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Abstract
We have identified a previously unknown function of the natural compound, hesperetin. Here, we
demonstrate that this small molecular agent is able to inhibit the transforming growth factor-β
(TGF-β) signaling pathway. Single-molecule force measurements and single-molecule
fluorescence imaging show that hesperetin interferes with ligand-receptor interactions.
Furthermore, by Western blot analysis, it was confirmed that hesperetin also inhibits the
phosphorylation of Smad3, a down-stream target of the TGF-β pathway. In addition we
demonstrated that this compound hinders TGF-β1-induced cancer cell migration and invasion.
These results suggest a potential future application for hesperetin as a TGF-β inhibitor in cancer
therapy.
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1. Introduction
Hesperetin (4′-methoxy-3′,5,7-trihydroxyflavanone), a natural predominant flavanone
found in citrus fruits and used in Chinese medicine, has previously been shown to have anti-
cancer activity by inhibiting proliferation/inducing apoptosis [1–5], inhibiting angiogenesis
[2, 6] and by acting as an anti-oxidant [7–9]. Here we examine the effect of hesperetin on
the transforming growth factor-β (TGF-β) pathway. TGF-β signaling is initiated by the
binding of a ligand to TGF-β receptors, which thereby form a heteromeric signaling
complex. This leads to the phosphorylation of a subset of downstream signaling molecules,
the receptoractivated Smads, which regulate the transcription of target genes[10, 11].
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We have previously shown that naringenin, another citrus bioflavonoid, is able to block the
TGF-β pathway [12]. In this study, we demonstrate that hesperetin likewise inhibits TGF-β
signaling, and furthermore we show that this inhibition blocks the metastatic properties of
cancer cells. To date, there are several synthetic inhibitors of the TGF-β signaling pathway
that are at the pre-clinical or clinical level [13–16]. These agents are powerful tools for
understanding and targeting signal transduction pathways involved in pathological
processes. Hesperetin and naringenin represent a new group of agents that can suppress the
TGF-β pathway, and could potentially have several advantages compared to their synthetic
counterparts (i.e. lower toxicity, unique mechanism of inhibition and multiple advantageous
effects).

2. Results and Discussion
2.1. TGF-β Ligand-Receptor Binding

To determine whether hesperetin affects ligand-receptor interactions we performed single-
molecule force spectroscopy in living cells, measuring the binding force and binding
probability of TGF-β1 and TGF-β type II receptor (TβRII). The ligand was attached to the
atomic force microscopy (AFM) tip and then inserted onto HeLa cells, which naturally
express TβRII (Figure 1a-b). The rupture force was measured by moving the tip in and out
of contact with the cell surface. The rupture force was identified as a sudden deviation in the
smooth force curve [17]. To confirm that the measured forces were specific to the ligand-
receptor pair of interest, the extracellular domain of TβRII (TβRII-ECD) was added as a
control (Figure S1a). Force distribution histograms were shown to display a single
maximum peak with a Gaussian fit, indicating that single-molecule forces were measured
(Figure S1b-c). The frequency of adhesion events was low, thereby, ensuring that the force
was mediated by a single ligand-receptor pair (<30% adhesion events: >85% probability of
single-molecule force measurement) [18–20]. The results indicate that the addition of
hesperetin to cell culture lowers the probability that the ligand will bind to the receptor
(vehicle: 23.4%±2.5%, hesperetin: 10.5%±1.7%) (Figure 1c). When binding does occur,
however, the rupture force is similar to that of the control (Figure S1b-c). To further confirm
that hesperetin inhibits the interaction between the ligand-receptor pair, flow cytometry was
performed using biotinylated TGF-β1 and avidin-FITC. Figure 1d demonstrates that the
fluorescence signal decreases in the presence of hesperetin.

2.2. TGF-β Receptor Dimerization
It is known that the TGF-β receptors exist as monomers at low expression levels, and follow
the general ligand-induced receptor dimerization model for activation upon TGF-β1
stimulation [21, 22]. Here we have used total internal reflection fluorescence microscopy
(TIRFM) to image individual GFP-tagged TβRII molecules on the cell membrane, in order
to examine the effect of hesperetin on dimer formation. As shown in a typical TIRFM image
of resting HeLa cells (Figure 2a and Movie S1), TβRII-GFP molecules appear as well-
dispersed diffraction-limited fluorescent spots (5×5 pixels, 800×800 nm). The fluorescence
intensities of these spots were usually maintained for less than five seconds after dropping
back to background level, indicating that they are single TβRII molecules. The fluorescence
intensity distribution of the spots exhibited a sum of two Gaussian distributions (Figure
S2a). The first population, representing TβRII monomers, had peak intensity close to that of
a single GFP molecule (Figure S2c), while the second population, corresponding to TβRII
dimers, had a peak value of approximately twice this size (Figure S2a). Upon addition of
hesperetin to ligand-stimulated cells the percentage of dimers decreased from 40.2% to
19.9% (Figure 2b-c). In the absence of TGF-β1, hesperetin was unable to affect receptor
dynamics (Figure S2a-b). An alternative way to examine dimer formation is by utilizing the
bleaching-step counting method, where one-step photobleaching spots represent monomers
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and two-step spots represent dimers (Figure S3)[21–23]. With this technique we show that
hesperetin lowers the frequency of dimmers (control: 39.9±2.5%, hesperetin: 19.5±1.5%)
(Figure 2d).

2.3. TGF-β Downstream Signaling
In order to confirm that hesperetin inhibits TGF-β signaling transduction, protein levels of
the down-stream molecule, phosphorylated Smad3, were investigated. The result
demonstrates that hesperetin effectively reduces the TGF-β1 induced phosphorylation of
Smad3 in HeLa cells (Figure 3a). Furthermore, in the presence of TGF-β1 hesperetin
administration significantly decreases the nuclear translocation of Smad3 (Figure 3b). To
further investigate the effect of hesperetin on TGF-β1 downstream signaling we also
examined the expression of p21, an inhibitor of cell cycle progression. Previous reports have
shown that TGF-β1 stimulation leads to an increase in the expression of p21 [24]. Our
results demonstrate that hesperetin significantly inhibits TGF-β1 stimulated expression of
p21 (Figure 3c).

2.4. Cell Invasion and Migration
There is a controversy surrounding the role of the TGF-β pathway in cancer progression.
Although the TGF-β signaling cascade suppresses tumor growth in early carcinogenesis,
mainly through the ability of TGF-β to inhibit the cell cycle, it paradoxically favors tumor
progression during late-stage metastasis [25]. To better understand the inhibitory effect of
hesperetin on TGF-β signaling propagation we investigated the effects of this agent on TGF-
β1-induced cell invasion and scattering. A scratch motility assay demonstrates that starved
untreated HeLa cells exhibit only limited wound closure activity, while TGF-β1 treated cells
show an acceleration of wound closure. However, when adding hesperetin (100 µM, 24
hours), the cell migration capacity was reduced (Figure 4a-b). The ability of hesperetin to
prevent TGF-β1 induced invasion was similarly examined. By using the Boyden chamber
assay it was confirmed that hesperetin also suppresses the cells ability to invade across a
collagen matrix. (Figure 4c). Furthermore, we show that hesperetin has low cellular toxicity
when used in a similar manner as in the migration assays (Figure S4).

3. Conclusion
In summary, we have discovered a novel TGF-β signaling antagonist and verified its
function by single-molecule fluorescence microscopy and force spectroscopy. Our results
demonstrate that hesperetin reduces the binding probability of TGF-β1 to its receptor TβRII,
thereby reducing receptor dimerization and activation. We further demonstrate that the
downstream signal transduction event of Smad3 phosphorylation is inhibited. Moreover, cell
scattering and invasion experiments reveal that hesperetin has the potential to become an
anticancer agent for the inhibition of TGF-β induced tumor progression.

4. Experimental Protocols
4.1. Cell Culture

HeLa cells were cultured with Dulbecco Modified Eagle Medium (DMEM) (Gibco)
supplemented with 10% fetal bovine serum (FBS) (HyClone). Cells were maintained at
37°C and 5% CO2.

4.2. Atomic Force Microscopy (AFM)
Atomic force microscopy (AFM) was used to measure the binding force between
transforming growth factor-β1 (TGF-β1) and TGF-β type II receptor (TβRII). The AFM tip
(type: NP, from Veeco, Santa Barbara, CA, USA) with TGF-β1 was prepared as previously
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reported [18, 20]. The force was measured with a PicoSPM II, a PicoScan 3000 controller, a
large scanner (Molecular Imaging, Tempe, AZ) and an inverted fluorescence microscope
(Olympus IX71, Japan). The loading rate of force measurements was 1.0 × 104 pN/s. The
force curves were recorded and analyzed by PicoScan 5 software (Molecular Imaging,
Tempe, AZ). All forces were measured in living HeLa cells with contact mode at room
temperature. Cells were treated with vehicle (0.1% dimethyl sulfoxide (DMSO)) or
hesperetin (100 µM) or the extracellular domain of TβRII for one hour.

4.3. Flow Cytometry
Flow cytometry was used to measure the binding of TGF-β1 to TβRII. TGF-β was labeled
using the Fluorokine TGF-β-biotin kit (R&D Systems) according to manufacturer’s
instructions. HeLa cells were incubated with vehicle (0.1% DMSO) or hesperetin (100µM),
in the presence of biotinylated TGF-β1 for one hour.

4.4. Single-Molecule Fluorescence Microscopy
Single-molecule fluorescence microscopy was performed to study TβRII dimerization. A
TβRII-GFP expression plasmid was created by subcloning the gene into the HindIII and
BamHI sites of pEGFP-N1 (Clontech) [12, 21, 22]. Cells were cultured in 35-mm glass-
bottom dishes (MatTek Corporation) and transfected with 0.2 µg/mL plasmids in phenol red-
free DMEM using lipofectamine2000 (Invitrogen). To achieve low-level protein expression
cells were incubated with the plasmid for four hours. Cells received either vehicle (0.1%
DMSO) or 100 µM hesperetin (Sigma Aldrich) for one hour before imaging. For ligand
stimulation the transfected cells were incubated for an additional 15 minutes with 10 ng/mL
TGF-β1 (R&D). The fluorescence intensity measurements were performed on living cells
with a CO2 incubation system (INU-ZIL-F1, TOKAI HIT), while the photobleaching study
was done on fixed cells (4% paraformaldehyde/PBS solution, 10 minutes). The intensity of
single GFP molecules was measured to confirm that it corresponded to that of TβRII
monomers. GFP protein was purified from E. coli and dissolved in a high salt buffer (600
mM NaCl, 150 mM PBS buffer, pH 7.4) to prevent dimer formation and then immobilized
on coverslips through a biotin coupled GFP antibody (Clontech), as previously reported [12,
21, 22].

Single-molecule fluorescence imaging was carried out using an inverted microscope (IX 71,
Olympus, Japan) with a total internal reflective fluorescence illuminator, a 100X/1.45NA
Plan Apochromat TIR objective (Olympus, Japan) and a 14-bit back-illuminated electron-
multiplying charge-coupled device (EMCCD) (Andor iXon DU-897 BV) [12, 21, 22]. A
488-nm argon laser with the power of 5 mW (Melles Griot, Carlsbad, CA) was used to
excite the GFP in epi-fluorescence mode. Before being directed into the EMCCD (gain:
300) the fluorescent signals were passed through two filters, BA510IF and HQ 525/50
(Chroma Technology). To insure homogeneous illumination only the central quarter of the
chip (256×256 pixels) was used for imaging analysis. MetaMorph software (Molecular
Device) was used to acquire and analyze movies (200 frames for each sample at a frame rate
of 10 Hz). The background fluorescence was first subtracted from each frame using the
rolling ball method in Image J software (National Institute of Health). The first frame of
each movie was used for the selection of fluorescent spots and the threshold was set a four
times that of the mean intensity of an area lacking fluorescent spots. The image was then
filtered again with a user-defined program in Matlab.

4.5. Western Blotting
Western blotting was performed in order to study downstream signaling of the TGF-β
pathway. For detection of Smad3, the starved HeLa cells were treated with vehicle (0.1%
DMSO) or hesperetin (100µM) for 1 hour in the absence or presence of TGF-β1. For the
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detection of p21, the starved HeLa cells were treated with vehicle (0.1% DMSO) or
hesperetin (100µM) for 24 hours in the absence or presence of TGF-β1. Cells were
resuspended in 200 µl of 0.9% saline with protease inhibitors (1 mM phenylmethylsulfonyl
fluoride, 10 µg/ml aprotinin, 10 µg/ml leupeptin, and 10 µg/ml pepstatin A) and mixed with
200 µl double-strength Laemmli buffer (100 mM Tris-HCl, pH 6.8, 200 mM dithiothreitol,
4% SDS, 0.2% bromophenol blue, and 20% glycerol). Cell lysates were denatured for 10
minutes at 95°C. Cell lysates were were separated by SDS gel electrophoresis (7.5% SDS
gels) and transferred to polyvinylidene fluoride (PVDF membranes) with 0.192 M glycine,
0.025 M Tris and 20% methanol. Membranes were saturated for one hour at 4°C in TBS, pH
7.4, containing 5% nonfat milk and probed for two hours at room temperature with primary
antibodies for p-Smad3 (Cell Signaling, dilution 1:1000), Smad3 (Cell Signaling, dilution
1:1000) or p21 (Cell Signaling, dilution 1:1000). After washing the blots were probed for
one hour at room temperature with a peroxidase-conjugated secondary antibodies. Antibody
binding was detected by enhanced chemiluminescence (Amersham Life Sciences,
Amersham, UK).

4.6. Immunofluorescence Imaging
HeLa cells were cultured in 35 mm dishes for a period of 24 hours, followed by washing
with PBS, and incubation with fresh serum-free medium for another 24 hours. The nuclear
translocation of Smad3 was assessed by treating cells with 0.1% DMSO (vehicle) or
hesperetin (100 µM) for 1 hour, in the absence or presence of TGF-β1. Cells were then fixed
with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. 1% BSA in PBST
(PBS containing 0.1% Tween-20) was used to block nonspecific binding sites. The fixed
cells were then incubated with Smad3 monoclonal rabbit primary antibody overnight (Cell
Signaling, 1:200 dilution), followed by washing and a 1 hour incubation with Alexa 488-
conjugated anti-rabbit IgG secondary antibody (Invitrogen, 1:500 dilution). All antibodies
were diluted in PBST solution containing 1% BSA. Fluorescence imaging was performed
with a confocal microscope (Olympus IX81).

4.7. Scratch Motility and Invasion Assay
Scratch motility and invasion assays were performed to investigate TGF-β1-induced cell
migration. Cells were grown overnight to confluency in serum-containing DMEM and then
starved for 24 hours. For the scratch motility assay 1×106 cells were seeded in a 6-well
plate. The monolayer was scratched with a pipette tip and washed with PBS to remove
floating cells. The cells then received either vehicle (0.1% DMSO) or hesperetin (100µM)
with or without TGF-β1 for 24 hours. Five randomly selected fields in the scratched area
were photographed and the mean amount of cells/field was calculated. For the invasion
assay the cells (1×106 cells/ml) were suspended in serum-free media and treated with
vehicle and hesperetin, as mentioned above. The assay was performed in triplicates using
QCMTM 24-Well Collagen-Based Cell Invasion Assay (Millipore), according to the
manufacturer’s instructions.

4.8. Cell Proliferation Assay
HeLa cells were seeded in 96-well plates (1×104 cells/well) with complete medium for 24
hours, followed by treatment with vehicle (0.1% DMSO) or 0–200 µM of hesperetin for 24
hours. Cellular proliferation was quantified using the CellTiter 96® AQueous Non-
Radioactive Cell Proliferation Assay (Promega Corporation), according to the
manufacturer’s instructions.
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4.9. Statistical Analysis
The data is expressed as the mean and standard deviation (S.D). Statistical significance was
measured with the Student’s t-test (unpaired and two-tailed) (Microsoft Excel).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

Hesperetin blocks TGFβ ligand-receptor interactions

Hesperetin inhibits downstream TGFβ-signaling

Hesperetin decreases TGFβ-induced cancer cell migration and invasion
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Figure 1.
Measurements of binding between TGF-β1 and TβRII in living cells. (a-b) Schematic
diagram of single-molecule force measurements in living cells with a ligand-modified AFM
tip in the absence (a) or presence (b) of the extracellular domain of TβRII (TβRII-ECD).
The tips were positioned directly above a cell expressing the desired receptors. (c) Binding
probabilities derived from AFM force curves. Cells were treated with vehicle (0.1%
DMSO), hesperetin (100 nM) or the extracellular domain of TβRII (TβRII-ECD). Data is
expressed as mean ±SD. * P<0.05. (d) Fluorescence intensity from flow cytometry using
biotinylated TGF-β1 and avidin-FITC. Groups comprise vehicle (0.1% DMSO), hesperetin
(100 µM) and negative control reagent.
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Figure 2.
Measurements of TβRII monomers and dimers. (a) A typical single-molecule fluorescence
image of TβRII–GFP molecules on a HeLa cell membrane. Scale bar: 4 µm. (b-c).
Fluorescence intensity distribution of individual TβRII–GFP spots on cells incubated with
vehicle (0.1% DMSO, N=336) (b) or 100 µM hesperetin (N=347) (c). Solid curves show the
fitting of the Gaussian function with the arrowheads indicating peak positions and numbers
in parentheses are the respective fractions. (d) Frequency of one- and two-step bleaching
events of TβRII-GFP under various conditions. Data is expressed as mean ±SD. * P<0.05.
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Figure 3.
Effects of hesperetin on TGF-β downstream signaling. (a) Western blot analysis of
phosphorylated Smad3 (p-Smad3) in HeLa cell lysates. (b) Immunofluorescence imaging of
Smad3. In the presence of hesperetin the nuclear translocation of Smad3 is suppressed. Scale
bar: 20µm. (c) Western blot analysis of p21 in HeLa cell lysates.
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Figure 4.
Evaluation of Hesperetin on TGF-β1-stimulated scattering migration (a-b) and invasion in
HeLa cells (Boyden chamber assay) (c). The data represent mean ±SD from three
independent analyses. * P<0.05.
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