
Vol.:(0123456789)1 3

European Journal of Nutrition (2019) 58:1019–1032 
https://doi.org/10.1007/s00394-018-1618-0

ORIGINAL CONTRIBUTION

Potential of delphinidin-3-rutinoside extracted from Solanum 
melongena L. as promoter of osteoblastic MC3T3-E1 function 
and antagonist of oxidative damage

Lavinia Casati1   · Francesca Pagani1 · Marta Fibiani2 · Roberto Lo Scalzo2 · Valeria Sibilia1 

Received: 4 September 2017 / Accepted: 17 January 2018 / Published online: 25 January 2018 
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Purpose  Increasing evidence suggests the potential use of natural antioxidant compounds in the prevention/treatment of 
osteoporosis. This study was undertaken to investigate the effects of purified delphinidin-3-rutinoside (D3R), isolated from 
Solanum melongena L., on osteoblast viability and differentiation in basal conditions and its ability to protect MC3T3-E1 
cells against oxidative damage induced by tert-butyl hydroperoxide (t-BHP).
Methods  MC3T3-E1 osteoblastic cells were treated with D3R (10−11–10−5 M for 24 h), followed by treatment with t-BHP 
(250 µM for 3 h). To test cell viability, MTT test was performed. Apoptotic cells were stained with Hoechst-33258 dye. 
Cytoskeleton rearrangement was stained with FICT-labelled phalloidin. Intracellular ROS production was measured using 
dichlorofluorescein CM-DCFA. The reduced glutathione to oxidized glutathione ratio (GSH/GSSG) contents was measured 
according to the OPT fluorimetric assay.
Results  D3R (10−9 M) significantly increases viability of MC3T3-E1 cells and promotes osteoblast differentiation by increas-
ing the expression of type I collagen, alkaline phosphatase and osteocalcin. Pre-treatment with D3R (10−9 M) significantly 
prevented t-BHP-induced osteoblastic dysfunction and changes in the cytoskeleton organization by decreasing intracellular 
ROS and preventing the reduction in GSH/GSSG. D3R did not significantly modify the expression of Osteoprotegerin/
RANKL system activated by t-BHP suggesting a lack of effect of D3R on osteoblast/osteoclast crosstalk. D3R protective 
effects against t-BHP-induced osteoblastic dysfunction were mediated by the PI3K/Akt pathway since they were completely 
prevented by LY294002, a PI3K/Akt specific inhibitor.
Conclusions  These findings indicate that D3R protects MC3T3-E1 cells from oxidative damage and suggest the potential 
utility of dietary D3R supplement to prevent osteoblast dysfunction in age-related osteoporosis.
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Introduction

Progressive free radical damage is considered a key compo-
nent in the tissue degeneration associated with aging, and the 
skeleton is no exception [1]. The levels of reactive oxygen 
species (ROS) in bone increased with age and sex steroids 
deficiency [2], and a correlation has been reported between 
oxidative stress and a decrease in bone mineral density both 
in aged men and women [3, 4]. Furthermore, elderly osteo-
porotic patients displayed a marked reduction in plasma 
antioxidants [5]. At cellular level, oxidative stress decreases 
osteoblast and osteocyte lifespan and inhibits osteoblast 
formation suggesting a harmful role for ROS in the imbal-
ance between bone resorption by osteoclasts and new bone 
deposition by osteoblasts that characterize the age-related 
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osteoporosis. Antioxidant compounds have been proposed 
as attractive agents for the prevention and treatment of osteo-
porosis. Interestingly, parathyroid hormone (PTH), which is 
a strong anabolic compound, attenuates oxidative stress sug-
gesting that antioxidant properties of PTH might contribute 
to its efficacy in treating age-related osteoporosis [6] A great 
deal of interest has been expressed towards the benefits of 
a diet rich in plant-based food for several chronic diseases 
including osteoporosis [7]. These foods are rich and exclu-
sive sources of natural antioxidant compounds which could 
be responsible for their ability to attenuate age-related bone 
loss. Experimental studies have shown skeletal benefits of 
isolated nutrients such as flavonoids, lycopene, resveratrol 
[8, 9] and anthocyanins [10]. Furthermore, dietary anti-
oxidant intake seems to exert a beneficial effect on bone 
metabolism and mineral density in postmenopausal women 
[11, 12].

At cellular level, ROS increase osteoclast number [13, 14] 
and decreased bone formation by reducing the generation 
and survival of osteoblasts and osteocytes, former osteo-
blasts that are entombed in the mineralized matrix and are 
responsible for sensing and adapting bone to mechanical 
loading [2, 15, 16]. Aubergine (Solanum melongena L.) fruit 
has been ranked among the top ten vegetables in terms of 
radical oxygen absorbance capacity [17] and has been tested 
for its possible health-promoting actions [18].

Among the various part of aubergine (entire fruit, pulp, 
skin), peeled skin possess the highest capacity in the scav-
enging of superoxide radicals and contains the exclusive 
amount of anthocyanin pigments [19] such as delphin-
idin-3-rutinoside (D3R), and trans- and cis-delphinine 
3-(p-coumaroylrutinoside)-5-glucoside(nasunin), [20].

In our previous studies we have shown that nasunin, 
extracted and purified from aubergine peel of Japanese-
type cultivars, exerts a strong protective effect against tert-
butyl hydroperoxide (t-BHP)-induced oxidative damage in 
MC3T3-E1 osteoblastic cells and prevented t-BHP-induced 
osteoblastic dysfunction [21]. However, the structure 
requirements of nasunin in relation to its protective effect 
against oxidative damage in MC3T3-E1 cells remain to be 
clarified.

Previous studies on several cell types reported that the 
direct ability of anthocyanins to scavenge free radicals could 
be related to the –OH moieties on the B ring, in particular to 
its catechol function, to the number of OH–moieties in total 
[22] or to the type and extent of glycosylation and acyla-
tion [23, 24]. In the present study, we examined the effects 
of purified D3R, the major anthocyanin component of the 
aubergine skin in non-Japanese type which is a simpler del-
phinidin derivative than nasunin [20, 25], on MC3T3-E1 
cells viability and differentiation in basal conditions. We 
used MC3T3-E1 osteoblast-like cell line which is the most 
commonly used model to study osteogenic development 

since the cells are characterized by distinct proliferative and 
differentiated stages, thus reproducing a temporal program 
of osteoblast differentiation as occurs during in vivo bone 
formation [26]. On the basis of the results obtained show-
ing a positive effect of D3R on osteoblast differentiation, 
we studied the ability of D3R to counteract the cytotoxicity 
induced by t-BHP damage in both pre osteoblast MC3T3-
E1 cells and differentiated cells and the cellular pathways 
involved in D3R protective effects.

It is well known that cells of the osteoblastic lineage exert 
a physiological control of osteoclast formation and activity 
[27, 28] which involves both the osteoclast stimulus Recep-
tor Activator of NFκB Ligand (RANKL) and inhibition of 
this by the decoy receptor osteoprotegerin (OPG). Since, 
under stress conditions, RANKL levels exceed OPG produc-
tion [29], we evaluated whether or not D3R might modulate 
the expression of OPG/RANKL mRNA in MC3T3-E1 cells.

Materials and methods

D3R purification and crystallization

Several genotypes of non-Japanese aubergine, character-
ized by long and dark-purple fruit containing the antho-
cyanin D3R in the peel, were conventionally grown in 
2011 in an experimental field at CREA-Unità di Ricerca 
per l’Orticoltura, located in Montanaso Lombardo (Lodi, 
Italy). About 50 kg of fruits were harvested at the commer-
cial ripening stage from five plants/genotypes, then carefully 
peeled, obtaining about 2 kg of peels containing D3R. Peels 
were immediately frozen in an air-blast tunnel at − 50 °C, 
then freeze–dried and ground. Freeze–dried powder was 
sieved through a 1 mm diameter sieve, and stored at − 20 °C 
up to analyses.

For the pigment extraction, 10 g of powder were added 
with 500 mL of 0.03N HCl and vigorously stirred for 1 h 
at room temperature. The mixture was then centrifuged at 
25,000×g at 4 °C for 20 min and the supernatant was filtered 
on glass wool. The supernatant, representing the aubergine 
peel acidic aqueous extract, was divided into aliquots of 
50 mL each and stored at − 80 °C until use.

For the pigment purification, the aliquots of acidic aque-
ous extract were treated with 50 mL of ethyl acetate to 
remove chlorogenic acid, the main phenolic in aubergine, 
and the two phases were carefully decanted into a separa-
tory funnel and separated. The extraction was repeated three 
times. A total of 150 mL of ethyl acetate was sufficient to 
almost completely eliminate chlorogenic acid.

The red–violet pigmented fraction, mainly containing 
the anthocyanin, remained in the aqueous phase. The aque-
ous phase was evaporated in vacuo at 40 °C to eliminate 
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residuals of ethyl acetate, and drawn to the initial volume 
with water.

Aqueous acidified extract from peels was further purified 
to obtain pure D3R-crystals following the methodology by 
Noda et al. [30] with some modifications.

The acidic aqueous chlorogenic-free extract was purified 
by elution on a RP18 silica gel column, 32-63 mesh, 60A 
(ICN Biomedicals; Eschwege, Germany), previously condi-
tioned with 0.03 M HCl (3 × 20 mL), with a ratio extract vs 
resin 1:10, v/w, and eluted with MeOH (3 × 10 mL).

The MeOH was carefully evaporated in vacuo to a small 
volume and treated with 20 mL of diethyl ether (Et2O). The 
mixture, showing an initial precipitate, was rapidly cooled to 
4 °C and centrifuged at 3000×g, to obtain a visible crystals 
precipitate of D3R.

The Et2O phase was then carefully removed and the pre-
cipitate was washed with cold Et2O (3 × 5 mL). After remov-
ing the solvent, D3R-crystals were dried under a stream of 
nitrogen and then stored in dark bottles at room tempera-
ture with silica gel as desiccant. The purity of D3R-crystals 
was checked by HPLC analysis and by 1H-NMR analysis, 
according to Braga et al. [31, see supplementary data].

Cell culture

Mouse MC3T3-E1 pre-osteoblastic cells (ATCC catalog 
number CRL-2593), were cultured in Dulbecco’s Modified 
Eagle’s Medium High Glucose (D-MEM, Euroclone, Pero, 
Italy), supplemented with 10% foetal bovine serum (FBS, 
Sigma-Aldrich, Milano, Italy), 1% L-glutamine, 100 µg/mL 
streptomycin and 100 U/mL penicillin at 37 °C in 5% CO2 
atmosphere. This basic medium was changed every 3 days 
and cells were subcultured weekly. To study MC3T3-E1 dif-
ferentiation, cells were cultured in medium supplemented 
with L-ascorbic acid 50 µg/mL and β-glycerolphosphate 
(10 mM, both reagents from Sigma-Aldrich). Cultures were 
maintained for 7 days before experiments. Cells were pre-
treated with D3R for 24 h before the experiments.

Cytotoxicity assay

Cells were plated at the density of 3 × 103 cells/ in a 96-well 
culture plate. After treatment with D3R, cells were washed 
with phosphate buffered saline (PBS, Euroclone, Pero, 
Italy) and incubated at 37 °C with 0.5 mg/mL 3-(4,5-dime-
thyl-2-thiazolyl)-2,5-diphenyltetrazoliumbromide (MTT, 
Sigma–Aldrich) for 3 h. The conversion of the tetrazolium 
salt MTT to a coloured formazan was used to assess cell 
viability. After the supernatant was removed, dimethyl sul-
phoxide (DMSO) was added to each well and the absorbance 
was recorded by a microplate spectrophotometer (WALLAC, 
Victor2, PerkinElmer, Waltham, MA, USA) at 550 nm. 
Cell phenotypic observations were made using Olympus 

TH4-200 inverted phase-contrast microscope, fitted with a 
digital camera Olympus C-4040 zoom to record any change 
during treatment.

Induction of oxidative stress

Oxidative stress was induced by tert-butyl hydroperoxide 
(t-BHP, Sigma-Aldrich, 250 µM for 3 h) and by antimycin A 
(AMA, Sigma-Aldrich, 70 µM for 24 h). After 24 h preincu-
bation time, D3R was completely removed and the medium 
was exchanged before adding t-BHP or AMA. This avoided 
a direct interaction between D3R and the oxidative source in 
the medium. Pre-treatment with LY294002 (Sigma-Aldrich, 
10 µM), an inhibitor of PI3K/Akt pathway, was performed 
1 h before D3R.

Hoechst staining of apoptotic cells

Morphological changes in the nuclear chromatin of apop-
totic cells were detected by Hoechst-33,258 (Sigma-Aldrich) 
staining. MC3T3-E1 cells (5 × 103 cells/well) were grown 
on 22-mm glass coverslips in 6-well plates. After treat-
ments, the cells were fixed with 4% formaldehyde in 0.12 M 
sucrose, permeabilized with 0.1% TritonX100 in PBS for 
5 min, and stained with 10 µg/mL Hoechst-33,258 DNA dye 
for 5 min. The cells then visualized using an Axioplan fluo-
rescence microscope. The blue fluorescent Hoechst 33,258 
is a cell permeable nucleic acid dye usually used to iden-
tify chromatin condensation and fragmentation by staining 
the condensed nuclei of apoptotic cells. Uniformly stained 
nuclei were scored as healthy, viable cells. Condensed or 
fragmented nuclei were considered as apoptotic. At least 
200 cells were scored blindly without knowledge of their 
prior treatment.

Cytoskeleton rearrangement

MC3T3-E1 cell growth, fixation and permeabilization were 
carried out by the same procedure as mentioned above. The 
permeabilized cells were incubated with FITC-labelled phal-
loidin (diluted 1:100 in PBS) for 20 min at room temperature 
and mounted in Vectashield Mard Set Mounting Medium 
with 4′,6-diamidino-2-phenylindole (DAPI, Vector Labora-
tories, Burlingame, CA, USA). The images were obtained 
using an Axioplan fluorescence microscope.

Alkaline phosphatase (ALP) activity and collagen 
content

MC3T3-E1 cells were seeded at the density of 1 × 104 in 
48-well plates and treated as previously described in the 
“Cell culture”. After 6 days the cells were cultured with 
a medium containing 1% FBS and D3R (10−9 M) for 24 h 
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followed by treatment with t-BHP (125 µΜ, for 3 h). After 
t-BHP was washed out with fresh medium, cells were incu-
bated with D3R for 24 or 48 h to measure ALP or collagen 
content, respectively.

On harvesting, the medium was removed and cell mon-
olayer gently washed twice with PBS. The cells were lysed 
with 0, 2% Triton-X-100 and centrifuged at 14,000×g for 
10 min. The clear supernatant was used to measure the ALP 
activity and protein concentration with a commercially 
available ALP activity assay kit (Sigma-Aldrich) and BCA-
protein assay kit (Thermo-Fisher Sientific, SpA, Rodano, 
Italy), respectively. ALP activity was measured as nmol/
min/mg prot and results were expressed as percentage of 
differentiated controls.

Collagen content was quantified by Sirius Red-based 
colorimetric assay as previously described [21]. Cultured 
osteoblasts were washed with PBS, followed by fixation with 
Bouin’s fluid for 1 h. After fixation the culture dishes were 
washed by immersion in running tap water for 15 min, air 
dried and stained by Sirius red dye reagent (Sigma-Aldrich) 
for 1 h under mild shaking. The solution was removed and 
culture washed with 0.01 M HCl. Subsequently, the stained 
material was dissolved in 0.1 M NaOH and absorbance read 
at 550 nm. The results are expressed as percentage of dif-
ferentiated control absorbance.

Intracellular ROS production

ROS production was measured using 5(6)-carboxy-2′,7-
dichlorofluorescin diacetate (CM-DCFA, Sigma-Aldrich, 
10 µM) as previously described [32]. The MC3T3–E1 cells 
were seeded in black 96-well plates and cultured for 24 h. 
On the day of the experiment, the cells were pre-incubated 
with D3R (10−9 M) for 24 h and loaded with CM-DCFA 
during the last 30 min of treatment. After CM-DCFA was 
removed, the cells were exposed to t-BHP (250 µM) for 3 h. 
DCF fluorescence was assessed with a spectrofluorophotom-
eter (Victor™, PerkinElmer) at the excitation (485 nm) and 
emission (530 nm) wavelength.

Measurement of cell glutathione and glutathione 
disulphide levels

The intracellular content of glutathione (GSH) and glu-
tathione disulphide (GSSG) was measured after t-BHP 
(250 µM for 3 h) according to the o-phthalaldehyde (OPT) 
fluorimetric assay as previously described [21]. Alteration 
in the GHS/GSSG ratio was used to assess the exposure 
of cells to oxidative stress. At pH 8, OPT conjugates with 
GSH and produces fluorescence that is proportional to the 
concentration of GSH in the sample. At pH 12 and in the 
presence of N-ethylmaleimide (NEM), OPT will conjugate 
only with GSSG and not GSH. Fluorescence was read at 

420 nm with excitation set at 350 nm. The concentration 
was calculated from a standard curve using serial dilutions 
of GSH or GSSG and normalized to protein concentration 
measured by BCA assay.

Quantitative PCR

To investigate the effects of D3R on the expression of genes 
involved in osteoblasts differentiation and bone remodelling, 
MC3T3-E1 cells (1.5 × 105 cells/well) were plated in 6-well 
plates, differentiated as previously described and treated with 
D3R (10−9 M) or medium without the test agent for 24 h. 
Adherent cells were harvested and total RNA was extracted 
using TRIzol according to the manufacturer’s instructions 
(Invitrogen Life Technology, Inc., Paisley, UK). RNA pel-
let concentrations were assessed spectrophotometrically 
using microcuvette G1.0 in Eppendorf Biophotometer. The 
absorbance spectrum was checked for each sample in Eppen-
dorf Biopohotometer. Specific sets of primers for ALP, col-
lagen type 1, alpha 1 (ColA1), osteocalcin (OC), OPG and 
RANKL. β-catenin cDNAs were designed and synthesized 
(Sigma-Aldrich), according to Zhang et al. [33] and Dong 
et al. [34]. Quantitative PCR was performed in CFX96 Bio-
Rad using 20 µL of total volume. The efficiency of each set 
of primers was evaluated in preliminary experiments and it 
was found close to 100% for target and for the housekeeping 
gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 
Total RNA (800 ng) was retrotranscribed using the IScript 
Supermix kit (Bio-Rad), according to the manufacturer’s 
protocol. The amplification was carried out on 5 ng of total 
cDNA using SYBR chemistry (iTAQ Universal SYBR green 
supermix, Bio-Rad) according to the manufacturer’s proto-
col. Real-time PCR was run according to the following pro-
tocol: an initial step of 30 s at 95 °C followed by 40 cycles 
of 5 s at 95 °C and 30 s at 60 °C. A dissociation stage with a 
melt curve analysis was also performed. Four replicates were 
performed for each experimental point and experiments were 
repeated four times. Gene expression was quantified using 
the comparative threshold-cycle (DDCt) method consider-
ing that the targets and the reference genes have the same 
amplification efficiency (near to 100%).

Statistical analysis

Statistical analysis was performed with a statistic package 
(GraphPad Prism5, GraphPad Software San Diego, CA, 
USA). All data are represented as the mean ± SEM of four 
independent experiments. Differences between groups were 
assessed by one-way analysis of variance (ANOVA) fol-
lowed by Bonferroni test when data were parametric. Non-
parametric data were analyzed by a Kruskal–Wallis test 
followed by Dunn’s test. Differences with a p < 0.05 were 
considered to be significant.
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Results

Effect of D3R on MC3T3‑E1 cell viability:

We first examined the effect of increasing D3R concentra-
tions on MC3T3-E1 cell viability in basal conditions using 
MTT test. As shown in Fig. 1, D3R induces a slight increase 
in cell viability which reached statistical significance (13% 
vs controls) at 10−9 M and D3R (10−9 M) was chosen for 
further experiments on differentiated cells.

Effect of D3R on differentiated MC3T3‑E1 cells

D3R (10−9 M) did not significantly modify osteoblast viabil-
ity in differentiated cells (data not shown), but stimulates 
the expression of several genes involved in osteoblast dif-
ferentiation determined using real-time PCR assay. D3R 
treatment resulted in a significant increased expression of 
ALP and Col1A1, considered early stage osteogenic differ-
entiation markers, and of OC, a late-marker of differentiation 
(Fig. 2a). qPCR data fit well with the stimulatory action of 
D3R on ALP activity and collagen content (Fig. 2b). When 
we examined the effects of D3R on the OPG/RANKL sys-
tem, the main regulator of osteoclast differentiation and 
activation we found a slight, but not significant increase 
in the expression of OPG without any effect on RANKL. 
The effects of D3R on osteoblast differentiation could be 
due to activation of the Wnt/β-catenin signalling pathway 
since D3R up-regulated the mRNA expression of β-catenin 
(Fig. 2a) and it is well known that ALP and OC are β-catenin 
target genes.

Effect of D3R on t‑BHP‑induced cytotoxicity 
in MC3T3‑E1 cells

To study whether D3R would protect MC3T3-E1 cells 
against oxidative damage, we treated cells with increas-
ing D3R concentrations (10−5–10−11 M) 24 h before t-BHP 
(250 µM for 3 h), a cytotoxic organic hydroperoxide used 
in our previous studies [21, 31] to induce oxidative dam-
age. As expected, t-BHP significantly reduced MC3T3-E1 
cell viability of 30%, as compared with control group as 
assessed by the MTT test. Pre-treatment with D3R signifi-
cantly reduced the oxidative damage induced by t-BHP with 
a maximal protective action at 10−9 M (Fig. 3a). Similar 
results were obtained when we examined the ability of D3R 

Fig. 1   Effects of D3R (10−11–10−5 M) on cell viability measured by 
MTT assay 24 h after treatment. Data are expressed as the percentage 
relative to control and are the mean ± SEM of four replicates within a 
single experiment. *p < 0.05 vs controls

Fig. 2   Effects of D3R (10−9 M) on ALP, Col1A1, OC, β-catenin, 
OPG and RANKL expression (a) and ALP activity and Colla-
gen content (b). The gene expression was measured by real-time 
PCR. Cells were treated with D3R for 24  h and mRNAs were col-
lected. 100  ng of cDNA from each sample were amplified using 
the SYBR® Green Chemistry and a specific set of primers for ALP, 
Col1A1, OC, β-catenin, OPG and RANKL. Each sample was evalu-
ated in triplicate. Data were normalized for GAPDH and expressed as 
mean ± SEM of the relative amounts of gene/GAPDH of each sample 
vs the mean control value. Four replicates were performed for each 
experimental point and the experiments were repeated twice. ALP 
activity and Collagen deposition were evaluated 24/48 h after treat-
ment with D3R. *p < 0.05, **p < 0.01, ***p < 0.001 vs controls



1024	 European Journal of Nutrition (2019) 58:1019–1032

1 3

to counteract cytotoxicity induced by AMA which generates 
ROS by inhibiting the mitochondrial electron transport chain 
complex III (Fig. 3b). When we examined the effect of D3R 
on t-BHP-induced apoptosis, we found that pre-treatment 
(24 h before) with 10−9 M D3R significantly reduced t-BHP 
(250 µM, for 3 h)-induced cell apoptosis (Fig. 4b). The pro-
tective action of D3R against typical nuclear changes asso-
ciated with cell apoptosis induced by t-BHP is reported in 
Fig. 4a.

Since cytoskeleton changes could be considered as a 
powerful tool to study cell apoptotic death in osteoblasts, 

we studied the effect of pre-treatment with D3R on t-BHP-
induced morphological changes in MC3T3-E1 cells by 
examining the arrangement of the actin fibres with Phalloi-
din-FITC. As shown in Fig. 5, untreated MC3T3-E1 cells 
have a well-organized cytoskeleton with actin microfila-
ments placed in the direction of their main axis. D3R did 
not modify normal cytoskeletal morphology, but prevented 
the MC3T3-E1 shape modification and the rearrangement of 
the actin network observed in the presence of t-BHP.

Effect of D3R on ROS levels and detoxifying system

The significant increase in the intracellular ROS levels 
induced by t-BHP was prevented by D3R treatment. In 
D3R-treated cells, in fact, ROS levels were similar to those 
detected in control-treated cells (Fig. 6a). It is well known 
that ROS-mediated apoptotic signalling is associated with 
decreased cellular GSH levels and loss of cellular redox 
balance. When MC3T3-E1 cells were treated with t-BHP 
almost 60% reduction in GSH/GSSG ratio occurred (Fig. 6d) 
due to a decrease in GSH (Fig. 6b) and an increase in GSSG 
(Fig. 6c) levels. D3R treatment significantly reduced GSSG 
levels and prevented the reduction in GSH/GSSG ratio 
which remained similar to that detected in control-treated 
MC3T3-E1 cells.

Inhibition of PI3K/Akt pathway block the protective 
effect of D3R

To study the involvement of PI3K/Akt in the D3R-mediated 
protection against oxidative damage, we pre-treated MC3T3-
E1 cells with LY294002, a PI3K/Akt specific inhibitor. As 
shown in Fig. 7, LY294002 (10 µM, 1 h before D3R) wors-
ened t-BHP cytotoxicity and the completely removed the 
protective action of D3R against t-BHP-induced oxidative 
damage.

Effect of D3R on t‑BHP‑induced cytotoxicity 
in differentiated MC3T3‑E1 cells

To ascertain whether D3R is able to prevent MC3T3-E1 dys-
function induced by t-BHP, MC3T3-E1 cells were cultured 
in differentiation-inducing medium, as described in “Mate-
rial and methods” section. Differentiated cells were incu-
bated with D3R (10−9 M) 24 h before t-BHP challenge. We 
used t-BHP 125 µM, for 3 h, since differentiated MC3T3-E1 
cells were more sensitive to damage than their undifferen-
tiated counterparts (data not shown). t-BHP significantly 
reduced both collagen content (31%) and ALP activity (55%) 
as compared with control-treated cells. Pre-treatment with 
D3R significantly protects against t-BHP-induced cytotoxic-
ity being collagen and ALP activity significantly higher than 
those detected in t-BHP-treated cells (Fig. 8).

Fig. 3   Effects of D3R (10−11–10−5 M) on t-BHP (a) or AMA-
induced (b) cytotoxicity in MC3T3-E1 cells. Cells were pre-incu-
bated with D3R 24 h before treatment with t-BHP (250 µM for 3 h) 
or AMA (70  µM for 24  h). Cell viability was measured by MTT 
assay. Data are expressed as the percentage relative to control and 
are the mean ± SEM of four replicates within a single experiment. 
***p < 0.001 vs controls; °p < 0.05, °°p < 0.01, °°°p < 0.0001 vs 
t-BHP or AMA
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Effect of D3R on t‑BHP‑induced RANKL expression

As expected, treatment with t-BHP induced a strong reduc-
tion in the expression of OPG and a significant increase in 
the expression of RANKL. Pre-treatment with D3R failed 
to modify the action of t-BHP on mRNA levels of OPG and 
RANKL and did not reverse the relative ratio of OPG to 
RANKL, considered the critical determinant in the regula-
tion of osteoclast biology (Fig. 9).

Discussion

In the present study we have showed that purified auber-
gine skin extracts of D3R, are able to induce osteoblast 
viability and osteogenic differentiation in basal conditions 
and to protect MC3T3-E1 cells against oxidative damage 
induced by two different compounds: t-BHP, and AMA. The 
organic hydroperoxide t-BHP generates reactive intermedi-
ates within cells which damage several biomolecules includ-
ing lipids, thiols, DNA and proteins [35]. AMA generates 
ROS by inhibiting the mitochondrial electron transport chain 
complex III [36].

The positive action of D3R on osteoblast activity could be 
due to an increased expression of osteoblast differentiation 
markers such as ALP, Col1A1 and OC probably linked to an 
activation of the Wnt/β catenin signalling pathway.

Incubation of MC3T3-E1 cells with t-BHP induced a sig-
nificant increase in ROS generation leading to reduced cells 
viability and apoptotic cell death. D3R treatment reduced 
intracellular ROS levels and prevented redox state altera-
tion induced by t-BHP by increasing GSH. We also found 
that PI3K/Akt pathway is involved in the protective effect 
of D3R against t-BHP cytotoxicity since it is removed by 
pre-treatment with LY294002 a specific PI3K/Akt inhibitor.

When we examined the ability of D3R to modulate osteo-
blast/osteoclast crosstalk, we found a lack of effect of D3R 
on the expression of OPG/RANKL system activated by 
t-BHP.

Osteoblasts play a pivotal role in bone formation which 
involves osteoblast proliferation, differentiation and miner-
alization [37]. The process of osteoblast differentiation is 
characterized by a series of temporally and spatially coor-
dinated events.

In the early stage, cells proliferate and the matrix 
matures. ALP is considered an early phenotypic marker of 

Fig. 4   Effects of D3R on apoptosis induced by t-BHP in MC3T3-
E1 cells. Cells were pre-incubated with D3R (10−9 M) for 24 h and 
then treated with t-BHP (250  µM for 3  h). Apoptosis was detected 
by Hoechst 33,258 staining. a Panels are representative of condensed 
fragmented nuclei characteristic of apoptosis. Images were taken at 

×20 magnification. b Quantification of apoptosis. Values are the 
mean ± SEM of duplicate determinations (200 cells each) of four 
independent experiments. ***p < 0.001 vs controls; °°°p < 0.001 vs 
t-BHP
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osteoblastogenesis [38]. ALP hydrolysed a variety of phos-
phate components releasing inorganic phosphate into the 
extracellular matrix [39]. OC a late-marker of differentiation 
can bind Ca2+ to regulate calcium ion homeostasis and bone 
mineralization [40]. Collagen type I is a necessary initiator 
in MC3T3-E1 cell differentiation and a required substrate for 
matrix mineralization [41]. D3R increased the expression of 
ALP, OC and Col1A1 suggesting that D3R is able to stimu-
late osteoblast differentiation from the early to the terminal 
stage, up-regulating both maturation and differentiation of 
MC3T3-E1 cells.

The Wnt/β-catenin signalling pathway is one of the most 
important regulators of osteoblast proliferation, differentia-
tion and mineralization [42]. Targeting components of such 
pathway will influence bone formation and could have clini-
cal applications including improving osteoblastogenesis in 
osteoporosis.

Wnt canonical signalling pathway relies on the cytosolic 
stabilization of β-catenin, which is a 130 amino acid protein 
that, in the absence of Wnt proteins, is phosphorylated by 
a glycogen synthase kinase (GSK-3 β) and degraded by the 
proteosomal machinery. Activation of the canonical Wnt 
signalling by Wnt proteins prevents the proteasomal degra-
dation of β-catenin and promotes its association with TCF/
Lef family of transcription factors and the expression of Wnt 
target genes [43]. Wnt/β-catenin signalling pathway can 
induce in MC3T3-E1 cells several osteoblast differentiation 

markers including ALP and collagen [44, 45]. We can only 
speculate that D3R could increase osteoblast differentiation 
by activating the Wnt/β-catenin signalling pathway, since 
we have only data regarding the D3R-induced upregulation 
of β-catenin mRNA and not β-catenin protein levels. This is 
a limitation of our study since it has been reported that the 
amount of β-catenin protein levels depends on the state of 
β-catenin destruction complex rather than the expression of 
β-catenin mRNA [46]. Considering the complexity of the 
Wnt/ β-catenin signalling pathway, further studies will be 
required to examine the effects of D3R on β-catenin protein 
levels both in the cytoplasm and in the nucleus and its abil-
ity to inactivate the destruction complex leading to GSK-3β 
phosphorylation and inactivation.

The potential utility of D3R as promoter of bone forma-
tion was further investigated in condition of oxidative stress. 
Several epidemiological evidence in humans and experimen-
tal studies in rodents indicate that oxidative stress induced 
by ROS, plays an important role in the development of 
osteoporosis [2]. ROS, in fact, have been reported to impair 
osteoblast activity and to contribute to the negative skeletal 
balance occurring during aging.

In the present study, we have shown that D3R protects 
MC3T3-E1 osteoblastic like cells from t-BHP-induced 
cytotoxicity by preventing cell death and apoptosis as 
shown by MTT assay and Hoechst 33,258 staining. Fur-
thermore, D3R prevented the negative effects of t-BHP 

Fig. 5   Protective effects of D3R on cytoskeleton alterations induced 
by t-BHP in MC3T3-E1 cells. Cells were pre-incubated with D3R 
(10−9 M) 24 h before treatment with t-BHP (250 µM for 3 h). Repre-

sentative images of cytoskeleton alterations evaluated with Axioplan 
fluorescence microscope (magnification ×20) detected by Phalloidin-
FITC staining of the actin protein
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on osteoblastic function and recovered its changes in the 
cytoskeleton organization characterized by actin fibres 
destruction [32]. D3R exerts its protective effect against 
t-BHP-induced oxidative damage by reducing intracellular 
ROS and increasing intracellular antioxidant factors such 
as glutathione. GSH is an important intracellular antioxi-
dant and redox potential regulator that functions by scav-
enging free radicals and converted itself to its oxidized 
form GSSG, thus protecting cells from oxidative stress 
[47].

t-BHP-treated cells showed an impairment of cellular glu-
tathione redox status with a decrease in GSH levels along 
with the increase in its metabolite GSSG. Pre-treatment with 
D3R prevented this alteration and GHS redox status was 
maintained to a level comparable to that detected in control-
treated MC3T3-E1 cells. To investigate the cellular path-
ways involved in D3R protection against oxidative stress we 
explore the possible involvement of the PI3K/Akt pathway 
which is implicated in the growth and survival of a range of 
cell types including osteoblasts [48] and participates to the 
prevention of oxidative stress-induced apoptosis [49].

We found that inhibition of PI3K/Akt pathway by 
LY294002 completely removed the protective effect of D3R 
against t-BHP-induced oxidative damage. Further studies 
will be required to clarify the Akt survival signals activated 
by D3R in MC3T3-E1 cells. The PI3K/Akt signalling path-
way, in fact, plays a crucial role in the control of cell survival 
due to its direct capacity to activate several signalling mol-
ecules or to cross-talk with other signalling pathways and 
transcriptional networks.

PI3K/Akt signalling is involved in Nrf2-dependent tran-
scription, and Nrf2 regulates the expression of antioxidant 
genes including GSH. PI3K/Akt can also regulates not only 
down-stream effectors such Bcl-2 family proteins which 
play an important anti apoptotic role [50], but also the 
canonical Wnt signalling pathway by inhibiting the phos-
phorylation of GSK-3β thus resulting in the activation of. 
β-catenin [51, 52]. Furthermore, Akt has been reported to 
increase β-catenin transcriptional capacity due to a direct 
ability of Akt to phosphorylate β-catenin [53]. It is possible 
that the protective effect of D3R against oxidative damage 
could involve, at least in part, the PI3K/Akt and β-catenin 
pathways, since preliminary data indicate that the increased 

Fig. 6   Protective effects of D3R on intracellular ROS generation 
and cellular redox imbalance induced by t-BHP in MC3T3-E1 cells. 
Cells were pre-incubated with D3R (10− 9 M) 24 h before treatment 
with t-BHP (250  µM for 3  h). The intracellular ROS concentration 
was measured using CM-DCFA assay. Intracellular content of GSH 
and GSSG were measured using o-phthalaldehyde (OPT) fluorimet-
ric assay and GSH/GSSG ratio was determined. Data are expressed as 
the percentage relative to control and are the mean ± SEM of six rep-
lications. *p < 0.05, **p < 0.01, ***p < 0.001 vs controls; °p < 0.05, 
°°p < 0.01 vs t-BHP

▸
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expression of β-catenin mRNA induced by D3R was pre-
vented by LY294002 (data not shown).

As previously reported [54] differentiated MC3T3-E1 
osteoblast-like cells show greater sensitivity to ROS than 
their undifferentiated counterpart. These findings support the 
possibility that in normal or pathological aging, osteoblasts 
potentially become more vulnerable to ROS levels as they 
mature, which could explain the reason why older people are 
more likely to suffer bone fractures. The evidence that D3R 
significantly prevented the toxic effect of t-BHP on collagen 
content and ALP activity indicate that D3R could represent 
an interesting approach in the management of osteoblastic 
dysfunction associated with increased oxidative stress.

As far as the influence of anthocyanin chemical struc-
tures in relation to their cellular antioxidant activities is 
concerned, previous studies have shown that the radical 
scavenging activity of anthocyanins are correlated with the 
largest number of hydroxyl groups in B ring [55] and is 
influenced by the glycosylation pattern [24]. Previous stud-
ies have reported a higher scavenging activity of nasunin 
compared with D3R by using t-BHP as a free radical initia-
tor [56] and the oxidative burst of human polymorphonu-
clear neutrophils [31]. In the present study on MC3T3-E1 
cells, we found that the protective action of D3R against 
t-BHP-induced oxidative damage is comparable, in terms 
of potency, with that previously reported for nasunin [21]. 
Both purified functional food components, in fact, exert their 
maximum effect at 10−9 M, suggesting that their ability to 
protect cells against oxidative damage is independent from 
their glycosylation pattern constituted by simple 3-rutinose 
in D3R, with the addition of a glucose in five-position and 

of a coumaryl moiety linked to rutinose in nasunin. A pos-
sible explanation for these discrepancies could be due to 
the experimental protocol used in our experimental protocol 
showing an indirect antioxidant activity of both D3R and 
nasunin via increased expression/activity of defence mecha-
nisms such GSH instead of a direct scavenging activity.

Fig. 7   Effects of pre-treatment with LY294002, a PI3-K antagonist, 
on D3R protective effects against t-BHP-induced MC3T3-E1 cytotox-
icity. Cells were pre-incubated with LY294002 (10  µM) 1  h before 
D3R (10−9 M 24  h) and t-BHP (250  µM for 3  h) treatments. Cell 
viability was measured by MTT assay. Data are expressed as the per-
centage relative to control and are the mean + SEM of four replicates 
within a single experiment. a p < 0.001 vs control; b p < 0.001 vs 
t-BHP, c p < 0.001 vs D3R + t-BHP

Fig. 8   D3R (10−9 M, 24  h before) prevents the t-BHP-induced 
decreases in ALP activity and collagen content in differentiated 
MC3T3-E1cells. ALP activity (a) and collagen content (b) were 
evaluated 24 or 48  h after treatment with t-BHP (125  µM for 3  h). 
Data are expressed as the percentage relative to control and are the 
mean ± SEM of six replications. ***p < 0.001 vs controls; °°p < 0.01, 
°°°p < 0.001 vs t-BHP
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It is well known that ROS increase osteoclast number 
and activity and that reduced antioxidant defence in post-
menopausal women is associated with bone loss [2]. Several 
antioxidant functional food compounds such as flavonoids, 
terpenoids and polyphenols have been reported to inhibit 
osteoclastogenesis via regulating many factors involved 

in the process of osteoclast differentiation and maturation 
including transcription factors (NFATc1, c-Fos), signalling 
pathways such as NF-κB, MAPKs and PI3K/Akt [57] and 
OPG/RANKL system [58].

RANKL and OPG synthetized by osteoblasts. RANKL 
plays a critical role in stimulation of osteoclast differentia-
tion and survival through its receptor RANK. The secretion 
of OPG by osteoblasts prevents RANKL/RANK interaction 
and results in inhibition of bone resorption. Therefore, a 
ratio of OPG/RANKL is considered a crucial factor for bone 
resorption [27].

At variance from previously reported for other functional 
food components [58], D3R did not significantly affect the 
expression of OPG and RANKL in basal conditions and did 
not prevent the increased expression of RANKL induced 
by t-BHP in MC3T3-E1 cells. We cannot rule out the pos-
sibility that D3R could be involved in osteoblast/osteoclast 
crosstalk for several reasons. At first, we have to confirm the 
lack of effect of D3R on OPG/RANKL ratio by measuring 
the effects of D3R on OPG and RANKL protein amount. 
Furthermore, considering that oxidative stress could stimu-
late the inflammatory reaction via activation of pro-inflam-
matory cytokines [59] it could be interesting to study the 
effects of D3R on pro-inflammatory cytokines levels which, 
besides OPG/RANKL, regulate the cellular events involved 
in the bone resorption [60]. However, to address this point, 
we have to plan new experiments in MC3T3-E1 cells aimed 
to study the effects of t-BHP (250 µM, 3 h) on pro-inflam-
matory cytokines production and the possible effects of 
pre-treatment with D3R. The link between t-BHP-induced 
oxidative damage and production of IL 6 and TNF-α has 
been reported only in endothelial cells [61] using a different 
experimental condition (t-BHP 50 µM, 24 h). Furthermore 
in the experiments performed by Lee and colleagues [62] 
showing an inhibitory activity of berry anthocyanins on 
IL1b and TNF-α mRNAs levels, was used a blackcurrant 
fraction containing D3R (44%) and cyanidin-3 rutinoside 
(17%) instead of purified D3R as used in the present paper.

Previous in vivo studies have shown that commercial del-
phinidin intake protects against ovariectomy-induced osteo-
penia in mice by inhibiting osteoclast activity [10]. This dis-
crepancy could be due to different experimental conditions, 
and/or to the different type of anthocyanin used. Moriwaki 
and colleagues [10], in fact used concentrations (0.8–66 µM) 
against the nM ranges used in the present experiment and 
examined the direct action of delphinidin on osteoclast for-
mation and activity instead of an indirect modulatory effect 
of osteoblast on osteoclast through OPG/RANKL. Further-
more, it is possible that the different behaviour of D3R and 
delphinidin on osteoclastogenesis could be due to their very 
different chemical structure, since the delphinidin is the 
aglycon moiety of D3R, differentiated by the presence of 
rutinose in three-position. Further studies will be required 

Fig. 9   Effects of D3R (10−9 M) on osteoprotegerin (OPG) and 
RANKL expression measured by real-time PCR. Cells were pre-
treated with D3R for 24 h before t-BHP (250 µM for 3 h) and mRNAs 
were collected. 100  ng of cDNA from each sample were amplified 
using the SYBR® Green Chemistry and a specific set of primers for 
OPG and RANKL. Each sample was evaluated in triplicate. Data 
were normalized for GAPDH and expressed as mean ± SEM of the 
relative amounts (in percentage) of gene/GAPDH of each sample vs 
the mean control value (panel a, b). For the panel c a ratio between 
the OPG and RANKL expression was calculated. Four replicates 
were performed for each experimental point and the experiments 
were repeated twice. *p < 0.05, **p < 0.01, ***p < 0.001 vs controls
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to examine the effect of the lack or a different pattern of 
glycosylation on osteoclast function.

It has to be pointed out that, often, the natural extracts 
obtained in optimal conditions, contain the anthocyanins 
in glycosylated forms, increasing their stability, with only 
a minor part of the respective aglycons that, if present in 
significant amounts, could be considered as artefacts [63].

Conclusions

To our best knowledge, we have provided the first evidence 
that D3R promotes osteoblastic function by increasing the 
expression of bone specific matrix proteins (ALP, OC and 
Col1A1) and protects MC3T3-E1 cells against t-BHP cyto-
toxicity via its antioxidant capacity. The D3R protective 
effects against t-BHP cytotoxic depend on the activation of 
the PI3K/Akt signalling pathway.

These results suggest that purified D3R could be a poten-
tial preventive agent against oxidative damage in osteoblastic 
cells. As the present study was about the in vitro effects 
of D3R, further in vivo studies are needed to investigate 
the ability of dietary D3R supplement to regulate osteoblast 
function in bone debilitating diseases such as osteoporosis 
linked to increased oxidative damage.
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