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Abstract: Class I PI3 Kinase (PI3K) phosphorylates phosphatidylinositol 4,5-bisphophate
(PIP2) to generate the second messenger phosphatidylinositol 3,4,5-trisphosphate (PIP3)
and therefore plays an important role in fundamental cellular responses such as
proliferation. There are four isoforms of class I PI3K which are known to have different
functions and relate to various diseases such as cancer and inflammation. Flavonoids are
abundant in fruits, vegetables and plant-derived beverages such as tea. So far, various
pharmacological effects of flavonoids have been reported. We previously reported that the
flavonoid baicalein exhibits potent PI3K-inhibitory activity. Recently we examined the
inhibitory activity of eighteen flavonoids against PI3Ko by using an in vitro homogenous
time resolved fluorescence (HTRF) kinase assay, and deduced their structure-activity
relationships by comparing the activities of the analogues. Our result suggests that the
number of hydroxyl groups in the A and B rings might promote the activity, while loss of
C2-C3 double bond might reduce the activity. Furthermore, the activity against 4 class |
PI3K isoforms of some selected flavonoids was investigated, and the results indicate that
the flavonoids seem to exhibit more potent activity on PI3Ka and & isoforms compared
with that on PI3K[3 and y isoforms.
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1. Introduction

Phosphatidylinositol 3-kinases (PI3Ks) are a family of three classes of lipid kinases that
phosphorylate the 3-hydroxyl group of the inositol ring of phosphoinositides [1]. Class I PI3K mainly
phosphorylates phosphatidylinositol 4,5-bisphosphate (PIP2) to generate phosphatidylinositol 3,4,5-
trisphosphate (PIP3), which recruits and phosphorylates Akt and therefore plays an important role in
various cellular responses such as proliferation [2]. This class of PI3K is generally referred to as PI3K
because it is much more frequently reported than the other two classes. There are four isoforms of
class I PI3K, a, B, 9, and y. PI3Ka is closely involved in tumorigenesis since a high frequency of
mutations in, and amplifications of the PIK3CA gene which encodes p110a, has been found in human
cancers [3]. PI3KpB plays an important role in tumorigenesis of PTEN (phosphatase and tension
homolog deleted on chromosome ten) negative cancers [4], besides its another key role in thrombotic
diseases [5]. Both PI3K& and PI3Ky are known to be involved in the immune system and various
inflammatory responses [2].

Development of PI3K inhibitors for cancer therapy has even become a race among pharmaceutical
companies. Over ten novel PI3K inhibitors including NVP-BEZ235 (Novartis) and GDC-0941
(Genetech), have demonstrated promising antitumor efficacy on various tumor types [6,7], and are
under evaluation in phase I clinical trials [8]. We previously reported the antitumor efficacy in vitro
and in vivo as well as the biochemical inhibition profiles of ZSTK474 [9-13], which has just entered
the phase I clinical trials [8].

Flavonoids are polyphenolic compounds which are rich in fruit, vegetable, and beverage
particularly tea [14]. Accumulated evidences showed they possess various pharmacological activities
such as anti-tumor [15], anti-thrombotic [16], and anti-inflammatory effects [17]. Inhibition of 4 PI3K
isoforms could lead to such effects. We previously reported that a flavonoid baicalein is a potent PI3K
inhibitor [18]. We then predict that other flavonoids may also have PI3K-inhibitory activity. Recently,
we examined the PI3K-inhibitory activities of 18 flavonoids which are commercially available. The
structure-activity relationships are summarized by comparing their activities.

2. Results and Discussion
2.1. Inhibitory Activity of the Flavonoids against PI3K« and the Structure-Activity Relationship

The structures of the investigated flavonoids are shown in Figure 1. They include flavones (chrysin,
apigenin, luteolin, diosmetin, baicalein, baicalin, and tangeretin), flavonols (kaempferol, quercetin,
myricetin, quercetagetin), a flavanone (naringenin), an isoflavone (genistein), a flavanonol (taxifolin)
and other analogues (quercetin-3-B-D-glucoside, EGCG, deguelin, casticin). Their activities on the
recombinant PI3Ka are indicated in Figure 2. Figure 2A shows the inhibitory activities of four
flavones. Among the four flavones, 1 uM of luteolin exhibits most potent activity with 75.8% PI3Ka
inhibited, in contrast to chrysin which exhibits far less potency at the same concentration. Correlation
of the activities with the chemical structures shows that the activity is promoted as the number of the
hydroxyl group in B ring increases, because luteolin shows higher activity than both apigenin and
diosmetin (p < 0.01), while chrysin indicates less activity than apigenin (p < 0.01) (Figures 1A
and 2A).
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Figure 1. Chemical structures of the flavonoids investigated. (A). Chemical structures of
chrysin, apigenin, luteolin and diosmetin; (B). Chemical structures of kaempferol,
quercetin, myricetin, quercetagetin, and quercetin 3-fB-D-glucoside; (C). Chemical
structures of baicalein and baicalin; (D). Chemical structures of taxifolin, naringenin,
EGCQG, genistein, tangeretin, deguelin, and casticin. Glc: glucose; GlcA: glucuronic acid.
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The inhibitory activities of some flavonols such as kaempferol, quercetin, myricetin, quercetagetin,
and a glucoside of quercetin named quercetin 3-B-D-glucoside (Qu-G) at 10 and 1 uM are shown in
Figure 2B. Both myricetin and quercetagetin almost completely inhibit the activity of PI3Ka at 1 uM,
more potent than quercetin (p < 0.01 for both) which inhibits 54.1% of PI3Ka at 1 uM. In contrast,
kaempferol indicates far weaker activity than quercetin (p < 0.01) for PI3Ka inhibition. The results
indicate that the number of hydroxyl groups in both the A and B rings has a positive correlation with
the PI3Ka inhibitory activity. In contrast, the existence of hydroxyl groups in C ring might not
increase the activity, since luteolin and apigenin do not exhibit lower activity than quercetin and
kaempferol, respectively. (Figures 1A, 1B, 2A and 2B). On the other hand, glycosidation at C-3 might
decrease the PI3K inhibitory potency, since the activity of Qu-G is much weaker than that of quercetin
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(p < 0.01) (Figure 2B). Glucuronidation seems to highly reduce the activity since baicalein inhibits
91.5% PI3Ka, while its glucuronide baicalin only inhibits 35.5% at 10 uM (Figures 1C and 2C).

Figure 2. Inhibitory activity of the flavonoids against PI3Ka. Activity is shown as the
percentage of PI3Ka activity inhibited. (A). Activity of luteolin, apigenin, diosmetin and
chrysin at 10 uM and 1 uM, *: p < 0.01 for comparison with luteolin at 1 uM; #: p < 0.01
for comparison with apigenin at 1 uM; (B). Activity of myricetin, quercetagetin, quercetin,
kaempferol and quercetin 3-B-D glucoside (Qu-G) at 10 uM and 1 uM, *: p < 0.01 for
comparison with myricetin at 1 uM; #: p < 0.01 for comparison with quercetin at 1 uM.
##: p < 0.01 for comparison with quercetin at 1 uM; (C). Activity of baicalein and baiclin
at the respective concentrations, *: p < 0.01 for comparison with baicalin at 10 uM; (D).
Activity of quercetin and taxifolin at 10 pM and 1 puM; *: p < 0.01 for comparison with
quercetin at 1 uM; (E). Activity of apigenin and naringenin at 10 uM; (F) Activity of
EGCQG, casticin, genistein, tangeretin and deguelin. *: p < 0.01 for comparison with
apigenin. Data are mean + SD (n = 3), representative of 3 independent experiments.
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The activities of flavone tangeretin and other types of flavonoids like taxifolin (flavanonol),
naringenin (flavanone), genistein (isoflavone), EGCG, deguelin and casticin were also investigated.
Comparison of the activities of quercetin and taxifolin (p < 0.01, Figures 1A, 1D and 2D), apigenin
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and naringenin (p < 0.01, Figures 1A, 1D and 2E) suggests the loss of the C2-C3 double bond might
decrease the inhibitory potency. As shown in Figure 2F, EGCG exhibits potent PI3K inhibitory
activity at 1 uM, and casticin indicates activity at 10 uM. In contrast, genistein and deguelin only show
weak PI3K inhibition at 100 uM. Tangeretin (Figure 1D) does not show inhibitory activity even at
100 uM (Figure 2F), suggesting the hydroxyl group might be a must for the PI3Ka inhibitory activity
of flavonoids. As mentioned above, our study has provided information about the structure-activity
relationship of the flavonoids, which is important for design of more potent derivatives as
PI3K inhibitors.

2.2. Selectivity of the Flavonoids in Inhibition against Four Class | PI13K Isoforms

Four class I PI3K isoforms have been reported to possess their respective functions [3,19,20]. To
investigate the selectivity of the flavonoids for the four isoforms, some flavonoids such as myricetin,
quercetin, baicalein and EGCG were assayed for their inhibition against other three PI3K isoforms. As
shown in Figure 3, the compounds seem to inhibit PI3Ka and 6 more potently than PI3Kf and y. Since
PI3Kp is known to play a key role in PTEN negative cancers [4], these flavonoids might be more
applicable for treatment of patients with PTEN positive cancers.

Figure 3. Inhibitory activity of the selected flavonoids against each class I PI3K isoform.
Activity of the compounds at 10 uM and 1 uM is shown respectively as the percentage of
PI3K activity inhibited (PI3K-inhibition). Data are mean £ SD (n = 3), representative of

3 independent experiments.
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We noted that EGCG has just been reported as a dual PI3K/mTOR inhibitor [21], supporting our
result about its PI3K-inhibitory activity. We previously reported the PI3K-inhibitory activity of



Molecules 2011, 16 5164

baicalein [18], this time we also investigated the activity of its glucuronide -baicalin and found that
baicalin possesses far weaker activity than baicalein. Since orally administered baicalein would be
transformed to baicalin after metabolism in the body [22], increased dose might be needed for
baicalein to target PI3K. The inhibition mode of some flavonoids has been reported [21]. Biochemical
analysis showed that they should be ATP-competitive PI3K inhibitors, and the molecular docking
study suggested they bind with ATP-binding pocket of PI3K [21].

Antitumor, anti-thrombotic and anti-inflammatory activities of the flavonoids have been frequently
reported [15-17]. Our study indicates that the flavonoids inhibit four class I PI3K isoforms, which are
known to be involved in diseases such as tumor, thrombosis and inflammation, suggesting that PI3K
might be one molecular target of the flavonoids when used for treatment of such diseases.

Flavonoids are generally much less toxic compared with current antitumor drugs in the clinic. The
consumption of total flavonoids may attain as high as 100 mg/day [23]. Plasma concentration of some
flavonoids could be over 5 uM after a single ingestion of orange juice or 300 mL of green tea [24].
Therefore, such flavonoids are expected to be used for cancer prevention.

3. Experimental

3.1. General

Eighteen flavonoids were examined for the inhibitory activity against PI3Ka, by using a novel
assay method- homogenous time resolved fluorescence (HTRF) kinase assay. By comparison of the
activities of the derivatives with each other, the structure-activity relationship was summarized. Some
compounds were selected to examine the activity against 4 class I PI3K isoforms by using the
recombinant PI3Ks and HTRF assay method.

3.2. Materials

Luteolin, chrysin, (+)-taxifolin and (+)-naringenin were purchased from Alexis; Genistein,
(-)-epigallocatechin gallate, (-)-deguelin, adenosine 5’-triphosphate (ATP) disodium salt and
DL-dithiothreitol (DTT) were from Sigma; quercetagetin and diosmetin were from Chromadex Inc.;
apigenin, baicalein, baicalin and tangeretin were from WAKO; myricetin, kaempferol and quercetin-3-
B-D-glucoside were from Fluka; casticin was from Indofine Chemical. The PI3K Homogenous Time
Resolved Fluorescence (HTRF) Assay Kit and human recombinant PI3Ka, 3, 6 and y were purchased
from Millipore (Billerica, MA).

3.3. Homogenous Time Resolved Fluorescence (HTRF) Assay for Determination of PI3K Activity

To determine the PI3K activity with or without the presence of the flavonoids, the HTRF assay was
carried out as described previously with a small modification [9]. Briefly, various concentrations of the
flavonoids were incubated with the recombinant PI3Ka, PI3Kf3, PI3K6 and PI3Ky in the assay buffer
supplemented with 10 uM (final concentration) of PIP2 in the wells of a 384-well plate at room
temperature. Reaction was initiated by addition of 10 uM ATP and was stopped after 30 min of
incubation by adding the stop solution containing EDTA and biotin-PIP3. Detection buffer was then
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added and the resulting mixture was further incubated for 14 h. Signals from the wells were read using
the EnVision 2103 Multilabel Reader (PerkinElmer, Wellesley, MA). The PI3K inhibitory activity of
each compound was calculated according to the following formula: PI3K-inhibition (%) = (plus-
enzyme control — sample) / (plus-enzyme control — minus-enzyme control) x 100. For the plus-enzyme
control, the kinase was incubated with PIP2 and ATP in the absence of flavonoid, and for the
minus-enzyme control, PIP2 was incubated with ATP in the absence of kinase and flavonoid.
Representative data from three independent experiments, each carried out in triplicate, were used for
plotting the graph.

4. Conclusions

We examined the inhibitory activity of eighteen flavonoids against PI3K using an HTRF kinase
assay. The flavonoids exhibited PI3K inhibition with different potency. Some structure-activity
relationship was then obtained. Furthermore, the flavonoids seem to exhibit more potent activity on
PI3Ka and 6 isoforms compared with that on PI3K[3 and y isoforms.
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