS for 16 h, cells were pre-

treated with test compounds in serum-free medium contain-
ing 100 units/mL catalase for 1 h and subsequently induced
with a CM containing 10 ng/mL IFN-c, 5 ng/mL IL-1b, and
10 ng/mL TNF-a for 5 h. Jurkat and MonoMac6 cells were
starved for 16 h in RPMI 1640 medium with 0.5% FCS.
Later on, both cell lines were plated into six-well plates at a
density of 36106 cells per well. After treatment with test
compounds for 1 h, both cell lines were induced for 4 h.
Jurkat cells were induced with 10 ng/mL 12-O-tetradeca-
noylphorbol-13-acetate (TPA) and 2.5 lM ionomycine,
MonoMac6 cells were induced with 1 lg/mL lipopolysac-
charide (LPS) and 10 ng/mL IFN-c.

2.3 Cell viability testing

The cytotoxicity against different cell lines used was deter-
mined after 4 and 24 h in a resazurin reduction assay (RRA)
according to [27], and a XTT-based cell viability assay as
previously described by Roehm et al. [28].

For RRA, cells were seeded in 48-well plates at a density
of 1.56105 (T84, DLD-1) or 2.56104 (MonoMac6, Jurkat)
cells per well and 0.5 mL medium described in Chapter 2.2.
After 24 h cultivation, cells were treated with test com-
pounds in different concentrations. Additionally medium
control, solvent control (0.5% DMSO), positive control
with 0.1% saponin (hemolytic steroide glucoside), and cell-
free control were performed. After 4 h of incubation at
378C and 5% CO2, the test medium was removed, cells were
washed with PBS, and 0.5 mL resazurin working solution
per well was added subsequently. Then after 1 h of incuba-
tion at 378C and 5% CO2, the resazurin solution was ana-
lyzed by fluorometric measurements using excitation of
544 nm and emission of 590 nm. Cytotoxicity of test com-
pounds was determined by comparison of treated probes to
100% normalized solvent controls.

2.4 Quantitative real-time PCR analysis (qRT-PCR
analysis)

Following stimulation, cells were lysed and total cellular
RNA was prepared by using either the RNeasy mini kit
obtained from Qiagen (Hilden, Germany) or the Total RNA
Isolation Reagent (TRIR) from ABgenem (Hamburg, Ger-
many) according to the manufacturer's protocol. RNA sam-
ples were dissolved in DEPC-treated water and stabilized
by adding RNA-Later reagent obtained from Invitrogen.
Dissolved RNAwas immediately stored in a –808C freezer.

Gene expression was quantified in a two-step reverse
transcription PCR using aliquots of total RNA. After deter-
mination of the quantity and quality of isolated RNA using
a NanoDrop ND-1000 spectrophotometer (NanoDrop Tech-
nologies, USA), cDNA was prepared from 1 lg of total cel-
lular RNA. The reverse transcription was done by using
either the “RevertAidTM H Minus First Strand cDNA Syn-
thesis kit” (MBI Fermentas, St. Leon-Rot) or the iScript
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cDNA synthesis kit from BioRad (Munich, Germany)
according to the manufacturer's instructions.

PCR products were synthesized from cDNA (100 or
300 ng) using functionally validated gene expression
assays, as the QuantiTec SYBRm Green PCR-Kit obtained
from Qiagen or the ABsolute qPCR SYBRm Green fluores-
cein mix obtained from ABgene subsequently. To analyze
the mRNA expression of investigated genes, qRT-PCR was
carried out using gene-specific primers for human COX2
(for 59-TTC AAATGA GAT TGT GGG AAA ATT GCT-39,
rev 59-AGA TCA TCT CTG CCT GAG TAT CTT-39),
CXCL3 (for 59-TGGTCACTGAACTGCGCT -39, rev 59-
ATGCGGGGTTGAGACAAG -39), CXCL10 (for 59-
TGAGCCTACAGCAGAGGAA-39, rev 59-TACTCCTT-
GAATGCCACTTAGA-39), GAPDH (for 59-CCTCC-
GGGAAACTGTGG-39, rev 59-AGTGGGGACACG-
GAAG-39), IL-1b (for 59-AAGCTGAGGAAGATGCTG-39,
rev 59-ATCTACACTCTCCAGCTG-39), IL-2 (for 59-AACT-
CACCAGGATGCTCACATTT-39, rev 59-TTAGCACTT-
CCTCCAGAGGTTTG-39), IL-8 (for 59-TGCCAAG-
GAGTGCTAAAG-39, rev 59-CTCCACAACCCTCTG-
CAC-39), and TNF-a (for 59-TCTTCTGCCTGCTGCACT-
TTGG-39, rev 59-ATCTCTCAGCTCCACGCCATTG-39).
All primers were manufactured by MWG-Biotech AG
(Ebersberg, Germany). A two-step amplification protocol
was chosen: initial denaturation step at 958C for 10 min fol-
lowed by 45 cycles with 15 s denaturation at 948C, 30 s
annealing at 568C and 30 s extension at 728C.

Measurements were done using either the LightCycler or
the iCycler (Roche, Mannheim, Germany) detection system
according to manufacturer's suggestions. Relative mRNA
amounts were determined using the mathematical model
for relative quantification in real-time PCR proposed by
Pfaffl [29] in which the relative expression ratio is calcu-
lated from the real-time PCR efficiencies and the crossing
point deviation of an unknown sample versus a control, in
our case the housekeeping gene glycerinaldehyde-3-phos-
phate dehydrogenase (GAPDH).

2.5 Reporter gene assays

The 972 bp human IP-10 promoter –875 to +97 relative to
the transcription start site) was amplified by PCR from
MonoMac6 cell genomic DNA using primers derived from
published sequences [30]. The PCR product was cloned into
the KpnI–NheI site of the pGL3 basic vector (PromegaTM,
Mannheim, Germany) to generate the hIP-10 promotor
driven luciferase reporter plasmid. The 1.5 kb human IL-8
promoter driven reporter plasmid, as well as the NFjB driven
reporter plasmid has been previously reported [31]. The
STAT1 driven plasmid pGAS-TA-Luc, which contains two
copies of the STAT1 enhancer element, was obtained from
Clontech (Heidelberg, Germany). The plasmids pRL-TK
and pRL-CMV for normalizing transfection efficiency were
obtained from Promega (Dual-Luciferase-Reporter-Assay).

Transfection of DLD-1 cells was performed by using the
liposomal formulation “Lipofectamine 2000” purchased
from Invitrogen. 48 h before transfection, 16105 cells/mL
in RPMI 1640 medium containing 10% FCS were plated in
24-well plates. 24 h before transfection, the medium was
replaced by RPMI 1640 medium containing 0.5% FCS and
no antibiotics. On the day of transfection, cells were 90–
95% confluent. The lipofection was performed by using
0.8 lg of the indicated plasmid in accordance to the manu-
facturer's instructions. Luciferase expression was induced
with a triple CM containing 10 ng/mL IFN-c, 5 ng/mL
IL-1b, and 10 ng/mLTNF-a for 24 h.

Transfection of Jurkat and MonoMac6 cells was per-
formed by electroporation using a Gene Pulser from Bio-
Rad. In case of Jurkat cells, 16108 cells/mL were electro-
porated in 0.2 mL of 20 mM HEPES buffer together with
50 lg of the indicated plasmids at 200 V and 975 lF. After
electroporation, cells were seeded in OptiMEM I medium
containing 10% FCS in a 24-well plate with and without
test compounds and later on, luciferase expression was
induced by adding 10 ng/mL TPA and 2.5 lM ionomycine.
24 h after transfection, the reporter gene activity was meas-
ured. MonoMac6 cells were electroporated at a density of
36107 cells/mL in RPMI 1640 medium containing 25 mM
HEPES buffer together with 40 lg of the indicated plas-
mids at 200 V and 975 lF. After electroporation, the cells
were seeded in RPMI 1640 medium containing 10% FCS in
a 24-well plate with and without test compounds. Lucifer-
ase expression was induced for 4 h by adding 1 lg/mL LPS
and 10 ng/mL IFN-c. The reporter gene activity was meas-
ured by luminometer using the luciferase assay system
acquired from Promega according to the manufacturer's
instructions.

2.6 “Proteome profilerTM” human cytokine
antibody array

To correlate transcriptional data with translation, the influ-
ence of selected apple polyphenols on the production of an
assortment of cytokines and chemokines was investigated
using a “Human Cytokine Array Panel A” array system
obtained from R&D Systems GmbH (Wiesbaden-Norden-
stadt, Germany). Therefore, MonoMac6 cells were starved
for 24 h in RPMI 1640 medium containing 0.5% FCS, pre-
treated for 1 h with test compounds, and subsequently
induced with 1 lg/mL LPS and 10 ng/mL IFN-c for 16 h.
Later on, cells were centrifuged and the supernatant was
analyzed according to the manufacturer's instructions.
Additionally T84 cells were used for comparative investiga-
tions. Therefore, cells were starved for 24 h in DMEM/
Ham's F12 (1:1) medium with 0.5% FCS after 48 h of culti-
vation. Later on, cells were pretreated for 1 h with test com-
pounds solved in DMSO in serum-free medium containing
100 units/mL catalase and induced 16 h with human CM
consisting of 10 ng/mL TNF-a, 5 ng/mL IL-1b, and 10 ng/
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mL IFN-c. Subsequently, the supernatant was used after a
short centrifugation step according to the manufacturer's
protocol. The formation of the antibody array is shown in
Table 1.

2.7 Preparation of the phenolic apple juice extract
AE04 and analysis of constituents

Phenolic apple juice extract AE04 was produced from jui-
ces of different apple varieties harvested in 2002 and 2003
at Geisenheim Research Center and from local orchards as
previously described [32, 33]. Analysis of extract constitu-
ents were performed as described recently [34].

2.8 Statistical analysis of data

Statistical evaluations were performed using Student's
paired t-tests, and differences were considered significant if
p f 0.05. Data are presented as means of triplicate stimula-
tions from three independent experiments lstandard error
of mean (lSEM).

3 Results

In recent investigations we found that the polyphenol
enriched apple juice extract AE04 significantly inhibited
the expression of proinflammatory marker genes in LPS/
IFN-c stimulated MonoMac6 cells at a concentration of
100–200 lg/mL. As determined by microarray analysis,
the expression of proinflammatory cytokines and chemo-
kines (e.g., IL-1b, CXCL9, CXCL10), enzymes
(CYP3A4), and transcription factors like STAT1 or INF

regular factor 1 (IRF1) were significantly down-regulated
by AE04 at a concentration of 200 lg/mL (unpublished
data).

In order to identify the constituents responsible for the
anti-inflammatory activity of AE04, we investigated the
influence of some major compounds (summarized in Table
2) on the expression of proinflammatory marker genes in
immunorelevant and epithelial cell lines using qRT-PCR.
Consequently, 5-caffeoylquinic acid (chlorogenic acid);
(–)-epicatechin; phloretin 29-O-glucoside (phloridzin);
phloretin 29-O-xyloglucoside; and procyanidin B2 were used
in the present study. For structure–activity correlations, we
integrated phloretin (aglycone), procyanidin B1, and the fla-
van-3-ol monomer (+)-catechin in our investigations.

To evaluate the influence of the compounds on proin-
flammatory gene expression in DLD-1, T84, Jurkat, and
MonoMac6 cells, RNA was isolated at different time points
after induction of the cells with various stimuli and used for
cDNA probe preparation. This time course revealed that the
expression of selected proinflammatory marker genes
(TNF-a, IL-1b, CXCL-10, IL-2, IL-8, CXCL3, COX-2)
reached maximum levels between 4 and 6 h (data not
shown) depending on the cell line. Therefore a four (T84,
MonoMac6, and Jurkat) and 5 h (DLD-1) induction time
was chosen for further experiments.

Cytotoxicity of the applied compounds was determined
by resazurin reduction and a XTT-based cell viability assay
as described in Section 2.3. Up to a concentration of
200 lM (treatment for 4 and 24 h), the test compounds pos-
sess no significant cytotoxicity in every cell line under
study (data not shown).

5-caffeoylquinic acid (chlorogenic acid) is the quantita-
tively most frequent polyphenol in apple juice and apple
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Table 1. Formation of the human cytokine array (antibodies are spotted in duplicates)

Coordinate Detected protein Coordinate Detected protein

A1, A2 Positive control C7, C8 IL-13
A3, A4 Complement component 5a C9, C10 IL-16
A5, A6 CD154 C11, C12 IL-17
A7, A8 G-CSF C13, C14 IL-17E
A9, A10 GM-CSF C15, C16 IL-23
A11, A12 CXCL1 C17, C18 IL-27
A13, A14 CCL1 D3, D4 IL-32a
A15, A16 sICAM-1 D5, D6 CXCL10
A17, A18 IFN-c D7, D8 CXCL11
A19, A20 Positive control D9, D10 CCL2
B3, B4 IL-1a D11, D12 MIF
B5, B6 IL-1b D13, D14 CCL3
B7, B8 IL-1ra D15, D16 CCL4
B9, B10 IL-2 D17, D18 PAI-1
B11, B12 IL-4 E1, E2 Positive control
B13, B14 IL-5 E3, E4 CCL5
B15, B16 IL-6 E8, E9 CXCL12
B17, B18 IL-8 E7, E8 TNF-a
C3, C4 IL-10 E9, E10 STREM-1
C5, C6 IL-12 p70 E11, E12 Negative control



M. Jung et al. Mol. Nutr. Food Res. 2009, 53, 1263 –1280

extracts, respectively. Up to a concentration of 182 lM, 5-
caffeoylquinic acid revealed no significant inhibition of the
proinflammatory marker genes (TNF-a, IL-1b, CXCL10,
COX-2) in CM induced colonic epithelial DLD-1 and in
LPS/IFN-c induced MonoMac6 cells as determined by
qRT-PCR. Furthermore, the flavan-3-ol monomers (–)-epi-
catechin (150 lM) and (+)-catechin (150 lM), and the
dihydrochalcone glucosides phloretin 29-O-xyloglucoside
(150 lM) and phloretin 29-O-glucoside (phloridzin)
(150 lM) showed no inhibitory effect on the proinflamma-
tory marker gene expression in CM induced colonic epithe-
lial DLD-1 and T84, as well as in LPS/IFN-c induced
MonoMac6 cells. In our investigations the dimeric flavan-
3-ols procyanidin B1 and procyanidin B2, and the dihydro-
chalcone aglycone phloretin showed the strongest inhibi-
tory effect on the inducible expression of the proinflamma-
tory marker genes. The chemical structures of the investi-
gated polyphenols are shown in Fig. 1. All experiments
were performed at least in triplicates as described in Section
2.

3.1 Effect of apple polyphenols on
proinflammatory gene transcription

To investigate the effect of the applied apple polyphenols
on proinflammatory gene expression, qRT-PCR experi-
ments for selected responsive genes (e.g., TNF-a, IL-8,
CXCL 10, CXCL 3, IL-2, IL-1b) and COX-2 in immunore-
levant and epithelial cell lines were performed. Following

pretreatment with test compounds and stimulation, total
cellular RNA was isolated from the CM induced colonic
epithelial cell lines DLD-1 and T84, the LPS/IFN-c
induced MonoMac6, and the TPA/Ionomycin stimulated T-
cells for cDNA preparations as described in Section 2.4. As
shown in Figs. 2–5, values are expressed as ratios (log 2) of
relative mRNA content of induced versus un-induced cells,
and induced and polyphenol treated versus induced and
untreated cells, each corrected for the constitutive
expressed housekeeping gene GAPDH as reference deter-
mined in the same sample in parallel. For significant differ-
ences in mRNA levels between induced and polyphenol
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Table 2. Polyphenol constituents of AE04 (mg/g extract; analyzed by HPLC-DAD according to Huemmer et al. [34]), and resulting
concentrations for incubations previous to microarray and qRT-PCR analysis (lg/mL and lM, respectively)

Compound Concentration in AE04
(mg/g extract)

Incubated concentration
[lg/mL] (lM)

5-Caffeoylquinic acid 183.2 36.6 (103)
4-p-Coumaroylquinic acid 66.0 13.2 (39)
Phloretin 29-O-xyloglucoside 68.9 13.8 (24)
Phloretin 29-O-glucoside 48.0 9.6 (22)
Procyanidin B1 n.d. n.d.
Procyanidin B2 12.1 2.4 (4)
(+)-Catechin n.d. n.d.
(�)-Epicatechin 12.5 2.5 (9)
Quercetin 3-O-rutinoside 4.5 0.9 (1)
Quercetin 3-O-galactoside 1.8 0.4 (1)
Quercetin 3-O-glucoside 1.5 0.3 (1)
Quercetin 3-O-xyloside n.d. n.d.
Quercetin 3-O-rhamnoside 4.3 0.9 (2)
Procyanidin C1 2.0 0.4 (1)
4-Caffeoylquinic acid 9.2 1.8 (5)
Cumaroyl glucose 11.9 2.4 (7)
3-p-Cumaroylquinic acid 9.4 1.9 (6)
5-p-Cumaroylquinic acid 39.8 7.9 (23)
p-Cumaric acid 2.6 0.5 (3)
Caffeic acid 7.5 1.5 (8)
Phloretin 29-O-xylogalactosid 4.2 0.8 (1)
Total amount 489.4 mg/g extract 97.5 lg/mL (260 lM)

n.d., not determined.

Figure 1. Chemical structures of phloretin (R = H) (1), phlore-
tin 29-O-glucoside (phloridzin, R = b-D-glucoside) (1), procyani-
din B1 (– )-epicatechin (4b fi 8) (+)-catechin) (2), and procya-
nidin B2 (– )-epicatechin (4b fi 8) (– )-epicatechin) (2).
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treated versus induced and untreated samples a range of l2-
fold has been chosen as a basis for significant induction or
repression of gene expression. In all experiments, measured
mRNA values for GAPDH did not vary significantly upon
treatment of the cells with the according stimuli or the
applied polyphenols (data not shown).

All investigated genes were found to be significantly up-
regulated at least two-fold after stimulation of the used cell

lines with specific stimuli (Figs. 2A-D1–5A-D1). In Jurkat
cells stimulation with TPA/Ionomycin strongly induced IL-
8, TNF-a, CXCL3, and IL-2 expression, but only caused
weak up-regulation of CXCL10 (Figs. 2C1–5C1).

Procyanidin B1 (86 lM) down-regulated the mRNA lev-
els of CXCL10 in the induced cell lines DLD-1 and Mono-
Mac6 by more than 90% (Figs. 2A4, 2D4). IL-8 expression
was down-regulated at least 8-fold in DLD-1 and Jurkat
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Figure 2. Effect of procyanidin B1 on mRNA lev-
els of selected proinflammatory genes in IFN-c/
IL-1b/TNF-a stimulated DLD-1 (A) and T84 cells
(B), TPA/Ionomycin stimulated Jurkat-cells (C),
and LPS/IFN-c stimulated MonoMac6-cells (D).
Values are expressed as ratios (log 2) of relative
mRNA levels of stimulated versus unstimulated
cells as control (1) and procyanidin B1 pretreated
(17 lM (2), 35 lM (3), 86 lM (4), and 50 lM (5))
and stimulated versus untreated, stimulated
cells, corrected for GAPDH as reference deter-
mined in the same sample in parallel. Data are
shown as mean values lSEM of three independ-
ent experiments.
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cells at a concentration of 86 lM (Figs. 2A4, 2C4). At the
same concentration, procyanidin B1 inhibited the expres-
sion of CXCL3 (3-fold) in DLD-1 and Jurkat cells (Fig.
2A4), IL-2 (128-fold) in Jurkat cells (Fig. 2C4), and IL-1b

(64-fold) and COX-2 (3-fold) in MonoMac6 cells as well
(Fig. 2D4). In epithelial T84 cells, mRNA levels of
CXCL10 were significantly down-regulated (5-fold) by
procyanidin B1 at a concentration of 50 lM (Fig. 2B5). As

shown in Fig. 3, procyanidin B2 had a similar effect on gene
expression in all tested cell lines. In addition, procyanidin
B2 (50 lM) repressed the IL-8 expression (4-fold) and mod-
erately influenced the expression of TNF-a in epithelial
T84 cells (Fig. 3B5).

Upon CM stimulation, phloretin significantly inhibited
the expression of CXCL10 in both epithelial cell lines by
more than 90% (at 182 lM in DLD-1 and 100 lM in T84
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Figure 3. Effect of procyanidin B2 on mRNA levels
of selected proinflammatory genes in IFN-c/IL-1b/
TNF-a stimulated DLD-1 (A) and T84 cells (B),
TPA/Ionomycin stimulated Jurkat-cells (C) and
LPS/IFN-c stimulated MonoMac6-cells (D). Values
are expressed as ratios (log 2) of relative mRNA
levels of stimulated versus unstimulated cells as
control (1) and procyanidin B2 pretreated (17 lM
(2), 35 lM (3), 86 lM (4), and 50 lM (5)) and
stimulated versus untreated, stimulated cells, cor-
rected for GAPDH as reference determined in the
same sample in parallel. Data are shown as mean
values lSEM of three independent experiments.
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cells (Figs. 4A4, 4B7)). The dihydrochalcone also dose-
dependently suppressed the expression of CXCL10 in LPS/
IFN-c stimulated MonoMac6 cells by more than 90% (Figs.
4D2–4). In addition, phloretin down-regulated the mRNA
levels of IL-8 (3-fold) in Jurkat and MonoMac6 cells, as
well as TNF-a (8-fold) in MonoMac6 cells and CXCL3

(6-fold) in Jurkat cells at 182 lM (Figs. 4C4, 4D4). Further-
more the transcription of IL-2 in Jurkat and IL-1b in Mono-
Mac6 cells was strongly suppressed by more than 90%
(Figs. 4C4, 4D4). In contrast, phloretin 29-O-glucoside
(phloridzin) had no significant effect on mRNA levels in all
cell lines investigated (Fig. 5).
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Figure 4. Effect of phloretin on mRNA levels of
selected proinflammatory genes in IFN-c/IL-1b/
TNF-a stimulated DLD-1 (A) and T84 cells (B),
TPA/Ionomycin stimulated Jurkat-cells (C) and
LPS/IFN-c stimulated MonoMac6-cells (D). Values
are expressed as ratios (log 2) of relative mRNA
levels of stimulated versus unstimulated cells as
control (1) and phloretin pretreated (36 lM (2),
73 lM (3), 182 lM (4), 25 lM (5), 50 lM (6), and
100 lM (7)) and stimulated versus untreated,
stimulated cells, corrected for GAPDH as refer-
ence determined in the same sample in parallel.
Data are shown as mean values lSEM of three
independent experiments.
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3.2 NF-jB, STAT1, IP-10-, and IL-8-promoter-
dependent reporter gene activities

To elucidate the underlying anti-inflammatory mechanism
of the applied apple polyphenols, we investigated the influ-
ence on IP-10- and IL-8-promoter activity in DLD-1,
MonoMac6, and Jurkat cells.

Transfection of the cells with a hIP-10 promoter driven
luciferase reporter plasmid and stimulation with CM

(DLD-1), TPA/Ionomycin (Jurkat), or LPS/IFN-c (Mono-
Mac6) increased the luciferase activity 5–10-fold com-
pared to non-stimulated cells. The inducible hIP-10 pro-
moter activity was dose-dependently inhibited by all com-
pounds investigated (IC50 values are summarized in Table
3). Procyanidin B1 and procyanidin B2 (Fig. 6) elicited the
strongest inhibitory effect with IC50 values of 7–9 lM.
Compared to phloretin (Fig. 7), phloridzin revealed only
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Figure 5. Effect of phloretin 29-O-glucoside (phlor-
idzin) on mRNA levels of selected proinflammatory
genes in IFN-c/IL-1b/TNF-a stimulated DLD-1 (A)
and T84 cells (B), TPA/Ionomycin stimulated
Jurkat-cells (C) and LPS/IFN-c stimulated Mono-
Mac6-cells (D). Values are expressed as ratios
(log 2) of relative mRNA levels of stimulated ver-
sus unstimulated cells as control (1) and phloridzin
pretreated (42 lM (2), 106 lM (3), 212 lM (4),
25 lM (5), 50 lM (6), and 100 lM (7)) and stimu-
lated versus untreated, stimulated cells, corrected
for GAPDH as reference determined in the same
sample in parallel. Data are shown as mean values
€SEM of three independent experiments.
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Figure 6. Effect of procyanidin B2 on NFjB, hIP-10, GAS,
hIL-8, and CMV/TK promoter driven reporter gene expression
in DLD-1 (A), Jurkat (B), and MonoMac6 cells (C). Cells were
transiently transfected with NFjB and hIP-10 promoter
dependent reporter constructs. MonoMac6 cells were addi-
tionally transfected with GAS and hIL-8 promoter dependent
reporter constructs. Furthermore, cells were transiently trans-
fected with the constitutive CMV-(DLD-1) or TK-promoter
dependent reporter constructs (Jurkat and MonoMac6). Stimu-
lation was done with IFN-c/IL-1b/TNF-a (DLD-1) for 24 h,
TPA/Ionomycin (Jurkat) for 24 h, or LPS/IFN-c (MonoMac6)
for 4 h with or without procyanidin B2. Control (100%) means
stimulation only. The expression of the reporter genes was
determined as described in Section 2. Data presented are the
means of at least three independent experiments.

Figure 7. Effect of phloretin on NFjB, hIP-10, GAS, hIL-8,
and CMV/TK promoter driven reporter gene expression in
DLD-1 (A), Jurkat (B), and MonoMac6 cells (C). Cells were
transiently transfected with NFjB and hIP-10 promoter
dependent reporter constructs. MonoMac6 cells were addi-
tionally transfected with GAS and hIL-8 promoter dependent
reporter constructs. Furthermore, cells were transiently trans-
fected with the constitutive CMV-(DLD-1) or TK-promoter
dependent reporter constructs (Jurkat and MonoMac6). Stimu-
lation was done with IFN-c/IL-1b/TNF-a (DLD-1) for 24 h,
TPA/Ionomycin (Jurkat) for 24 h or LPS/IFN-c (MonoMac6) for
4 h with or without phloretin. Control (100%) means stimula-
tion only. The expression of the reporter genes was deter-
mined as described in Section 2. Data presented are the
means of at least three independent experiments.
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moderate influence on hIP-10 promoter activity. In addi-
tion, the influence on IL-8 promoter activity was deter-
mined, which is mainly regulated at the transcriptional level
by NF-jB and AP-1 [35]. The IL-8 dependent induction of
luciferase activity in MonoMac6 cells was increased 10–

13-fold after stimulation with 1 lg/mL LPS and 10 ng/mL
IFN-c. The hIL-8 promoter activities were dose-depend-
ently inhibited by all compounds with IC50 values of 7–
21 lM. All IC50 values are summarized in Table 3.

Because the transcription factor NF-jB plays a pivotal
role in the inducible transcription of the IP-10 and IL-8
genes, we investigated the influence of the test compounds
using a NF-jB transcriptional reporter in DLD-1, Jurkat,
and MonoMac6 cells. Cell transfection with the transcrip-
tional NF-jB reporter and induction with the indicated
stimuli increased the luciferase activity 15–20-fold com-
pared to non-stimulated cells. The inducible NF-jB driven
reporter gene expression was dose-dependently inhibited
by procyanidin B2 with IC50 values of 5–15 lM (Fig. 6). In
comparison, procyanidin B1 had a similar effect on NF-jB
activation, whereas in Jurkat cells the reporter gene activity
was still around 60% at a concentration of 35 lM. Phloretin
(Fig. 7) dose-dependently repressed the NF-jB activation
with IC50 values of 29–62 lM. Phloridzin only weakly
inhibited the NF-jB reporter gene activity in MonoMac6
cells (IC50 of 74 lM), whereas it was not influenced in
DLD-1 and Jurkat cells.

Beside NF-jB, STAT1 represents another important tran-
scription factor involved in IP-10 transcriptional regulation.
Therefore the influence of the polyphenols on STAT1-
dependent reporter gene activity was analyzed. Transfec-
tion of MonoMac6 cells with the STAT1 transcriptional
reporter and stimulation with LPS/IFN-c resulted in a 20–
24-fold luciferase activity compared to the non-stimulated
cells. Procyanidin B1, procyanidin B2 (Fig. 6C), and phlore-
tin (Fig. 7C) inhibited STAT1-driven reporter gene expres-
sion with IC50 values of 5–18 lM, whereas phloridzin
showed only a slight inhibitory effect with an IC50 value of
85 lM (Table 3).

To determine whether the repression of the transcrip-
tional reporter is a result of the inhibition of general tran-
scription factors, the effects of the phenolic compounds on
a constitutive promoter in DLD-1, Jurkat, and MonoMac6
cells were analyzed. Therefore the plasmid pRL-TK (Jurkat
and MonoMac6 cells) containing the thymidine kinase pro-
moter and the plasmid pRL-CMV (DLD-1) containing the
cytomegalovirus promoter were applied. Both promoters
were fused to renilla luciferase as described in Section 2.
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Table 3. Inhibition of selected reporter gene activities (NF-jB, IP-10, IL-8, STAT1) by different polyphenols in DLD-1, Jurkat, and
MonoMac6 (MM6) cells (IC50 values (lM))

Procyanidin B1 Procyanidin B2 Phloretin Phloridzin

DLD-1 Jurkat MM6 DLD-1 Jurkat MM6 DLD-1 Jurkat MM6 DLD-1 Jurkat MM6

NF-jB 17 � 10 15 15 5 55 62 29 � � 74
IP-10 9 8 7 8 7 7 47 53 23 53 106 80
IL-8 n.a. n.a. 12 n.a. n.a. 7 n.a. n.a. 29 n.a. n.a. 21
STAT1 n.a. n.a. 10 n.a. n.a. 5 n.a. n.a. 18 n.a. n.a. 85

n.a., not analyzed.

Figure 8. Effect of procyanidin B1, procyanidin B2, and phlore-
tin on the cytokine- and chemokine-production in LPS/IFN-c
stimulated MonoMac6 cells. MonoMac6 cells were induced
with 1 lg/mL LPS and 10 ng/mL IFN-c for 16 h. Cells were
pretreated with 86 lM procyanidin B1, 86 lM procyanidin B2,
and 182 lM phloretin for 1 h prior to stimulation. The superna-
tant was used according to the manufacturer's instructions
(Proteome Profiler–Human Cytokine Array Panel A, R&D
Systems). Cells were left uninduced (I), induced with LPS/IFN-
c for 16 h (II), induced and treated with 86 lM procyanidin B1

(III), 86 lM procyanidin B2 (IV), or 182 lM phloretin (V). The
formation of the antibody array is shown in Table 1.
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All compounds showed no inhibition of the constitutive
promoter activity up to a concentration of 26 lM procyani-
din B1 and procyanidin B2 (Fig. 6), 73 lM phloretin (Fig.
7), and 106 lM phloridzin, respectively.

3.3 Relative protein levels of an assortment of
multiple released cytokines and chemokines

To correlate the inhibitory activity seen on the transcrip-
tional level with the synthesis and excretion of proinflam-
matory mediators, we investigated the influence of procya-
nidin B1, procyanidin B2, and phloretin on the inducible
synthesis of selected cytokines and chemokines in the
human cell lines MonoMac6 and T84 with an antibody
array.

The cells were pretreated with test compounds for 1 h
and subsequently stimulated with LPS/IFN-c (MonoMac6)
or CM (T84) for 16 h. As shown in Fig. 8 II, stimulation of
MonoMac6 cells with LPS/IFN-c resulted in the induction
of expression and secretion of various cytokines and che-
mokines. In particular, ILs (e.g., IL-1b, IL-1ra, IL-6, IL-8,
IL-13, IL-13), “plasminogen activator inhibitor type-1”
(PAI-1), “intercellular adhesion molecule-1” (sICAM-1), as
well as several chemokines (e.g., CXCL10, CXCL11,
CCL2, CCL3, CCL4, and CCL5), and the proinflammatory
cytokine TNF-a were induced. As shown in Fig. 8 III, the
synthesis of chemokines (CXCL10, CXCL11, CCL2,
CCL4), cytokines (IL-1b, TNF-a), and adhesion molecules
(sICAM-1) were completely inhibited by procyanidin B1 at
a concentration of 86 lM. The production of CXCL1,
IL-1ra, IL-6, IL-8, and PAI-1 was only partially repressed.
In contrast, procyanidin B2 (86 lM) completely inhibited
the release of almost all induced chemokines and cytokines
(Fig. 8 IV). Interestingly, the amount of the constitutive
expressed chemokines CCL5 and “macrophage migration
inhibitory factor” (MIF) were not significantly affected by
both compounds.

As shown in Fig. 8 V, phloretin (182 lM) strongly
repressed the production of chemokines, like CXCL1,
CXCL10, CXCL11, CCL2, and CCL4. The synthesis of
cytokines, like IL-6, IL-8, and TNF-a were also inhibited.

Stimulation of T84 cells with CM, induced the synthesis
of proinflammatory cytokines, like CXCL10, TNF-a, and
IL-8, as well as RANTES, IL-1b, I-TAC, GRO-a, and
sICAM-1 (Fig. 9 II). As shown in Fig. 9 III, pretreatment
with procyanidin B1 (100 lM) caused a complete inhibition
of the synthesis of CXCL10, TNF-a, RANTES, IL-1b,
I-TAC, GRO-a, and sICAM-1, and a partial repression of
IL-8 production. In contrast, procyanidin B2 completely
blocked the synthesis of almost all induced chemokines and
cytokines at 100 lM (Fig. 9 IV). Additionally, the produc-
tion of CXCL10, RANTES, I-TAC, GRO-a, and sICAM-1
was completely repressed by phloretin at a concentration of
100 lM, whereas the release of IL-8 and TNF-a was only
moderately influenced (Fig. 9 V).

4 Discussion

Constitutively active, dysregulated expression of proin-
flammatory cytokines, chemokines, cell adhesion mole-
cules, and enzymes has been implicated in many inflamma-
tory and autoimmune diseases such as IBD [25]. Cytokines
and chemokines are extracellular signaling molecules that
mediate cell–cell communication. They are released from
cells and have critical roles in many biological processes
such as cellular growth, differentiation, gene expression,
migration, immunity, and inflammation. In most biological
processes, multiple cytokines operate in a large network,
where the action of one cytokine is regulated by the pres-
ence or absence of other cytokines. As a disorder of the gas-
trointestinal tract, inflammatory processes in IBD could be
positively affected by nutrition factors. In the present study
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Figure 9. Effect of procyanidin B1, procyanidin B2, and phlore-
tin on the cytokine- and chemokine-production in IFN-c/IL-1b/
TNF-a stimulated T84 cells. T84 cells were induced with
10 ng/mL IFN-c, 5 ng/mL IL-1b, and 10 ng/mL TNF-a for 16 h.
Cells were pretreated with 100 lM procyanidin B1, 100 lM pro-
cyanidin B2, and 100 lM phloretin for 1 h prior to stimulation.
The supernatant was used according to the manufacturer's
instructions (Proteome Profiler–Human Cytokine Array Panel
A, R&D Systems). Cells were left uninduced (I), induced with
IFN-c/IL-1b/TNF-a for 16 h (II), induced and treated with
100 lM procyanidin B1 (III), 100 lM procyanidin B2 (IV), or
100 lM phloretin (V). The formation of the antibody array is
shown in Table 1.
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we therefore evaluated the influence of selected apple poly-
phenols on inflammatory gene expression.

Initial experiments revealed an inhibitory effect of the
apple juice extract AE04 on proinflammatory gene expres-
sion in LPS/IFN-c stimulated monocytic macrophages. In
addition to transcription factors (STAT1, IRF1) and enzymes
(COX-2, CYP3A4), AE04 significantly down-regulated the
mRNA levels of several proinflammatory cytokines and che-
mokines (e.g., TNF-a, IL-1b, CXCL9, CXCL10), especially
the induction of the CXC chemokine IFN-c-inducible pro-
tein 10 (IP-10, CXCL10) was strongly repressed.

IP-10 is produced by several cell types, such as endothe-
lial cells [36], macrophages, keratinocytes [37], eosinophils
[38], and neutrophils [39]. Furthermore, it is also constitu-
tively expressed by normal human colon epithelium [40].
CXCL10 is a ligand for the CXCR3 receptor and serves as
chemoattractant for activated type-1 T-lymphocytes and
natural killer cells [30]. An increased expression of IP-10
has been observed in patients with COPD [41], asthma [42],
and in acute inflammation in response to pathogens [43]. In
addition, IP-10 is permanently over-expressed in patients
with IBD [44, 45].

In order to identify the constituents responsible for the
anti-inflammatory activity of AE04, the influence of some
major compounds of AE04 on gene expression of selected
proinflammatory mediators was investigated in cell lines
playing a decisive role in the inflammatory process of IBD.
In our study, the flavan-3-ol dimers procyanidin B1 and pro-
cyanidin B2, and the dihydrochalcone aglycone phloretin
had the strongest effect on proinflammatory gene expres-
sion.

Investigations were performed using the human epithelial
colon adenocarcinoma cell lines DLD-1 and T84. Intestinal
epithelial cells are the first immunologic barrier of the
organism on the villus surface. Furthermore, colonic epithe-
lial cells are mainly involved in the characteristic infiltration
of selected populations of leukocytes in IBD by producing a
multitude of chemokines [46, 47]. For stimulation, DLD-1
and T84 cells were induced with IFN-c, IL-1b, and TNF-a
(CM). There is a functional synergy between TNF-a and
IFN-c in promoting CXCL10 gene expression, that depends
on the co-existence of TNF-a responsive NF-jB binding
sites and IFN-c responsive signal transducers and activators
of transcription (STAT) protein-binding elements within the
gene promoter [30, 48–52]. Stimulation with IL-1b addi-
tionally activates MAPK- and NF-jB-pathways [53].

In addition, investigations were performed in TPA/Iono-
mycin stimulated human T-cells (Jurkat) which are mainly
responsible for mucosal inflammation due to an excessive
TH1-cell response associated with increased secretions of
IL-12, IFN-c, and TNF [25]. Stimulation with TPA and Iono-
mycin mimics the T-cell receptor activation and therefore the
transcription factors NF-jB and NF-ATare induced [54, 55].

Furthermore, the anti-inflammmatory effect of applied
polyphenols was studied in LPS/IFN-c stimulated cells of

the monocytic system (macrophages, monocytes), which
plays a major role in the colonic immune defence by pre-
senting processed antigens to T-cells, phagocytosis of for-
eign material, and coordination of the immune response by
secretion of cytokines. As a constituent of gram-negative
bacteria cell walls, LPS is a potent macrophage-activating
stimulus which induces the expression of many genes nec-
essary for immune defence function [56–58]. After interac-
tion with toll-like receptor 4 (TLR4), LPS stimulated gene
expression is mainly induced by myeloid differentiation
protein (MyD88) dependent pathways which involve the
activation of NF-jB [59–62]. Moreover, STAT1 is essential
for maximum LPS-induced IP-10 expression [51]. Further
stimulation of MonoMac6 cells with the type II interferon-c
results in an additional activation of the JAK/STAT signal-
ing pathway with a subsequent activation of STAT1a homo-
dimers.

In our investigations, procyanidin B1, procyanidin B2,
and phloretin down-regulated the mRNA levels of most
genes under study. For instance, CXCL10 expression was
significantly inhibited at a concentration of 86 lM (procya-
nidins) or 182 lM (phloretin) in all cell lines. In contrast,
the glucoside phloridzin had no inhibitory effect. In Jurkat
cells the stimulation of CXCL10 expression with TPA/Ion-
omycin was only weak (Figs. 2C1–5C1).

To evaluate effects of the applied polyphenols on IP-10
promoter activity, a hIP-10 promoter driven luciferase
reporter plasmid was used. Procyanidin B1, procyanidin B2,
and phloretin repressed the IP-10 promoter activity in a
dose-dependent manner in all cell lines under study (Figs.
6, 7). On the transcriptional level, inducible IP-10 expres-
sion is regulated by the transcription factors NF-jB, IRF3,
and STAT1 [48, 59]. Therefore, we determined the effect of
the polyphenols on NF-jB and STAT1 dependent promoter
activities. Both signaling pathways were inhibited by the
procyanidins B1, B2, and phloretin in a dose-dependent
manner. IP-10 expression is therefore synergistically
repressed by blocking NF-jB and STAT1 dependent signal-
ing. Unlike phloretin, the glucoside showed only a weak
inhibitory effect on NF-jB, STAT1, and IP-10-promoter
dependent reporter gene expression. In DLD-1 and Jurkat
cells, phloridzin had no effect on NF-jB activation
(Table 3).

The ability to modulate the activation of NF-jB is one of
the most important anti-inflammatory activities of some
phenolic compounds. For instance, green tea catechins have
been found to be potent inhibitors of NF-jB [63]. Procyani-
din B2 has been shown to affect the NF-jB signaling path-
way by preventing DNA-binding of the activated NF-jB
transcription factor [64]. In addition, some polyphenols are
known to interact with components of the JAK/STAT sig-
naling pathway. For example, green tea polyphenols
blocked the tyrosine phosphorylation of the STAT1a pro-
tein resulting in an inhibition of the STAT1a DNA binding
activity [65].
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Furthermore, the effect of the compounds on IL-8
mRNA levels in DLD-1, T84, Jurkat, and MonoMac6 cells,
and their influence on IL-8 promoter activity in LPS/IFN-c
stimulated MonoMac6 cells was investigated. IL-8 is
released in response to mucosal adherent E. coli in the
inflammatory process of IBD [66]. On the transcriptional
level, procyanidin B1 significantly down-regulated the
mRNA levels of IL-8 in DLD-1 and Jurkat cells, whereas
procyanidin B2 repressed the mRNA levels of IL-8 in all
cell lines under study (Figs. 2, 3). Phloretin significantly
inhibited the mRNA expression of IL-8 in LPS/IFN-c
stimulated MonoMac6 cells at a concentration of 182 lM
(Fig. 5D4). The glucoside had no inhibitory influence on
IL-8 mRNA expression (Fig. 5). All compounds had a sim-
ilar effect inhibiting the IL-8 promoter activity in a dose
dependent manner (Table 3). Two cis-acting elements are
known to play a functional role in the regulation of the IL-8
promoter. Besides a distal promoter element comprised of
an activator protein-1 (AP-1) binding site, there is a proxi-
mal promoter element containing binding sites for NF-IL-6
and NF-jB [67]. Inhibition of IL-8 expression is possibly
correlated with inhibition of NF-jB dependent signal trans-
duction or additional repression of AP-1 signaling. The AP-
1 complex consists of either homo- or heterodimers of the
JUN and FOS protein family members [68]. For instance,
PMA-induced IL-8 release in U937 cells was repressed by
resveratol due to inhibition of AP-1 activation [69].

The transcriptional activation of the TNF-a gene highly
depends on NF-jB [70]. Inhibition of the activation of the
transcription factor NF-jB and subsequent TNF-a release in
macrophage-like cell lines have been suggested to account
for the anti-inflammatory properties of several natural com-
pounds, including gliotoxin, aspirin, curcumin, and myrice-
tin [71]. TNF-a is known to be highly expressed in IBD [72].
In the present study, procyanidin B2 (50 lM) slightly down-
regulated the expression of TNF-a in T84 cells (Fig. 3B5). In
LPS/IFN-c stimulated MonoMac6 cells, phloretin (182 lM)
significantly blocked the mRNA expression of TNF-a (Fig.
4D4). Phloridzin had no effect on TNF-a expression up to a
concentration of 212 lM (Fig. 5).

Furthermore, IL-1b is known to be another key mediator
in the pathogenesis of IBD. Functional NF-jB, AP-1, and
C/EBP-sites have been found within the promoter region of
IL-1b, which is comparably regulated to TNF-a [73, 74]. In
our study both procyanidins (86 lM) and phloretin
(182 lM) significantly down-regulated the mRNA levels of
IL-1b in LPS/IFN-c stimulated MonoMac6 cells (Figs.
2D4, 3D4, 4D4).

Additionally, CXCL3 expression was slightly repressed
by the procyanidins in CM stimulated DLD-1 and TPA/Ion-
omycin stimulated Jurkat cells (Figs. 2A4, 2C4, 3A4, 3C4).
CXCL3 (GROc) is found to be highly expressed in
inflamed mucosa [75]. Among NF-jB and AP-1, addition-
ally STAT signaling pathways are involved in regulation of
CXCL3 expression [76, 77].

Furthermore, both procyanidins and phloretin signifi-
cantly down-regulated the mRNA levels of IL-2 in TPA/
Ionomycin stimulated Jurkat cells. Increased levels of IL-2
have been observed in the intestinal mucosa of IBD patients
[78]. In consideration of putative transcription factor bind-
ing sites, the inhibition could be due to an intervention in
NF-jB, AP-1, or NF-AT pathways [79].

COX-2 expression is also involved in the susceptibility of
IBD [80]. In LPS/IFN-c stimulated MonoMac6 cells, COX-
2 mRNA levels were significantly down-regulated by pro-
cyanidin B1 at a concentration of 86 lM. The binding of
transcription factors to the NF-jB, NF-IL-6, and CRE pro-
moter elements within the first 327 base pairs in the 59-flank-
ing region induce the expression of COX-2 in human macro-
phages/monocytes. It has been shown that at least two of
these cis-acting elements are necessary to achieve maximum
transcription by LPS induction. Several studies revealed that
inhibition of NF-jB activation or interfering with MAPK
signaling by pharmacological inhibitors or natural com-
pounds decreases COX-2 transcription and expression [81].
Procyanidin B2 has been found to suppress the expression of
COX-2 in LPS stimulated human monocytic THP-1 cells
resulting in a decreased activation of ERK, JNK, and p38
MAPK. These kinases are upstream enzymes known to reg-
ulate COX-2 expression in many cell types. Furthermore,
procyanidin B2 has been found to suppress NF-jB activation
by stabilization of IjB proteins [82]. In our study, only pro-
cyanidin B1 slightly down-regulated the mRNA levels of
COX-2 in LPS/IFN-c stimulated MonoMac6 cells. In con-
trast, procyanidin B2 revealed no inhibitory effect on COX-2
expression.

To correlate the protein levels of the investigated proin-
flammatory mediators with transcriptional data, the relative
levels of selected cytokines and chemokines were analyzed
by human cytokine array.

In LPS/IFN-c stimulated MonoMac6 cells, the synthesis
of basically NF-jB regulated chemokines, like CXCL10,
CCL2, or CCL4 [83, 84] was inhibited by procyanidin B1

(86 lM). The transcriptional inhibition of cytokines like
IL-1b or TNF-a could be confirmed on the protein level, as
well. In addition to chemokines and cytokines, procyanidin
B1 was able to inhibit the production of adhesion molecules,
like sICAM-1, which is also involved in inflammatory proc-
esses of the bowel [85] (Fig. 8 III). In addition, procyanidin
B2 completely blocked the synthesis of almost all induced
chemokines and cytokines at 86 lM (Fig. 8 IV). In CM
stimulated T84 cells, procyanidin B1 (100 lM) in particular
inhibited the production of CXCL10, TNF-a, CCL5
(RANTES), IL-1b, CXCL11 (I-TAC), CXCL1 (GRO-a),
and sICAM-1 (Fig. 9 III). As shown in MonoMac6 cells,
procyanidin B2 (100 lM) completely averts the production
of almost all induced chemokines and cytokines in T84
cells (Fig. 9 IV).

Furthermore, the synthesis of chemokines, like CXCL1,
CCL2, and CCL4 were inhibited by phloretin at a concen-
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tration of 182 lM. The NF-jB pathway was shown to be an
essential transcriptional modulator of these chemokines
[83, 84]. In addition to chemokines and cytokines, phloretin
was able to repress the production of adhesion molecules,
like intercellular adhesion molecule-1 (ICAM-1) (Fig. 8
V). In previous studies it was shown that, phloretin sup-
presses the expression of ICAM-1 in TNF-a and IL-1b

stimulated human umbilical vein endothelial cells by inhib-
ition of IRF1 activation [86]. In our study, an inhibition of
ICAM-1 release could be confirmed in CM stimulated T84
cells (Fig. 9 V). Furthermore, phloretin repressed the syn-
thesis of CCL5 (RANTES), CXCL11 (I-TAC), and CXCL1
(GROa). The effect on mRNA expression of investigated
proinflammatory genes by the applied polyphenols procya-
nidin B1, procyanidin B2, and phloretin, therefore, strongly
correlated with the released protein levels evaluated by the
human cytokine array.

In summary, we evaluated selected compounds responsi-
ble for the anti-inflammatory activity of AE04. In particu-
lar, procyanidin B1, procyanidin B2, and phloretin revealed
inhibitory potential on inflammatory gene expression in
vitro. These apple polyphenols, therefore, may serve as
transcription-based inhibitors of proinflammatory gene
expression.

The study was performed as a part of NutritionNet, sup-
ported by the German Federal Ministry of Education and
Research (BMBF), Project no. 01EA0501. This work was
additionally supported by the state of Rhineland-Palatinate
(Projekt ,Wissen schafft Zukunft’). The authors thank Prof.
Dr. Schrenk and his collaborators for providing real-time
PCR equipment.
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