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Abstract

Kaempferol is the major flavonol in green tea and ex-
hibits many biomedically useful properties such as an-
tioxidative, cytoprotective and anti-apoptotic activiti-
es. To elucidate its effects on the skin, we investigated 
the transcriptional profiles of kaempferol-treated 
HaCaT cells using cDNA microarray analysis and iden-
tified 147 transcripts that exhibited significant 
changes in expression. Of these, 18 were up-regulated 
and 129 were down-regulated. These transcripts were 
then classified into 12 categories according to their 
functional roles: cell adhesion/cytoskeleton, cell cy-
cle, redox homeostasis, immune/defense responses, 

metabolism, protein biosynthesis/modification, intra-
cellular transport, RNA processing, DNA modification/ 
replication, regulation of transcription, signal trans-
duction and transport. We then analyzed the promoter 
sequences of differentially-regulated genes and iden-
tified over-represented regulatory sites and candidate 
transcription factors (TFs) for gene regulation by 
kaempferol. These included c-REL, SAP-1, Ahr-ARNT, 
Nrf-2, Elk-1, SPI-B, NF-κB and p65. In addition, we vali-
dated the microarray results and promoter analyses 
using conventional methods such as real-time PCR 
and ELISA-based transcription factor assay. Our mi-
croarray analysis has provided useful information for 
determining the genetic regulatory network affected 
by kaempferol, and this approach will be useful for elu-
cidating gene-phytochemical interactions.
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Introduction

Camellia sinensis is the plant used to make green 
tea. It is believed to provide a number of beneficial 
medicinal effects and the flavonoids are probably the 
most important of its many bioactive substances in 
this respect. These include the biologically-active 
polyphenols, which exhibit anti-carcinogenic, anti- 
inflammatory, cytostatic, apoptotic, anti-oxidant and 
anti-angiogenic activities (Ahmad and Mukhtar, 
1999;  2001; Park and Dong, 2003). The majority of 
flavonoids from green tea are catechins such as 
epicatechin (EC), epigallocatechin (EGC), epicate-
chin gallate (ECG) and epigallocatechin gallate 
(EGCG), the latter being the focus of most research. 
EGCG not only selectively induces apoptosis in 
tumor cells and abnormal human epidermal keratino-
cytes, it also inhibits UVB-induced AP-1 expression 
and accelerates keratinocyte differentiation and 
wound healing (Hsu, 2005).
    Recently, the flavonoid kaempferol was obtained 
from C. sinensis seeds by enzymatic cleavage of a 
sugar group (Sekine et al., 1991; Park et al., 2006). 
Kaempferol represents 22-29% of the total dietary 
flavonoid intake from a variety of diets (de Vries et al., 
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1997) and is easily absorbed by the digestive tract. 
Its antioxidative properties have been demonstrated 
in cell-free systems, as well as in a variety of cell 
types. It exhibits strong radical-scavenging activity 
(Murota et al., 2002) and inhibits formation of 
superoxide anion radicals by xanthine oxidase 
(Selloum et al., 2001). Chemical stress-induced 
ROS production is decreased by kaempferol in 
various cell types (Wang et al., 1999; Samhan-Arias 
et al., 2004). Kaempferol has also been shown to 
have cytoprotective and anti-apoptotic activities 
(Wang et al., 1999; Samhan-Arias et al., 2004) and to 
inhibit damage to DNA by certain hormones 
(Dobrzynska et al., 2004) and H2O2 (Noroozi et al., 
1998). Although these activities have been reported 
in several studies, little is known about the effect of 
kaempferol on gene expression and regulation in the 
skin.
    DNA microarray analysis allows simultaneous 
monitoring of expression of multiple genes in different 
cells and tissues (Brown and Botstein, 1999). Its 
applications for pharmaceutical and clinical research 
include identification of disease-related genes, as 
well as targets for therapeutic drugs (Alizadeh et al., 
2000). In this study, we used DNA microarray analysis 
to investigate the molecular mechanisms underlying 
the beneficial effects of kaempferol on the skin. We 
investigated changes in the transcriptional profiles of 
immortalized human keratinocytes (HaCaT cells) 
following treatment with kaempferol. We then used 
bioinformatics tools to analyze the promoter se-
quences of differentially-regulated genes in order to 
identify common transcription regulators. Using this 
approach, we identified a genetic regulatory network 
that responds to kaempferol.

Materials and Methods

Cell culture

The spontaneously-transformed human kerati-
nocyte cell line HaCaT (N.E. Fusenig, Deutsches 
Krebsforschungszentrum, Heidelberg, Germany) 
(Boukamp et al., 1998) was grown in DMEM con-
taining 10% FBS and antibiotics (100 μg ml-1 strep-
tomycin and 100 IU ml-1 penicillin). Cells (1 × 105) 
were grown in tissue culture flasks (75 cm2) at 37oC 
in 5% CO2 and 95% air for 24 h, followed by serum 
starvation for 24 h. Kaempferol was then added and 
the cells were incubated for the time periods in-
dicated. Control cultures were maintained in medium 
supplemented with a 1：10,000 dilution of vehicle 
(DMSO), which produced no apparent growth or 
differentiation effects.
    NHEKs were derived from neonatal foreskin as 
previously described (Gibson et al.,1996). Briefly, 

epidermis was isolated from newborn foreskins by in-
cubation in Dispase, and a suspension of keratino-
cytes was obtained by incubation in 10 mM EDTA 
and subsequent trypsinization. Cells thus obtained 
were cultured with serum-free keratinocyte growth 
medium (KGM, Clonetics, San Diego, CA) and used 
for experiments after 2 or 3 passages.

RNA preparation

Following kaempferol treatment, HaCaT cells were 
washed twice with PBS and total RNA was isolated 
using Trizol reagent (GibcoBRL Life Technologies, 
Grand Island, NY), according to the manufacturer’s 
instructions. The RNA concentration was deter-
mined photometrically and its quality was observed 
using agarose gel electrophoresis.

cDNA microarray analysis

We used a human 10K cDNA microarray that com-
prised 10,336 cDNA spots, as described previously 
(Lee et al., 2002a). Housekeeping genes and yeast 
DNA were spotted as negative controls. cDNA micro-
array analyses were performed four times for each 
time point. Fluorescence-labeled cDNA probes were 
prepared from 20 μg total RNA using an Amino Allyl 
cDNA labeling kit (Ambion, Austin, TX), as described 
previously (Ahn et al., 2004). The Cy3- and 
Cy5-labeled cDNA probes, corresponding to control 
and kaempferol-treated cells, respectively, were 
mixed and hybridized to the microarrays at 55oC for 
16 h. The two fluorescent images (Cy3 and Cy5) 
were scanned separately using a GMS 418 Array 
Scanner (Affymetrix, Santa Clara, CA) and image 
data were analyzed with the ImaGene v. 4.2 
(Biodiscovery, Santa Monica, CA) and MAAS 
(Gaiagene, Seoul, Korea) software packages (Kim et 
al., 2001). For each hybridization, emission signal 
data were normalized by multiplying the Cy3 signal 
values by the mean Cy3 to Cy5 signal intensity ratios 
for all spots on the array. Values ≥ 2-fold higher than 
background intensity were considered significant. 
We calculated the median value of the gene ex-
pression ratio from four independently-repeated mi-
croarray experiments, then used modified t-tests 
(significance analysis of microarrays, SAM) to eval-
uate the statistical significance of changes in gene 
expression (Tusher et al., 2001). Significant ge-
nome-wide changes in expression were selected at 
SAM(d) = 0.66 and we adopted a 2.0-fold change 
cutoff, based on our previous experience. Genes ex-
hibiting significant differences in expression level 
were classified into Gene Ontology (GO)-based 
functional categories (Ashburner et al., 2000; The 
Gene Ontology. http://www.geneontology.org), with 
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some modifications. We applied hierarchical cluster-
ing to genes using the weighted pair-group method 
with a centroid average, as implemented in the 
CLUSTER program (Eisen et al., 1998). The results 
were analyzed using Tree View software (M. Eisen; 
http://www.microarrays.org/software).

Real time RT-PCR

We selected a subset of differentially-expressed 
genes for independent confirmation of microarray 
results. We performed SYBR green-based real-time 
RT-PCR using the gene encoding β-actin as an 
internal reference. Reverse transcription was per-
formed on 4 μg total RNA in a 25 μl reaction mixture 
containing MuLV reverse transcriptase (2.5 U), 
RNAse inhibitor (1 U), 5 mM MgCl2, 50 mM KCl, 10 
mM Tris-HCl, (pH 8.3), 2.5 μM oligo (dT) primer and 
1 mM dNTPs. The reaction mixture was incubated at 
42oC for 60 min, then denatured at 85°C for 5 min. 
Using an ICycler (BioRad, Hercules, CA), cDNA was 
amplified in 50 μl reaction mixtures containing 1 U 
AmpliTaq DNA polymerase (Perkin Elmer, Shelton, 
CT), 50 mM Tris (pH 8.3), 0.25 g/L BSA, 3 mM MgCl2, 
0.25 mM dNTPs, 1/50,000 dilution of SYBR green I 
(Molecular Probes, Eugene, OR) and 0.25 μM of the 
requisite PCR primers. Primer sequences were as 
follows: nuclear factor of kappa light polypeptide 
gene enhancer in B-cells 2 (NF-κB2) forward, 5'- 
TCCACCTTTAAGTTGCCCTG-3', reverse, 5'-TC-
TGCTCTCGTCATGTCACC-3'; phospholipase A2- 
activating protein (PLAA) forward, 5'-TTAAACA-
CCCACCCACCAAG-3', reverse, 5'-CGAAAGCCT-
GGAGGTAAAGA-3'; signal transducer and activator 
of transcription 3 (STAT3) forward, 5'-TCAGACCCA-
TCATCAAGCAA-3', reverse, 5'-ATGACAGGTAAA-
TGGGCGAG-3'; TNFα forward, 5'-TGCACCACAG-
TTTAAACCCA-3', reverse, 5'-GACTCCTTCAGG-
TGCTCAGG-3'; peroxisome proliferator-activated 
receptor α (PPARα) forward, 5'-GTGGCTGCTATAA-
TTTGCTGTG-3', reverse, 5'-GAAGGTGTCATC-
TGGATGGGT-3'; PPARγ forward, 5'-CAAGACTAC-
CCTTTAAGTGAA-3', reverse, 5'-CTACTTTGATC-
GCACTTTGGT-3'; and β-actin forward, 5'-GGGTC-
AGAAGGACTCCTATG-3', reverse, 5'-GTAACAA-
TGCCATGTTCAAT-3'. The following reaction con-
ditions were used: one cycle of denaturing at 95oC for 
5 min, followed by 30 cycles of 95oC for 30 s, 60oC for 
45 s and 72oC for 1 min. Relative RNA levels were 
determined by analyzing the changes in SYBR green 
I fluorescence during amplification, according to the 
manufacturer's instructions. β-actin was amplified in 
parallel; the results were used for normalization. 
PCR product sizes were confirmed by 2% agarose 
gel electrophoresis and staining with ethidium bro-
mide. The purity of PCR products was determined by 

melting point analysis using the ICycler software 
(BioRad, Hercules, CA)

Promoter analysis 

Promoter analysis was performed using oPOSSUM 
v1.3 (Ho Sui et al., 2005), a web-based tool for ana-
lyzing sets of co-expressed genes. It incorporates 
cross-species comparisons, PSSM-based promoter 
motif detection and statistical methods for identi-
fication of over-represented transcription factor bind-
ing sites (TFBSs) using a pre-computed database. 
The database was constructed from an initial set of 
14,083 orthologs from both human and mouse, 
which were obtained by selecting only ‘one-to-one’ 
human-mouse orthologs from Ensembl (Clamp et 
al., 2003). We analyzed 2,000 bp upstream and 
downstream of the transcription start site (TSS) for 
each differentially-expressed gene. The level of con-
servation with the aligned orthologous mouse se-
quence was set to level 1 (the top 10 percentile of 
non-coding conserved regions with an absolute mini-
mum percent identity of 70%). Two measures of stat-
istical over-representation were used: a Z-score and 
a one-tailed Fisher exact probability. 

UVB irradiation and NF-κB (p65/RelB) assay

HaCaT cells and NHEKs pretreated with kaempferol 
or vehicle were washed with PBS, after which fresh 
PBS was added and the cells were exposed to UVB 
radiation (40 mJ/cm2) delivered through a bank of 
FS40 lamps (Westinghouse, Pittsburgh, PA) with a 
UVB emission maximum at 313 nm. UV wavelengths 
not normally present in natural incident solar radia-
tion were blocked using a Kodacel cellulose filter 
(Eastman Kodak Co., Rochester, MN), as described 
previously (Katiyar et al., 2001). Following irradi-
ation, the culture medium was reintroduced and cells 
were incubated for a further 6 h. Kaempferol treat-
ment occurred 6 h prior to and following UVB 
irradiation. Following treatment of cells with kaemp-
ferol and/or UVB, nuclear extracts were prepared 
and assayed using a TransFactor extraction kit (BD 
Bioscience CLONTECH, San Jose, CA) according to 
the manufacturer’s instructions. Nuclear extracts 
were spun at 20,000 g for 5 min at 4oC, after which 
the supernatants were assayed for p65 or RelB 
content. Equal amounts of nuclear lysate were add-
ed to incubation wells pre-coated with the DNA-bind-
ing consensus sequence and the presence of trans-
located p65 or the RelB subunit was assayed.

Plasmids and reporter gene assays

The reporter plasmid PPRE-tk-Luc, which contains 
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GenBank ID Unigene ID Gene symbol
Microarray Real time PCRa

3 h 6 h 24 h 3 h 6 h 24 h

BM789388 Hs.337766 TXNRD1 1.2 3.8 2.8    1.8 ± 0.2*   5.2 ± 0.8**   5.0 ± 1.2** 
BM749654 Hs.523302 PRDX3 1.4 1.2 3.3    1.5 ± 0.4   1.7 ± 0.2*   2.7 ± 0.6* 
BM750766 Hs.73090 NF-κB2 0.44 0.86 0.74  0.30 ± 0.10* 0.80 ± 0.30 0.70 ± 0.10
BM767282 Hs.27182 PLAA 0.48 0.88 0.70  0.42 ± 0.21* 0.72 ± 0.10 0.66 ± 0.20 
BM742118 Hs.463059 STAT3 0.35 0.86 0.64  0.47 ± 0.11* 0.78 ± 0.00 0.62 ± 0.20

aHaCaT cells (1 × 105) were cultivated in medium containing 10% FBS for 24 h. Following subsequent 24 h serum starvation, kaempferol was added and 
incubation continued for the time periods indicated. Control cultures were maintained in medium supplemented with a 1：10,000 dilution of vehicle 
(DMSO). Total RNA was isolated and the relative mRNA expression levels of different genes were measured by real-time RT-PCR analysis with SYBR 
green. Data are expressed as fold changes (means ± SD) (n = 3), normalized to β-actin mRNA expression. The values for the control group were set at 
1.00. Analyses were performed in triplicate for each group. *P ＜ 0.05 compared with the control group. **P ＜ 0.001 compared with the control group.

Table 1. Validation of microarray data by real-time PCR.

three PPAR response elements (PPREs), and the re-
ceptor expression plasmid pCMX-mPPAR, have 
been described previously (Kliewer et al., 1994; Lee 
and Kang 2000). A modified calcium phosphate pre-
cipitation procedure was used for transient trans-
fection (Lee et al., 2002b). In brief, HaCaT cells (1 ×
105/well) were seeded into a 12-well culture plate 

and transfected with DNA mixtures (1.3 μg/well) con-
taining carrier DNA (pBluescript), reporter plasmid 
(0.1 μg), β-galactosidase (β-gal) expression vector 
(0.2 μg) and pCMX-mPPAR expression vector (10 
ng), using LipofectaminePlus (GIBCO BRL, Grand 
Island, NY). The cells were treated for 24 h with test 
compounds, after which luciferase activity was de-
termined using a luminometer, according to the man-
ufacturer’s instructions. Luciferase activity was nor-
malized for transfection efficiency using the corre-
sponding β-gal activity.

Statistical analysis

ANOVA tests were performed using SigmaStat 
(SPSS Inc., Chicago, IL); P ＜ 0.05 was considered 
to be statistically significant.

Results

Identification of kaempferol-responsive genes

To identify genes regulated differentially by kaemp-
ferol, we compared the expression levels of ca. 
10,000 genes from kaempferol- and vehicle-treated 
HaCaT cells. cDNA microarray analyses revealed a 
＞ 2-fold difference in the expression of 147 tran-
scripts, at one or more time points (Supplementary 
Table 1). Of these, 18 and 129 were up- and 
down-regulated, respectively. Altered expression of 
the majority of down-regulated transcripts (117) oc-

curred 3 h after kaempferol treatment. To provide in-
dependent validation of the microarray data, we per-
formed real-time PCR analyses on expression of se-
lected genes. In concordance with the results ob-
tained from the microarray experiments, transcript 
levels for genes encoding NF-κB2, Plaa and Stat3 
decreased following kaempferol treatment (Table 1).

Functional categorization and hierarchical 
clustering of differentially-expressed genes

The 147 transcripts were classified into 12 catego-
ries, according to their functional roles. The majority 
of down-regulated genes were involved in cell adhe-
sion/cytoskeleton, cell cycle, DNA modification/repli-
cation, signal transduction, transcription regulation 
and transport (Figure 1). In contrast, up-regulated 
genes were involved in cellular redox homeostasis 
(Figure 1). The 147 transcripts were clustered into 3 
distinct expression patterns, following a hierarchical 
clustering of similarity (Figure 2).

Promoter analysis of differentially-expressed genes

The nonredundant set of 147 differentially-expressed 
genes (based on GenBank accession number) was 
mapped computationally to 137 unique UniGene 
clusters. In order to identify biologically relevant 
transcription factor binding sites (referred to here as 
transcription regulatory elements or TREs), we 
performed promoter analyses on the regulatory 
regions of these genes (2,000 bp up- and 
downstream of the TSS) using oPOSSUM v1.3 (Ho 
Sui et al., 2005). The number of genes submitted to 
oPOSSUM, as well as the genes mapped to mouse 
orthologs and used for subsequent analyses, are 
presented in Table 2. We used a Fisher P value cutoff 
of 0.05 to identify over-represented TREs. Over- 
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Figure 1. Global gene expression 
in functional categories. Black 
and white bars represent the 
numbers of genes with decreased 
and increased expression, re-
spectively, following kaempferol 
treatment.

Figure 2. Hierarchical clustering of genes that were significantly up- or 
down-regulated by kaempferol treatment. Differentially-expressed genes 
were clustered hierarchically based on similarities in their expression 
profiles. The expression pattern of each gene is displayed as a horizontal 
strip. The color scale is indicated below. Clusters 1-3 are defined accord-
ing to their gene expression patterns, and the log ratio values of genes 
for each class are presented as line graphs.

Cluster Expression pattern TRE Z-score Fisher P value

1 Genes increased
(17 input;

5 analyzed)

Ahr-ARNT 4.055 4.124e-02

2 Genes decreased
at 3 h

(109 input; 67 
analyzed)

c-REL 9.693 3.645e-04
SAP1 5.692 1.170e-02
Ahr-ARNT 1.272 1.260e-02
Nrf-2 8.874 1.290e-02
Elk-1 4.575 1.484e-02
SPI-B 8.455 2.275e-02
NF-κB 1.5 4.556e-02
p65 5.987 5.099e-02

3 Genes decreased
at 6 and/or 24 h

(11 input;
5 analyzed)

NF-κB 5.957 2.522e-02

Promoter analysis was performed using oPOSSUM v1.3 (Ho Sui et al., 
2005), a web-based promoter motif detection and statistical methods for 
identification of over-represented transcription response elements (TREs) 
in the promoters of gene set. 2,000 bp upstream and 500 bp downstream 
of the transcription start site (TSS) for each differentially-expressed gene 
were analyzed. The level of conservation with the aligned orthologous 
mouse sequence was set to level 1 (the top 10 percentile of non-coding 
conserved regions with an absolute minimum percent identity of 70%). 
Two measures of statistical over-representation were used: a Z-score 
and a one-tailed Fisher exact probability. TREs with the mostly highly 
ranked Z-scores or with Fisher P-value ＜ 0.05 were listed. See (Ho Sui 
et al., 2005) for how the Z-score and Fisher P-values were calculated.

Table 2. Over-represented TREs in the promoters of differentially- 
expressed genes following treatment with Kaempferol.

represented TREs for genes exhibiting altered 
expression following kaempferol treatment were as 
follows: increased expression, Ahr-ARNT; decreas-
ed expression, c-REL, SAP-1, Ahr-ARNT, Nrf-2, 
Elk-1, SPI-B, NF-κB and p65. The c-REL, p65 and 
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Cluster Symbol UGCluster Name TF

Cluster 1 RIPK2 Hs.103755 Receptor-interacting serine-threonine kinase 2 Ahr-ARNT
PRDX3 Hs.523302 Peroxiredoxin 3 Ahr-ARNT
AP1M1 Hs.71040 Adaptor-related protein complex 1, mu 1 subunit Ahr-ARNT
CLU Hs.436657 Clusterin (complement lysis inhibitor, SP-40, 40, sulfated glycoprotein 2, Ahr-ARNT

testosterone-repressed prostate message 2, apolipoprotein J)
FOSL1 Hs.283565 FOS-like antigen 1 Ahr-ARNT

Cluster 2 actn1 Hs.509765 Actinin, alpha 1 p65/c-REL/NF-κB
aarsl Hs.158381 Alanyl-tRNA synthetase-like p65/c-REL/NF-κB
anks1 Hs.132639 Ankyrin repeat and sterile alpha motif domain containing 1 c-REL/NF-κB
cask Hs.495984 Calcium/calmodulin-dependent serine protein kinase (MAGUK family) p65/c-REL/NF-κB
kai1 Hs.527778 CD82 antigen p65/c-REL/NF-κB
cdc2l5 Hs.233552 Cell division cycle 2-like 5 (cholinesterase-related cell division controller) c-REL
c6orf210 Hs.486095 Chromosome 6 open reading frame 210 c-REL/NF-κB
c6orf69 Hs.188757 Chromosome 6 open reading frame 69 c-REL
cpne8 Hs.40910 Copine VIII NF-κB
dtx2 Hs.187058 Deltex homolog 2 (Drosophila) p65/c-REL/NF-κB
git2 Hs.434996 G protein-coupled receptor kinase interactor 2 c-REL
gp5 Hs.73734 Glycoprotein V (platelet) p65/c-REL/NF-κB
jph3 Hs.123450 Junctophilin 3 c-REL/NF-κB
luc7L Hs.16803 LUC7-like (S. cerevisiae) c-REL
myh9 Hs.474751 Myosin, heavy polypeptide 9, non-muscle p65/c-REL/NF-κB
nf2 Hs.187898 Neurofibromin 2 (bilateral acoustic neuroma) p65/c-REL
nfkb2 Hs.73090 Nuclear factor of kappa light polypeptide gene enhancer in B-cells 2 (p49/p100) p65/c-REL/NF-κB
nfkbib Hs.9731 Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, beta p65/c-REL/NF-κB
nxn Hs.527989 Nucleoredoxin p65/c-REL/NF-κB
ppid Hs.183958 Peptidylprolyl isomerase D (cyclophilin D) p65/c-REL/NF-κB
plaa Hs.27182 Phospholipase A2-activating protein c-REL
pigr Hs.497589 Polymeric immunoglobulin receptor p65/c-REL/NF-κB
kctd10 Hs.524731 Potassium channel tetramerisation domain-containing 10 p65/c-REL/NF-κB
pqlc2 Hs.523036 PQ loop repeat-containing 2 p65/c-REL/NF-κB
prkag2 Hs.549162 Protein kinase, AMP-activated, gamma 2 non-catalytic subunit p65/c-REL/NF-κB
rab1b Hs.300816 RAB1B, member RAS oncogene family p65/c-REL/NF-κB
rab21 Hs.524590 RAB21, member RAS oncogene family p65/c-REL/NF-κB
rasgef1b Hs.480068 RasGEF domain family, member 1B c-REL
rock2 Hs.58617 Rho-associated, coiled-coil-containing protein kinase 2 c-REL
sec14l2 Hs.335614 SEC14-like 2 (S. cerevisiae) p65/c-REL/NF-κB
stat3 Hs.463059 Signal transducer and activator of transcription 3 (acute-phase response factor) p66/c-REL/NF-κB
slc30a4 Hs.162989 Solute carrier family 30 (zinc transporter), member 4 p65/c-REL/NF-κB
slc31a1 Hs.532315 Solute carrier family 31 (copper transporters), member 1 NF-κB
skp2 Hs.23348 S-phase kinase-associated protein 2 (p45) c-REL
stom Hs.253903 Stomatin p65/c-REL
stip1 Hs.337295 Stress-induced-phosphoprotein 1 (Hsp70/Hsp90-organizing protein) p65/c-REL/NF-κB
smarce1 Hs.463010 SWI/SNF-related, matrix-associated, actin-dependent regulator of p65/c-REL/NF-κB

chromatin, subfamily e, member 1
sdc1 Hs.224607 Syndecan 1 p65/c-REL/NF-κB
tcf7 Hs.519580 Transcription factor 7 (T-cell specific, HMG-box) p66/c-REL/NF-κB
Tm9sf1 Hs.91586 Transmembrane 9 superfamily member 1 c-REL
psmd14 Hs.369125 Proteasome (prosome, macropain) 26S subunit, non-ATPase, 14 p65/c-REL
pik4cb Hs.527624 Phosphatidylinositol 4-kinase, catalytic, beta polypeptide c-REL/NF-κB

Cluster 3 usp9x Hs.77578 Ubiquitin specific protease 9, X-linked (fat facets-like, Drosophila) Nf-κB
acly Hs.387567 ATP citrate lyase Nf-κB
hspb1 Hs.520973 Heat shock 27 kDa protein 1 Nf-κB
sdc4 Hs.252189 Syndecan 4 (amphiglycan, ryudocan) Nf-κB

Table 3. Genes increased or decreased following kaempferol treatment, with overrepresented Ahr-ARNT, p65, c-REL and NF-κB in their 
promoters.
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Figure 3. Effects of kaempferol on NF-κB activity in HaCaT cells and NHEKs. Following treatment with kaempferol for 6 h, HaCaT cells and NHEKs were 
exposed to UVB irradiation ( 40 mJ cm-2) then cultured in media with kaempferol for a further 6 h. Nuclear extracts of HaCaT cells were prepared and the 
presence of translocated p65 (A) or RelB subunit (B) was assessed using ELISA. With nuclear extracts of NHEKs, the presence of translocated p65 (C) 
or RelB subunit (D) was assessed. Values represent means ± SD of 3 or 4 independent experiments. Means with differently-lettered superscripts differ 
at P ＜ 0.05.

NF-κB are all members of the NF-κB family of TFs, 
and these ranked first, seventh and eighth using 
Fisher P values (Table 2). The differentially express-
ed genes following kaempferol treatment with 
overrepresented Ahr-ARNT, p65, c-REL and NF-κB 
in their promoters are listed in Table 3.

Effect of kaempferol on NF-κB activity

To verify the bioinformatic analyses, we used an 
ELISA-based transcription factor assay to examine 
the effect of 10 μM kaempferol on activation of NF-κB 
p65 and RelB in HaCaT cells and NHEKs irradiated 

with UVB (Figure 3). Although kaempferol treatment 
significantly inhibited activation of NF-κB p65 elicited 
by UVB irradiation, it had no effect on basal activity in 
HaCaT cells (Figure 3A). In contrast to NF-κB p65, 
RelB was not activated by UVB irradiation in HaCaT 
cells and kaempferol treatment decreased RelB bas-
al activity, as well as RelB activity in UVB-irradiated 
HaCaT cells (Figure 3B). Although UVB-induced 
NF-κB activation was shown in both HaCaT cells 
and NHEKs, HaCaT cells were found to contain a 
constitutive aberrant NF-κB activity that is not found 
in NHEKs (Lewis et al., 2006). Therefore, we exam-
ine the effect of kaempferol on activation of NF-κB in 
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Figure 4. Effect of kaempferol on transcriptional activity of PPARs. HaCaT cells containing PPRE-tk-Luc were transiently transfected with 10 ng 
pCMX-mPPAR, then treated with WY14643, prostacyclin (PGI2), troglitazone (TGZ) or kaempferol. After 24 h, cells were assayed for luciferase activity, 
which was normalized to the corresponding β-gal activity. Data represent the mean ± SD of 3 or 4 independent experiments. Means with differ-
ently-lettered superscripts differ at P ＜ 0.05.

NHEKs. Similar to HaCaT cells, kaempferol treat-
ment significantly inhibited activation of NF-κB p65 
elicited by UVB irradiation in NHEKs (Figure 3C). 
However, RelB showed a different response follow-
ing UVB irradiation in NHEKs. RelB was activated by 
UVB irradiation and UVB-induced RelB activation 
was inhibited by kaempferol treatment in NHEKs 
(Figure 3D).

Effect of kaempferol on the transcriptional activity of 
PPARs

PPAR activation is one of several mechanisms that 
could account for decreased NF-κB activities 
(Yamamoto et al., 2003). As PPAR activators have 
been reported to antagonize the NF-κB signaling 
pathway directly (Blanquart et al., 2003; Chen et al., 
2003), we tested whether or not kaempferol could ac-
tivate the transcriptional activity of PPARs in HaCaT 
cells. We performed transient transfection experi-
ments using the PPRE-tk-Luc reporter gene (Kliewer 
et al., 1994; Lee and Kang, 2000). When PPRE-tk- 
Luc was co-transfected with the PPARα, PPARβ/δ 
and PPARγ expression vectors, treatment with 10 
μM kaempferol increased reporter activity by a factor 
of approximately 2.0, 2.6 and 3.0, respectively 
(Figure 4).

Discussion

The beneficial effects of kaempferol have been dem-
onstrated in cell-free systems and a variety of cell 
types (Noroozi et al., 1998; Wang et al., 1999; 

Selloum et al., 2001; Murota et al., 2002; Dobrzynska 
et al., 2004; Samhan-Arias et al., 2004). However, its 
effects on gene expression in the skin have rarely 
been studied. Therefore, we used cDNA microarray 
analysis to examine its effects on epidermal 
keratinocytes. We assessed the levels of ca. 10,000 
transcripts in kaempferol-treated HaCaT cells and 
observed marked alterations in the expression of 
147 genes. These genes are involved in cytoskele-
ton, cell adhesion, redox homeostasis, immune and 
defense responses, metabolism, protein biosyn-
thesis and modification, DNA modification and repli-
cation, regulation of transcription, signal transduction 
and transport in a wide range of biological systems, in-
cluding human skin cells (Ashburner et al., 2000; The 
Gene Ontology, http://www. geneontology.org).
    Following kaempferol treatment of HaCaT cells, 
we observed a ＞ 2-fold upregulation of genes in-
volved in redox homeostasis, such as an endoplas-
mic reticulum thioredoxin superfamily member (18 
kDa), peroxiredoxin 3 and thioredoxin reductase 1. 
Tea-associated compounds are known to exhibit po-
tent antioxidant activity and have been implicated in 
the alleviation of cancer-associated oxidative stress-
es (Ahmad and Mukhtar, 1999, 2001; Park and 
Dong, 2003). In relation to such activities, flavonoids 
isolated from green tea leaves have been shown to 
regulate several genes differentially (Ahmad and 
Mukhtar, 1999). However, the regulatory effects of 
kaempferol on genes involved in cellular redox ho-
meostasis in the skin have not yet been studied 
intensively. Our microarray data provide a starting 
point for unraveling the molecular mechanisms un-
derlying the antioxidative action of kaempferol in skin 
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Figure 5. A network showing relations between the over-represented TREs (P value ＜ 0.05) and differentially-expressed genes following treatment with 
kaempferol. The pentagonal boxes represent the TREs and ellipses represent the genes.

cells.
    We observed decreased expression patterns in 
genes encoding proteins involved in inflammatory 
and immune responses, such as CD68 antigen, in-
terferon (α, β, and ω) receptor 1, nuclear factor of 
kappa light polypeptide gene enhancer in B-cells 2 
(p49/p100), nuclear factor of kappa light polypeptide 
gene enhancer in B-cells inhibitor β, interferon 
α-inducible protein (clone IFI-15K), interferon-in-
duced protein with tetratricopeptide repeats 3, 
Toll-like receptor adaptor molecule 1 and signal 
transducer and activator of transcription 3 (acute- 
phase response factor). Several in vitro studies have 
investigated the inhibitory activity of flavonoids on 
NO and cytokine production in macrophage cell lines 
such as RAW264.7 (Kim et al., 1999, 2004; Xagorari 
et al., 2001; Blonska et al., 2003; Jung et al., 2007) 
and J774.1 (Blonska et al., 2004). Kaempferol was 
shown to have an inhibitory effect on M-CSF-induced 
proliferation of macrophages obtained from bone 
marrow cultures (Comalada et al., 2006). In the pri-

mary macrophage cultures, it downregulated iNOS 
expression and inhibited LPS-induced TNFα secre-
tion (Comalada et al., 2006). In osteoblasts, it down-
regulated TNFα-induced production of the osteo-
clastogenic cytokines IL-6 and monocyte chemo-
attractant protein-1 (MCP-1/CCL2) (Pang et al., 
2006). It has been suggested that the antioxida-
tive/radical scavenging properties of flavonoids are 
related in part to their anti-inflammatory activities and 
specifically to inhibition of the NF-κB pathway 
(Comalada et al., 2006). These aspects should be 
considered in relation to the gene expression profiles 
revealed in our study.
    The regulatory regions of promoters from differ-
entially-expressed genes have the potential to pro-
vide insight into coordinated regulation. Therefore, 
promoter analysis was performed using oPOSSUM 
v1.3 (Ho Sui et al., 2005). Two measures of statistical 
over-representation were used: a Z-score and a 
one-tailed Fisher exact probability. The Z-score com-
pares the rate of occurrence of a TRE in the set of 
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co-expressed genes to the expected rate estimated 
from the pre-computed background set (Ho Sui et al., 
2005). Thus, Z-score indicates a significant differ-
ence in the rate of existence of sites, and is partic-
ularly useful for detecting increased prevalence of 
common sites. The Fisher exact test compares the 
proportion of co-expressed genes containing a par-
ticular TRE to the proportion of the non-target group 
that contains the site to determine the probability of a 
non-random association between the target group 
and the TRE of interest (Ho Sui et al., 2005). A sig-
nificant value for the Fisher exact probability in-
dicates that there are a significant proportion of 
genes that contain the site, and is particularly good 
for rare TREs (Ho Sui et al., 2005). oPOSSUM analy-
sis identified binding sites for transcription factors 
that play important roles in cell proliferation, differ-
entiation and developmental processes. The 
Ahr-ARNT TRE was over-represented among both 
genes increased and decreased following kaempfer-
ol treatment. Several TFs have been shown to have 
transactivatory and suppressive properties simulta-
neously in the same type of cell under the same con-
dition, depending on interacting partners and target 
genes. For example, a positive role for AP-1 in the 
estrogen-mediated induction of target genes is well 
established, but a role for AP-1 in gene repression is 
also elucidated in estrogen-treated cells. In that 
case, AP-1 interacts with estrogen receptor and cor-
epressor NRIP1 (Carroll et al., 2006). Similarly, it 
might be possible that Ahr-ARNT TRE can have 
roles in the kaempferol-mediated induction and re-
pression of target genes simultaneously. 
    The c-REL, SAP-1, Nrf-2, Elk-1, SPI-B, NF-κB and 
p65 binding sites were over-represented in genes 
with decreased expression. The Fisher P values of 
TREs for members of the NF-κB family, such as 
c-REL, p65 and NF-κB, ranked highly. These bio-
informatic analyses were consistent with the 
ELISA-based transcription factor assay, which in-
dicated decreased NF-κB p65 and RelB activity in 
kaempferol-treated HaCaT cells and NHEKs. 
Therefore, the downregulation of genes in Clusters 2 
and 3 may be attributed in part to reduced activity of 
members of the NF-κB-family. In addition, our ob-
servations are consistent with previous reports, 
which demonstrated that kaempferol blocked 
TNFα-induced translocation of the NF-κB subunit 
p65 from the cytoplasm to the nucleus in mouse pri-
mary calvarial osteoblasts (Pang et al., 2006) and 
downregulate iNOS and TNFα expression via NF-κB 
inactivation in aged rat gingival tissues (Kim et al., 
2007). Kim et al. (2007) showed the inhibitory effects 
of kaempferol against the aging process such as in-
flammation in gingival tissues and demonstrated the 
underlying molecular mechanisms. We predicted the 

NF-κB family signal as one putative regulatory net-
work from the epidermal genes regulated differ-
entially by kaempferol using bioinformatic methods 
and confirmed the prediction with the ELISA-based 
transcription factor assay. Our result was consistent 
with Kim et al.’s result. Contrary to their hypoth-
esis-driven approach, however, our unbiased ap-
proach gave comprehensive information about wide 
ranges of effects of kaempferol. Besides NF-κB fam-
ily members, many transcription factors have to be 
validated.
    Kaempferol was shown to bind to the PPAR γ in a 
competition binding assay using Gst-PPARγ LBD fu-
sion protein and kaempferol-induced stimulation of 
PPAR transactivation activity was detected in tran-
sient transfection experiments employing the mouse 
macrophage cell line RAW264.7 (Liang et al., 2001). 
In addition, PPAR activators have been reported to 
antagonize the NF-κB signaling pathway directly 
(Blanquart et al., 2003; Chen et al., 2003). Therefore, 
among the mechanisms that can account for de-
creased NF-κB activity, we examined activation of 
PPARs. Kaempferol stimulated PPAR transcriptional 
activity in HaCaT cells transiently transfected with 
the PPRE-tk-Luc reporter gene, suggesting that, at 
least in part, its mode of action may be mediated by 
PPAR pathways.
    In summary, we investigated kaempferol-induced 
alterations in the transcriptional profiles of im-
mortalized human keratinocytes and analyzed the 
promoters of differentially regulated genes using 
bioinformatics. We identified altered gene ex-
pression profiles in response to kaempferol, and this 
information will be useful for establishing its regu-
latory network (Figure 5), as well as determining 
gene-nutrient interactions. Further studies of pro-
moter occupancy and transcription factor perturba-
tion are now required to provide a functional vali-
dation of the TREs identified in this study, as well as 
the TFs that bind to them.
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