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BACKGROUND AND PURPOSE

The mechanisms by which the dietary compound tangeretin has anticancer effects may include acting as a prodrug, forming
an antiproliferative product in cancer cells. Here we show that tangeretin also inhibits cell cycle progression in hepatocytes
and investigate the role of its primary metabolite 4’-hydroxy-5,6,7,8-tetramethoxyflavone (4’-OH-TMF) in this effect.

EXPERIMENTAL APPROACH
We used epidermal growth factor (EGF)-stimulated rat hepatocytes, with [*H]-thymidine incorporation into DNA as an index
of progression to S-phase of the cell cycle, and Western blots for phospho-proteins involved in the cell signalling cascade.

KEY RESULTS

Incubation of tangeretin with microsomes expressing CYP1A, or with hepatocytes, generated a primary product we identified
as 4’-OH-TMF. Low micromolar concentrations of tangeretin or 4-OH-TMF gave a concentration-dependent inhibition of
EGF-stimulated progression to S-phase while having little effect on cell viability. To determine whether time for conversion

of tangeretin to an active metabolite would enhance the inhibitory effect we used long pre-incubations; this reduced the
inhibitory effect, in parallel with a reduction in the concentration of tangeretin. The EGF-stimulation of hepatocyte cell cycle
progression requires signalling through Akt/mTOR/p70S6K kinase cascades. The tangeretin metabolite 4-OH-TMF selectively
inhibited S6K phosphorylation in the absence of significant inhibition of upstream Akt activity, suggesting an effect at the
level of mTOR.

CONCLUSIONS AND IMPLICATIONS

Tangeretin and 4’-OH-TMF both inhibit cell cycle progression in primary hepatocytes. The inhibition of p70S6K
phosphorylation by 4’-OH-TMF raises the possibility that inhibition of the mTOR pathway may contribute to the anticancer
influence of a flavonoid-rich diet.

Abbreviations

4’-OH-TMF, 4’-hydroxy-S$,6,7,8-tetramethoxyflavone; EGF, epidermal growth factor; ERK, extracellular signal-related
kinase; GSK-3, glycogen synthase kinase; mTOR, mammalian target of rapamycin; MTT, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium; PI3K, phosphoinositide 3-kinase
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Introduction

Anticancer drug therapy aims to exploit differences between
tumours and normal tissues to achieve a selective cytotoxic
effect (when cells are killed) or cytostatic effect (block of
progress through the cell cycle and proliferation). Flavonoids
such as tangeretin (5,6,7,8,4’-pentamethoxyflavone) are
dietary compounds thought to contribute to the
chemopreventive/anticancer effects of a diet rich in fruit and
vegetables. Their anticancer effects include inhibition of
metabolic activation of pro-carcinogens, antioxidant activity
reducing DNA damage, and suppression of tumour growth by
activating apoptosis or inhibiting intracellular signalling that
promotes cell cycle progression. They may also have direct
effects, or act as pro-anticarcinogens, becoming active after
CYP1-dependent conversion selectively within cancer cells to
a cytotoxic or cytostatic metabolite (Androutsopoulos et al.,
2008; 2009). Tangeretin is a potent antioxidant compound
which has been reported to inhibit cell cycle progression
through G1 in the human leukaemia cancer cell line HL60
(Hirano et al.,, 1995; Pan etal., 2002; Morley et al., 2007),
induce apoptosis and G2/M arrest in the erythroleukaemia
cell line K562 (Sophie, 2005) and in Ccisplatin-resistant
ovarian cancer cells (Arafa el et al., 2009), and inhibit extra-
cellular signal-related kinase (ERK) in human mammary
ductal T47D carcinoma cells (Van Slambrouck et al., 2005).
These studies show the possible contribution of either or both
cytotoxic and cytostatic effects to the anticancer potential of
these compounds. Recent studies on human colon (COLO
205, HT-29) and breast cancer (MDA-MB-435) cell lines
have emphasized the significance of their cytostatic effects
(Pan etal., 2002; Morley etal.,, 2007). In addition anti-
inflammatory effects have been reported, such as inhibition
of induced cyclooxygenase 2 expression in human lung car-
cinoma cells (Chen et al., 2007).

In a comparison between cancer cells and non-cancer
cells, hepatocytes are of particular clinical interest. Following
resection surgery for hepatic cancers the survival of the
patient is in part determined by the timely restoration of liver
mass. This occurs by proliferation of the remaining hepato-
cytes (Fausto ef al., 2006). An intervention which can target
remaining cancer cells without inhibiting hepatocyte prolif-
eration is clearly desirable. In a healthy liver there is very little
hepatocyte proliferation — only following partial hepatec-
tomy do they enter the cell cycle, an event dependent in part
on stimulation with epidermal growth factor (EGF). This can
be mimicked in cell culture, where progression of primary
hepatocytes through G1 to S-phase of the cell cycle can be
elicited by addition of EGF (Loyer et al., 1996; Coutant et al.,
2002; Luo et al., 2007), providing a model for liver regenera-
tion (Fausto et al., 2006). It is of considerable significance,
therefore, to understand what influence anticancer treat-
ments, such as the presence of tangeretin, may have on the
proliferation of normal hepatocytes. If the hypothesis being
considered is that tangeretin exerts its anticancer effect by
acting as a prodrug, being converted to an active compound
by CYP1 enzymes preferentially expressed in cancer cells,
then it is particularly relevant to determine whether normal
non-transformed hepatocytes are affected since they also
express CYP1 enzymes.
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Prior to the study reported here we identified 4’-hydroxy-
5,6,7,8-tetramethoxyflavone (4’-OH-TMF) as a major product
of tangeretin metabolism by CYP1A1 and CYP1A2, consistent
with a previously reported pattern of metabolism (Nielsen
et al., 2000; Breinholt et al., 2003). Here we have investigated
the effects of this compound and the parent compound tan-
geretin on rat primary hepatocytes. The signalling pathways
necessary for EGF-stimulated hepatocyte cell cycle progres-
sion include the ERK and phosphoinositide 3-kinase (PI3K)/
Akt/mammalian target of rapamycin (mTOR) cascades
(Coutant et al., 2002; Thoresen et al., 2003; Dixon et al., 2005;
Luo et al., 2007; Scheving et al., 2008). Akt directly phospho-
rylates glycogen synthase kinase (GSK-3), and indirectly
through mTOR (in the rapamycin-sensitive mTORC1
complex) induces the phosphorylation of ribosomal S6
kinase (p70S6K). Activation of p70S6K is required for
enhanced protein synthesis in G1 and progression to S-phase.
Consistent with this pattern of events, rapamycin attenuates
EGF-stimulated hepatocyte cell cycle progression (Coutant
et al., 2002) and inhibits p70S6K phosphorylation (Z. Cheng
and M.R. Boarder, unpublished). In the present study, we
showed that tangeretin and 4-OH-TMF both inhibit cell cycle
progression to S-phase in hepatocytes. 4-OH-TMF (but not
tangeretin) also potently inhibits p70S6K phosphorylation.
This occurs without significant inhibition of Akt phosphory-
lation or activity, indicating that 4’-OH-TMF is a novel inhibi-
tor of p70S6K activation in hepatocytes, acting at the level of
mTORC1 or its activation. The anticancer influence of
flavonoid-rich diets may in part be because they contain
anticancer compounds which are PI3K/Akt/mTOR inhibitors
(Brachmann et al., 2009).

Methods

Cell preparation and culture

Hepatocytes were isolated from male Wistar-strain rats (200-
300 g) as described previously (Luo et al., 2007) and seeded at
a density of 1 x 10° cells per well in collagen-coated 24-well
plates, and 6 x 10° cells per well in collagen-coated six-well
plates. Cells were cultured in William’s medium E (WME)
supplemented with 10% foetal calf serum and insulin (as
the Sigma cell culture supplement: 10 ug-mL™ insulin,
5.5ug'-mL? transferrin and 6.7 ng-mL™" sodium selenite).
After 4 h, the medium was replaced with serum-free WME.
Cells were used within 48 h.

[?H]-thymidine incorporation into DNA and
the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium assay
Cells were cultured under the conditions indicated, in 24-well
plates for 24 h. They were then incubated for a further 24 h
with or without 3 nM EGEF with 1uL-mL" methyl-[*H]-
thymidine (37 MBg-mL™": Amersham, Bucks, UK) for the final
4 h. Tangeretin (Apin Chemicals, Abingdon, UK) or 4’-OH-
TMF was added in dimethyl sulphoxide (DMSO) as indicated,
15 min before EGF. Control experiments indicated that up to
0.5% DMSO had no measurable effect; it did not exceed 0.2%
in the experiments reported here.

For the cell viability assay 250 uL 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium (MTT) at 2 mg-mL™" was added



to 0.5 mL of the medium in 24-well plate 22 h after EGF
addition. This was followed by a 2 h incubation. Following
aspiration of medium 350 pL. DMSO was added to the wells,
and readings were taken from a plate reader at 540 nm.

Western blots

Hepatocytes were cultured in six-well plates under the con-
ditions described above. Cells were pre-incubated with tan-
geretin or 4-OH-TMF for 15 min before addition of EGF
(3 nM final concentration) as indicated. Following stimula-
tion, 100 uL per well lysis buffer was added (20 mM Tris-HCI,
250 mM NacCl, 3 mM EDTA, 3 mM EGTA, 0.5% Triton X100,
1 mM phenylmethylsulphonylfluoride, 2 mM sodium ortho-
vanadate; 1 mM B-mercaptoethanol, 20 ug-mL™ aprotinin,
5 ug-mL™? leupeptin, pH 7.6). Samples were equalized for
protein content, then separated on 10% polyacrylamide
gels. Blots were probed with anti-phospho-ERK (Promega,
Southampton, UK), anti-phospho-Akt (Ser 473) and anti-
phospho-GSK-3 (from Cell Signalling Laboratories, Herts,
UK), and visualized using ECL" Plus (Amersham). The
Western blots showed two bands for phospho ERK (corre-
sponding to p42™P* and p44™¥¥), two bands for phosphor-
GSK-3 (the a- and B-forms) and two bands for phospho S6K
(the p70 and p85 forms). For densitometry and pooling data
across blots both bands were used for ERK and GSK-3 blots,
while only the p70 band was used for the S6K blots, gener-
ating results specific for p70S6K.

Microsomal incubation and HPLC separation
of tangeretin and metabolites

Cytochrome P450 microsomes prepared from insect cells
transformed using a baculovirus vector expressing human
CYP with co-expression of human NADPH-cytochrome
P450 reductase were purchased from BD Biosciences (UK).
Tangeretin (10 uM) was incubated with CYP microsomes
(20 pmol-mL™), NADPH (0.5 mM) and MgCl, (0.5 mM) in
10 mM phosphate buffer pH 7 at 37°C for 30 min when tan-
geretin and products were extracted by addition of cold
methanol followed by injection onto a Phenomenex Luna 5 p
C18 (250 x 4.6 mm) column which was eluted (1 mL-min™)
with 60% solvent A (0.5% acetic acid and 1% acetonitrile in
water) and solvent B (0.5% acetic acid and 4% acetonitrile in
methanol) with a gradient of 60% solvent A and 40% solvent
B rising to 89% solvent B over 15 min and held at this for
2 min, with detection at 327 nm. For LC/MS-MS the same
Phenomenex column was used with an Agilent 1100 Trap
XTC system.

Synthesis of 4’-OH-TMF

Ethanethiol sodium salt (0.05 g, 0.59 mmol) was added to a
stirred solution of tangeretin (0.05 g, 0.13 mmol) in anhy-
drous N-dimethylformamide (5 mL). The reaction mixture
was stirred under reflux for 3 h. The mixture was poured into
an ice-water bath, acidified with 10% hydrochloric acid and
extracted with ethyl acetate (3 x 15 mL). The combined
organic extract was washed with saline solution, dried over
anhydrous magnesium sulphate. Removal of the solvent in
vacuo yielded the crude 4’-demethyltangeretin. Purification
by column chromatography [SiO,, dichloromethane with an
increasing gradient of ethyl acetate (20-50%)] yielded
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4’-demethyltangeretin as an off-white powder (0.032 g, 67%).
The structure (see Figure 1) was established by 'H and *C-
NMR spectra recorded on a 400 MHz super-conducting
Bruker Spectrometer (Karlsruhe, Germany) at 30°C. Thin
layer chromatography was performed on aluminium sheets
precoated with silica gel 601,54 (Merck, Darmstadt, Germany)
observed under UV light (450 nm). Mass spectra were
recorded on a Micromass Quattro II low resolution triple
quadrupole mass spectrometer (EPSRC National Mass Spec-
trometry Service Centre, Swansea, UK).

Statistical tests
Data were analysed by GraphPad prism using ANOVA followed
by Bonferroni’s post test.

Results

Initial experiments identified a major metabolic product of
the incubation of tangeretin with specific CYP enzymes.
Figure 1B (upper panel) shows HPLC profiles following the
incubation (30 min) of tangeretin with microsomes express-
ing CYP1A1, CYP1A2 or CYP1B1 enzymes, compared with
control microsomes and a tangeretin standard. Incubation
with CYP1l-expressing microsomes led to an incubation
time-dependent reduced tangeretin peak and the appearance
of peaks with a shorter retention time. The rank order
of rate of loss of area under the tangeretin peak was
CYP1A1>CYP1A2>>>CYP1B1. Two major peaks from metabo-
lites were seen; the one that formed first and eluted closest to
tangeretin was characterized as 4-OH-TME, following the
work of Nielsen and co-workers (Nielsen et al., 2000; Brein-
holt et al., 2002; 2003), by co-elution with the synthetic stan-
dard (the lower trace in Figure 1B shows an HPLC profile of
the product of tangeretin incubation spiked with synthetic
4’-OH-TMF) and by LC/MS-MS, which gave an [M + H] for
tangeretin of 373.1 and for the metabolic product of 359.1,
consistent with it being identified as 4’-OH-TMF. The struc-
ture of this metabolite and the parent tangeretin are shown in
Figure 1A. The 4’-OH-TMF was synthesized as described in
Methods and used along with tangeretin in the work described
here. We also incubated tangeretin with hepatocytes to inves-
tigate whether 4’-OH-TMF is formed. We found (Figure 1C)
that after the 24 h incubation there was a peak on the HPLC
trace, which co-eluted with 4’-OH-TMF, consistent with the
formation of this metabolite within hepatocytes.

We tested tangeretin and 4-OH-TMF for effects on
the cell cycle progression of primary hepatocytes using
[*H]-thymidine incorporation into DNA as an index of pro-
gression to S-phase. We have previously shown that under
the conditions of culture used here the maximum stimulant
effect of EGF (3 nM) is observed when [*H]-thymidine is
present for the last 4 h of a 24 h stimulation period, suggest-
ing that the onset of the S-phase occurs 20 h after exposure to
EGE. As seen in Figure 2 (A,B) the unstimulated hepatocytes
showed a low level of [*H]-thymidine incorporation into
DNA, with a substantial increase when EGF was present. The
[*H]-thymidine response to EGF was inhibited when tangere-
tin was added to the cells 15 min before EGF and was then
present for the duration of a 24 h stimulation period

British Journal of Pharmacology (2011) 162 1781-1791 1783



Z Cheng et al.

OMe O OMe O
Tangeretin 4’-OH-TMF
B
4’-OH-TMF | I Tangeretin
I wwﬁ CYPIAL
\ CYP1A2
LJ\__\/____- CYPIBI
W Control
\H‘\\HH\HHHH\HH LA A LA AR AR LR LRLRY SRS RARLN LALRI RARAS RAALE LAAR) RARRS LAALE LRARI RARSS LARRI] Standard
0 2 4 6 8 10 12 14 16 18 20 22 24
Tangeretin
4"-OH-TMF 4
(S \ ‘\ _
o 2 4 6 8 10 12 14 16 18 20 22 24
Retention time (min)
mALé Tangeretin
6,
4/
2,
0 lJL,\
0 5 10 15 20 25min
mAU Tangeretin
6,
4] 4"-OH-TMF |
2,
0 j .
0 5 10 15 20 25min

Retention time (min)

Figure 1

The HPLC profiles of tangeretin after incubation with microsomes expressing CYP1A1, CYP1A2 and CYP1B1 and with hepatocytes. (A) The
structures of tangeretin and 4’-hydroxy-5,6,7,8-tetramethoxyflavone (4’-OH-TMF). (B) Upper trace: extracts from incubation (30 min) of 10 uM
tangeretin with CYP-expressing microsomes, control microsomes and tangeretin standards were separated on a C18 analytical column as
described in Methods and detected by absorbance at 327 nm. The tangeretin and 4’-OH-TMF peaks are indicated, and the structures of each are
shown. Lower trace: HPLC profiles of the product of 10 uM tangeretin incubation (3 min) with CYP1AT-expressing microsomes, both with (larger
peak at 4-OH-TMF) and without (smaller peak) 1.5 uM synthetic 4-OH-TMF added to the sample just before the HPLC run. (C) HPLC profiles of
medium from incubation of 30 uM tangeretin after incubation with hepatocytes for 0 h (upper trace) or 24 h (lower trace).
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Effect in hepatocytes of tangeretin (A,C) and 4’-hydroxy-5,6,7,8-tetramethoxyflavone (4’-OH-TMF) (B,D) on epidermal growth factor (EGF)-
stimulated [*H]-thymidine incorporation into DNA, and cell viability. Tangeretin or 4-OH-TMF to the final concentrations shown was added
15 min before 3 nM EGF followed by [*H]-thymidine after 20 h and extraction of DNA at 24 h (A,B). One-way ANOVA showed that the effect of

tangeretin and 4’-OH-TMF was significant (P < 0.05). Cell viability at 24 h was estimated with the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium (MTT) assay (C,D). Data for the [*H]-thymidine assay were normalized to the unstimulated controls and pooled across

separate experiment. Data are mean = SEM (n = 4) in each case.

(Figure 2A). This inhibition was concentration dependent,
with the onset between 1 and 3 uM tangeretin and an ICs, of
about 5 pM; there was some variation between cell prepara-
tions but in all cases the response to EGF was almost com-
pletely inhibited by 30 uM tangeretin.

These results show that tangeretin effectively inhibited
EGF-stimulated cell cycle progression to S-phase of primary
hepatocytes. The tangeretin derivative 4’-OH-TMF also inhib-
ited cell cycle progression (Figure 2B), but in this case the
concentration-response relationship was more complex,
with inhibition apparent at 1-3 uM but the degree of inhibi-
tion then remaining constant through to 10 uM, with further
inhibition at 30 uM.

To investigate whether the reduction in the [*H]-
thymidine response in hepatocytes to either compound was
due to a cytotoxic effect, resulting in a reduced number of
cells, we used the MTT assay, which measures mitochondrial
activity. The MTT assay is an index of the number of healthy
cells and assumes the mitochondrial activity per cell is con-
stant. Figure 2 (C,D) shows that EGF does not stimulate the
MTT reading; under these conditions there is not a significant
increase in the number of viable cells in response to EGF,
despite a substantial increase in the [*H]-thymidine response.
This confirms that the cells progressed to S-phase but had not
yet completed the proliferative cycle. Figure 2 shows the

effect of tangeretin (C) and 4’-OH-TMF (D) on cell viability
over the same period (24 h) used in the [*H]-thymidine assay.
In both cases there is a decline in cell viability as the concen-
tration of drug increases, but this is small compared with
the reduction in cell cycle progression seen with the
[*H]-thymidine assay.

If tangeretin is acting as a prodrug, being converted over
time into a metabolic product such as 4-OH-TME, then a
longer pre-incubation may allow accumulation of the
metabolite and thereby enhance the cytostatic effect. To
address this we pre-incubated hepatocytes with various con-
centrations of tangeretin for 15 min, 2 h, 6 h and 24 h prior
to initiating a 24 h stimulation with EGF, followed by the
[*H]-thymidine and MTT assays. Figure 3A shows that at the
lowest concentration of tangeretin tested (3 uM) its inhibi-
tory effect on the [*H]-thymidine response was prevented by
the 24 h pre-incubation. However, inhibition was partially or
completely retained with this longer pre-incubation time
when higher concentrations of tangeretin (10 and 30 uM)
were used. The longer pre-incubation times with tangeretin
did not result in cell death at any concentration used
(Figure 3B). Figure 3C shows that tangeretin was broken
down by the cells after the 24 h pre-incubation. Tangeretin
was added to cells and either removed with no incubation or
incubated for 24 h (with incubation in the absence of cells as
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Z Cheng et al.

A Tangeretin concentration
EGF EGF EGF
L 1 | | J
* k% *k*
10000+ ** ol

5000+

[3H]thymidine into DNA (dpm)

éEé ITI[ il

T VvV T TVT ¢ ¥
ooe,lf)"bbqy

Tangeretin preincubation time (h)

B
0.8 EGF EGF EGF
I | |
ﬁh” “=“=“..
5 |HHEHEE
© 04- u EI: Ea‘ :j
Il: BB e Ea‘
= HHEEE
0.29 HEEEE
HEEEE
0.0 Sttt Lliy T T T T 7T
& %{1?’ Vo & QQ Voo e,b YV Ok
Tangeretin preincubation tlme (h)
C
150+
E3 3yM E 10uM @D 30 uM
8
& 1004 e o
1
1}
g
9 504
[
I
0'*@ g T

I \@ \\” N \\‘9
& & °o° & xoe‘ oo & & o°
& <& S S
& & O
PN S o &2 S oS &2
v RO M N
v v v

Incubation conditions

control). When the starting concentration was 3 uM there
was no detectable tangeretin remaining after the 24 h incu-
bation with cells, with 10 uM there was about 4 uM, and with
a starting concentration of 30 uM there was about 20 uM left
(Figure 2C). The residual inhibition of the [*H]-thymidine
response after 24 h pre-incubation shown in Figure 3A there-
fore approximately correlates with the remaining tangeretin.

To address the issue of how tangeretin and 4’-OH-TMF
inhibit the stimulant effect of EGF on the cell cycle machin-
ery in hepatocytes we looked at two sets of pathways previ-
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Figure 3

Effect of a long pre-incubation time with tangeretin
(Tan) on [*H]-thymidine and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium (MTT) responses. Hepatocytes were pre-
incubated with tangeretin at the concentrations shown for the times
shown prior to stimulation with epidermal growth factor (EGF)
(3 nm), before extraction of [*H]-thymidine incorporation into DNA
(A) or the MTT assay (B) 24 h later. Data are mean = SEM (n = 4)
from a single experiment representative of 3. **P < 0.01, ***P < 0.001
compared with control (con; one-way ANOVA with Bonferroni’s post
test). (C) The loss of tangeretin in medium on incubation with
hepatocytes for 24 h. The same three concentrations (3, 10 and
30 uM) of tangeretin were incubated, as above, with the cells for
24 h, added to the cells and immediately removed (0 h Tan + cells)
or added to wells with medium but lacking cells (24 h Tan, no cells).
The medium was then analysed for tangeretin by HPLC as described
in Methods, and the area under the tangeretin peak was pooled
across three separate experiments (data are mean * SEM, n = 3;
**P < 0.01, ***P < 0.001 compared with the 24 h incubation of
each tangeretin concentration with cells using one-way ANOVA with
Bonferroni’s post test).

<
<

ously shown to be involved in the cell cycle response. The
first is the Ras/Raf/ERK pathway, which we assessed by
Western blots for the phosphorylation of ERK1 and ERK2.
The second pathway is the Akt/mTOR/GSK/S6K pathway,
which we monitored by Western blots for the phosphoryla-
tion of Akt, GSK-3 and p70S6K. Figure 4A-D shows the results
obtained for tangeretin in the absence (left hand blots) and
presence (right hand blots) of EGF with the histograms
beneath each blot showing pooled results from densitometric
scans. After Western blot analysis for phospho-Akt, phospho-
GSK, phospo-p70S6K and phospho-ERK, we saw no signifi-
cant effect of increasing concentrations of tangeretin with
and without EGF stimulation. It is notable (Figure 4C) that
there is a trend towards reduced basal p70S6K phosphoryla-
tion in the presence of 30-100 uM tangeretin — overall this
effect of tangeretin was not significant (one-way analysis of
variables).

Figure 5 shows the results obtained when 4’-OH-TMF was
used instead of tangeretin. It was found that 4-OH-TMF
tended to induce a modest but not statistically significant
reduction in phospho-Akt immunoreactivity (A) in both the
presence and absence of stimulation with EGF. Neither basal
GSK phosphorylation (B) nor ERK (D) phosphorylation was
affected by the tangeretin derivative. However, there was a
major reduction in the phosphorylation of p70S6K (C) in the
absence (left) of EGF, which was substantially inhibited by
3 uM 4’-OH-TMEF, the lowest concentration used, and abol-
ished by 30 and 100 uM 4’-OH-TME. In the presence of EGF,
4’-OH-TMF also significantly inhibited p70S6K phosphoryla-
tion, although this was less pronounced at the lowest con-
centration of 4-OH-TMF.

For both the tangeretin and 4’-OH-TMF studies in Fig-
ures 4 and 5 non-phospho (i.e. pan) Western blots were run as
loading controls and to monitor any changes in total protein
levels. No changes in pan-Western blots for the treatments
shown in these two figures were seen for Akt, GSK, ERK or S6K
(illustrated for S6K in Figure S1).

We considered the possibility that tangeretin had no
effect on the signalling pathways because it has insufficient
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Effect of tangeretin on basal and epidermal growth factor (EGF)-stimulated phosphorylation of Akt, glycogen synthase kinase (GSK-3), S6K and
extracellular signal-related kinase (ERK). Hepatocytes in six-well plates were stimulated with 3 nM EGF for 10 min, after a 15 min pre-incubation
with tangeretin (Tan) at the concentrations shown (3-100 uM). Cell extracts were then subject to Western blot analysis for phospho-Akt (A),
phospho-GSK (B), phospho-S6K (C) and phospho-ERK (D). In each case the left hand blots show the effect of tangeretin on unstimulated cells and
the right hand blot shows the effect on cells stimulated with EGF. Sample blots are shown (with molecular weight markers as appropriate), and
beneath these the results of scanning of blots from three to four repeated experiments are pooled (mean = SEM). For the phospho-S6K blots the

histograms are for p70S6K (i.e. the lower band only).

time, in these short incubation experiments, to be converted
to an active metabolite. We therefore undertook studies in
which hepatocytes were pre-incubated with tangeretin for
15 min, 2h, 6 h and 24 h. We found that even with the
longer pre-incubation times tangeretin had no effect on these
kinase cascades (not shown).

Discussion

When the hepatocytes were incubated with tangeretin, the
identification of 4-OH-TMF as a primary metabolite of
CYP1A1, CYP1A2 and CYP1B1, consistent with studies of
others (Nielsen et al., 2000; Breinholt et al., 2003), was fol-
lowed by a peak on HPLC analysis that co-eluted with 4’-OH-
TME. This encouraged us to investigate the hypothesis that
tangeretin exerts effects on hepatocytes by a mechanism that

is dependent on its metabolism to 4-OH-TMFE. The major
enzymes in the liver are CYP3A4 (which does not metabolize
tangeretin) and small amounts of CYP1A2 (which can
metabolize tangeretin, but not as much as CYP1A1); there is
very little or no CYP1A1l or CYP1B1 in the liver. Hence,
hepatocytes were thought to have a limited ability to metabo-
lize tangeretin to 4-OH-TMF. However, the results presented
here, obtained from HPLC analysis of the product derived
after a 24 h incubation of tangeretin with hepatocytes, do
nevertheless show a significant degree of this biotransforma-
tion in the cultured liver cells. This finding was followed by
the synthesis of 4’-OH-TMF, enabling us to investigate the
effect of both tangeretin and 4’-OH-TMF on hepatocyte cell
cycle progression. Our results showed that tangeretin is able
to inhibit EGF- stimulated cell cycle progression to S-phase in
a concentration-dependent manner. This occurred without a
commensurate loss of viable cells, as indicated by only minor
falls in the readings from the MTT assay, leading us to
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Effect of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (4’-OH-TMF) on basal and epidermal growth factor (EGF)-stimulated phosphory-
lation of Akt, glycogen synthase kinase (GSK-3), S6K and extracellular signal-related kinase (ERK). Hepatocytes in six-well plates were stimulated
with 3 nM EGF for 10 min, after a 15 min pre-incubation with 4’-OH-TMF (TMF) at the concentrations shown (3-100 uM). Cell extracts were then
subject to Western blot analysis for phospho-Akt (A), phospho-GSK (B), phospho-S6K (C) and phospho-ERK (D). In each case the left hand blots
show the effect of 4’-OH-TMF on unstimulated cells and the right hand blot shows the effect on cells stimulated with EGF. Sample blots are shown
with molecular weight markers as appropriate, and beneath these the results of scanning of blots from three to four repeat experiments are pooled
(mean = SEM). For the phospho-S6K blots the histograms are for p70S6éK (i.e. the lower band only was used for the densitometry). (C) Effect of

4’-OH-TMF was significant (one-way ANOVA, P < 0.05).

conclude that tangeretin is cytostatic rather that cytotoxic,
consistent with the work of others on cancer cells (Pan et al.,
2002; Morley et al., 2007). To our knowledge, this is the first
time that such an effect of tangeretin has been reported on
non-transformed cells. As non-cancer cells hepatocytes may
be unusual in that, as indicated above, they have substantial
CYP activities; if tangeretin acts as a prodrug then the pres-
ence of CYP1A2 and its conversion to 4-OH-TMF may
account for its cytostatic effects. It is possible, therefore, that
of all the non-transformed cells hepatocytes are unusually
sensitive to tangeretin and other compounds with a similar
mode of action.

The hypothesis that the marked cytostatic effect of tan-
geretin was due to its metabolite 4-OH-TMF was indicated by
the observation that this metabolite also inhibited EGF-
stimulated DNA synthesis when applied to hepatocytes.
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However, the concentration-inhibition relationship was
more complex with the metabolite. Notably, at most concen-
trations, tangeretin was more effective than its product. This
suggests that the effects of tangeretin are not due to its con-
version to 4-OH-TMF within hepatocytes. However, it is pos-
sible that the greater polarity of 4-OH-TMF makes it less cell
membrane permeable and this would reduce its effect when
added to the medium. Whereas following the addition of
tangeretin it would form within the cells and could accumu-
late to a high intracellular level.

If the latter is the case then a longer pre-incubation time
with tangeretin should increase its inhibitory effect. Accord-
ingly, we pre-incubated the cells with different concentra-
tions of tangeretin for various times up to 24 h, and then
stimulated with EGFE. Firstly, we noted that this procedure did
not induce a cytotoxic effect. Secondly, that the cytostatic



effect of tangeretin was diminished, rather than increased,
with the longer pre-incubation, and this reduction in effect
was related to the decline in the concentration of tangeretin
within the medium. This argues against the formation of an
inhibitory metabolite trapped within cells.

To further pursue the mode of action of both tangeretin
and 4-OH-TMF we undertook short-term incubations with
and without EGF stimulation followed by Western blot analy-
sis for two signalling pathways known to be required for
progression through G1 to S-phase in hepatocytes. These are
the Ras/ERK pathway, which we monitored by Western blots
for ERK phosphorylation, and the PI3K/Akt/mTOR/S6K
pathway. Following PI3K activation the mTOR complex,
mTORC?2, is activated and phosphorylates Akt at serine 473.
Akt directly phosphorylates GSK-3. The phosphorylation and
activation of p70S6K by contrast is by Akt-dependent activa-
tion of mTORC1, the rapamycin-sensitive form of mTOR. The
mTORCI1 then phosphorylates and activates S6K. The role of
mTOR in cancer cell signalling has recently been extensively
explored (Laplante and Sabatini, 2009; 2010; Efeyan and
Sabatini, 2010), and there are a number of studies on rapa-
mycin and mTOR in hepatocytes (Coutant et al., 2002; Luo
etal.,, 2007; Parent et al., 2007; Chen et al., 2009). Impor-
tantly for this study, we have previously shown that in hepa-
tocytes the band on the GSK-3 phospho-Western blots used
here is Akt-dependent (Luo et al., 2007), but not inhibited by
rapamycin, whereas p70S6K phosphorylation is rapamycin-
sensitive (Z. Cheng and M.R. Boarder, unpubl. obs.). This
pattern of events indicates that GSK-3 phosphorylation can
be used as a measure of Akt activity, and S6K phosphorylation
as a measure of mTORCI1 activity.

In this study, we have followed the effects of tangeretin
and 4’-OH-TMF on this sequence of events with phospho-
Western blots for Akt, GSK-3 and p70S6K, and also monitored
ERK phosphorylation. The salient observations were: (i) there
were no effects on ERK phosphorylation; (ii) tangeretin
weakly inhibited basal p70S6K, with no effect on EGF-
stimulated p70S6K or Akt and GSK phosphorylation; and (iii)
4’-OH-TMF inhibited basal and EGF-stimulated p70S6K phos-
phorylation with no significant reductions in Akt-, GSK- or
ERK-phosphorylation. The pattern of effects seen here,
namely loss of p70S6K activation without similar effects on
upstream Akt (both measured as Akt phosphorylation and
Akt activity indicated by GSK phosphorylation), indicate
inhibition by 4-OH-TMF at the level of mTORCI. This could
be as an inhibitor of the mTORC1 complex itself, which
would indicate a rapamycin-like action. Alternatively it may
indicate inhibition of a pathway upstream of mTORC1 but
downstream of Akt. One possibility is that the intervention
occurs at the level of the tuberous sclerosis complex, which
mediates the action of Akt as an activator of mTORC1 (Efeyan
and Sabatini, 2010).

It was notable that the inhibitory effect of 4-OH-TMF on
p70S6K phosphorylation was greatest under basal conditions,
and weaker with EGF-stimulated cells. We know that basal
S6K phosphorylation is dependent on continuing mTOR
activity within the time of these experiments, because inhi-
bition with rapamycin leads to loss of the phospho-p70S6K
band (not shown). The greater effect of 4-OH-TMF on
p70S6K under basal conditions suggests that there may be
some competitive aspect to the mechanism of action. It is

Tangeretin inhibits hepatocyte cell cycle

also of interest to note that tangeretin has a (small) inhibitory
influence on p70S6K phosphorylation, but no effect on the
EGF-stimulated response. This similarity to 4-OH-TMF with
respect to a greater effect on unstimulated cells could be used
to support the hypothesis that its anticancer effect is induced
by biotransformation to 4’-OH-TMF and inhibition of p70S6K
activation.

However, there are a number of observations that do not
support this hypothesis. Notably, the cytostatic effect of tan-
geretin is seen under conditions of EGF stimulation in which
we were unable to detect much effect on p70S6K. Further, if
the cytostatic effect of both compounds were due to inhibi-
tion of p70S6K phosphorylation then 4’-OH-TMF would be
more potent at inhibiting cell cycle progression than tangere-
tin. Instead, tangeretin is more potent as a cytostatic agent
than 4-OH-TMF, while not effective at blocking S6K phos-
phorylation. Issues such as differential cell permeability may
complicate the interpretation of some of these issues. Never-
theless, the results presented here do not provide unequivo-
cal support for the hypothesis that in hepatocytes, with
limited expression of tangeretin-metabolizing CYP enzymes,
the cytostatic effect of tangeretin is induced by conversion to
4’-OH-TMF and inhibition of p70S6K phosphorylation. Inter-
estingly, in a study on cisplatin-resistant human ovarian
cancer cells (Arafa el ef al., 2009), it was found that tangeretin
down-regulates Akt phosphorylation. This is fundamentally
different from our findings obtained in the present study in
hepatocytes and indicates that we can expect cell type-
specific responses to these and related agents.

The observation that tangeretin inhibits non-transformed
hepatocytes may prove significant for the management of
post-resection patients, when hepatocyte proliferation is
crucial for restoration of liver mass. We also showed that the
primary metabolite 4-OH-TMF is cytostatic in hepatocytes.
This is likely to be explained, at least in part, by our report
here that 4’-OH-TMF is an inhibitor of proliferative signalling
at the mTOR level. Currently inhibitors of the PI3K/Akt/
mTOR pathway are of considerable interest in cancer thera-
peutics (Brachmann et al., 2009). The flavone demethylation
discussed here is mainly catalysed by the extrahepatic cyto-
chromes P450 CYP1A1 and CYP1B1. The CYP1A1 is thought
to play a role in the aetiology of breast (Subramanian et al.,
2008) and lung (Planchard et al., 2009) cancer. CYP1B1 is
notably found in a range of malignant tumours, including
cancers of breast, colon, lung, oesophagus, skin, lymph node,
brain and testis (Murray et al., 1997). With respect to the
bioavailability of dietary flavones, there are indications that
these can reach levels of 2-6 uM in liver, kidney and lung
(Walle, 2007), placing them within reach of the concentra-
tions used in the present study. However, it remains to be
seen whether in cancer cells, with their high CYP1 potential
for conversion of tangeretin to 4’-OH-TMF, a flavonoid-rich
diet exerts its anticancer influence by biotransformation to
inhibitors of the mTOR pathway.
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Additional Supporting Information may be found in the
online version of this article:

Figure S1 Hepatocytes in six-well plates were with a 15 min
pre-incubated for 15 min with tangeretin (Tan) (A) or
4’-hydroxy-5,6,7,8-tetramethoxyflavone (4-OH-TMF) (B) at
the concentrations shown (3-100 uM). They were then incu-
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bated without epidermal growth factor (EGF) (- sign) or with
3 nM EGF (+sign) for 10 min. Cell extracts were then subject
to western blot for pan-S6K. Sample blots are shown.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing mate-
rial) should be directed to the corresponding author for the
article.
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