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Flavonoids may modulate the bone formation process. Among flavonoids, fisetin is known
to counteract tumor growth, osteoarthritis, and rheumatoid arthritis. In addition, fisetin
prevents inflammation-induced bone loss. In order to evaluate its favorable use in
osteogenesis, we assayed fisetin supplementation in both in vitro and in vivo models
and gathered information on nanoparticle-mediated delivery of fisetin in vitro and in a
microfluidic system. Real-time RT-PCR,Western blotting, and nanoparticle synthesis were
performed to evaluate the effects of fisetin in vitro, in the zebrafish model, and in ex vivo
samples. Our results demonstrated that fisetin at 2.5 µM concentration promotes bone
formation in vitro andmineralization in the zebrafishmodel. In addition, we found that fisetin
stimulates osteoblast maturation in cell cultures obtained from cleidocranial dysplasia
patients. Remarkably, PLGA nanoparticles increased fisetin stability and, consequently, its
stimulating effects on RUNX2 and its downstream gene SP7 expression. Therefore, our
findings demonstrated the positive effects of fisetin on osteogenesis and suggest that
patients affected by skeletal diseases, both of genetic and metabolic origins, may actually
benefit from fisetin supplementation.
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1 INTRODUCTION

Flavonoids are phenolic compounds commonly found in vegetables and fruits. Various flavonoids
have been described, and it has been demonstrated that they produce biological effects through
different mechanisms of action (Cederroth and Nef, 2009).

In vitro experiments have shown that flavonoids are able to modulate osteogenesis by affecting the
physiology of bone-forming cells, that is, osteoblasts (Trzeciakiewicz et al., 2009).

It is well known that osteoblasts originate from mesenchymal progenitors through osteogenic
differentiation (Kular et al., 2012). This process is regulated by different extracellular signals such as
bone morphogenetic proteins, parathyroid hormone, Wnt, or hedgehog pathway (Soltanoff et al.,
2009). Cellular signaling induces the expression of transcription factors, including Runt-related
transcription factor 2 (Runx2) and osterix (SP7) (Marie, 2008). In particular, Runx2 is the osteogenic
master gene, controlling proliferation and differentiation (Komori, 2010, 2). In humans, Runx2 gene
mutations cause cleidocranial dysplasia (CCD, OMIM#119600), a skeletal disorder with aplasia/
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hypoplasia of clavicles and dental abnormalities (Lee et al., 1997).
Runx2 transactivates downstream osteogenic genes such as
osteocalcin, type I collagen alpha-1 (COL1A1 and COL1A2),
or osteopontin (Ducy et al., 1997).

Among flavonoids, the polyphenol fisetin is found in
vegetables and fruits such as strawberry, persimmon, and
apple (Arai et al., 2000). In vitro experiments have
demonstrated that fisetin can induce apoptosis in lung and
prostate cancer cells (Sung et al., 2007; Khan et al., 2008a), it
exerts antioxidant properties in retinal epithelial and neuronal
cells (Ishige et al., 2001; Hanneken et al., 2006), and it has anti-
inflammatory effects on macrophages and fibroblasts (Liu et al.,
2010; Funakoshi-Tago et al., 2011). By testing fisetin in vivo
models, it has been demonstrated that it can counteract tumor
growth (Khan et al., 2008b), osteoarthritis (Zheng et al., 2017),
and rheumatoid arthritis (Léotoing et al., 2013). Inflammation
and diseases due to oxidative effects affect a large number of
subjects; therapeutic molecules have an might impact on quality
of life (De Franceschi et al., 2017). Recently, different molecular
mechanisms have been proposed to support fisetin effects on
osteogenesis, for example, GSK-3β phosphorylation and the
consequent β-catenin activation (Molagoda et al., 2021) or the
activation of the phosphoinositide-3-kinase/protein kinase B
(PI3K-AKT) signaling pathway (Xu et al., 2021). In addition,
it has been demonstrated that fisetin prevents inflammation-
induced bone loss and promotes Runx2 upregulation in order to
stimulate primary osteoblastic activity, thus improving the
mineralization process (Léotoing et al., 2014). This last finding
suggests that fisetin could be an exploitable tool for counteracting
skeletal osteopenia. Interestingly, nanoencapsulation by using
nanoemulsion and liposomal formulations as well as polymeric
nanoparticles (NPs), based on poly(ε-caprolactone) (PCL)
(Kadari et al., 2017) or poly(D, L-lactic-co-glycolic acid)-
block-poly(ethylene glycol) carboxylic acid (PLGA-PEG-
COOH) (Sechi et al., 2016) have been proposed to improve
fisetin supplementation.

However, an integrated approach aiming to achieve fisetin
employment in osteogenesis promotion has not been
undertaken so far. Therefore, in order to evaluate its
effectiveness in counteracting bone diseases, we assayed
fisetin supplementation both in vitro and in the Danio rerio
in vivo model. We also assayed the effects of fisetin in the ex
vivo model of cleidocranial dysplasia (CCD), a dominantly
inherited disease affecting osteogenic differentiation. In
addition, we generated a nanoparticle complex with elevated
drug loading [PLGA (Fis)]. By using a microfluidic system, we
assayed the ability of [PLGA (Fis)] to cross the human
intestinal epithelial tissue.

2 MATERIALS AND METHODS

2.1 XTT Test
The Cell Proliferation Kit II (XTT Chemicon) was used to
evaluate cell viability, as previously described (Deiana et al.,
2019, 6). Six replicates in three independent experiments were
tested.

2.2 Cell Cultures
Human mesenchymal stem cells (hMSC, PromoCell, Heidelberg,
Germany) were used by culturing at a density of 5 × 104 cells with
the mesenchymal stem cell growth medium (PromoCell) or
osteogenic differentiation medium (PromoCell, Heidelberg,
Germany) and incubated at 37°C in a humidified atmosphere
with 5% CO2. Differentiating cells were then used for further
analyses. Human dermal fibroblast cultures were established from
explanted skin biopsies taken from patient P1 [mutation:
c.897T>G->p (Tyr299*), male, 8 years old], P2 [c.1019del-> p
(Ser340*), female, 10 years old], and a healthy age-matched
control with appropriate consent, as previously reported
(Venturi et al., 2012). The cells were cultured with high-
glucose DMEM (ECB7501L, EuroClone, Milano, Italy)
supplemented with 10% FBS (10270-106, Gibco, Life
Technologies Limited, Paisley, United Kingdom),
2 mM L-glutamine (5-10K00-H, BioConcept AG, Paradiesrain,
Allschwil, Switzerland), 100 U/ml penicillin, and 100 μg/ml
streptomycin (penicillin–streptomycin; ECB3001D, EuroClone,
Milano, Italy), as previously described (Venturi et al., 2012).

2.3 Zebrafish
The zebrafish experiments were performed at the CIRSAL
(Interdepartmental Centre of Experimental Research Service)
of the University of Verona, Italy, under ethical authorization
n. 662/2019-PR of 16/09/2019.

The embryos were obtained with nacre adults (ZFIN database
ID: ZDB-ALT-990423-22), according to standard procedures
(Kimmel et al., 1995; Whitlock and Westerfield, 2000).
Preliminary tests at 2.5, 5, and 10 µM had shown no effect on
the modulation of osteogenic gene expression. Thus, the embryos
were grown at 33°C in water containing 15 µM fisetin from 2 days
post-fertilization (dpf). The zebrafish embryos were
supplemented with fisetin up to 1 week (experimental
endpoint, 9 dpf). At the end of the treatment, the zebrafish
embryos were euthanized and collected for performing
molecular analyses were performed, as described later. To
evaluate bone formation, we performed calcein staining, as
previously reported (Du et al., 2001). Then, imaging was
performed by using a Leica M205FA fluorescence microscope
(Leica Microsystems, Wetzlar, Germany). The stained areas were
quantified with ImageJ software, as previously reported (Du et al.,
2001).

Adult zebrafish (15–20 months) were grown in water in the
presence of 15 µM fisetin for 14 days (for 1 week of
supplementation, no effect on the modulation of osteogenic
gene expression was observed). At the experimental endpoint,
the adult zebrafish were euthanized and collected for the staining
procedures and molecular analyses, as reported later.

2.4 Total RNA Extraction and Reverse
Transcription
Pellets from cells or zebrafish samples were collected and stored at
−80°C until use. The samples were processed for RNA extraction
by using an “RNeasy® protect mini kit” (Qiagen, Hilden,
Germany), as previously reported (Cecconi et al., 2019). The
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RNA samples were quantified using a Qubit™ RNAHS assay kit”
(Invitrogen, Carlsbad, United States) and a Qubit 3 Fluorometer
(Invitrogen by Thermo Fisher Scientific, REF Q3321). RNA
(1 mg) was reverse-transcribed using the first-strand cDNA
synthesis kit (GE Healthcare, Little Chalfont), as per the
manufacturer’s instruction, and a SimpliAmp Thermal Cycler
(Applied Biosystems by Thermo Fisher Scientific, REF A24812).
RNA and cDNA samples were stored at −80°C until use.

2.5 Real-Time PCR
To investigate gene expression modulation, we performed real-
time PCR analyses as reported previously (Dalle Carbonare et al.,
2019).

Briefly, predesigned, gene-specific primers and probe sets for
each gene [RUNX2, hs00231692_m1; OSTERIX (SP7),
hs00541729_m1; collagen, type i, alpha 2 (COL1A2),
hs01028956_m1; osteonectin (SPARC), hs00234160_m1;
OSTEOPONTIN (SPP1), hs00167093_m1, B2M, hs999999_m1
(housekeeping); and GAPDH, 0802021 (housekeeping)] were
obtained from assay-on-demand gene expression products
(Thermo Fisher Corporation, Waltham, MA, United States).
In addition, the following custom primer sets (Invitrogen,
Carlsbad, CA, United States) were also used: runx2a (fw GAC
GGTGGTGACGGTAATGG, rv TGCGGTGGGTTCGTGAAT
A), runx2b (fw CGGCTCCTACCAGTTCTCCA, rv CCATCT
CCCTCCACTCCTCC), rank (fw GCACGGTTATTGTTGTTA,
rv TATTCAGAGGTGGTGTTAT), and housekeeping gene
actb1 (fw CCCAAAGCCAACAGAGAGAA, rv ACCAGAAGC
GTACAGAGAGA). Ct values for each reaction were determined
using TaqMan SDS analysis software (Applied Biosystems; Foster
City, California, United States) as reported previously. To
calculate relative gene expression levels between different
samples, we performed the analyses by using the 2−ΔΔCT
method as previously reported (Dalle Carbonare et al., 2019).

2.6 Cellular Reactive Oxygen Species
Detection
We measured ROS levels by staining cells with the DCFDA
cellular ROS detection assay kit (Abcam), as previously
reported (Deiana et al., 2019). After the staining, the cells were
analyzed by measuring the produced fluorescence (ex/em = 485/
535 nm) in the endpoint at the VictorX4 instrument (Perkin
Elmer, Milan, Italy) according to the manufacturer’s protocol.

2.7 Western Blotting
RUNX2 protein levels were separated by using SDS-PAGE and
investigated by using Western blot analyses as previously
reported (Brugnara and De Franceschi, 1993). Briefly, proteins
were extracted by using a RIPA buffer (Thermo Fisher Scientific,
Waltham, MA, United States), and the proteins were quantified
by BCA assay (Thermo Fisher Scientific, Waltham, MA,
United States). The proteins were separated by sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE) and then were transferred onto polyvinylidene
difluoride (PVDF) membranes (Thermo Fisher Scientific,
Waltham, MA, United States). The PVDF membranes were

then probed with the primary antibody for RUNX2 (Cell
Signaling, 8486) and β-actin (BA3R) (Thermo Scientific), and
secondary antibodies anti-mouse (Cell Signaling, 7076) and anti-
rabbit (Cell Signaling 7074). Signals were detected using a
chemiluminescence reagent (ECL, Millipore, Burlington, MA,
United States), as previously reported (de Franceschi et al.,
2004). Images were acquired by an LAS4000 Digital Image
Scanning System (GE Healthcare, Little Chalfont,
United Kingdom). The densitometric analysis was performed
by ImageQuant software (GE Healthcare, Little Chalfont,
United Kingdom). Protein optical density was normalized to
β-actin.

2.8 Alizarin Red Staining In Vitro
Experiments
Calcium deposition in differentiating osteogenic cells was
evaluated by Alizarin Red staining, as previously described
(Dalle Carbonare et al., 2019). Briefly, after 21 days of culture
in the differentiating medium, the cells were fixed with 70%
ethanol and washed with water. The cells were then stained with
40 mM Alizarin Red S for 5 min at pH 4.1 and rinsed for 15 min.
The stained area was quantified with ImageJ software (NIH,
Bethesda, MD, United States), as previously reported (Dalle
Carbonare et al., 2019). Six independent experiments were
performed.

2.9 Zebrafish Staining
Calcein staining in zebrafish larvae was performed, as previously
reported (Du, Frenkel et al., 2001). The imaging was performed
using a Leica M205FA fluorescence microscope (Leica
Microsystems, Wetzlar, Germany). The stained area was
quantified by using ImageJ software, as previously reported
(Du et al., 2001).

Bone and cartilage staining in adult zebrafish was performed
as described in Sakata-Haga et al. (2018). Briefly, the euthanized
fish were immersed into the fixative solution (5% formalin, 5%
Triton X-100, 1% potassium hydroxide (KOH) and gently rocked
for 48 h at room temperature (RT). Then, we proceeded either to
the cartilage staining step for double staining or directly to the
bone staining step for bone-only staining. For cartilage staining,
the specimens were immersed into C-Staining Solution (70%
ethanol, 20% acetate, 0.015–0.02% Alcian Blue)” overnight at
20°C, then washed in C-Staining medium (containing 1% Triton
X-100) overnight at 20°C and washed with 50–70% ethanol. Then
the protocol proceeded to the bone staining step. The specimens
were immersed in B-Staining medium (20% ethylene glycol and
1%KOH) and then in “B-Staining solution (0.05%Alizarin Red S,
20% ethylene glycol, 1% KOH) overnight at 20°C. The specimens
were then washed with clearing solution (20% Tween 20, 1%
KOH) while gentle rocking for 12 h, and the stocking was
performed in glycerol 100%. The stained area was quantified
by using ImageJ software, as previously reported (Du et al., 2001).

2.10 Fisetin Stability Analysis
Tests were carried out in order to evaluate the stability of fisetin in
a complete culture medium (DMEM with 10% FBS and 1% PEN/
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STREP) at different experimental times (time = 0 vs. 8 h). Starting
from a 10 mM stock solution of fisetin in DMSO, we obtained a
100 uM solution, which was analyzed by HPLC at time T0 and
after 6 h. In particular, the measurements in HPLC were
performed at time T0 and after 30 min, 1, 2, 4, and 6 h. The
solution was kept at 37°C and away from direct light to simulate
experimental conditions.

2.11 PLGA Nanoparticles Synthesis
PLGA [poly(DL-lactide-co-glycolide), 50:50 lactide-to-glycolide
ratio, CAS 26780-50-7], PVA [poly(vinyl alcohol), CAS 9002-89-
5], and acetone (≥99% purity, 1.00013) were purchased from
Merck. Fluorescein isothiocyanate (FITC, CAS 27072), cellulose
membrane dialysis tubing (CASD9777-100), dimethyl sulfoxide
(DMSO, ≥ 99% purity D-5879) were purchased from Sigma-
Aldrich. Fisetin was purchased from Santa Cruz Biotechnology
(SC-276440).

The protocol used for the production of PLGA nanoparticles
loading fisetin [PLGA (Fis)] is based on a single emulsion
evaporation method, under sterile conditions at 20°C (Makadia
and Siegel, 2011; Gaglio et al., 2019). A measure of 20 mg of the
polymer and 4 mM (1.14 mg) of fisetin were co-dissolved in 1 ml
of DMSO 100%; the obtained organic phase was added dropwise
under stirring (2,000 RPM) to 10 ml of 0.5% polyvinyl alcohol
(PVA) aqueous solution and left overnight to evaporate the
organic phase. Afterward, the preparation was pelleted at 4°C
11,000 rpm for 20 min (Eppendorf Centrifuge 5804R), and the
nanoparticles were collected and washed twice with 10 ml of
Milli-Q water. Finally, the purified nanoparticles were
resuspended in 1 ml of phosphate-buffered saline (PBS)
solution pH 7.4 (or NaCl 0.9%) for the subsequent analysis
and storage at 4°C, otherwise freeze-dried. Empty
nanoparticles were prepared with the same protocol avoiding
the addition of fisetin to the reaction. Furthermore, to perform an
internalization study and visualize nanoparticles inside cells,
PLGA NPs co-delivering fisetin and fluorescein isothiocyanate
(FITC) [PLGA (Fis and Fitc)] were prepared by dissolving 20 mg
of PLGA in a mixture of 640 ul of acetone and 360 ul of fisetin/
FITCDMSO solution; the molar ratio between fisetin and FITC is
1:1. The other steps were the same as described previously.

2.12 Size and ζ-Potential Characterization
2.12.1 Dynamic Light Scattering and ζ-Potential
The size and ζ-potential of PLGA nanoparticles were estimated at
25°C by dynamic light scattering (DLS) (Nano Zeta Sizer ZS,
ZEN3600, Malvern Instruments, Malvern, Worcestershire,
United Kingdom). Nanoparticles were resuspended in PBS,
used as a stock suspension, and were diluted 20 times in PBS
for size determination and in 10 mM NaClO4 pH 7.5 for ζ-
potential measurements; data were collected in triplicate and
analyzed by ZetaSizer software.

2.12.2 Nanosight Tracking Analysis
To support DLS data, a Nanosight tracking analysis was
performed on PLGA (Fis) and empty NPs (Malvern
NanoSight NS300). Due to the high concentration, each
sample was diluted 10,000 or 5,000 times; 1,498 frames

divided into 3 runs of 60 s were recorded at a camera level of
13, and the analysis was performed with a detection threshold in
the range 5–7. Finally, the number of particles/ml was estimated
as well.

2.12.3 Atomic Force Microscopy
A volume of 20 μl of each sample (prepared as in mentioned the
previous section) was loaded on a bracket covered by an inert mica
surface. After 15 min of solvent evaporation, the analysis was
performed using an NT-MDT Solver Pro atomic force
microscope with NT-MDT NSG01 golden coated silicon tip in
semi-contact mode with different scanning frequencies (3–1 Hz) in
order to produce optimized AFM images. The microscope was
calibrated by a calibration grating (TGQ1 fromNT-MDT) in order
to reduce nonlinearity and hysteresis in the measurements. Finally,
images were processed with the Scanning Probe Image Processor
(SPIP™) program (Friis Jan, 2009), and a statistical study was
performed to compare results to DLS and Nanosight data.

2.13 Spectroscopy, Encapsulation
Efficiency and Release Study
2.13.1 Absorbance and Emission Spectroscopy
The absorbance pattern of each sample resuspended in PBS or
water was analyzed using a Thermo Fisher Evolution 201 UV-
Visible Spectrophotometer in the range 250–600 nm to assess the
presence of fisetin inside nanoparticles and the co-presence of
fisetin and FITC. Moreover, the emission pattern was recorded
upon excitation at 360 and 495 nm (excitation wavelengths for
fisetin and FITC, respectively) by using a Jasco
Spectrofluorometer FP-8200.

2.13.2 Encapsulation Efficiency and Drug Loading
To quantify the amount of fisetin entrapped, PLGA (Fis) NPs
were dissolved in DMSO and analyzed using the calibration
line (Fig x). Encapsulation efficiency (EE) and drug loading
(DL) were estimated using the following equations:

EE (%) � Fisetinloaded
Fisetenfed

× 100,

DL(%) � mg of Fisetinloaded
mg of PLGA

× 100.

2.14 Stability and In Vitro Drug Release
To assess the capacity of the nanoparticles to retain entrapped
fisetin over time, a first release study was performed in a total
volume of 1 ml, at different temperatures (4 and 37°C) and
different media (water, PBS NaCl 0.9%, and citric acid pH 5).
Dialysis was used to carry out the in vitro drug release studies
increasing the final volume. PLGA (Fis) NPs were introduced into
the dialysis bag (14,000 da molecular weight cutoff, Sigma
Aldrich, D9777-100FT) and placed in 100 ml of PBS pH 7.4
containing 0.1%v/v Tween 80 as the release media and stirred at
100 rpm. Samples were collected at different time intervals and
replaced with an equal volume of media to maintain the sink
condition. The released fisetin was quantified using a calibration
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curve obtained by UV–visible spectroscopy at 360 nm (Kadari
et al., 2017).

2.15 Fluid-Dynamic Intestinal Model
Resembling Systemic Administration for
PLGA (fis)
A compartmental fluidic device (commercialized as MIVO
React4life S.r.l., IT) was used to perform in vitro drug efficacy
tests. The 3D fluidic model was performed as follows: 1) 24-well
size inserts containing human intestinal tissue (EpiIntestinal by
Mattek) were placed and cultured within the device, forming two
fluidically independent chambers: the donor and the receiver; 2)
both chambers were filled with the culture medium; and 3) the
receiver chamber was connected to the peristaltic pump to form a
closed-loop fluidic circuit containing 3.8 ml medium circulating at
a rate of 0.3 cm/s, to simulate the capillary flow rate. Therefore, a
medium containing PLGA (fis) was added to the donor chamber.

2.16 Statistical Analysis
Results were expressed as mean ± SD. The statistical analysis
was assessed by Student’s paired t-test comparing each
treatment to the control. Differences were considered
positive when p < 0.05. For in vitro data, analyses were
applied to experiments carried out at least three times. We
used SPSS for Windows, version 22.0 (SPSS Inc., Chicago, IL,
United States), to analyze the data.

3 RESULTS

3.1 Fisetin Counteracts ROS Levels During
Osteogenic Differentiation
In order to evaluate the toxic effect of fisetin, we assayed the
viability of mesenchymal stem cells treated with fisetin for
24 h at concentrations ranging from 0 to 5 µM. As shown in
Figure 1, fisetin did not affect cell viability at any tested
concentration.

As previously reported (Molagoda et al., 2021), we observed
that fisetin promotes osteogenic differentiation (Supplementary
Figure S1); the upregulation of osteogenic genes (BGLAP, SPP1,
SPARC, and COL1A1) was much more evident when fisetin was
supplemented at a concentration of 2.5 µM in MSCs (Figure 2A).
RUNX2 expression in treated cells exerted the same modulation
generally observed during osteogenic differentiation. In fact,
RUNX2 upregulation was observed until after 7 days
(Figure 2B) (Ardeshirylajimi et al., 2014). In order to assay
fisetin’s effects on oxidative stress, which affects osteogenic
modulation (Atashi et al., 2015), we measured ROS levels
during differentiation. As shown in Figure 2, we observed
reduced ROS levels in fisetin-treated cells during the late
phase of differentiation (C).

We also investigated the effects of fisetin in the late phase of
osteogenic differentiation, and we cultured MSCs in an
osteogenic medium with or without fisetin for 21 days. The
effects of 2.5 µM fisetin supplementation were also observed
during the late phase of osteogenic maturation of MSCs. As

shown in Figure 3, fisetin supplementation increased the
expression levels of RUNX2 downstream genes
related to the late osteogenic phase (A) and to mineral
deposition (B).

3.2 Fisetin and Pro-Osteogenic Molecules
Fisetin effects were then compared with those of other
supplemental molecules known to improve bone tissue quality.
In particular, we compared the effects of fisetin, ascorbic acid, and
pigment epithelium-derived factor (PEDF) supplementation,
respectively, on MSC osteogenic differentiation. As shown in
Figure 4, fisetin induced the upregulation of all tested osteogenic
genes after 7 (A) and 14 (B) days of differentiation. Gene
modulation induced by fisetin treatment was similar to that
observed by treating cells with PEDF and AsA. COL1A1 and
SPARC gene expressions induced by fisetin after 14 days of
differentiation were more pronounced than PEDF and AsA
treatment.

3.3 Fisetin Increases Osteogenic
Differentiation and Mineralization in Larvae
and Adult Zebrafish Model
To evaluate the effects of fisetin in vivo, we used the Danio rerio
(zebrafish) model. In particular, zebrafish larvae were grown in
water at 33°C after 2 days post-fertilization (dpf) in the presence/
absence of fisetin. Preliminary tests at 2.5, 5 and 10 µM showed no
effect on the expression of osteogenic genes compared to
untreated zebrafish. However, we observed increased
osteogenic gene expression in zebrafish treated with 15 µM
fisetin. Thereafter, we used 15 µM concentration in all
experiments.

After 7 (9 dpf) days of treatment, zebrafish were
euthanized and collected to perform gene expression
analyses or staining. As shown in Figure 5A, the
upregulation of osteogenic genes in fisetin-supplemented
zebrafish larvae could be observed.

In order to record the direct effects of fisetin on bone
mineralization, we quantified the vertebrae area evaluated by

FIGURE 1 | Fisetin supplementation did not affect MSC viability in a
statistically significant manner. The cell viability was evaluated by performing
the XTT test in hMSCs cultured for 7 days in the presence of fisetin ranging
from 0 to 5 µM.
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FIGURE 3 | Effects of fisetin supplementation on the late phase of osteogenic differentiation. Fisetin increased the expression levels of osteogenic genes (A) and the
mineral deposition (B) after 21 days of differentiation (mineralization phase) (a, control; b, 0.625 µM; c, 1.25 µM; d, 2.5 µM) *p < 0.05; **p < 0.001. Magnification ×4.

FIGURE 2 | Effects of fisetin supplementation during osteogenic differentiation. The upregulation of osteogenic genes was much more evident when fisetin was
supplemented at a concentration of 2.5 µM (A). Expression of RUNX2 in treated cells decreased after 7 days of differentiation (B). ROS levels were modulated by fisetin
supplementation at the late differentiation phase (14 days of differentiation) (C). Analyses were performed in hMSCs cultured in the presence of the osteogenic
differentiation medium. *p < 0.05; **p < 0.01; ***p < 0.005.
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calcein staining. We observed calcein fluorescence density under
microscopic inspection, and we analyzed fluorescence levels by
using digital methods. Calcein staining showed an increased
vertebrae area in larvae after 7 days of fisetin treatment,
compared to untreated larvae (Figure 5B).

Interestingly, the upregulation of osteogenic genes was also
observed in adult zebrafish (15–20 months) supplemented
with fisetin for 14 days (Figure 5C). In addition, we also
observed increased bone mineralization, evaluated by
Alizarin Red staining (ARS) in adult zebrafish treated with
fisetin for 14 days. In fact, in adult zebrafish, more intense ARS
and a higher percentage of positive ARS areas were observed in
fisetin-treated zebrafish than in untreated zebrafish
(Figure 5D).

3.4 Fisetin Improves Osteogenic Maturation
in Cells of Pediatric Patients Carrying
RUNX2 Mutations
Considering the positive effects of fisetin on osteogenic
differentiation, we speculated about its possible beneficial effects
in the context of skeletal pathologies. Therefore, we investigated the
effects of fisetin in ex vivomodels of cleidocranial dysplasia (CCD,
OMIM#119600), a dominantly inherited skeletal disease. In
particular, we obtained fibroblast-like cells from two unrelated
pediatric patients affected by CCD carrying mutations in exon 7 of
one RUNX2 allele, as we previously reported (Dalle Carbonare
et al., 2021). In our previous study, we reported that RUNX2 gene
expression levels in both patients were similar to those in the

normal control, whereas SPARC gene expression was lower in both
patients than in the control (Dalle Carbonare et al., 2021).
However, when the cells were cultured in the presence of
fisetin, we observed SPARC upregulation in patient’s cells
(compared to untreated patients’ cells), whereas RUNX2 levels
remained unchanged, suggesting fisetin’s ability to restore
osteogenic maturation in this ex vivo skeletal disorder model
(Figure 6).

3.5 Fisetin-Embedded Nanoparticles [PLGA
(Fis)] Prevent Fisetin Degradation
With the aim of providing an efficient fisetin supplementation
for the improvement of bone quality, we tested the
characteristics of this molecule. In order to verify fisetin’s
stability, we analyzed its concentration in a culture medium
at different time points. As shown in Figure 7, we observed
fisetin degradation upon the observation time lapse. In
particular, fisetin was almost completely degraded after 6 h.
Consequently, we generated fisetin containing PLGA particles
[PLGA (Fis)] to prevent its degradation in order to make the
supplementation available for human use. We compared our
nanoformulation with data of fisetin encapsulation into PLGA
previously published by Sechi et al., Kadari et al., and Liu
et al. (Table 1) (Sechi et al., 2016; Kadari et al., 2017; Liu
et al., 2021).

As reported in Table 1, the nanoformulation that we prepared
has a more negative ζ-potential than that reported by Kadari et al.,
conferring it good colloidal stability. Moreover, we achieved a

FIGURE 4 | Fisetin, PEDF and AsA were able to upregulate osteogenic genes expression in MSCs after 7 (A) and 14 (B) days of supplementation. *p < 0.05; **p <
0.01; ***p < 0.005.

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 8906937

Dalle Carbonare et al. Fisetin and Osteogenesis

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


higher drug loading (DL) value, corresponding to 23.51%, that is,
6 to 8 times greater than the result reported in Sechi et al. PLGA
(FIS) nanoparticles show a lower particle size than all the other
herein reported, with an exception of those prepared by Kadari
et al. but in every case showing a better monodispersivity, as it is
evident from the lower PDI value.

To further investigate the size distribution of nanoparticles,
nanotracking and AFM analysis were also performed. The
nanoparticles shape is quite spherical (Supplementary Figure S2),
and as it is evident fromTable 2, data from the three differentmethods
are in agreement and span in the same order of magnitude, even if the
techniques are based on different physicochemical properties.

Furthermore, freeze-drying does not negatively affect the
samples size after resuspension and the co-encapsulation of
fisetin, and FITC does not affect the size of the nanoparticles
noticeably.

We also tested the fisetin release rate of PLGA nanoparticles at
different temperatures (4 and 37°C) and in citric acid pH 5 in a
final 1 ml volume. As it is evident from Figure 8A, after an initial
burst loss, the release kinetics dropped dramatically.

The temperature increase, as expected, leads to fast kinetics,
while an acidic pH seems to slow down the loss. Then, an in vitro
release study on the volume subsequently used for tests on
intestinal epithelial tissue was carried out (Figure 8B). PLGA
(Fis) NPs exerted a sustained release trend that fits with a second-
degree polynomial function.

A microfluidic system containing human intestinal epithelial
tissue was created to assess the ability of PLGA (Fis) to cross the

intestine (Supplementary Figure S3). As expected PLGA (Fis)
could cross the intestinal epithelium since the nanoparticles with
negative zeta potential are taken up by Peyer’s patches and are
translocated into the blood circulation (Joshi et al., 2014). Our

FIGURE 6 | RUNX2 expression was not affected by fisetin in CCD
patients. However, fisetin supplementation strongly upregulated the
expression of SPARC in control as well as in osteogenic differentiating cells of
both RUNX2 mutant patients (normal control vs treated normal control,
untreated patients’ cells vs treated patients’ cells respectively)) (D). p<0.05;
**p<0.005. ND, Normal Donor; T-ND, TreatedNormal Donor; P1, Patient 1; T-P1,
Treated Patient 1; P2, Patient 2; T-P2, Treated Patient 2.

FIGURE 5 | Fisetin effects on in vivo model. Fisetin supplementation increased osteogenic genes expression in zebrafish larvae after 7 (9 dpf) days of treatment (A).
The fluorescence density produced by calcein staining showed an increased vertebrae area in larvae after 7 days of fisetin (B). Osteogenic genes were upregulated also
in adult zebrafish supplemented with fisetin for 14 days (C). Fisetin supplementation for 14 days increased bone mineralization, evaluated by Alizarin red staining (ARS) in
adult zebrafish (D). *p<0.05; **p<0.01; ***p<0.005.
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data are shown in Table 3: after 5-h incubation, less than 5% of
the initial concentration crossed the epithelium, while a value of
30% was reached within 16 h.

The fisetin amount has been calculated using a fluorescence
calibration curve (Supplementary Figure S4). Moreover, PLGA
(Fis) recovered after the experiment in the volume filtered by the

epithelium showed a slight increase in the size, with values of
approximately 190 nm. This increase in the size of PLGA (Fis)
might be due to the well-known protein corona phenomenon or to
some interactions occurring during the epithelial tissue crossing.

Subsequently, in order to test the ability of PLGA (Fis) to
induce osteogenic differentiation, we cultured MSCs with FITC-

TABLE 1 | Particle size, polydispersity index (PDI), encapsulation efficiency (EE), and drug loading (DL) data for present nanoparticles [PLGA (Fis)*] compared with those of
Kadari et al** Sechi et al *** and Liu et al ****. *Measurements were performed in triplicate.

Nanoformulation Particle size
(NM)

PDI ζ-Potential (MV) EE (%) DL (%)

PLGA (Fis)* 139.2 ± 4.0 0.11 ± 0.02 −10.20 ± 0.30 75.57 ± 4.21 23.51 ± 5.07
FHIC-PNP** 87.3 ± 10.0 0.25 ± 0.01 −8.71 ± 0.03 78.80 ± 0.55 —

F1*** 146.2 ± 2.3 0.12 ± 0.05 — 81.96 ± 3.80 4.10 ± 0.20
F2*** 198.7 ± 6.0 0.16 ± 0.02 — 74.78 ± 1.90 3.74 ± 0.10
F3*** 165.4 ± 3.3 0.15 ± 0.02 — 69.76 ± 2.80 3.49 ± 0.10
FST-PLGA**** 187.9 ± 6.1 0.12 ± 0.01 −29.20 ± 1.60 79.30 ± 2.70 —

TABLE 2 | DLS, AFM, and nanotracking analysis data of empty, PLGA (Fis), freeze-dried PLGA (Fis)*, and PLGA (Fis and Fitc) nanoparticles. The statistical analysis was
performed over a population > major than 30 using SPIP statistical tool.

Nanoformulation Z-average (NM) Peak number (NM) AFM diameter** (NM) Nanotracking analysis (NM)

Empty 173.8 ± 2.0 141.60 ± 44.34 181.80 ± 28.98 136.0 ± 29.0
PLGA (Fis) 139.2 ± 4.0 105.07 ± 31.67 142.77 ± 17.29 117.2 ± 21.7
F-dried PLGA (Fis)* 152.6 ± 2.7 115.07 ± 37.38 — —

PLGA (Fis and Fitc) 180.6 ± 2.8 139.6 ± 55.31 193.63 ± 40.71 123.6 ± 28.2

FIGURE 7 | The graphics show absorption peaks of fisetin at 360 nm in culture medium at different times (in x axis): with the passage of time themolecule degrades
and the peak is lowered, until it disappears later 6h. The image on the left (A) shows the entire duration of the run (from 0 to 8h time lapse in culture medium), while the one
on the right (B) only around the retention time (from 4.5 to 7h). As control we used the colture medium (Medium) without fisetin supplementation. The degradation kinetics
of fisetin is shown in graphic C.
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PLGA (Fis). In particular, we cultured MSCs in an osteogenic
medium with or without FITC-PLGA (Fis) for 7 days. Fresh
FITC-PLGA (Fis)s were added to every medium change (every 2
or 3 days). Four hours after the addition of the complete medium,
PLGA (Fis)s are visible in intercellular spaces (Figure 9A). After
6 h of treatment, fisetin (in green) was completely incorporated
into the cells (Figure 9B).

After 7 days of osteogenic differentiation, cells were collected
to perform gene expression analyses. As shown in Figure 9C, we
observed that PLGA (Fis) increased the expression of the
osteogenic transcription factors RUNX2 and SP7 compared to
free fisetin-supplemented cells. Accordingly, COL1A1, a marker
of osteogenic maturation, was higher in cells treated with PLGA
(Fis) than in control (Figure 9D).

4 DISCUSSION

Flavonoid intake has been associated with increased bone mineral
density (Welch et al., 2012; Léotoing et al., 2014). In vitro models
have demonstrated the ability of flavonoids to modulate bone
formation by acting on osteoblasts (bone-forming cells)
(Trzeciakiewicz et al., 2009). It is well known that osteoblasts
arise from mesenchymal stem cells through a differentiation
process and that various factors/conditions may affect this
process (Valenti M. T. et al., 2018; Valenti et al., 2018 MT.).
Extracellular signaling such as Wnt, PTH, and hedgehog acts by

modulating the expression of the osteogenic master gene RUNX2
(Soltanoff et al., 2009). RUNX2 plays a central role in osteogenesis;
Runx2 mutations cause cleidocranial dysplasia, a skeletal disorder
(Lee et al., 1997). The polyphenol fisetin has been shown to influence
a wide variety of cellular processes in vitro. In fact, fisetin exerts a
proapoptotic activity on cancer cells (Sung et al., 2007; Khan et al.,
2008a); it acts as an antioxidant in neuronal cells (Ishige et al., 2001;
Hanneken et al., 2006), as well as an anti-inflammatory agent in
macrophages and fibroblasts (Liu et al., 2010; Funakoshi-Tago et al.,
2011). In vivo, it has been shown that fisetin counteracts rheumatoid
arthritis (Lee et al., 2009) and inflammation-induced bone loss
(Léotoing et al., 2013). In addition, it has been reported that
fisetin promotes osteoblast differentiation through GSK-3β
phosphorylation and β-catenin activation (20). Therefore, these
previous works suggest its potential to counteract skeletal diseases.

Our data confirmed that fisetin is able to promote the
osteogenic maturation of MSCs. Several studies have pursued
the identification of substances capable of promoting
osteogenesis and improving bone quality for the prevention/
reduction of skeletal pathologies. Among these molecules,
ascorbic acid (AsA) regulates collagen deposition and promotes
the differentiation of MSCs to osteoblasts and chondrocytes
(D’Aniello et al., 2017), and the pigment epithelium-derived
factor (PEDF) inhibits adipogenesis and promotes osteogenesis
of humanMSCs (Gattu et al., 2013). In our study, we observed that
fisetin as well induces the expression of osteogenic genes at
comparable levels. In some cases, for example, for COL1A1 and

TABLE 3 | Quantification of fisetin concentration after incubation with the intestinal epithelium for 5 or 16 h.

Concentration of PLGA
(Fis) added to
the intestinal epithelial
tissue (uM)

Concentration of PLGA
(Fis) crossing the

epithelium after 5 h
(uM)

Concentration of PLGA
(Fis) crossing the

epithelium after 16 h
(uM)

1550 ± 2828 7344 ± 714 43617 ± 795

FIGURE 8 | Release test performed at different temperatures (4°C (red line) and 37°C (purple line) in PBS and in citric acid pH 5 (37°C (blue line) in a final volume of
1 ml. b. In-vitro release study in 100 ml of physiological solution that fits with a second grade polynomial function curve (red dots).
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SPARC expression at 14 days of differentiation, we observed higher
gene expression levels in fisetin-treated MSCs.

Data obtained by using zebrafish as the in vivomodel confirm
that fisetin promotes bone formation by modulating bone-
specific genes. As reported, in zebrafish, most bones show the
sequential gene expression required for osteogenic differentiation
in mammals (Li et al., 2009). As in mammals, three stages can be
recognized in the osteogenic differentiation: an early stage
characterized by runx2a and runx2b expression; an
intermediate stage characterized by osterix gene expression;
and a maturation stage characterized by the expression of
osteocalcin, osteonectin, collagens, and other bone matrix
genes (Li et al., 2009; Knopf et al., 2011). Zebrafish has been
proposed as a useful in vivo model for studying cell signaling in
bone (Valenti et al., 2020a) and for evaluating the effects of bone
treatments (Valenti et al., 2020b). Zebrafish are frequently used in
developmental biology (Suniaga et al., 2018). However, the effects
of osteoanabolic supplementation on mature zebrafish skeleton
have been poorly investigated. Experiments focusing on skeletal
changes following stimulation in adult zebrafish could allow the
evaluation of molecular treatments in aging-induced bone loss. In
our study, we found that fisetin promotes mineralization in aged
models by investigating osteogenic gene expression modulation
and mineralization in 15- to 20-month-old zebrafish.

It is well known that different skeletal diseases or conditions
show deregulated bone formation, for example, osteoporosis
(Carbonare et al., 2009; Valenti et al., 2011; Benisch et al.,

2012; Föger-Samwald et al., 2014; Cheng et al., 2019, 2), and
systemic diseases like diabetes (Lu et al., 2003), aging-associated
bone loss (De Martinis et al., 2006; Li et al., 2015), drug-induced
bone disorders (Henneicke et al., 2014), osteogenesis imperfecta
(Kaneto et al., 2017; Infante et al., 2021), and cleidocranial
dysplasia (Dalle Carbonare et al., 2021).

In particular, we reported that in patients affected by CCD, an
autosomal dominant inherited skeletal disease, RUNX2 mutations
impair osteogenic differentiation (Dalle Carbonare et al., 2021). In
the current study, we found that fisetin enhances osteoblast
maturation in samples of pediatric patients affected by
cleidocranial dysplasia. In fact, we observed that fisetin
stimulates the expression of SPARC, a downstream osteogenic
gene associated with the maturation phase of osteogenic
differentiation. However, it would be interesting to evaluate the
effect of fisetin’s in RUNX2 KO animal models in order to
understand fisetin’s role and action in CCD pathology.

Léotoing et al. observed that fisetin increased Runx2
transcriptional activity (Léotoing et al., 2014). In addition, we
observed that ROS levels in MSCs during osteogenic
differentiation in the presence of fisetin were reduced during
the late phase of differentiation, while they were not affected
during the first phase. It has been demonstrated that
mineralization matches with a reduction of intracellular ROS
levels (Atashi et al., 2015; Mohamad et al., 2021) and that
oxidative stress causes impairment in osteogenic
differentiation of MSCs (Hussein and Sina, 2020). Therefore,

FIGURE 9 | PLGA (Fis) are visible after 4 h of treatment in cultures and fisetin (in green, FITC) diffuses in intercellular spaces (A). However, after 6 h, fisetin is
completely absorbed, and only cellular nuclei [blue, 4′,6–diamidino-2-fenilindolo diidrocloruro (DAPI) stained nuclei] are visible (B). After 7 days of osteogenic
differentiation, PLGA (Fis) increased the expression of the osteogenic transcription factors RUNX2 and SP7 (C). COL1A1 chain levels increased in cells treated with
PLGA (Fis) compared to control (D). *p < 0.05. Magnification × 40.
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by considering the antioxidant properties of fisetin (Khan et al.,
2013), we may consider this advantage for osteogenic
maturation. We did not observe reduction in ROS levels
during the early phase of differentiation probably as ROS
accumulation occurs during differentiation (Valle-Prieto and
Conget, 2010; Sart et al., 2015).

All these findings clearly show that fisetin can be considered an
excellent molecule for bone formation promotion, suggesting its
use for relief in bone diseases caused by osteogenic differentiation
deregulation. Fisetin’s drawbacks however are poor water
solubility and chemical instability (Sechi et al., 2016). Indeed,
fisetin has been successfully encapsulated into PLGA in previous
works by Sechi et al. and Kadari et al., using nanoprecipitation
and double emulsion methods. Alternatively, in the present
article, we report the use of the single emulsion displacement
method, obtaining similar results in terms of size and
encapsulation efficiency (EE), as reported in Table 1. In
addition, the nanoformulation that we performed has a more
negative ζ-potential than that reported by Kadari et al., conferring
it good colloidal stability. Moreover, we succeeded in achieving a
higher drug loading (DL) value, corresponding to 23.51%, from 6
to 8 times greater than the result reported by Sechi et al.

In particular, in the first reported study, a double emulsion was
made, specifically fisetin was complexed with hydroxyl propyl
beta-cyclodextrin to increase its solubility in water, and then it
was emulsified to obtain the PLGA nanoparticles. In the second
reported study, the authors used a nanoprecipitation and two
different polymers (PLGA-peg and polycapryl lactone). However,
in our study, we used a single emulsion; compared to those
previously reported, the method we applied is simpler. Notably,
fisetin is not complexed with other molecules, and it interacts
directly with PLGA (so “pure” fisetin is released, instead of a
fisetin-excipient complex). Remarkably, the effects of
nanoencapsulated fisetin on osteogenic differentiation and the
percentage of intestinal filtration of PLGA-encapsulated fisetin
have not been explored previously. In our study, we observed
increased osteogenic differentiation in MSCs supplemented with
PLGA-encapsulated fisetin compared to fisetin alone, at equal
fisetin concentrations. We believe that this last finding is
important considering that fisetin is easily degradable if not
protected within nanoparticles.

5 CONCLUSION

Our findings consolidate the knowledge about fisetin properties
and demonstrate that fisetin induces osteogenic gene expression
at similar or higher levels, if compared to other pro-osteogenic
molecules such as AsA and PEDF.

We also observed that fisetin promotes mineralization in
mature zebrafish, suggesting that fisetin might be useful in
reducing aging-induced bone loss. In addition, the increased
expression of the osteogenic maturation SPARC gene observed
in fisetin-treated CCD “ex vivo” cells prompts the employment of
this flavonoid for counteracting bone diseases associated with

osteogenesis dysregulation. Importantly, we generated PLGA
(Fis) with elevated drug loading and were able to cross the
human intestinal epithelial tissue.
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