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Kaempferol Inhibits IL-4-Induced STAT6 Activation
by Specifically Targeting JAK31

Jose R. Cortes, Moises Perez-G, Maria D. Rivas, and Jose Zamorano2

IL-4 is involved in several human diseases including allergies, autoimmunity, and cancer. Its effects are mainly mediated through
the transcription factor STAT6. Therefore, investigation of compounds that regulate STAT6 activation is of great interest for these
diseases. Natural polyphenols are compounds reported to have therapeutic properties in diseases involving IL-4 and STAT6. The
aim of this study was to investigate the effect of these compounds in the activation of this transcription factor. We found that in
hemopoietic cells from human and mouse origin, some flavonoids were able to inhibit the activation of STAT6 by IL-4. To identify
molecular mechanisms, we focused on kaempferol, the compound that showed the greatest inhibitory effect with the lowest cell
toxicity. Treatment of cells with kaempferol did not affect activation of Src kinase by IL-4 but did prevent the phosphorylation
of JAK1 and JAK3. Further enzymatic analysis demonstrated that kaempferol blocked the in vitro phosphorylation activity of
JAK3 without affecting JAK1, suggesting that it specifically targeted JAK3 activity. Accordingly, kaempferol had no effect on
STAT6 activation in nonhemopoietic cell lines lacking JAK3, supporting its selective inhibition of IL-4 responses through type I
receptors expressing JAK3 but not type II lacking this kinase. The inhibitory effect of kaempferol was also observed in IL-2 but
not IL-3-mediated responses and correlated with the inhibition of MLC proliferation. These findings reveal the potential use of
kaempferol as a tool for selectively controlling cell responses to IL-4 and, in general, JAK3-dependent responses. The Journal of
Immunology, 2007, 179: 3881–3887.

I nterleukin-4 is a cytokine that regulates multiple biological
processes during immune responses (1). It can regulate pro-
liferation, differentiation, and apoptosis in lymphocytes but

also in other cell types of hemological and nonhemological origin
(2–4). One of the most important effects of IL-4 is the regulation
of T cell differentiation. Thus, IL-4-driven Th2 cell differentiation
is an important step during responses against parasitic infections
(5). In contrast, alterations of IL-4 and its signaling machinery are
believed to participate in the progression of diseases like autoim-
munity, allergy, and cancer. The anti-inflammatory effect of IL-4
has been found to have a protective role in autoimmune diseases as
demonstrated in models of rheumatoid arthritis (6). In contrast,
findings from studies of murine models and humans demonstrate
the promoting function of IL-4-signaling machinery in allergic dis-
eases like asthma and some tumors (7, 8). These effects of IL-4
reveal its importance in disease and point to the IL-4-signaling
machinery as a potential therapeutic target to investigate in these
diseases.

The production of IL-4 is mainly restricted to a few cell types
including T cells, mast cells, basophils, and activated eosinophils
(1, 9). However, the effects of this cytokine are mediated by cell
surface receptor complexes expressed in most types analyzed (9).

Two types of IL-4R have been identified. The type I receptor con-
sists of the common �-chain and the IL-4R� (10). The IL-4R�
confers specificity for IL-4 binding and signal transduction. The
type II receptor also contains the IL-4R� subunit, but in this case,
the �c is substituted by the IL-13R �1 chain (11, 12). IL-4Rs lack
enzymatic activity, but the binding of IL-4 provokes activation of
JAK tyrosine kinases (9). Regarding type I receptors, it is believed
that JAK1 interacts with the IL-4R �-chain and JAK3 with the
�-chain (9–12). For type II receptors, JAK2 and TYK2 have been
proposed as interacting with the IL-13R �1 chain (12). There is no
evidence that JAK3 associates with type II receptors. In addition to
JAKs, IL-4 can also activate the tyrosine kinase Src. The impor-
tance of Src in IL-4 signaling is still not well-defined, but a pre-
vious study indicates that its activation is an earlier event during
cell responses to IL-4 (13). Like comparable receptors, the acti-
vation of tyrosine kinases leads to phosphorylation of several in-
tracellular signaling molecules (9). Among them, STAT6 plays a
principal role in IL-4 signaling, demonstrated by the fact that mice
lacking STAT6 show a phenotype similar to that of mice lacking
the IL-4R (14). In these mice, IL-4-driven Th2 cell formation is
severely impaired, with drastic effects in several diseases. Thus,
mice lacking STAT6 fail to respond to parasitic infections (5),
experience more aggressive autoimmune diseases (15), and are
protected from allergic diseases and some tumors (16, 17). There-
fore, the characterization of STAT6 inhibitors will be of great in-
terest for these diseases.

Flavonoids are natural polyphenols found in a large variety of
vegetable foods (18, 19). They are classified in several groups
according to the substituents in their common three-ring nucleus
(19). Among them, flavonols are likely the most consumed. The
importance of these compounds is shown by the fact that they have
been subject of therapeutic interest for long time (18, 19). Epide-
miological and physiological studies have demonstrated that some
flavonols and other natural polyphenols can influence the progres-
sion of cancer and inflammatory diseases including autoimmunity
and allergy (18–21). Biochemical studies indicate that they can act
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as antioxidants and inhibitors of cell-signaling proteins, including
kinases and transcription factors (18–23). However, the molecular
mechanisms underlying their biological effects have not been fully
identified, suggesting the existence of undetermined molecular tar-
gets (18, 19, 24, 25). The fact that IL-4-driven STAT6 activation
has been reported to play an active role in the progression of in-
flammatory diseases and cancer led us to investigate the effect of
natural polyphenols in the activation of this transcription factor.
Our data indicate that some of the tested compounds can block the
activation of STAT6 by IL-4. Among these, kaempferol showed
the highest inhibitory activity with the lowest cell toxicity. Further
molecular studies indicated that kaempferol inhibited IL-4-induced
STAT6 activation by specifically targeting JAK3 tyrosine kinase.
This effect correlated with the inhibition of cell responses to IL-4
and other JAK3-dependent cytokines. These findings show a novel
effect of some natural polyphenols that may be of therapeutic in-
terest for diseases in which IL-4 and JAK3 are involved.

Materials and Methods
Cells and reagents

HL-60, U937, M12, and A1.1 were maintained in RPMI 1640 culture me-
dium with glutamine, penicillin, streptomycin, and 10% FCS. 32D cells
expressing IL-2R� have been previously described (26) and were main-
tained in the above medium supplemented with 10% WEHI-3-conditioned
medium. The adherent cells used in this study were maintained in DMEM
medium supplemented as above. Src8 is an embryonic fibroblast cell line
obtained from Dr. X. Zhan (Holland Laboratory, American Red Cross,
Rockville, MD) that has been previously described (27). The U4A mutant
human fibrosarcoma cell line defective in JAK1—developed by Drs. I. M.
Kerr (Imperial Cancer Research Fund, London, U.K.) and G. R. Stark
(Cleveland Clinic Foundation, Cleveland, OH)—and U4A-expressing
JAK1 (U4A/JAK1) were maintained as described (28). Primary BALB/c
splenic cells were obtained by careful mincing of the spleens following
incubation in lysis buffer (0.15 M NHCl, 1.0 mM KHCO and 0.1 mM
EDTA (pH 7.2)) for 5 min to remove red cells. Cell viability was analyzed
by using the trypan blue exclusion method. The study was approved by the

Ethic Committee of Clinical Investigation (San Pedro de Alcantara Hos-
pital, Caceres, Spain).

Anti-JAK1 and -JAK3 Abs were obtained from Upstate Biotechnology,
RC20 anti-phosphotyrosine Ab from BD Biosciences, and STAT5,
STAT6, phosphorylated STAT6, and Src Abs from Santa Cruz Biotech-
nology. All chemical reagents used in this study were purchased from
Sigma-Aldrich and cytokines were obtained from R&D Systems.

Immunoprecipitation and immunoblotting

After the indicated culture conditions, cell pellets were treated with lysis
buffer (50 mM Tris (pH 7.5), 150 mM NaCl, 1% Nonidet P-40, 0.25%
sodium deoxycholate, 50 mM NaF, 10 mM pyrophosphate, 1 mM PMSF,
and protease inhibitor mixture) and clarified by centrifugation. The soluble
fractions were then separated on a 7.5% SDS-polyacrylamide gel before
transfer to a polyvinylidene difluoride membrane. Membranes were then
probed with the indicated Abs. The bound Ab was detected using ECL
(Pierce Biotechnology) in the LAS-3000 imaging system (Fuji Photo
Film). Where indicated, proteins were immunoprecipitated with specific
Abs followed with protein G-Sepharose as we have previously described
(13). The washed precipitates were then analyzed by Western blot as
above.

Kinase assays

JAK1, JAK3, and Src kinases were precipitated as described above. Pre-
cipitates were washed in kinase buffer (50 mM HEPES (pH 7.5), 50 mM
NaCl, 5 mM MgCl2, 5 mM MnCl2, 50 �M Na3VO4, and protease inhib-
itors) and incubated in the presence of mentioned inhibitors. Enzymatic
reaction was initiated with the addition of [�-32P]ATP (Amersham) and
incubated for an 20 additional min. Samples were then separated on poly-
acrylamide gels, dried, and exposed to film. Radioactivity was detected
using the FLA-5000 imaging system (Fuji Photo Film).

Analysis of CD23 expression

CD23 expression was analyzed on monocytic cells as previously described
(13). PBMC isolated from blood samples by density gradient centrifugation
were cultured for 30 h in the presence of indicated compounds. Then, cells
were stained with FITC-conjugated anti-human CD23 Ab (Immunotech),
and analyzed by flow cytometer (FACScan; BD Biosciences). Viable
monocytic cells were selected using forward-scatter and side-scatter
parameters.

FIGURE 1. Effect of polyphenols in the
phosphorylation of STAT6. A, M12 cells
were treated with 40 �M of the indicated
polyphenolic compounds for 1 h before
stimulation with IL-4 for 15 min. Then, cell
extracts were prepared and 5 �g of total pro-
tein was subjected to separation by SDS-
PAGE. Phosphorylated STAT6 was first de-
tected using a specific anti-STAT6 Ab that
recognizes a domain surrounding phosphor-
ylated Y641 (PY-STAT6, upper blot). Af-
terward, membranes were reprobed with a
polyclonal anti-STAT6 Ab for total protein
content (lower blot). B, Cells were incubated
with 40 �M of the indicated compounds for
24 h. Then, cells were collected and viability
was analyzed using the trypan blue exclu-
sion method. Graphics are representative of
triplicate experiments. PHESA, Phenethyl
salicylate.
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Proliferation assays

Cell proliferation was determined using the MTT assay as previously de-
scribed (29). Briefly, 32D cells expressing IL-2R� were grown in 96-well
plates in the presence of the indicated cytokines and kaempferol for 24 h.
Afterward, 20 �l of MTT (5 mg/ml) was added for additional 3 h.
Formazan crystals were dissolved with 10% SDS and 0.01 N HCl solution
before reading absorbance at 595 nm in a Tecan spectrophotometer. Rel-
ative cell proliferation is directly related to the absorbance detected at 595
nm (29).

Mixed lymphocyte culture

Stimulator and responder PBMC were isolated from unrelated donors al-
though HLA typing was not performed. To culture, 4 � 105 responder cells
(donor 1) were incubated with the same amount of mitomycin C-treated
stimulator cells (donor 2) for 5 days in U-bottom microtiter plates. Where
indicated, cells were treated with increasing amount of kaempferol. After-
ward, MTT was added for additional 3 h and relative proliferation was
determined by measuring absorbance at 595 nm as above.

Results
Inhibition of STAT6 activation by natural polyphenols

The fact that IL-4-driven STAT6 regulation has been implicated in
diseases that natural polyphenols may influence (6–8, 15–25), led
us to investigate whether these compounds affect STAT6 activa-
tion. To this end, cells were incubated with most common fla-
vonols and related compounds for 1 h before stimulation with IL-4
(Fig. 1). To this end, we initially tested a concentration of 40 �M
because this concentration has been reported to have biological
effects in these compounds (Refs. 18–25 and references included).
The data indicate that some tested compounds could inhibit IL-4-
induced STAT6 phosphorylation. Among the flavonols tested, fi-
setin, kaempferol, and morin clearly inhibited STAT6 phosphor-
ylation while flavonol and myricetin had little effect. Analysis of
other polyphenols indicated that the most-related flavonoids api-
genin, luteolin, and butein also could inhibit IL-4-induced STAT6
phosphorylation. In contrast, other less-related compounds like es-
culetin, rosmarinic acid, and phenethyl salicylate had little effect
on the activation of STAT6 at the dose tested. To investigate fur-
ther the molecular mechanisms involved in this inhibition, our ef-
forts were focused on kaempferol because it showed the highest
inhibitory activity with the least effect on cell viability. As shown
in Fig. 1B, treatment of cells with kaempferol did not affect cell
viability while other compounds that could inhibit STAT6 phos-
phorylation induced an important percentage of death in all cell
lines analyzed. These data suggested that kaempferol may have a
more specific effect on IL-4 signaling than the other compounds
tested.

Kinetics analysis performed in several hemopoietic cell types
indicated that kaempferol inhibited STAT6 phosphorylation in a
dose-dependent way (Fig. 2). Thus, pretreatment of M12 cells with
40 �M kaempferol completely blocked the phosphorylation of
STAT6 induced by IL-4, and a lower concentration of 10 �M
could still produce a notable inhibition. A similar inhibitory effect
of kaempferol was observed in primary lymphocytes (Fig. 2B) and
in human and murine cell lines of hemopoietic origin such as A1.1,
32D, HL-60, and U937 (figures below and data not shown). This
inhibitory effect of kaempferol correlated with its effect on cell
responses to IL-4. As an example, kaempferol inhibited the ability
of IL-4 to signal STAT6-dependent events like CD23 induction
and more complex processes like protection from apoptosis. Thus,
kaempferol inhibited the specific induction of CD23 expression by
IL-4 on monocytic primary cells (Fig. 2C). In this case, 40 �M
kaempferol completely abrogated the induction of CD23 and an
important inhibition was observed at lower concentrations. Similar
to other cell types shown in Fig. 1, treatment of primary splenic
cells with kaempferol had little effect on spontaneous cell death.

However, the same amount of kaempferol inhibited the ability of
IL-4 to prevent cell death in a dose-dependent manner (Fig. 2D).
These data supported that kaempferol had an important inhibitory
effect on cell responses to IL-4.

Kaempferol does not affect IL-4-driven Src activation

To investigate the mechanisms underlying the inhibition, we ana-
lyzed the effect of kaempferol in kinases involved in the activation
of STAT6 because natural polyphenols have been found to mod-
ulate the action of this type of enzymes (18–23). To this end, we
first analyzed Src activation by IL-4. Previous studies suggested
that this kinase was involved in the earlier events that led to
STAT6 phosphorylation (13). As shown in Fig. 3A, IL-4 induced
the activation of Src, as demonstrated by the increasing autophos-
phorylation activity in Src precipitates from cells stimulated with
IL-4. However, the activation of Src by IL-4 was not affected by
pretreatment of cells with kaempferol at doses previously found to
inhibit STAT6 activation. As control, treatment of cells with so-
dium salicylate inhibited src activation by IL-4 as previously dem-
onstrated (13). These findings suggested that kaempferol exerted
its effect independently of this kinase. This inference was further
corroborated in the U4A cell line defective in JAK1. Previous
studies indicated that a lack of JAK1 expression abrogated cell
responses to IL-4, including STAT6 activation (30, 31). However,

FIGURE 2. Kinetics of STAT6 inhibition by kaempferol. A, M12 cells
were incubated with the indicated concentrations of kaempferol (micro-
moles) for 1 h before stimulation with IL-4 for 15 min. Then, cell extracts
were separated by SDS-PAGE and immunoblotted with anti-phos-
phorylated STAT6 Ab to detect tyrosine-phosphorylated STAT6 (PY-
STAT6; upper blot). Membranes were then stripped and reprobed with
anti-STAT6 Ab (STAT6; lower blot). B, Murine splenic cells were incu-
bated with the indicated amount of kaempferol for 1 h before treatment
with IL-4. STAT6 was analyzed as above. C, PBMC were stimulated for
30 h with IL-4 in the absence (K0) or presence of 10 (K10), 20 (K20), and
40 �M (K40) kaempferol. As control, cells were cultured without treat-
ments (filled histogram). Note that histograms from untreated cells and
cells stimulated with IL-4 in the presence of 40 �M kaempferol (K40)
overlaps. D, Mouse splenic cells were cultured in the presence (f) or
absence (F) of IL-4 and various concentrations of kaempferol. After 48 h
of culture, cell death was analyzed using the trypan blue exclusion method.
Graphics are representative of two independent experiments.
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this outcome was not the case for Src because IL-4 could signal its
activation in these cells (Fig. 3B). Thus, treatment of U4A cells
with IL-4 promoted increased autophosphorylation activity of Src
precipitates as compared with samples from unstimulated cells. In
fact, the levels of Src phosphorylation induced by IL-4 were sim-
ilar in U4A and U4A cells expressing JAK1 (U4A/JAK1), indi-
cating that Src activation by IL-4 was independent on JAK1 ex-
pression. As control, the expression of Src was similar in both
types of cells (Fig. 3C). In this case, preincubation of U4A cells
with kaempferol also did not affect activation of Src by IL-4.
Taken together, these data demonstrated that activation of Src by
IL-4 was independent of JAKs and not affected by kaempferol.

Kaempferol inhibits JAK3 but not JAK1 activity

The importance of JAK1 and JAK3 in the activation of STAT6 by
IL-4 in hemopoietic cells is well-documented (9–13). Therefore,
we next investigated the effect of kaempferol in the activation of
these kinases. In contrast to Src, we found that pretreatment of
cells with kaempferol prevented tyrosine phosphorylation of JAK1
and JAK3 induced by IL-4 (Fig. 4). The amount of kaempferol
required to inhibit the phosphorylation of these kinases was the
same required to block STAT6 phosphorylation, supporting the
idea that these effects were related.

To investigate whether JAKs were a direct target for
kaempferol, we analyzed the effect of this compound on the in
vitro activity of JAK1 and JAK3 (Fig. 5). The results indicated that
the enzymatic activity of JAK3 but not JAK1 was inhibited by

kaempferol. Thus, incubation of JAK1 immunoprecipitates with
kaempferol did not affect the autophosphorylation activity of
this enzyme (Fig. 5A). In contrast, the same concentration of
kaempferol inhibited the in vitro activity of JAK3, as demon-
strated by the lack of autophosphorylation (Fig. 5B). As control,
the JAK inhibitor AG490 blocked the in vitro activity of JAK1
and JAK3, as previously reported (13).

Kaempferol inhibits STAT6 activation only in cells
expressing JAK3

The above data suggested that kaempferol could inhibit the acti-
vation of STAT6 by IL-4 by targeting the kinase activity of JAK3.
To investigate further, we analyzed the effect of kaempferol in
several cell types expressing and lacking JAK3 (Fig. 6). To this
end, we first analyzed the expression of JAK3 in several cell lines
of hemopoietic and nonhemopoietic origin (Fig. 6A). Among the
analyzed cells, 32D, Src8, and NIH3T3 expressed JAK3 as de-
tected by specific immunoprecipitation followed by Western blot-
ting. In contrast, the tumoral cell lines LOVO, SW480, MCF-7,
HT-29, and HCT-15 lacked JAK3 expression. When activation
was analyzed, we found that IL-4 could induce STAT6 phosphor-
ylation in all cell lines regardless of JAK3 expression (Fig. 6B).
This result can be explained by the presence of functional type II
IL-4R in cells lacking JAK3 (9–12). However, when we analyzed
the effect of kaempferol on the phosphorylation of STAT6 by IL-4,
we found that it depended on the expression of JAK3. Thus, pre-
treatment of 32D, Src8, and NIH3T3 cells expressing JAK3 with
kaempferol inhibited the ability of IL-4 to signal STAT6 phos-
phorylation. In contrast, kaempferol had no effect on the activation
of STAT6 by IL-4 in LOVO, SW480, MCF7, HT-29, or HCT-15

FIGURE 3. Kaempferol does not affect Src activation by IL-4. M12 (A), and U4A and U4A-expressing JAK1 (U4A/JAK1) cells (B) were treated or not
with 40 �M kaempferol or 20 mM sodium salicylate (NaSal) before stimulation with IL-4. Then, cell extracts were incubated with anti-Src Ab followed
by precipitation with protein G-Sepharose. The kinase activity of precipitates was analyzed by autophosphorylation using radioactive ATP. C, The same
amount of cell extracts from U4A and U4A/JAK1 were immunoprecipitated with anti-Src Ab and separated by SDS-PAGE. Transferred protein was
immunoblotted with anti-Src Ab to detect Src protein expression.

FIGURE 4. Kaempferol inhibits JAK1 and JAK3 phosphorylation by
IL-4. M12 cells were incubated with kaempferol (micromoles) for 1 h
before stimulation with IL-4 for 5 min. Cell lysates were treated with
anti-JAK1 (A) or anti-JAK3 Abs (B) followed by protein G-Sepharose.
Precipitates were separated by SDS-PAGE and immunoblotted with an
antiphosphotyrosine Ab to detect tyrosine-phosphorylated kinases (upper
blots). Membranes were stripped and reprobed with anti-JAK1 (A) or anti-
JAK3 Abs (B; lower blots).

FIGURE 5. Kaempferol inhibits JAK3 but not JAK1 activity. M12 cell
extracts were prepared from IL-4-stimulated cells and precipitated with
anti-JAK1 (A) or anti-JAK3 (B). Precipitates were then incubated with
nothing or the indicated amount of kaempferol (micromoles) or AG490 (50
�M) for 20 min. The kinase activity of precipitates was then analyzed by
autophosphorylation using radioactive ATP.
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tumoral cells lacking JAK3. Because these tumoral cells are ex-
pected to signal through type II IL-4Rs, these observations sug-
gested that kaempferol could block IL-4 signaling by specifi-
cally inhibiting type I IL-4Rs containing JAK3. In accordance
with these findings, kaempferol had little effect on the activa-
tion of STAT6 induced by IL-13, a cytokine that also signals
through type II IL-4Rs (11, 12) (Fig. 6C). In this case, treatment
of HT-29 cells with kaempferol also had no effect on the phos-
phorylation of STAT6 induced by IL-13. These findings sup-
ported that kaempferol had no inhibitory effect on type II IL-
4Rs lacking JAK3.

Kaempferol inhibits JAK3-dependent but not -independent
cytokines

The findings that kaempferol inhibits IL-4-induced STAT6 acti-
vation by targeting JAK3 suggested that this compound could af-
fect other cytokines that require JAK3 for signaling. The results
indicate that this was the case (Fig. 7). We found that treatment of

32D cells expressing IL-2R� with kaempferol prevented the phos-
phorylation of STAT5 induced by IL-2, a cytokine that signals
through JAK3 (32) (Fig. 7A). In contrast, kaempferol did not affect
the phosphorylation of STAT5 by IL-3, a cytokine that does not
require JAK3 for signaling (33) (Fig. 7B). To investigate the bio-
logical consequences of these observations, we analyzed the effect
of kaempferol in cell proliferation (Fig. 7C). As previously re-
ported (34), IL-3 and IL-2 were able to induce proliferation in 32D
cells expressing IL-2R�. However, whereas kaempferol had little
effect in cell proliferation induced by IL-3, it completely blocked
proliferation induced by IL-2. Thus, 40 and 20 �M kaempferol
almost completely blocked cell proliferation induced by IL-2 and
10 �M inhibited proliferation by �60%. Kaempferol had a similar
inhibitory effect when these cells were stimulated with IL-4 though
this cytokine induced lower incorporation of MTT. In contrast,
doses of 20 and 10 �M of kaempferol did not affect cell prolifer-
ation induced by IL-3 although higher concentrations had a little
effect. Like in Fig. 1B, kaempferol did no affect cell viability under
these experimental conditions. Taken together, these data support
the hypothesis that kaempferol can specifically inhibit the signal-
ing of JAK3-dependent cytokines.

Kaempferol inhibits mixed lymphocyte culture proliferation

JAK3 has been proposed as a therapeutic target for transplantation
given its role in T cell regulation by specific cytokines (35, 36).

FIGURE 6. Kaempferol inhibits STAT6 phosphorylation in JAK3-ex-
pressing cells. A, Cells extracts prepared from the indicated cell lines were
precipitated with a specific anti-JAK3 Ab followed by protein G-Sepha-
rose. Precipitates were separated by SDS-PAGE and immunoblotted with
anti-JAK3. B, The indicated cell lines were treated or not with kaempferol
(�M) for 1 h before stimulation with IL-4 for 15 min. Then phosphorylated
(PY-STAT6, left blots) and total STAT6 (STAT6, right blots) were deter-
mined as in Fig. 1. C, HT-29 cells were incubated with the indicated
amount of kaempferol (micromoles) for 1 h before stimulation with IL-13
for 15 min. Phosphorylated and total STAT6 was determined as above.

FIGURE 7. Effect of kaempferol in cell responses to IL-2 and IL-3.
32D cells expressing IL-2R� were treated or not with kaempferol (�M)
for 1 h before the stimulation with IL-2 (A) or IL-3 (B) for 15 min.
Then, STAT5 was precipitated from cell lysates using anti-STAT5 Ab
followed by protein G-Sepharose. Precipitates were separated by SDS-
PAGE and immunoblotted with an antiphosphotyrosine Ab to detect
tyrosine phosphorylated (PY-STAT5, upper blots). Membranes were
stripped and reprobed with anti-STAT5 Ab (STAT5, lower blots). C, Cells
were incubated with nothing, IL-3, IL-2, and IL-4 in the absence or pres-
ence of the indicated amount of kaempferol (micromoles) for 27 h. To
determine proliferation, samples were incubated with MTT during the last
3 h of culture. Relative proliferation represents the absorbance of samples
at 595 nm. Values represent means � SD of triplicate experiments.
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The fact that kaempferol inhibited cytokine signaling by targeting
JAK3 suggested that this compound may be useful in transplan-
tation. To investigate it, we analyzed the effect of kaempferol on
MLC. MLC is an in vitro test for the graft-vs-host-disease that
measures allogeneic reactivity between lymphocytes. This reaction
involves multiple cellular mediators including JAK3-dependent
cytokines like IL-2 and IL-4 (37). The data found indicate that
kaempferol prevented MLC proliferation in a dose-dependent
manner (Fig. 8). Thus, treatment of MLC with 40 and 20 �M
kaempferol prevented cell proliferation and an important inhibition
was observed at lower doses. The inhibition of MLC proliferation
was similar to JAK3, suggesting that these events were related.
The fact that kaempferol inhibited cell proliferation on MLC sug-
gests that it may be useful to prevent allogeneic responses.

Discussion
In this study, we found that some flavonoids can inhibit IL-4 ac-
tivation of STAT6. These compounds include fisetin, kaempferol,
morin, apigenin, luteolin, and butein. Previous studies have indi-
cated that natural polyphenols can act as modulators of signal
transduction pathways. Thus, they have been reported to inhibit a
variety of enzymes and transcription factors including tyrosine ki-
nases and NF-�B, in addition to having antioxidant properties (18–
25). However, the molecular pathways underlying their biological ef-
fects are not fully understood, and some reports indicate that
undetermined molecular targets must account for their effects (18, 19,
24, 25). The findings that some flavonoids can inhibit STAT6 acti-
vation may aid in understanding their effects in inflammatory diseases
and cancer, in which IL-4 and STAT6 are involved (6–8, 15–17).

To investigate the molecular mechanisms underlying flavonoid
inhibition, we focused on kaempferol because 1) it displays the
highest inhibitory activity with the lowest cell toxicity and 2) it is
one of the most abundant polyphenols (18, 19). These attributes
may confer on it an important advantage over other inhibitors as
potential modulators of IL-4 signaling. Our results indicate that
kaempferol inhibits IL-4-induced STAT6 activation by specifically
targeting the tyrosine kinase JAK3. This specificity of kaempferol
for JAK3 is supported by the fact that it inhibited STAT6 activa-
tion only in cells expressing this kinase. As mentioned, IL-4 can
signal through type I and II receptors (9). Type I requires JAK1
and JAK3 for signaling while JAK3 is substituted in the type II
receptors by other JAKs (9–12). The fact that the inhibition in-
duced by kaempferol is restricted to cells expressing JAK3 sug-
gests that it may inhibit only type I IL-4Rs. This hypothesis was
further supported by the fact that kaempferol did not affect acti-
vation of STAT6 by IL-13, a cytokine proposed to signal through

type II IL-4R (11, 12). Therefore, kaempferol can be a useful tool
for selectively inhibiting cell responses to IL-4 by blocking the
type I IL-4R. Because type I receptors are mainly restricted to
hemopoietic cells (9–12), kaempferol may not affect IL-4 and
IL-13 signaling in other cell types as demonstrated in colon cancer
cell lines. These findings provide molecular data to enhance our
understanding of the beneficial effect of natural polyphenols in
diseases involving these signaling molecules, such as the proven
effectiveness of kaempferol in murine models of atopic dermatitis
and anaphylaxis (38, 39).

It is remarkable that kaempferol inhibited IL-4 phosphorylation
of JAKs without affecting the activation of Src kinase. These find-
ings suggest that the activation of Src by IL-4 is independent of
JAKs, which was further demonstrated in the U4A cell line lacking
JAK1. In these cells, IL-4 could signal Src activation even though
it appears to be unable to signal STAT6 activation (30, 31). Pre-
vious findings have suggested that Src activation precedes JAKs
because inhibition of Src severely affected the activation of JAK1,
JAK3, and STAT6 by IL-4 (13). These new findings support the
hypothesis that JAKs act downstream and are not required for Src
activation in IL-4 signaling.

The importance of kaempferol as a JAK3 inhibitor should not be
restricted to IL-4 signaling. Kaempferol may also affect other cy-
tokines that require JAK3 for signaling, such as IL-2, IL-7, IL-9,
IL-15, and IL-21 (40). In fact, the data we found suggested that
kaempferol inhibited IL-2 signaling to the same extent as IL-4. In
this case, kaempferol was also able to inhibit IL-2-induced STAT5
phosphorylation and cell proliferation. In contrast, kaempferol had
little effect on STAT5 phosphorylation and cell proliferation induced
by IL-3, a cytokine that does not require JAK3 for signaling. Other
authors have reported that kaempferol can reduce the constitutive
phosphorylation of STAT3 in KNC differentiated colon cancer cells
by undetermined mechanisms (41). Although it needs to be investi-
gated, it is tentative to hypothesize that JAK3 activation may account
for the constitutive phosphorylation of STAT3 in KNC cells.

The inhibitory effects of kaempferol raise the possibility that it
would be useful in controlling T cell-dependent responses medi-
ated by JAK3-dependent cytokines. The potential of JAK3 as a
therapeutic target was evidenced by the findings that severe com-
bined immune deficiency syndrome is caused by JAK3 abnormal-
ities (35). This syndrome is characterized by a lack of T cell-
dependent responses and a consequent profound immune
suppression. Thus, the specific inhibition of JAK3 should provoke
a T cell immune suppression that may be of enormous therapeutic
value in lymphoproliferative diseases with JAK3 abnormalities
(42, 43) and transplant rejection (35, 36). Accordingly, several
groups have reported the characterization of synthetic JAK3 in-
hibitors (36, 43, 44). A common characteristic of these compounds
is their similar size and planarity due to the presence of two ad-
jacent aromatic rings. Comparative analysis indicates that
kaempferol demonstrates a size and planar structure similar to
those of some reported JAK3 inhibitors (43). Moreover,
kaempferol contains a hydroxyl group in the 4� position of the
phenyl group proposed to be required to confer JAK3 inhibitory
activity (43). As expected, some of these compounds have been
reported to be effective in the prevention of organ allograft rejec-
tion (36). Accordingly, we have found that kaempferol can inhibit
cell responses in MLC, suggesting that this compound could pre-
vent allogeneic reactions. Taken together, this evidence point out
that kaempferol can be a good candidate for investigations in trans-
plantation and other JAK3-dependent diseases. In this regard,
kaempferol may have several advantages over synthetically de-
signed inhibitors: it (1) is a naturally available compound, (2) has
low cell toxicity, (3) has already been reported to be effective in

FIGURE 8. Inhibition of MLC reaction by kaempferol. Responder
PBMC were cultured with mitomycin C-treated unrelated stimulator cells
in presence or absence of the indicated amount of kaempferol for 5 days
(f). Then, MTT was added for additional 3 h. Relative proliferation was
determined by measuring the formation of formazan crystals at 595 nm.
As control, responder cells were cultured alone (F). Values represent
means � SD of triplicate experiments.
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murine models of atopic dermatitis and anaphylaxis (38, 39), and
4) prevents MLC proliferation.

In summary, our findings provide evidence that kaempferol could
be a useful tool to selectively control cell responses to IL-4 and, by
extension, to JAK3-dependent cytokines, and suggest a potential ther-
apeutic use of kaempferol in diseases involving these proteins.
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